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SUMMARY

Brain and central nervous cancer presents a significlinical burden, accounting
for 2.4% of all cancer deaths. High grade gliomaarticularly deadly, with 5 year
survival times of 35% or less. Traditional treatimcludes tumor resection followed by
radiation therapy or chemotherapy. Aggressivecteseis essential in order to prolong
patient life. In fact, several studies have shawat life expectancy increases with
increased extent of resection. Extent of reseasdourdened by the fact that surgeons
must be careful not to remove functional brainugss

Resection is incomplete more often than not dutad& of visual cues for the
surgeon. He must rely on tactile sensation toirdjgstsh tumor from healthy tissue.
Methods such as intraoperative MRI and CT exist these require expensive equipment
and special training that is not available in aligscal environments. Some laboratories
have proposed small molecule dyes to solve thibleno, but these are insufficient when
used in an invasive tumor model. It was the gddhis research to provide an objective
cue in the form of a nanoencapsulated visible dy#hout the need for additional
equipment of changes to the surgery process ufiedfr than injection of the dye.

We hypothesized that the nanocarrier would allomngtg of the tumor through
passive targeting by taking advantage of the erdthpermeability and retention effect.
Once the nanocarriers have reached the desireelt tahgy would not diffuse out into
healthy tissue due to their large size comparedmall molecule dyes, which readily
diffuse out and stain healthy tissue.

To test this hypothesis, we prepared and charaetéra liposomal nanocarrier

encapsulating Evans blue dye. The nanocarrien@ssd for safety in vitro and in vivo,

Xii



then used to delineate tumor margins in an invasae glioma model in vivo.

Microscopic analysis was then conducted to ensohe tomor tissue was stained by the
nanocarrier. This thesis presents a successfuhiadedf tumor border delineation to
provide surgeons with positive visual cues withtlut need for changes in surgical

environment or techniques.
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CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

Malignant brain cancer, specifically glioma, is @adly disease with generally
poor treatment outcomes. There were approxim&@lp00 new cases of brain and
central nervous system (CNS) cancers in adult©082resulting in a five year survival
rate of 35%. Roughly 20% of these cases were glianth even poorer prognosis [1].
Malignant glioma is currently the second most dgadincer in middle aged adults and
adolescents [2]. Successful treatment of gliomdiffscult due to its rapid growth rate
and tendency to invade into healthy tissue.

Currently, aggressive surgical resection is thenpry method used to extend
survival for patients suffering from high gradeogha [3-7]. Even with treatment,
prognosis is poor, resulting in a mean survivaletias low as 11 to 14 months [8].
However, patient life expectancy increases withranease in extent of resection [5, 8].
Concomitantly, minimizing removal of healthy neutisisue is critical to ensure quality
of life. As a consequence, total and complete safgiesection of tumors is rare, and a
vast majority of brain tumors recur, often in clggeximity to the resection site [9, 10].

A major impediment to achieving greater accuractuimor resection stems from
the absence of clear visual cues demarcating thertmargin and poor tools to enable
accurate demarcation of tumor margins. Therefoeyrasurgeons currently rely on
subjective criteria, such as tactile feedback dightsdiscoloration, to assess whether
tissue is healthy or tumor. Presurgical magnetsomance imaging (MRI) or computed

tomography (CT) can provide relevant informationptan the surgical procedure, but



does not provide real-time information during rémec Intraoperative histology can
provide surgeons with information about the margibst this method can be time
consuming and can only assess whether tissue Ighyea tumor after it is removed
from the patient. Intraoperative CT or MRI are pbles alternatives, providing non-
invasive information about extent of remaining tumbut are expensive and special
training is often needed, so these techniquesrdyeavailable in more advanced surgical
environments. Fluorescent probes that stain turave been reported but they require
special equipment for excitation and detectiornyall as low light conditions, neither of
which is optimal in a surgical environment [11-1%hus, a method to demarcate tumor
margins without a significant change to surgicaldibons is desired. Demarcation of the
tumor margin will allow more accurate and completamoval of tumor tissue,

conceivably leading to extended survival timesgatients.

1.2 Hypothesis

A method to demarcate tumor margins without a $icamt change to surgical
conditions is desired to increase efficiency ofemt®n. Ozawa, Orringer, and their
respective colleagues have suggested the useretly injected visible dye to address
this challenge [16, 17]. This is an elegantly sienpblution; however, the demarcation is
transient so such a dye must be injected sevenastiduring the course of the surgical
procedure. More importantly, the technique stamalthy tissue in more invasive tumors,
where a real need for demarcation is present. Aimegsive tumor such as the 9L line
used by Ozawa and others merely “pushes” healisydi out of the way as it grows so
the tumor margin is already fairly distinguishetie ttumor extracellular space and

vasculature do not interact with the healthy tisgig}. Clearly, this is not the case with



most invasive tumors; diffusion through extracetuspace would cause staining of
healthy tissue, as seen in our experiments witbctigns of Evans blue (EB) dye
dissolved in sterile saline.

Previous studies by our lab have shown that a mmapsulated x-ray contrast
agent will passively but selectively accumulatéhat periphery of the tumor [19]. Due to
their relatively large size (~100-200 nm), these opamticles mark the margin stably
without diffusing away, moving no more than 50 pronk the vessel from which they
exited [20]. Further, liposomal nanocarriers ar@d@and Drug Administration (FDA)
approved for use in cancer for delivery of chemipeutics, such as Doxil®, which
yields predictable circulation times and biodigttibn, as well as reduces systemic
toxicity [21-23]. Ourhypothesisis that a nanoencapsulated dye would overcome the
problem with diffusion seen with small molecule gyand stably delineate the tumor
margin since nano-sized particles do not readijuse through tissue, even in an

invasive cancer model.

1.3 Objectives
The purpose of the work in this thesis is to use@ocarrier encapsulated visible
dye to provide accurate visual cues for the surgeomtraoperatively delineate tumor
margins without the need for MRI, fluorescenceotirer equipment. Emphasis is placed
on not only efficacy, but also safety.
To meet this goal, the following objectives weeg s

1. Design, fabricate, and characterize a nanocah#&rencapsulates a visible dye.
Demonstrate safety in vitro as well as in vivo.
3. Demonstrate ability of the nanocarrier to demartadeborder of an invasive

tumor in vivo.



CHAPTER 2

RELEVANT BACKGROUND

2.1 Cancers of the Brain and Central Nervous System

The most common cancers of the brain arise frortatimns in the support cells
of the brain, the glia, and are thus termed gliomhe most common subtype is
astrocytoma, while oligodenrocytomas are less command ependymomas the least
common [24, 25]. Glioma is an aggressive and deddlease. There are approxiately
20,500 new cases of glioma reported and 12,50thslezdused by glioma each year.
While glioma account for only about 1.4% of all cars, they are responsible for 2.4% of
all cancer deaths [26]. Glioma are graded fromdérh(least malignant) to Grade IV
(most malignant) [27, 28].

Grade | tumors (ex. pilocytic astrocytoma) are slmwproliferate and are not
migratory or invasive, making surgical resectiamggie compared to advanced grades. In
fact, resection is often all that is needed to dhee patient of this malady. Grade I
tumors (ex. astrocytoma) proliferate slowly, simila Grade |, but are infiltrative. Thus,
resection may not remove all cancerous cells aadrrence is common after resection.
It is not unusual for this type of tumor to progrde a Grade Il lesion (ex. anaplastic
astrocytoma), which is characterized by malignamepid proliferation, and nuclear
atypia. Resection of these tumors is often folldvig radiation and/or chemotherapy.
Grade IV tumors (ex. glioblastoma) present the tgtachallenge in clinic and are
typically fatal, often taking the lives of their $ts within a year. These highly malignant
lesions are characterized by rapid proliferatiod Emge amounts of invasion. Tumors of

this grade typically have the ability to rapidlycreit and produce their own vasculature.



Tumor growth is so rapid, however, that new vadouais often not sufficient enough to
supply blood to the entire tumor; thus, necrot@ioas are common in this type of lesion.
Invasion and infiltration of surrounding tissueesftresults in satellite tumors in other
regions of the brain and central nervous systemZ498

Grade | glioma rarely progress to stage II-IV ahdst prognosis is generally
good; full recovery is not uncommon [30]. Gradglibma are less malignant and easier
to treat than higher grade tumors; therefore, tipeyerally have better prognoses with
median survival times of 5-8 years [28, 31]. Grdtlgliomas are more malignant than
the lower grade tumors, and thus have a lower mesiiavival time of 3 years. The most
deadly are the Grade IV glioma with median survizeés of less than a year. Despite
advances in cancer treatment and therapy, gliastestand other highly malignant brain
tumors result in death more often than not, withear survival rates of only 35% and
lower [1]. Some strategies for diagnosis and tneat of brain and central nervous

tumors are discussed below.

2.2 Diagnosis and Treatment of Brain Cancer

Symptoms of glioma are highly varied according b& tposition, size, and
invasive characteristics of the particular tumoiSymptoms can include seizures,
confusion, memory loss, personality change, otleeralogical deficits, and headaches,
though headaches experienced by patients are aiftdistinguishable from normal
tension headaches [25]. Patients that presene thysptoms generally undergo brain
imaging for diagnosis.

CT and MRI are the most common modalities for desgmg brain tumors. CT is

less expensive and often more readily availablenmay not always accurately diagnose



tumor due to lack of contrast [32]. MRI is much m@ensitive and more accurately
diagnoses tumor. On T1 weighted MRI, glioma préesas a heterogeneously enhancing
region surrounded by highly contrasting edema [2Blinctional MRI (fMRI) provides
information on location of vital function which caad in surgical planning. Other
methods that provide additional information abouésion after initial diagnosis aid in
treatment.

Metabolic activity of a tumor can provide insight type and grade of a tumor
without biopsy, as well as help monitor responseahierapy [33]. Positron Emission
Tomography (PET) can be used to monitor metabdlivity using contrast agents such
as*®F-fluorodeoxyglucose?F-fluoro- -thymidine,**C-methionine, and 3,4-dihydroxy-6-
8F_fluoro- -phenylalanine. Treatment response can also bétoned indirectly using
diffusion-weighted imaging and diffusion tensor gy, which provide insight into
tumor perfusion and vessel permeability [34]. TimBrmation can be used to infer
tumor grade, though biopsy and histological analisheeded to confirm grade.

Grading of a specific tumor influences the approtiten to combat it in clinic.
Other factors include patient information and oilenaalth, tumor location, extent of
contrast enhancement (MRI or CT), proliferation iced, genetic alterations, and
previous surgical or therapeutic interventions [2Bpw grade tumors are often met with
resection alone, while higher grade tumors get anbdoation of resection and
radiotherapy or chemotherapy. Resection reducescated “mass effect”, or
complications associated with increased intractgmessure due to the mass and volume

of the bulk tumor. Radiation therapy or chemotpgraim to eliminate or reduce the



number of cells that were either missed duringatise or had already invaded beyond
the tumor margin and into healthy tissue, whereatsn is not possible.

Resection of glioma remains the primary meansegzitinent to extend patient life
[3-7, 25]. In fact, studies have shown that mamnplete resection of tumor correlates to
greater extension of patient life [5, 8]. Completeection is difficult, however, due to
the fact that a surgeon must be careful not to wenfianctional tissue.

Resection of brain tumors differs significantly fiareatment of tumors in less
essential organs and tissue. For example, in boesaser a surgeon has the option to
remove the entire breast to ensure every maligrelhts removed without compromising
health of the individual. Though this may caussngetic issues, it is not essential to the
life of the patient. With brain tumors, howeveouyare limited in the amount of excess
tissue you can remove. One must be careful n@rntmwye healthy, functional brain tissue
while maximizing extent of resection. This is oftdifficult due to lack of objective
criteria to distinguish healthy from tumor tissue.

Currently, surgeons rely on tactile feedback ang geght discoloration of tumor
tissue to distinguish it from healthy tissue. Reative CT, MRI, and fMRI allow
planning of surgery, but once surgery has begurstingeon must rely on his experience
to distinguish healthy from tumor tissue. Surgeuoss suction to remove tumor tissue,
which is often less dense and softer than heailssye. Current “intraoperative” methods
of tumor detection require surgery to pause sottietissue can be assessed.

Intraoperative MRI and CT are methods used to askesmtion of malignant
tissue during surgery. Though useful in distinging tumor tissue from healthy, surgery

must be halted for scans to be taken. Also, thesthods require expensive equipment



and highly trained surgeons and support staff terate effectively. Thus, this
technology is cost prohibitive and only available & few surgical environments.
Another method currently used to assess malignasfctissue during surgery is
intraoperative histology. A surgeon removes a scsgample from the patient and
histology is performed on the sample. The samplthén analyzed by an experienced
pathologist to determine whether the tissue is eaachealthy. There are a few flaws to
this approach. First, it is time consuming andgety must be halted to wait for the
results. Second, and more importantly, this methialg tells you if you have removed
healthy tissue after it has been removed. Thusnththod may not prevent a surgeon
from removing functional tissue.

After resection, it is common to follow up with ration therapy or chemotherapy
to get rid of any remnant cancer cells. Thesesamuld have been left behind due to
incomplete resection or could have invaded awamy ftloe bulk tumor into healthy tissue.
Radiotherapy is commonly used for adults, but usedh less frequently in children to
avoid developmental complications [32]. Radiatiogatment after resection has been
shown to increase survival in patients with Gradeglioma up to 9 months [35, 36].
Radiotherapy must be used with caution in eldeatyemts; reduced doses and frequency
of treatment are often required. Thus, medianigalis only marginally increased from
16.9 weeks to 29.1 weeks [37]. Even with radiatr@atment, up to 90% of tumors recur
at the original tumor site [38], so other methodsstrbe explored to increase survival.

Chemotherapy is becoming more common for treatnoénglioma with new
advances in available drugs and delivery metho@®mmon chemotherapeutic drugs

include temozolomide injections and carmustinevée&d in the form of Gliadel Wafers.



Temozolomide treatment after resection shows maeoelenareases in survival time, and
concomitant radiotherapy and temozolomide treatraéiet resection results in a 2 year
survival rate increase of approximately 16% comghdceradiation alone [36]. Use of
Gliadel Wafers, manufactured by MGI Pharma, leadsdreased survival of 2-3 months
[39]. However, these increases in survival alerefirginal so better treatment regiments
are needed to extend patient life.

Though resection is often supplemented with ragiatherapy or chemotherapy,
resection is still the primary, gold standard tnezt to increase patient survival time. It
has been shown that increasing completeness dfti@sat the primary tumor site could
lead to increased survival [5, 8]. However, resecis complicated by the fact that
tumor tissue is often similar in texture and cdlmhealthy tissue. Since surgeons must
remove as much of the bulk tumor as possible wiriéserving healthy tissue, there is a
clinical need for objective means of distinguishtagior from healthy tissue. This could
be achieved by staining tumors in vivo to providsual contrast between tumor and
healthy tissue. Some recent work in staining tunmtorgprovide objective criteria is

discussed below.

2.3 Recent Work in In Vivo Tumor Staining
There have been many attempts to stain tumorsvia using small molecule
visible and/or fluorescent dyes. Initially, usewal dyes for tumor resection aimed at
tracing lymph drainage to indicate sentinel lympbdes (reviewed by Bostick and
Giuliano [40]). Tumors such as melanoma and sam@dg of breast tumors are known
to migrate or invade into lymph nodes, where theyg to metastasize into other tissues

in the body. For this reason, sentinel lymph nodes often removed during tumor



resection. Morton et al attempted to stain andafetentinel lymph nodes using various
dyes, including methylene blue, isosulfan bluegptblue-V, cyalume, and fluourescein
[41]. Many of these dyes, when injected, diffusleughout the tissue making lymph
node detection impossible. However, 2 dyes, pdikr®-V and isosulfan blue, remained
in the lymphatics without diffusing throughout thesue, allowing tracking of sentinel
lymph nodes.

Use of the previously mentioned dyes in clinic wka surgeons to precisely
remove sentinel lymph nodes in melanoma and bremsters, as well as other solid
tumors where metastasis through lymph vessels wsgested [41-44]. Tanaka et al
sought to use fluorescent tags to achieve the ggak with greater sensitivity [45].
Indocyanine green, an FDA approved dye that flumaesn the near infrared range, was
adsorbed to human serum albumin and injected peretally. The dye then travelled
through the lymph to sentinel lymph nodes and waseaed using fluorescent
microscopes. Though more sensitive than methodsg ugsible dyes, this method
requires introduction of fluorescence activatingl aetecting equipment, as well as
alteration of the lighting in the surgical enviroem. Typical halogen lights used in
modern surgical settings emit not only visible tighut light in the near infrared range as
well. Therefore, halogen lights cannot be usedaovuit introducing interfering infrared
radiation.

Since the vasculature of brain tumors have comediblood brain barrier
(BBB) and endothelial cell linings, small molecubasd nano-scale particles extravasate
into tumor intracellular space. Once the molecebesavasate, they do not readily leave

the extracellular space due to a disorganized araxastent lymph drainage system in
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the tumor. This phenomenon is known as the enldgpesmeability and retention (EPR)
effect [46, 47]. The EPR effect allows intravengusjected drugs and contrast agents to
passively target and accumulate in tumors. Thishate was and is still used by
researchers to deliver agents that dye tumorsvm vi

The first attempts to stain tumors in vivo were elaising fluorescent compounds.
Fluorescein was used early on, but requires ulttevradiation to detect and undergoes
rapid clearance due to it being a small molecule @8]. Laser activated dyes were
explored next, but these dyes did not stain tursafficiently to mark the margins with
enough precision and, again, rapid clearance waslkdem [49, 50]. Indocyanine green
was explored with some success by Hansen and gabbsg51]. Tumor bearing animals
received indocyanine green intravenously. Tumoesewisualized using near infrared
equipment and resection was performed based aretfisorescence. However, residual
tumor was discovered after resection.

Other attempts at marking tumors used Cy5.5 dygugated to iron oxide
particles [12]. This allowed MRI contrast as wael fluorescence contrast, allowing both
preoperative and intraoperative detection of tumad¥guyen and collegues used similar
Cy5 dye conjugated to cell penetrating peptideffutarescently stain tumors [15]. Pham
and colleagues went as far as to synthesize a -‘s@ligble near infrared dye for
conjugation to nanoparticles and use for tumor ciete [13]. This dye was more
fluorescent than previously available dyes so dietecof tumor was more sensitive.
Qian et al addressed the sensitivity issue by eyimjoRaman spectroscopy to detect

their tumor targeting agent [52].
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Though all of these methods were effective to aterdx they all required
specially adapted equipment such as fluorescenc#tagan lasers or diodes and
detection equipment, as well as special lightingditions. It would be beneficial if one
could employ a means of tumor detection that ditl neguire these changes to the
surgical environment. Thus, the next logical stepumor staining was attempting to
stain them using visible dyes.

One of the first attempts to stain brain tumorshvatvisible dye was performed
by Ozawa and colleagues [16]. Bromophenol blue wgscted intravenously into
animals bearing 9L glioma tumors. While the inj@a$ did result in tumor staining with
no adverse effects to the animal, there were saotdgms. The dye was rapidly cleared
from the tumor, so extent of staining was highlynperally dependent. The more
vascularized border region of the tumor is thet fagea of the tumor to clear small
molecule dyes. Thus, in the bromophenol blue emparts, the margins of the tumors
were only distinguishable momentarily. Orringer aodlleagues performed similar
experiments using Coomassie blue and a “window’lamigd into the skull to view the
staining in real time [17]. These experiments skdvgimilar results to those using
bromophenol blue. But there is one fatal flawhese approaches.

Attempts to stain tumors with small molecule dyasst far have used non-
invasive tumor models such as rat 9L glioma. Thesrors do not interact with
neighboring tissue; they merely push healthy tissueof the way as they grow [18].
Thus, they are inherently delineated and do notirately mimic those tumor seen in
clinic. Clinically relevant tumor models invade iglgboring tissue and degrade

extracellular matrix. This blurs the line betwédwezalthy and malignant tissue and allows
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small molecule dyes to diffuse into healthy tiss@@sta presented in results section).
Encapsulation of a small molecule dye in a nandeggarticle could possibly be used to

solve this problem.

2.4 Nanocarriers for Delivery of Chemotherapeutic ad Contrast Agents to Tumors

2.4.1 Advantages of Nanocarriers

Nanoparticles are structures that have at leaahb-scale dimension (1 to several
100 nm). In nano-medicine, these particles havenbemployed to deliver
chemotherapeutic drugs for treatment of cancercamtrast agents for medical imaging.
Nanoparticles decrease systemic exposure to tleetay agent compared to freely
injected compounds, which often leads to decreagstemic toxicity and lessens other
adverse effects. Nanoparticles allow passive targeto areas of interest with
compromised, leaky vasculature, such as that pr@sémmors.

Passive targeting of tumors by nanoparticles acola the phenomenon termed
the enhanced permeability and retention (EPR) eftés;, 47]. Rapidly growing tumor
lesions require rapid angiogenesis to sustain thgir rate of metabolic activity. Vessels
that grow in these lesions grow so rapidly anduchsa disorganized manner that tumor
vasculature is often unorganized and leaky. Leaisculature results from the rapid and
insufficient proliferation of endothelial cells, wh line blood vessels, and pericytes,
which help to maintain impermeable sections ofuasculature such as the BBB. This
results in blood vessel fenestrations on the orderseveral hundred nanometers
compared to the 5-10 nm present in healthy tisS88¢ [ Nanoparticles are free to leak
through these fenestrations into the tumor intiéusti, but are too large to leak into

healthy tissue [54, 55]; the result is lowered ayst exposure to the encapsulated
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molecules. Retention of nanoparticles occurs duhe fact that tumor tissue often has
compromised or insufficient lymphatic drainage [4&apid proliferation of tumor cells
results in pinching off of lymph vessels so dramagnnot occur. The combination of
the leaky vasculature and poor lymph drainage spamrsible for the EPR effect.
Nanoparticles not only help in getting the molesuté¢ interest to the tumor, but ensure
that they do not diffuse out of the target intoltigatissue.

Freely injected small molecule dyes tend to diffugpidly in invasive tumors,
often resulting in healthy tissue staining. Oneg/waovercome the problem of diffusion
is to encapsulate the small molecule dye in a naigfe. Nanoparticles are small
enough to still accumulate in tumors due to the EREct, but they are large enough that
they do not readily diffuse through tissue. Intfatanoparticles that extravasate into
tumors through leaky vasculature often remain wi0® um of the vessel through which
they exited [20].

Several types of nanoparticles have been develthidsuccessfully encapsulate
and deliver small molecule drugs and contrast agemtumors, including dendrimers,

carbon nanotubes, metallic nanopatrticles, polymaiwparticles, and liposomes.

2.4.2 Dendrimers

Dendrimers are globular or spherical multi-bramthanoparticles that resemble
the branches of a tree; they are composed of synfh@ymers such as polyamidoamine,
polyethylene oxide, glycerol, and succinic acidnatural polymers, such as amino acids,
nucleotides, or sugars [56, 57]. Having many thas increases the surface area for
conjugation of targeting molecules, chemotherapeaijents and other drugs, and

contrast agents. Dendrimers have been used teedelhemotherapeutics and contrast
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agents, as well as for photodynamic therapy anch @yene therapy for treatment of
cancer [57].

Dendrimers are versatile structures that enablgugation of targeting moieties
and protective surface modifications. Drugs antiepotsmall molecules can be
encapsulated via covalent binding to the branchesan be weakly associated with the
core. The core can accommodate hydrophobic oropyilic drugs depending on the
surface chemistry of the core itself; molecules loarheld by hydrophobic or hydrophilic
interaction, as well as electrostatic interactiansl hydrogen bonding [58]. However,
binding through these methods result in partidhes keak their contents rather quickly in
solution, as seen when researchers attempted &psulate doxorubicin in this manner
[59]. After drug loading, each dendrimer encap®alaan average of only 6.5 molecules
of doxorubicin. When placed in isotonic solutidhese molecules quickly dissociated
from the dendrimer core. Other chemotherapeutiddmers include those bound to
paclitaxel [60] and methotrexate [61]. Both of dbeexamples, in addition to a
chemotherapeutic, also contained the targetinglamakcule folate. Folate receptor is
often overexpressed on cancer cell surfaces ematdigeting via the folate molecule.
Therapeutic effect was greater in each case tleatntient with the free molecule version
of their respective chemotherapeutic.

Dendrimers have been used as delivery methods dotrast agents as well.
Olson and colleagues conjugated gadolinium chelatedendrimers containing cell
penetrating peptides to monitor the activity oftpases in vivo via MRI [62]. Another
dendrimer was designed by Konda and colleagues [68f dendrimer contained both

folate and a gadolinium chelate and allowed vigadilbn of ovarian tumors in animals.
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Fluorochromes have also been conjugated to dendrinb@ enable fluorescence
monitoring of physiological activity of cells inruors [57].

The major drawback to dendrimers for use in oueassh is that in order to stably
encapsulate drugs and contrast agents, one muaeatly bind the agent to the polymer.
This not only makes synthesis more difficult, bisbaresults in a decreased total payload
compared to other nanoparticles such as liposomegsolymeric nanoparticles with
aqueous cores (discussed below). Also, when dgalith dyes, slight alteration to the
structure through binding alters the resonancéefatoms within the molecule. Altering
the resonance can change the wavelengths of vikdile the molecule absorbs and
reflects, thus changing the color of the dye. Tusdesirable in our application since we
want to maintain the deep, dark blue of the Evdne Inolecule we used to dye the

tumor.

2.4.3 Carbon Nanotubes

Carbon nanotubes are single- or multi-walled dyiical cage structures made up
of benzene rings. Carbon nanotubes are thus eslyetmydrophobic so surface
modification, such as coating with PEG, is requitednake them soluble in aqueous
solutions. They have been used to encapsulate athemapeutics, target tumors, and
deliver DNA or siRNA to cancer cells.

Carbon nanotubes have been used to encapsulateottieeapeutics such as
doxorubicin [64], resulting in successful treatmefttumors. Doxorubicin was also
bound to PEG coated nanotubes in a pH dependemtanfb]. The binding was stable
at physiological pH, but allowed release of thegdin acidic conditions like those

present in endosomes or lysosomes of cells. Wheated with these nanoparticles,
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MCF-7 breast cancer cells and U87MG human gliobfast cells showed high levels of
cell death in vitro.

Nanotubes targeted with RGD peptides were usedanget integrin positive
tumors in a mouse model using the UB7MG human Blgibma cell line. Nanotubes
were coated with PEG molecules, which were thennbowith RGD peptide [66].
MicroPET images of tumor bearing mice demonstragel@ctive delivery of targeted
nanotubes to the tumor site.

Carbon nanotubes have been used effectively teedddNA in vivo. Folic acid
coated nanotubes were used to deliver small DNAnsegs into folate receptor over-
expressing HelLa cells [67]. The cells were theposed to pulses of NIR radiation to
cause endosomal release of the DNA nanotubes, vetliclved DNA to then enter the
nucleus of the cells. Minimal toxicity of the ndanbes was observed, but the long term
effects of carbon nanotubes have yet to be disedver

Carbon nanotubes have been used to deliver siRNsHdice telomerase reverse
transcriptase (TERT) function in a murine tumor ®lof8]. Nanotubes with the anti
TERT siRNA induced tumor cell growth arrest, resigitin longer survival times for
nude mice inoculated with HeLa tumors.

In vivo use outside of a laboratory environmenieiebn the further investigation
of the long terms effects of carbon nanotubes enlibdy. Little is known about their

long term fate after injection and chronic comgiicas that may develop.

2.4.4 Metallic Nanoparticles
Nanoparticles made of metals such as gold andaemnbe used to encapsulate

small molecules. Gold nanoparticles can take tfae of spheres, rods, and cubes or
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cages. Generally, the only way to “encapsulatelesudes using gold is to attach the
desired molecule to the surface of the particlbegitovalently or through hydrophobic
interactions. This limits their utility as deliwevectors. Though gold nanoparticles can
be used to encapsulate molecules, their primaryiusxperimental cancer treatment
methods is tumor ablation or activation of thernmsseve nanocarriers.

Gold nano-rods and shells can be tuned via alteradf dimensional ratios to
generate heat in response to stimulation by diffeheequencies of light [69, 70]. The
most useful of these are rods and shells that nespo near infrared radiation. Near
infrared light can penetrate soft tissue up to 0 with little loss of energy due to
minimal absorption and scattering by intrinsic pents [71]. Thus, it can be used to
stimulate gold nanoparticles to generate local Hipeemia of several degrees which
could be utilized for initiating triggered releasef encapsulated agents from
thermosensitive nanoparticles. Paasonen et alptagded a proof of concept of this
method [69]. Gold nanoparticles were incorporated calcein loaded liposomes. The
liposomes were stable at €7, and upon illumination with near infrared lighdcalized
heating occurred resulting in calcein release.

The use of thermosensitive nanoparticles in cortjanowvith gold nanorods has
been shown to improve efficacy of nanocarrier aelad doxorubicin in combating
cancer. Agarwal and colleagues used this methodetd U87 tumors in mice [72].
Treatment with thermosensitive liposomes triggebgdgold nanorod heating caused
greater exposure of the cells of the tumor to teodubicin encapsulated, thus creating
more tumor cell death and longer survival timesnite compared to doxorubicin

liposome treatment alone.
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Iron oxide (I0) nanoparticles are similar to galhoparticles in that they require
conjugation of the desired molecules to the surfd#dce particles. Though this allows
the option of transporting small molecule dyes dndys, IO particles are generally used
as MRI imaging contrast agents; they appear asihggwse regions on MRI images [73].
Not only have 10 nanoparticles been used to vigaaumors, but they have also been
used to track specific cell types such as stens dgfl adhering appropriate targeting

molecules [74].

2.4.5 Polymeric Nanoparticles

Polymeric nanoparticles are composed of naturayothetic polymers such as
poly(lactide-co-glycolide) (PLGA), polylactic aci@PLA), poly caprolactone (PCL), and
chitosan. The most common polymer nanoparticlesnanospheres, which are solid, or
nanocapsules, which contain a hollow or aqueousalecore [75]. Both are well suited
for encapsulation of small molecules. Dependinghenchemistry of the nanoparticle, it
can be used to encapsulate hydrophilic or hydropghaholecules. Polymeric
nanoparticles have even been used to encapsulateing and nucleic acids [76].
Surface modifications allow attachment of targetmngieties, such as RGD or folate, or
protection from the MPS by attaching PEG chainsdagsed below).

One advantage of polymeric nanoparticles is that oan tune the rate of
degradation of the particle by varying the ratiobaidegradable polymers. However, a
major disadvantage is that many of the manufagjumethods for polymer nanoparticles
require use of toxic solvents. These must be sitely rinsed and removed before use

in vivo. Though promising as molecule delivery @tge there are no polymeric
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nanoparticles currently approved by the FDA for imseeatment of cancer, though there

are several in clinical trials at time of writing7]].

2.4.6 Liposomes

Liposomes are spherical nanoparticles made up adpdtolipids in a lipid bilayer,
similar to that of cells. This makes them highilgdompatible. In fact, almost all of the
nanoparticles that are FDA approved for use in mgnare liposomal formulations.
Liposomes can be used to encapsulate large amohysirophilic drugs in the aqueous
core or hydrophobic drugs in the lipid bilayer.pbsomes are by no means cutting edge
technology, having been first developed in the 19618], but their utility still remains.
Since their inception, liposomes have been useénsitely both in clinic and in
laboratories to encapsulate drugs and contrastagen

Some of the first nanoscale therapeutics approsetidman use were liposomal
nanoparticles that encapsulate cytotoxic anthrawgaerived antitumor drugs.
Myocet™, liposomal doxorubicin, and DaunoXome™, ofipmal daunorubicin, are
indicated for use as anticancer agents. Packatiegiotherapeutic drugs in liposome
vessels allows for accumulation in the tumor whigducing the deadly cardiotoxicity
associated with freely delivered anthracyclinesewlr formulations of these drugs, like
Doxil™, are coated with polyethylene glycol (PE®)protect them from clearance by
the MPS thereby prolonging circulation time in thieodstream. So-called sterically
stabilized or “Stealth” liposomes are able to evagsonization and MPS clearance,
which is discussed in the next section.

Contrast agents have also been encapsulated sohpes. In studies conducted

by Karathanasis el al., an iodine contrast agensigsque 320, GE Healthcare,
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Milwaukee, WI) was encapsulated in 100 nm liposoimes delivered to rats that were
inoculated with 13762 MAT B Il breast tumors. Marmgraphy was performed on a
clinical mammography system (Senographe 2000D, @&thicare) for three consecutive
days. Images were used to calculate the amourgnbncement and approximate
accumulation rate of the iodine liposomes. Aninve¢se then separated into two groups.
Animals in the “good prognosis” group had rapid aménse iodine enhancement in their
mammography images, and were hypothesized to rddpetter to subsequent treatment
with liposomal doxorubicin than those in the “badgnosis” group, exhibiting slower,
less pronounced iodine enhancement. Animals when ttreated with liposomal
doxorubicin and tumor growth was monitored. Aftegatment, tumor growth rates
proved to be much slower in the good prognosis groesulting in longer survival times
than the bad prognosis group.

Karathanasis et al was able to monitor treatmentth wiiposomal
chemotherapeutics by using a multifunctional lipuab nanoparticle that encapsulated
both iodine (contrast agent) and doxorubicin (chétra@peutic) [79]. Mammographic
imaging after administration of these nanoparticle®mbled real time, non-invasive
assessment of accumulation of drug within tumokaving an a priori knowledge of the
loading of each material allowed quantificationdafxorubicin delivery to the area of
interest. The encapsulation of iodine not onlpwéd one to track the accumulation of
doxorubicin in the tumor, but also allowed one tack tumor response to the drug

throughout treatment.
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2.5 Nanoparticle Surface Modifications
The mononuclear phagocyte system (MPS) (formerlyowkn as the
reticuloendothelial system, or RES) is responsibieremoval of macromolecules from
the blood circulation [80]. The system is compos#dblood monocytes, tissue
macrophages, bone marrow progenitors, Kupffer adllghe liver, and macrophages in
the spleen. Unprotected nanopatrticles are clefaoed the circulation by the MPS in as
little as 2-3 hours. Though the circulation ofdbeanoparticles is much greater than that
of the freely injected molecules which they encégtsu(as little as 5 minutes for drugs
like doxorubicin), the short circulation times oftedo not allow enough time for
sufficient accumulation of nanopatrticles in paslyitargeted tumor tissue. Modification
of the surface of the nanopatrticle can help evhdeMPS, resulting in longer circulation
times and thus higher accumulation in target tissue
The versatility of nanoparticles not only lies inetability to package small

molecules, but also in the many types of surfacélifications that can be employed.
Stealth liposomes containing the hydrophilic polynREG or polysaccarides on their
surface can be used to protect nanoparticles frd@$ Mlearance. These molecules are
greatly hydrophillic and effectively create a laygrwater surrounding the nanoparticle,
reducing exposure to blood proteins and thus ptewgopsonization of the nanoparticle.
Opsonization marks macromolecules for phagocytogismmune cells. The coating also
reduces exposure of the nanoparticle to the imneefie themselves. Coatings can aid in
steric stabilization of nanoparticles, as well esvent interactions between nanopatrticles

such as those that could lead to agglomeration.
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Surface modifications allow one to make hydrophilibydrophobic, or
amphipathic nanoparticles. Other surface modibeat allow attachment of ligands such
as proteins, antibodies, peptides, nucleic acids, @ther small molecules that turn
nanoparticles into cell specific targeting vehidies-83].

One example of molecular targeting of nanopartidethe use of surface bound
folate on PEGylated stealth liposomes to targetgitma, which over-express folate
receptors [84]. Though these nanoparticles prquedising in vitro, their use in vivo
did not produce the anticipated increased efficaegr non-targeted stealth liposomes
[85]. The presence of folate on the surface onliffeisomes counteracted the stealth
nature of the PEGylated liposomes, allowing opsation and accelerated clearance from
the blood stream. McNeeley et al proposed a swiluising longer cleavable PEG chains
to mask the folate molecules until accumulationthe tumor occurred [86]. PEG
molecules with molecular weight of 5000 Daltons evbound to the liposome surface via
a cleavable disulfide bond. The longer PEG chamssked the folate targeting
molecules, which were attached to 2000 Dalton PEskeoules. The liposomes were
able to evade the MPS and accumulate in the tumaocthe EPR effect. Later, cysteine
was delivered to cleave the disulfide bond anddtethe PEGyoo coating. This exposed
the folate molecules and allowed them to bind ® fiblate receptors of the target 9L
gliomas cells, resulting in increased uptake andl death compared to control non-

targeted stealth liposomes.

2.6 Conclusion
Several types of nanoparticles could be used tvateh small molecule visible

dye to a tumor to stain it. However, in order &pidly employ such a particle in clinic,
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the nanoparticle used should be biocompatible afd for use in humans. Carbon
nanotubes show promise, but little is known abbatrtlong term biocompatibility. It is
likely that dendrimers would not stably encapsulatdficient amounts of dye to
effectively stain the tumor. Metallic nanopartel@ave similar problems to carbon
nanotubes; though they are inert, many of the gasti remain within the body
indefinitely after treatment, making chronic consplions probable, especially with
multiple injections. Polymeric nanoparticles aileely safe, but none have been FDA
approved for use in cancer therapy at this timgodomes have been FDA approved for
many drug and contrast delivery applications, idiclg chemotherapy and treatment of
fungal infections. Thus, we opted to employ lippsb nanocarriers to encapsulate a
visible dye for tumor border delineation in vivén the following sections, a method of

staining tumors with a nano-encapsulated visibke idypresented.
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CHAPTER 3

METHODS AND MATERIALS

3.1 Choosing a Dye and Perceived Luminance
Dyes were evaluated for perceived luminance, wekstimates the darkness of a
color. Dyes were dissolved in phosphate bufferdides@#PBS) at the same concentration
(m/v), dilute enough for all dyes to remain tramgelt when contained in a 1.5 mL
microcentrifuge tube. An image was taken of afl tyes together to ensure consistent
lighting conditions. RGB values were measured pl&es for each dye using the color
picker tool in Photoshop (Adobe, San Jose, CA)arataged. Luminance was calculated

via the following equation [87]:
(1) 0.299*R + 0.587*G + 0.114*B

3.2 Liposomal Nanocarrier Preparation

Liposomal nanocarriers were prepared using a nextfr 1,2—Dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) (Genzyme, Cambridgd), cholesterol (Sigma-
Aldrich, St Louis, MO), and N-(carbonyl-methoxypetiyleneglycol-2000)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (MPBGE2DSPE) (Genzyme) in a
55:40:5 molar ratio dissolved in ethanol. Nano-Eétigles were made by hydrating the
lipid mixture using 75 mg/ml of Evans blue (Alfa ga&, Ward Hill, MA) in PBS while
blank liposomes were made by hydrating with PBS@ldrhe solution was stirred at
60°C for 120 minutes then dialyzed overnight agaisssinolar PBS to remove ethanol.
The liposomes were resized by placing the suspensia Branson 1510 bath sonicator
(Branson Ultrasonics, Danbury, CT) for 120 minuéssPC. Nano-EB particles were

then run through a Sepharose CL-4B (GE Healthdaiesburgh, PA) size exclusion
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chromatography column to remove excess, unencdpdutlye. The filtrate was run
through a 500kD MWCO MicroKros diafiltration cadge (Spectrum Laboratories,

Rancho Dominguez, CA) to remove volume gained enciblumn.

3.3 Liposomal Nanocarrier Analysis and Characterizéon

Liposomal nanocarriers were analyzed to obtain digiibution and lipid to dye
ratio, as well as for stability in conditions siarilto those encountered in vivo. Size
distribution of the liposomal nanocarriers was dateed using a Zetasizer Nano ZS90
dynamic light scattering (DLS) particle sizer (Mata Instruments Ltd, Worcestershire,
UK).

Lipid to dye ratio was calculated as amount ofdiplivided by amount of dye
(mg/mg). First, the amount of encapsulated dydéliposome solution was determined
by measurement of absorbance of EB. Liposomes lysesl in 0.8% Triton X100 to
release their contents and absorbance was meastuBd@ nm using a Synergy HT Plate
Reader (BIO-TEK, Winooski, VT) and compared toansiard curve.

Final lipid concentration in the liposomal nanogarsuspension was obtained by
guantifying the fluorescence of a reporter moledalduded in the original liposome
mixture. -DPH-HPC (Invitrogen, Carlsbad, CA) was includedhe liposome mixture
at a concentration of 0.01 mol%. After liposomepgaration was complete, lipid and dye
in a 100 pL sample were separated via Folch extradB88]. Dried lipid extract was
resuspended in ethanol and fluorescence was measuie Synergy HT Plate Reader
(BIO-TEK, Winooski, VT) (Excitation: 360 nm Emissicd60 nm). A standard curve of
known concentrations of-DPH-HPC was used to calculate the amount of Ipesent

in the mixture.
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Liposomal nanocarrier stability measurement waptdhfrom methods used for
stability of doxorubicin containing liposomes [8®riefly, liposomal nanocarriers were
placed in a 50% fetal bovine serum (FBS) (Gemimi-Broducts, West Sacramento, CA)
in PBS solution to imitate blood serum. Nanocasrigere present at a concentration low
enough to eliminate self quenching of the dye. 3blation was placed in a 37 water
bath and samples were taken at 0, 24, and 48 hbeak. of dye from the nanocarriers
was assessed by measuring fluorescence of the eampkxcitation 620 nm, emission
680 nm. Percent leak was calculated as follows:

(2) % leak = [(sample intensity)- (sample intensity)g] / [(sample intensityseqd—
(sample intensity)o]
where T is the time point, T=0 is the initial tipeint (representing zero leak), and lysed
indicates a sample lysed using 0.8% Triton X-10@r(@&-Aldrich, St Louis, MO)

(representing 100% leak).

3.4 Cell Culture

3RT1RT2A (rat glioma cell line, stably expressesegr fluorescent protein, GFP)
were generously donated by Helen L. Fillmore (Mirgi Commonwealth University,
Richmond, VA). Cells were cultured in Dulbecco'sdification of Eagle's Medium with
4.5 g/L glucose without L-glutamine and sodium mate (Mediatech, Manassas, VA),
supplemented with 10% FBS, 1% penicillin/streptomy@®lediatech), 1% non-essential
amino acids (Mediatech), 1% L-glutamine (HyCloneeiirho Scientific, Logan, UT), and
1mg/ml G418 (Gemini Biosciences, West Sacramenk), & selective pressure for the
GFP marker. Primary cortical rat astrocytes westaioed and cultured as described

previously [90].
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3.5 In Vitro Cell Viability

Primary astrocytes, representing normal brain éssand 3RT1RT2A cells,
representing aggressive glioblastoma, were usedess viability of cells treated with
nano-EB in vivo. Astrocytes were plated at 10,0805 per well, while 3RT1RT2A cells
were plated at 25,000 cells/well, in tissue culttneated 24 well plates. Cells were
treated for 24 hours with serum free media conmtgireither nano-EB, unencapsulated
EB in saline, blank liposomes, or sterile salineaasontrol. EB dose was 0.2 mg/ml in
both nano-EB and unencapsulated EB solutions; thge dvas chosen under the
assumption that a maximum of 2% of the liposomdweled to an animal would reach
the tumor based on previous work in the lab withilsir liposomal nanocarriers [85].
The lipid dose was equal in the two liposomal gsouffter 24 hours, the treatments
were removed and fresh appropriate standard seomtaioing cell culture medium was
added. Cell viability counts were taken at O, 28, and 72 hours using the CCK-8
counting kit (Dojindo, Rockville, MD) as per the mdacturer’s instructions. Cell
counts were normalized to the untreated groupact #me point and reported as percent
viable cells. Statistical significance was deterai using a 2-way ANOVA with
Tukey’s post test using GraphPad Prism (Graphpad]dlla, CA). Data is presented as

average * standard deviation.

3.6 Ethical Use of Animals
All animal protocols were approved by the Georgmstitute of Technology
Institutional Animal Care and Use Committee. FisB&4 male rats 8-10 weeks of age

were purchased from Harlan Laboratories. Animakrewhoused in a temperature
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controlled environment with a 12 hour light/darkcley and were provided food and

water for the entire duration of their housing.

3.7 In Vivo Toxicity Testing
Non-tumor bearing male Fisher 344 rats were ingeati@ tail vein with sterile
solutions of nano-EB, blank liposomes, or unencltsd EB dye dissolved in saline. To
ensure safety and sterility, all solutions werelyred for correct pH and osmolarity, as
well as tested for endotoxins (Lonza, WalkersviMb), then filtered through a 0.2 pm
sterile filter. Dye dose was 25 mg/kg in the twaaks blue formulations and lipid dose
was kept equal in the two liposomal treatment gsollass and overall condition of the

animals were monitored over a period of 4 weeks.

3.8 Tumor Implantation

Tumor implantation was adapted from Fillmore andeagues [91]. Rats were
anesthetized initially using 5% isofluorane and mteined at 2-3% during the entire
procedure. Briefly, animals were placed in a sitxetic frame, an incision was made to
expose the skull, and a burr hole was made atdbelmates of 2 mm anterior and 2 mm
left lateral from lambda. 3RT1RT2A GFP expressiag glioma cells were slowly
injected 3 mm below the surface of the skull as fhosition over the course of 3 minutes
(200,000 cells in 10 pL Liebovitz L-15 medium (Itr@igen Life Technologies/GIBCO,
Carlsbad, CA)). Tumors were present in all aninthlst were injected in this way.
Tumors implanted typically resulted in death by de+14; for this reason, animal

experiments were constrained to 10 days.
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3.9 Tumor Staining In Vivo
On day 8 of tumor growth, animals were injected teidh vein with sterile, non-
pyrogenic solutions of 40 mg/kg EB, either as n&mor EB in sterile saline solution.
Animals were euthanized 48 hours later and braeewemoved and preserved in a 4%

paraformaldehyde solution.

3.10 Visual and Histological Analysis of Tumor Staiing

Brains of animals were removed and preserved irpdfaformaldehyde in PBS.
Brains were sliced coronally through the tumor &mehors were visually inspected to
confirm presence of blue staining. Tissue was ttwoprotected by submersion in a
30% wi/v solution of sucrose in PBS. Sections ofuh® thickness were obtained using a
Leica CM 300 cryostat (Leica, Bannockburn, IL). S®ts were stained with anti-GFP
monoclonal antibody conjugated with Alexa Fluor 4@8vitrogen) to enhance green
fluorescence and DAPI (Invitrogen) to indicate miicMicroscopic images of the entire
tumor (5x magnification) were obtained and tiledydther using a Axiovert 200M
microscope (Zeiss, Thornwood, NY) with a ORCA-ERneaa (Hamamatsu Photonics,
Bridgewater, NJ) and Volocity acquisition softwéRerkinElmer, Walthamm, MA).

Images were imported to Imaged (NIH) where backgiosubtraction was
performed using the included rolling ball backgrdwubtraction algorithm. Images were
converted to 8-bit and Manders Coefficients plugias used to find Manders
colocalization R and M1 (red:green, indicates houcimred staining is also green) [92].
Additionally, the 8 bit images were used to traoe tumor border as well as the Evans
blue staining border in the nano-EB treated samflae measure function was used to

obtain area and perimeter of the tracing. A ratiorel area to green area and red
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perimeter to green perimeter were calculated. Dafaresented as average = standard

deviation.
Higher magnification fluorescence images (10x mfacation) of the tumor
border were taken at 0, 90, 180, and 270 degremsdrthe border of the tumor to

visually confirm that there was no healthy tisstaersng.
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CHAPTER 4

RESULTS

4.1 Liposomal Nanocarrier Fabrication and Characterzation

For nanocarrier fabrication, a visible dye that Woproduce a high contrast to
inherent brain tissue color was desired. Color ellaalysis showed that, other than
black, blue and dark green offered the highestrashtto tissue encountered during
surgery, including red (blood) and yellow/grey (lieya brain tissue). At identical
concentrations, EB was visibly darker than anyhef other dyes considered (Figure 1).
This was confirmed by calculating perceived lumrerof each dye, where a lower
perceived luminance correlates with a darker cQlatues superimposed on Figure 1).
EB had a perceived luminance value of 27, approtema21% lower than the next
darkest dye, Coomassie blue. Further, EB was nmuble than any of the other dyes,
being 7 times more soluble than the next most $eldipe (EB 280g/L, Methylene blue
40 g/L). The liposomal nanocarrier core is aguesmubigh solubility in water is desirable
for maximum loading of dye.

Nano-EB particles were developed and characterasgkssing size, drug to lipid
ratio, and stability. After processing was comg]ehe ratio of dye to lipid was 0.08 mg
EB to 1 mg lipid. Average hydrodynamic diametemahocarriers was 173 nm with a
polydispersity index of 0.1. Nano-EB particles wstable at body temperature {G7,

leaking only 13.3% (SD = 0.49%) of their contentsroa 48 hour period.
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Figure 1. Candidate dyes and perceived luminance. Dyes in solution at equal
concentrations (m/v) and physiological pH. Fror te right: Evans Blue (chosen for
use in our experiments), Coomassie blue, methyléme, bromophenol blue, lissamine
green. Perceived luminance values are provided ealmach dye. Lower luminance
correlates with darker appearance.

4.2 In Vitro and In Vivo Toxicity Assessment

To ensure nano-EB had no significant cytotoxieel against healthy cells it
was tested against both a glioma cell line and mafignant primary astrocytes. Nano-
EB treatment resulted in no significant changeseih viability compared to blank stealth
liposomes in either healthy primary astrocytesher3RT1RT2A glioma (Figure 2).

Non-tumor bearing animals were injected with eithano-EB, EB in saline, or
blank liposomes and mass and general health crtimeals were monitored for 4 weeks.
All animals consistently gained weight after injeant (Figure 3) and showed no visible
signs of distress over the monitoring period. Ardsniajected with nano-EB remained
slightly tinted blue for an average of 2 weeks paogction, while those injected with

unencapsulated EB remained tinted blue for theeesfian of the experiment.
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Figure 2. Cell viability after treatment. Cells were treated with either 0.2 mg/ml nano-
EB or EB, or blank liposomes. Lipid dose of blaifgosomes matched that of the
nanoencapsulated Evans blue. All values normatiadtBS treated control.
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Figure 3. In vivo animal growth after treatment. Non-tumor bearing animals were
injected with either nano-EB, unencapsulted EB,btank liposomes. All animals
steadily gained weight after injections.
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4.3 Tumor Staining and Visualization In Vivo
Brains were sliced coronally through the centethef tumor to macroscopically
show the extent of tumor staining evident to thkedlaeye (Figure 4). Brains of animals
given unencapsulated EB showed diffuse stainingnd around the tumor, with dye
diffusing from the tumor into the healthy tissué. should be noted that EB does not
cross an intact blood brain barrier. Brains of aismgiven nano-EB only had staining in

the region of the tumor.

Figure 4. Coronal slice of brains of tumor bearing animals.Animals were treated
with nano-EB (left) or EB (right). Scale bars = 1mm

Besides its contrasting blue color, EB also fluoess red, making high
magnification microscopic analysis possible. Flsosnce microscopy was performed to
confirm that nano-EB did not stain healthy tisskrgre 5). Manders coefficient analysis
was performed on tiled whole tumor images, compgagreen fluorescence from GFP
expressing tumor cells with red fluorescence ofrtheo-EB (results in Table 1). Average
overall Manders R was found to be 0.51 + 0.08 (arinals, 3 slices per animal). M1
(red:green) was found to be 0.97 = 0.06, indicatimat 97% of the red fluorescence

colocalized with green fluorescence.
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Figure 5. Microscopic analysis of stainingWhole tumor stitch, 5x magnification.
(Top) Tumor of nano-EB treated animal. Green ingisatumor cells (GFP). Red
indicates EB. Arrows indicate invasive clusterscefls marked by nano-EB. (Bottom)
Tumor of Free EB treated animal. Scale bars = 500 p
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Further analysis compared the total area of thetumthat of the nano-EB
stained tissue to get an indication of how muctheftotal tumor was stained. Ratio of
red area to green area averaged 0.89 + 0.05. afioeof perimeter of the same slices was
0.94 = 0.04. Numbers close to but not greater fhemlicate that the nanocarrier staining
of tissue always stayed within the tumor tissuaclk_of healthy tissue staining was
confirmed by visually inspecting high magnificatiiOx) images of the tumor border in

nanocarrier treated animals (Figure 6).

Table 1. Border Quantification of Tumor Bearing Animals treated with Nano-EB.

Area Ratio’ Pzgrygger Manders R* M1 (red:green)™
.89+ .05 94+ .04 .51 +.08 97 + .06

"Area ratio = area red (nano-EB) / area green (3RPERglioma cells, GFP).

“ Perimeter ratio = perimeter red/perimeter green.

*Manders R indicates the amount of colocalizatioredfand green throughout the tissue.
M1 indicates how much tissue stained red is aksimet green.

N = 3 animals, 3 tissue sections per animal.
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Figure 6. Tumor Border Images of nano-EB treated aimals. (Top) Tumor (GFP)
(Middle) Nano-EB (red fluorescence). (Bottom) Comip@image. Scale bars = 100 um
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CHAPTER 5

DISCUSSION AND CONCLUSION

5.1 Discussion

Complete resection of tumor is essential to suéckdseatment of gliomas.
Currently, once resection has begun, the surgesnlitmied ability to distinguish the
margin of the tumor, relying on subjective critesiach as tactile feedback and slight,
often indistinguishable, color differences betwderalthy and tumor tissue. Thus, it
would be beneficial to have an objective meansigdrnguish the tumor margin visually
for the neurosurgeons in the OR. Other approachesde staining tumors using
fluorescent molecules, but these require speddioting conditions since the halogen
lights typically used in surgical environments oftamit radiation in the wavelengths that
causes interference with fluorescence detectionyedlsas extra equipment and training
[11-15]. In response, non-fluorescent dyes haven liested, though these compounds
were only tested in non-invasive tumor models, Whitay not adequately represent their
use clinically [16, 17].

Here, we demonstrate that freely circulating smadlecule compounds, such as
Evans blue dye, diffuse out of the tumor and ihealthy tissue complicating their ability
to help demarcate the margins between tumor ankhlgdéssues. We proposed the use
of a nano-scale encapsulation of a visible dye ravide the objective criteria that
surgeons need to consistently and correctly distgigtumor tissue from healthy tissue
without the need of specialized equipment, lightimigextra training on new equipment.

Intravenous injection of liposomal nanocarrierstaoning Evans blue dye clearly

marked the tumor and its margins, as well as smadlules of invasive cells that had
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invaded beyond the bulk tumor border. A Mandersffament of 0.6 or higher is
generally accepted as indicating true colocaliratiofluorescence microscopy [93]. In
our experiments, we obtained Manders coefficiems appear low at 0.51+0.08, but this
was to be expected. Little endocytosis by cancks oéthe nano-EB occurs at the time
scale used (48h). Therefore, most would be presanacellularly and thus not overlap
with cytoplasmic GFP.

An important measure obtained from overlap coedfitianalysis is the M1
(red:green) of 0.97, indicating that nearly allaatbat was stained red was also stained
green. This indicates that nanocarriers stainey tumhor tissue. The area and perimeter
ratio analysis further confirmed that the nanoeasrionly stained tumor tissue. Higher
magnification microscopic examination of the bor@déso confirmed that only tumor
tissue was stained, with nanocarriers slightly aodsistently underestimating the true
margin on the order of tens to hundreds of micremnsetThis is sufficient considering
surgeons often remove tissue in sections with tiéskes on the order of millimeters,
several orders of magnitude greater than the ustieration [94]. It is important to note
that healthy tissue was not stained, preventingefglositives and removal of healthy
tissue by the surgeon.

The amount of leak of dye from the liposomes over 48 hour period after
injection was consistent with previously reportdihically used liposomal nanocarrier
formulations [72, 95, 96]. It should be noted thaén with this slight leak the nano-EB
did not stain healthy tissue. Evans blue is a gigopolar molecule; leaked dye quickly

binds to blood serum proteins, limiting its diffasi[97].
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Evans blue dye was initially FDA approved for use blood volume
measurement. It was later found to be toxic in agge use or large doses [98, 99].
However, the negative side effects are usually ceduand pharmacokinetics of
molecules are drastically changed when they arapsutated in liposomal nanocarriers
[21-23, 85]. The encapsulation of molecules creatbarrier and reduces their ability to
interact with non-target tissues. For example,throencapsulation of doxorubicin in
liposomes known as Doxil®; cardiotoxicity is gregateduced in Doxil® when compared
to free drug [22, 23].

In vitro, nano-EB did not have a negative effecttba viability of either the
tumor cell line (BRT1RT2A) or their healthy coungart, primary astrocytes. Intravenous
injections of either nano-EB or EB had no nega®fect on the growth of animals
treated, nor did it cause any visible signs ofrdst in the animals. This was to be
expected since the doses used were much lowerthiose seen as toxic in published
studies [98, 99]. Emphasis should be placed omédurtesting to determine the safety of
such a nanocatrrier for clinical use.

Our data demonstrates that tumor margins may babhgl and accurately
demarcated by eliminating the staining of healiegue seen when small molecule dyes
are used in an invasive tumor model. It also detnates that nanocarriers carrying
visible dyes localize to tumor margins facilitatingth the accurate resection of the tumor

and accurate sparing of healthy tissue.

5.2 Conclusion
Liposomal nanocarriers containing visible dye Es/alue (nano-EB) successfully

stain invasive tumors in vivo, creating clear visidistinction between tumor and healthy
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tissue. A nanocarrier is not only preferred bub alecessary; injection of unencapsulated
dye results in staining of healthy tissue in aragive tumor model. Invasive models are
more clinically relevant than non-invasive modeistsas 9L. Use of such a nanocarrier
would allow surgeons to intraoperatively distinguisimor tissue from healthy, likely

increasing extent of resection, and thus resu#t better prognosis for the patient while

preserving function and quality of life.
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CHAPTER 6

FUTURE DIRECTIONS

6.1 Dose and Time Point Optimization

The dosing in this study was not optimized for maxn staining while
minimizing side effects, such as coloration of @memal. Basically, it was a brute force
method used in order to get the desired resule mMbximum volume injection was used
with the maximum concentration of liposome encagted EB possible. In theory, the
same results could be reached using much loweisddBEG coated liposomes typically
circulate for long periods of time, with half livemn the order or 1-3 days. Longer
circulation times allow for higher accumulationtumor tissue based on probability. The
more times a particular liposome passes by thesteated vasculature in the tumor, the
more likely it is to extravasate into the tumorenstitium. Therefore, if dose is reduced
and time before surgical intervention is increasachilar results could be seen. Lower
dose would decrease the blue tinting of the patestvell as reduce likelihood of toxic
side effects.

This approach, however, is limited by the leakinelsthe liposomes themselves.
If too much time is allowed, encapsulated dye woiddk out in large enough
concentrations that dye would diffuse into healtisgue. The result would be healthy
tissue staining and false positive marking, mughk lvhat is seen when unencapsulated
Evans blue dye is injected.

During this study, the timepoint of 48 hours wassdn based on literature
demonstrating the long circulating characteristitsimilar formulations of liposomes {.

However, these were either drug delivery or conteaghanced non-invasive imaging
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studies, so they do not necessarily apply here whsible contrast is the metric.
Research should be done to assess the optimafdmsefficient accumulation to ensure

visible contrast.

6.2 Nano-EB Staining in Other Tumor Models

Above, we have shown that a nanoencapsulated &isiyg¢ will accurately and
reliably stain an invasive tumor without stainingglthy tissue. However, this was only
done in one animal model of rat glioma, RT2. THo®r2 is a well known clinically
relevant form of invasive glioma, it would be nesmy to show effectiveness in other
tumor models. This should include other modeltherat, including the non-invasive 9L
model used by fellow researchers attempting to ldpveisible dyes to stain brain
tumors. Models of medulloblastoma and other malmgriumors of the CNS should also
be considered. Future research should also in¢iuder models in higher organisms.

The presented method could be used in other tisssesell to mark tumors.
Kaposi's sarcoma is a highly malignant skin cantet is currently treated with
liposomal doxorubicin. It is likely that nano-EBould effectively stain these lesions for
resection. It is likely the method would not warktissues such as the liver and spleen.
One of the many jobs of the liver is to filter maxwolecules out of the blood. The spleen
is part of the MPS, a system responsible for remgpwnacromolecules throughout the
body. Therefore, excess nano-EB liposomes accuenudhese tissues. As a result, the
healthy regions of the tissues themselves wouldthmed blue so there would not be

sufficient contrast between tumor tissue and bamkgs accumulation in these tissues.
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6.3 Reducing Production Time and Waste

The manufacturing process by which the nano-EBiglast were made is very
time consuming, messy, labor intensive, and prasladet of waste. Evans blue dye was
dissolved at 75 mg/ml in the initial solution tosere the maximum possible loading of
the aqueous core of the liposomes. The unencdpdullye then had to be removed to
avoid healthy tissue staining in vivo. Severalifzation techniques were attempted,
including dialysis, diafiltration, high speed cefugation, and spin columns, but only
size exclusion chromatography columns proved sefficto nearly completely remove
unencapsulated dye. Even though the techniqueedoik required multiple passes of
the crude liposome mixture through the separatimnnen to ensure enough dye was
removed so that the nanocarriers could be usetva vAlso, column chromatography is
not conducive to scale up. Generally diafiltratisnthe optimal scalable process for
purification of liposomes for the large scale maatdiring processes necessary for a
product to be used in clinic. Though it would requsynthesis of a new dye molecule,
excess wasted dye could be reduced if an actikrigacheme were used opposed to the
passive scheme currently employed.

Loading of doxorubicin into liposomes is an exaenpf active loading. This
method was first published by Bolotin et al in 19p0]. First, liposomes are
manufactured so that they contain acidic (pH~5 } &mbmonium sulfate in their aqueous
core. Then, doxorubicin is placed into the lipososuspension and heat is applied to
cause the lipid bilayer to become fluid-like. Daoxbicin is initially amphipathic,
allowing it to freely pass through the lipid bilayiato the aqueous core of the liposomes

(Figure 7). When the molecule enters the sliglaitydic core of the liposome, the
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neutrally charged —NHgains a hydrogen atom and becomes #NH he newly formed
positive charge ionically associates with sulf&&€®y) present in the liposome core to
form an insoluble precipitate. Thus, governed by law of mass action, the reaction
equilibrium is constantly driven to create moregpgate until either doxorubicin or
sulfate ions are exhausted. A similar scheme cbalé@émployed using a dye similar to
Evans blue, but with the properties of doxorubi@n amphipathic molecule at neurtral

pH that would gain a positive charge when exposddwer pH).

Figure 7. Ammonium sulfate gradient loading scheme for dakain.

6.4 Developing a Dual Mode Nanocarrier
It would be beneficial if the nanocarrier could rastly provide intraoperative
delineation, but could also be used for non-invasientrast enhancement of tumor for

preoperative surgical planning. MRI is often usegrovide a topographic map of the
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brain and location of the tumor, which surgeonstogglan out their resection procedure.
Thus, a nanocarrier that could provide MRI enharergnis desireable. Currently, it is
common to use unencapsulated gadolinium (Gd) aeetat provide contrast for MRI for

many applications, including tumor contrast enhama@. Development of such a
nanocarrier would be straight forward.

Phospholipids that are conjugated to Gd chelatesaamnilable for purchase.
Ghaghada et al. used such phospholipids to denadasffectiveness incorporating these
phospholipid Gd chelates into liposomes for in M&I imaging [101]. Manufacturing
would be simple, only adding a few steps to theresur manufacturing process.
Essentially, one would manufacture the liposomeprasented in the methods section,
then the Gd chelates can be post-inserted, similarthe methods used by Saul et al to
post insert folate conjugated phospholipids inposiomes [84].

A dual mode nanocarrier capable of MRI contrastvalt as intraoperative tumor
border delineation would allow for both to be penfed after a single injection.
Pharmacokinetics should be similar to nano-EB stheeMW of the PEG chains is much
larger than that of the Gd chelate. The chelataldvbe shielded from the MPS much

like the surface of the liposome itself so opsotmraand clearance will be slowed.
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