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lcp-Ms Analysis of Lanthanide-Doped Nanoparticles: A Quantitative and
Multiplexing Approach to Investigate Biodistribution, Blood Clearance,
and Targeting

Abstract

The rapidly progressing field of nanotechnology promises to revolutionize healthcare in the 21st century, with
applications in the prevention, diagnosis, and treatment of a wide range of diseases. However, before
nanoparticulate agents can be brought into clinical use, they must first be developed, optimized, and evaluated
in animal models. In the typical pre-clinical paradigm, almost all of the optimization is done at the in vitro
level, with only a few select agents reaching the level of animal studies. Since only one experimental
nanoparticle formulation can be investigated in a single animal, and in vivo experiments have relatively higher
complexity, cost, and time requirements, it is not feasible to evaluate a very large number of agents at the in
vivo stage. A major drawback of this approach, however, is that in vitro assays do not always accurately predict
how a nanoparticle will perform in animal studies. Therefore, a method that allows many agents to be
evaluated in a single animal subject would allow for much more efficient and predictive optimization of
nanoparticles. We have found that by incorporating lanthanide tracer metals into nanoparticle formulations,
we are successfully able to use inductively coupled plasma mass spectrometry (ICP-MS) to quantitatively
determine a nanoparticle’s blood clearance kinetics, biodistribution, and tumor delivery. This approach was
applied to evaluate both passive and active tumor targeting, as well as metabolically directed targeting of
nanoparticles to low pH tumor microenvironments. Importantly, we found that these in vivo measurements
could be made for many nanoparticle formulations simultaneously, in single animals, due to the high-order
multiplexing capability of mass spectrometry. This approach allowed for efficient and reproducible
comparison of performance between different nanoparticle formulations, by eliminating the effects of subject-
to-subject variability. In the future, we envision that this "higher-throughput” evaluation of agents at the in
vivo level, using ICP-MS multiplex analysis, will constitute a powerful tool to accelerate pre-clinical evaluation
of nanoparticles in animal models.
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ABSTRACT

ICP-MS ANALYSIS OF LANTHANIDE-DOPED NANOPARTICLES: A
QUANTITATIVE AND MULTIPLEXING APPROACH TO INVESTIGATE
BIODISTRIBUTION, BLOOD CLEARANCE, AND TARGETING

Samuel Crayton

Andrew Tsourkas, Ph.D.

The rapidly progressing field of nanotechnology promises to revoluéidrealthcare in
the 2£' century, with applications in the prevention, diagnosis, and treatofiex wide
range of diseases. However, before nanoparticulate agents danuggt into clinical
use, they must first be developed, optimized, and evaluated in animalsmiodéhe
typical pre-clinical paradigm, almost all of the optimiaatis done at thé vitro level,
with only a few select agents reaching the level of animal edudsince only one
experimental nanoparticle formulation can be investigated inghesanimal, anaéh vivo
experiments have relatively higher complexity, cost, and tieggiirements, it is not
feasible to evaluate a very large number of agents at thieo stage. A major drawback
of this approach, however, is thatvitro assays do not always accurately predict how a
nanoparticle will perform in animal studies. Therefore, a methodatloats many agents
to be evaluated in a single animal subject would allow for muckhe rafficient and
predictive optimization of nanoparticles. We have found that by incdmpgranthanide

tracer metals into nanoparticle formulations, we are successtlé to use inductively



coupled plasma mass spectrometry (ICP-MS) to quantitativelyndet a nanoparticle’s
blood clearance kinetics, biodistribution, and tumor delivery. This appreashapplied

to evaluate both passive and active tumor targeting, as well @boheally directed
targeting of nanoparticles to low pH tumor microenvironments. Impdytane found

that thesein vivo measurements could be made for many nanoparticle formulations
simultaneously, in single animals, due to the high-order multiplecapability of mass
spectrometry. This approach allowed for efficient and reproducibtaparison of
performance between different nanoparticle formulations, by reditimg the effects of
subject-to-subject variability. In the future, we envision thas$ thigher-throughput”
evaluation of agents at th vivo level, using ICP-MS multiplex analysis, will constitute

a powerful tool to accelerate pre-clinical evaluation of nanoparticlegnmamodels.
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Chapter 1: Introduction to Nanoparticle Diversity, Applications,

Delivery, and Detection

1.1 Introduction

Extensive research is currently underway on a global scalaletelop
nanotechnology for applications in the prevention, diagnosis, and treatmdisease.
Such innovations have the potential to revolutionize healthcare in theentury by
improving quality of life, extending life expectancy, and reducingltheare costs.
Already, nanoparticles platforms are being applied to diversklisfiencluding
regenerative medicirfeyaccines, imaging? ® surgery’ and drug delivery. ® Given the
variety of materials used in nanoparticle synthesis, the breadltieiofapplications, and
growth of active targeting molecules, the number of distinct nanoleaftirmulations is
truly astronomical.

In order to evaluate the performance of any nanoparticle fation] a central
consideration is what amount of nanopatrticles (or nanoparticle pyiaa reached the
particular site of interest. It is also important to exantime amount of nanoparticles
delivered to off-target tissues, since this can lead to incraagasty in drug delivery
studies and diminished contrast in imaging studies. Additionally hiéligful to examine
the blood clearance profile for any nanoparticles under investigasince this will
influence nanopatrticle delivery to both the target of interest and other locations

There are a number of approaches to assessing nanoparticle coicsninat
vitro and in tissue or blood samples. They range from direct and quaeatiatthods,

such as radiolabeling, to indirect and qualitative surrogakestHe rate of tumor growth



following nanoparticle administration. The nanoparticle detectiochnigue chosen by
the investigator is influenced by a number of factors including coemee, cost, and
level of detail required. Ideally, every evaluation of nanoparfegormance would
include quantitative and absolute determination of nanoparticle partinleentration at
the site of pathology, in off-target locations, and in the blood. Howewegdid standard
for such measurements (radiolabeling) can be inconvenient for magstigators, due to
the special handling requirements of radioactive materials ardrgune considerations
of exposed animal subjects. Consequently, it is common for investigatcely on semi-
guantitative measurements such as whole-animaéamni/ofluorescence measurements.
A convenient and cost-effective alternative to radiolabeling that prsvepiantitative
measurements of biodistribution and blood clearance could make thesendata
accessible to nanoparticle investigators.

Inherent in any nanoparticle study is also the comparison of deletween two
or more formulations. For example, a passive targeting studigit gk to optimize
some nanoparticle property (such as size, shape, charge, surditiog,cor elasticity),
which requires comparison of multiple formulations that vary acrossptoperty of
interest. Or an active targeting study might compare theehgtiargeted agent to a
negative control that lacks the targeting ligand. Conventionally, tesparisons would
be made by administering each agent in a separate cohort oflsanithe major
drawback to this approach, however, is the large animal-to-animagrimental
variability of in vivo studies. A convenient way to compare agents while controlling for

subject-to-subject variability is to employ a ratiometrighiplex approach, whereby two



or more agents are administered simultaneously to a singlesund a “signal” from
each one can be independently resolved.

Even when radiolabeling is used to trace a nanoparticle’s bibdistn and
blood clearance, it is usually only feasible to examine one nard@darmulation in a
single sample or animal. It is possible to employ a ratiomeapproach with
radiolabeling, using gamma emitters with resolvable enérgiesa combination of
gamma counting and scintillatidf, but physical restrictions of energy resolution
ultimately limit the number of compounds that can be simultaneously investigated.

Herein, we have sought to streamline the evaluation of sets ohctlisti
nanoparticle formulationsin vitro and in vivo, with the use of a quantitative and
multiplex assay for nanoparticle detection. Specifically, hage developed a method
whereby the concentration of superparamagnetic iron oxide (SPIOparéintes can be
guantitatively determined using inductively coupled mass spectrorfi€@®MS) of a
lanthanide metal tracer incorporated into the nanoparticle. Importémtlyoncentration
of each lanthanide metal can be determined independently of attferiales present in
the sample. Therefore, it is possible to simultaneously adminmatdtiple SPIO
formulations, with distinct physicochemical properties, to a siraglimal subject and
orthogonally assess their blood clearance, biodistribution, and paskwezyd® a tumor
xenograft (Chapter 2). Investigation into the versatilityhod system found that it could
be easily extended to a number of other commonly used imaging arapethiec
nanoparticle constructs, such as liposomes, polymersomes, dendrimdrsgokl
nanoparticles (Chapter 3). The technique was then applied to compare theaagtitteg

capability of SPIO formulations directed against distinct tumarkers (Chapter 4).



Finally, a novel pH-sensitive SPIO nanoparticle was enginefnedhe detection of
acidic tumor microenvironments, and the ICP-MS based method was useluate its
performancen vivo (Chapter 5). In this chapter, extensive background is provided on the
mechanisms of active and passive nanoparticle delivery, pH mediateedry and
imaging, commonly used nanoparticle platforms, and typical methodsnopadicle

detection and imaginig vivo.

1.2 Background

1.2.1 Passive and Active Targeting of Nanoparticlelatforms

1.2.1a Overview

As a nascent tumor develops, it will reach a stage in which thiemu&nd waste
exchange through its local vasculature is insufficient to sugtaiaccelerated growth
profile.* Thereafter, the tumor initiates the process of angiogenesisgdér to form new
blood vessels and allow for continued growth. Often these rapidly gegetdbod
vessels possess an abnormal basement membrane and an increasedfdesricytes
associated with the proliferating endothelial c&lsConsequently, the tumor neo-
vasculature exhibits an increased level of permeability to onamlecular components.
Additionally, actively growing tumors often have disorganized and distugtephatic
vessels, resulting in poor lymphatic drainage and impaired cleavancaterial from the
tumor interstitiunt* This combination of leaky vasculature and inefficient lymphatic
drainage results in a phenomenon known as the enhanced permeabiligtearian

(EPR) effect. EPR is a driving force for nanoparticles refgrentially accumulate in



regions of malignancy and is consistently exploited in studies obpaaticle-based
imaging and therapeutic agents. Tumor accumulation derived solely them
nanoparticle’s blood residence time and the EPR effect is commefdyred to as
passive targeting. Methods to improve nanoparticle tumor delivery, threpgcific

interactions with malignant cells or extracellular componengsteamed active targeting.
Figure 1.1 depicts tumor delivery by the EPR effect and fughbancement through

active targeting.
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Figure 1.1 Schematic of the enhanced permeability and retention (EPR) effedvépass

targeting) followed by nanoparticle binding to tumor cell receptor (activetiag)é



1.2.1b Passive Targeting

Passive targeting of nanoparticle formulations is their prnefi@ate but non-
specific, accumulation at a tumor site secondary to the EPB.effeen with a highly
permeable tumor vasculature, many passes through the circulegioagaired in order
for a large amount of nanoparticles to extravasate at the turherefdre, a central
component of passive delivery is the design of nanoparticles wiginonvo circulation
times. One major obstacle to passive tumor delivery is theul@icdothelial system
(RES), also commonly known as the mononuclear phagocyte system ,(MRiSh
efficiently clears nanoparticulate material from blood ca&tioh!* Accordingly,
nanoparticle formulations must be engineered to minimize interawtith the cells of
the RES. It is known that many properties of a nanoparticle $&g, shape, surface
charge, hydrophilicity, and specific coating material) alluafice the nanoparticle’s
interaction with blood and cellular components, thereby affecting circalatie.*

The hydrodynamic diameter of a nanoparticle has a very strohgenee on
circulation time and passive nanoparticle deliV8r@pecifically, nanoparticles smaller
than 5 nm are under the renal filtration threshold and are veigllyacleared from
circulation. Blood circulation time and passive delivery by EPBsisally optimized for
nanoparticle sizes in the 10 — 100 nm range, where interaction thethRES is
minimized. Once the nanopatrticle size begins to exceed 100 nm, tioteraith the RES
increases again and extravasation through capillary fenestrations lsdograged.’

Also critically important to nanoparticle circulation time andsgee tumor
delivery by EPR is surface charge. Previous studies have deatedstnat prolonged
blood circulation, and therefore, optimal tumor delivery is aclievgh nanoparticles

displaying a neutral to mildly negative surface chafgé® When the surface charges
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becomes overly negative, excessive association with phagocytis oéll the
reticuloendothelial system (RES) decreases circulation fim¥, and it has been
commonly reported that positively charged nanoparticles are dlearg rapidly due to
local electrostatic interactions near the injectionSite

Specific properties of the nanoparticle coating material {gdrophilicity) also
influence nanoparticle circulation time. Since many groups have demedstithat
incorporation of polyethylene glycol (PEG) into the surface of nartimes helps avoid
opsonization and increases circulation tirre$® # nanoparticle PEGylation is a very
popular method to impart in vivo stealth properffeAlthough PEGylation increases a
nanoparticle’s circulation time by minimizing its interactiomsh the RES, it may also
impair the nanoparticle’s ability to interact with tumor cellgereby limiting uptake via
endocytic pathways? ?* This potential drawback also must be considered when
designing nanoparticles for active targeting studies, so a® f@ve the nanoparticle’s

PEG brush mask or bury the active targeting ligand.

1.2.1c Active Targeting Strategies

Active targeting is a nanoparticle delivery strategy whereby affiigignds on the
agent’s surface bind to specific receptors or biomarkers withituther. It is important
to note that successful active targeting still relies oiciefft extravasation of the
nanoparticles through the permeable tumor endothelium. Thereforeatioparticle’s
physicochemical properties, which influence blood circulation and padsiiery by
the EPR effect, are still critically important in the dgsiof actively targeted
nanoparticles. Once delivered to the tumor, however, actively tdrgegents possess
several key advantages. While completely passive targetindepgndent on poor

7



lymphatic drainage in order to achieve nanoparticle retention auther site, active
targeting also exploits specific binding to tumor receptorfhus, actively targeted
nanoparticles can accumulate at higher concentrations compapaddively targeted
formulations, which are more easily washed out of the tumor interstitial comegyar

Also, depending on the type and surface density of ligands on the narepdrtic
is possible for the actively targeted agent to be internalized ipbeeomes bountf: #’
Unlike individual antibodies, nanoparticles have varying degrees divalahcy, which
further increases the likelihood of cellular internalizaf®n® For drug delivery
applications with membrane permeable drugs, nanoparticle deligettye interstitial
compartment can be sufficient to achieve a therapeutic dose. Eoweembrane
impermeable payloads, such as hydrophilic small molecules, proteamdides, or
nucleic acids, require the nanoparticle to deliver them into #le Also, when
nanoparticles are internalized within cells, they payload is ef@iently trapped within
the tumor region and cell surface becomes available for itit@rawith additional
nanoparticles, resulting in greater payload delivery to the turoothEse reasons, active
targeting strategies, whereby nanoparticles are engineergeddically bind to tumor
cells and become internalized, have the potential to enhance diagumudttherapeutic

potential.

1.2.1d Specific Active Targeting Biomakers Examined

A number of actively targeted agents for diagnosis and treatofiesdancer are
currently in clinical use and an even greater number arentiyrieeing investigated.
They range in scale from radiolabeled small molecules suéfFdhiorodeoxyglucose
for PET imaging of tumor metabolic activily, short peptide analogs liké"in-

8



pentetreotide for neuroendocrine tumor imagihtp antibodies such ds4-anti-CD20
for treatment of recurrent B-cell lymphorifato nanoparticle assemblies for magnetic
resonance imaging of tumotsVarious specific receptors have been targeted including
folate* transferrin®> EGFR¥* 1L2,%” and many others. In addition to directly targeting
surface receptors on malignant cells, contrast agents have beeopddvigr to detect
neovascularizatiofi **and apoptosi& **two phenomena associated with tumorigenesis.
In Chapter 4, three specific active targeting receptor/ligand mall be examined and
background on these is provided below:
HER2/neu Receptor and Affibody Ligand

Human epidermal growth factor receptor 2 (HER2/neu) is a surtsptor
tyrosine kinase involved in signal transduction pathways of cell groartid
differentiation?® It is overexpressed in approximately 30% of breast canegrste it
correlates with increased tumor aggressiveness and metgsitgntial*> ** HER2/neu
may also be overexpressed in ovarian caffoen)orectal cancel, and aggressive forms
of endometrial carcinom¥.For these reasons, HER2/neu was identified as a promising
target for tumor active targeting strategies, and an anR2Ateu monoclonal antibody
(trastuzumab, Herceptin) is used clinically in the treatmdénHBR2 positive breast
cancers® For nanoparticle active targeting, one very promising ligand HER?2
targeting is the HER2/neu affibody. Affibodies are an attractihass of alternative
scaffold proteins derived from a 58-amino acid portion of staphylatquotein A*°
They possess a high degree of specificity (similar to antibodbies have a smaller
molecular weight of approximately 6.6 kDa (similar to phage-derivetiqes)>® °>* The

HER2/neu affibody has high specificity and pM affinity for theR#neu receptor, and



has been utilized for several nanoparticle-based studies, withh albggee of targeting
success>>*
a3 Integrin and Cyclic RGD Ligand

a3 integrin serves as a receptor for extracellular maroteins with exposed
arginine-glycine-aspartate (RGD) motifs, including fibronectittomectin, lamin, and
collagen>>*’ Integrin binding facilitates cellular migration along theséringroteins of
the intercellular space and basement membtané.lt is expressed at low levels on
epithelial and mature endothelial cells, but is overexpressed iwatadtendothelial cells
associated with the neovascularization of tumi®fé.interestingly, in tumor xenograft
modelsay 3 integrin can be overexpressed both on the malignant cells, themseides
on host-derived proliferating endothelial céflsTherefore, synthetic cyclic RGD
containing peptides are an attractive candidate for active iteggdtrapidly growing and
metastatic tumors. In fact, radiotracers based on cyclic RfgéCbeing investigated for
radiotherapy of,f3 integrin positive tumors and imaging with single photon emission
computed tomography (SPECT) and positron emission tomography {PET).
HSP47 and LDS Affinity Peptide

Heat shock protein 47 (HSP47) is a collagen binding protein belongitiget
serine protease inhibitor (serpin) famifylts expression is upregulated during a cellular
stress response to noxious stimuli including high temperature, hestay exposure, and
oxidative stres& HSPA47 is overexpressed in a range of human cancers incluging o
squamous cell carcinontagastric cancef’ pancreatic ductal carcinomalung cancef?
and colonic adenocarcinoma secondary to ulcerative cSlifise ligand chosen to target

HSP47 was a small peptide affinity ligand called “LDS”, basedwfirst three residues.
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LDS was derived from phage display panning against HSP47 and its btodHtgP47

positive tumor cells has been demonstrafed.

1.2.2 pH Imaging

Besides passive nanoparticle delivery (Chapter 2) and conventional
receptor/ligand based active targeting (Chapter 4), another shagBapopular strategy
is to target local metabolic changes associated with naligy. In Chapter 5, we present
a novel pH-sensitive SPIO nanoparticle and evaluate its perfoeniandgvo using a
lanthanide tracer. Accordingly, this section contains background iafamon tumor

pH alterations and pH imaging agents.

1.2.2a Tumor pH Alterations

In healthy mammalian tissues, acid-base homeostasis isamaththrough a delicate
balance between acid production and removal. A pH regulatory misoh& necessary
since acids are an invariable side product of both aerobic and anaesiblwlism. In
the case of aerobic metabolism, sugar is metabolized to pyrwiatdy in the presence
of oxygen is oxidized by the mitochondria to £é@nd HO. CQ is then transported
outside the cell where it is hydrated by carbonic anhydrasésm bicarbonate plus a
free proton, H. In the case of anaerobic metabolism, in the absence of oxygen,
pyruvate is reduced to lactic acid and is subsequently expiootedcells. Once in the
extracellular space, acids diffuse from the site of productiohadlood, where they are

buffered by an open and dynamic £i@CO;" system.

Although the physiological mechanisms responsible for stabilizingirttte- and

extracellular pH are quite robust, many pathological conditionsiditaj cancer have
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been associated with an increase in tissue acidity. This s@ildyical pH is thought

to arise from the increase in glycolysis, seen in nearlynedisive cancers (even under
aerobic conditions), and poor perfusion, due to a chaotic and heterogeneous
microvasculature in the tumor microenvironment. Interestinghastbeen observed that
even in the absence of glycolysis the extracellular pH dlirresich values as low as
6.657° however, it has been hypothesized that elevated glycolysistitide sieeded for
“hyperacidity””® Numerous studies have shown that the extracellular pH of human and
animal tumors can reach values approaching 6.0, which is likely assiljpe without
elevated glycolysi§” " The critical importance of identifying pathologies with sub-
physiologic pH stems from studies that show low pH stimuliatestro invasion and in

vivo metastaseS: ® This has led to the development of numerous techniques and

imaging strategies for measuring pH in vivo.

1.2.2b Absolute pH Imaging

In recent years, numerous methods have been developed that allow fusnthe
invasive assessment of tissue pH, most of which are based metinagsonanc¥.One
common technique relies on tfi# MR resonance of phosph&feSince intracellular
inorganic phosphate (Pi) concentrations are higher than extraceluleentrations and
the intracellular volume fraction is greater than 50%, the at@rshift of endogenous Pi
is generally thought to reflect intracellular pH. Extradal pH of tumors can also be
separately measured using exogenous agents such as 3-aminopropgigh(spiPPf>
3-APP is a non-toxic, membrane impermeant compound that has a pH-dépende

chemical shift, 1 ppm per pH unit, in the physiological range.
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Exogenous agents have also been developed with pH-ser&itivesonance¥: &

The almost complete lack of endogendlisresonances in normal tissues combined with
the high gyromagnetic ratio and large chemical shift dispersf '°F compounds has
been reported to result in improved signal-to-noise and resolvable pethaknt
chemical shifts, compared witftP MRS of 3-APP. However, drawbacks bF
approaches include the instability of fluorinated compounds and the tyatoli

simultaneously measure other metabolic compotthds.

Since the'H nucleus offers the highest inherent sensitivity for MR deteciiuh
because it is possible to image the spatial distribution sii¢igH with pH-sensitivéH
resonances, numerous groups have employed imidazole-based compounds sBéh as IE
to measure pHn vivo®®® |EPA is non-toxic, membrane impermeant, and has few
interfering background resonances. The drawback of using IB&ever, is that the
chemical shift is only 0.7 ppm over the entire titration range, wgenerally means that
imaging must be conducted under (high) field strengths that aravadable in most
clinics. An alternativéH MR imaging method exploits the pH-dependent magnetization
transfer (CEST) between bulk phase water and either endogenous protde groups
or exogenous probe molecuf@s® pH-dependent gadolinium-based relaxation agents
can also be used® however, both of these approaches require an accurate

determination of probe concentration, which is difficult to achiewavo.

Recently, magnetic resonance imaging of pH has also been medousing
hyperpolarized®C-labeled bicarbonat8. Specifically, pH was imaged from the ratio of
signal intensities of hyperpolarized bicarbonate”@®;) and *CO,. The spatial

distribution of*C0O, andH**CO; was imaged in a mouse tumor model with an image
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resolution of 16 x 16 voxels, each measuring 2 x 2 x 6 mm, on a 9.4T M&cl€arly
represents another step towards the ultimate goal of imagingh giiman clinical
pathologies; however, advancements must still be made to improwpdtietemporal
resolution of MR spectroscopy on 1.5T scanners before these techarqussopted for

routine clinical use.

1.2.2c Relative pH Imaging
A complimentary approach to absolute pH imaging MRS (where theispH

determined by the chemical shift of the probe) or CEST (gvbkanges in pH influence
the chemical exchange kinetics) is to detect regions ofivelatabnormal pH by
designing agents that preferentially accumulate in thesen®gihat is, the identity of
the signal is not influenced by pH, but the biodistribution of the agemifluenced by
pH. In this respect, such an agent has much in common with a alessptor/ligand
actively targeted molecule; the agent washes into the tumoughrthe enhanced
permeability of the tumor vasculature and then is preferentieyined at the tumor site

through pH mediated alterations in the nanoparticle’s physicochemical pespert

One such targeting moiety is pH low insertion peptide (pHEI®.At neutral or
basic pH this peptide exists in equilibrium between an unstructurpceoas
conformation and a conformation bound to the surface of lipid bilayergpHA&alls
below 7.0, the equilibrium is directed towards a transmembrane lhetinformation
such that the affinity of pHLIP for cell membranes is appraxety 20 times higher at
low pH. Once inserted across a cell membrane at low pH, itezaain in place on the

order of days. This pH-sensitive peptide has subsequently been used toeppbtiuc
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sensitive contrast agents. An optical agent consists of pHLIRtlgireonjugated to
fluorescent dye (e.g. Cy5.5), and has been used in animal model®¢b tdetors and
visualize tumor margins in mock surgical procedifes.PET agent was constructed by
pHLIP conjugation t¢*CuDOTA. Studies using mouse xenografts of two human prostate
cancer cell lines demonstrated the PET agent avidly concengtatbd tumor site in a

pH dependent mann& Beyond pHLIP agents, recently, a pH sensitive MR contrast
agent has been reported that consists of magnetic nanopartickgsselated by PEG-
PAE diblock copolymet® The composite particle is stable in aqueous environments at
physiologic pH and higher, but upon exposure to pH less than 7.0, the PAE ipolyme
block is protonated, leading to destabilization of the construct andppation of the
magnetic nanoparticles situ. Once micro-precipitation occurs at the tumor site, the MR

signal is amplified and diffusion of the agent out of tumor becomes more difficult.

1.2.3 Diversity of Nanoparticle Platforms and Propdies

There are many different nanoparticle architectures, bwith fa wide array of
materials, possessing great variation across a range of @ttysiical parameters. In
order to optimize nanoparticle characteristics, improve nanoleamierformance in
animal models, and identify specific agents to bring to clinestirig, a method allowing
convenient and quantitative detection of multiple agents in a samfeal would be
valuable. Chapters 2 and 3 demonstrate how ICP-MS multiplex anabsibe adapted
to a wide range of nanoparticle platforimsvivo. Accordingly, background on these

specific nanoparticle constructs is provided in the following section.
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1.2.3a Superparamagnetic Iron Oxide (SP10O) Nanopaitles

SPIO nanoparticles typically consist of a magnetite@peand/or maghemite
(yFe0s) iron core and a hydrophilic surface coatiign the presence of an external
magnetic field, the magnetic moments of the SPIO align thighfield and enhance the
local magnetic flux. This effect allows them to influence btk longitudinal and
transverse relaxation of surrounding protons. While the iron oxide £oesponsible for
generating magnetic contrast, the hydrophilic coating €&l us improve the solubility,
biocompatibility, and stability of the iron oxide nanoparticles. A wgrid biocompatible
polymers have been employed as the coating, including PEG and ,PhGd\
polysaccharides, such as dextfan'®® Varieties of surface modifications (including

attachment of targeting ligands) can subsequently be applied @ 8&pending on the

particular application.

Figure 1.2 lllustration of dextran stabilized superparamagnetic iron oxi@Q} with

metal core in brown and dextran chains in blue.

Clinical use of SPIO nanoparticles as MR contrast agents bhegae 1980’s.
Since SPIO nanoparticles often exhibit uptake in the organs of e fRey are well
suited to aid in delineation of both primary tumors of the ess well as metastatic
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lesions’® Furthermore, since SPIO nanoparticles gain access to th@ajimprainage
of tumors and lymph nodes contain a high number of phagocytic cells,caRIRe used
to survey for lymph node metastases, which aids in canceingtagd therapeutic
planning®>%’ Although this application is promising, the ultimate goal is to utiliz€dSPI
nanoparticles for cellular and molecular imaging applicationsyaily for the detection
of malignancies prior to metastasis.

Detection of non-RES primary tumors with SPIO nanoparticlesuisently
impeded by the sensitivity limitations associated with mamy ddntrast agents. There
are numerous approaches for improving SPIO nanoparticle sensitivitydimg the
optimization of SPIO magnetic properties, SPIO targetindnatst, MR pulse sequences,
MR hardware, and signal post-processing techniques. For exampdeparation of
hetero-metals such as manganese into the iror°¢dtéhas been shown to increase
relaxivity, and loading multiple SPIO into single nanovesicfes®increases the signal
of each individual particle. Other groups have used a self-ampibficapproach* to
boost the local concentration of SPIO at sites of interest, wiliers are developing

activatable probes; **%n order to increase contrast by lowering background signal.

1.2.3b Liposomes and Polymersomes

Liposomes are small artificial bilayer vesicles composeckitifer naturally
occurring lipids or a number of commercially available synthtboducts. The natural or
synthetic phospholipids have a hydrophobic lipid “tail” and a polar “head trcaed
from various glycerylphosphate derivatives. Due to their amphiphiltareawhen
phospholipid molecules are dispersed in agueous media they canseeibés into
spherical, closed structures consisting of an aqueous core surrouradidghly ordered
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phospholipid bilayer. Consequently, liposomes can encapsulate hydrophilowods
in their aqueous cores and intercalate hydrophobic compounds in their lipid bilayers.

Liposomes vary widely in size, number of lamellae, surface ehaarmeability,
and bilayer rigidity, depending on the preparative technique, syntt@atiditions, and
types of lipids used. Their sizes range over three ordersagfitude, from tens of
nanometers to tens of micrometers. These structural paranadtect the behavior of
liposomes bothin vitro and in vivo. Therefore, it is critical to carefully select the
liposome constituents and preparative technique for the intended applicaaon.
example, conventional liposomes are rapidly cleared from the afi@ul by the
phagocytic cells of the RES. Therefore, ifovivo applications, steps such as pegylation
or steric stabilization, must be taken to prolong circulation.tihé'®The coat has been
shown to inhibit serum protein binding on the liposomal surface, therebging RES
sequestration, complement activation, and destabilization of the lipbsoamabranes.
Incorporation of cholesterol into the phospholipid membrane has also beem $o
improve liposome stability®

Polymersomes, by contrast, are self-assembled nanovesicles edmpbs
amphiphilic synthetic block copolymers. Most commonly polyethylene oR&©] is
used as the hydrophilic block. This creates a relatively inteush-like outer shell,
which imparts “stealth” characteristics to the polymersoraed allows them to
effectively avoid the reticuloendothelial systéth. Compared to liposomes,
polymersomes are far more robust, have lower membrane perityeapéiater stability,

and can be finely tuned through polymer selection to yield vesislds diverse
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functionality. Combined with their high stability, polymersomeseh®&een found to
exhibit long circulation times and low toxicit§’

The improved stability of polyersomes largely stems from tig&eri molecular
weight of the diblock copolymers and the presence of a thick hydrapluanain,
typically ~8-10 nm. This is significantly larger than the loghobic domain of most
liposomes, which are typically ~3 nm in thicknéSsHowever, increased membrane
thickness generally leads to decreased membrane fluidity ananaditty, bringing the
mechanical properties of polymersomes closer to viral capsids than limsome

Both liposomes and polymersomes are attractive platforms foingagd drug
delivery because payloads can be encapsulated within the vesidie®livered to sites
of interest. Furthermore, sequestering the payload from disgisure to the blood can
prevent it from being damaged by circulating enzymes or mguesxcess toxicity. For
example, when liposomes are used to encapsulate imaging abegtietp overcome
the rapid clearance, non-specific cellular interaction, and tgxatifree contrast, all of
which result in images of diminished contrast and resoldffoRolyermersomes, as well,
are easily transformed into imaging agents through the encapsutst hydrophilic
contrast material e(g. Gd-DTPA, fluorescent dyes) within the aqueous core and/or
hydrophobic fluorescent dyes within the membrane.

Nanovesicles can also be combined with active targeting saateég direct
encapsulated drugs or contrast agents to specific organs orog@kollargeted delivery
of liposomesin vivo has been achieved by covalent and non-covalent coupling of site-
directing ligands (such as monoclonal antibodies, proteins, vitaminsidggpand

glycolipids) to the surface of liposom&s. For example, PEG-shielded liposomes
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functionalized with cyclic RGD have been used to target thevamtilar agent
combretastatin A4 to tumor vasculatdféThe exterior surface of polymersomes can
also be readily functionalized with biologically active ligands feargeting

applications-®

1.2.3c Dendrimeric Nanoparticles

Dendrimers are highly uniform, spheroid polymeric nanostructures that
repeatedly branch outward from an inner mulitmeric core. Theysually produced in
an iterative sequence of reaction steps, where each geneesiois in an exponential
increase in molecular weight and a geometric increase in vdfiinfeor imaging
applications, PAMAM dendrimers are most commonly used, and theg margijze from
about 1 nm to just over 13 nm, depending on the generafi®®MAM dendrimers
possess an ethylenediamine core and display amino groups on the, sulnfabegorovide
convenient reactivity for surface modificatiol¥8** For drug delivery applications, it is
also possible to encapsulate molecules inside interior cavities ltfjh generation
dendrimert®?

Dendrimers possess many structural parameters, includiegrsrial, size,
shape, branching, length, and surface function&iitshat can all affect the dendrimer’s
performance as an imaging or therapeutic platform. For exaraplaller generation
dendrimers are subject to rapid renal elimination, with blood halé-lafeonly a few
minutes™* Those with charged or hydrophobic surfaces are also rapidlsed|dem

circulation, but tend to accumulate in the liv&rHowever, dendrimers with a neutral or

hydrophilic surface, such as PEG, can exhibit blood half-lives reaching many-¥ours
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1.2.3d Gold Nanopatrticles

The use of gold nanoparticles in biological applications began in 197& whe
Faulk and Taylor invented the immunogold staining procedure for electron
microscopy-*® Gold nanoparticles which are typically sized between 0.5 and 250 nm,

139, l40and

have been prepared in a wide variety of shapes including sph&tic&frods,
barbells** Gold has also been used as a thin shell-coating for a dielectst* Their
straightforward synthesis, excellent stability, and the easéumftionalization with
targeting ligands have permitted the use of gold nanoparticles initnaiing and
therapeutic applications.

Gold nanoparticles can be used with multiple imaging platforonsinf vivo
molecular imaging. For instance, gold nanoparticles complexedavitlol-PEG coating
and targeted with anti-EGFR single chain antibody fragments be®e used to target
tumors in vivo using surface enhanced Raman spectroscopy (SERS3old
nanoparticles are also being investigated as X-ray and computed ammpg(CT)
contrast agents. Recently, 1.9 nm gold nanoparticles, administerademtusly in a
mouse tumor model, allowed for high resolution imaging of the tumasdhtessels, and
kidneys'** Since gold nanoparticles exhibit greater X-ray attenuation thgine-based
contrast agents, it was even possible to visualize microvascudatdneeovasularization
within the tumor. Beyond imaging applications, gold nanorods are also beinggatvedti
as therapeutic photothermal agents. Specifically, small axalater nanorods, delivered
to an animal tumor, serve as highly efficient absorbers of inéared light**> When

short IR laser pulses are applied to the tumor volume, the lasegyeis converted to

heat, leading to ablation of the lesi§f.
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1.2.4 Detection and Imaging Modalities

There are numerous modalities to detect, quantify, and image nacepart
formulationsin vitro, in vivo, andex vivo Each method has its own unique advantages
and disadvantages, which compels the investigator to select a mdldaiibest suits the
particular application. A partial list of detection and imagingdalities, along with their
strengths and weaknesses is provided in table 2.1.

Table 1.1.Common Nanoparticle Detection and Imaging Modalities

Optical / High Sensitivity, | Lower Resolution, Altered
Fluorescence Ease of Use or Prevented by Tissue
Type/Depth

Mass High Sensitivity Ex Vivo Only Yes Yes
Spectrometry

Ultrasound Widely Lower Resolution,
Available, High Contrast is Intravascular
Temporal Only, Altered or
Resolution, Prevented by Tissue
Inexpensive Type/Depth

* These modalities provide quantitative data, but calculation of exogeagest
concentration is usually semiquantitative
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1.2.4a Nuclear and Radiolabel Detection and Imaging

The “gold standard” of pharmacokinetic and pharmacodynamic megasats is
the use of radionuclide tracers. Radiolabeling provides absoluteitgtiant of tracer
concentrations and very high (pM) sensitiVity Although there are several mechanisms
of nuclear decaye(g. alpha, beta, gamma, positron emission, electron capture, isomeric
transition, and internal conversion), radiotracer signals largdlyntal two categories:
gamma or beta emitters. Gamma radiation passes througlssoé samples with little
attenuation and can be quantified with minimal sample preparatiolg asgamma
counting instrument. Beta particles, however, require indirect cayntivhich
necessitates more sample preparation. Specifically, the sasngissolved in a liquid
scintillation solution, containing a scintillant that absorbs tha patticle’s energy and
emits light for detection.

The earliest experiments studying time vivo biodistribution and clearance of
nanoparticle formulations relied on radiolabeling. The long-lived radiaesiH, “C,
and **3 were used to trace the activity of small molecule payldadsrporated into
nanoparticles?®**° More recently, the emitters**in and®*™Tc have gained popularity
as nanoparticle radiolabels, since they have relatively milkitepprocedures and can
be used forin vivo imaging (SPECT) followed byex vivo measurements of
biodistribution. For PET imaging of nanoparticle formulatioti€u is most commonly

used.
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Table 1.2.Common Radionuclides for Nanopatrticle Investigation

Radionuclide Decay Mode Half Life
H B 12.35 years
Yc B 5730 years
YF B+ 109.77 minutes
¥p B 25.4 days
*Cu B+ 12.7 hours
TTc v 6.00 hours
Hin v 2.83 days
2 v 60.14 days
13 B 8.02 days

One major benefit of the metal radiotracers is the vergatitailable for
incorporating the tracer into the nanoparticle formulation. Diradtotabeling can be
accomplished through reduction of disulfide bonds followed by introductiothef
metal®* ®*More typically, a chelatore(g. DTPA* 1>*HYN-IC,*** ***or DOTAY™ is
used to bind the metal. The chelator may be covalently conjugatbeé surface of the

nanoparticle, face the aqueous cfel*or be buried within a hydrophobic dom&th

181 (e.g bilayer of a liposome or core of a micelle). For vesicslanctures such as
liposomes and polyersomes, a preformed metal-chelator complexecanchpsulated
within the aqueous coré®* ' |t is possible to incorporate the chelator into the

monomeric/block co-polymer material prior to nanoparticle assetfiblgovalently

conjugate the chelator to a previously assembled nanopaffidenon-covalently attach
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a chelator functionalized moietg.¢ protein or peptide) to the nanoparticle surf&e.
Addition of radiolabels to nanoparticles may have a minimal onfgignt impact on the
agent's pharmacokinetics, depending on the location of the radiolabeh vifbi

nanoparticle i(e. core versus surface) and the fractional increase in nanopasizd

upon radiolabeling.

The major limitation to radiolabeling, for the purposes of nanoparticl
characterization, is the relative lack of multiplexing capabiit two-label ratiometric
approach is well established using a low and high energy gammaregigt ‘1 and
141).% 17 A triplex assay is conceivable by adding a beta emitterctst separately by
scintillation, but would then require separate preps and measuretoeptgain the
information. Higher order multiplexing (achievable by opticatrunsientationin vitro or
ICP-MS ex vivg is unlikely to be feasible. Another, smaller consideration isgeeial
handling requirements for radioactive material and animals. Labgratmdling of
radionuclides is by no means “difficult”; but its inconvenience dee®the frequency of
its use, and an alternative method of absolute quantification of nacstgadncentration
in biological samples, without radioactivity, may lead more invefstigao acquire such

data.

1.2.4b Optical and Fluorescence Detection and Imaug

Optical and fluorescence detection of nanoparticles is argutidy most
convenient and widely used approach. Fluorescence is usually immagethoparticle
by incorporation of either an organic dye or inorganic fluorophore (i.entgumdot).
Many different small molecule organic fluorophores, spanning thbleviand infrared
spectrum, have been successfully used with nanoparticles, includingestieors,
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cyanines, rhodamines, and specific commercial dye lines likeaAtuor, DyLight, and
BODIPY. The fluorophores can be incorporated by covalent conjugation or erategsul
within an aqueous or hydrophobic core. The labeled nanoparticles can timeaigee at
the whole animal level or iex vivo specimens. Multiplexing of fluorophores with
resolvable excitation and emission spectra is possible, as evidepnecediti-color flow
cytometry®® However, applying this principle at the tissue, organ, and anewal Is
more difficult since a large region of the visible spectrumnisuitable for fluorescence
measurements in complex or thick samples (see below).

Perhaps the biggest limitation of fluorescence detection and rnighagf
nanoparticles are issues associated with tissue penetrationtaridrence. Specifically,
both the incident excitation radiation and the emitted signal aredubj attenuation as

they pass through biological tissue. Since light scatteringedses as 17 and photon

absorption by endogenous oxygenated and deoxygenated hemoglobin reaches a minimum

in the near infrared (NIR) spectral windd® tissue penetration is wavelength dependent
— with longer wavelengths suffering less attenuation than shorteelevaths.
Nevertheless, even the brightest and most red-shifted organic fluespaua limited to
approximately 5 cm of tissue penetratféh.This distance limit is suitable for small
animal work, but is limiting for human applications other than those vinglexposed
tissue €.g. superficial soft tissue and sKiff, fluorescence assisited surgéf§,or
endoscopic methods$}®

Another significant drawback of fluorescence detection of nanopartis| its
restriction to semi-quantitative measurements. That is, theceotmation of the

fluorophore, and therefore the nanoparticle, cannot be calculated freigni#s, due to a
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number interfering variables present in biological samples. éxample, the peak
excitation/emission wavelength, extinction coefficient, and quantum yield canvitara
number of parameters including local chemical environment, exposues amd
temperature. Fluorescence quenching, either from other moleculetheofsame
fluorophore or endogenous absorbers, leads to significant non-lineasgyeThickness,
density, composition, and auto-fluorescence also all influence sigral, veth ex vivo

sampling.

1.2.4c Magnetic Resonance Detection and Imaging

Magnetic resonance approaches are capable of obtaining amelytr@iverse
array of structural and functional informatiam vivo (see also the pH imaging section
above). Generally speaking, the functional information is often e&ttan one of three
ways. First, in magnetic resonance spectroscopy (MRS) theicdieshift of a particular
resonance may change with variations in some physiologic ptgann this manner, the
varying *P resonance of 3-APP is used to deduce extracellula® Becondly,
alterations in the metabolic environment of tissues can be didisogg the ratio of the
signals from two or more metabolites in an MRS study. For ex@ampidies have found
that a high choline / N-acetyl aspartate is commonly obsenvierhin tumors’* Thirdly,
chemical exchange saturation transfer (CEST) measurendetést the transfer of
magnetization between two pools in chemical exchange, le&alisignal amplification,
signals that can be “switched” on and off, and detection of physioktgiuli by
alterations they cause in the CEST effégt.

Measuring the absolute concentration of a particular resonameetabolite with
magnetic resonance methods is much more difficult, although iseymifprogress has
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been and continues to be made for endogenous metab8lite¢ith regard to
determination of nanoparticle concentrations, however, absolute quardificatnot yet
possible. Since the concentration of nanoparticles delivered in vimotisery large
compared to the sensitivity of MR methods, direct detection of a nanoparticlaisanes
is difficult. Instead, nanoparticles imaged by MR are uswighgcted indirectly through
their interaction with bulk water protons. For example>'Gzhn be incorporated into
nanoparticles with metal chelators, much the same as metahuatidles can’’ The
gadolinium ion’s seven unpaired electrons provide a conduit through whikhwvatgr
protons can transfer energy, allowing their longitudinal relaxat® to be increased.
This in turn leads to a stronger (brighter) signal on T1-weightexbes for voxels
containing the nanoparticle. SPIO nanoparticles contain iron oxidéalsrysvhich
generate disturbances in the local magnetic field surrountdenganoparticles. This in
turn causes accelerated de-phasing of the bulk water magoetiZatiowing a 90°
radiofrequency pulse, which leads to a weaker (darker) signal emeithted images.
With SPIO or Gd" doped nanoparticles, it is possible to estimate nanoparticle
concentration using a calibration curve with a tissue phantom. Howeseurate
absolute quantification is difficult since many specific propertf the tissue and pulse
sequence will influence the signal obtained. Furthermore, detectitmsbynethod is not

amenable to multiplexing.

1.2.4d Inductively Coupled Plasma — Mass Spectromsti(ICP-MS)

Detection
ICP-MS is an analytical method allowing for the rapid and seasil ppt to 1

ppb) detection of a wide range of metal species in a sampldaBmeinstrument design
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places a mass spectrometer downstream of an inductively coupsedaptource. The
ICP is generated by introducing a small number of electrdnsan argon gas stream and
then applying radiofrequency radiation to cause rapid oscillaticdheofree electrons.
Collisions between the electrons and argon atoms result in ionizataxhycing Af and
additional electrons. A steady state is quickly reached, resuitielgctro-neutral plasma
with a temperature significantly greater than a chemical flame.

In order to analyze a sample containing complex material, sulsload or tissue,
the material must first be digested with nitric or hydrockl@&tid to produce a more
homogenous liquid. The sample is then nebulized and introduced into the ptesama,
where the extremely high temperature leads to atomization, anesiglos ionization, of
the material. The metals ions of the sample are then fad the plasma into a
conventional mass spectrometer (usually quadrupole, or less frequanéyof flight).
Importantly, the concentration of each metal ion being investigated can beasieouisly
acquired with a single measurement.

ICP-MS multiplexing is already being successfully applied ih vitro
immunoassays”® Specifically, a polymer tag containing multiple lanthanide metal
chelates is attached to the Fc portion of antibadiefn this manner, each specific
antigen/antibody is associated with a specific lanthanide nietatro multiplex analysis
has been applied for a variety of cell surface biomat¥er$®* and growth and
transcription factors in cell lysaté® Very recently (May 2011) the massively-parallel
nature of ICP-MS multiplex analysis was demonstrated with samebus “mass

cytometric” analysis of more than 30 cell markgfs.
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Another recent development in ICP-MS instrumentation is lasati@bILA-ICP-
MS, which offers three considerable advantages over conventional EH=&t, the
original sample can be analyzed directlg.(without chemical digestion) by ablating the
sample with a pulsed laser beam and sweeping the aerosdlydireo the plasma.
Secondly, LA-ICP-MS can be conducted with much smaller amounts abérial.
Specifically, micrograms samples can be analyzed, versligrams for conventional
ICP-MS (.e. the entire sample is microgram quantity; the amount of lanthanide need only
be parts per billion concentration within the sample). Thirdly, tkerl@ulses can be
scanned across a solid sample, allowing for a mass “image”dertsated for an organ

or tumor with heterogeneously distributed nanopatrticles.
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Chapter 2: Development of ICP-MS Analytical Method toQuantify

SPIO Nanoparticle Clearance and Organ Concentration

2.1 Abstract

Recent advances in material science and chemistry have leel dextelopment of
nanoparticles with diverse physicochemical properties, e.g, slmrge, shape, and
surface chemistry. Evaluating which physicochemical propeate$est for imaging and
therapeutic studies is challenging not only because of the wdatiof samples to
evaluate, but also because of the large experimental variadmiétyciated withn vivo
studies (e.g. differences in tumor size, injected dose, subjegtitwetc.). To address this
issue, we have developed a novel lanthanide-doped nanoparticle systemabytidtal
method that allows for the quantitative comparison of multiple nanojgacbmpositions
simultaneously. Specifically, SPIO with a range of differezesiand charges were
synthesized, each with a unique lanthanide dopant. Following the simultangatisn
of the various SPIO compositions into tumor-bearing mice, indugte@lipled plasma
mass spectroscopy (ICP-MS) was used to quantitatively and ortalhg assess the
concentration of each specific SPIO composition in serial blood saraptd the resected
tumor and organs. This approach provides a simple, cost-effective, anddnative
method to quantitatively compare tumor localization, biodistribution, and lsleadance
of more than 10 nanoparticle compositions simultaneously, removing stdf@dject

variability.
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2.2. Introduction

Over the past decade, interest in the development of nanopaftclelnical
applications, such as diagnosis and drug delivery, has increased rigdhnelong with
the number of specific nanoparticle formulations reported in teetfitre'™> Given the
variety of nanomaterials from which they can be constructé@ a&rray of
physicochemical properties they can possess, and the assortnsgdcidic molecular
processes that can be targetedivo, the number of potential nanoparticle combinations
is truly astronomical.

For most nanoparticle applications, a crucial research questiowismuch of the
nanoparticle formulation (and thus imaging or therapeutic payleathes the tissue of
interest. However, since determining this information direatly quantitatively is often
impractical, indirect or semi-quantitative methods are usuatlpl@yed. For example,
relative nanoparticle delivery may be inferred from fluoraseeintensity, imaging
contrast, or alterations in tumor growth rate. However, since narcd@altlivery is only
one of several variables affecting fluorescence intensity, ingagontrast, and tumor
growth rate, they cannot be assumed to represent nanopatrticle delivery.

The “gold standard” for quantitative determination of biodistribution aonddl
clearance is through incorporation of a radioisotope within the compounueoést.
Given the large number of radioisotopes to choose from, a compound can bgually
radiolabeled by replacement of a stable isotope, ensuringailehias minimal impact on
the behavior of the compound. Radiolabeling also has the advantage of being ve
sensitive. However, one major drawback to the use of radiolabelirigeispecial

handling and containment protocols required when working with radioactivity. fohere
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a quantitative approach that does not require special laboratmgupons could make
measurements of clearance and biodistribution more accessible.

Another, perhaps even more important, research question is how does one
nanoparticle’s delivery to a tissue of interest compare to armthéhether comparing a
new investigational agent to a negative control or optimizing a spesét of
nanoparticles, such data are indispensable for development of better rtieleopa
formulations and progression to clinical use. Beyond the difficultesobtaining
guantitative data for an individual nanopatrticle’s biodistribution, thexeaksio problems
using this data to compare nanoparticle formulations due to the &gerimental
variability of in vivo studies. A convenient way to compare agents while controlling for
subject-to-subject variability is to employ a ratiometricnaultiplex approach, whereby
two or more agents are administered simultaneously to a swuigjecs and a “signal”
from each one can be independently resolved. It is possible to eraphoyltiplex
approach with radiolabeling, using gamma emitters with resolvaméegied or a
combination of gamma counting and scintillatiobut physical limitations of energy
resolution ultimately limit the number of compounds that can be samedusly
investigated.

In order to address these limitations, a method was designesdahiat allow for
the quantitative determination of biodistribution and blood clearance ofiphault
nanoparticle formulations in a single animal (Figure 2.1). Spatlyi lanthanide metals
were doped into the iron cores of superparamagnetic iron oxide (®Ri@particless.
Multiple lanthanide-labeled nanoparticles were then injectedndividual animals

simultaneously. Inductively coupled mass spectrometry (ICP-MS) than used to
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detect parts-per-billion (ppb) concentrations of the lanthanide metdépendent of one
another, in tissue and blood. Since lanthanide and other heavy mejalgo(d, silver,

etc.) do not naturally exist within animal subjects, the concemtratf the lanthanide
metals unambiguously represents the concentration of its assoc@ategarticle. This
“ICP-MS multiplex” approach should provide a sensitive and straighgird method for
guantitatively comparing the biodistribution and blood clearance of neutignhoparticle
formulations simultaneously, without the disadvantages of radioactwitlysubject-to-

subject variability.
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Figure 2.1 Schematic of the ICP-MS based multiplex methoddi@ermining biodistribution and blood
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clearance. (A) Nanoparticles of varying physicocloamproperties are combined into a single solution
Each type of nanopatrticle is associated with aumignthanide metal; either by encapsulation olatios

(for example, the large and neutral particle car#t&@d while the small and negative particle cost&in).
The concentration of each lanthanide metal in thjected solution is measured by ICP-MS and the
combined solution is injected intravenously inte #nimal. (B) Blood samples are drawn at variougsi
post-injection and following the final blood drathe animal is sacrificed and the tumor and othgans
are excised and rinsed in water. The blood anddisamples are weighed and digested with nitrid, aci

and then the concentration of each lanthanide metitermined by ICP-MS.
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2.3 Materials and Methods

Synthesis of Dextran Stabilized Lanthanide Doped SPIO

Dextran coated, lanthanide doped, SPIO nanoparticles were prepared tti@ugh
coprecipitation of ferrous, ferric, and lanthanide ions in the pressriextran® Briefly,

25 g of dextran T-10 (Pharmacosmos A/S, Holbaek, Denmark), was dissob@d mL
dH,O and heated to 80°C for 1 hour. The solution was then allowed tat@a@obm
temperature and continued to mix overnight. Subsequently, a solution of 185kg F
0.73 g FeGl, and 0.125 g LnGt6H,O (Ln = Ho, Eu, Er, Sm, or Gd) in 25 mL gbl was
prepared and decanted into the dextran solution. The combined solutionales an

ice and degassed withy Ifor 90 min. While keeping the solution stirring on ice and under
N,, an automated syringe pump was then used to introduce 15 mL of comzkntrat
NH4OH to the solution over 5 hours. The resulting black viscous solutionesmasved
from the N atmosphere, heated to°@for 1 hour, cooled overnight, and centrifuged at
20,000 RCF for 30 minutes to remove large aggregates. Free iron, lanthamide
dextran were removed by diafilitration across a 100 kDa memlaadethe Ln-SPIO
were brought to a final volume o#0 mL at 10 mg Fe/mL.

This 40 mL of dextran SPIO at an iron concentration of 10 mghat then
combined with an equal volume of 10 M NaOH and mixed for 10 minutes. 86fmL
epichlorohydrin was then added and the solution was vigorously statreom
temperature overnight. Epichlorohydrin crosslinks the dextran coatitignvwhe Ln-
SPIO patrticle and chemically activates the dextran suftaceonjugation. The solution
was then briefly centrifuged to allow phase-separation into an aqb&mksSPIO layer

and a clear layer of unreacted epichlorohydrin, which was removedSFIO layer was
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quickly purified via extraction in isopropanol. Specifically, the L MPnaterial was
combined with 5 volumes of isopropanol and the mixture was vigorously rehBkief
centrifugation of the mixture resulted in a layer of precipdasalt, an Ln-SPIO layer,
and an isopropanol layer (containing any remaining epichlorohydrin).SPi@ layer
was then isolated and combined with an equal volume of concentratg@H\BiNd
gently stirred for 24 hours at room temperature, resulting in anaéed nanoparticle
surface. After the reaction, the Ln-SPIO was purified byilttion across a 100 kDa
membrane and was O2n filtered to remove any oversized material. Finally, to ensure
complete purification of the Ln-SPIO from excess salt andhéamtle ions, the
nanoparticles were magnetically purified on MACS LS columns usifgid@MACS
magnet (Miltenyi Biotec, Auburn, CA, USA).

To prepare SPIO with different surface charges, aminated L@-fPmulations
were reacted overnight with varying amounts of succinic anhy@@del M) in 0.1 M
sodium bicarbonate buffer and subsequently purified by isopropanol precipitat
Nanoparticles with distinct size distributions were obtained bgreiftial centrifugation.
Specifically, iterative centrifugation at 10,000 RCF for 10 minutesyltied in a final
nanoparticle pellet enriched for larger sizes. Smaller nanolesrtivere obtained by
magnetic depletion (i.e. the flow-through of a MACS LS column waBected).
Necessarily, this resulted in SPIO without magnetic propeiigisselected for smaller

nanoparticles, since particularly small iron cores do not have magnetic prapertie
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Nanoparticle Physicochemical Characterization

Ln-SPIO stock samples were diluted in deionized water and degasit 200-
mesh carbon coated copper grids (Polysciences, Warrington, PA, DISPEN imaging
with a JEOL 1010 transmission electron microscope operating at 80&ah iron core
size was determined by measuring 100 individual nanoparticles. Tés=nge of
lanthanide metal incorporated into SPIO nanoparticles, versus therdaattgsolution,
was assessed by energy dispersive X-ray spectroscopy (BB§)ing using a JEOL
2010F. Stock samples of Ln-SPIO nanoparticles, dendrimers, polymersames
liposomes were diluted into pH 7.4 phosphate buffered saline for detéomiwéd the
hydrodynamic diameter by dynamic light scattering (DIM@asurements were acquired
with a Zetasizer Nano-ZS (Malvern Instruments, Worcestersbikg using the non-
invasive back-scatter (NIBS) mode. For zeta potential measntenstock samples of
Ln-SPIO were diluted into either 10 mM HEPES buffered watgta#.4 or phosphate
buffered saline at pH 7.4 and then mean nanoparticle zeta poteaiaheasured using a
Zetasizer Nano-ZS. For Ln-SPIO nanopatrticles, the transyejsand longitudinal ()
relaxivities were measured using a Bruker mq60 tabletop M&Xaeleter operating at

1.41 T (60 MHz).

Nanoparticle Stability Assays

The stability of the nanoparticles was measured as the amouanhtbfhide
leakage that could be observed in serum. Nanoparticles were tedubal00% fetal
bovine serum (FBS) at 37°C with shaking. Aliquots were removed At4,, 6, and 24

hours and applied to a 4,000 MWCO centrifugal filter device to dddlieg free metal in
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the filtrate. Lanthanide concentrations were measured by ICPRfM&e original
nanoparticle stock and in the filtrates, allowing for calculatibpeycent of lanthanide

leakage.

Cell Culture and Tumor Model

T6-17 murine fibroblasts (a derivative of the NIH/3T3 line and kindtyvjled
by Mark Greene, PhD, FRCP, University of Pennsylvania) weraredltand maintained
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 18€4 bovine
serum (FBS), 1% penicillin/streptomycin at 37°C and 5%.CXpproximately 6-week
old female nu/nu nude mice (Charles River Laboratory, Charles RMIA, USA) were
maintained in accordance with the Institutional Animal Care ared @smmittee of the
University of Pennsylvania. Mice were anesthetized via isoflusankeT6-17 cells were
injected subcutaneously into the back right flank (2 %cils in 0.2 mL PBS). Tumors

were grown until the longest dimension was approximately 8 mm.

Quantitation of Tumor Delivery, Biodistribution, and Blood Concentration by ICP-MS

Three animal cohorts, each containing 3 animals, were used forpleulti
experiments, as outlined in Table 2.1. Each nanopatrticle formulatisnnjected at a
dose of 10 mg Fe / kg body weight (for a total iron load of 3k each mouse) in

200puL of injected solution.
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Table 2.1Summary of animal injection groups (n=3 for all groups).

Experimental Number of Description
Cohort Particles Co-
injected
Negative Zeta 3 -20.8 mV, -12.2 mV, -5.2 mV SPIO (all28
Potential nm)
Positive Zeta 3 +3.6 mV, +10.0 mV, +14.3 mV SPIO (all28
Potential nm)
Size 3 15.52 nm, 29.05 nm, 70.72 nm SPIO~af20
mV)

For each experimental group, prior to injection, a nanopatrticle aliqgaetsaved
for inductively coupled plasma mass spectrometry (ICP-MS®rohehation of lanthanide
concentration in the injected material. Following nanoparticleciige, 10 uL blood
samples were collected from each animal, using the tail-netkad, at times of 1, 2, 4,
7, and 24 hours post-injection. After the final blood draw, the animals were sakaifide
the tumors, livers, spleens, kidneys, hearts, and lungs excised.

For ICP-MS analysis, analytical standards were purchagedSCP (Champlain,
NY, USA) and trace metal grade nitric acid and aqua reg&apuachased from Fisher
Scientific (Pittsburg, PA, USA). All dilutions were done usinghouse deionized water
(>18 MQ-cm) obtained from a Millipore water purification system.

The pre-injection solutions, blood, tumor, and organ samples were an&byzed
1%8Gd (gadolinium)*’Sm (samarium)*>*Eu (europium), and®Ho (holmium), using an
Elan 6100 ICP-MS (Perkin Elmer, Shelton, CT, USA) at the NewoBolfenter
Toxicology Laboratory, University of Pennsylvania, School of Veteyindedicine,
Kennett Square, PA, USA. The samples were weighed into TeflonviREA(Savillex,
Minnetonka, MN, USA) and digested overnight with 70% nitric acid &t700.1 mL of

2 ppm™°Tb (terbium) was addei each of the digested samples and the mixtures were

64



diluted with deionized water to a final volume of 10 mL. The lanthacaheentration of
each sample was measured using a calibration curve of aguandards at 0.01, 0.1,
1.0, and 10 ppb for each metal.

The performance of the instrument and accuracy of the resuksmanitored by
analyzing a reagent blank and bovine serum control serum (Sigma}qraoalysis of
the samples. Also, standard reference material (Peach 4.€&47) obtained from
National Institute of Standards and Technology (NIST, Gaithersbuy, WEA) with
known values of iron and rare earth elements was analyzed with each bedomptés.

For each nanoparticle formulation, the percent injected dose parajréssue,
was calculated as [L&npe/ ([LN]inj*M inj) Where [Lnkampieis the lanthanide concentration
in the sample (blood, tumor, or organ tissue), {-rg the lanthanide concentration in the
injected nanoparticle solution, and,Ms the mass of nanoparticle solution injected (0.2

grams).

2.4 Results and Discussion

Synthesis of and Characterization of Ln-SPIO

Lanthanide doped superparamagnetic iron oxide (SPIO) nanopartiedes w
prepared by including a small amount of lanthanide metal witfethie and ferrous salts
during synthesis. Five different lanthanide metals (Gd, Eu, Ho, Sm,Eandvere
successfully incorporated into SPIO nanoparticles. Following systlaesi purification
of each Ln-SPIO formulation, differential centrifugation and chamisurface
modification were used to generate orthogonal sets of nanopahalesy either fixed
size and varying surface charge or fixed surface charge and vagen@ able 2.2).
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Table 2.2Physicochemical properties of the nine unique Ln-SPIO formulations .

Tracer | Hydrodynamic Zeta Potential r2 ri Core Size Ln/
Metal | Diameter (nm) | (mV), HEPES, pH (mM'ls'l) (mM'ls'l) (nm) Fe%
7.4
Ho 15.52 -19.6 <5 <05 51+1.9 17.8
Eu 29.05 -20.7 141.75 9.35 17.4+3.0 1.6
Gd 70.72 -19.6 214.97 2.26 41.1 +10.6 8.0
Sm 29.84 -20.8 150.41 9.99 19.4+£3.9 1.7
Eu 28.61 -12.2 137.18 9.10 19.2+3.5 2.9
Gd 26.06 -5.2 123.66 11.79 159+2.7 2.0
Sm 29.16 +3.6 142.38 9.22 19.8+3.8 1.7
Gd 27.29 +10.0 106.76 10.31 15.1+2.6 2.0
Eu 29.47 +14.3 176.58 8.87 18.6 £3.8 2.9
Specifically, to investigate the effect of surface char@e,nanoparticle

formulations were generated, each with a hydrodynamic diaroét@pproximately 28

nm but with zeta potentials ranging from -20.8 mV to +14.3 mV (Figu2eA). Since it

was hypothesized that negatively and positively charged nanopartioldd not be

combined in a single injection due to electrostatic aggregation, tlaesgarticles were

divided into two sets, one with three negatively charged nanoparéinksne with 3

positively charged nanopatrticles. Consequently, only three differeBI® cores were

necessary (Gd, Eu, and Sm) for each of these studies. To invettigattect of size,

three nanoparticle formulations were generated, each with a zettiglotof

approximately -20 mV, but with sizes of 15.52 nm, 29.05 nm, and 70.72 nm (RiQure

B).
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Figure 2.2 Dynamic light scattering (DLS) size distributionsr fLn-SPIO nanoparticles. (A) The six

nanoparticle formulations used to investigate fifeece of zeta potential on nanoparticle biodisttibn and
blood clearance have near-equivalent size distabst (B) The three nanoparticle formulations tvate
used to isolate the effect of size on nanopartitalistribution and blood clearance have distirige s

distributions (each with zeta potentiat20 mV).

The mean core size for each formulation of Ln-SPIO was detedmby
transmission electron microscopy (Table 2.2) and the core morphualagyexamined
(Figure 2.3 A-D). Consistent with SPIO previously synthesizeddbprecipitatiort the
medium and large size formulations have cores consisting of neultighividual crystals,

resulting in a heterogeneous appearance.
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Figure 2.3 TEM images of Ln-SPIO: Representative TEM imagegA)f Sm-SPIO (core size, CS =

19.4+3.9nm, hydrodynamic diameter, HD = 29.84nm), (B}&RIO (CS = 1923.5nm, HD = 28.61nm),
(C) Gd-SPIO (CS = 1542.7nm, HD = 26.06nm) and (D) Ho-SPIO (CS =#8.Bnm, HD = 15.52nm). All

scale bars are 100 nm.

Energy dispersive X-Ray spectroscopy (EDS) was used to furthdirm that
each lanthanide metal was incorporated into the iron core. Spkgifighen examining
the nanoparticles under transmission electron microscopy, EDShsegji interest placed
in the background (i.e. not containing any nanoparticles) yielded gigsaif ions of the
buffer (Na, Cl) and the TEM grid itself (Cu), but no lanthanide wWetectable in the
background solution. When the EDS region of interest was moved ontoup gf
nanoparticles, very large Fe signatures were detected |laasveggnatures corresponding
to the specific lanthanide that was used for that synthesis €2dy. EDS examination
of conventional SPIO nanoparticles yielded only iron signatures widngutanthanide

peaks.
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Figure 2.4 EDS spectra of background (Grid), iron only SPI@)(Fand Ln-SPIO doped with either Eu,

Sm, Ho, or Gd, demonstrating specific incorporatibeach lanthanide metal into the nanoparticle cor

MR imaging following a multiplex injection of SPIO nanoparticpgsvides little
information, since the contribution of each individual nanoparticle fornaumatannot be
de-convoluted. Nevertheless, with the exception of Ho-SPIO, it evaxifthat each Ln-
SPIO nanoparticle used in the studies possessed magnetic tiglaxiviat were
comparable to un-doped dextran SPIO (Table 2.2). The Ho-SPIO udwal siz¢ study
had negligible magnetic relaxivity due to the method in whichas wrocessed to obtain
the small size. Prior to processing, the Ho-SPIO had retees\similar to the other Ln-

SPIO formulations.
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To ensure that the lanthanide metals within the core of eah ®Rnulation
would not readily leach/leak from the nanoparticle following intravenojstion, the
stability of each Ln-SPIO was evaluated in serum (Fi@us¢. Upon exposure to 100%
serum for 24 hours at 37°C, each Ln-SPIO nanoparticle experiencethdes®.5%
leakage of lanthanide metal into the bulk solution. In fact, for tiMhe Ln-SPIO (Sm

and Eu) the amount of leakage was below the limit of detectiOr206).
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Figure 2.5 Stability of various lanthanide doped nanopartickssayed by percent of lanthanide leakage
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observed after 24 hours of incubation in 100% seatiB"C.

Effect of Surface Charge on SPIO Biodistribution

The surface charge of the nanopatrticle (with a fixed hydrodyndramoeter of
approximately 28 nm) was found to have a significant impact onveasnor delivery
(Figure 2.6). Specifically, the mildly negative SPIO formiohat(-12.2 mV in 10 mM
HEPES) was found to have the highest tumor delivery at 2.05 % hjdote / gram
tumor 24 hours post-injection. Zeta potentials closer to neutrdit (v and +3.6 mV)

had somewhat lower tumor delivery of 1.37 and 1.23 % ID/g, while morenestr
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negative values (-20.8 mV) resulted in even less tumor delivery (1.0D/§p. The
moderate and extreme positive values of zeta potential, at +10.0noh\+1a.3 mV,

resulted in the poorest tumor delivery (0.84 and 0.29 % ID/g, respectively).
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Figure 2.6Effect of SPIO surface charge on passive nanopadiivery to T6-1 flank tumors, 24 hours

post-injection (reported as percent injected desegpam tumor tissue).

Nanoparticle accumulation in other organs (liver, spleen, kidney, lund$)eart)
was also examined 24 hours post-injection (Figure 2.7). Large uptkelbserved in
organs of the reticuloendothelial system (RES), with liver conatmiis ranging from
25-45 % ID/g and spleen concentrations ranging from 13-40 % ID/gluhlgs, kidney,
and heart all showed modest uptake in the range of 0.5-2 % IDAy,thét notable
exception of the heart delivery of the three positively charge® &Bhoparticles. It was
found that each positively charged SPIO had significantly eldwdgbvery to the heart,
in the range of 5-7 % ID/g. These data were confirmell aisecond set of mice. It was
also found that at 5 minutes post-injection, the concentration of +14.3 mi®@ SP
nanoparticles in a washed heart specimen was 12.2 % ID/g, itshslencentration in the

blood at 5 minutes was only 2.3 % ID/g.
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Figure 2.7 Effect of SPIO surface charge on biodistributiar24hours post-injection

Finally, the blood clearance profile for each surface charge im#estigated
(Figure 2.8). Similar to the results observed for tumor delivérg,-12.2 mV SPIO
demonstrated the longest blood circulation time, while the more héanmaulations (-
5.2 mV and +3.6 mV) had a shorter circulation time. The more positsiedyged
particles exhibited very rapid clearance, with the +14.3 mV f@tam’'s blood

concentration falling to 1.1 % ID/g in the first hour post-injection.
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Figure 2.8Effect of SPIO surface charge on blood clearance
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It should be noted that the absolute value of a zeta potential meastirsm
highly dependent on the identity and ionic strength of the buffer inhathis measured.
The zeta potentials (as measured in pH 7.4, 10 mM HEPES, withditecoadl salt) of
the 6 nanoparticle formulations tested in this investigation w&8&, -12.2, -5.2, +3.6,
+10.0, and +14.3 mV. A low ionic strength buffer was selected to meastagotential
for this study in order to highlight relatively small differesde surface charge. In this
buffer, the -5.2 mV and +3.6 mV formulations should be considered close to neutral; the -
12.2 mV and +10.0 mV are mildly negative and positive, respectivelyethaining two
formulations have more significant negative and positive charges.

Previous studies have demonstrated that prolonged blood circulation, and
therefore, optimal tumor delivery by the enhanced permeabttity ratention (EPR)
effect is achieved with nanoparticles displaying a neutral talynitegative surface
charge’ *° When the surface charges becomes overly negative, excessbatsn
with phagocytic cells of the reticuloendothelial system (RES8)edeses circulation time
19°and it has been commonly reported that positively charged nantgsaeie cleared
very rapidly due to local electrostatic interactions near the injectief sit

The results obtained in the two zeta potential experimental cadrertsonsistent
with this general literature consensus, and the tumor deliveryonad to correlate well
with blood circulation time, consistent with passive delivery by EBpecifically, the
mildly negative surface charge of -12.2 mV yielded the longesulatron time and
greatest tumor delivery. More neutral formulations resultedigits/ lower, but still

significant, circulation time and tumor delivery. Excessivelgatze SPIO (-20.7 mV)
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displayed still more rapid clearance and decreased tumor dehwvieilg moderately and
strongly positive formulations had poor circulation time and tumor delivery.

As expected, a large amount of the injected material, for ddcicharges, was
found in the liver and spleen. However, the two surface chargegi¢hded the greatest
tumor delivery (-5.2 mV and -12.2 mV) exhibited the least liver uptake more
significantly negative formulation (-20.7 mV) had a largerriuptake, consistent with
stronger association with Kupffer cells and clearance by tee. IGiven its relatively
large mass, the liver represents a major mechanism by whicipardicles are removed
from circulation, and since nanoparticles removed from circulatiothéyiver cannot
end up delivered to the tumor, it was reasonable to observe the Invegnt@tion as
roughly inversely related to tumor delivery.

The relatively high concentratior 6% ID/g) of positively charged nanoparticles
observed in the heart 24 hours post-injection was an unexpected fihding likely due
to a “first pass effect”, since the right chambers of thetlearthe first organ that the
nanoparticles reach after intravenous injection. In fact, washetltlssale sampled at 5
minutes post-injection contained 12.2% ID/g. Since the nanoparticlerdoatoen in the
blood at 5 minutes post-injection was only 2.3% ID/g, the high coratemtr of
nanoparticles detected in the heart cannot be attributed to residodliblthe chambers.
The results are consistent with a rapid initial interaction haf positively charged
nanoparticles with the endocardium, followed by approximately hatisfinitial load

being washed away during the next 24 hours.
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Effect of Nanopatrticle Size on SPIO Biodistribution

The hydrodynamic diameter of SPIO nanoparticles (with alfeeta potential of
approximately -20 mV) was also found to influence their passive tdelery (Figure
2.9 A). Specifically, the smallest formulation of 15.52 nm yielded greatest tumor
delivery at 1.61 % ID/g, the medium sized formulation of 29.05 nm resudta lower
delivery at 1.29 % ID/g, and the largest formulation of 70.72 nm denatvedtthe lowest
delivery at 1.06 % ID/g. Similarly to the negatively charg&dCstested in the previous
cohort of animals, all nanoparticle sizes demonstrated signifRlaBtuptake (28 — 42 %
ID/g in the liver and 18 — 38 % ID/g in the spleen) and more modeskeipt the heart,

lungs, and kidneys (0.5 — 2 % ID/g, Figure 2.9 B).

A . B
2.0 45,
_ 18 " o 407  ® 1552 nm
= 7
= 1.6 £ 35 8 29.05mm
1.4 ]
g g 30 0 70.72 nm
B 1.2 r
2 10 w
2 3 201
g 0.8 g
%o.e % L
S04 = 107
= X |
0.2 5
0 0 - H

1552 29.05 70.72
nm nm nm

Figure 2.9 Effect of SPIO hydrodynamic diameter on tumor dafjvand biodistribution. (A) Passive

nanoparticle delivery to T6-17 flank tumors foreérdistinct SPIO size distributions. (B) Nanopéetic

uptake in other organs as a function of size.
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The blood clearance of the three different sizes tested prospdcially
interesting (Figure 2.10). While the 29.05 nm, -20.7 mV nanoparticle édhifisimilar
circulation profile as it did in the previous cohort of animals, both gheller
nanopatrticle (15.52 nm) and the larger nanopatrticle (70.72 nm) exhibitedonadwnged

circulation.
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Figure 2.10Effect of SPIO hydrodynamic diameter on blood ceae.

Previous studies have shown that there is a window, roughly betwaeenand
100 nm, in which nanopatrticle blood circulation time and passive tumeedeby EPR
is maximized>*® If the construct is too small, it can be rapidly and efficientgared
through the kidneys, but if too large (>200 nm), it is efficiently teappy cells of RES
organs'® All three SPIO sizes tested were comfortably above thel riiration
threshold, so it was not surprising to observe an inverse relationship between i@daopart

size and tumor delivery.

76



However, unlike in the zeta potential studies, the tumor deliverynatasbserved
to be strictly correlated to circulation time (the largesiCsRt 70.72 nm, demonstrated
the lowest tumor delivery, despite having intermediate circulation titnig)possible that
the 70.72 nm SPIO exhibit greater blood concentrations (especiarlgttime points)
because their larger size makes extravasation into tissuedfimglthe tumor) more
difficult, but the size is not yet large enough to result in excessive interadath cells of
the RES. It has also been demonstrated that diffusion-based penein&di tumors is
strongly dependent on nanopatrticle sizé. is likely the larger, 70.72 nm formulation,
was not able to efficiently diffuse through the tumor tissue andeftive, experienced a

greater “wash out” effect over the 24 hours of the study.

2.5 Improved Statistical Power of Multiplex (Ratiometric) Data

One of the most promising aspects of this multiplex ICP-MS apprda
measuring biodistribution and blood clearance is the robust swtigbwer inherent in
injecting all nanoparticle formulations one wishes to compare irgimgle animal.n
vivo studies often exhibit a high degree of experimental varial{dity. differences in
tumor size, subject weight, and physiology). When each nanoparticlal&ion is
injected alone, comparison between formulations must be made withadchptatistical
tests, which often necessitates a larger number of animals intordetect statistically
significant differences in the performance of two or more nanofest However, when
each nanoparticle is simultaneously administered to all aninsalgject-to-subject
variability is effectively removed by the use of paired statisticsekample, the absolute
tumor delivery of two particular nanoparticle formulations mightHhighly variable
between three animals, confounding attempts to compare the formulations. Hofnaver, i
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each given subject, one nanoparticle is observed to have higher tumoryditlare the
other, one can more easily conclude that formulation is superior.

Looking at the statistical analysis of the experimental col@®rtanimals)
investigating the effect of nanoparticle size, between thed&engvestigated for 3 sizes,
there were 18 head-to-head statistical comparisons that lseutthde. Treating the data
as unpaired, using P < 0.05 as the criterion, 6 of the comparisonsstagstically
significant; treating the data as paired, 15 of the possible 18 cgoms demonstrated
statistical significance. To highlight a particular data #et average kidney delivery of
the 15.52 nm, 29.05 nm, and 70.72 nm sizes were 1.74, 1.29, and 1.16 % ID/qg,
respectively, each with a standard deviation of 0.26 — 0.29 % IDOdgser small
differences in nanoparticle concentration could not be deemed c#dliystifferent (P
values ranging from 0.06 to 0.59) from one another if the datdreted as unpaired.
However, given that in a given animal, the 15.52 nm nanopatrticle silnzd/the greatest
concentration, followed by 29.05 nm, and then 70.72 nm, paired statistics idditate
each concentration was statistically different (P valuesimgnfjom 0.002 to 0.022).
However, it should not be assumed that paired statistics (companegdoed) always
necessarily result in a lower P value. In the experimental cohortigatasg the effect of
nanoparticle surface charge, there were several instances ¢h whpaired statistics
would have produced P values less than 0.05 (which can always occur bg @faan
such a large number of comparisons are made) but paired anafidied in a P value
greater than 0.05. The consequence of using paired statisticsfothae is simply an
increase in statistic power (i.e. a more accurate estimaf whether the difference is

“real” can be obtained with a smaller sample size).
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2.6 Conclusion

A synthetic protocol to stably incorporate lanthanide metals rgacore of SPIO
nanoparticles, without abolishing their magnetic properties, has bestoped. The
lanthanide dopant can be used as a unique tracer atom, allowingntigveseand
guantitative detection of the nanoparticles by ICP-MS, bothtro andin vivo, without
interference from endogenous signals. When distinct lanthanide raetailscorporated
into nanoparticles with distinct physicochemical properties, ICP-4ll8ws for the
concentration of each nanoparticle formulation to be measured indegignafeother
formulations that may be present in the solution or tissue of gttefs a proof of
principle, this ICP-MS multiplex approach was used to evaluateftbet of nanoparticle
size and surface charge on tumor delivery, biodistribution, and bloodmbesm vivo.
The results obtained were consistent with the general literabmsensus about these
properties and only required a small number of experimental anitdoggp the inherent
and robust statistical power of a multiplex (ratiometric) apgro&wrthermore, it is
envisioned that the ICP-MS multiplex analysis described could prote & powerful
future research tool in the investigation of other nanoparticle fatrook with diverse
physicochemical properties and active targeting capabilities]ewhilowing for

nanoparticle standardization.
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Chapter 3: Generalization of ICP-MS Analytical Method to Other

Nanoparticle Formulations and Validation of Multiplex Data

3.1 Abstract

The previous chapter outlined an analytical protocol for stablgrpacating
lanthanide metals into the iron core of superparamagnetic iron of&#RO)
nanoparticles and then using ICP-MS to quantify of the biodistribution amafd bl
clearance of multiple lanthanide-doped SPIO simultaneously adméauste a single
animal. The method used for lanthanide incorporation (i.e. co-prempitafiiron and
lanthanide) was unique to SPIO. However, much greater utility bsargained if
lanthanide multiplex analysis could be applied to a wider range pbpaaticle
formulations. In this chapter, liposomes, polymersomes, dendrimers, gaid
nanoparticles were examined. With the exception of gold nanoparimtesporation of
the metal was accomplished using the chelator DTPA. In theo€dise nanovesicles, the
lanthanide was chelated to DTPA and then encapsulated within the aqoeausor the
dendrimers, DTPA was covalently conjugated to the nanoparticle surfde gold
nanoparticles do not require an additional dopant, since the gold itsedfs sas an
orthogonal, non-endogenous tracer. Given that the most commonly used methods
radiolabel macropharmaceuticals and nanoparticles exploit radiorabldkte
complexes, the successful use of chelators to incorporate the tedbanide
demonstrates that the ICP-MS multiplex approach can be convensesdyituted for

radiolabeling in biodistribution and clearance studies.
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3.2 Introduction

Given the variety and versatility of nanoparticle based casgistems, it is not
surprising that there is tremendous research interest to develop nanopatbdi@sging
and therapeutic agents. Radionuclides play a major role in sucbsstinite they provide
guantitative information and have very high sensitivity. For exangaemma emitters
such as'*in and **™Tc or positron emitters such 8% and®Cu can be used as the
source of signal when designing nanoparticle based contrast ager8ECT> and
PET*® studies, respectively. For therapeutic studies of drug carngngparticles, these
and other radionuclides such %3 can also serve as tracers, in order to determine the
level of payload delivery to the site of interest as well ssess off-target toxicity.
Furthermore, radionuclides such &%Re( 8 9y © 134 10) gng 22%7cth 12) cgn
themselves provide the therapeutic effeet (adiopharmaceutical nanopatrticles).

Within the nanoparticle field, as well as the larger rebeanemunity, there is a
great deal of experience working with radionuclides for imagitrgcing, and
radiotherapy. There are two very common ways to associate radamsualith
nanoparticles. One is encapsulation, where a metal or non-radtahuclide is non-
covalently confined to the interior of the nanoparticle. For exemighosomes and
polymersomes possess and aqueous core capable of confining radiohutfigeswell
as many other materials including fluorophores and pharmaceltitésother common
approach is to covalently attach a chelator, such as DTPA oADTthe nanoparticle
and then bind a metal radionuclide to the chef&tdfLess commonly, nanoparticles are
formed using radiolabeled precurséfs.

Radiolabeling is the “gold standard” for evaluating an agent’'snpd@okinetics

and biodistribution and the incorporation of metal radionuclides into nandgsrénd
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other macromolecules is well established practice. We soughinfdog the same
common methodd.€. encapsulation and chelation) to incorporate lanthanide tracers into
nanoparticles, thereby allowing for quantitative measurement of blsadance and
tumor delivery using ICP-MS. However, unlike radiolabeling, an ICP-Mased
approach should allow for high level multiplexing of these measuremensingle
animals. For further validation, we sought to confirm that the bloedrahce profiles

and tumor delivery data obtained with the ICP-MS multiplex injecjgoroach was both
reproducible across a range of injection pools and agreed with dataedbtfar

conventional single agent injection.

3.3 Materials and Methods

Synthesis of PAMAM (G3)-DOTA-Ho and PAMAM (G5)-DOTA-Pr

10 mg of PAMAM G3 dendrimer (ethylenediamine core, generation 3,
Dendritech, Midland, MI, USA) was dissolved in 4 mL of sodium bicarbobatier (0.1
M, pH 9.5) and reacted with 35 mg of DOTA-NHS-ester (MacracyclDallas, TX,
USA) for 10 hours. The pH of the solution was maintained at 9.5 ogerailwrse of the
reaction by addition of NaOH. The PAMAM-DOTA was purified byiwdugal filter
devices (Amicon Ultra-4, 5000 MWCO, Millipore, Billerica, MA). Thpurified
PAMAM-DOTA conjugates were mixed with 18 mg of Hg®H,O in 0.1 M citrate
buffer (pH 5.6) overnight at 42°C. Finally, the dendrimer was purfiiech free HG*
with 5000 MWCO centrifugal filter devices. PAMAM (G5)-DOTA-Rvas prepared
using an analogous procedure, substituting PAMAM-G5 in the place ofARMME3 and
PrCke6H,O for HoCke6H,O. In order to ensure the two dendrimer formulations were
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negatively charged, each was reacted overnight with 1 M suahigdride in 0.1 M

sodium bicarbonate buffer and then purified by centrifugal filtration.

Preparation of DOTA-Ce Encapsulating Polymersomes

DOTA-Ce was prepared by dissolving 303 mg of DOTA (Macrocyclit$ mL
of citrate buffer (0.1 M, pH 5.6) and reacting with 223.8 mg of e&€ebO for 10 hours.
The reaction solution was maintained at pH 6.0 with NaOH. Polymessameee
prepared by dissolving 20 mg of PEO-PBD block copolymer (polyethyiete 600
Dal-blockpolybutadiene[1200 Da], Polymer Source, Dorval, Quebec, Canada) in
chloroform in a glass vial and then evaporating the solvent usingarstof N gas.
After further drying under vacuum overnight, the residual polyrer Wwas hydrated
with 1 mL DOTA-Ce aqueous solution in a68C water bath for 30min and then
sonicated for another 1h at the same temperature. Polymersomes were subjected to ten
freeze—thaw—vortex cycles in liquid nitrogen and wargOH651°C), followed by
extrusion 21 times through two stacked 1@@ Nuclepore polycarbonate filters using a
stainless steel extruder (Avanti Polar Lipids, Alabaster, Alnencapsulated DOTA-Ce
was removed via size-exclusion chromatography using SepharoséB QSigma-
Aldrich, St. Louis, MO, USA) and polymersomes were further putiffeough repeated
washing on centrifugal filter devices (Amicon Ultra-4, 100K MWCQllipbre). Any
remaining positively-charged surface amino groups were then blockedrbgxylation

with succinic anhydride.
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Preparation of DOTA-Dy Encapsulating Liposomes

DOTA-Dy was prepared by dissolving 303 mg of DOTA in 3 mL tfate buffer
(0.1 M, pH 5.6) and reacting with 226.2 mg of Dy6H,O for 10 hours. The reaction
solution was maintained at pH 6.0 with NaOH. For liposome synthgsisgdenated soy
phosphatidylcholine (HSPC), cholesterol, and 1,2-distearoyl-sn-glzero-
phosphoethanolamine-N-[methoxy-(polyethylene  glycol)-2000] (MmMPEG2000-PSPE
were obtained from Avanti Polar Lipids. 10 mg of [580l% HSPC/40/mol%
CHOL/51mol% mPEG2000-DSPE mixture was dissolved in chloroform in a glaks
followed by evaporation of the solvent with a stream gfgils and further drying under
vacuum for at least 4 hours. DOTA-Dy encapsulating liposomes tveresynthesized
and purified with a procedure analogous to the preparation of DO& &ncapsulating

polymersomes.

Preparation of PEG-coated Gold Nanopatrticles

Gold nanoparticles were prepared according to a protocol established
Turkevich?® Briefly, 200 ml of aqueous 0.01% (w/v) HAugWas brought to a boil and
then 7 ml of aqueous 1% (w/v) sodium citrate was added. The colibre agolution
initially changed to a grayish-black and then to red within arfenutes. The solution
was allowed to cool at room temperature and then filtered throgd pm pore size
nylon filter system. The AuNPs were then coordinated with H¥ES (5K) — OCH
(Sigma Aldrich) at a mass ratio of 8:1 HS — PEG - @Q@H. After 2 hours of constant
stirring, the AuNP solution was then purified from excesstasas using 50K MWCO

centrifugal filter devices.

86



Nanoparticle Physicochemical Characterization

Stock samples of dendrimers, polymersomes, liposomes, and gold naheparti
were diluted into pH 7.4 phosphate buffered saline for determination of the
hydrodynamic diameter by dynamic light scattering (DIM@asurements were acquired
with a Zetasizer Nano-ZS (Malvern Instruments, Worcestersbikg using the non-
invasive back-scatter (NIBS) mode. For zeta potential measotens¢ock samples were
diluted into phosphate buffered saline at pH 7.4 and then mean nanopaticfeotential

was measured using a Zetasizer Nano-ZS.

Nanoparticle Stability Assays

The stability of the nanoparticles was measured as the amouanhtbfhide
leakage that could be observed in serum. Nanoparticles were tedubal00% fetal
bovine serum (FBS) at 37°C with shaking. Aliquots were removédd 2t 4, 6, and 24
hours and applied to a 4,000 MWCO centrifugal filter device to dddlieg free metal in
the filtrate. Lanthanide concentrations were measured by ICPfM&e original
nanoparticle stock and in the filtrates, allowing for calculatibpeycent of lanthanide

leakage.

Cell Culture and Tumor Model

T6-17 murine fibroblasts (a derivative of the NIH/3T3 line and kindtyjled
by Mark Greene, PhD, FRCP, University of Pennsylvania) weraredltand maintained
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 1684l bovine

serum (FBS), 1% penicillin/streptomycin at 37°C and 5%.GXpproximately 6-week
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old female nu/nu nude mice (Charles River Laboratory, Charles,Ri\&, USA) were

maintained in accordance with the Institutional Animal Care arel @smmittee of the
University of Pennsylvania. Mice were anesthetized via isoflusankeT6-17 cells were
injected subcutaneously into the back right flank (2 %cils in 0.2 mL PBS). Tumors

were grown until the longest dimension was approximately 8 mm.

Quantitation of Tumor Delivery, Biodistribution, and Blood Concentration by ICP-MS
Two animal cohorts, each containing 3 animals, were used for reultipl

experiments, as outlined in Table 3.1. In the first experimental gradnsh investigated

a single type of SPIO, the nanoparticles were injecteddassa of 10 mg Fe / kg body
weight in 200uL of injected volume. In the second experimental group, which included a
variety of additional nanoparticle platforms, the SPIO was iegeat 10 mg Fe / kg body
weight and the other formulations were injected at concentratiotimsall tracer metal
concentrations (lanthanide or gold) were approximately equal to thaheofSPIO

samplesz 34 ppm, in 20QuL of injected solution.

Table 3.1.Summary of animal injection groups (n=3 for each groups).

Experimental Number of Description
Cohort Particles Co-
injected
Single Particle 1 -20.8 mV, 29.8 nm SPIO
Additional 7 Gd-DTPA, G3 and G5 dendrimers, AuNP, SP|O,
Platforms liposome, polymersome
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For each experimental group, prior to injection, a nanopatrticle aliqgaetsaved
for inductively coupled plasma mass spectrometry (ICP-MS®rohehation of lanthanide
concentration in the injected material. Following nanoparticleciige, 10 uL blood
samples were collected from each animal, using the tail-netkad, at times of 1, 2, 4,
7, and 24 hours post-injection. After the final blood draw, the animals were sakaifide
the tumors, livers, spleens, kidneys, hearts, and lungs excised.

For ICP-MS analysis, analytical standards were purchagedSCP (Champlain,
NY, USA) and trace metal grade nitric acid and aqua reg&apuachased from Fisher
Scientific (Pittsburg, PA, USA). All dilutions were done usinghouse deionized water
(>18 MQ-cm) obtained from a Millipore water purification system.

The pre-injection solutions, blood, tumor, and organ samples were an&byzed
1%8Gd (gadolinium), **’Sm (samarium),’®*Eu (europium), ***Ho (holmium), **%Er
(erbium), **'Dy (dysprosium),**®Ce (cerium),***Pr (praseodymium), antf’Au (gold)
using an Elan 6100 ICP-MS (Perkin Elmer, Shelton, CT, USA) atNéws Bolton
Center Toxicology Laboratory, University of Pennsylvania, School ofeffary
Medicine, Kennett Square, PA, USA. The samples were weighed @filon PFA vials
(Savillex, Minnetonka, MN, USA) and digested overnight with 70% né&aicl (or aqua
regia for gold containing samples) at 70° C. 0.1 mL of 2 pPfib (terbium) was added
to each of the digested samples and the mixtures were dilutiedlevnized water to a
final volume of 10 mL. The lanthanide (or gold) concentration of eaofplsawas
measured using a calibration curve of aqueous standards at 0.01, 0.1, 1.0, anébi0 ppb

each metal.
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The performance of the instrument and accuracy of the resuksmanitored by
analyzing a reagent blank and bovine serum control serum (Sigma}qroalysis of
the samples. Also, standard reference material (Peach La®4&9 obtained from
National Institute of Standards and Technology (NIST, Gaithersbuy, WEA) with
known values of iron and rare earth elements was analyzed with each bedomptés.

For each nanoparticle formulation, the percent injected dose parajréssue,
was calculated as [L&npe/ ([LN]inj*M inj) Where [Lnkampieis the lanthanide concentration
in the sample (blood, tumor, or organ tissue), {-rg the lanthanide concentration in the
injected nanoparticle solution, and,Ms the mass of nanoparticle solution injected (0.2

grams).

3.4 Results and Discussion

Generalization of ICP-MS Multiplex Method with Additional Nanopatrticle Platforms

In order to demonstrate the generalizability and versatilitythe 1CP-MS
multiplex approach, orthogonal metals were incorporated into a widge ran
nanoparticle platforms and their tumor delivery and blood clearanse examined.
Specifically, the small molecule Gd-DTPA, PAMAM dendrimergeheration 3 and 5,
PEG coated gold nanoparticles, SPIO, a polymersome, and a liposenee all

synthesized and conjugated to or encapsulated with orthogonal metals (Table 3.2).
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Table 3.2Size and zeta potential of the nanoparticles used in the multiplatform study.

Particle Tracer Metal Hydrodynamic Zeta Potential (mV),
Diameter (nm) PBS, pH 7.4
Gd-DTPA Gd - -
G3 Dendrimer Ho 4.2 -0.38
G5 Dendrimer Pr 6.1 -7.58
Gold NP Au 26.0 -1.31
SPIO Er 33.3 -9.55
Polymersome Ce 82.5 -4.08
Liposome Dy 93.8 -1.35

The hydrodynamic diameter of these formulations was then neshsurPBS,
along with their surface charge (zeta potential), using DLS kati@horetic mobility.
Due to its very small size, the individual Gd-DTPA complex, howdsenpt amenable
to DLS measurement. These results are reported in Table 3.2naflbparticle
formulations possessed a neutral to moderately negative surfage,chaking them

compatible for co-injection. This group of nanoparticles spanned arardge of sizes,

from approximately 4 to 95 nm (Figure 3.1).
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Figure 3.1 Size distributions of the nanoparticles (G3 and @G&ndrimer, gold (Au), SPIO,

polymersome, and liposome) used in the multiplatfstudy.
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The stability of the dendrimer chelates and nanovesicle fonougatvas also
confirmed by incubation in 100% serum for 24 hours at 37°C. It was fountesisathan
0.4% of the lanthanide metal was released from the dendrimeatehento the bulk
solution, and less than 1.5% of the lanthanide metal encapsulated within the liposome and

polymersome was released into the bulk solution (Figure 3.2).
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Figure 3.2 Stability of various lanthanide doped nanopartickssayed by percent of lanthanide leakage

observed after 24 hours of incubation in 100% seatiB"C.

These 7 formulations were simultaneously injected and their tunioege
(Figure 3.3 A) and blood clearance (Figure 3.3 B) were evaluatedsrmbl molecule
Gd-DTPA and smallest particle (G3 dendrimer, 4.2 nm) had tumoredglat or below
the detection limit of 0.17% ID/g at 24 hours, and were entirggred from circulation
in the first hour post-injection. Interestingly, the G5 dendrimeih &isize only slightly
larger than the G3 dendrimer (6.1 nm) exhibited the greatest turheergdeat 4.36%
ID/g and a prolonged circulation time, with 5.83% ID/g still alating at 24 hours post-
injection. The significantly larger PEG-coated gold nanopartitde demonstrated very

robust tumor delivery at 4.00% ID/g and significantly lower cleagath@an any other
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formulation tested, with 15.20% ID/g remaining in circulation 24 hours-ipgesction.
The SPIO nanoparticle had tumor delivery and blood circulation tooiegarable to the
studies in the previous chapter. The polymersome and liposome vyielded tlawor

delivery (0.35% ID/g and 1.00% ID/g, respectively), and correspondifagyer blood

clearance.
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Figure 3.3 ICP-MS multiplex analysis of biodistribution andobl clearance for seven different

compounds injected simultaneously. (A) Tumor dejivend (B) blood clearance profiles for a variefy o
lanthanide doped nanoparticle formulations, spannin range of sizes, including small molecules,

dendrimers, gold nanoparticles, SPIO nanopartiplelymersomes, and liposomes.

The small molecule Gd-DTPA and the G3 dendrimer both had undetectable tumor
delivery at 24 hours post-injection and had been cleared from tiocuia the first hour
post-injection. This is consistent with previous reports of G3 dendsmeapid
clearancé? Since both of these formulations are less than 5 nm in diamietsrate
efficiently removed from circulation by renal filtration, andcile they may display
dynamic wash-in at the tumor site, their small size allvsefficient wash-out and,

subsequently, poor tumor delivery at the 24 hour time point.
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It has been reported that G5 dendrimer exhibits a significkontbyer circulation
time compared to G%, as the G5 dendrimer's small increase in size begins to impai
renal filtration. In this study, the addition of the chelator DO&Ad surface modification
with succinate (to neutralize the positive charge of a native AdMlendrimer) also
contributes to increased size for the G5 formulation. The lorglatron time observed
in this study, and consequent high tumor delivery, was likely due to the formulaitign be
too large for renal clearance, but still being small enough to asigidficant RES
interaction.

The PEG-coated gold nanopatrticle also exhibited very long atroaltime and
high tumor delivery. This was not unexpected since a PEG coatamgadhfers “stealth”
properties to nanoparticfésand many gold nanoparticle formulations have been reported
to have relatively long circulation timésThe~ -20 mV,~ 30 nm SPIO demonstrated
similar clearance and tumor delivery as it did in the previoygeraxental cohorts.
Compared to the SPIO nanopatrticles, the liposome and polymersamedisplayed

more rapid clearance and, consequently, lower tumor delivery.

Validation of Multiplex Approach across Multiple Experimental Cohorts

A central assumption for all of the multiplex injection expems is that the
different nanoparticle formulations do not interact with each other, so that tumargeli
biodistribution, and blood clearance observed in a multiplex injectierthee same as
they would be if each formulation were injected separately. Tperigmental cohorts
used in this investigation, as well as the previous chapter, weo#isally designed to

test and validate this assumption (see table 3.3). A specificdb8RIO nanoparticlex(
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30 nm hydrodynamic diameter and20 mV zeta potential, represented with bold text in

table 3.3) was present in the multiplex injection of 3 different ahtohorts (negative

zeta potential, size, and additional platforms), allowing for corsparof clearance and

tumor delivery for this nanoparticle across a range of injecanditions. It should be

noted that the zeta potential reported for the SPIO nanopatrticigble 3.2 (-9.55 mV)

was measured in isotonic phosphate buffered saline; zeta poteatislired in 10 mM

HEPES yielded: -20 mV. Also, this formulation of SPIO was injected alone, in otole

explicitly compare tumor delivery and clearance to the valuesrsat in the different

multiplex injections.

Table 3.3Summary of animal injection groups from this and previous chapter that all
contain a specific SPIO formulation (n=3 for all groups).

Experimental Number of Description
Cohort Particles Co-
injected
Single Particle 1 -20.8 mV, 29.8 nm SPIO
Negative Zeta 3 -20.8 mV, -12.2 mV, -5.2 mV SPICa(l = 28
Potential nm)
Size 3 15.52 nn29.05 nn, 70.72 nm SPICall = -20
mV)
Additional 7 Gd-DTPA, G3 and G5 dendrimers, AuNP,
Platforms 33 nm,= -20 mV SPIQ liposome, polymersome

The tumor delivery of this SPIO formulation conserved acrossaraahorts is

summarized in Figure 3.4. For each injection condition testeduthertdelivery was

very similar (1.09 — 1.29 % ID/g), and no two conditions were statltidifferent (P

values ranging from 0.33 to 0.85).
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Blood circulation profiles are compared in Figure 3.5; againfdabe injection

conditions tested resulted in similar clearances, with overlapping ersor ba
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Figure 3.5 Validation of the ICP-MS multiplex method by comipar blood clearance of a single SPIO

nanoparticle formulationr~(29 nm,= -20 mV) injected alone, with SPIO of other chargegh SPIO of

other sizes, or with various other nanoparticléfpians.
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As previously stated, in order for the ICP-MS multiplex methodpravide
reliable data, it is important that the particular formulatithat are co-injected together
do not exhibit interactions with each other, so that in the cctiojethey behave as they
otherwise would if injected alone. In general, three potential sowfcesnoparticle
interaction should be considered: hydrophobic interactions, electrastatiactions, and
molecular specific interactions. For this particular invesibiga all nanoparticle
formulations possessed a significantly hydrophilic surface, and mwpa#dicles
possessed any specific ligands or receptors. In order to aveidostatic interactions,
when the effect of nanoparticle surface charge was evaluatestuthewas split into two
separate injections (one with the three negatively charged lpsrtend one with the
three positively charged particles). It is also worth noting &hato time, for any of the
experimental groups, was any aggregation visibly observed whenintinadual
formulations were combined to form the multiplex solution. Given thah @anoparticle
would be “multivalent” for any possible type of interaction, maarpsc aggregation or

precipitation would be expected if nanoparticle interaction had occurred.
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3.5 Conclusion

In addition to precipitating lanthanide metals into the core oO3RiInopatrticles,
it is also possible to incorporate lanthanides into liposomes, polymessoand
dendrimeric formulations using either encapsulation or chelationrefe, it is
envisioned that any nanoparticle formulation amenable to labelinly ai metal
radionuclide would also be suitable for labeling with an ICP-MS |landlearacer. Some
other types of nanoparticlegs.g. gold and silver nanoparticles) inherently contain an
ICP-MS metal tracer, without any further need for labelingaddition to providing a
guantitative method of detection with high sensitivity, ICP-MS ersicprovide two
potential befits over conventional radiolabeling. Namely, they Haweability to easily
multiplex a large number of signals in a single fluid or tissammple while avoiding the
hazards of handling radioactivity. Consequently, ICP-MS based multpkgysis can be
applied to a very wide variety of nanoparticle and macropharmaakfdgrmulations and
allows for “higher throughput” evaluation of the pharmacokinetics and iiddison of

such agents in animals models.
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Chapter 4: Extension of ICP-MS Multiplex Method to Conpare
Actively Targeted SPIO Nanopatrticles

4.1 Abstract

Given the rapidly expanding library of pathology biomarkeesg.(tumor
receptors) and targeting scaffolasd. antibodies, single chain antibody fragments, small
affinity peptides,etc), the number of actively targeted nanoparticle formulations is
growing exponentially. In most studies, the goal is to maxintiee concentration of
diagnostic or therapeutic nanopatrticle payload delivered to a siteecdstin vivo, while
minimizing delivery in other locations. Given the difficulty and exjgeoisn vivo animal
testing, it is generally not feasible to examine a large numbspecific nanoparticle
candidatesn vivo. This often leads to the investigation of only the single fornanatiat
performed besin vitro. However, nanoparticle delivelig vivo is dependent on many
variables, many of which cannot be adequately assessedhwitino cell-based assays.
Consequently, the development of actively targeted nanoparticles coufgtebdy
facilitated and expedited by a method that allows for many fatmuls (including
control formulations) to be evaluated in a single animal. It is Ingsited that the ICP-
MS multiplex approach developed in chapters 2 and 3 to examine passoarnele

delivery could be naturally extended to fill this role.
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4.2 Introduction

Rapid advancements in nanotechnology have resulted in the development of
nanoparticle formulations for a myriad of biological applicationdermding from
diagnostic cell tracking to improved delivery of therapeutic agdbitgeen the limitless
ability to modify the physicochemical properties of nanopatgicb fit specific areas of
interest, it is expected that their utility will only continzeincrease. Recently, there has
been especially significant growth in the application of nanoparticbescancer
diagnostics and drug delivery. This growth is a direct resuti@humerous advantages
that nanoparticles provide to this field; including, but not limited k& &bility of
nanoparticles to extravasate at a tumor, the high therapeutic gmbstia “payloads”
that can be incorporated into nanoparticles, and their favorabletyopiofiles resulting
from reduced agent accumulation in healthy tissue.

So far, the majority of clinical trials for nanoparticlesvéafocused on passive
delivery to the tumor. That is, a nanopatrticle’s physicochemicakeptiep are optimized
for long blood residence time, which allows for a high percentagptake into tumors
via the enhanced permeability and retention (EPR) effawhile this strategy has
demonstrated that nanoparticle-encapsulated drug has improved yeficdcreduced
side-effects (compared to free drug), an increased focusebastly been placed on
further improving these nanoparticles with active targetingtesgies. Indeed, many
studies have shown that active targeting of nanoparticles camasectbe dose of
therapeutic delivered to a tumor and also improve the intra-tunhacalization of
delivered nanoparticles® Furthermore, a nanoparticle’s surface may display multiple

copies of a particular targeting ligand (multivalency), andhbhsbeen shown to increase
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binding avidity, increase the rate of internalization, and ultilpabteprove therapeutic
efficacy and/or image contrast’

One particular class of nanoparticles that has become incrgasiegendent on
targeted delivery is superparamagnetic iron oxide (SPIO) naraesiNPs). SPIO NPs
are an attractive magnetic resonance (MR) contrast agemtidipg T2*-weighted
contrast enhancement in MR imaging applications. Due to their goadmpatibility,
strong contrast enhancement, and their ability to generate functiatelconcomitant
with anatomic information, SPIO are avidly being evaluated ascular imaging
agents. In this role, they are used to report the expression letaiget cell-surface
receptors in order to improve the specificity of disease detectiTo date, affinity
ligands have been used to deliver SPIO NPs to a range of diffeienincluding tumor
cells}*™ tumor vasculatur&*® atherosclerotic lesior§*®® and many others:?*
However, while SPIO NPs have seen extensive biological applicatitbeg full
transition to the clinic as molecular imaging agents has bksv to develop, due to the
relatively high concentrations of SPIO NPs needed to generatetalde MR contrast in
an area of interest.

Often, pathologies present with several possible biomarkers thatbmayiable
targets. For example, breast cancers may overexpress thgeasteceptor, progesterone
receptor, and/or the Her2/neu (ErbB2) receftdks nanoparticles continue to progress
toward greater clinical use, it is important to identify which mali@ctargets result in the
bestin vivo tumor delivery (for a particular tumor type). Importantly, the ropti
molecular target and nanoparticle composition for nanoparticieedgin vivo may not

be accurately reflected in assays conduatedtro. For example, it has been shown that
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affinity ligands with very high affinity do not necessarily résul the best tumor
targeting, since tight binding at the tumor periphery slows ddfusf the agent within
the tumor and can block extravasation of additional &jefirthermore, the addition of
targeting ligands to a nanoparticle’s surface can alter itsiggghemical properties, thus
potentially altering its circulation properties and affecting itttsitio reach a tumor.

Despite the large potential for incongruity between nanoparticlerpgghcen vitro
andin vivo, most often investigators choose the identity of the active taggigiand and
then optimize the ligand surface density, along with other nandpaptiysicochemical
properties, based an vitro data. Subsequently, this “optimal” formulation is generally
evaluated in one cohort of subjects, while one or more negative cambrotargeted)
nanoparticle formulations are examined in other cohorts. However, mdreparticles
are evaluated in separate animal cohorts, the large aniraalf@l variability
characteristic ofin vivo studies makes nanoparticle improvement more difficult to
observe. The primary reason for the lack of optimization ainthevo stage, and the use
of a large number of animals, is the lack of a feasible “migi@ughput” method for
accurately comparing different nanoparticiesvivo. In chapters two and three, we
introduced a non-radiative, quantitative, and multiplex method for asgessnoparticle
pharmacokinetics and biodistribution, demonstrating its ability to campassive
delivery for a wide range of nanoparticle types and physicochkprioperties. Herein,
this method is extended to include the evaluation of actively targeted SPIO NPs.

For this work, we have selected three targets of interesHEfR2/neu receptor, heat
shock protein 47 (HSP47) angp3 integrin. Each of these receptors has been shown to

have a high association with cancer, and each has been used @get ant#nerapeutic
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studies?’*° Additionally, each of these targets has ligands that can be aisEtdively
target SPIO NPs. Specifically, HER2 affibody, cyclic RGBd ¢ghe LDS affinity peptide
were selected as ligands for targeting HER2/neup3 integrin, and HSP47
respectively’’® As described in chapter 2, a set of four lanthanide-doped SPIO
nanoparticles (Ho, Sm, Gd, and Eu) were synthesized. HER2 affibadi, RGD, and

LDS peptide were conjugated to the Ho-, Sm-, and Gd-SPIO, respeciihe Eu-SPIO
lacked a targeting ligand and served as a negative control nadeparmulation. ICP-

MS multiplex analysis can then be used to trace each activegted formulation

simultaneously in a single sample.

4.3 Materials and Methods

Materials

Azido-dPEG-NHS ester was purchased from Quanta BioDesign Ltd. (Powell,
OH). NIH/3T3 cells that were engineered to stably expiessier2/neu receptor (T6-17)
were kindly provided by Dr. Mark Greene, MD/PhD (University ehRsylvania). All
other reagents were purchased from Thermo Fisher Scientifich@al MA) unless

otherwise noted.
Synthesis of Dextran Stabilized Lanthanide Doped SPIO

Dextran coated, lanthanide doped, SPIO nanoparticles were prepared tti®ugh
coprecipitation of ferrous, ferric, and lanthanide ions in the preseficdextran®’.
Briefly, 25 g of dextran T-10 (Pharmacosmos A/S, Holbaek, Denmasds dissolved in
500 mL dHO and heated to 80°C for 1 hour. The solution was then allowed to cool to
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room temperature and continued to mix overnight. Subsequently, a solution aj 1.85
FeCk, 0.73 g FeCGl and 0.125 g LnGt6H,O (Ln = Ho, Eu, Sm, or Gd) in 25 mL d€&
was prepared and decanted into the dextran solution. The combined soksi@oaled
on ice and degassed with fbr 90 min. While keeping the solution stirring on ice and
under N, an automated syringe pump was then used to introduce 15 mL ohtratee
NH4OH to the solution over 5 hours. The resulting black viscous solutionesmzsved
from the N atmosphere, heated to°@for 1 hour, cooled overnight, and centrifuged at
20,000 RCF for 30 minutes to remove large aggregates. Free iron, lanthamide
dextran were removed by diafilitration across a 100 kDa memlaadethe Ln-SPIO
were brought to a final volume o##0 mL at 10 mg Fe/mL.

This 40 mL of dextran SPIO at an iron concentration of 10 mghat then
combined with an equal volume of 10 M NaOH and mixed for 10 minutes. 80fmL
epichlorohydrin was then added and the solution was vigorously statregom
temperature overnight. Epichlorohydrin crosslinks the dextran coatitignvwhe Ln-
SPIO patrticle and chemically activates the dextran suftaceonjugation. The solution
was then briefly centrifuged to allow phase-separation into an aqb&mksSPIO layer
and a clear layer of unreacted epichlorohydrin, which was removedsHI@ layer was
quickly purified via extraction in isopropanol. Specifically, the L& Pnaterial was
combined with 5 volumes of isopropanol and the mixture was vigorously rehBkief
centrifugation of the mixture resulted in a layer of precipdasalt, an Ln-SPIO layer,
and an isopropanol layer (containing any remaining epichlorohydrin).SFH® layer
was then isolated and combined with an equal volume of concentratgdH\Bnd

gently stirred for 24 hours at room temperature, resulting in anaéed nanoparticle
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surface. After the reaction, the Ln-SPIO was purified byiltation across a 100 kDa
membrane and was O2n filtered to remove any oversized material. Finally, to ensure
complete purification of the Ln-SPIO from excess salt andh&amtle ions, the
nanoparticles were magnetically purified on MACS LS columns uaingidiMACS

magnet (Miltenyi Biotec, Auburn, CA, USA).

Cloning of HER2-Affibody and LDS Recombinant Protein into pTXB1 Vector

The nucleotide and corresponding amino acid sequences for the HER2affibod
and LDS affinity peptide are provided in Figures 4.1 and 4.2, respgctive
Complementary oligonucleotides comprising the HER2-Affibody ddSL coding
sequence flanked at both ends by 15 base sequences homologous to the desired restriction
sites of the destination vector were ordered from Integr@®h Technologies
(Coralville, 1A). To improve subsequent affinity column cleavage, an additional 9 base
pairs encoding a “MRM” amino acid sequence were included in themicleotides at
the C-terminal end of both sequences. The full nucleotide and awithGequence for
the HER2-Affibody and AHNP can be found in Figure Qligonucleotides were
incubated together at a final concentration of 5 UM and hybridizeabat temperature
for 30 minutes. The resulting sequence was agarose gel purifietiraodly ligated with
gel-purified Ndd-Xhd double digested pTXB1 vector (New England Biolabs, Inc) via
the CloneEZ kit (Genscript). Insertion of the HER2-Affibody and AH$Equences was

verified by DNA sequencing using the T7 promoter as the sequencing primer.
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GTG GAT AAC AAATTT AAC AAA GAA ATG CGC AAC GCG TATTGG GAAATT
Val Asp Asn Lys Phe AsnysL Glu Met Arg Asn Ala Tyr Trp &G lle

GCG CTG CTG CCG AAC CTG AAC AAC CAG CAG AAA CGC GCTIT ATT CGC
Ala Leu Leu Pro Asn LewsrA Asn GIn GIn Lys Arg Ala Phde I Arg

AGC CTG TAT GAT GAT CCG AGC CAG AGC GCG AAC CTG CTGCG GAA GCG
Ser Leu Tyr Asp Asp PreerSGIn Ser Ala Asn Leu Leu Al@lu Ala

AAA AAA CTG AAC GAT GCG CAG GCG CCG AAAATG CGC ATG
Lys Lys Leu AsAsp Ala GIn Ala Pro LysMet Arg Met

Figure 4.1 Nucleotide and corresponding amino acid sequence of the HER2-Affibody.

The additional base pairs added to improve affinity column cleavage are shown in bold.

CTG GAT AGC CGC TAT AGC CTG CAG GCG GCG ATG TAATG GCG ATG
Leu Asp Ser Arg TyrerSLeu GIn Ala Ala Met TyMet Arg Met

Figure 4.2 Nucleotide and corresponding amino acid sequence of the LDS peptide. The
additional base pairs added to improve affinity column cleavage are shown in bold.

Expression and Purification of HER2-Affibody and LDS Recombinant Protein

The pTXB1-HER2-Affibody vector was transformed in Rosetta™ 2(PE&S
Competent Cells (Novagen). Bacterial cell cultures were ligittgown overnight in an
air shaker (225 rpm) at 37 °C in 3 mL of LB medium. Cultures weskedap to fifty
mL of LB medium and grown overnight under the same conditions, andnibeudated
into 1 L LB containing 50 mg/L of ampicillin. At Ofg nm= 0.6, IPTG was added at a
final concentration of 0.5 mM to induce T7 RNA polymerase-based estpneultures
were allowed to express for 2 hours at 37 °C. Bacterial eglturere centrifugally

pelleted at 10,000 x g for 5 minutes, resuspended in 5 mL of column R20fenN] Na-
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HEPES, 0.5 M NaCl, 1 mM EDTA, pH 8.5) containing 0.75 g/L lysozyme5&hothM
phenylmethylsulfonyl fluoride. Cells were lysed by pulse cation on ice. Cells were
centrifuged at 15,000 g for 30 minutes at 4 °C. Supernatant was edlkad stored at -
20 °C. For the following purification steps, all procedures weneat 4 °C. One mL of
the supernatant was incubated for 10 minutes in a 10 mL Poly-Prep tbgoaphy
column (Bio-Rad, Hercules, CA) packed with 1 mL of chitin beads (Nsgland
Biolabs, Inc). Supernatant was allowed to pass through the colunohigindbeads were
washed with 50 mL of column buffer at a flow rate of approximazetyL/min. Three
mL of 50 mM MESNA was quickly passed through the column in order &mlgv
distribute the MESNA throughout the chitin beads, and flow was stoppedcoliman
was incubated for 16 hours at 4 °C. HER2-Affibody proteins, now contgiai C-
terminal thioester, were eluted from the column in a total 4 mfeb@®.1 M Tris-HCI,
pH 8.5) and concentrated to a volume of Q0using an Ultracell 3,000 (Millipore,
Billerica, MA). An analogous experimental protocol was used for the production and
purification of LDS peptides, with the exception of the IPTG conaéntrs used for

induction, which were lowered from 0.5 mM to 0.4 mM final concentration.
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Figure 4.3Schematic of EPL-Click conjugation strategy, illustrated WiER2 affibody
conjugation to Ho-SPIO. Upon cleavage from the chitin affinity putibcacolumn, the
HER2 affibody displays a C-terminal reactive thioester. Thiser@inal thioester reacts
with the N-terminal cysteine of a fluorescent linker peptidéRA Towards the C-
terminus of the linker peptide is an azide group. Subsequently a cheotivgetclick”
reaction is carried out between Ho-SPIO displaying alkyne fumaitigroups (ADIBO)

and the azide group of the HER2-linker adduct.

Expressed Protein Ligation

Expressed protein ligation was carried about between the thiasst&ining
HER2-Affibody/LDS peptide and an azido-fluorescent peptide (AzwRh an N-
terminal cysteine. The sequence of the AzFP was-CBPEK(5-FAM)DSGK(N3)S-
OH. The K(5-FAM) represents a lysine with a fluorescein caibleattached to its-
amino group and the K(N3) represents a lysine with an azido grouhedtéo itse-

amino group. The AzFP (0.1 mM) was incubated with approximately 0.0IHBRR-
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Affibody or LDS. The EPL reaction was mixed overnight at roompenature. For the
HERZ2-Affibody, the EPL product and excess AzFPs were sepapated Superdex 30
chromatography column. For the LDS-peptide, several rounds of washmgUlisiacell

3,000 filtration columns were used to remove unreacted AzFP peptides.

Azide functionalization of Cyclic-RGD

Cyclic-RGD was incubated with Azido-dPEG12-NHS at 10:1 mod#dios of
Azide:RGD in DMSO at a final volume of 30 pL. Reactions weraubated at room
temperature overnight and purified via RGD precipitation in 10x volumhdsrt-butyl
methyl ether followed by centrifugation at 16,000x g for 1 minutees€é precipitations
were performed in triplicate and the resulting conjugate was isdsg@en a final volume

of 30 uL DMSO.

ADIBO Modification of SPIO NPs for Click Chemistry

Surface amines on SPIO NPs were reacted with the amingree#@DIBO-
dPEG-NHS in 0.1 M sodium phosphate buffer, pH 9. ADIBO is an alkyne-containin
moiety suitable for click conjugation to the azide-containing liganepamations.
Specifically, a 138 mM stock of ADIBO-dPE®IHS was diluted 100-fold into a 50 uM
solution of SPIO NPs. All nanoparticle solutions were mixed overnaghtoom
temperature. SPIO NPs were purified via superdex 200 chromatggcapimns (GE
Healthcare, Piscataway, NJ). The resulting ADIBO-SPIO e incubated with 100
times molar excess of succinic anhydride to convert all irengaamines to carboxyl

groups. ADIBO-SPIO NPs were subsequently purified on superdex200 ¢hgyaphy
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columns, equilibrated with PBS. For RGD-SPIO and unlabeled SPIO insédw
cytometry experiments, SPIO NPs were first labeled withI'BC fluorophore (10:1
molar ratio of FITC:SPIO) and purified via PD-10 purification cahsm before being

labeled with ADIBO.

Copper-Free Click Conjugation

ADIBO-SPIO NPs (1 mg/mL) were mixed with fixed concentias of HER2-
AzFP ligand (2.5 20 uM) and LDS-AzFP (30 uM) in PBS, pH 7.4 fanal volume of
100 pL. For RGD-N3, 60 uM of the peptide was incubated with ADSIO NPs (1
mg/mL) in a final volume of 100 pL. Reactions were mixed owgrniat room
temperature and then purified on Superdex 200 chromatography columbhigrateal

with PBS.

Nanoparticle Physicochemical Characterization
Stock samples of Ln-SPIO nanopatrticles were diluted into pH 7.4 phiespha

buffered saline for determination of the hydrodynamic diameterdyayamic light
scattering (DLS) both before and after conjugation to activgetimg ligands.
Measurements were acquired with a Zetasizer Nano-ZS (Mahestruments,
Worcestershire, UK) using the non-invasive back-scatter (NiB&le. For zeta potential
measurements, stock samples of Ln-SPIO were diluted into phospifigied) saline at

pH 7.4 and then mean nanoparticle zeta potential was measured, bothabpefater

conjugation to targeting ligands, using a Zetasizer Nano-ZS. =&@RLO nanoparticles,
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the transverse {r and longitudinal ) relaxivities were measured using a Bruker mq60

tabletop MR relaxometer operating at 1.41 T (60 MHz).

Cell Culture

T6-17 murine fibroblasts (a derivative of the NIH/3T3 line and kindtyjled
by Mark Greene, PhD, FRCP, University of Pennsylvania) and Hella (purchased
from ATTC) were cultured and maintained in Dulbecco’s modifiedl&Eagnedium
(DMEM), supplemented with 10% fetal bovine serum (FBS), 1% pdnisiieptomycin

at 37°C and 5% CO

Western Blots
T6-17 and HeLa cells were grown to 80% confluence on 10 cm plate. dtiee pl

was washed twice with PBS and then incubated on ice for five mimutémL RIPA
Buffer (Sigma-Aldrich) supplemented with 6M urea. Cells weragsed off the plate and
clarified by centrifugation. 47 mg of solid tumor was solubilil@@mL Western Lysis
Buffer (12.5mM Tris, 4% SDS, pH 8) with a mortar and pestle. Lysa® boiled for
30min and clarified by centrifugation. Total protein concentration® wletermined by
BCA Assay (Pierce). Concentrations of Hsp47, integrin, and ErbB2 geantified by
Western blot. Specifically, 12.5 uL of each sample was loadedcamtAny kD TGX gel
(Bio-Rad) along with four 1:3 serial dilutions. These were quadtibn the LiCor
Odyssey and compared against a standard curve ranging from 800thggaf purified

Hsp47 (AbCam), Integrinyp3 (R&D Systems), or ErbB2 (OriGene).
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Flow Cytometric Analysis

Cells (T6-17s or HelLas) were dissociated from culture flasksg PBS-based
enzyme free dissociation buffer and transferred to sterile 96plates at a final
concentration of 50,000 cells per well. Targeted SPIO conjugatesadded to the wells
for 30 minutes at 37°C at a final concentration 75 pg Fe/mL. @ells transferred to 1.5
mL centrifuge tubes and washed in triplicate by pelletinty @l1000 RCF for 3 minutes
and then resuspending in PBS. Cells were resuspended pL250®BS and transferred
to a 96-well plate (50,000 cells per well) and analyzed using a Gtasycyte Plus
system (Guava Technologies, Hayward, CA). Flow cytometry @ata analyzed using

FlowJosoftware (TreeStar Inc., San Francisco, CA).

Cell Relaxation Studies

T6-17 and Hela cells were dissociated using PBS-based enzysrdidseciation
buffer and transferred to sterile 48-well plates at a concintrat 3 x 18 cells per well.
Actively targeted SPIO conjugates and unlabeled SPIO were iteclivith these cells in
the 48-well plate at a final concentration of 75 pug Fe/mL for 1 hour at 37°C (neadbr
targeting agent). Cells were transferred to 1.5 mL centrifufpes and washed in
triplicate by pelleting cells at 1,000 RCF for 3 minutes and tlesaspending in PBS.
Cells were suspended in a final volume of 3Q0PBS and T2 measurements were taken
using the benchtop relaxometer. The reciprocal of the T2 redaxane constant, which
represents the MR signal of the cell pellet, was calculated the reciprocal of the T2
for cells incubated without nanoparticles (background) was subtradteeirally, since

each Ln-SPIO formulation has a different R2 relaxivity vallie, MR signal for each cell
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pellet was normalized by dividing by the R2 value of the padrcLn-SPIO used,

resulting in a metric that is proportional to nanopatrticle cellular asgwotiat

In Vitro ICP-MS Multiplex Assessment of Cell Labeling

T6-17 and HelLa cells were dissociated and incubated with lydiargeted SP1O
conjugated and unlabeled SPIO in the same manner as in previous thelazeition
studies, with the notable exception that all SPIO formulations wertéated together
with cells, rather than each SPIO formulation being incubated aeparFollowing
washing to remove unbound nanopatrticles, the pellet was resuspendeduln &fG@BS.
The lanthanide concentration of Ho, Sm, Gd, and Eu was then determinexth ipedlat
and compared to the concentration present in the incubating meditemari@alotted as

the ratio of [l—n])ellet/ [LN]incubation medium

In Vivo Studies

Approximately 6-week old female nu/nu nude mice (Charles Riveoiadory,
Charles River, MS, USA) were maintained in accordance withngtéutional Animal
Care and Use Committee of the University of Pennsylvania. ére anesthetized via
isoflurane and T6-17 cells were injected subcutaneously into theigatkank (2 x 16
cells in 0.2 mL PBS). Tumors were grown until the diameter \pasoaimately 8 mm.
Ln-SPIO (Ho, Gd, Sm, and Eu) were pooled and injected intravenouslyoseaof 3.75
mg Fe / kg body weight. Prior to injection, an aliquot was sawedIEP-MS
determination of lanthanide concentration in injected material. 24 hours aftean#iep

injection, the animals were sacrificed and the tumors werseagkcior each nanoparticle
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formulation, the tumor delivery was calculated as a percent égjedbbse per gram of
tissue as [LNjmor / ([LN]inj*Min;), Where [Lnlumor is the lanthanide concentration in the
tumor, [Ln}y; is the lanthanide concentration in the injected nanoparticle solution, and
Min; is the mass of nanoparticle solution injected (0.2 grams). Fonagial of “base”
nanoparticles prior to ligand conjugation, one way ANOVA analysis wed ttsassess

similarity in tumor delivery for the different Ln-SPIO.

4.4 Results and Discussion

Nanoparticle Physicochemical Characterization
Because the size of a nanoparticle formulation influences its

pharmacokinetics and biodistribution, as examined in chapter 2, it mpartant to
ensure that the four Ln-SPIO formulations exhibit very simiiae profiles prior to
targeting ligand conjugation. Therefore, the hydrodynamic diantéterach Ln-SPIO
formulation was determined by DLS prior to conjugation of actargdting ligands. It
was found that the peak of the distribution lay between 27.00 nm and 29.t¢ ath
four formulations (Table 4.1). Furthermore, the size distributions haeeyshigh degree
of overlap (Figure 4.4), suggesting that the “base” nanoparticleshichvihe active

targeting ligands were attached are very similar populations.
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Table 4.1Physicochemical properties (hydrodynamic diameter andppé¢atial) of Ln-

SPIO formulations before and after conjugation to targeting ligaRdxivity values

were measured prior to conjugation and assumed to be unaffected to conjugation.

Eu None 27.00 33.54 -5.63 -10.01 6.2 262.9
Ho HER2-Aff 28.07 33.47 -4.47 -10.53 10.3 135.2
Sm RGD 27.77 35.57 -6.09 -6.48 9.2 158.5
Gd LDS 29.07 34.84 -5.77 -8.61 8.1 172.6
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Figure 4.4 Dynamic light scattering profiles of Ho, Gd, Sm, and Eu doped SPIO
nanoparticles, prior to conjugation with any targeting ligands.

The hydrodynamic diameter of each formulation was subsequenthealeed
after conjugation of active targeting ligands (Figure 4.5). It viasnd that each
formulation increased in size by approximately 5 nm, so thapakeconjugation sizes
ranged from 33.54 to 35.57. It is likely that the increase in sideasto the addition of
the various functional groups required for conjugatice ADIBO, linker peptide, and

targeting ligand itself). Again, as before ligand conjugation, the minfiles showed a
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very high degree of overlap, indicating the populations are veryasimml size. This
means it is unlikely that any difference in nanoparticle pheokiaetics or
biodistribution observed for the actively targeted agents is thdtref size alterations
secondary to conjugation.

Next, since it is critical for the ICP-MS multiplex rhet that the co-injected
nanoparticles do not associate or aggregate with one another prinje¢tion (as
discussed in chapter 3), DLS measurements were used to rutBeopbssibility of
nanoparticle aggregation. Specifically, all four Ln-SPIO formaoitest (post-conjugation)
were mixed together in equal amounts and allowed to incubate tofyetlbee hour. The
DLS profile of the mixed solution was then acquired (Figure &ibice the peak size for
the mixed sample was 38.15 nm and the distribution was very sitoitdrat of each
individual formulation, it was concluded that no significant assieciabr aggregation

occurs between the actively targeted formulations prior to injection.
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Figure 4.5 Dynamic light scattering profiles of each nanoparticlemigdation after

conjugation to its respective targeting ligand. The size profile aso examined in a

sample where all formulations were combined into a single sample (mixed).

The zeta potential (surface charge) of a nanoparticle fonmulaiso plays a
significant role in the pharmacokinetics and biodistribution of nanofspiatforms (see
chapter 2). Therefore, the zeta potential of each Ln-SPIO etasmined both before and
after conjugation with active targeting ligands. For the “basebparticles, the aminated
nanoparticles (which would display a positive surface charge) firstecarboxylated
using succinic anhydride in order to generate a negatively chaug&te suitable for
use in then vivo check on “base” particle similarity (see below). It was fourat the
carboxylated “base” nanoparticles had zeta potentials ranging 4.47 mV to -6.09
mV, which were considered to be very close in value. A slightlstgrelegree of surface
charge variation was observed in the nanoparticles after coiojugaowever (Table
4.1). This is a reasonable expectation, since a number of factoarsnicd what the final
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charge will be €.9. percentage of amino groups that have undergone conjugation,
percentage of amino groups that have been carboxylated, and the irharget of the
targeting ligands). It is worth noting that the inherent charges ofatigeting ligands
does not, in itself, explain the small variation seen in surfaagehsince at physiologic
pH the charges on the HER2 affibody, RGD, and LDS are expectssl t8, 0, and O,
respectively. It is possible that these differences in nanogadiaciface charge may
influence the formulations’ blood circulation times, and consequehigyr ttumor
delivery. However, since this small variation in surface charge introduced through
the process of conjugation, it falls within the realm of what wareldo test: how does
the presence of active targeting ligand effect each nanopartutiatsnacokinetics and
biodistribution.

The longitudinal and transverse relaxivities of each Ln-SPIO forroalatas also
determined (prior to ligand conjugation) and is reported in Table 4.1e Theignificant
variation in the magnetic properties for the four Ln-SPIO fortrarlg, which is not
unexpected since the batch-to-batch variation in magnetic piespés significant for
traditional dextran SPIO without lanthanide dopant. While it is impottaknow the R2
value for each Ln-SPIO in order to normalize its MR signal durmgitro cell
association assays (see below), agreement between R2 valoesécessary, since MR
imaging is not a primary goal of this investigation. Nevergelé is noteworthy that, as
seen in the SPIO synthesized in chapter 2, each Ln-SPIO foionules significant
magnetic activity. This is helpful since it means that oncgetaof nanoparticles is
investigated using the ICP-MS multiplex approach, and a partiéofenulation that

results in greatest tumor delivery has been identified, thatfispleemulation can then
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be directly administered as a single injection and evaluatetsfability to generate MR

contrast.

In Vivo Equivalence of Nanoparticle Formulations Prior to Conjugation

In order to conclude that differences in tumor accumulation are notodaey
small differences in the physicochemical properties of theDSfdnoparticles, it is
important to demonstrate that the “base” nanoparticles, prior tadliganjugation result
in identical tumor delivery. Accordingly, each Ln-SPIO formulatreas carboxylated to
confer an equal negative charge to all formulations (see Tl and the set of
nanoparticles was administered intravenously as a single muliigkotion to T6-17

tumor bearing mice (Figure 4.6).
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Figure 4.6 In vivo multiplex ICP-MS analysis of nanoparticle accumulationT @17
tumors (expressed as percent injected dose / gram of tumoy fissgarboxylated Ln-
SPIO before conjugation to active targeting ligands. ANOVAaisyielded an F ratio

of 0.594, corresponding to a P value of 0.636
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It was found that the tumor delivery for the four Ln-SPIO formoihes ranged
from 0.99 to 1.22 percent injected dose / gram of tumor tissue. One nafysia of
variance (ANOVA) statistical testing demonstrated a P valfu@.594, indicating that
there is no evidence of any meaningful difference in tumor dglifegrany formulation
within the set. Since ANOVA testing does not utilize the pairing infoonatontained in
multiplex data, a simple t-test (with pairing) was also coretubetween the nanoparticle
with lowest accumulation (Eu) and the one with highest accumulation THis yielded
a P value of 0.16; again suggesting that even with the improvestisttipower of
paired analysis, there is no significant difference between the nantgpntoulations at

“baseline”.

Assessment of Biomarker Expression by Western Blot
In order to assess the level of receptor expression for tkee thiomarkers
investigated in this study, Western blots were conducted on T6éik7 ideLa cells, and

excised T6-17 tumors. The blot images are provided in Figure 4.7.

HER2 aVp3 HSP47
T6-17 Hela T6-17 T6-17 Hela T6-17 T6-17 Hela T6-17
Cells Cells Tumor Cells Cells Tumor Cells Cells Tumor

LN HEE B

Figure 4.7 Western Blots of T6-17 cells, HeLa cells, and excised T6-10rturssue,

probing for HER2 a3 integrin, and Hsp47.
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First, it was found that the level of HER2 (ErbB2) expression@®a 7T cells was
very high and significantly greater than the level of expressiddeda cells. Given that
T6-17 cells are NIH-3T3 murine fibroblasts engineered to corigétyt overexpress
HERZ2, this result is expected. The relative abundance of HER2 pirothi& excised T6-

17 tumor appears lower than T6-17 cefisvitro. It is possible that this is due to an
alteration of HER2 expression of the T6-17 cells once organizedaitimor, but it is
more likely that the relative abundance of HER2 is lower i@sualt of the large amount
of non-T6-17 cell derived protein in the tumerd.stromal cells and extracellular matrix
proteins). Nevertheless, HER2 expression was still clearly mvidethe excised T6-17
tumor lysate.

Next, the level ofayf3 integrin was examined. It was found that the level of
expression of this biomarker was again higher in T6-17 cells cemhgarHeLa cells,
although the degree of difference was much less than with tf2 H&ceptor. Studies
have shown integrimw B3 expression in NIH/3T3 cells and this expression appears to be
conserved in T6-17 celf§: * Interestingly, unlike the HER2 receptor relative abundance,
which drops once the entire tumor is examined offf&; integrin levels are higher in the
excised T6-17 tumor compared to the individual cells. This is likelgauseoy 3
integrin is highly overexpressed on activated endothelial cesceded with the
neovascularization of tumof$*? In fact, previous reports have shown that in tumor
xenograft modelsayP3 integrin can be overexpressed both on the malignant cells,
themselves, and on host-derived proliferating endothelial elldhis makesayfs
integrin a particularly interesting biomarker to compare WH#R2. Specifically, even

though HER2 is more abundant on tumor cells togdy integrin, targetinguw 3 integrin
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might result in increased tumor delivery, since it is expeesdgewhere in the tumor
tissue. Importantly, this is a comparison that can only be adequatelgin vivo,
demonstrating the utility of being able to use ICP-MS for multiplex arsalysivo.

Finally, levels of Hsp47 were examined. In this case, tiression of this
biomarker was below the level of detection for both T6-17 and Hellss ¢dthough
there is little literature regarding the expression of Hsp47 aettveo cells lines, it is not
surprising to observe very low levels of expression since Hsp4iiog commonly
associated with head and neck or gastrointestinal malignahciés** *Interestingly,
however, Hsp47 expression was clearly detectable in the excisgd fUénor. There are
two potential possibilities to account for this observation. Firs§ known that Hsp47
expression is upregulated during a cellular stress response to netiauB including
high temperature, heavy metal exposure, and oxidative &tr8asce the establishment
of a rapidly growing xenograft tumor is likely to be associateth va hostile local
environment, it is possible that the T6-17 cells themselves aregulpting their
expression of Hsp47. Alternatively, cell populations within the tumor dlizer the T6-
17 cells themselves may be displaying the biomarker. In eitser ttas again illustrates
the idea that evaluating active targeting of Hsp47 directed neirudgmis best done fully
at thein vivo stage, since expression profiles of the tumor are not the asutisean

vitro.
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Flow Cytometric Analysis of Targeted Ln-SPIO

The functionality of HER2-SPIO, LDS-SPIO and RGD-SPIO walssequently
assessed by conducting cell-binding assays with the broadbptaechigh” T6-17 cells
and broadly “receptor low” HelLa cells. Flow cytometric analystvealed that each
targeted SPIO formulation successfully labeled T6-17 cellsatging extents, with the
HER2-SPIO showing the highest degree of cell labeling and theSEI© showing the
lowest (Figure 4.8 A). This is generally consistent withrdsalts of the Western blots in
that strong labeling was observed for the highly expressed H&deptor, and a lower
level of labeling was observed for the less highly expresséd integrin. Although
Hsp47 expression was not detectable on Western blots of T6-17floslisanalysis is
likely to be more sensitive given that each nanoparticle camidsiple fluorophores,
thereby amplifying the signal. Eu-SPIO nanoparticles thate haeen reacted with
ADIBO and carboxylated with succinic anhydride, but have no targdiomnd
conjugated to them, showed no cell binding when incubated with T6-17 dgllsgR.8
B).

Based on the relative level of receptor expression between @fdlAelLa cells,
a lower level of cell binding for each ligand is expected onaHetlls, compared to T6-
17 cells. The flow cytometric data bear this out in the most gersanse, with
undetectable cell binding of each targeted SPIO formulation tdribeedly “receptor
low” control HelLa cells (Figure 4.8 C). However, since flowotyetric measurements
should have high sensitivity, we would expect that at least a eV & cell binding
should be observed. Additionally, as expected, no cell binding was detsbtzu

unlabeled SPIO nanoparticles were incubated with HelLa cells (Figure 4.8 D).
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Figure 4.8 Flow cytometric analysis of “receptor positive” (T6-17) andcémtor high”
(HeLa) cells incubated with SPIO nanoparticles. T6-17 cells wetdated with HER2-
SPIO (light solid line), RGD-SPIO (dashed line), and LD3c5Rdotted line), with
varying degrees of cell labeling observed for each ligand (8)céll labeling is evident
for the “receptor low” HelLa cells for any of the ligands .(@&dditionally, flow
cytometric analysis was performed for both cell lines incubaidd von-targeted SP1O

and no cell labeling was detected (B and D).
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MR Comparison of Cell Binding

In vitro cell binding assays were also carried out by incubating tedg8PI10
conjugates with T6-17 or HelLa cells for 1 hour at a final concsmraf 75 pg/mL Fe
and examining the T2 relaxivity of cell pellets. This gspaovided a more reliable
measurement for the comparison of cell binding between ligands ltharcytometry
does, since the fluorescence signal per nanoparticle is not edpgecbe the same for
each formulation. For the MR assay, comparison of the levelllofabeling was made
by using the reciprocal of the T2 relaxation time of the pellet as a measure of MR
signal. The signal was adjusted by the R2 of the partidmrie8PI1O formulation used
(e.g.Ho-SPIO for the affibody) to yield a normalized MR signal.

These data follow the same general trend as observed withothesytometric
analysis. HER2 affibody conjugated SPIO exhibit an extremely leigel of cell labeling
on T6-17 cells and much lower labeling on HelLa cells (Figure 4 §ir it was not
surprising that the HER2-SPIO displayed the highest degrealddicding, since T6-17
cells have been transfected to overexpress the HER2/neu réep@R-SPIO exhibit
approximately half the level of cell labeling (compared taR2ZESPIO) on T6-17 cells,
but the level of labeling is clearly well above baseline nonBpenteractions observed
with blank-SPIO. This level of labeling is also statistigcgiteater than the very low level
of labeling observed for RGD-SPIO of HeLa cells. Finally, while bothliogls exhibited
a very low level labeling with LDS-SPIO, although even tbis level of cell binding

can be distinguished from the nonspecific binding of blank-SPIO.
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Figure 4.9 Labeling of T6-17 and Hela cells with Ho-HER2-SP10, Sm-R&R0O, Gd-

LDS-SPIO and Eu-blank-SPIO, as assessed by MR relaxomitcg &ch Ln-SPIO has
different magnetic relaxivity, the T2 relaxation signal obtdif@ each cell pellet was
normalized by the R2 value of the SPIO formulation and repogedralative value to

the signal of the blank formulation.

ICP-MS Comparison of Cell Binding
Finally, an ICP-MSn vitro cell binding assay was conducted by simultaneously

incubating all targeted SPIO conjugates with T6-17 or Hella & 1 hour at a final
concentration of 75 pg/mL Fe and analyzing the lanthanide concentadtthe washed
cell pellets versus the lanthanide concentration in the incubatajum (Figure 4.10).
This assay is expected to provide the most reliable data fomghakimparisons, both
between ligands and between cell lines, for three reasons. &, nanoparticle
formulation’s binding can be quantitatively normalized to the amountatérial applied

to the cells in the assay. Secondly, unlike the MR based aksaigignal” detected by
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ICP-MS is linear over a very large dynamic range of nanopatancentrations. This is
especially important at low levels of nanoparticle binding, whelR-MS can detect
differences in binding that would not translate into a differancklR signal. Thirdly,

since this assay multiplexes the measurement of cell bindiagy rsample-to-sample

variations (such as non-specific uptake by dead cells) are eliminated.
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Figure 4.10 Labeling of T6-17 and Hela cells with Ho-HER2-SPIO, Sm-RGDES
Gd-LDS-SPIO and Eu-blank-SPIO, as assessed by ICP-MSpiaultanalysis. All
targeted nanoparticle formulations were pooled together and incubdkedither T6-17

or HelLa cells in the presence of serum supplemented culture medium.

The ICP-MS multiplex data again bear out the same genemalusions as the
flow cytometric and MR-based assays. First, for each ligandetet of binding to the
“receptor high” T6-17 cells is greater than the level of bindmghe “receptor low”
HeLa cells. Secondly, with respect to T6-17 cell binding, HERZS#dmonstrate the

greatest level of cell labeling, followed by RGD-SPIO, amf-SPIO, all of which are
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distinguishable from the non-specific of blank-SPIO. The major difieg that the ICP-
MS cell labeling data suggest is with regard to the absdevel of nanoparticle binding
to HelLa cells. In the flow cytometric and MR analysis, theas very little cell binding

observed for any of the ligands to HelLa cells. However, basedeowestern blots, it
can be concluded that while the HelLa cells are “receptor lowipared to T6-17 cells,
they do not appear to be “receptor negative”. This discrepancy mparie accounted

for by the differences in sensitivity and signal linearitywsen the different modalities.
Nevertheless, it appears that the flow cytometric results,hwsthould provide a high
level of sensitivity, will require further investigation in orderetasure the four sets of

vitro measurements are all properly reconciled.

4.5 Conclusion

It is possible to synthesize SPIO nanoparticles, doped with ayafiktnthanide
tracer metals, each with an overlapping size distribution, sahéatexhibit equal levels
of passive tumor accumulation. These Ln-SPIO formulations can theaobsequently
functionalized with active targeting ligands, such that eadetiag ligand is associated
with a specific lanthanide tracer. ICP-MS analysis can diyahi concentration of each
lanthanide metal independently and with very high sensitivity, smgle fluid or tissue
sample. Therefore, it becomes feasible to collect nanopartioled biesidence time,
tumor delivery, and biodistribution for many actively targeted angatinee control
formulations in a single animal. This represents a powerful tmoln&notechnology
investigators to more thoroughly evaluate a greater number of nénlgpormulations

in vivo, while reducing experiment time, cost, and number of animals.
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Chapter 5: pH Titratable Superparamagnetic Iron Oxide for
Improved Nanoparticle Accumulation in Acidic Tumor

Microenvironments

5.1 Abstract

A wide variety of nanoparticle platforms are being developeddvn the diagnosis
and treatment of malignancy. While many of these are githesively targeted or rely on
specific receptor-ligand interactions, metabolically directadoparticles can provide a
complementary approach. It is known that both primary and secondanys ewve
tumorigensis alter the metabolic profile of developing and natastancers. One highly
conserved metabolic phenotype is a state of up-regulated glycahgiseduced use of
oxidative phosphorylation, even when oxygen tension is not limiting. Thiabolet
shift, termed the Warburg effect, creates a “hostile” tumocreenvironment with
increased levels of lactic acid and low extracellular pH. In roitde exploit this
phenomenon to improve the delivery of nanoparticle platforms to a widetywaf
tumors, a pH-responsive iron oxide nanoparticle was designed. Spbgifgiscol
chitosan (GC), a water-soluble polymer with pH titratable chaxgs conjugated to the
surface of superparamagnetic iron oxide nanoparticles (SPi§@ntrate a ;F weighted
MR contrast agent that responds to alterations in its surrounding peh dmpared to
control nanopatrticles that lack sensitivity to pH, these GC-SR#Doparticles
demonstrated potent pH-dependent cellular association and MR cantraisto. In
murine tumor models GC-SPIO also generated robustwkighted tumor contrast,

which correlated with increased delivery of the agent to the tuiteyras measured
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guantitatively by inductively coupled plasma mass spectrometryportiamtly, the
increased delivery of GC-SPIO nanoparticles cannot be attributeédet@ommonly
observed enhanced permeability and retention effect alone, since thesatidespave

similar physical properties and blood circulation times as control agents.
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5.2 Introduction

Tumor targeting mechanisms that exploit the altered metapalide of malignancy
have been the subject of intense investigatgince the development of the metabolite
analogue 2-fluorodeoxy-D-glucose (2FDG) and its use in positrossemitomography
(PET) imaging over three decades &done of the attractions of metabolic imaging is
the ability to detect and target a wide variety of casycgnce many human solid tumors,
and especially rapidly growing aggressive malignancies, havegaeumetabolic profile
that distinguishes them from normal tisSuEhis altered metabolic state, consistent with
the Warburg effect, is characterized by increased glucos&ejpip-regulated glycolytic
metabolism, increased production of lactic acid, and subsequent deratgyencellular
pH.* ® More specifically, the extracellular pH of normal tissuegproximately 7.4, but
human and animal tumors can often exhibit an extracellular pH |tveer 7.0, even
reaching as low as 63’

In recent years, numerous methods have been developed that allow fuonthe
invasive assessment of tissue pH, most of which are based on magsetiancé.For
example, magnetic resonance spectroscopy (MRS) using endogeémorgsnic
phosphate (P and exogenously administered 3-aminopropylphosphate (3-APP) can be
used to simultaneously measure intra- and extracellular pipecteely® ° Major
drawbacks of this method are the reliance on the relativelymssdant'P nucleus and
the inability to simultaneously acquire the high resolution anatormt@imation that is
the hallmark of magnetic resonance (MR) imaging. More recealggenous agents
with pH-dependent proton resonances have been devéefbpéile this eliminates the
need for specialized'P hardware, the pH sensitive resonance can be difficult to fully

distinguish from other endogenous signals. Even more recently, pkiveetenthanide
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chelates have allowed for measurement of pH with a proton resonangdetely
distinct from endogenous signafs.'> Even these agents, however, have limited
sensitivity since the exogenous agent contains the resonance deteuged. Greater
sensitivity could be obtained using a contrast agent that geneigriat [sy interacting
with many bulk water molecules. Superparamagnetic iron oxideO|SRdnoparticles
have emerged as an attractive class of MR contrast agent tvadgsr ©*-weighted
contrast enhancement in both active and passive MR imaging ajopiscaby
accelerating the de-phasing of nearby bulk w&t&PIO nanoparticles could, therefore,
serve as a strong signal-generating foundation to which pH segsitivild be imparted.
Such pH-responsive SPIO nanoparticles would constituféiaR contrast agent that
exhibits differential localization based on local pH and could fatélithe detection of
acidic pathologies, including but not limited to malignancy, on conventiorgil hi
resolution anatomic MR images, without the need for speaibhaedware. Such regions
of suspected acidity, detected with pH-responsive SPIO on lalgeofigiew anatomic
images, could then be probed by MRS or chemical exchange saturatisfet (CEST)
methods to generate an absolute pH map.

pH-responsive  polymers, including chitosan, poly-amino estel’ poly-
caprolactoné? and poly-histidiné’ have been successfully used to generate pH-
mediated drug release in a variety of nanoparticle carrietsthermore, SPIO
nanoclusters coated with a pH-responsive hydrogel have recegliffe¢inanoparticles
with pH-dependent relaxivit}f Therefore, pH-titratable polymers are attractive
candidates for imparting such functionality to nanoparticles. woegly, in this

investigation, the pH-responsive polymer glycol chitosan (GC, Figurd)5.4 polymer
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of glucosamine with increased water solubility and amino groupsayit, ~ 6.5° was
covalently grafted to the surface of dextran stabilized Skid@oparticles, to generate
native GC-SPIO. Sized matched pH-unresponsive SPIO nanopartickegrepared as
control agents to distinguish pH-mediated nanoparticle delivesyn fthe enhanced
permeability and retention (EPR) effect that is commonly obsefoedanoparticle
agents>? Specifically, GC-coated SPIO nanoparticles were cheryicatidified with
glycidol (Figure 5.1 B) to block the pH-responsive amino groups, and inheratitl

unresponsive dextran SPI1O nanoparticles (Figure 5.1 C) were also used.

A B C
Native Glycol Chitosan Glycidol Blocked Glycol Chitosan Dextran
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Figure 5.1 Molecular structures of nanoparticle polymeric auef coatings. (ANative GC is a

linear polymer of D-glucosamine wit+1-4 linkages. The repeated amino groups have ggtggKa~
6.5. (B) Glycidol blocked GC is formed by reactiohinative GC with glycidol. Alkylation of the amino
groups renders them no longer titratable near plogic pH. (C) Dextran is a branched polymer ofcglse
with both a-1-3 anda-1-3 linkages. It does not possess any functiomals that are titratable near

physiologic pH.
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All nanoparticle formulations included a lanthanide metal tracer dilawed the
distribution of the nanopatrticles to be tracked quantitativelivo. Specifically, during
the synthesis of the SPIO nanoparticles, a trace amount of lantieasddoped into the
iron oxide cores (Gd for the two GC-containing SPIO formulations andf@ the
dextran-only SPIO). Energy-dispersive X-ray spectroscoyS(Ehas previously been
used to confirm the presence and stability of the lanthanide dopamt Wiéhiron oxide
cores of SPIO synthesized in this manffeHere, inductively coupled plasma mass
spectrometry (ICP-MS) was used to assess the biodistributitime diinthanide tracer
(and the corresponding SPIO nanopatrticle) in a mouse tumor model.

Numerous studies have shown that nanoparticles (including SPIO) cethplath
cationic agents such as polylysine, protamine, or cell penetrpéptides (CPPs) are
rapidly and efficiently internalized by a wide range of tgties?® However, positively
charged nanoparticles are rapidly cleared from circuldfioesulting in poor tumor
delivery. Therefore, positive charge could be used to improve ratemti@ desired
microenvironment, provided that the positive charge is not displayed tnati
microenvironment is reached. Accordingly, both the native GC-SPIQa@midol agents
exhibit a neutral or negative surface charge at physiologicaffbiding them a lower
level of cellular interaction and improving blood residence fitn&" (Figure 5.2 A).
Upon exposure to an acidic mircroenvironment, the pH-responsive polymer surface of the
native GC-SPIO becomes protonated and the surface charge becomeasingty
positive. Therefore, it was hypothesized that native GC-SPIO ndinbgmrwould be

preferentially retained in acidic microenvrionments compared waihalogous pH-
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unresponsive agents, as a result of electrostatic interactiohssuitounding tissue

(Figure 5.2 B).

A Blood or Normal Tissue Extracellular Fluid B Acidic Tumor Microenvironment
pH=7.4 pH<7.0

HO,

Glycidol
GC or
Dextran
SPIO

Glycidol
GC or
Dextran

Glycidol
GC or
Dextran
SPIO

Native
GC

Figure 5.2 Mechanism of enhanced nanoparticle retention idi@ehicroenvironments. (A) Both native

GC-SPIO and control nanoparticles exhibit neutoahégative surface charge at physiologic pH due to
abundant surface hydroxyl groups. For clarity, ilgdroxyl groups are not depicted on the native GOC5
particle. Presence of neutral or negative surfdwge diminishes nanoparticle association with ¢loo
components and normal tissue. (B) Upon exposuractdic microenvironments, the amino groups of
native GC-SPIO titrate to yield a positive chargibe newly cationic nanoparticles exhibit electrtista
interactions with negatively charged cell membraard extracellular matrix components in the acidic

microenvironment, leading to enhanced retenticthése areas.

5.3 Materials and Methods

Materials

The two SPIO coating polymers dextran T10 and glycol chitosae prechased
from Pharmacosmos A/S (Holbaek, Denmark) and Wako Chemicals (Richiénd,
USA), respectively. T6-17 murine fibroblasts (a derivative of thE/BIT3 line) were

kindly provided by Mark Greene, PhD, FRCP, at the University of Bbrarsa. The 35
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mm volume coil used for radiofrequency transmission and receptiopwetsased from
Insight Neuroimaging Systems, LLC (Worcester, MA). All othexagents were

purchased from Sigma Aldrich USA unless otherwise noted.

Synthesis of Dextran Stabilized Lanthanide Doped SPIO

Dextran coated, lanthanide doped, SPIO nanoparticles were prepared tti@ugh
coprecipitation of ferrous, ferric, and lanthanide ions in the presehdextrar’® %
Briefly, 50 g of dextran T-10, was dissolved in 100 mL,@Hand heated to 80°C for 1
hour. The solution was then allowed to cool to room temperature anduwszhto mix
overnight. Subsequently, a solution of 3.70 g Ee@l46 g FeGl and 0.25 g
GdCle6H,0 or SmC}6H,0 in 50 mL dHO was prepared and decanted into the dextran
solution. The combined solution was cooled on ice and degassed it min.
While keeping the solution stirring on ice and undgrah automated syringe pump was
then used to introduce 15 mL of concentrateds®H to the solution over 5 hours. The
resulting black viscous solution was removed from thatlhosphere, heated to°@for
1 hour, cooled overnight, and centrifuged at 20,000 RCF for 30 minutes to rargee
aggregates. Free iron, lanthanide, and dextran were removed brali@ii across a 100

kDa membrane and the dextran SPIO were brought to a final volume of 40 mL.
Surface Conjugation of Glycol Chitosan

High molecular weight glycol chitosan was degraded and preparegrdtimg to
dextran SPIO as follows: 10 g #600 kDa GC was dissolved in 200 mL 6M HCI and
heated to 80°C for 20 minutes. Following incubation, the material wasdcoo ice and

immediately neutralized with the addition of solid sodium carbonatgetminate
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degradation. Excess solid sodium carbonate was removed by cenwifugaid
diafiltration membranes were used to de-salt the material @edrdi any GC polymer

greater than 100 kDa or less than 3 kDa.

Native glycol chitosan (GC)-SPIO was then prepared as folld@snL of dextran
SPIO at an iron concentration of 10 mg/mL was combined with an eglushe of 10 M
NaOH and mixed for 10 minutes. 80 mL of epichlorohydrin was then addddhe
solution was vigorously stirred at room temperature overnight. Epathidrin
crosslinks dextran chains within a SPIO particle and chermiealiivates the dextran
surface for grafting of glycol chitosan. The solution was thenlpreitrifuged to allow
phase-separation into an aqueous black SPIO layer and a clearofayareacted
epichlorohydrin, which was removed. The SPIO layer was quickly pdnfia extraction
in isopropanol. Specifically, the SPIO material was combined witholbimes of
isopropanol and the mixture was vigorously shaken. Brief centrifugatidimeamixture
resulted in a layer of precipitated salt, a SPIO layer,aanidopropanol layer (containing
any remaining epichlorohydrin). The SPIO layer was then sblahd combined with an
equal volume of 150 mg/mL GC (3 — 100 kDa) in PBS, and gently sforet? hours at
room temperature. After the reaction, free GC was removed blrdteon across a 100
kDa membrane and the final native GC-SPIO was |[(h? filtered to remove any
oversized material. Finally, to ensure complete purificatiomefGC-SPIO from excess
GC and to enhance the material's magnetic properties, the nadeganvere
magnetically purified on MACS LS columns using the MidiMAC&gnet (Miltenyi

Biotec, Auburn, CA, USA).
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Generation of Control SPIO Nanoparticles

Glycidol GC-SPIO control nanoparticles were produced by dirdeémecal
modification of the native GC-SPIO nanoparticle surface. Briefative GC-SPIO at 5
mg Fe/mL in 10 mM pH 5.0 HEPES buffer was combined with an equal eolfm
glycidol and stirred at room temperature overnight. GC-SPIOtkers precipitated from
the solution by the addition of 4 volumes of isopropanol. Since the blockisg wa
incomplete after only one round of reaction with glycidol, the addato®.2 volumes of
7.5% sodium bicarbonate was sometimes required to neutralize remainingepdsitige
on the nanoparticle surface and induce precipitation. The solution waguged, the
supernatant discarded, and the GC-SPIO pellet was resuspendesbmvdétion in the
original volume of HEPES buffer. Reaction with glycidol was rege@s above 2 more
times to exhaustively block pH responsive amino groups (subsequenbmesadti not
require bicarbonate to induce precipitation in isopropanol). Finallyd simatched
dextran SPIO were used as a second pH-unresponsive control natepamnulation.
In order to best match the size of the dextran SPIO control nambgsmrnto the GC
grafted nanoparticles, the dextran SPIO nanoparticles usecbasral were not from the
same synthesis as the dextran SPIO upon which the GC grafteganizzies were
constructed. Specifically, the rate of MPH addition was increased in order to produce

somewhat larger size dextran SPIO.
Native GC-SPIO and Control Nanoparticle Physicochemical Characterization

Each nanoparticle formulation was diluted to a final concentratiohO6fug
Fe/mL in pH 7.4 phosphate buffered saline for determination of the hythodc

diameter by dynamic light scattering (DLS). Measurememése acquired with a
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Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UKigube non-invasive
back-scatter (NIBS) mode. Samples were further diluted terveand deposited on 200-
mesh carbon coated copper grids (Polysciences, Warrington, PA, DISPEN imaging
with a JEOL 1010 transmission electron microscope operating at 8ild&h iron core
size was determined by measuring 100 individual nanopatrticles. drtsvérse (R and
longitudinal (R) relaxivities of the nanoparticle formulations were calcul&gglotting
the reciprocal of the relaxation time (measured using a BroiggO tabletop MR
relaxometer operating at 1.41 T) versus the iron concentration.ldfoemal analysis,
nanoparticles were precipitated with isopropanol, dried under vacungrsudbomitted to
Intertek Analytical Laboratories (Whitehouse, NJ, USA). Singeal chitosan is the
only nitrogen containing component of the nanoparticles, the %N cfaimple can be
scaled to %GC, using the empirical formula of glycol chitosai];§OsN. Similarly,
since dextran is the only carbon containing component (after thercaontent of GC is
accounted for), the %dextran can be calculated using its enhfanicaula, GH100s. For
zeta potential pH titrations, 10 mM HEPES buffered water wgsapee with pH values
ranging from 5.90 to 7.65 in 0.25 unit increments. Each nanopatrticle formuei®on
diluted to a final concentration of 100y Fe/mL in the buffer at each pH and mean
nanoparticle zeta potential was measured using a ZetasizerZ$arétocks of native
GC-SPIO, glycidol GC-SPIO, and dextran SPIO were synthessmabral times
throughout the course of the study, each time yielding similarsipichemical

properties.
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Cell Culture
T6-17 murine fibroblasts were cultured and maintained in Dulbecco’sfisubdi
Eagle’s medium (DMEM), supplemented with 10% fetal bovine seruBS)F 1%

penicillin/streptomycin at 37°C and 5% €O

In Vitro Cellular Association Studies

For in vitro pH studies, cell culture medium was supplemented with 25 mM
HEPES buffer and prepared with pH values ranging from 5.90 to A.6b2b unit
increments. Each nanoparticle formulation was incubated in suspensioa a
concentration of 2xg Fe/mL with 4 x 18 of freshly trypsinized T6-17 cells for 1 hour at
37°C in a total volume of 0.5 mL buffered medium. Following incubation, unatedci
nanoparticles were removed by triplicate low-speed centrifegahes with nanoparticle
free medium of matching pH. The cell samples were then resugspen@e3 mL of PBS
at pH 7.4 and the slrelaxation time of the suspensions were measured on the tabletop

relaxometer.

Cell Pellet MR Imaging

Following relaxation measurements, the triplicate samplesaah @H were
combined to form a single cell pellet for each pH and nanopartctaeutation. The
samples were transferred to a 384-well plate and the cetks pelleted to the bottom of
each well with brief, low-speed centrifugation. The plate was theaged on ®.4-T
magnet interfaced to a Varian INOVA console using a 70 mm ohiaereter volume coil

for radiofrequency transmission and reception. T2*-weighted gradibnt(@EMS) MR
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images were collected using parameters as follows: r@petithe (TR) = 200 ms, echo
time (TE) = 5 ms, flip angle = 20slice thickness = 0.5 mm, field of view (FOV) = 4 cm

x 4 cm, number of acquisitions = 8, resolution = 256 x 256.

Contrast Enhanced In Vivo MR Imaging

Approximately 6-week old female nu/nu nude mice (Charles Riveoiadory,
Charles River, MS, USA) were maintained in accordance withngtéutional Animal
Care and Use Committee of the University of Pennsylvania. ére anesthetized via
isoflurane and T6-17 cells were injected subcutaneously into theigatkank (2 x 16
cells in 0.2 mL PBS). Tumors were grown until the diameter wasogjppately 8 mm
and pre-contrast tumor images were acquired usthg-& magnet interfaced to a Varian
INOVA console T,*-weighted GEMS images were collected using the same pagesnet
as for plate images, except slice thickness = 1 mm. Imnedgditollowing the pre-
contrast image acquisition, native GC-SPIO or control nanoparticdes administered
by retro-orbital injection (10 mg/kg Fe in 0.2 mL; Native GG&P=4, glycidol GC-
SPIO n=4, dextran SPIO n=3). Post-contrast images were edll&#t hours post-

injection under the same imaging parameters used for pre-contrast images.

MR Image Analysis

For each animal’s pre- and post-contrast image, three correspadahglices
were selected for analysis. To account for signal variationgeletimages due to mouse
or RF coil positioning, the relative signal intensity (RSIXteé tumor in each slice was
calculated by dividing the MR signal of the operator defined turagron of interest
(ROI) by that of the adjacent paraspinal muscle. Nanopantidieeed tumor contrast was

then determined as the RSI ratio for each animal, calculatéa agiotient of the post-
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contrast tumor RSI to the pre-contrast tumor RSI. Following staliy significant

ANOVA analysis for the three nanoparticles’ contrast, individual stestre performed.

Quantitation of Tumor Delivery and Blood Concentration by ICP-MS

Prior to nanoparticle injection, an aliquot of nanoparticles from eachpgof
mice was saved for inductively coupled plasma mass spectromBIR-MS)
determination of lanthanide concentration (Gd for native and glyci@e58I0 and Sm
for dextran SPIO). Following nanopatrticle injection,ll0Oblood samples were collected
from each animal, using the tail-nick method, at times of 1, 2, 4, 7, ahdWi4 post-
injection. Following post-contrast MR imaging, the animals wereifgsz and the
tumors, livers, and kidneys excised.

For ICP-MS analysis, analytical standards were purchagedSCP (Champlain,
NY, USA) and trace metal grade nitric acid was purchasenh fFisher Scientific
(Pittsburg, PA, USA). All dilutions were done using in-house deionizddrv&l8 MQ-
cm) obtained from a Millipore water purification system.

The pre-injection solutions, blood, and tumor samples were analyzédf@at
(gadolinium), or**’Sm (samarium) using an Elan 6100 ICP-MS (Perkin Elmer, Shelton,
CT, USA) at the New Bolton Center Toxicology Laboratory, Uniwersof
Pennsylvania, School of Veterinary Medicine, Kennett Square, PA, UBA samples
were weighed into Teflon PFA vials (Savillex, Minnetonka, MN, JS#hd digested
overnight with 70% nitric acid at Y@€. 0.1 mL of 2 ppn™° Tb (terbium) was addet
each of the digested samples and the mixtures were diluted vidthizéiel water to a
final volume of 10 mL. The lanthanide concentration of each samplen@asured using

a calibration curve of aqueous standards at 0.01, 0.1, 1.0, and 10 ppb for each lanthanide.
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The performance of the instrument and accuracy of the resuksmanitored by
analyzing a reagent blank and bovine serum control serum prior tosignalythe
samples. Also, standard reference material (Peach Leaves 154igabtam National
Institute of Standards and Technology (NIST, Gaithersburg, MD, US#) kmown
values of iron and rare earth elements was analyzed with each batch of samples.

The percent injected dose per gram of tissue, was calculat¢dnsmple /
([Ln]inj*Minj) where [Lnkampie is the lanthanide concentration in the sample (blood or
tumor tissue), [Lnj; is the lanthanide concentration in the injected nanoparticle solution,
and My is the mass of nanoparticle solution injected (0.2 grams). Farfkminey, and
liver accumulation, ANOVA analysis was performed for the thremoparticle
formulations. Where differences were detected (tumor and kidneyyjduodl t-tests

were performed.

5.4 Results and Discussion

Characterization of Native GC-SPIO and Control Nanoparticles

Since previous studies have identified that the blood circulationsfiifieand,
consequently, tumor delivery is highly dependent on the size of SPIGpaudicles, the
hydrodynamic diameter of the native GC-SPIO and control nanopartice. glycidol
GC-SPIO, and dextran SPI0O) was characterized by dynamicsligkiering (DLS). Also,
because of the need to distinguish pH-mediated delivery fromkgioand level of EPR
delivery, it was necessary to ensure that the native GC-Sil@antrol nanoparticles
had very similar size profiles. The peak sizes of the n&ReSPI10, glycidol GC-SPIO,
and dextran SPIO were found to be 33.6 nm, 36.1 nm, and 29.8 nm, respectively. Since
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the glycidol GC-SPIO particles were synthesized by dickeinical blockade of the pH
sensitive amino groups of the native GC-SPIO, the glycidol GO SfPé necessarily
slightly larger (2.5 nm). Although the size of dextran SPIO can byginaly tuned with

varied synthetic conditions, these particles are necessagihtlglsmaller (3.8 nm) than
the native GC-SPIO, owing to the latter’s additional GC coati@yen the close
agreement in peak sizes and DLS size distributions (Figureds.B8)e three nanoparticle
formulations, it is assumed that differences in tumor deliveny be attributed to
differences in the chemistry of their surface coat, as opptzséleir hydrodynamic

diameter.
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Figure 5.3 Dynamic light scattering profiles of native GC-SPIglycidol GC-SPIO, and dextran

SPIO nanopatrticles in phosphate buffered saline7 g
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In order to examine the morphology of the iron cores of the nandpartic
formulations, and ensure their similarity, transmission electranogyaphs (TEM) were
obtained (Figure 2B). The average core sizes of the GC-bd&€d &hd dextran SPIO
were found to be 19.8 £ 3.6 nm, and 19.4 £ 3.9 nm, respectively. Since onlyfdmes
coating was modified between the native GC-SPIO and glycidol BO;Shese two
formulations have matching core size characteristics. The morghabgon cores
appears similar for all three nanoparticle formulations andainalpreviously published

dextran SPIO imagés.
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Figure 5.4 Transmission electron microscopy (TEM) images of -&®O and dextran SPIO

demonstrating iron core size and morphology.

The metal and polymer composition of the native GC-SPIO nanopanes further
examined by elemental analysis. Dried nanoparticles were 37.0528106 N, 6.09%
Fe, and 0.17% Gd by weight. Since only GC contains nitrogen, thesandbthhe known
molecular structure of dextran and GC allow for calculation of remicfe composition.
The native GC-SPIO nanoparticles are, therefore, 6.09% iron, 0.17% gadolinium, 39.08%
dextran, and 42.02% glycol chitosan. The remainder of the nanopatrticles (12s6&%

combination of oxygen in the nanoparticle core and any electrofiiaicaociated salts.
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Although comparison of tumor delivery via ICP-MS measurements is not
influenced by the nanoparticles’ magnetic properties, the cosgpawfin vivo MR
tumor contrast certainly is. Therefore, it was important to enaslithiree nanoparticle
formulations had similar values for their relaxivities, especially theeRxivity, which is
responsible for contrast enhancement ghweighted MR images. Rvalues (pH 7.4,
PBS) for the native GC-SPIO, glycidol GC-SPIO and dextran Sia@ measured as
146.5, 152.3, and 150.4 Fe rit\?, respectively. The native GC-SPIO demonstrated
only a minor increase in R2 relaxivity 6%) as the pH decreased to 5.9, while the
glycidol GC and dextran SPIO had no pH dependence to their R2 vallllesugh
improved relaxivity for the native GC-SPIO at low pH values aathér improve pH
mediated contrast, this is not the primary mechanism by whichrasbris generated.
Rather, titration of the native GC-SPIO surface coat leadsdatey accumulation of
nanoparticles at the tumor. Given the R2 values for all three fation$ were very
similar at physiologic pH, it was concluded that there is norasnbias for the native
GC-SPIO.Finally, the surface charge (zeta potential), angphtsdependence, was
examined for each of the nanoparticle formulations (Figure 5.9.n#tive GC-SPIO
nanoparticle was found to have a near-neutral zeta potential (+0.atrp¥ysiologic pH
=7.4. It is important for tumor delivery that the native GC-SR#®e little or no positive
surface charge at normal blood pH, since cationic materialsaprdly cleared from
circulation, due to local electrostatic interactions, before ttmydcreach a tumdr.
Next, as the pH was lowered, the zeta potential continually sedeand reached a value
of +4.1 mV at pH = 6.65 and +8.2 mV at pH = 6.15. Therefore, it wasrowd that the

native GC-SPIO nanoparticles had a surface coat capable ofngfedigi sensing a pH
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drop of 1.0 unit or less. Since a wide variety of cationic madsehave been found to
electrostatically associate with céfié® it was expected that the surface properties of the
native GC-SPIO nanoparticles would allow them to adhere toaretiegatively charged
cellular matrix components in a pH-dependent manner that is favdoaldetection of

acidic environments.

10 * « @+ Native GC-SPIO
g 5 — - Glycidol GC-SPIO
% —a— Dextran SPIO (-20 mV)
5 t.. "
ST |
0 = —— * *

Zeta Potential (mV)

|

55 6.0 6.5 7.0 7.5 8.0
pH

Figure 5.5. Zeta potential (surface charge) titration of nat&€-SPI0, glycidol GC-SPIO and dextran

SPIO nanopatrticles at 1Q@/mL nanoparticle concentration in 10 mM HEPES &uét various pH.

The pH-dependence of the surface charge was similarly ingestigor the
glycidol GC-SPIO and dextran SPIO nanoparticles (Figure 5t5)hgsiologic pH = 7.4,
the zeta potentials were -2.9 mV and -20.4 mV for the glycidolSBG and dextran
SPIO, respectively. Upon lowering of the pH to 6.15, the zeta patechanged to -1.0
mV and -20.7 mV. These results indicate that the surface chargbeotantrol
nanoparticles does not have significant pH dependence; under conditioresathed bn
increase in the zeta potential of the native GC-SPIO by 7.9 h@vgliycidol GC-SPIO
increased only 1.9 mV, and the dextran SPIO zeta potential dropp@BlynV (a

difference within the standard deviation of a given measuremestjoltid be noted that
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the zeta potential of both control nanoparticles remains below 0 mV ewvdey pH
condition, such that not even an extremely acidic tumor environment woldtI®edo
induce electrostatic adherence of these nanoparticles.

It should be noted that the two GC-based nanoparticle formulations inailag s
(close to neutral) surface charge at physiologic pH = 7.4. In taeir surface charges
proved similar enough to give them overlapping blood circulation profies below).
The glycidol GC-SPIO control formulation, therefore, specificaliglates the EPR
component of tumor delivery from the native GC-SPIO formulation, spthahediated
improvement can be assessed. The -20 mV dextran nanoparticles, aloradextran
formulations investigated at other chargedjave zeta potentials encompassing the
charge of native GC-SPIO at physiologic pH. Variations iriaser charge can lead to
differences in blood circulation times, and therefore, tumor delibgriZPR. Therefore,
the dextran formulations make it possible to see if the delivergative GC-SPIO

compares favorably to the delivery obtainable by EPR alone, at any surfage. char

Table 5.1Summary of the physicochemical properties of na®@ SP10, glycidol GC-SPIO, and
dextran SPIO nanoparticles.

Particle Tracer Mean Mean Zeta (mV) | Zeta (mV) R, R:
Surface | Lanthanide| Hydrodynamic| Core Size| atpH = atpH= | (mM'sh | (mM7s?
Diameter (nm)| (nm)* 7.4 6.15

Native Gd 33.6 19.8+ 3.6 +0.3 +8.2 146.5 7.5
GC

Glycidol Gd 36.1 19.8+ 3.6 -2.9 -1.0 152.3 7.9
GC

Dextran Sm 29.8 19.4+3.9 -20.4 -20.7 150.4 10.0

*Since the glycidol GC-SPIO was generated by diseecface modification of native GC-SPIO, core sizes

for these formulations are identical.
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In Vitro pH Dependent Association of Native GC-SPIO

Following the successful synthesis of the native GC-SPIO, ®isges favorably
pH-dependent surface charge, as well as size and relaxivigsh@dapH-independent
control nanoparticles, the ability of each formulation to label tuosdis in vitro and
generaten vitro MR contrast was investigated under various pH conditions. Spdgifica
each nanoparticle formulation was incubated in triplicate wiBRlT tumor cells in
culture medium at a concentration of 2p Fe/mL at pH values ranging from 5.9 to 7.65,
in 0.25 wunit increments. Following triplicate washing to remove un&dsdc
nanoparticles, the;Irelaxation times of the cell suspensions were measureddssaite

extent of cell association (Figure 5.6).
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Figure 5.6 In-vitro association of native GC-SPIO, glycidol GC-SPI@q @extran SPIO nanoparticles

with T6-17 cells. Nanoparticles were incubatedriplicate at 25ug Fe/mL with 4 x 106 T6-17 cells in
culture medium buffered by 25 mM HEPES. After realosf unassociated nanoparticles, T2 relaxation

times were collected for each cellular suspension.
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Interestingly, it was found that cells incubated with native &0O© nanoparticles
exhibited a pronounced pH-dependence to thgnelaxation times. At physiologic pH =
7.4, the native GC-SPIO cells had an averageelbxation time of 917 ms that was not
statistically different from the JIrelaxation times of cells incubated with either control
nanoparticle or blank cells incubated without nanoparticles. Howeven tite pH was
dropped only one quarter of a pH unit to 7.15, the averageldxation time of native
GC-SPIO incubated cells dropped to 728 ms. Although not a particuséigtr §, value,
728 ms was statistically different from the values of 950 ms andr@2dbserved for
cells incubated without nanoparticles or glycidol GC-SPIO control naticpa,
respectively. These results suggest that, under ideal conditions, {tieeapddble native
GC-SPIO nanopatrticles can differentially label cells inroeavironments only 0.25 pH
units below physiologic value. After another 0.25 unit drop in pH to 6.9(atnee GC-
SPIO nanoparticle incubated cells obtained an averagallie of 553 ms, which was
statistically different from blank cells and cells incubatethwoth control nanopatrticle
formulations. With further reductions in the incubation pH, the averagallie for cells
incubated with native GC-SPIO continued to decrease, ultimaabhing values of 147
ms at pH 6.15 and 96 ms at pH 5.90.

Appropriately, neither the glycidol GC nor dextran SPIO control pariles
exhibited any meaningful pH-dependence in their cellular assmtiafilthough the
glycidol GC-SPIO cells incubated at very low pH values (5.90 and §igtjed T,
relaxation times that were statistically different frdme vvalue at physiologic pH = 7.4,
the T, values at low pH were still greater than 700 ms, indicatingak signal. Recall

that native GC-SPIO incubated cells had already reachecethiation level at pH 7.15.
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The statistically detectable difference in relaxationtf@ glycidol GC-SPIO incubated
cells at the two extremes of pH is likely due to a srpafpulation of titratable amino
groups remaining despite chemical blockade. For the dextran SPIf@, was no
statistically detectable difference in cell associati@tween the two ends of the pH
spectrum.

It is also noteworthy that native GC-SPIO nanoparticlesaate to produce ;I
relaxation times under 200 ms in these cell pellet studiesnaentrations of only 2pg
Fe/mL. For comparison, actively targeted SPIO nanoparticles redyimgceptor — ligand
interactions have been tested under similar conditions and yidldédrsT, relaxation
times when incubated at concentrations of f§@e/mL3? Although such a comparison
iIs not exact, these results indicate native GC-SPIO nanopsauticlg be able to generate
contrast of a magnitude similar to receptor targeted SPIO nanopatrticles.

Following measurement of their, Trelaxation times, the cell pellets were
transferred to a well plate and a Teighted MR image was acquired (Figure 4B). For
the cells incubated with native GC-SPIO, signal loss can glieadliscerned at a pH of
7.15, only 0.25 units below physiologic pH. The signal loss becomes more pronasnced
the incubation pH drops to 6.65 and at pH 6.15 and below the signal is Iodyyemtder
these imaging parameters. Importantly, the cells incubatédglyicidol GC and dextran
SPIO control nanoparticles do not exhibit any marked pH-dependetitariMR signal

intensity.
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Figure 5.7 Triplicate samples at each pH were combined irgmgle well of a 384-well plate and a T2*

weighted MR image was obtained. Pellets with lowréxation times, resulting from the presence of

nanoparticles, appear with reduced signal intensitiie image.

In Vivo MR Contrast Enhancement of Native GC-SPIO

The ability of native GC-SPIO to generate MR contrast Sagmitly greater than
the background EPR effect was confirmed with ianvivo murine tumor model.
Specifically, T6-17 flank tumors were grown in nude mice to a diemef
approximately 8 mm and then either native GC-SPIO or control nanopasicedose of
10 mg Fe/kg body weight (approximately 0.2 mg of iron per animal administered
intravenously. 7* weighted MR images were acquired immediately prior tocimge of
nanoparticles and 24 hours after injection (Figure 5.8). The post canteagts of the
native GC-SPIO nanoparticle demonstrated striking relative Isiges in the tumor. In
the pre-contrast image shown, the tumor is located between isceirgaraspinal and
thigh muscles and is not clearly delineated. In the post-coninagte, however, the
tumor is revealed as a hypo-intense heterogeneous region, wWittefieed margins,

exerting a mass effect against the adjacent paraspinal mi$weheterogeneity of
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intensity in the tumor is likely caused by impaired SPIO diffiuisand penetration once
they encounter a micro-region of sufficient acidity, eitherthet negatively charged
vascular endothelium or within the tumor interstitium. Alternativéig heterogeneity
may reflect variations in extracellular pH within the tunfoeither the glycidol GC nor
dextran SPIO control nanoparticles yielded significantly visildetrast enhancement

between pre- and post-contrast images.

Dextran SPIO
(-20 mV)

Glycidol GC-SPIO Native GC-SPIO

Pre-contrast

Post-contrast

Figure 5.8 In vivo pre- and post-contrast MR images of nu/nu nudesmiith T6-17 flank tumors.

Representative T2* weighted MR images in the aglahe prior to injection (pre-contrast) and 24 lsour
after injection (post-contrast) of native GC-SPI4), glycidol GC-SPIO (n=4) and dextran SPIO (n=3)

nanoparticles. Tumor location is indicated by whiteows.

The MR signal in the tumor regions of interest (ROIs) wds® analyzed
guantitatively (Figure 5B). For each animal, three matching akies were examined
pre- and post-contrast. Variations in absolute signal from sliséce, due to mouse or
RF coil positioning, were accounted for by normalizing the tumgmas to that of
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adjacent paraspinal muscle on a slice by slice basis. The ra€-SPIO nanoparticles
yielded a contrast enhancement (relative signal intensity rati®).50. In this scale,
lower values indicate greater contrast, with 1.0 corresponding toontrast and 0
indicating perfect contrast. Importantly, the contrast enhanceotes#rved for native
GC-SPIO nanoparticles was statistically different frdvat tof glycidol GC and dextran

SPIO, which had RSI ratios of 0.86 and 0.84, respectively.
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Figure 5.9 Quantitative analysis of MR images of native GCRh=4), glycidol GC-SPIO (n=4) and

dextran SPIO (n=3). Signal intensity of each tum@s normalized to adjacent paraspinal muscle. For
contrast measurement, the relative signal intenB81, was calculated as the quotient of the postrast
to pre-contrast normalized tumor intensity. Foredtt statistical analysis of the groups, statidgical

significant values of p<0.05 are indicated withghinasterisk and p<0.005 with double asterisk.

Interestingly, the RSI ratio obtained for these native GESknoparticles was
comparable to that obtained in a study of actively targeted SRI@padicles injected at
the same concentration and directed against the same tumomeéfl While many
variables influence the contrast enhancement obsenveno, it is encouraging to see
that the pH-titratable native GC-SPIO nanopatrticles canatetiontrast enhancement on

the same order as actively targeted agents.
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Tumor Delivery and Blood Circulation
To specifically examine the amount of nanoparticle delivery tduimer, as well

as investigate blood circulation profiles, the nanoparticle formulatregre designed
with unigue lanthanide metal tracers that can be detected bM&Pmmediately after
the post-contrast images were acquired, each animal wasceacahd the flank tumors
removed. By comparing the amount of lanthanide tracer present irdisectumors to
the amount of lanthanide present in the original intravenous injechenarhount of
nanoparticle delivery can be quantified as a percent of injeldse per gram of tumor
tissue (Figure 5.10). Also, these data can be converted into absolumncentrations
since the amount of injected material is known. The nanoparticle mocentrations in
the tumor were thus calculated as 2.5, 4.2, andu/iL for dextran, glycidol, and

native GC-SPIO, respectively.
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Figure 5.10 Quantitative tumor delivery of native GC-SPIO, gti@d GC-SPIO, and dextran SPIO.
Percent injected dose per gram of tumor tissuecatrsilated by measuring the concentration of lanittea
tracer in excised tumors using ICP-MS. For thevea@®C-SPIO, this converts to approximately ggrFe /
mL. For t-test statistical analysis of the grougtatistically significant values of p<0.05 are watied with

single asterisk and p<0.005 with double asterisk.
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Interestingly, even though MR imaging yielded similar contrabacement for
the glycidol GC-SPIO and dextran SPIO, there was significamibye nanoparticle
delivery for the glycidol GC-SPIO. The contrast enhancement observigdR images
reflects the combination of many variables, including, but notduainio: concentration of
agent in the tumor, MR pulse sequence parameters (e.g. TE), an@ntiatepelaxation
characteristics (e.g. R2). Specifically, the nanoparticle® s dynamic concentration
range in which they linearly decrease the tissue’s retaxaime. For the SPIO used in
this study the dynamic range, determined dunmgitro relaxation measurements, was 1
— 50 pg/mL (Figure 5.11). Little contrast may be observed with nanaparti
concentrations at the low end of this range, significant improvenrermisntrast occur
near the middle of the range, and saturation occurs at the tap.likely that the
nanoparticle concentrations achieved by dextran and glycidol GO-&flvery near the
bottom of the dynamic range, still not high enough to generate smmifcontrast with

the pulse sequence parameters used.
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Figure 5.11 MR signal response profile for native GC-SPIO. & Walues lower than 5 ms, the signal

becomes saturated and a T2 values greater tham80e signal is not discernibly different fronmrsbbine
medium A). The linear dynamic range of the native GC-SRHh@refore, falls roughly between 1 — p@

Fe / mL B).
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The animals injected with native GC-SPIO nanoparticles showddrther
significant increase in tumor delivery from the glycidol GC&PImportantly, this pH-
mediated increase in nanoparticle delivery was sufficientetchr a concentration
providing much more MR contrast. This demonstrates the importanceiwizpg and
maximizing nanoparticle delivery, since the incremental impr@renn delivery (i.e.
from glycidol GC-SPIO to native GC-SPIO) has the possibiittyyield significant
contrast improvement. It is envisioned that while a completelyiygaagent might not
reach a concentration detectable on an MR image, the additional imyaotvien delivery
obtained by a pH-sensitive agent could result in detectable MR contrast.

It has been well established that entirely passive tumor dglofenanoparticles
via EPR is a function of the pharmacodynamics of their blood atiouf’?’. The two
GC based formulations are of similar size, have a similtrofayh not exactly identical)
zeta potential at the physiologic pH = 7.4, and have a surfaceausttucted from the
same polymer. These two formulations, therefore, were expecteadveo very similar
blood circulation profiles. This important hypothesis was validatedding ICP-MS to
measure the blood concentration for each nanoparticle as a function of e (5:12).
As anticipated, the native GC-SPIO and glycidol GC-SPIO veened to have very well
overlapped blood circulation profiles. Importantly, the small diffeeebetween the
native GC-SPIO and glycidol GC-SPIO surface charge at plogsopH did not alter
their blood clearance. Therefore, it can be concluded that tremeatal improvement in
delivery that native GC-SPIO exhibits over glycidol GC-SPIpresents pH-mediated

delivery, not attributable to EPR.
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Figure 5.12Blood clearance of native GC-SPIO, glycidol GC-SP#Rd dextran SPIO (-20 mV) as

measured by concentration of lanthanide tracdnerbiood.

In order to see how the pH-enhanced tumor delivery of native GO-&hpares
to the EPR that could be obtained with surface charges (other than neutrai)pfus to
examine the tumor delivery of the dextran SPIO nanoparticl€0anV and other zeta
potentials. This can also rule out the possibility native GC-S&®#0nply adopting some
positive charge, within its titration range, that would have producdddetivery even if
the nanoparticle were fixed at that particular charge. De8RI® with pH-independent
zeta potentials of approximately -12 mV, -5 mV, +4 mV, +10 m4d at4 mV were
intravenously administered to animals bearing T6-17 flank tumors @héftLike the -
20 mV dextran SPIO nanopatrticles in this study, none of the piHsgitse dextran SPIO
nanoparticles accumulated as well as native-GC SPIO (i.ististdly significant inferior
delivery for every dextran SPIO nanoparticle, Figure 5.13). The |delerery observed
for the -20 mV and other charge dextran formulations correlatedtiwgthshorter blood
residence times (Figure 5.12), characteristic of delivery®R.Hmportantly, the dextran
SPIO with strongly positive surface charge accumulated edlyepporly at the tumor

site. It is, therefore, important for the mechanism of native B®SXJelivery that the
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nanoparticles not constitutively display a large positive suidaeege — rather only after

entering the tumor microenvironment.
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Figure 5.13 Tumor delivery of native GC-SPIO compared to glptilocked GC-SPIO and dextran

SPIO formulations with a wide range of pH-insensitzeta potentials.

Finally, in addition to the pathological environment of a tumor, other groups
investigating pH-responsive agents have demonstrated that tleenehgsiologically
normal sites of pH < 7.4, such as the renal tubular sy&t&hTherefore, the delivery of
native GC and control SPIO nanoparticles to the kidneys wasime@mAt 24 hours
post-injection, the average renal concentrations, expressed astpErmnjected dose per
gram of kidney tissue, were found to be 4.49, 2.40, and 1.02 for nativeP@&L-S
glycidol GC-SPIO and dextran SPIO (-20 mV), respectively Uifeigs.14). Given the
longer blood residence times for the two GC based formulationsndtisurprising to
observe a greater renal concentration at 24 hours for those foomslabmpared to the

dextran SPIO. Interestingly, though, the renal concentration of theeraG-SPIO was a
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statistically significant 87% higher than that of the gigti GC-SPIO, despite very
similar blood circulation profiles and identical blood concentratiortkea®4 hour time
point. Furthermore, the native GC-SPIO nanoparticles are not simply teposited to a
higher extent in all organs, since the concentrations of all ttaeeparticles in the liver
at 24 hours were not statistically distinct from one another. Reptlack of statistical
significance, the native-GC SPIO nanoparticles had a trendds¥essaccumulation in
the liver (33.3 versus 44.9 and 37.9 for the glycidol GC and dextran, &¥gectively,

Figure 5.14).
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Figure 5.14Kidney and liver concentrations of native GC-SPgcidol GC-SPIO, and dextran SPIO

(-20 mV), 24 hours post-injection. Asterisk indieststatistical significance (p<0.05) between na@@&-

SPIO kidney uptake and either control nanopatrticle.
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5.5 Conclusion
The biocompatible and biodegradable polymer glycol chitosan can beouiseplairt pH-

responsiveness to superparamagnetic iron oxide nanoparticles. Titehngesaterial
demonstrates a pH-dependent surface charge, allowing it achievblémugcirculation

at physiologic pH = 7.4 and then transition to a cationic and adhesimeupon entering

an acidic microenvironment pH < 7.0. These native GC-SPIO nandpsiréghibited
significantly improved accumulation in a murine tumor model, compared to nanogarticle
with similar physical properties, but lacking pH-responsivenessheflitevels of SPIO
accumulation in the tumor also resulted in a clear and quantifiaipeovement in
magnetic resonance contrast, as shown #we€ighted images. Generally, it is believed
glycol chitosan could be used to exploit the metabolic profile ofide wange of
malignancies and improve the tumor delivery of imaging or tleertapagents, provided

that synthesis of such agents preserves the pH-responsive amino group.
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Chapter 6: Summary Discussion, Future Directions ad

Concluding Remarks

6.1 Summary Discussion

6.1.1 ICP-MS Multiplexing Analysis Appliedin vivo

Since it was first used to analyze amino acids in 1958ss spectrometry (MS)
has become an extremely powerful tool in the investigation of be@bgamples. For
example, mass spectrometry, combined with powerful computational methags a
critical role in the field of proteomics and metabolonficMS can facilitate the
identification of protein bands on gels using peptide mass fingenuirthd can be used
for de novo peptide sequencihyvhen MS is coupled to a very high temperature plasma
source (ICP-MS) elemental analysis of complex biologicalpdesnbecomes possible.
Recently, it was recognized that unique elemental isotopesofdanthanides) could be
used to “tag” biomolecules for identification and quantitation by-M%$° Given the
very large window of atomic masses not normally observed in biologgraples, very
high order multiplex analysis becomes possible. This remarkaplbility was very
recently (May 2011) combined with flow cytometry to yield ahteque dubbed “mass

cytometry”®

Specifically, conjugated metal isotopes were used to sinadtssly
measure the binding of 31 antibodies to single cells. This detaletidf analysis (3 — 4
times more powerful than state of the art multi-color flowonyetry) revealed previously
unappreciated cell signaling and phosphorylation responses in human hentiatopoie

cells. The objective of this thesis was to demonstrate the dpipticeof ICP-MS

multiplex analysis to supra-molecular assemblies (i.e. nanopaiticland more
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importantly, pave the way for high-order multiplexing of vivo data such as
pharmacokinetics and biodistribution.

Firstly, lanthanide metals were used to tag superparamagrmetioxide (SPIO),
a promising and widely-researched T2-weighted magnetic resorcamtrast agent. A
synthetic protocol to stably incorporate the lanthanide metalsti@ocore of SPIO
nanoparticles, without abolishing their magnetic properties, was dedelopee
lanthanide dopant can be used as a unique tracer atom, allowingntigveeand
guantitative detection of the entire nanoparticle by ICP-MS, bothtro andin vivo,
without interference from endogenous signals. When distinct lad@hamietals are
incorporated into nanoparticles with distinct physicochemical priegetCP-MS allows
for the concentration of each nanoparticle formulation to be mehswtependently of
other formulations that may be present in the solution or tissirtepést. As a proof of
principle, this ICP-MS multiplex approach was used to evaluateftbet of nanoparticle
size and surface charge on tumor delivery, biodistribution, and bloocrbesm vivo.
The results obtained were consistent with the general literatmsensus about these
properties and only required a small number of experimental anidugdp the inherent
and robust statistical power of a multiplex (ratiometric) apgro&urthermore, it is
envisioned that the ICP-MS multiplex analysis could prove to be anhawfuture
research tool in the investigation of other less well-chaiaetérphysicochemical
properties.

Secondly, more generalizable methods of lanthanide incorporation westged.
It was found that in addition to precipitating lanthanide metals titocore of SPIO

nanoparticles, it is also possible to incorporate lanthanides into ofrpess
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polymersomes, and dendrimeric formulations using either encapsutatichelation.
Therefore, it is envisioned that any nanoparticle formulation abphena labeling with a
metal radionuclide would also be suitable for labeling with an ICPAwSal tracer.
Some other types of nanoparticlesg( gold and silver nanoparticles) inherently contain
an ICP-MS metal tracer, without any further need for labelm@ddition to providing a
guantitative method of detection with high sensitivity, ICP-MS ersicprovide two
potential benefits over conventional radiolabeling. Namely, theg tiee ability to easily
multiplex a large number of signals in a single fluid or tissample while avoiding the
hazards of handling radioactivity. Consequently, ICP-MS based mulaplgysis can be
applied to a very wide variety of nanoparticle and macropharmeakfdrmulations and
allows for “higher throughput” evaluation of the pharmacokinetics and iidaison of
such agents in animals models.

Since active targeting of pathologiesvivo at the molecular level is an extremely
promising and actively pursued strategy in nanotechnology, we sougleitonstrate
how ICP-MS multiplexing could be exploited to streamline the eamln of actively
targeted nanopatrticles in vivo. Specifically, SPIO nanopartickre wynthesized with a
variety of lanthanide tracer metals and all had overlappingdsagbutions, so that they
exhibit equal levels of passive tumor accumulation. These Ln-S#ti@ufations were
then be subsequently functionalized with active targeting ligands, Isaichach targeting
ligand is associated with a specific lanthanide tracer. Tindirg of these nanoparticles
to two tumor cell lines, with varying expression levels of thspecific receptors, was
examinedin vitro with conventional methods such as flow cytometry. Then ICP-MS

analysis was used to independently quantify the cell labelingaoh @anoparticle,
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compared to a non-targeted formulation, in a single sample. There¢fsheuld become
feasible in a single study to investigatevivo many nanoparticle active targeting and
negative control formulations, collecting data such as nanopartamel lbesidence time,
tumor delivery, and biodistribution. This represents a powerful tooh&oiotechnology
investigators to more thoroughly evaluate a greater number of néolgpormulations

in vivo, while reducing experiment time, cost, and number of animals.

6.1.2 Development of pH-Responsive SPIO

Another major avenue of investigation in this thesis was therdesig novel
pH-sensitive SPIO nanoparticle for relative pH imaging of acidicnor
microenvironments. Such an approach provides a complimentary approach to
absolute pH imaging by MRS (where the pH is determined bylbkeical shift of
the probe) or CEST (where changes in pH influence the chieexichange kinetics).
With a relative pH probe, the goal is to detect regions lafively abnormal pH by
designing agents that preferentially accumulate in thesensegrhat is, the identity
of the signal is not influenced by pH, but the biodistribution of thetagenfluenced
by pH. In this respect, such an agent has much in common withassiccl
receptor/ligand actively targeted molecule; the agent washbeghe tumor through
the enhanced permeability of the tumor vasculature and theefesgntially retained
at the tumor site through pH mediated alterations in the nanoparticl

physicochemical properties.

It was found that the biocompatible and biodegradable polymer glycaoisahit

can be used to impart pH-responsiveness to superparamagneticidemamnroparticles.
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The resulting material demonstrates a pH-dependent surface ,chbogeng it achieve
long blood circulation at physiologic pH = 7.4 and then transition tat@srsc and
adhesive form upon entering an acidic microenvironment pH < 7.0. These G-
SPIO nanoparticles exhibited significantly improved accumulation muane tumor
model, compared to nanoparticles with similar physical propetes,lacking pH-
responsiveness. Higher levels of SPIO accumulation in the tunworesislted in a clear
and quantifiable improvement in magnetic resonance contrast, as shdwnweighted
images. Generally, it is believed glycol chitosan could be useapiit the metabolic
profile of a wide range of malignancies and improve the tumavetgl of imaging or
therapeutic agents, provided that synthesis of such agents pre$eryad-tesponsive

amino group.

6.2 Future Directions

6.2.1 Completion of Active Targeting Comparisonn vivo

In chapter 4, we used ICP-MS multiplex analysis to evaluelielabeling of
multiple actively targeted SPIO nanoparticles, compared to d@amgeted formulation,
all in a singlein vitro measurement. The final logical experiment, clearly, isotopiete
thein vivo characterization of these nanoparticles. Specifically, BRZHSPIO, RGD-
SPIO, LDS-SPIO, and Blank-SPIO will be pooled into a single sauapdl administered
intravenously to tumor bearing mice. Optimally, the animal stdbjedl bear both the
“receptor-high” T6-17 tumors and “receptor low” HelLa tumors on oppdkinks. This
will allow blood clearance of the four Ln-SPIO formulationsywadl as tumor delivery to

both cell lines, to be evaluated in a single animal.
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6.2.2 Future Applications of in vivo ICP-MS Multiplex Analysis

This thesis only begins to explore the possibilities of what mmédion can be
obtained fromn vivo use of ICP-MS multiplex analysis. For example, the effeGRIO
nanoparticle size and charge on passive tumor delivery and biodistribugtierassessed,
so that the results obtained could be compared to the generaliteezansensus of these
effects’*° However, there are many other physicochemical propeetigsshape, surface
chemistry, elasticity, and other mechanical properties)ddnataffect nanoparticle tumor
delivery and biodistribution, all of which are less fully understood anddcbel
investigated using this method.

Additionally, the ICP-MS multiplex method could aid in the evaluatiomofe
nuanced questions in the field of nanoparticle active targeting.fieptgj the ICP-MS
multiplex approach could be used to compare variations of a giverelgctargeted
nanoparticle. For example, different ligand types, such as an antisodye chain
antibody fragment (scFv), or small affinity peptide could be gtaively compared. Or,
within a given class of ligand, different specific sequences couldobgpared (i.e.
several affinity peptide sequences obtained from phage display)eFuadre, it is being
appreciated that optimal cell binding and in vivo delivery is not nadgsschieved by
coating a nanoparticle with the maximum possible ligand density., TIGR-MS
multiplex analysis presents a powerful tool to evaluate theteffdigand density. Also,
active targeting of nanoparticles displaying ligands for twomore targets could be
compared against more conventional single ligand formulations.

The ICP-MS multiplex approach could also be adapted to more spetialize
research questions. For example, nanoparticle trafficking and mstabobuld be

probed by labeling different components of the nanoparticle with eiffdanthanides
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(e.g. encapsulating one metal within a liposome core and cliekatisther metal to the
lipid membrane component). Or chelation stability could be evalustedvo by
constructing a given nanoparticle formulation but using differenttbral to incorporate
the metal. In general, it is envisioned the ICP-MS multiplex metboattl be exploited to
answer any research question involvingitheivo comparison of two or more agents that
are amenable to lanthanide labeling.

Furthermore, it is envisioned that the spatial distribution of eactoparticle
within an organ or other tissue sample could also be obtained hatluge of laser
ablation ICP-MS* With LA-ICP-MS, the tissue sample is directly vaporizegetaby-
layer, with a pulsed laser and transported into the mass anHy&eother potential
advantage of LA-ICPS-MS is the ability to process microgsamples sizes, which
could be required for the analysis of smaller organs or spedatigzsue (e.g. lymph

nodes, adrenal glands).

6.2.3 Use of ICP-MS Multiplex Analysis to Generatetandardized

Data
Another promising application of this multiplex ICP-MS method ispbtential

to generate standardized data that can be compared between sindlidgetween
laboratories. With so many research groups engaged in the develagmanbparticles,
a myriad of different formulations have been synthesized for botlgimgaand
therapeutic application’s. Even when nanoparticle (payload) delivery is quantitatively
reported, it is difficult for one group to ascertain whether thmimtilation resulted in
better delivery than another’s, given the numerous variables, known and umknow
involved in anin vivo study. This is a particularly significant problem in the nanagart
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field, and one that hinders the progress of nanoparticles into cliicdbation*

However, if a rigorously standardized and highly reproducible lardbadoped
nanoparticle (such as a G5 dendrimer with tightly chelated laclamere available,
each group could co-inject the standardized nanoparticle along withn¥estigational
one. The delivery of the investigational agent could, therefore, dmteel not only in
absolute terms, but also as a ratio to the standardized paBietdr a ratiometric

approach could facilitate accurate comparisons between various invesaijagents.

6.2.4 Future Applications of pH-Responsive Glycol kitosan and
SPIO

Chapter four of this thesis demonstrated the success of usinga ghjtosan
(GC) coating to increase the tumor delivery of SPIO nanopestibbsed on tumor
acidity. There are a number of possible ways to improve and adampitvieach for
future investigational agents. For example, glycol chitosan is onlyobmenumber of
pH-responsive polymers or peptides that could be used to sense reltainges in pH.
Future work could focus on using GC or another polymer to optimize the nacdefart
titration curve, with respect to starting zeta potential gsthogic pH, the pH at which
charge transition begins to occur, and the steepness of the chétce Such studies
could lead to an agent capable of sensing smaller deviationswhibifurther reducing
background accumulation at physiologic pH values.

Secondly, GC itself could be investigated as a pH sensor faginmaand
therapeutic platforms in addition to SPIO. For example, a T1-weighted MR stoagent
could be developed by decorating a fraction of GC’s functional agrmaps with small
generation dendrimers, each carrying many gadolinium chelate$ar§, incorporation
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of ®Cu chelates could produce a novel pH-sensitive PET probe. Beyorgingma
applications, GC could be incorporated into the design of drug-carnangparticle
formulations (e.g. polymeric micelles or nanovesicles) in order facilitate
chemotherapeutic delivery to tumors.

Finally, it may be possible to use the pH-dependent titration oft@GG@ake
measurements of absolute pH using chemical exchange saturatidert(@&sST). That
is, the amine protons of the glycol chitosan should exhibit varidi#genical exchange
kinetics depending on the pH of their local environment. If a lowelecalar weight
form of GC were administered with large enough concentratioatuaasion pulse could
be applied on its N-H resonance, and the rate of saturation trem$i@k water could be

used as a pH metar vivo.

6.3 Concluding Remarks

Over the last two decades, the development of quantitative higigtipot
analytical methods has revolutionized the process of moleculaovely and
characterizationin vitro. ICP-MS is increasing being used in these kinds of parallel
processing of biological sampl@s vitro, as evidenced by the recent development of
mass cytometry. In the future, we envision that “higher-throughputtiatran of agents
at thein vivo level using ICP-MS multiplex analysis may constitute a pawedol to
accelerate their pre-clinical evaluation in animal models. Furimprovements to
modularity and automation of lanthanide labeling (i.e. massivelylplacainjugation of
preformed metal-chelate complexes to macropharmaceuticatsbatically controlled

reactions) would facilitate the useinfvivo ICP-MS multiplex analysis on a wider scale.
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