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Abstract
ABSTRACT

POLYMERSOMES: MULTI-FUNCTIONAL TOOLS FOR IN VIVO CANCER THERANOSTIC
APPLICATIONS

Dalia Hope Levine
Dr. Daniel A. Hammer

Nanoparticles are currently being developed as delivery vehicles for therapeutic and contrast imaging agents.
Polymersomes (mesoscopic polymer vesicles) possess a number of attractive biomaterial properties, including
greater biocompatibility, prolonged circulation times, and increased mechanical stability, that make them ideal
for these applications. The polymersome architecture, with its large hydrophilic reservoir and thick
hydrophobic lamellar membrane, provides significant storage capacity for water soluble and insoluble
substances.

The primary thesis aims are to develop multi-functional polymersomes for combination therapeutic
applications, as well as simultaneous therapeutic and diagnostic applications. These multi-functional vesicles
are capable of simultaneously loading both therapeutic agents, such as doxorubicin and combretastatin, and
optical imaging agents, such as porphyrin-based near infrared (NIR) fluorophores, into their hydrophobic and
hydrophilic regions.

Doxorubicin, an anti-neoplastic agent, was encapsulated into PEO-b-PCL polymersomes and its release was
characterized in situ. In vitro and in vivo studies confirmed the therapeutic potential of doxorubicin loaded
polymersomes. Furthermore, the in vitro therapeutic efficacy of polymersomes loaded with combretastatin,
an anti-vascular agent, was established with and without co-doxorubicin loading. The co-encapsulation of
DOX and combretastatin into polymeric vesicles, generates a multi-functional drug loaded polymersome with
the potential to eliminate tumorigenic cells an endothelial cells, respectively.

The use of near infrared (NIR) emissive porphyrin polymersomes, loaded with porphyrin, for biodistribution
studies, to non-invasively track the location of the polymersomes in tumor bearing mice was demonstrated
using a noninvasive small animal optical imaging instrument which detects NIR fluorescence signal. Passive
accumulation of drugloaded NIR-emissive polymersomes in tumor tissues of mice, as well as other organs,
was observed. The study findings suggest the potential utility of NIR-emissive porphyrin polymersome in
clinical diagnostic applications. Furthermore, preliminary results utilizing drug loaded porphyrin
polymersomes to retard tumor growth and monitor vesicle location suggest these vesicles may have great
future clinical utility.

The ability to load components into the polymersome membrane and core shows enormous promise for
future dual modality polymersomes with potential to be nanostructured biomaterials for future theranostic
applications which provide both therapy and diagnosis.
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ABSTRACT

POLYMERSOMES: MULTI-FUNCTIONAL TOOLS FORN VIVO CANCER

THERANOSTIC APPLICATIONS

Dalia Hope Levine

Dr. Daniel A. Hammer

Nanoparticles are currently being developed as delivery eshiol therapeutic
and contrast imaging agents. Polymersomes (mesoscopic polyndes)epossess a
number of attractive biomaterial properties, including greater bipatility, prolonged
circulation times, and increased mechanical stability, thdtenthem ideal for these
applications. The polymersome architecture, with its large hydrophsiervoir and thick
hydrophobic lamellar membrane, provides significant storage cagdacitvater soluble

and insoluble substances.

The primary thesis aims are to develop multi-functional polyomees for
combination therapeutic applications, as well as simultaneous thecapedtdiagnostic
applications. These multi-functional vesicles are capable of sinadusly loading both
therapeutic agents, such as doxorubicin and combretastatin, and iopéigeng agents,
such as porphyrin-based near infrared (NIR) fluorophores, into higdiophobic and

hydrophilic regions.

Doxorubicin, an anti-neoplastic agent, was encapsulated into PEO-b-PCL
polymersomes and its release was charactefizestu. In vitro andin vivo studies

confirmed theherapeutic potential of doxorubicin loaded polymersomes. Furthermore,
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the in vitro therapeutic efficacy of polymersomes loaded with combretastati anti-
vascular agent, was established with and without co-doxorubicin loadirige co-
encapsulation of DOX and combretastatin into polymeric vesicksergtes a multi-
functional drug loaded polymersome with the potential to eliminat®rigenic cells an

endothelial cells, respectively.

The use of near infrared (NIR) emissive porphyrin polymersonoaded with
porphyrin, for biodistribution studies, to non-invasively track the locationthef
polymersomes in tumor bearing mice was demonstrated using a noninvasivansmiail
optical imaging instrument which detects NIR fluorescenceasigPassive accumulation
of drug loaded NIR-emissive polymersomes in tumor tissues of, rag well as other
organs, was observed. The study findings suggest the potentigl aftiltIR-emissive
porphyrin polymersome in clinical diagnostic applications. Furtbeempreliminary
results utilizing drug loaded porphyrin polymersomes to retard tgnosvth and monitor

vesicle location suggest these vesicles may have great future clifibal ut

The ability to load components into the polymersome membraneoaadlicows
enormous promise for future dual modality polymersomes with potetdiabe
nanostructured biomaterials for future theranostic applications hwprovide both

therapy and diagnosis.
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1.1BACKGROUND: INTRODUCTION TO POLYMERSOMES

Nanosized carriers are prime candidates for the deliverhigifly toxic or
hydrophobic therapeutic agents. These delivery vehicles have the pdtemtimyment
the pharmacodynamic and pharmacokinetic profiles of drug molectieseby
enhancing the therapeutic efficacy of the pharmaceutical adémpts Further,
encapsulating the drug molecule in a delivery system can indrease stability, extend
its blood circulation time, and further provide a means for controllingdlease of the
agent [1]. Moreover, the delivery system can alter the biodisoibuif the drug
molecule by allowing the agent to accumulate at the tumor eifggr passively or
actively with targeting [1]. In addition to their role in therappe drug delivery, by
serving as diagnostics tools, nanosized carriers can delivemignagents to detect and
non-invasively diagnose disease. Combining these two ideas, thageasf the drug
delivery and imaging in one vehicle leads to the generation of a avaeocfor

theranostics—therapeutics and diagnostics.

Polymersomes, polymer vesicles self-assembled from a digeray of synthetic
amphiphilic block-copolymers containing hydrophilic and hydrophobic blocks ,[2-4]
have been shown to possess superior biomaterial properties, includirgy gtahtlity
and storage capabilities [5-7], as well as prolonged circulditoa, as compared to
liposomes (vesicles derived from phospholipids) [8]. A particulatiyactive storage
feature, highlighted in Figure 1.1, is the large hydrophobic core eofptilymersome
membrane, which follows from the membrane-forming amphiphilic palynieeing

larger than conventional phospholipids [9]. Further, block copolymer chesistin be



tuned through polymer synthesis to yield polymersomes with diversédualdty [10].

A vast majority of vesicles made of synthetic copolymeryvehalense
polyethylene oxide (PEQO) outer shells, which affords them ‘tstelke character that
may lead to increased circulation times amdivo biocompatibility [5]. Thus, although
liposomes are presently used in various biotechnological and phamtmaktapplications
to improve therapeutic indices and enhance cellular uptake [4], itaeppbat
polymersomes can offer superior advantages for future climeedpeutic and diagnostic

imaging applications.
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Figure 1.1- Schematic representations of NIR-emissive polymersome

(A) In aqueous solution, amphiphilic diblock copolymers of polethyleneoxide-1,2
polybutadiene (PEO30-PBD46) self-assemble into polymer vesiclgmlymersomes)
with the hydrophobic PBD tails orienting end-to-end to formbilayer membranes.
The depicted unilamellar polymersome displays an excised ags-sectional slice
illustrating the bilayer PBD membrane (gray) containing the hydophobic
(porphinato)zinc(ll) (PZn)-based near-IR fluorophores (NIRFs, red). (B) CAChe-
generated sectional schematic of the NIR-emissive polymeme membrane
indicating the molecular dimensions of: (i) the PBD compaoent of the bilayer (9.6
nm); (ii) the large, dispersed PZn-based NIRFs (2.1-to-5.4m); and, (iii) a typical
liposome membrane (3-4 nm) comprised of phospholipids (iesroyl-2-oleoyl-sn-
Glycero-3-Phosopho-choline — SOPC). (C) Chemical structured NIR fluorophores
PZn2-PZn5. Copyright (2005) National Academy of Sciences, U.S.A. [9]

In aqueous solutions, amphiphilic block copolymers can self-assemtae i
mesoscopic structuresZ00nm-5@m in diameter) [3]. The ratio of hydrophilic to
hydrophobic block volume fraction determines whether micelles (sphepmlate, or

oblate), or vesicles (polymersomes) will form [2, 11-13]. As a gmale, however, a

4



ratio of hydrophilic block to total polymer mass of approximately5% + 10% vyields
membrane structures, while copolymers with ratios greater than g&s#érally form
micelles; those with ratios less than 25% form inverted microstres [14].  Micellar
structures have been used as intracellular and systemic dediystgms [15-18] but
present significant limitations when compared to polymersomes. l@oaqusolutions,
they can only encapsulate hydrophobic molecules unless strong bindicoyvalent
linking strategies are incorporated for sequestering aqueous-soluble comspone

In contrast to micelles, polymersomes sanultaneously encapsulate hydrophilic
components in their aqueous interior and hydrophobic molecules within tthekr
lamellar membranes [10]. In addition, biologically active ligandshsas antibodies, can
be readily conjugated to the exterior brush surface to targetetieles or to provide a
therapeutic response [19-22]. These properties of the vesicleeatutet (Figure 1.2)
effectively create a multimodal platform, which can be used tha@rapeutic (drug

delivery) and/or diagnostic (imaging) applications.



Hydrophobic Molecule in - Hydrophilic Molecule in - Biologically Active Malecule
Bilaver Membrane Aqueous Core conjugatzd to
PEO surface

e.g Porphyrin Diys, e.g. Doxorubicin, eg HIV-TAT, Cell-
NIR-Fluorescent Anti-Cancer Drug Permeating Peptide
Imaging Agent

Figure 1.2- General application of polymersome architecture in therarsiics.
Schematic representation of polymersome assembly illustiafy three possible
applications, namely optical imaging, drug delivery, and targeted- therapy.

Although vesicles can be targeted to specific sites using bialbgiactive
ligands, the anatomical and pathophysiological abnormalities of tumor &ékswecan be
utilized to aid in the localized delivery of macromolecules [ZBfje tumor vasculature,
characterized by irregularly shaped, dilated, defective, an@akyl blood vessels,
disorganized endothelial cells with fenestrations, as well ag atreormalities, allows
for the passive accumulation of macromolecules at the tumor2dile Further, due to
poor lymphatic drainage, nanopatrticles can accumulate and rentbetamor site even
in the absence of a targeting moiety [25]. This phenomenon is knotie &nhanced
permeability and retention (EPR) effect and makes it possibkcheeve high local
concentrations of macromolecules at the tumor site without spdaifieting [24].

However, a question that has yet to be addressed with polymerssnhesvimuch
6



additional accumulation is possible with targeting.

1.2DIBLOCK CO-POLYMERS AND AMPHIPHILIC MOLECULES FORMING

VESICLES AND RELEASE M ECHANISMS

In addition to yielding robust multi-compartment vesicles, some atkbto-
polymer formulations that have demonstrated promise for controlléshsee of

pharmaceuticals.

Initial polymersome research by Hammer and Discher used tlolidee oxide)-
block-poly(ethylethylene) (PEO-b-PEE) diblock copolymers to dematestrthe
formation of polymersomes in aqueous solution, as well as to ¢tharacthe vesicle’'s
material and physical properties [3]. Additional work in thédfteas led to the synthesis
of a number of biocompatible PEO-based amphiphilic block copolymetsfdha
agueous vesicles dispersions, including poly(ethylene oxide)-blockoptdgiene)

(PEO-b-PBD) [7].

A significant limitation of these polymers fam vivo therapeutics is that they are
not biodegradable and likely not fully biocompatible. In an effort tatergesicles that
degrade and release their contentgivo, PEO-b-PBD polymers have been blended with
hydrolysable block copolymers, such as poly(ethylene oxide)-blogKkactic acid)
(PEO-b-PLA) or poly(ethylene oxide)-block-poly(caprolactone) @HEPCL); these
vesicles have been shown to undergo hydrolytic degradation intladgll(in the acidic
environment of the endolysosomal compartment), leading to releaseéheof
polymersomes’ encapsulates [26-28]. Cryo-TEM images and dgnlaght scattering

measurements serve to demonstrate that nanoscale phase transtiions these blends
7



as the polyester backbone of the vesicles’ hydrolytic componegtade over time; the
intact vesicle begins to form pores, which leads to the transiti worm-like micelles
and ultimately leads to the formation of spherical micelles. [2Flrther, it has been
shown that the release rate of encapsulates in blended polymeiliscmeases linearly
with increasing mole ratio of hydrolysable polymer [26]. Wlhiilese studies represent a
reasonable first step in the development of polymersomes for yhatap critical to
overcome the hurdle ah vivo toxicity presented by the residual PEO-b-PBD in these

structures.

Recently, efforts in our group have focused on the development of setfibled
polymersomes from fully-biodegradable synthetic amphiphiles. Thiyatoilgenerate
self-assembled, fully-bioresorbable vesicles comprised of an amphipfiblock
copolymer consisting of two previously FDA-approved building blocks, polyi@tle
oxide) (PEO) and poly(caprolactone) (PCL), has been demonstrat&hdroghchian
and coworkers [10]. Unlike polymersomes formed from the blendirigiofinert” and
hydrolysable block copolymers [26], these fully-bioresorbable PE@ib-Resicles
undergo acid catalyzed hydrolysis of their ester linkages anddegithout leaving any
potentially toxic byproducts [10, 29]. We have demonstrated the redéakexorubicin
from these systems with time-constants of 18-24 hours, depending on \pt testing

of these polymersomes for delivery is underway as further discussed in Chapter 2.

In contrast to acid catalyzed hydrolysis of the polymer backbonehwaaicurs on
the order of hours to days, pH triggered contents release, usingdojpck/mers whose

solubility in aqueous solutions is dependent upon solution pH, can occur mueh mor



rapidly [30]. Borchert and colleagues generated polymersooraprised of poly(2-
vinylpyridine)-block-poly(ethylene oxide) (P2VP-b-PEO) copolymarsl showed that
the resultant vesicles disassemble in acidic solutions and quaicllzompletely release
their contents; this dissolution is due to the protonation of the R84k in acidic
solutions (below pH 5) which converts the previously hydrophobic block intatar

soluble polymer [30].

Cerritelli and colleagues have designed and characterizedogldit®polymer of
poly(ethylene glycol) (PEG) and poly(propylene sulfide) (PPi8) areduction sensitive
disulfide link between the two blocks (PEG-SS-PSS); they demaetttiag ability of
this block copolymer to form polymer vesicles which burst withirew Mminutes of
endocytosis due to the reductive environment in the endosome [31]. In addition
diblock copolymers, various other polymeric amphiphiles can form vesiclagueous
solutions. Napoli et al. synthesized a triblock copolymer of pdiylene glycol)-block-
poly(propylene sulfur)-block-poly(ethylene glycol) (PEG-b-ARBEG) [32], which at
dilute concentrations forms polymeric vesicles [33, 34]. Napoli algéagues then
demonstrated that vesicles comprised of this triblock copolymer coudddtabilized by
the oxidation of the hydrophobic PPS block; when oxidized, PPS iscirsterted to
poly(propylene sulphoxide) and subsequently converted to poly(propylene jubiotie
of which are more hydrophilic than PPS [35]. This change in hydropholoicthe
“hydrophobic” block alters the ratio of hydrophobic block to total paymass, leading
to changes in morphology of the self-assembled structures fromegesm worm-like

micelles, to spherical micelles, and finally to unimolecular eftes [35]. These



polymers present the promise of biodegradability, due to oxidaficghe hydrophobic

chain into small molecules solutes that can be readily cleared [32].

Another possibility to generate fully biodegradable vesiclestois utilize
polypeptides as their composite amphiphiles. Vesicles and micetlegrised of
polypeptide block copolymers can mimic the shape and biological perfieerof natural
vesicles and micelles [36]. Sun et al. synthesized various diblockypeptides of
poly(L-lysine)-block-poly(L-phenylalanine) (PLL-b-PPA) which spameously self-

assemble into giant vesicles in aqueous solutions [36].

In addition to vesicle generation using block co-polymers, amphiplalicis-
dendrimers have demonstrated the ability to self-assemblyagtdar structures ranging
from dendritic spherical vesicles to cubosomes. The mechasiabllity of the

dendrosomes suggest they may be usefuhfaivo applications.

1.3THERAPEUTIC APPLICATIONS OF POLYMERSOMES

Currently, many compounds with toxic side effects or low bioalsdity hold
extraordinary promise as potential therapeutic agents. Howeawgedibioavailability
of hydrophobic compounds and/or toxic side effects of these moleane®icder their
therapeutic value ineffective. Further, the ability of thedapeutic agents to reach the
target site can be limited by the body’s clearance. Thusdénelopment of a
polymeric delivery vehicle with specifically tuned pharmacokisgtievhich can
encapsulate and release highly toxic therapeutic agents for catedritcal delivery,
should greatly increase therapeutic efficacy.

Doxorubicin (DOX) is an amphipathic anti-neoplastic agent that shawsh
10



promise in cancer therapy, both alone and in conjunction with antibatiepeptides
[37] and other chemotherapeutics [27] and pharmaceuticals [38]. One ofdjoe
limitations associated with administration of this chemotherapeagient is cardiac
myocyte toxicity [39]. However, utilizing drug carriers to deli doxorubicin can
alleviate some of the associated cardio-toxicity by altetivegpharmacodistribution of
the drug, thereby reducing the drug concentration in the heart [3%liveDy of
doxorubicin in liposomes has been shown to extend the circulation timaltendhe
pharmacodynamics of doxorubicin in such a way as to decreasxiitgy while still
maintaining its anticancer activity [39]. Using active loadmgthods originally
developed for liposomes, doxorubicin can be efficiently loaded intogheoas center
[10, 26, 40] of polymer vesicles.

Paclitaxel (taxol), an anticancer agent, whose therapeuta&ffis limited by its
poor aqueous solubility [41] is currently administered in a mixtur€r@imophor EL
(polyoxyethylated castor oil) and dehydrated ethanol [42] toeas® bioavailability.
Systemic administration of taxol is associated with severghtne side effects in
patients including dyspnea, hypotension, bronchospasm, urticaria, ath@nesjous
rashes [42]. In addition, the formulation agent (Cremophor EL) used ubilsg the
hydrophobic taxol is believed to be responsible for inducing the lemetwity
reactions observed in patients [42]. As a result, various aqueansldtions of taxol
have been examined to decrease toxic side effects and incra@sesalubility. Li et al.
demonstrated the ability to load taxol into the hydrophobic bilayeP®O-b-PBD
polymer vesicles and thus increase the water solubility ofdtlig while maintaining its
cytotoxic properties [43].

11



Combination therapy involves the administration of different classks
chemotherapeutics to a patient in order to treat the digbésapproach has been shown
to be generally effective and many cancer treatment regamgsgoy such multi-drug
therapy. A combination regime of DOX and TAX has been showncallgito retard
tumor growth more effectively in comparison to the administratiom single agent
alone [44]. A reasonable hypothesis is that the synergisectedf these two drugs
would be increased when both drugs are administered in the sameydeéhele, as
this would ensure delivery of the drug molecules in prescribeasradia given target at
the same time; Ahmed et al. demonstrated the ability toncapsulate DOX and TAX
into polymer vesicles and showed the increased synergistat effeen DOX and TAX
are in the same polymersome [27, 28]. PEG-b-PLA/PEG-b-PBD blendgderol
vesicles were loaded with DOX in their hydrophilic reservoir amiX in their
hydrophobic bilayer, and were administen@dvivo; the results demonstrate a higher
maximum tolerated dose (MTD), as well as increased tumor shankad maintenance,
when both agents are administered in vesicles rather thareadrtigs [27]. Since there
are a wide variety of both hydrophilic and hydrophobic pharmacéstités paradigm is
generally applicable to creating other polymersome-formulatifims combination
therapy. Ultimately, as mentioned before, further work to combieget pharmaceuticals

within a safe and fully biodegradable formulation is necessary.

In addition to small molecules, peptides, proteins, and nucleic haws been
encapsulated in block copolymer assemblies. Lee et al. sudbessficapsulated
myoglobin, hemoglobin, and albumin in PEO-b-PBD based polymer vesiclesying

degrees of encapsulation efficiency [5]. Arifin and Palmer furteamonstrated that
12



bovine hemoglobin (Hb) could be encapsulated inside PEO-b-PBD polysielegewith
oxygen affinities similar to those of human red blood cells; tteyionstrated that these
“polymersomes-encapuslated hemoglobin” (PEH) dispersions could astdréransport
Hb and potentially act as vivo oxygen therapeutics [45]. The ability to encapsulate
proteins within polymersomes provides a promise for future proteinpileeravhich are

currently facing delivery obstacles.

1.4DIANGNOSTIC APPLICATIONS FOR POLYMERSOMES

The ability to non-invasively image nanoparticias/ivo is a major advantage in
determining their biodistribution and developing these delivery vehifdesboth
therapeutic and diagnostic applications. Biodistribution studies withhmaosgomes, in
particular, would be greatly aided by the encapsulation of animgaagent in the
vesicles; this would enable non-invasive monitoring of the location a€lessduring
drug delivery without the need to sacrifice the animal. Although natidpa have been
used with a spectrum of different imaging modalities includin@ B, 47] and MRI
[48-50], here we will focus on polymersomes that encapsulate flemesgents for
optical imaging. Because light scattering decreases witheasing wavelength, and
hemoglobin and water absorption spectra have their nadir in theinfeaed (NIR)
spectral region, much work has been focused on developing NIR contratd fuyen
vivo imaging studies [9]. To this end, Ghoroghchian et al. have suclgdshided
porphyrin-based near infrared fluorophores (NIRFs) into the hydrophbibégyer
membranes of PEO-b-PBD [9, 10, 51, 52], PEO-b-PCL [52], PEO-b-PEE [52], and

poly(ethylene oxide)-block-poly(methylcaprolactone) (PEO-b-PmCL) [52]
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polymersomes.

Studies using PEO-b-PBD polymersomes have shown that porphyrin-based
NIRFs, when encapsulated in polymersomes, are able to genesigigahwith enough
intensity to penetrate through 1 cm of a solid tumor [9]. Furtivben these NIR-
emissive nanopolymersomes are injected into the tail-vein of, thieebiodistribution of
the nanoparticles can be trackedivo via non-invasive NIR fluorescence-based optical
imaging [53]. Combining drug delivery with imaging will @ for the continuous non-
invasive monitoring of drug-loaded nanopolymersorresivo, obviating the need to
sacrifice animals at each time point to determine basic pleakimetic and

biodistribution profiles, thereby greatly reducing animal load.

In addition to developing drug delivery applications, NIR-emissive polyomees
have also been shown to be useful érvivo cellular labeling andn vivo cellular
tracking. Dendritic cells (DCs) play an important role in ithenune response and have
shown potent anticancer activity, leading to DC-based vaccinearcbsgp4]. Current
progress in DC-based vaccines has been, however, limited by viaoois [54], some
of which could be overcome by the development of imaging methods fovo DC
tracking [19]. Christian et al. have demonstrated the abdithalbel DCsex vivo with
polymersomes encapsulating porphyrin-based NIRFs; the TAT peptdeyilla be
discussed in greater detail below, was conjugated to these N#:regrpolymersome to
facilitate efficient uptake of polymer vesicles by DCs [19Fhristian and colleagues
determined that DC surface-associated polymersomes shed oviesttRd to 48 hours;

but polymer vesicles that were fully internalized by the DCs remataéti/sncorporated
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over 3 days [19]. They further showed that the NIR-emissive-polgmerdabeled DCs,
when administered into the foot pad of mice, traffic to the nebmagth node (popliteal
lymph node) and could be trackedvivo via optical imaging over 33 days [55]. They
further showed that dendritic cells are sequestered in the Wwhen the cells are
delivered intravenously (42), indicating that the mode of dendriticdedivery will be
critical for the effectiveness of cancer immunotherapy. @&hessults suggest that
polymer vesicles can be employed for cell tracking in longiaidstudies and could thus
assist in the further development of cell-based vaccines. Ovttrallresults in this
section demonstrate that the loading of imaging agents, such aymoipsed NIRFsS,
into the polymersome bilayer creates soft matter optical imgaggents suitable fan
vitro diagnosis and deep-tissue imaging, non-invasive biodistribution and

pharmacokinetic studies, as welliasivo cellular tracking.

An alternative imaging modality that can be used to image plywasicles is
diagnostic ultrasound. Zhou et al. prepared air-encapsulated polynesrsaia
lyophilization and rehydration of previously formed polymer vesicles. [96je polymer
bubbles were imaged using a Pie Medical Scanner 350 and werezadua$i bright
spots, validating the acoustic activity of air-encapsulated poonees [56]. These
results show that polymer vesicles hold promise in the realm ralsalind imaging as

well as optical imaging.

1.5POLYMERSOME SURFACE MODIFICATIONS FOR ENHANCED DELIVERY

AND THERAPY

Biologically-active molecules conjugated to the surfaces ofmpeisomes can be
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used to direct these nanoparticles to sites of disease and iEteonm Modifying
polymer vesicles with biological ligands enables targeting of waesd receptors and
molecules on affected cells vitro andin vivo, thereby enhancing the nanoparticles’ EPR
effect and further mitigating the potential toxic side e&Beof systemic delivery.
Additionally, chemotherapeutics, when used in conjunction with moleculgetiiag
agents, can have a synergistic effect [57]. In addition to therapeutic applgatver the
past two decades the use of anticancer antibodies against raplengets has been
developed for tumor imaging applications [37]. Polymer vesiclesbeadirected to
specific sitesin vivo by conjugation of targeting moieties to the end group of their
hydrophilic polymer block (usually PEO). It is important to ratdmg that the
conjugation of ligands to the polymersome surfaces can alter the atempol/mer
amphiphiles’ hydrophilic-block-to-total-mass ratio leading to reange in structural
morphology (e.g. from vesicles to micelles).

Using a modular biotin-avidin chemistry, Lin and colleagues fanatized
polymer vesicles with anti-ICAM-1 antibody to target ICAM@htercellular adhesion
molecule-1) [21], a molecule that is upregulated on endothelial ahiisng
inflammation. Using micropipette aspiration, they measuredatiesiveness of these
functionalized polymer vesicles to ICAM-1 immobilized on the surfac@olystyrene
beads and determined that the adhesion strength is linearly poopbtio the surface
density of the anti-ICAM-1 molecules on the polymersome [21]. Tihiing is in
contrast to their earlier adhesion experiments carried out wnittibnalized biotinylated
polymersomes and avidin coated beads [22], suggesting that the adlsssiwéne
functionalized vesicles is not only dependent on surface density,|dutupon the
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presentation/orientation of the targeting molecules on the vesicle siiidce

Additionally, sialyl lewi (sL€"), a selectin ligand, has been conjugated to
polymer vesicles using similar biotin-avidin modular chemistsypreviously described
(Hammer et al., in press, Faraday-Discussions 139). In additicDAtel1l molecules,
selectins are also upregulated at sites of inflammation [21].anlreffort to create
“leukopolymersomes,” i.e. polymersomes that mimic the adhesive pexpedi
leukocytes, dual functionalized vesicles of shad anti-ICAM-1 have been made by the
Hammer lab. The investigators were able to measure firmaingradhesion of anti-
ICAM-1-, sLé&-, and anti-ICAM-1/sL& conjugated polymersomes under flow along
ICAM-1, P-selectin, and ICAM-1/Pselectin coated surfacepes/ely, at venous shear
rates. It is believed that dual functionalized leukopolymersomépeviible to serve as
targeting agents to bring both therapeutics (drugs) and diagnostiagirfg agents) to
sites of inflammation [21].

Meng and co-workers functionalized polymersomes comprised of PEG-block
poly(ester) and PEG-block-poly(carbonate) diblock copolymers withhantian 1gG (a-
HIgG) or anti-human serum albumin (a-HSA) [6]. a-HIgG and a-H@#%e either
conjugated to the polymersome through covalent attachment to carlvoxplsgon the
vesicle surface or by attachment to protein G, which wasleaa attached to the
polymersome surface via the carboxyl groups; using imaging supfasmon resonance
(ISPR), they determined that immobilization of antibodies on theleesiurface through
protein G is preferred for targeting [6]. ISPR was further usedemonstrate the
potential of antibody functionalized vesicles for targeting antigens [6].

In addition to targeting, these biologically active ligandsadrin cellular uptake

17



[58]. As previously mentioned, Christian et al. demonstrated thahitigy cationic
HIV-derived TAT peptide, when coupled to NIR-emissive polymersoneehances
cellular delivery of polymer vesicles to dendritic cells whiederately affecting cell
viability [19]. Intracellular uptake of polymersomes was dependgmin their
concentration and incubation time in solution; viability was afteétte these factors as
well [19].

We have recently attempted to conjugate small anti-HER2/neu peptiétios,
designed by Murali and coworkers [57], to polymersomes in order thefudevelop
these nanoparticles for both clinical breast cancer diagnosis -€iIsSive
polymersomes) and therapy (e.g. with and without doxorubicin incorporatidm).
comparison to normal epithelial tissues, over-expression of the HERAN, a member
of the epidermal growth factor (EGFR) or HER family, has bssan in approximately
30% of breast, ovarian, and colon cancers [37, 57]. A family of anti-HieRZ3jeptides
(AHNPs) designed by Murali et al. has a potency on par with dhahe full-length
monoclonal antibody (Hercepfin Genentech, San Francisco, CA) and demonstrates
biochemical and biological properties predictive of clinical dpeutic response [57]. It
has been demonstrated that AHNP prevents tumor growth of transféGred cells, in
which HER2/neu is over-expressed,vivo andin vitro [57]. However, the relatively
short half-life of peptides and proteins vivo is one challenge that still remains to be
overcome when using such agents for therapeutic applications [59]. Tepmmeethe
challenge of rapid clearance, “stealth” or “sterically stadxl” nanoparticles, such as
pegylated liposomes, have been employed to deliver peptides [60]. lifkimgy AHNP
to a nanoparticle surface can greatly improve the pharmacokimdtite small peptide
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and allow for targeting as well as improved therapeutic efficacy.

Ghoroghchian et al. observed changes in polymersome morphology fralesesi
to micelles post-conjugation of the AHNP peptides to PEO-b-PBD lessi&3].
Vesicles, as well as small spherical micelles, not praseatueous suspensions of the
functionalized and unfunctionalized diblock copolymer without peptide, were observed in
the polymersome suspension post AHNP conjugation [53]. Since theseesmere not
seen in cryoTEM images of the pure or unfunctionalized polyrisrprobable that they
are comprised of peptide-conjugated polymer; furthermore, it pethgsized that the
vesicles in the suspension consist of polymer not conjugated to AHNRIg¢RS].
Peptide-conjugated vesicle generation with less hydrophobic AHNEdpefamily
members were also attempted and again resulted in phase sepafatti@n diblock
copolymer-peptide “triblock” from the diblocks [53]. Our interpretatiorthefse results
is that the underlying polymer material needs to be redesigretttonmodate peptides
and preserve vesicular structure in order to develop AHNP polymessiitnier clinical

diagnostic and therapeutic applications.

1.6 FUTURE DIRECTIONS

Polymersomes are new and valuable tools for both disease diagmbsnepy.
Our view is that the enhanced stability and tunability of polymeesowill ultimately
lead to the development of effective carriersifovivo drug delivery, molecular imaging,
and cellular mimicry that extend well beyond what has thus fan laehieved with

phospholipid vesicles.

In pharmacodelivery, the potential to co-encapsulate two drug molaautes
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same polymersome enables combination therapies and eliminatesth®nndividually
administer two separate drug formulations. As such, polymersomeaahayly be more
effective in treating recurrent, resistant, or residual tumbus, may also be more
convenient for patient administration and treatment tolerance.algéaspossible to make
separate polymersome formulations, each with different drugstbrdiferent dosing
that deliver drugs in a sequence, as needed for the partiqoéaottylisease that is being
treated. Additionally, localizing therapeutics to the site ofnipteither through passive
accumulation (EPR effect) or with targeting ligands, can enatinistration of higher
doses of drug while minimizing the toxic side effects of systedelivery. Further, the
ability to image polymer vesicles during delivery will offer numes advantages for
understanding the mechanisms of therapy as well as efficidesigning drug delivery
regimens in small animal models. Aside from the demonstratiomecddtivity of multi-
modal polymersomes with existing block copolymers, we believe theher
developments in polymer design will extend the applicability of pehgmmes to

different drugs and imaging modalities.

In addition to targeted therapeutic drug delivery, targetonlis can be used to
direct diagnostic agents to tumors sites, assistinign wivo diagnostic imaging. Air-
encapsulated polymeric vesicles facilitate nanodiagnostics ukmagound. Further, the
encapsulation of both porphyrin-based near-infrared fluorophores andoathénsame
vesicle should yield a multi-modal polymersome, where both ultrasonddogtical
imaging can be performed concurrently thereby enhancing tumoingadgnally, we
have presented evidence that ultrasonics can be used as a deliveapdotthus, we see

promise for simultaneous clinical diagnostic imaging andvivo therapeutic drug
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delivery with the correct polymer formulations.

1.7SPECIFIC AIMS

1.7.1 Aim 1: To load physiologically relevant therapeutic molecubesd imaging
agents into the fully bioresorbable polymersome center andkhamellar membrane
and characterize the kinetics of drug release from the polymersome

e Aim l.a) Load clinically relevant anti-cancer therapeutic ifte hydrophilic
interior of the polymersome and characterize the kinetics of rétagse from the
core.

e Aim 1.b) Load clinically relevant anti-angiogenic therapeusisbular disrupting
agent (VDA) into the hydrophobic bilayer.

e Aim 1l.c) Co-load both therapeutic agents into one polymersome for the
simultaneous delivery of a vascular disrupting agent and chemotherapeutic.

e Aim 1.d) Co-encapsulate a therapeutic agent, doxorubicin, into thelevesire
and a near infrared imaging agent, porphyrin into the bilayer ofstmee

polymersome for biodistribution studies.

1.7.2 Aim 2: To demonstrate the potential use of amphiphilic Janusetaners for in
vivo drug delivery applications

e Aim 2.a) Load doxorubicin, an anti-neoplastic agent, into the aqueous core of
dendrosomes, vesicles self assembled from dendrimers and chaeadheri
release.

e Aim 2.b) Determine the dendrosome effects on cell viability usingp&h Vein

Endothelial Cells (HUVECS).
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1.7.3 Aim 3. To use the drug loaded polymersome and porphyrin incorporated
polymersomes to study the in vitro effects of polymersermasing HUVECs and SK-
BR-3 tumorigenic cells

e Aim 3.a) Determine the effects of unloaded polymersome on cell viability.

e Aim 3.b) Determine the cellular uptake of polymersome by HUVEGd SK-
BR-3 Cells.

e Aim 3.c) Determine the effects of drug loaded polymersomesetinviability

when cultured separately and in co-culture.

1.7.4. Aim 4. To demonstrate the in vivo potential of polymersomeirfaaging and
drug delivery applications using athymic nude mice with xenograft tumors

e Aim 4.a) Determine the biodistribution of polymersome and estalbieshit vivo
potential as imaging agents forvivo deep tissue optical imaging.

e Aim 4.b) Demonstrate the anti-tumor effect of drug loaded polyme¥soom
tumor suppressioim vivo.

e Aim 4.c) Highlight the potential of drug and imaging agent loadesicles for

theranostic applications.

1.8 ORGANIZATION OF THE THESIS

1.8.1 Chapter 1

This chapter provides a brief introduction into the various vesieleassembled
from diblock copolymers and other amphiphilic building blocks, such as dendrimer
Particular detail is given to polymersomes self assembleddiblock copolymers. The
motivation for development and characterization of these vesicidalierated upon by
describing their potential for therapeutic applications througivetgl of pharmaceutical
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agents within the core and bilayer and attachment of biologicdilyeallgands to the
brush surface. Furthermore, the use of vesicles for diagnosticatppis is discussed
and provides additional motivation for their development as biological taalstly, the

potential for these vesicles to combine both therapy and diagnosienietuesicles is

briefly discussed. These ideas will be further explored throughout the body of #igs the

1.8.2 Chapter 2
The generation of a fully bioresorbable polymersome capable oftameously

delivering a vascular disrupting agent, combretastatin, and a cheapsbic,
doxorubicin, is described. Furthermore, the method of loading doxorubicinasices
self-assembled from a variety of diblock copolymers and itaselare discussed. The
ability to encapsulate each pharmaceutical agent separatebelass in concert is
highlights the enormous promise for using polymersomes as multiedlingery agents

for the eradication of tumorigenic cells and endothelial cells.

1.8.3 Chapter 3

The formation of self-assembled monodispersed vesicles from anijghiatmus-
dendrimers, dendrosomes, is introduced. In addition, the ability to tadubicin into
these vesicles is demonstrated and the release kinetit®e afrig at various pHs is
established. Furthermore, the viability effects of these dendresom&lUVECs were
investigated and viability results demonstrate that the uptake of ckemdes is well

tolerated by the HUVECSs at short times.

1.8.4 Chapter 4

This chapter discusses the generation of a near infrared (Biifit3sive

polymersome, a self-assembled polymer vesicles loaded with porplyr its
23



hydrophobic compartment and highlights the special properties offthesgphores that
render them useful fan vivo deep tissue optical imaging applications. Furthermore, the
loading of doxorubicin into porphyrin incorporated polymersomes is demonstrated and its
release is characterized. Subsequent chapters will demontteatsignificance of
loading both an imaging agent and chemotherapeutic into one vegkicleés vivo

applications.

1.8.5.Chapter 5
Cellular studies carried out using Human Umbilical Vein Endathelells

(HUVECs) and SK-BR-3 tumorigenic cells to determine the oyiotpotential of drug
loaded vesicles are discussed in this chapter. In addition, dutsedff unloaded vesicles
on cellular viability were investigated and results are prederftarthermore, the cellular
uptake of vesicles was explored using porphyrin loaded polymersomekeafddings

are noted in this chapter.

1.8.6 Chapter 6

The use of porphyrin polymersome for biodistribution and diagnostitestus
demonstrated using biocompatible and bioresorbable polymersomeal diitlies over
12 hours to 9 days utilized the biocompatible polymersome comprised chHBD
due to itsin vivo stability (i.e. does not degradevivo). More recent work showed the
ability to use bioresorbable polymersomes generated from PECLD diblock
copolymer for imaging purposes. Furthermore, the use of drug loadetésédsrin vivo
applications was investigated using doxorubicin loaded PEO-b-PCL polymersoriss and
described. Lastly, this chapter closes by marrying tleedmncepts—imaging and drug

delivery highlighting the promise for polymersomes as theranostic agents
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1.8.7 Chapter 7
This final chapter summarizes and highlights many of the fysdidiscussed

throughout the work presented in the previous chapters. Preliminary angsipgom
results presented are presented in further detail. Finallychiister offers suggestions
for improving and expanding upon the utility of polymersonmegivo as drug delivery
vehicles and imaging agents with the final goal of obtainmialji-functional vesicles for

in vivo dual therapeutic and theranostic applications.
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2.1SUMMARY

Polymersomes (polymer vesicles) have attractive biomafgogakerties compared
to phospholipid vesicles, including prolonged circulation times, increasetiameal
stability, and the unique ability to incorporate hydrophobic molecul#snaiheir thick
lamellar membranes and hydrophilic molecules within their core [5-8]. Tieraen of
self-assembled nano-sized vesicles from various diblock copolyrhass been
demonstrated. The attractive biomaterial properties of theselegesmake the

polymersome a prime vehicle for the delivery of pharmaceutical agents tasstumor

Currently, new thought into cancer treatment suggests the use bfnadion
therapy as a method to improve the anti-tumor effects of cherapthgics. Such
combinations can include multiple chemotherapeutics, chemotherapeutipsatides or
antibodies, or chemotherapeutics and anti-angiogenesis agentsooitavadisrupting

agents (VDA).

Doxorubicin, an anthracycline antibiotic, is currently used in thatrrent of a
variety of cancers ranging from solid tumor to leukemias. Howere of the major
therapeutic limitations of doxorubicin is its associated cardiatgxat cumulative doses.
Encapsulating doxorubicin in the aqueous core of vesicles, howeverdeuegase the
toxicity. The ability to load doxorubicin into biocompatible, bioresorbabtewell as

stabilized vesicles is demonstrated.

Combretastatin A4, a VDA, has been shown to cause vascular failurew
vasculature around solid tumors, while not affecting healthy vasceta But, this

molecule is hydrophobic, limiting its bioavailability and creataigllenges to delivery.
35



The incorporation of combretastatin in the hydrophobic vesicle bjldy@wever, can
assist with delivery. Its incorporation into bioresorbable vesialge and without

doxorubicin will be explored in this chapter.

Here, we demonstrate the ability to encapsulate each phartitat agent
separately as well as in combination, thereby highlightingeti@mous promise for
using polymersomes as multi-drug delivery agents for the eramficafi tumorigenic

cells and endothelial cells.

2.2INTRODUCTION

Currently, many compounds with toxic side effects or low bidab#ity hold
extraordinary promise as potential therapeutic agents. Howewgedi bioavailability
of hydrophobic compounds and/or toxic side effects of these molearneswder their
therapeutic value ineffective. Further, the ability of the {ewéic agents to reach the
target site can be limited by the body’s clearance. Thusie@helopment of a polymeric
delivery vehicle with specifically tuned pharmacokinetics, whieh encapsulate and
release highly toxic therapeutic agents for concentrated twlalery, should greatly

increase therapeutic efficacy.

As discussed in Chapter 1, presently liposomes, vesicles derived from
phospholipids, are used in a limited number of biotechnological and pharmakeut
applications to improve therapeutic indices and enhance cellulareugiakHowever, in
contrast to liposomes, polymersomes, polymer vesicles self-assefrimedsynthetic
amphiphilies, have been shown to possess superior biomaterial proferGe8]. Self-

assembled from amphiphilic polymers, with hydrophilic and hydrophobic blocks,
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polymersomes can encapsulate aqueous components in their interior aophbipdr

molecules within their thick lamellar membranes.

The ability to load components into the membrane and interior of pcdpmes
shows enormous promise for dual modality polymersomes that enablergedf two
therapeutic agents as will be discussed in this chapter orapé#utic agent and imaging
agent as will be discussed in Chapter 4. As a proof of concept, weshesessfully
loaded various hydrophobic molecules, i.e. Nile Red, into the bilayeelhss various
hydrophilic molecules, i.e. Calcein, into the aqueous core[10]. Addityona# have
successfully loaded both hydrophilic and hydrophobic molecules simultapeatasthe

same polymersomes [10].

While the ability to load therapeutics into biocompatible polymesgicles, such
as those generated from PEO-b-PBD, is crucial for understaagicigcomparing the
loading and release kinetics of the drug from vesicles, thityatioilload pharmaceutical
agents into bioresorbable polymers is paramount if these vearde® be used fan
vivo drug delivery. Recently, much attention has been focused on developing
polymersomes composed of fully-bioresorbable polymers. The aluligemnerate self-
assembled, fully-bioresorbable vesicles comprised of an amphigdhilmck copolymer
consisting of two previously FDA-approved building blocks: poly(ethytetde) (PEO)
and polycaprolatone (PCL) has been demonstrated [10]. Unlike potymessformed
from the blending of “bio-inert” and hydrolysable block copolymers ,[26¢se fully-

bioresorbable vesicles leave no potentially toxic byproducts upon degradation [29].
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In addition to generating vesicles that are biocompatible and baxtige, the
ability to stabilize the membrane and control the release oWébe&les contents, is
imperative for the controlled release of many chemotheragewtith a narrow
therapeutic window. While previous work has demonstrated the stabiizaif
polymersome membranes [61-6%¢ aimed to design stabilized polymersomes that are
also biodegradable. To that end, a functional group (i.e. acrylage)nworporated at the

PCL terminal end of PEO-b-PCL diblock polymers.

Doxorubicin (DOX) is an amphipathic anti-neoplastic agent that shaowch
promise in cancer therapy, both alone and in conjunction with antibodieseatides
[37]. Currently, DOX is widely administered for the treatmentarious types of cancer
ranging from solid tumors to leukemias [67-70]. One of the majatdtions associated
with administration of this chemotherapeutic agent, however, isacanglyocyte toxicity
[39]. However, utilizing drug carriers to deliver doxorubicin cadevéte some of the
associated cardio-toxicity; drug carriers alter the pharmatdalition of the drug and
thus reduce the drug’s concentration in the heart [39]. Delivery obrdbicin in
liposomes has been shown to extend the circulation time and alfgrahmaacodynamics
of doxorubicin in such a way as to decrease its toxicity wiilk maintaining its
anticancer activity [39]. Using active loading methods originaleveloped for
liposomes, doxorubicin can be efficiently loaded into the aqueous ¢&0te26, 40] of

polymer vesicles.

Combination therapies, involving the combination of various chemotherapeutic

for cancer treatment, have proven very effective and in fact roamger therapies now
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include a multi-drug regimen. However, therapies that use a Maxiifolerated Dose
(MTD) approach, whereby the highest tolerated dose of chemotherageadiministered
as a single dose or over a short period followed by drug freedserare aimed at
eliminating as many tumor cells as possible [7ih addition to the toxic systemic side
effects associated with the MTD approach, during drug fyetes where the normal
tissue is allowed to recover, non-tumorigenic endothelial cellgosimg the vasculature
can continue to supply the small number of remaining tumor celfstigt nutrients and
oxygen required for survival and remove waste products. Thus, althoughitthle
administration may be efficacious, these “drug free” peri@satlow tumors to relapse
[71]. A new approach to administer chemotherapeutics over longer pefibdse with
small doses is being considered as a way to reduce systexiidy and possibly
improve anti-tumor effects [71]; this slower more controlled dogergred ‘metronomic
chemotherapy’ has been shown to have an anti-angiogenesis effeell §51]. This
bodes well for the polymersome as a potential delivery systenrewhe drug release
kinetics can be specifically tuned to release drug on both shatdoales (hours) to
longer time scales (days). The ability to vary release ikmetsing different polymer
backbones will be illustrated here; however the potential to varyb#ogbone and
ultimately the release kinetics is much greater than the limited muwhbgamples which

are presented in this chapter.

In addition to administering chemotherapy in a slower more cogdrallanner as
a method of creating an anti-angiogenic effect, the combinatiazh@&hotherapeutics
with anti-angiogenic drugs has been examined. Studies have dermuhgimpotential

of anti-angiogenic drugs to improve the cytotoxic chemotherapetigcts which both
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drugs are administered in combination [71]. Since tumors requisgvwaork of blood
vessels to survive and grow, angiogenesis, the growth of new blood vesselsial for
tumor survival and metastasis. These newly formed blood vesseéjaneed to provide
oxygen and nutrients to the tumor cells and remove carbon dioxide ared viagdact, a
crucial step in tumor growth and subsequent invasion and metastasisoofcells is the

switch to the “angiogenic phenotype” [72]

These nascent blood vessels are immature and their walary developed
[73], distinguishing them from normal vasculatur&urthermore, while angiogenesis
occurs rapidly in tumor tissues, in normal healthy tissues tleeafabingiogenesis is
minimal [74]. For these reasons, as well as others, taggétimor endothelium is
advantageous in the treatment of cancer. As a result, the coiwoinaf
chemotherapeutics with anti-angiogenesis agents, which suppresscudenvzeation, or
vascular disrupting agents (VDAYhich result in rapid and selective disruption of the
tumor vasculature has emerged as a promising therapy [71, 73]. ddests target
genetically stable endothelial cells that constitute the blocgklsearound tumors, rather

than the transformed tumor cells themselves [75]

However, this combination therapy is not without challenges which imeist
overcome. First, if the tumor vasculature is destroyed by BDw pfior to administering
the chemotherapeutic, it can prevent the tumor from receiving tlessay amount of
chemotherapeutic required to destroy the tumor cells [38]. Forther inhibiting blood
supply can lead to the upregulation of various cellular markersx@ample, hypoxia

inducible factor (HIFle) which has been linked to increased tumor invasiveness and
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resistance to chemotherapy [38]. However, the use of polyrsele® may solve some
of the challenges associated with anti-angiogenic drug/VDAergliby simultaneously
delivering both chemotherapeutic and anti-angiogenic agent/VDA lgiriecthe tumor

site. As discussed in Chapter 1, the polymersome architdends itself nicely to dual

drug loading.

Thus the addition of a VDA into the hydrophobic bilayer of doxorubicin ldade
vesicles can potentially create a multi-drug polymersome capablstobylag cancerous
tumors cells and their vasculature. Combretastatin A4, a hydrophauiclaadisrupting
agent, inhibits the polymerization of tubulin and causes “irreversildeula shutdown
within solid tumors” while leaving the healthy vasculature intgt8]. Hence,
combretastatin A4, is a key candidate to incorporate into the bilaydoxorubicin
loaded vesicles. Thus, the combination of combretastatin A4 and doxorirtiione
vesicle will create a multi-modal platform for the eradmatof tumor cells and the

endothelial cells which support them.

This chapter explores the challenges associated with loading D@Xthe
aqueous core of polymersomes generated from biocompatible diblock copolymer
poly(ethylene oxide)-b-polybutatdiene (PEO-b-PBD) as welhastoresorbable diblock
copolymers, poly(ethylene oxide)-b-polycaprolactone (PEO-b-PCL) angefioflene
oxide)-b-poly(methyl caprolactone) (PEO-b-PmCL). In addition,stuases the release
of the drug from these vesicles. Furthermore, the ability td ldaxorubicin into
combretastatin incorporated vesicles is demonstrated, confirmingetheration of a

multi-functional multidrug vesicles for the eradication of tumor cells andetidothelial
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cells which support them.

2.3EXPERIMENTAL METHODS

2.3.1 Preparation of PEO-b-PCL Polymersomes for Doxorubicin Loading andeRse
Studies
Self-assembly via thin-film hydration was employed in ordefoton the PEO

(2k)-b-PCL (12k) copolymers into their equilibrium morphologies. Fildration has
been extensively utilized for preparing non-degradable polymersomes cahygirREO-
b-PBD and PEO-b-PEE diblock copolymers [4, 9]. Briefly, 200 micrslitef a 70
mg/ml (or 35mg/ml for development studies) PEO-b-PCL copolymer igonlun
methylene chloride were uniformly deposited on the surfacea@iighened Teflon plate
followed by evaporation of the solvent for >12h. Addition of aqueous soluti@®0(~
milliosmolar ammonium sulfate solution, pH ~5.4) and sonication foroxppately 60
minutes at 65°C led to spontaneous budding of biodegradable polymersontbe off
Teflon-deposited thin-film, into the aqueous solution. The sonication precetalved
placing the sample vial containing the aqueous based solution and linefdnt
formulation (of polymer uniformly deposited on Teflon) into a sonicatdn (Btanson;
Model 3510) at 60-65°C for 30 minutes followed by constant agitation foriGOt@s at
60-65°C. Subsequently, five cycles of freeze-thaw extraction fetloly placing the
sample vials in liquid N and subsequently thawing in a water bath at ~55~65°C.
Extrusion using a pressure driven Lipex Thermobarrel Extruder (1.xaphcity) at
65°C was performed to yield small (<300-nm diameter) unilamplidymersomes that
possess appropriately narrow size distributions. The size diginkof the PEO-b-PCL

suspension was determined by dynamic light scattering (Figure 2.5).
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Once vesicles of the appropriate size were formed, extrudetgplss were
dialyzed in iso-osmotic Sodium Acetate Solutions (50 mM Sodium AgelfiOmM
Sodium Chloride, pH~5.5). Dialysis solutions were changed 3 timesappeoximately
30 hours. Post-dialysis, doxorubicin was actively loaded into the polgmessthrough
an ammonium sulfate gradient. The polymersomes were incubatedaxbrubicin in a
ratio of 1:0.2 polymer:drug (w/w) for 7 hours at a temperature atieie main gel to
liquid-crystalline phase transition temperature [77-79]. Aggregaif DOX within the
polymersome core led to quenching of its fluorescence emissionodgbng studies, to
demonstrate loading, fluorescence data was obtained at variougpdinte over the
seven hour incubation (using a SPEX Fluorolog-3 fluorimétex, = 480nmAem =

590nm). This incubation time was later extended to 9 hours.

Non-entrapped DOX was removed from the solution (using an Actec B8
HPLC with Frac 950; the solution was passed through a C-1640 columiSeghacryl
S500-HR media. Subsequent studies employed a HiTrap desaltinghdoktead of the
C-1640 column. The collected DOX-loaded polymersome suspension wasugedtr
and concentrated into an approximately 1 mL volume. The vesieesthen aliquoted
into various (290 mOsM) solutions buffered at pH ~5 (50 mM sodium tacetal 100
mM sodium chloride) and pH ~ 7.4 (PBS), with N = 4 samples for eadbarbuRelease
studies of DOX from the loaded polymersomes were initiated inmateddifollowing
aliquoting; DOX fluorescence was measured fluorometrically (usIS§EX Fluorolog-3
fluorimeter; Aex = 480nmjiem = 590nm) at various intervals up to fourteen days. As
DOX was released from the polymersome core, and diluted intaititeiading solution,

its fluorescence emission increased over time. At the culmmadf the study, the
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samples were solubilized using Triton X-100. The percent release tone was
calculated by comparing the measured fluorescence at eactpaimeto final DOX

fluorescence, as determined upon solubilization of remaining intaginpodomes with
Triton X-100, at the completion of the study, as per Equation 2.1. afelates were
calculated by comparing the fluorescence at two time points over thediioel between

the time points as per Equation 2.2.

Equation 2.1:

fli = flel
|fli _flpsl

where, fl; = initial fluorescence

cumulative % release, =

fl; = fluorescence at time t

fl,s = fluorescence post solubilization with triton x — 100 and heat

Equation 2.2:
(flo — fl)

release rate =
(t; —t1)

where, fl; is the fluorescence at time i
t; = thetimeati

2.3.2 Preparation of PEO-b-PmCL Polymersomes for Doxorubicin Loading and
Release Studies
Similar to PEO-b-PCL and PEO-b-PCL-Ac doxorubicin loaded vesi&&O-b-

PmCL vesicles were prepared via thin film hydration. Briefly, a thin dfrpolymer was
deposited on a Teflon film, and the organic was allowed to dry. Folgpthis step, the
film was hydrated with ammonium sulfate solution and sonicated at 65[1C. Vesicles
spontaneously self-assembled and budded off the Teflon as a reshié @nérgy

provided via sonication. Subsequent to sonication, vesicles were fpriwassed as
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noted in Section 2.3.1and dialysis was performed. Samples wimedidowever, into
iso-osmotic Sodium Chloride (NaCl) solution acidified with 12.1N HGlyield a
solution with pH~5.5, osmolarity~290mOsM. Dialysis into sodium acétafer at pH
5.5, as performed with PEO-b-PCL vesicles, discussed in Section 2.3.1dyelalot
stable loading as determined via fluorescence measurements; diglyses in various
buffers was attempted, as will be discussed in Section 2.4.2, awd determined that
stable fluorescence counts were obtained for loading when agditNB€l was used as
the dialysis media. Three exchanges were made over approximately 30 hasir®OR

loading, DOX was removed on two HiTrap desalting columns in series (GE Healthc

The vesicles were then aliquoted into various (290 mOsM) solutiongduliféé
pH ~5 (50 mM sodium acetate and 100 mM sodium chloride) and pH ~ 7.4, (RES)
N = 4 samples for each buffer. Release studies of DOX frorto#iied polymersomes
were initiated immediately following aliquoting; DOX fluoresce was measured
fluorometrically (using a SPEX Fluorolog-3 fluorimet&gy; = 480nm Aem = 590nm) at
various intervals up to fourteen days. As DOX was released frerpadlymersome core,
and diluted into the surrounding solution, its fluorescence emissioragettever time.
At the culmination of the study, the samples were solubilized ulingn X-100. The
percent release and release rate over time was calcllptedmparing the measured
fluorescence at each time point to final DOX fluorescence, asrndimed upon
solubilization of remaining intact polymersomes with Triton X-10Ghatcompletion of

the study (Equation 2.1and Equation 2.2).
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2.3.3 Preparation of PEO-b-PBD Polymersomes for Doxorubicin Loading andeRse
Studies

Doxorubicin loaded PEO-b-PBD vesicles were prepared via thin fydration as
described above. Briefly, a thin film of polymer (35-70mg/ml inaoiig) was deposited
on a Teflon film, and the organic was allowed to dry. Followinggtep, the film was
hydrated with ammonium #ate solution (pH ~5.3~5.5, ~290mOsM) and sonicated at
6511C. Vesicles spontaneously self-assembled and budded off then Befla result of
the energy provided via sonication. Subsequent to sonication, vesiaesfusher

processed as noted in Section 2.3.1and dialysis was performed.

In order to determine the loading buffer which yields the mobtestaading, for
development, samples were initially dialyzed, into either iso-osn&adium Chloride
(NaCl) solution acidified with 12.1N HCI to yield a solution with @5 or iso-osmotic
Sodium Acetate/Sodium Chloride Buffer at a pH of 5.5. (Following #iiglies were
carried out using Acidified NaCl Solution for the dialysis excleahgThree exchanges

were made over approximately 30 hours.

The vesicles were then aliquoted into various (290 mOsM) solutiongduliféé
pH ~5 (50 mM sodium acetate and 100 mM sodium chloride) and pH ~ 7.4, (RES)
N = 4 samples for each buffer. Release studies of DOX frorto#iied polymersomes
were initiated immediately following aliquoting; DOX fluoresce was measured
fluorometrically (using a SPEX Fluorolog-3 fluorimetgex = 480nmjem = 590nm) at
various intervals up to fourteen days. As DOX was released frerpdlymersome core,
and diluted into the surrounding solution, its fluorescence emissioragettever time.

At the culmination of the study, the samples were solubilizeagusriton X-100. The
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percent release over time was calculated by comparingehsured fluorescence at each
time point to final DOX fluorescence, as determined upon solubdizatf remaining

intact polymersomes with Triton X-100, at the completion of the study.

2.3.4 Doxorubicin Release from Doxil (lipid vesicles)
Doxil®, the commercially available liposomal formulation of doxorubiavas

obtained from the Hospital of the University of Pennsylvania Pharfacresearch
purposes only. Similar to the release studies performed on PEQ-aRCPEO-b-
PmCL vesicles, the 10ul of the concentrated Doxil (20mg/10ml)isnlwtas placed in

2.95 mL of either phosphate buffered saline (PBS) (pH 7.4, 290mOsM), or sodium
acetate buffered solution (pH 5, 290mOsM) at a concentration belowugmching
concentration of the encapsulated doxorubicin as determined by absorbance
measurement. The final concentration of doxorubicin was .0068mg/ml fer.buf
Release studies of DOX from the loaded liposomes weret@dtimmmediately following
aliquoting; fluorescent measurements (using a SPEX Fluorolog-3infietar; Aex =
480nm,kem = 590nm) were made at various intervals up to fourteen days post ialiguot
As noted, as DOX was released from the polymersome core, ameddinto the
surrounding solution, its fluorescence emission increased over tim#e Aulmination

of the study, the samples were solubilized using Triton X-100 and Heéet. percent
release over time was calculated by comparing the meafumescence at each time
point to final DOX fluorescence, as determined upon solubilizatioemimning intact

polymersomes with Triton X-100, at the completion of the study.
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2.3.5 Preparation of PEO-b-PCL-Ac Polymersomes for Doxorubicin Loadingd a
Release Studies
Prior to polymersome formation, the functionalize block copolymer was

synthesized by Joshua S. Katz via a two step process, as shown in Figure 2.1, tigziefly
diblock copolymer was synthesized via a ring opening polymerizationhefe-
caprolactone using monomethoxy PEG as a macroinitiator and stanctoase as the
catalyst. Once the block copolymer was synthesized, the teérmyiahaxyl group on the

caprolactone block was acrylated using acryloyl chloride and dichloromethane.
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Figure 2.1- Synthesis of Acrylate-Terminated PEO-b-PCL Copolymer

Polymersomes were generated by the self-assembly gmpolthin films on
roughened Teflon into aqueous medium (70-100 mg/mL solution of polymer in
methylene chloride, drying, immersion in aqueous solytifitlowed by sonication at
6501C, freeze-thaw cycling (fe cycles liquid nitrogen to 6501C), and heated, automated
extrusion (400 and 200 nm membranes) [4, 9]. The photoinitiator DMPAudABg
polymer for 1:1 mol polymer: mol photoinitiator, as determined by Ja¥)Kvas co-cast
with the polymer on the Teflon for inclusion into the membrane prioydoation. DOX

was encapsulated utilizing an ammonium sulfate gradient [77-78) (ag/mL DOX in
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water was added to the polymersome suspension at a ratio ofpdl@n2er. drug and
incubatedat 6501C for 7-9 hours) [77], and free DOX was removed on two HiTrap
desalting columns in series (GE Healthcare). Post DOX Igaaimd removal of free
DOX, UV light exposure was completed with an OmniCure Series 1000 spot-tampg
with a collimating lens (Exfo, Ontario, Canada; 365 nm, 55 mW/cnRRglease into
phosphate-buffered saline (PBS) was monitored by recording theedtemce of
polymersome suspensions over time (SPEX Fluorolog-3 fluorinigier,480 nm ey, =

590 nm). The amount of DOX encapsulated was determined by polyngersom
dissociation with addition of 100L of 30% TritonX-100and incubation for 60 min at

3701C.

2.3.6 Preparation of PEO-b-PCL Polymersomes for Combretastatinotporation
Studies
Self-assembly via thin-film hydration was used to assertiide PEO-b-PCL

copolymers into their equilibrium morphologies. Film hydration hesnbextensively
utilized for preparing non-degradable polymersomes comprised of PEEDakd PEO-
b-PEE diblock copolymers [4, 9]. Briefly, a 70mg/mL PEO-b-PCL cgpet solution

in methylene chloride was prepared and added to combretastatin®l alrug:polymer
molar ratio. Two hundred microliters of the polymer-drug solutierewuniformly
deposited on the surface of a roughened Teflon plate followed dqyyoemation of the
solvent for >12h. Addition of aqueous solution, (~290mOsM Phosphate Bufferad,Sali
PBS) and sonication at 65°C led to spontaneous budding of biodegradable
polymersomes, off the Teflon-deposited thin-film, into the aqueousi@olut The

sonication procedure involved placing the sample vial containing the agbesed
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solution and dried thin-film formulation (of polymer-drug uniformly deposited ofomgf
into a sonicator bath (Branson; Model 3510) @ 60-65°C for 30 minutes &ulldoy
constant agitation for 60 minutes at 60-65°C. Subsequently, five aycfeseze-thaw
extraction followed by placing the sample vials in liquigasd then thawing in a water
bath at 50-60°C. Extrusion using a pressure driven Lipex Thermbatreder (1.5
mL capacity) at 65°C was performed to yield small (<300-nm efiam unilamellar
polymersomes that possess appropriately narrow size distribufitvessize distribution
of the PEO-b-PCL suspension was determined by dynamic lightesocgt Post
extrusion, non-entrapped combretastatin was removed from the sampdadantrating
using a Centricon centrifugal device. The sample was centiifdiifeate removed, and
additional PBS buffer was added to the concentrated sample forl aftotime times.

The collected polymersome solution was centrifuged to concentrate the sample

To determine the concentration, one hundred microliter sample aliq@ots w
removed and the combretastatin was extracted from the vesychdding the aliquot to
400 microliters of PBS and 500 microliters of methylene chlorade] subsequently
vortexing and centrifuging the sample. The resulting aqueous lagsr carefully
removed, and the remaining organic layer with drug was placed iouava The dried
powder resulting from evaporation of the methylene chloride wassettded in 1
milliliter of acetonitrile. The concentration of combretastaivas determined by
measuring the absorbance (molar extinction coefficient 12,5¢8M in acetonitrile at

300nm). Polymer concentration was determined by a mathematical calculation.
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2.3.7 Preparation of Dual Drug PEO-b-PCL Polymersomes for Combretastat
Incorporation and Doxorubicin Loading

Self-assembly via thin-film hydration was used to assertide PEO-b-PCL
copolymers into their equilibrium morphologies. Film hydration hesnbextensively
utilized for preparing non-degradable polymersomes comprised of PEBEDaRd PEO-
b-PEE diblock copolymers [4, 9]. As described in section 2.3.670 mg/ml| (ay/BBror
for development studies) PEO-b-PCL copolymer solution in methylergiddnl was
prepared and added to combretastatin at a 0.9:1 drug:polymer ntiman@ a thin film
of the polymer-drug solution was uniformly deposited on the surface roughened
Teflon plate. The addition of aqueous solution, (~290mOsM Ammonium Sulfate
Solution, pH~5.4) and sonication for approximately 60 minutes at 65°C led to
spontaneous budding of biodegradable polymersomes, off the Teflon-depositiidnthi
into the agueous solution. As described, the sonication procedure involved) plaei
sample vial into a sonicator bath (Branson; Model 3510) @ 60-65°C forirBfie®m to
equilibrate the sampled followed by constant agitation for 60 miraité-65°C. Post
sonication, five cycles of freeze-thaw extraction followed bygiptathe sample vials in
liquid N, and subsequently thawing in a water bath at 50-60°C. Extrusion asing
pressure driven Lipex Thermobarrel Extruder (1.5 mL capacitgbaf was performed
to yield small (<300-nm diameter) unilamellar polymersomes fihasess appropriately
narrow size distributions. The size distribution of the combretasREO-b-PCL

suspension was determined by dynamic light scattering.

Once vesicles of the appropriate size were formed, samplesdialyzed in iso-

osmotic Sodium Acetate Solutions (50 mM Sodium Acetate, 100mM Sodiuamidzhl
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and pH ~ 5.5). Dialysis solutions were changed 3 times over apma@y 30 hours.
Post-dialysis, doxorubicin was actively loaded into the combrétasiacorporated
polymersomes through an ammonium sulfate gradient. The polymersoeres
incubated with doxorubicin in a ratio of 1:0.2 polymer:drug (w/w) fohdurs at a
temperature above their main gel to liquid-crystalline phaseitimnsemperature [77-
79]. Aggregation of DOX within the polymersome core led to quenching of its
fluorescence emission. For loading studies, to demonstrate loadinggstiance data
was obtained at various time points over the nine hour incubation (asiB§EX

Fluorolog-3 fluorimeterjex = 480NnmMAem = 590nm).

Non-entrapped DOX and combretastatin were removed from theoso(using
an Acta Basic 10 HPLC with Frac 950; the solution was passed th@udiirap
desalting column. The collected dual drug polymersome suspensionmifsiged and
concentrated. Samples were aliqguoted and an absorbance spectthen regulting
vesicles was obtained from 190nm to 700nm. Furthermore, vesiclessetbilized
using Triton X-100 to demonstrate doxorubicin loading into the aqueous coxe tkke
vesicles are solubilized, if DOX is in encapsulated in the aquewastbere should be a
marked increase in fluorescence from the sample as DOXdgoumous core is freed into

the external media.
2.4RESULTS AND DISCUSSION

2.4.1 Loading and Release of Doxorubicin in PEO-b-PCL Polymersomes

To assess the mechanism by which the PEO-b-PCL vesicles doad
physiologically relevant, the loading of Doxorubicin (DOX) wasoniored
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spectrofluorometrically Aex=480nm, Aer=590nm) over the course of 7 hours; this was
later followed through 9 hours. Since the aggregation of doxorubicideinke core,
when loaded actively via ammonium sulfate gradient, results in quenatfi the
fluorophore, a decrease in fluorescence over time was genetadlgrved as drug
molecules load into the vesicles. However, it should be noted, thigadecin
fluorescence was concentration dependent, and hence if the concentiatSide the
vesicles was initially high (i.e. above the quenching concentratmenjrig was actually
seen as an increase in fluorescence as the DOX concentratiom @xternal solution
decreased below the quenching concentration with loading. As sudil lloading
studies, the final determination of loading was thus made based dizatian of the

fluorescence output over time.
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Figure 2.2-Schematic of remote DOX loading in vesicle
by an ammonium sulfate gradient created between thatravesicle aqueous phas
and the external solution[79].
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Figure 2.3- Characterizing the loading of doxorubicin into PEC-b-PCL

polymersomes.

A) Doxorubicin fluorescence spectr over time while loadinginto vesicles. B) The
normalized maximum fluorescence of doxorubicin ovetime, where all values are
normalized back to the Oh fluorescence maxima. In botlgraphs, A) and b) he
decrease in fluorescence and the stabilization dfi¢ fluorescent signal after 3 hour:

is clearly demonstrated

Using Cryotransmission electron microscopy (-TEM) we confirmed that th
remote loading of DOX did not adversely affect tsteucture of the membrane
vesicular structure of the polymersome. DOX loagetymersomes were observed
cryo-TEM (Figure 2.1 and demonstrate the vesicle like morphology sei&m unloadec
polymersomes. However, in contrast to unloadegirpetsomes, images of DOX load
vesicles have an electr-opaque band in the aqueous core [7Bigire 2.1, A-C)
resulting from the fibrot-bundle aggregates formed whedoxorubicin precipitates whe

encapsulated in the presence of a pH gra [80].
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(v 7]

Figure 2.4- Cryo-TEM Images of Doxorubicin loaded PEC-b-PCL vesicles.
Note the solid like aggregates in both circular andod like form in the vesicle
center; this is the solge

We assessed the mechanisy which PEO-bPCL vesicles load (See Secti

2.4.7) and release a physiologically relevant encapsularAs a model systen
Doxorubicin, an anti neoplastic agent which inlgb@DNA replication, was activel
encapsulated into thejaeous compartment of 200nm F-b-PCL vesicles Figure 2.5)
though an ammonium sulfate gradi{77, 79, 81] (See Section 2.3.1 in situ release
C)

where doxorubicin relea was monitored fluorometricallyA{,=480nm, Aer=590NmM)
over 14 days. Cumulative release and releasevexte calculated according to equati

Equation 2.1an&quation2.2, respectively.

While the kinetics of the release varied at the pts, an initial burst relea:
phase (where approwately 20% of the initial payload wiin the first 8 hrs) wa
observed for both pH’s followed by a more contrdljgH dependent relez over the 14
day release studyFigure 2.6A). However, the dynamics of release varied at ¢
condition (Figure 2.B). At a pH of 5, one single release phagg i§ observed over th

entire 14 days;tiappears that the dominant mechanism of releabethtshort and lon
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times at this pH is acid catalyzed hydrolysis of the PCimbrane (Figure 2.6C). In
contrast, at a pH of 7.4, two distinct phasgsp] are observed. Kinetic release studies
suggest that initially (days 1-&,phase) doxorubicin release from the polymersome core
is primarily dependent upon passive diffusion of the drug across theneé@brane. At
subsequent times, (days 5-18,phase) drug release is predominantly facilitated by
hydrolytic matrix degradation of the caprolactone backbone Figui€).2.6The rate
constants of th@ (pH 7.4) and3’ (pH 5) phases are similar further suggesting a similar
mechanism of release. Since acid catalyzed hydrolysis ahémebrane occurs at both

short and long times at pH 5, DOX release at pH 5 is more rapid that at pH 7.4

00030
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E_ 0.0015 /" ‘\
0.0010r "']; l"\
00005 / \
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Figure 2.5- Cumulative histogram of the size distribution ofPEO(2k)-b-PCL(12k)-
based polymersomes as obtained via dynamic light scattering (DLS) at-@5
Vesicles were formed via thin film self- assembly upon agous hydration and
heating at 65C for 1 hr. A mono-dispersed distribution of 200 nm diamete
polymersomes was subsequently obtained upon 5 cycles of reg¢haw extraction
followed by extrusion through a thermo-barrel supported (5 pases at 65C) 200 nm
pore cutoff membrane.
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Figure 2.6-in situ release of doxorubicin from PEO-b-PCL polymersomes

(A) Cumulative in situ release of doxorubicin, loaded within 200 nm diameter
PEO(2K)-b-PCL(12K)-based polymersomes, under various physiological condins

(pH 5 and 7.4;T = 37°C) as measured fluorometrically over 14 daysN = 4 samples
at each data point; individual data points for each sample vari by less than 10%
of the value displayed at each time interval.
200 nm diameter PEO(2K)b-PCL(12K)-based polymersomes vs time. Dotted and
solid lines represent exponential fits obtained by regreson analysisR-= 0.99 for
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each curve), and the displayed equations correspond to the pextive release
regimes @, B, p’,). (C) Schematic illustrating differing regimes of DOXrelease via
(a) intrinsic drug permeation through intact vesicle membrans vs §, p’) release
predominantly by PCL matrix degradation.

2.4.2 Loading and Release of Doxorubicin into PEO-b-PmCL Vesicles

To determine whether the addition of a methyl group onytharbon of the
caprolactone back bone alters the loading or release rate afutbin from the vesicle
interior, Doxorubicin was actively encapsulated into the aqueous ctmgrdrof 200nm
PEO-b-PmCL vesicles (Figure 2.1) though an ammonium sulfate argtgaitnt [77,
79, 81] (See Section 2.3.2). Figure 2.7A demonstrates that an inéne&¥@X
fluorescence occurs post vesicle destruction with Triton X-100;xpkieed above,
releasing the DOX from the vesicle core results in an iseréa DOX fluorescence.
Figure 2.7B-D are cryo-TEM images of DOX loaded PEO-b-Pra€iicles; the areas in
the center of the vesicle are due to the DOX5@el-like precipitate, and further
demonstrate encapsulation of DOX into the aqueous core; however, loatdingach
vesicle appears variable and it appears that some vesicleBavayoaded more or less

DOX than other vesicles.
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Figure 2.7-Doxorubicin loading in PEO-b-PmCL vesicles
A) Doxorubicin Fluorescence pre (PTX) and post (TX}reatment with Triton X -100.

The increase in fluorescence upon vesicle ruptureue to Triton X-100 confirms the
loading of doxorubicin into the aqueous core of theesicles. I-D) CyroTEM images
of DOX loaded PEO-bPmCL vesicles where the DOX aggregates, circular anrod-

like in form, appear as dark areas in the aqueouscre.
In contrast to PE-b-PCL vesicles, samples were dialyzed into unbuffese-
osmotic Sodium Chloride (NaCl) solution (pH~5.5molarity~290mOsM).  While
dialysis into sodium acetate buffer at pH 5.5 yeelgtable DOX loading for PE-b-PCL
vesicles (Figure 2)3dialysis in this buffer didot yield stable loading (as determined
fluorescence measurements) for F-b-PmCL vesicles (Figure 2.8 The pH of the spet
acetate buffer, when loading P-b-PCL vesicles showed an increased in pH from ac

conditions (starting) to basic conditions after lyBes, demonstrating the efflux

ammonia and the establishment of " gradient (Figure 2)2 This was not observed f
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the loading of DOX in PE-b-PmCL vesicles, where the pH of the spent dial
solutions remained acidic. It was surmised thatrttethyl group in the PmCL blomay
have increased the hydrophobicity of the block amparison to PCL, hindering tl
ammonia from crossing the bilayer and establiskivegpH gradient. As such, dialysis
various buffered and unbuffered solutions was gtteth and it was determinethat
stable fluorescence counts (correlating to staideihg) were obtained for loading wh
acidified NaCl was used as the dialysis mecFigure 2.8. Furthermce, when
examined, the pH of the spent acidified NaCl alsoraased from acidic to ba:
conditions, suggesting that I3 crossed the vesicle membrane and established

gradient across the PmCL membra
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Figure 2.8-Doxorubicin fluorescence over time while loading ito PEO-b-PmCL
vesicles after dialysis in various is-osmotic buffered and unbuffered solutions.

C. Nae the fluorescence remains relatively stable aftethree hours of loading
for either of the samples dialyzed in sodium chlode solution. NaOAc
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Buff.=Sodium Acetate/Sodium Chloride Buffered Solution at pl 5.5 (samples 1-3,
not stirred while loading, samples 4- 5- stirred while loaithg); NaCl Sol’'n=Sodium
Chloride Solution, pH 5.5 (unbuffered); Sucr. Sol'n=Sucrose &ution, pH 5.5
(unbuffered)

in situ release studies were conducted at various physiological condpErs.5
and pH 7.4,@T=371C) where doxorubicin release was monitored fluorometrically as
described above\{=480nm,A.,=590nm) over 14 days. Cumulative release and release
rate were calculated according to equations Equation 2.1and Equation [2e2tivesy.
Similar to release from PEO-b-PCL, we observed an initiastbpinase release where
over 50% of the total amount of drug released was released durirfigsthE2 hours.
This correlates well with the release rate where thaliniglease rate during the burst
phase is significantly higher than the release rate duringubsequent days. The dip
observed in the cumulative release of the drug in the pH 7.4 buffet beuhe result of
drug degradation in pH 7.4 buffer at 37(1C or the drug “reloading” in the vesicles post
release to establish an equilibrium across the non-hydrolyzédevesembrane. As is
evident from the cyro-TEM images in Figure 2.7, not all vesielee loaded with the
same amount of DOX and hence some of the DOX may be redistritpdgadelease. In
both the pH 5.5 and the pH 7.4 buffers, the percent cumulative releasgydfain the

vesicles is significantly less than observed for the PEO-b-PmCL \egtetpure 2.6).
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Figure 2.9-in situ release of doxorubicin from PEC-b-PmCL polymersome:
A) Doxorubicin Cumulative Release and B) Release Ra from PEO-b-PmCL
vesicles at physiological pH

2.4.3Loading and Release of Doxorubicin in PE-b-PBD Polymersome
To examine the relee of Doxorubicin from biocompatible but nc¢

biodegradable vesicles, DOX was loaded activelg REC-b-PBD vesicles through
gradient. Similar to DOX loading in PE-b-PmCL vesicles, various dialysis media w
tested, and it was determined that the oal dialysis solution which leads to a sta
fluorescence within B hours was is-osmotic acidified NaCl (pH 5.5). Success
loading was confirmed by cr-TEM microscopy and bursting of the vesicles us

Triton X-100 and heat.
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Figure 2.10-Doxorubicin loading into PEO-b-PBD polymersomes
A)Loading of doxorubicin into PEO-b-PBD vesiclesover time and B) the
confirmation of doxorubicin loading in PEO-b-PBD vesicles.
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Figure 2.11- Cryo-TEM Images of DOX loaded PEC-b-PBD vesicles

A) Budding vesicles are observed, B) Not all vesed are loaded with DOX, C) Fully
loaded DOX vesicle with not much space between tHeOX aggregate and the
vesicle wall, DE) Pearlized structures resulting from DOX loading.

From Figure 2.11t is evident that not every vesicle has DOX ena&ied within
it; furthermore, at timethere is very little (if any) separation betwdlesm DOX aggregat
and the bilayered membrane. Additionally, somehef vesicles have a cause of

appearance of "stringed vesicles" but they aregbeat in the image:
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Figure 2.12-in situ release of DOX from PEC-b-PBD vesicles
A) Cumulative DOX releaseand B) DOX Release Rate from PEO-4#BD vesicles at
pH5and pH 7.4

In situ DOX releas studies were carried out fluorometrically for DO%atled
PEO-bPBD vesicles in physiologically simulated condison Vesicles in pH 7.
undergo a burst phase release where over 20% dbthleDOX is released within tt
first 12 to 24 hoursKigure2.12A); this burst phase at pH 7.4 is further evidenigdhe
quick rate of DOX release over the first 24 hotFigure 2.1B, closed boxeswhich
quickly tapers off over the subsequent 13 ( (Figure 2.1B, open boxe:. It is surmised
that he drug released during this early time periodriggdvhich was adhered to the PI
brush or localized to the membrane, but not locked the core. Following the burs
phase releas@ more controlled release is observed. It eredting to note th, as in the
case of DOX loaded PE-b-PmCL vesicles, the cumulate DOX release decreddates
time points; again, this may be the result of DQegihdation in the pH 7.4 solution
DOX is known to degrade more rapidly in I-acidic solutions [82, 83] Since not ever

vesicle has DOX insideFigure 2.11BP) another possibility for the decrease
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cumulative DOX release at later times is that DGXreentering unloaded vesic

(Figure 2.1) which are initially still intact at pH 7.4

At a pH of 5.5, less than 10% of the drug is retedafrom the PE-b-PBD
vesicles within the first 24 hours, and it appethis the vesicles do not go through
burst phase release, as evidenced by the slow and dedtrolmulative release ai
slower release raté&igure2.12A and B, respectively. Release rates do not reser
1.5% initial load/ hr even at early time pointanc® it is unlikely that the PBD backbo
is degraded over the 14 days, in both conditions believed that the drug release

both pHs is due to permeation of DOX across the bmane and not veses destruction.

2.4.4Release of Doxorubicin from Doxil ® (Doxorubicinfiosomal formulation

Doxorubicin loaded liposomes were obtained andteliuo yield a .0068mg/n
concentration of DOX in is-osmotic pH 7.4 PBS buffer or ismssmotic pH 5.5 Sodiur

Acetate Buffer.
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Figure 2.13Release of Doxorubicin from the clinically administred liposomal
formulation of doxorubicin
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A)Cumulative doxorubicin release from liposomes (Doxil ®) andB) Doxorubicin
release rate from liposomes

Similar to the above release experiments, the release of fl@Xlipid vesicles,
(DOXIL ®) was measured fluorometrically. Cumulative releasd release rate were
calculated according to equations Equation 2.1and Equation 2.2, respedidetdpse at
both pH’s demonstrates a characteristic burst phase overgh&Zihours followed by a
more controlled release over the subsequent days. However, theebemseris more
pronounced in the acid buffer as over 20% of the drug is releasedfirstie hours at a
pH of 5.5, whereas in PBS buffer (pH 7.4) only 10% of the total éaseld over the first
12 hours (Figure 2.13A). The burst phase is further demonstrated bynexa the
release rate of the drug (%initial load/hr) which is gretiten 1.0% initial load/hr for the
first 12 hour for the pH 5.5 condition, but quickly decreases post burst pHaaser to
less than 0.5% initial load/hr after the first day (B). At aqit?.4, it appears the DOX
fluorescence decreases over days 1-3; this may be due tcs@ilvatdon of drug back
into the vesicles, or the result of DOX degradation at pH 7disasissed above; during
these days, the rate of degradation or re distribution is grisaterthe rate of release.
However, as the vesicles begin to breakdown due to hydrolysis tGipithethe rate of
release surpasses the rate of degradation and/or drug redmtrilautd the cumulative
release of drug slowly increases over the next 11 daysr@®jt3A). The release rate
correlates with this observed cumulative release, as initlafly%oinitial load/hr is 0.5-

1.0, but decreases after the burst phase to approximately 0.1% (Figure 2.13B).
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2.4.5 Loading and Release of Doxorubicin into PEO-b-PCL-Ac Membrane Sitzduil
Vesicles
As mentioned, one of the benefits of polymersomes over liposorties usmique

ability to tune to degradation and release kinetics of the polynokbbae for enhanced
control of drug delivery rates. To that end, we sought to stalilezenembrane structure
and decrease the permeation of drug across the membrane prior boameimydrolysis
by forming biodegradable membrane stabilized vesicles throughsthef a acryl group
on the terminal hydroxyl end of the PCL block, a photoiniator, and admhte. Once
assembled into polymersomes and in the presence of a photoinitiatdight éxposure
induces a radical polymerization through the functional groups (Figuré). This
approach does not hinder hydrolysis of the PCL chain and yields olgolaetone

units, PEG, and kinetic chains of poly(acrylic acid) as the degradation products [84].

R peipluie 7 PEQ-PCL diblocks
I

| acrylates
Y

! kinetic chains
1

|
I
I
|

ffs@? &f?

Figure 2.14- Schematic of Hydrophobic End Group Polymerizationdr Stabilization
of Polymersome Membranes

Joshua S. Katz determined that only in the case where DMP Ahtteinitiator

was loaded into the bilayer and the polymersomes were exposed twadMtion was
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polymerization of te acrylate groups observed (i.e., disappearaneergfate peaks i
NMR spectra, Figure 25A). Additionally, significant peak broadening cha seen i
the NMR sgctrum of the UV exposed polymersomes containingPBlindicative of ar
increase in molecular weight that would be expected accompany acryla
polymerization. UV light alone or simply the prase of DMPA were both insufficiel
to induce polymerizatic. Furthermore, the amount of DMPA necessary fongete
conversion of the acrylate groups was also invattd) Figure 2.14 Figure2.15B). A
1:1 mol/mol ratio of DMPA to polymer was necess&oy complete conversion

acrylates.
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Figure 2.15-(A) NMR spectra of dehydrated polymersomes of AcPC-b-PEG with
or without DMPA loaded into the membrane before andafter UV light exposure as
indicated. The -DMPA+UV sample received a 30min dose of UVlight, wle the
+DMPA+UV sample received a 5 min dos. (B) NMR spectra of AcPCL-b-PEG
polymersomes with varying amounts of DMPA loaded ito the membrane (reported
as molar ratio of polymer:DMPA). All samples receved a 10 min dose of UV light.
Lowercase letters indicate assignment of peaks tbhe chemica structure shown
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To demonstrate membrane stabilization as a method of controlenglémase of
drug from the polymersome, doxorubicin was encapsulated in PEO-BABCL-
polymersomes loaded with DMPA in the membrane and the releasenwaitored via
fluorescence dequenching of the drug as discussed in Section 2BREXEPNTAL
METHODS. We compared formulations with and without 15 min exposutév light
(Figure 2.16A). As mentioned, as DOX releases from the polymersonhés diluted
into the surrounding solution, its fluorescence increases over a bakalaie[85],
enabling tracking of the release from the polymersomes. Resaltsormalized to the
initial amount of DOX encapsulated (determined by membrane disrugittough Triton
exposure to an additional sample for each group) less the basklorestence.
Formulations were also highly stable, exhibiting negligible sega1%) when stored at
4[1C over the same period of time. The characteristic initialtplhrase release, seen
with PEO-b-PCL vesicles, was seen for both stabilized and noriztdippolymersomes;
however, the amount of drug released was slightly more when eratagisur the non-
stabilized polymersomes. The drug molecules released durmfgutst phase are likely
from the DOX that partitioned into the membrane prior to stabibima(DOX is
amphiphilic). However, following the burst phase release, theofatease was much

slower for stabilized polymersomes compared to the non-stabijmdginersomes

(Figure 2.16B). By 7 days, only an additior&% more of the drug from that released

during the burst phase was observed to be released for the staleiszelds, compared

to the additiona~25% more being released for the non-stabilized samples, sitmilar

what was observed with PEO-b-PCL vesicles in Section 2.4.1. Ddegtadation of
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DOX in aqueous solutio [82, 83],exact release profiles cannot be determined by
method. However, from the two observed profilFigure 2.1, it is evident that dru

release is signifantly retarded by stabilization of the membr.
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Figure 2.16-Doxorubicin Release from PE(-b-PCL-Ac vesicles

(a) Percent cumulative released and (b) release et of DOX encapsulated in PE-
b-PCL-Ac polymersomes with 1:1 DMPA either without exposure (cirles) or with
exposure to 15 min UV light (squares). The amountleased was normalized to th
initial amount encapsulated and is reported as mean (n=3) and standard
deviations.

2.4.6 Incorporation ofCombretastatin into PE-b-PCL Vesicles

Combretastatin, an a-angiogenesis drug, was incorporated into the hydbic
membrane of the PEG-PCL vesicles by dissolving it as well as the polynie
methylene chloride prior to tr-film hydration and vesie formation. A relativel
monodispersed vesicle population of approximaté€l@rzn drug incorporated vesicl
was obtained post vesicle formation and extrus®determined by DLS. Incorporati
of combretastatin was determined by spectroscdpsgréaice spectra were obtained &
compared for vesicles with and without drug as vesllfree drucFigure2.17. These

spectra demonstrate that the combretastatin wiorporated into the vesicles as a p
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at approximately 345nm was observed for vesiclegamoing combretastatin, but not 1
drug free vesicles. The red shift in the combtatasspectra for combretastatin vesic
in comparison to spectra of free ccretastatin in ACN is probably due to the alte

environment inside the vesicle membra

1.4 +—

> om QO

200 250 300 350 400
Wavelength (nm)

Figure 2.17-Absorbance spectra 01) combretastatin incorporatedPEO-b-PCL
vesiclegclosed triangle, closed scare), 2)PEO-bPCL vesicles (circles), and 3) fre
combretastatin in ACN (plus sign)

2.4.7Dual Drug Vesicles: The Incorporation of Combretiadin and Loading of
Doxorubicin in PEO-bPCL Vesicles
As described, dual drug loaded polymersomes wemnergéed byforming a thin

film of combretastatin and PE-b-PCL and hydrating to form vesicles. Post ves
formation, vesicles were dialyzed to establish anmanium sulfate gradient ai

subsequently loaded with doxorubicin. Doxorubicilbading was tracke
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fluorometrically as described in section2.3.1and 2.4.1. Figure 2.18A shows
fluorescence changes over time while loading DO ioombretastatin incorporat
vesicles. Again, fluorescence intensity stabiliaéter the first three hours and reme
constant ger the entire loading study. In order to demaitstboth the incorporation

combretastatin and the encapsulation of doxorupatosorbance spectra of the vesi
were obtained. Idrigure 2.19 the peaks for both DOX (~480nm) and combretas
(~280nm) are clearly visible demonstrating the ipooation of both drugs into or
vesicle. Figure 2.18 clear: shows an increase fluorescence post treatment criton

X-100 and heatlemonstrating release of doxorub into the external solution from i

initially quenched statimside vesicle aqueous cc
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Figure 2.18-Doxorubicin loading in Combretastatin vesicles

A) Fluorescence intensity while loading over time BBursting of Sample 1 of DOX
loaded combretastatin vesicles; S1= Sample 1, et®TX- prior to treatment with
Triton X; TX- after treatment with Triton X
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Figure 2.19-Absorbance Spectra of DOX loaded combretastatin irarporated
polymeric vesicles.

The top image shows the entire spectra with peaksorf both DOX and
combretastatin, while the bottom image shows the sptra for combretastatin alone.
S1=sample 1, etc.;Lis the first part of the sample, etc

2.5CONCLUSIONS
This study highlights the enormous potential ofypmrsomes as vehicles 1
both single drg and combination drug cancer therapy. Doxorubiaim amphipathi
anti-neoplastic agent, was loaded into the aqueous afobeth biocompatible (PE-b-
PBD) and bioresorbable (Pl-b-PCL and PEO-b-PmCL) nampmlymersomes and tf
release was characterizen physiologically relevant buffers. Furthermorexdrubicin

was loaded into the aqueous core of fully biodegjpéel stabilized polymersomes, an

75



decreased release rate was observed in comparison to nonetabgizicles. This
reduced release rate is beneficial for high local delivergh&imotherapeutics over an

extended period.

Combretastatin, a VDA which binds tubulin and leads to vascular dsnuipt
tumors, was incorporated into the hydrophobic bilayer of PEO-b-RSIicles with and
without doxorubicin. Because of the enhanced permeation and retenf®) éfect,
discussed in Chapter 1, vesicles naturally accumulate at the sitemtw do the leaky and
abnormal vasculature. Hence, vesicles loaded with combretasgdtio to the tumor
site, even without targeting moieties, thereby further asgistith the elimination of

endothelial cells lining the tumor vasculature.

The ability to load both chemotherapeutics and vascular disruptergsafom
bioresorbable vesicles in a controlled fashion suggests thatuwesstes may be useful

for clinical applications.
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3.1SUMMARY

Biological membranes are complex molecular assemblies of phqgsdkeodind
stabilized by cholesterol, proteins and carbohydrates [86]. Liposoraegles self-
assembled from natural or synthetic phospholipid amphiphiles [87], ralt fmological
membranes [88, 89], probe cell machinery[9}d be used to develop bio-inspired
materials for medical applications [91, 92]. The design of stiotheid amphiphiles for
vesicle self-assembly represents a formidable challemge sioth natural and synthetic
amphiphiles generated by traditional methods can produce unstablemg®osthat

require tedious separation and stabilization [91, 93-97].

Here we show that libraries of amphiphilic Janus-dendrimefsassémble, by
simple injection of their ethanol solution into water, into monodisparsg stable
vesicles with excellent mechanical properties; these dendcimesicles have been
termed dendrosomes. In contrast to polymersomes, polymeric vesafeassembled
from polydisperse block co-polymer amphiphiles[3, 4, 98, 9@ih limited
bioresorbability, stable and monodisperse dendrosomes exhibit, in additioa classic
spherical shape, the less encountered tubular[100], multilamellacles$01],
polygonal[102], cubosome[103] and other complex architectures such as disc-like

torroidal, rod-like, polygonal, spherical, ribbon-like and helical ribbon-like nasglD4].

Preliminary experiments demonstrate that dendrosomes are noremells at
short times, and many produce pH-sensitive membranes that deliver cancerutugs, s
doxorubicin, and incorporate pore forming proteins. Therefore, dendroscpeasdethe

precise and monodisperse primary structure of dendritic building blot&s new
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functions[105-108]. Amphiphilic Janus-dendrimers self-assemble alsokrahdlcan be
used to elucidate the mechanism of self-assembly of amhiphilései absence and
presence of water[12]. We anticipate that dendrosomes wilh@xtee capabilities of
synthetic amphiphiles, generating responsive membranes with peiityeadriltrollable

for desirable technological applications including novel pathwaysafgeted drug and
gene deliveryjn vivo imaging, and mediation of the efficiency of enzymes[109] and

nucleic acids.

3.2INTRODUCTION

The Perec Laboratory has designed twelve libraries contdifingincharged and
positively charged amphiphilic Janus-dendrimers (Figure 3.1). Tleses-dendrimers
were designed from natural AB3 and constitutional isomeric AB2dimgil blocks
containing both hydrophilic and hydrophobic segments that can be rapidlyrsairiboi
produce a large array of exact and monodispersed primaryusasi¢Eigure 3.1). These
dendrimeric structures were synthesized by a combination of igente for the
hydrophobic portion, and divergent or convergent methods for the hydrophilic portion.
Two hydrophobic segments (one aliphatic and one mixed aliphatic-achraatl Six
hydrophilic segments (derived from oligoethylene oxide, dimethsydpipnic acid,
glycerol, thioglycerol, tert-butylcarbamate and quaternary ammonium salts) were
synthesized to generate the libraries of dendrimeric strudttigasre 3.1). This modular
concept allowed the weight fraction of hydrophilic to hydrophobic bloaksbé

systematically varied.
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The monodispersity of the dendrimers sets them apart from payener block
copolymers which are polydisperse [3, 4, 98, 99]. Furthermore, whij@npolchains
have only limited scope for additional functionalization since they contdy two chain
ends, the design of amphiphilic Janus-dendrimers, with their braresias] allows a

higher concentration and larger diversity of functionalities to berpwrated at both the

hydrophilic and hydrophobic fragments of the molecule.
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Figure 3.1- Library of Janus Dendrimers synthesized by the Perec Laboraty at
the University of Pennsylvania
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All amphiphilic Janus-dendrimers from Figure 3.1 self-assemieth bulk and
in aqueous based solutions to form regular structures (Figure 3.2 and Figure 3.8 Vesi
formation via injection of ethanol solutions of Janus-dendrimers intor watdvent
injection method) was monitored by dynamic light scatteringSPas a function of
concentration, temperature, and time. Formation of vesicles byiamexf dendrimer in
ethanol and in a variety of other protic and polar aprotic solutiors viigtter was
investigated as a function of temperature at a concentratiOrbohg/mL. Assemblies
with sizes from 55 nm to 732 nm with polydispersity ranging from D1020.530 were
observed for the various concentrations, temperature, and time. Thesthhss were
stable in aqueous solutions up to at least 300 days from 25[1C-80[1C. Surprisingly most
of the assemblies have low polydispersities of 0.021 to 0.200 via thentsaljection
method alone (i.e. no further processing); in the field of ssémbled vesicles, these
low values are considered monodisperse. For dendrimers from libraing Sjze and
polydispersity depend on concentration. For example, the dendrimer (3,5PR2G1
BMPA-G2(OH) exhibited polydispersities ranging from 0.106 to 0.44 and Z-average
sizes ranging from 84nm to 206 nm for concentrations ranging frté&hm@/mL to 4
mg/mL. In contrast, for dendrimers containing oligoethyleneoxide inhgdrophlic

portion, polydispersity and size are minimally dependent on concentration.

Small assemblies fabricated by injection of ethanol solutiorteeofimphiphilic
Janus-dendrimers into water were analyzed by cryo-TEM. 8beasetassemblies are
unilamelar spherical dendrosomasd 55 have a polydispersity lower than 0.2 (Figure
3a). In addition, dendrosomes within dendrosomes [101, 110], polygonal [102] and

tubular[100] dendrosomes, bicontinuous cubic particles (cubosomes [103]) and other
84



complex architectures such as disc-like, toroidal, rod-like, polygapélerical, ribbon-

like and helical ribbon-like micelles[104] were also observed byattadysis of the 3-D
intensity profiles of the optical micrographs and cryo-TEM iesaffigures 2, 3). To our
knowledge this is the first example of dendrocubosome obtained in a two-phase non-ionic
surfactant system. The bilayer thickness of the dendrosomesneasured from cryo-

TEM and found to range from 5 to 8 nm. Liposomes from phospholipids exhibit
membrane thicknesses of 3 to 5 nm while the membrane thickness oepsbynes can

be varied between 8 to 20 nm or even greater. The mechanical popedaenbination

with the measured thicknesses suggest that dendrosomes allenéxcandidates for

models of biological membranes.

85



Figure 3.2- CryoTEM of dendritic assmeblies in agueous solutions

(&) Monodisperse dendrosomes from (3,4)12G1-PE-(3,5)-3EO-G1-(OCH3)in
ultrapure water (b) Dendrosomes contained inside a dendros®e bag from
(3,4,5)12G1-PE- (3,4,5)-3EO-G-(OH)6 in PBS (c) Polygonal dendrosomea®sni
(3,4)12G1-PE-(3,4)-3EO-G1-(OMe)4 (d) Bicontinuous cubic parties co-existing
with low concentration of spherical dendrosomes from (3,5)12GRE-(3,4,5)-2EO-
(OMe)6 (e) Disc-like micelles and toroids from (3,4,5)12G1-Pg&,5)-3EO-(OMe)4
() Micelles from (3,4,5)12G1-PE-BMPA-G2-(OH)8 (g) Dendrosomesfrom
(3,5)12G1-PE-(3,4,5)-3EO-(OMe)6 (h) Rod-like, ribbon and helical melles from
tris12-PE-BMPA-G2-(OH)8.

In addition to solvent injection method which yielded vesicles wittie lit
polydispersity, dendrosomes were also prepared by thin film hgdratiln brief,
hydration experiments were performed on films drop cast ontoughemed Teflon
surface at a concentration of 2 mg dendrimer (in @0Golvent) per ~1 cf Samples

were dried under vacuum prior to hydration with 2 mL of ultra puaieewvor phosphate

buffered saline at €. This method was used to generate giant dendrosomes ranging in

size from 2 to 5@m in diameter, which were analyzed by either phase comwmirdstght
field microscopy. Visualization of both vesicle wall and cavitysvearried out using

fluorescence microscopy and a combination of hydrophobic (Nile Rethydrophilic
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(Calcein) dyes. The hydrophobic dye was mixed with the Jamdvideer by adding 10
uM Nile Red to a solution of amphiphile in dichloromethane or diegther. Films were
prepared as described above and hydrated withMOCalcein solution in saturated
sucrose. Following hydration, Calcein containing dendrosomes waeged from the
free dye by repeated centrifugation washing cycles. Giatdmellar dendrosomes were
visualized by fluorescence microscopy where the hydrophobic dyeolserved to
concentrate exclusively in the wall whereas the hydrophilicveb® observed only in the

agueous interior (Figure 3.3).

Figure 3.3- Optical Microscopy of giant dendrosomes

(a) Fluorescence microscopy image of dendrosome from (3,5)12GHE-E3,4)3EO-
(OH)4 encapsulating both hydrophobic Nile Red and hydrophilicCalcein dyes
(b)Dendrosome from (3,4)12G1-PE-BMPA-G2-(OH)8 visualized wit Nile Red. (c)
Worm-like micelle from (3,4,5)12G1-PE-BMPA-G2-(OH)8 encapsulang Nile Red
(d) Spherical micelle from (3,4)12G1-PE-(3,4,5)3EO-(OH)6 encayating Nile Red.
(e), Dendrosome from (3,4,5)12G1-PE-(3,4,5)3EO-G1-(OH)6 visualizedthw Nile
Red and Calcein. Copyright (2009) Nature.

Micromanipulation experiments revealed that dendrosomes are more

mechanically stable than liposomes, possessing higher arealsexpanoduli, Ka than
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phospholipids, yet displaying lipid-like critical areal straingg(ife 3.4). For example,
dendrosomal materials 35-12-8 and 34-12-8 have area expansion moduli of
approximately 950 mN/m, well in excess of the 781 mN/m measured f60%

SOPC/50% cholesterol mixture [111].
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Figure 3.4-Micropipette aspiration experiments on dendrosomes

(a) Micropipette aspiration assessment of mechanical strengthby micro
deformation undernegative pressure of (3,5)12G1-PE-BMPA-G2(OH)f, The same
dendrosome under negative pressures howing small deformaticasf membrane.k,

Areal strain ({c) determined from micropipette aspiration upon rupture. Copyright
(2009) Nature.

The stability of dendrosomes was investigated in biologicalBvegit media by
formation of membranes via ethanol injection into both phosphate buffalieé and
citrate buffer. Dendrosomes formed from compounds in library 1 shpaedstability
in phosphate buffered saline. However, stability in citrate buffes maintained over a
period of two weeks. Dendrosomes formed from compounds from libraxhibited
excellent stability in ultrapure water as well as in phosphatkcitrate buffers. Selected
dendrosomes were loaded with the anthracyclin drug, Doxorubicin, [8@]exdensively
in the treatment of Hodgkins lymphoma, stomach, lung and breast santkis drug
shows activity as a DNA intercalator. As mentioned, one majoitalion of
Doxorubicin is cardiotoxicity at the therapeutic dosage. Howevas, believed that

cardiotoxicity is mitigated though encapsulation of the drug in nanolestti
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encapsulated doxorubicin is commercially available in the lipospreghration as Doxil
[92, 96]. However, synthetic liposomal drug formulations suffer fraghdm leakage and

reducedn vivo stability when compared to their natural counterparts.

Rapid growth and higher metabolic turnover exhibited by neoplaskicresdlilt in
both leaky vasculature and a lower than physiological pH (~5.2). ddssequence of the
leaky vasculature and poor lymphatic drainage, nanoparticles, sdemé®somes, tend
to aggregate at tumor sites rather than healthy tissuestkiwv as the EPR effect [24,
25]. As a consequence, dendrosomes tend to passively target tulsaaitedr than
healthy tissue. Janus-amphiphiles contain cleavable bonds which breakddevracidic
conditions and destabilize the vesicle structure. Without specigindesSMR analysis
showed that the cleavable bond in the Janus-dendrimer structure underaideiit
conditions is the aromatic-aliphatic ester bond. Engineering thérame with
alternative pH-sensitive groups [92] is in progress in the Peaboratory. Selected
Janus-dendrimers tagged with Texas Red dye were shown to co-assemilelieszént
giant unilamelar liposomes with unlabelled Janus-dendrimers, block-copslyand
phospholipids which demonstrate the potential utility of tagged Janus-denslrim

suggesting their use in theranotics (for detection and treatment of disease).

In order to determine their biocompatibility, unloaded dendrosome® wer
incubated with HUVECs for a predetermined period and then subsequeiitlyit€e
Blue assay was performed to determine the toxicity of therrakta endothelial cells.

It was determined that the dendrosomes are relatively nontoxindtuthelial cells and

thus provide great promise as drug carriers.
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Several examples of liposomes assembled from positively chgrglymer-
dendrimer block copolymers[112] and from charged amphiphilic dendrimers[108, 113]
are available. Nevertheless, the results demonstrate aesanglgeneral strategy to the
design and synthesis of amphiphilic Janus-dendrimers that setftalesinto stable and
monodisperse dendrosomes and other complex architectures. Dendrogpares the
field of supramolecular dendrimer chemistry into new functions withsiples

technological applications.

3.3EXPERIMENTAL METHODS

3.3.1 Preparation of Doxorubicin Loaded Dendrisomes (dendrimeric vesiclies)
Loading and Release Studies
Self-assembly via thin-film hydration was used to assenti@edendrimers into

their equilibrium morphologies. Film hydration has been extensivalizeat for
preparing non-degradable polymer vesicles comprised of PECBbaPd PEO-b-PEE
diblock copolymers [4, 9]Briefly, 200 microliters of a 10mg/mL dendrimer solution in
methylene chloride were uniformly deposited on the surface afighened Teflon plate
followed by evaporation of the solvent for >12h under vacuum. Addition of aqueous
hydration solution, (=290 milliosmolar ammonium sulfate solution and doxanubic
(DOX) (.2mg/ml), pH 7.3) followed by sonication led to spontaneous buddimtyuof
encapsulated nanosized dendrosomes dendrosomes, off the teflon-depasitieh, t
into the aqueous solution. The sonication procedure involved placing theesaalpl
containing the aqueous based solution and dried thin-film formulatiomgedrimer
uniformly deposited on Teflon) into a sonicator bath (Branson; Model 3510)-&5°&D

for 30min followed by constant agitation for 60 minutes at 60-65°C. Hubsady, five
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cycles of freeze-thaw extraction followed; freeze-thaw aetton was carried out by
placing the sample vials in liquid,Nand subsequently thawing in a water bath at 50-

60°C.

After hydration and sonication, samples were placed into dsabassettes and
dialyzed at 4°C in iso-osmotic citrate phosphate buffer (pH~7.4) emoove non-
entrapped DOX. Dialysis solutions were changed 4 times over apteky 48 hours.
After the dialysis, the samples were removed from the dsatgssette, and diluted in the
citrate phosphate buffer. Release studies of DOX from theedbdéndrosomes were

initiated immediately following dilution in buffer.

3.3.2 Doxorubicin Release from Dendrisomes Studies

Doxorubicin release from the dendrisome core was was measured
fluorometrically (using a SPEX Fluorolog-3 fluorimeterx = 480nmiem = 590nm) at
various intervals up to fourteen days. The fluorescence was obtaitiet aero for all
samples. Subsequently, a portion of the samples were acidified1®itN HCI to
reduce the pH down to approximately 5.2 and the fluorescence wassteattavith this
new fluorescence being time zero for the acidified samplesidd the aqueous core, the
DOX is aggregated and its fluorescence is quenched. As thasdrelgased from the
dendrosome core and diluted into the external solution its fluoreswcenoe longer
guenched and thus increases. Thus, an increase in fluorescence oveartirbe

correlated to doxorubicin release.

At the culmination of the study, the samples were solubilizedyugiton X-100

and heat. The percent of Dox release over time was calculated asati® between the
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fluorescence measured at each time point to the maximunflfioeéscence obtained upon lysis

of the vesicles with TritonX-100 at the culmination of the study alingrto the equation:

P% = (It-110)/(I max(r-110)x100 Equation 3.1

wherel, = fluorescence at each time point t
I = fluorescence at time point 0

I max(rx) = Maximum fluorescence upon lysis with Triton X

3.3.3 Cytotoxicity Studies of Various Dendrimers

Since endothelial cells are the first point of contact for vetnaus drug formulations, the
toxicity of the dendrosomes was evaluateditro on human umbilical vein endothelial cells

(HUVECs). In order to estimate the toxicity of these dendrosomes, cell iyabil
experiments were carried out on human umbilical vein endothelid @¢éUVECS).
Dendrosomes from library 2 were incubated with HUVECs at vgrgoncentrations for
a period of four hours. Cell viability assays with Cell Titeud!, a dye that becomes
fluorescent in the presence of living cells, were carried odt, & and 4 h intervals
Library 2 showed no discernable toxicity when compared to the contpariments

(Figure 5) indicating an excellent biocompatibility for dendrosomes..

HUVECs were cultured in EGM Endothelial Growth Media (LONZsupplemented
with bovine brain extract (BBE) with heparin, h-EGF, hydrocortisgestamicin, amphotericin
B (GA-1000), and fetal bovine serum (FBS). Cells were maintained in plastic culture flasks at
3700C in a humidified atmosphere containing 5% ,Gd were further subcultured when the
flasks were 70% to 90% confluent. The passage number of lthdarethe HUVECSin vitro

studies ranged from 5-8.

HUVECs were plated at a density of 3,200 cells per well (10,080cref) in 96

well tissue culture plates and allowed to adhere overnight. Cultadea was removed
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from the wells and replaced with 280 of either: 100% media, 94% media/6% PBS
buffer, 87.5% media/12.5% PBS buffer, 75% media/25% PBS buffer, 100% PB§ buffe
and various concentrations of sterile dendrosomes and PEO-b-PCLE&n-PBD
polymersomes ranging from 0.0625mg to 0.25mg in the three concentrations
media/PBS, and maintained at'@7in a humidified atmosphere of 5% &OThe
dendrosomes and polymersomes were prepared by film the hydratithodmas
described in and manually extruded 25 times through 100 nm polycarbonabganem
Dendrosomes and polymersomes were sterilized by exposing the&drfon to UV

radiation.

The investigation of dendrosome toxicity and cell viability wassessed
fluorometrically using the indicator dye resazurin (Ced#i-Blue Cell Viability Assay,
Promega) which is reduced by viable cells from a non fluoredoemt to a highly
fluorescent form, resorufin, according to Equation 3.2. The viable oef#sn the
metabolic capacity to convert resazurin to resorufin while nonviedlls rapidly lose
metabolic capacity and are not able to reduce the indicator elyeemo fluorescent

signal is generated. As such, cell viability can be monitored by fluoredwamnges.

Equation 3.2- Reduction of resazurin to resorufin in the presence ofvie cells.

jesoimmisys
\E:[Tﬁ llive cells] - N
0
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At various defined time points (1h, 2h, and 4h post vesicle admirasixatvells
were washed three times with 2800f PBS and 100L of fresh media was added. To
the fresh media, 2(L of Cell-Titer Blue (Promega) was added and cells were iedba
at 37C in a humidified atmosphere containing 5% Cfor 2 hours. Subsequently,
100uL of media containing Cell-Titer Blue was removed from thés@nd placed in the
wells of a 96 well black bottom plate. The fluorescence inter$i590nm emanating
from the wells when excited at 560nm was then determined usingECAN

Inifinite2000 plate reader.

3.4RESULTS AND DISCUSSION

3.4.1 Doxorubicin Release from Dendrosomes

Selected dendrosomes from libraries 1 and 2 were loadedheitanthracyclin
drug, Doxorubicin, and its release was monitored fluorometrically at 37[1C at
physiological pH (~7.2~7.4) and acidic pH (~5.2~5.4). Figure 3.1 showestae!
experiments that illustrate a significantly higher releaterug at acidic pH than at
physiological pH. As mentioned, Janus-amphiphiles contain cleavable kbdnds
breakdown under acidic conditions leading to destabilization of the vesdicieture;
hence more drug is released at low pH. Since the vasculatuoeirsd the tumor has a
lower than physiological pH (~5.2), hence, this increased relgatev pH is quite
beneficial for delivering drug to the tumor. For both conditions, the cteaustic burst
phase release is seen where approximately 20% of the dratpased within the first

twelve hours. Subsequent release of the drug from dendrosomes at both pHs is slower.
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Figure 3.5- Characterization of the release of doxorubicin from dendrosomes

(a) Release of Doxorubicin from dendrosomes assembled from (3,5)128E-
BMPA-G2-(OH)8 showing excellent stability at physiological teperature and pH
7.4 and rapid release of the drug at physiological temperature @npH 5.2 (b)
Comparative of release of doxorubicin dendrosomes from different likaries.

3.4.2 Dendrosome Cytotoxicity Studies
Since endothelial cells are the first point of contact foaugnous drug formulations, the

toxicity of the unloaded dendrosomes was evaluit®ttro on human umbilical vein endothelial

cells (HUVECSs) over the course of four houldendrosomes from library 2 were incubated
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with HUVECs at varying concentrations for a period of four houedl @ability assays
with Cell Titer-Blué", a fluorometric agent that reports metabolic activity of celsre
carried out at 1h, 2h and 4h intervals. Live cells undergo metabcdiseing a change in
the fluorescence of the molecule, while dead cells do not undertgbalism and hence
do not change the fluorescence of the molecule; this can beifpgantia the
fluorescence of the CellTiter Blue substrate. Librash@wed only slight toxicity when
compared to the polymersome control experiments (Figure 3.6)oateaind four hours.
At 2 hours, the dendrosomes showed no discernable toxicity when compatiee t
control experiments (Figure 3.6); these results indicated anleaxickiocompatibility for
dendrosomes. Hence, the viability results demonstrate that the optddedrosomes is

well tolerated by the HUVECs.
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Figure 3.6- Cell viability studies conducted using various delrosomes from library

2

with human umbilical vein endothelial cells (HUVEC) and lITiter-BlueTM cell
viability assay after 1h (top), 2h (middle) and 4h (bottom) fromlhe moment the cell
were fed with dendrosomes. Control: EGM Endothelial GrowthMedia (LONZA)
Polymersome 1: hydrogenated polybutadiene-b-polyethyleneoxide; Bohersome 2:
polycaprolactone-b-polyethyleneoxide; Dendrosome 1: (3,4)12G1-PE-(3,4,5)3EO
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G1-(OMe)6; Dendrosome 2: (3,5)12G1-PE-(3,4,5)3EO-G1-(OMe)6; Demdome 3:
(3,4,5)12G1-PE-(3,4,5)3EO-G1-(OH)6

3.5CONCLUSIONS

The results of studies described in this chapter demonstrapotieatial use of
self-assembled dendrimeric vesicles for drug delivery purposéste we show that
libraries of amphiphilic Janus-dendrimers self-assemble into monosksp@d stable
vesicles, termed dendrosomes. In addition to the classical sdhehape, these

dendrimers self-assemble into a variety of less encountered shapes.

Doxorubicin, a chemotherapeutic, was successfully loaded intaguneous core
of vesicles self assembled from a variety of the amphiphilrusldendrimers. In
contrast to DOX loading in polymersomes (Chapter 2), DOX wasaaated actively
across the membrane with a gradient, but rather passively hythation solution. The
release of the drug from the vesicles was investigatediatphysiologically relevant
pH’s and characterized. Furthermore, toxicity studies witbettvesicles confirmed that
these vesicles are non-toxic to Human Umbilical Vein Endoth€lgls (HUVECS) at
short times. Based on the performance of the dendrimeric vesiclésboratory
experiments, it is expected that dendrosomes will extend the GLapalof synthetic
amphiphiles, generating responsive membranes with permeability taliolfor

desirable drug delivery.
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4.1SUMMARY

The bioresorbable poly(ethylene oxide)-b-pelgaprolactone) polymersome,
with its thick lamellar hydrophobic membrane, of approximately 22ang large
aqueous core, holds great clinical promise for use in theranostiedicahapplications,
where both drug and imaging agent are simultaneously loaded insautie vesicle for
drug delivery and imaging purposes. This chapter discusses keeatien of a near
infrared (NIR) emissive polymersome, a self-assembled polyesicle, loaded with the
NIR dye porphyrin in its hydrophobic compartment. Much of the semesdarch
regarding NIR-emissive polymersomes was carried out by Ghonian et al. Yet, the
ability to combine an imaging capability with drug delivery rerad to be created and
characterized. The following chapter illustrates the design mdlyamersome with the
capability to load both an imaging agent as well as a chemotlwiap#o one vesicle,

creating an optimal platform for both drug delivery and imaging.

This chapter demonstrates the ability to encapsulate doxorubicin,
chemotherapeutic, into poly(ethylene oxide)-b-polyd@prolactone) NIR-emissive
polymersomes. In addition to loading studies, the release of doxorulmom the
vesicles was investigated. The increase in fluorescence dimtorubicin, as it is
released from the vesicle, and the decrease in fluoresceaoe the porphyrin
chromophore, as the polymersome membrane degrades, were examinedll sbe
discussed in this chapter. Subsequent chapters will elaborate oretloé e NIR-

emissive polymeric vesicles fon vitro cellular uptake studies (Chapter 5) andvivo
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imaging (Chapter 6). Furthermore, the use of the porphyrin-doxanubiaiti-modal

polymersome for imaging drug delivery will be explored in Chapter 6.

4.2INTRODUCTION

The attractive biomaterial properties of polymersomes suchpratonged
circulation times [8], increased mechanical stability [7],ane &bility to incorporate
numerous large hydrophobic molecules within their thick lamellamipnanes and
hydrophilic molecules within their lumen [5, 6] render these vesigieful in a variety
of clinical applications. One such applicationnsvivo deep tissue fluorescence based

optical imaging.

Currently, intravital microscopy (IVM), through the use of bisi probes, has
enabled anatomical, functional and molecular imaging of live dsifdd4]; however,
due to light scattering and optical absorption by living tissue,itheivo imaging
potential of these visible probes decreases substantially & tiepths great than 500
uM to 1 mm [115]. Since light scattering decreases with asing wavelength and the
absorbance spectra for hemoglobin and water reach their lowess valiube Near
Infrared (NIR) region of the spectra (Figure 4.1) [115], redeafforts have been
focused on developing optical imaging probes in the NIR window iforvivo

applications.
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Figure 4.1- The absorbance spectra for water, hemoglobin, and water clearly
showing a nadir in their optical absorption over the NIR window.
Adapted from Weissleder [115].

A family of molecules which emit in the NIR has been developethéyl herien
Laboratory. The chemical structure and absorption spectra of pweplyrin based
fluorophores (PBF) is shown in Figure 4.2 and Figure 4.3A. These porphgigcutes
are derived from the linkage of (porphinato) zinc (II) (PZn) meygcles by meso-to-
meso, beta-to-meso, and beta-to-beta ethynyl- and butadiydgebr[116-118]. The
optical properties of these biologically inspired porphyrin moksghn be tuned over a
large window of the visible and NIR spectra by varying the numberazrocycles per
molecule, the bond type and location of the linkages between theayees and lastly
by changing the side groups [117]. These subtle changes in parphgmical structure
can predictably change the optical properties of the fluorophorespdrphyrin trimer,

(PZrg), denoted as DDD in Figure 4.2, with its absorption maxima at 790nm and
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emission maxima at 809nm, is optimal for biologically based imgagpplications for
reasons enumerated above. All NIR-emissive polymersaoraéy, in vitro, andin vivo

work to be discussed therein utilized this particular porphyrin molecule.

These porphyrin molecules, however, are very large, ranging from 2.1nm
(monomer) to 5.3nm (pentamer) in length, and are highly hydrophobic, thuscoriley
the need for an appropriate amphipathic delivery system witlge kgydrophobic region
[9]. Due to its large hydrophobic bilayer, the polymersome méiea great delivery
vehicle for the porphyrin molecules. Recall the polymersome hydropmedmbrane
(~9nm-22nm), tuned by the length of the hydrophobic block of the copolysnatr|east
double the thickness of the liposome membrane (~3nm-4nm) [9]. Asaughthe
monomeric or dimeric porphyrin molecules can be incorporated paedmes, and only
at loading levels of ~1 mol%. In contrast, the incorporation of lggggrhyrin structures
into the polymersome bilayer is easily obtained even at lodeéwejs greater than 5
mol% (Figure 4.3B) with little effect on the spectral projsrof the chromophore or the
structural properties of the polymersome membrane [51]. In additictmetdarge
hydrophobic membrane, which renders the polymersome ideal for the iretarpoof
porphyrin fluorophores, the optimal biological properties of polymersomnegously
discussed, such as increased circulation due to the fully PEG-yatesh [8] and
increased mechanical and thermodynamic stability [3], makeptrphyrin loaded

polymersome quite useful for biological imaging applications.
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Figure 4.2-Some of the porphyrin moleculesPZn, to PZns)
whose macrocycles ardinked by meso-tomeso ethyne bridges. Alin situ, in vitro,
and in vivo studies use the porphyrin trimer, DDD. Image adaptd from Duncan

[118].
A - n‘l+ ~)—\’u Dnond-\ .4 B
) R=-9. _@2)‘\.‘(. ' %J‘_P ’ 0000 )

A\ S
W e0 eso 700 750

a

5

’
7 i A 05
= iV : -/
5 £ IDﬂDG 450 500 550 600 650 700 750 350 400 450 500 ‘05006){17007)0
‘Waveleny gm;m Wa elength / 1 \m
25 "
. 652 ]\ 663 s | 723
E 25 ]
Ss \ 2 / A\
= J \ 15 / e
o - —— - e T T
o 1 600 650 700 750 600 650 700 750 850 700 750 800
“os o p
X o5t . os J |
vy / b J

‘Wavelength / nm

0 0
350 400 450 500 550 600 650 700 750 IS0 400 450 500

50 600
Waveleuglh nm

ity B3

50 700 750 350 400 250 jm 550 soosw 700 750
Wavelength / i

B
o8 f

500 600 700
Wavelength / im

3 633 / 636 757/ 757 | s

'e25 i A JARY 25

o2 / o8 MY AN 2 '/

o 15 600 650 700 750 04 850 700 750 800 850 | 15 700 wmo@a
= AN 1 A
- | 2 7\ s

5 A “ 5 -
o5t LA - . o M
o [ - o
r %o %0 80 w0 500 00 700 800
length / nm

Wave\enmh lim

Figure 4.3- A) Asubset of the family of porphyrin molecule, B) uniformly, stably,
and non-covalently incorporated intc the hydrophobic bilayer of poly(ethylene
oxide)-b-polybutadiere polymersomes. Adapted from Ghoroghchian (2005)0].
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The NIR emissive polymersome soft matter complex, developedxaenisevely
characterized by Ghoroghchian et al [9, 51, 52, 119], is formed through theatoape
self assembly of the diblock copolymer with the porphyrin moled@lesFollowing self
assembly, the vesicles maintain an agueous core free cdrdi¢here is no need for
further processing to remove unincorporated dye. Furthermore, mseaé dye to the
internal or external agueous solution is observed [51]. Figure 4.3B depicts the
stable, non-covalent, and uniform incorporation of multiple porphyrin mldsaopies
into the polymersome bilayer. Incorporating the family of porphynolecules into
polymeric vesicles leads to a family of soft matter opticeaging agents with emission

maxima that span the window from approximately 575nm to 1000nm [51].

The incorporation of therapeutics into the aqueous core of the porphyrin
polymersome leads to the generation of multi-modal vesicles, wittatrebility to both

track vesicle locatiom vivo and locally deliver therapeutics.

The ability to incorporate numerous porphyrin molecules into one pobgme
creates an intensely bright fluorescent contrast agent witt gremise forin vivo
imaging applications. The additional encapsulation of therapeutizsthate contrast
agents lead to the creation ofralti-functional polymer vesicle with great theranostic

utility.

4. 3EXPERIMENTAL METHODS

4.3.1 Preparation of Porphyrin Loaded PEO-b-PBD and PEO-b-PCL Vesicles
Self-assembly via thin-film hydration was used to assemlgldtBO-b-PCL and

PEO- b-PBD copolymers into their equilibrium morphologies. Filmréyon has been
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extensively utilized for preparing non-degradable polymersomegpresed of PEO-b-
PBD and PEO-b-PEE diblock copolymers [4, 9]. Furthermore, Ghoroghchiah, e
demonstrated the ability to load porphyrin molecules of various sitespolymer

vesicles [9, 51, 52, 119].

Briefly, a PEO-b-PCL copolymer or PEO-b-PBD copolymer solution
methylene chloride was prepared (35mg/ml-100mg/ml polymer) aretdaddporphyrin
at a 1:40 porphyrin:polymer molar ratio. Two hundred microliterghef polymer-
porphyrin solution were uniformly deposited on the surface of a roughlesfemh plate
followed by evaporation of the solvent for >12h. Addition of aqueous solution,
(~290mOsM Phosphate Buffered Saline, PBS) and sonication at 65°Csledntaneous
budding of polymersomes, off the Teflon-deposited thin-film, into theeags solution.
The sonication procedure involved placing the sample vial containengqueous based
solution and dried thin-film formulation (of polymer-drug uniformly deposited ofomgf
into a sonicator bath (Branson; Model 3510) @ 60-65°C for 30min followexitstant
agitation for 60 minutes at 60-65°C. Subsequently, five cycles diefimaw extraction,
which involved placing the sample vials in liquid féllowed by thawing in a water bath
at 50-60°C. Extrusion using a pressure driven Lipex Thermobartaldex (1.5 mL
capacity) at 65°C was performed to yield small (<300-nm diameiailamellar
polymersomes that possess appropriately narrow size distribufitressize distribution
of the vesicle suspensions was determined by dynamic lighéiegt The sample was
centrifuged, filtrate removed, and additional PBS buffer was aduéldet concentrated
sample for a total of nine times. The collected polymersahgien was centrifuged to

concentrate the sample.
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Absorbance spectra of the NIR-emissive polymersomes were obiasimagl an
Ultrospec 2100pro Amersham Biosciences UV/Visible Spectrophotomeli@orescence
spectra of NIR-emissive polymersomes were obtained with a 3jhearolog-3
spectrophotometer (Jobin Yvon, Edison, NJ) The concentration of porphyrin in the
vesicles was determined by measuring the absorbance (mdiactien coefficient

1.29*10 cm*M™ in polymersomes at 794nm [9]).

4.3.2 Preparation of Porphyrin and Doxorubicin Loaded PEO-b-PCL Vesickesl the
Release of Doxorubicin and Porphyrin from PEO-b-PCL Vesicles
Similar to previous procedures, a PEO-b-PCL copolymer solution inylaeéh

chloride was prepared (35mg/ml-100mg/ml polymer) and added to parpdiya 1:40
porphyrin:polymer molar ratio. The solution was deposited on the surface of a radighene
Teflon plate followed by evaporation of the solvent for >12h. Hydratidgheofamples

in Ammonium Sulfate Solution (~290mOsM, pH~5.4), equilibration at 60-651C for 30
minutes, and finally sonication at 60-65°C using a sonicator bath @rakkdel 3510)

led to spontaneous budding of polymersomes, off the Teflon-deposited thjnAfib the
aqueous solution. Five cycles of freeze-thaw extraction as lbleddn Section 4.3.1
followed the sonication. Extrusion using a pressure driven Lipexnidimrrel Extruder

(1.5 mL capacity) at 65°C was performed to yield small (<30Grameter) unilamellar
polymersomes that possess appropriately narrow size distribufitvessize distribution

of the vesicle suspensions was determined by dynamic light scattering.

Vesicles of the appropriate size were dialyzed againsbsswstic acidified
sodium chloride solution (pH~5.5—acidified with 12.N HCI, ~290mOsM) tobéistaa

gradient across the vesicle membrane; three buffer exchanges made in
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approximately 30 hours. Similar to the loading in PEO-b-PmCL, sl&alynto sodium
acetate buffer at pH 5.5, as performed with PEO-b-PCL vesideasdied in Chapter 2,
did not yield stable loading as determined via fluorescence nemasots. Hence,
dialysis in various buffers was attempted, as will be elabdnapon in Section 4.4.2, and
it was determined that stable fluorescence counts were obtaindohfiing when iso-

osmotic acidified NaCl (pH~5.5) was used as the dialysis media.

Post dialysis, vesicles were incubated with doxorubicin at @ @it .2:1
(drug:polymer) at 65[1C for greater than 7 hours [77-79]. Non-entrapped DOX was
removed from thenulti-functional polymersome suspension using an HPLC (Acta Basic
10 HPLC with Frac 950) and the solution was passed through a Hi&safting column.
The fractions containing onlyulti-functional polymersomes were collected, centrifuged
and concentrated. Incorporation of porphyrin and encapsulation of DOXomnfismed
spectrophotometrically using an Ultrospec 2100pro Amersham BimsseUV/Visible

Spectrophotometer.

The release of doxorubicin from the vesicles and the decreaperphyrin
fluorescence over time was determined fluorometrically. Aliqobthe samples were
placed into either PBS buffer (290 mOsM at pH ~7.4) or sodium adaiffer (50 mM
sodium acetate and 100 mM sodium chloride, at pH ~ 5, 290mOsM) with Bamples
for each buffer. Release studies of DOX from the loaded polymessarare initiated
immediately following aliquoting; DOX and Porphyrin fluorescengere measured
fluorometrically using a SPEX Fluorolog-3 fluorimeter (DOXiex = 480nM, Aem =

590nm; Porphyrin:iex = 480nmAem = 800nm) at various intervals up to fourteen days.
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As DOX is released from the polymersome core and diluted irgosthrrounding
solution, its fluorescence emission increases over time. In conémsthe vesicle
membrane is hydrolyzed, the porphyrin fluorescence decreases membrane
degradation. At the culmination of the study, the samples were sodabusing Triton
X-100, which disrupts the vesicle membrane and releases the entapfaX into the
external solution. The percent release over time and relatsevere calculated by
comparing the measured DOX fluorescence at each time pointindd DOX

fluorescence, as determined upon solubilization of remaining intaginpodomes with

TritonX-100, at the completion of the study.

4. ARESULTS AND DISCUSSION

4.4.1 The Loading of Porphyrin into PEO-b-PCL and PEO-b-PBD Vesicles
Porphyrin trimer was successfully loaded into PEO-b-PCL and-BP8D

vesicles at a molar ratio of 1:40 (Porphyrin to polymer) as pusly described by P.
Peter Ghoroghchian [9, 51]. In both cases, the incorporation of parphgsi confirmed

using absorbance spectroscopy, where the spectra clearly dexteohsth scatter due to

the vesicles as well as the characteristic absorbance péal@phyrin (Figure 4.4).
Porphyrin PEO-b-PBD vesicles were used in the initial vediagddistribution studies
discussed in subsequent chapters. Once the biodistrbution was determined,
biodegradable porphyrin PEO-b-PCL vesicles were used to furthmidale the

biodistribution and degradation of the vesialesivo.
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Figure 4.4-Absorbance spectra oporphyrin loaded vesicles

showing the incorporation of porpryrin into A) PEO-b- PCL Vesicles and b) PE(-b-
PBD Vesicles. The characteristic absorbance peaks well as the scatter from the
vesicles is clearly visible

4.4.2Loading and Release of Doxorubicin and Porphyrin inPEC-b-PCL
Polymersomes

Doxorubicin and porptrin were successfully loaded into polymersomes ex
the method described in secti4.3.2 Successful loading of porphyrin and doxorub
was determined by ohining fluorescence spectra of the dual loaded clessianc
confirming the existence of the characteristic aiis peaks Figure 4.5). The
encapsulation of doxoricin was further confirmed by comparing fluorescemata pre

and post incubation with the nonionic surfactamiton X-100 (Figure 46).

Doxorubicin was active encapsulated into the aqueous compartmen
porphyrin PEO-BRPCL vesicles (~200nm) though a gradient establidnedlialyzing
samples in acidified NaCl soluti([77, 79, 81] (See Section 4.3.2Recall, PE(-b-PCL
vesicles are dialyzed against sodium acetate buiwWhen dialysis in this mediewas

attempted, howevesimilar to the case for PE-b-PmCL and PEO-BBD vesicles,he
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fluorescence during loading did not stabilize. Hence, acidifiedisodhloride solution

was tested as dialysis exchange media and deemed acceptable.

In situ release studies were conducted at various physiological condjpibinS
and pH 7.4,@T=371C) where changes in doxorubicin and porphyrin were monitored
fluorometrically fex=480NM Aem-pox=590NM Aem-porphyrie 7 94nmM) over 14 days. At both
pH’s, the characteristic initial burst phase release (whmgrmaimately 20% of the initial
payload within the first 12 hours) was observed followed by a morgrailed pH
dependent release over the 14 day release study (Figure 4.4 B,C). At a pH aifiBathe
release rate is significantly faster than the rate obseowed the entire 14 days;
furthermore, similar to the findings for PEO-b-PCL vesiclem@) it appears that the
dominant mechanism of release at both short and long times atthssacid catalyzed
hydrolysis of the PCL membrane. At a pH of 7.4, two distinct gh&sep) were
observed for DOX release from PEO-b-PCL vesicles. In contrdetn porphyrin is
incorporated into the hydrophobic membrane, it appears that the pengdyrin
molecules hinder extensive initial passive diffusion of the drugsacithe PCL
membrane, and thus significant doxorubicin release from the polymersore at pH 7.4
occurs at later times. This suggests that DOX release the porphyrin vesicles is
predominantly facilitated by hydrolytic matrix degradation of ¢hprolactone backbone
(Figure 4.6 B, C), even in non-acidic environments. Since acidyzatihydrolysis of
the membrane occurs at both short and long times at pH 5, DQaseed pH 5 is more

rapid and more drug is released than that at pH 7.4
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Figure 4.8 depicts the decrease in porphyrin fluorescena tive 14 day tim
period. Porphyrin fluorescence is highly enviromtadly dependent and changes in
environment are reflected as changes in the fleresz Thus, as the membrane bre
down and porphyrin is no longer in the hydrophobigiemment of the PCL membrar
its fluorescence decreases. As expected, the yangfluorescence decree over the 14
days, as the membrane degrades, correlates nigblyh& increase in DOX fluoresnce

(drug release).
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Figure 4.5-Fluorescence spectra of DOX/porphyrin PE(-b-PCL vesicles.
The doxorubicin and porphyrin peaks are clearly visble. The inlay is a zoomed ir
version of the curve from 7(0nm to 900nm to show the porphyrin peak.
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Figure 4.6-(A) Porphyrin decrease in fluorescence correspondsith (B)
doxorubicin cumulative release as determined by daxubicin increase in
fluorescence andC) rate of doxorubicin release from PEC-b-PCL polymeric
vesicles.

4.5CONCLUSIONS

The findings discussed in this chapter highliglg gotential of polymersomes
be used simultaneously as contrast agents for mgagpplications as well as dr
deliveryvehicles for therapeutic applications. The resdétsonstrated the method u
to generate NIRemissive polymersomes for imaging applications lwarexpanded upc
to encapsulate a chemotherapeutic, doxorubicio, tié aqueous core, creatinmmulti-
functional polymersome. Extensive doxorubicin loading studistablished the use

both an ammonium sulfate and a pH gradient acrbss porphyrin incorporate
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hydrophobic bilayer of the polymersome as the optimal loading environn@amte the
loading parameters were determined, release studies were @hdnct the release of

DOX from the vesicle and vesicle breakdown was characterized.

The theranostic applications of these polymer vesicles loadedthveithpeutics

and imaging agents will be elaborated upon further in Chapter 7.
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5.1SUMMARY

Polymersomes (polymer vesicles) have been shown to possess a rafmber
attractive biomaterial properties compared to liposomes (phospholipsitles),
including prolonged circulation times, increased mechanical syabdg well as the
unique ability to incorporate numerous large hydrophobic molecules wilihgin thick
lamellar membranes and hydrophilic molecules within their lumaie. have shown the
ability to generate fully-bioresorbable self-assembled nanoessi¢fom two FDA-
approved building blocks, poly(ethylene oxide) (PEO) and polycaprola¢R@k). We
have successfully loaded imaging agents, such as porphyrin-bemedhfinared (NIR)
fluorophores, and therapeutics such as doxorubicin and combretastatin é\-#¢haaé

polymersomes and tracked their release (See Chapters 2 and 4).

Tumors require a network of blood vessels to survive and grow; theed
vessels are required to provide oxygen and nutrients to the tumor cells and remove carbon
dioxide and waste. However, these tumor blood vessels are immaidireoarly
developed. As a result, the combination of chemotherapeutics withngidganesis
drugs/vascular disrupting agents (VDApRs emerged as a promising therapy for
eradicating tumors. These agents target genetically stabléhehalotells that constitute
the blood vessels around tumors rather than the transformed turt®theshselves.
Combretastatin A-4, a hydrophobic cytotoxic agent, inhibits the polymerization ofrtubuli
and is highly toxic to tumor vasculature, but is believed not tetfffealthy vasculature.

Hence, in addition to delivering drug to tumorigenic cells, the wbilit deliver
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therapeutics to the endothelial cells lining the newly formectulatire would be

advantageous in cancer therapy.

Here, we determined the cytotoxic potential of combretastatiéh ldaded
polymeric vesicles and doxorubicin loaded polymeric vesicles on humhitiaahvein
endothelial cells (HUVECSs) and SK-BR-3 tumorigenic cells befmasately cultured, as
well as in co-cultured. For both cell lines and both therapeuéntagtoxicity was both
concentration and time dependent. Furthermore, we utilized NIRsiemis
polymersomes formulated from PEO-b-PCL diblock copolymer and loadéd wi
porphyrin (a NIR emissive fluorophore) to assess cellular uptakpolyinersomes.
Vesicle uptake by HUVECs was dependent on both concentration and incubagon
A viability assay using CellTiter-Blue™ (Promega) demonstrated biodiija of the
unloaded polymersomes at short time for the SK-BR-3 cells andeatded time for the
HUVECSs. Thus, this study highlights the feasibility of using polssomes to deliver
vascular disrupting agents to endothelial cells simultaneously tneting tumors

directly.

5.2INTRODUCTION

Polymersomes (polymer vesicles) have been shown to possess a rafmber
attractive biomaterial properties compared to liposomes (phospholipittleggs
including prolonged circulation times [8], increased mechanichllisga7], as well as
the unique ability to incorporate numerous large hydrophobic moleculés vifteir
thick lamellar membranes and hydrophilic molecules within theieluid, 6]. We have

shown the ability to generate fully-bioresorbable self-assemidadvesicles, from two
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FDA-approved building blocks, poly(ethylene oxide) (PEO) and polycagioria (PCL)
[10]. We have successfully loaded imaging agents, such as porphyed-bear infrared
(NIR) fluorophores, and therapeutics such as doxorubicin and contatietas-4 into

these polymersomes and tracked their release (See Chapters 2 and 4).

Doxorubicin (DOX), an amphipathic antibiotic used to treat a widayaof
malignancies, from solid tumors to leukemias [67-70], has been knowrause
cardiotoxicity at cumulative doses [69, 120]. This has created a ntagoapeutic
limitation. However, as discussed, encapsulating the drug into devhag been shown
to decrease cardiac toxicity thereby reducing the levels@X [h heart muscle with

minimal effects on the therapeutic efficacy of the drug [69, 120].

As discussed in Chapter 2, tumors require a network of blood vesselssive
and grow; these blood vessels are required to provide oxygen and sutvi¢imé tumor
cells and remove carbon dioxide and waste. However, these tumorJassels are
immature and poorly developed [73]. As a result, the combination ofatherapeutics
with anti-angiogenesis drugs/vascular disrupting agents (VD#9 emerged as a
promising therapy for eradicating tumors [71, 73]. These ag@myst genetically stable
endothelial cells that constitute the blood vessels around tumors, ithtoerthe
transformed tumor cells themselves [75]. Combretastatin A-4/deophobic cytotoxic
agent, inhibits the polymerization of tubulin and is highly toxic to tuwasiculature, but

is believed not to affect healthy vasculature [76].

Hence, in addition to delivering drug to tumorigenic cells, the whihtdeliver

therapeutics to the endothelial cells lining the newly formed \asca is highly
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advantageous in cancer therapy. The therapeutic potential of the DOX/CastdinetA-
4 co-drug combination vesicles, as well as the single drugcleeen Human Umbilical
Vein Endothelial Cells (HUVECs) and the human breast cances, &H-BR-3 cells,

cultured separately and in co-culture was investigated.

It should be noted that the HUVECs are a good "surrogate" hier new
endothelial cells making up the tumor vasculature since they asdl @&stablished cell
line that mimics the endothelial cells partially becauseHO® ECs express some of the

proteins upregulated on new endothelial near tumors [121].

The findings of the enumerated toxicity studies will be explaornethis chapter.
First, however, the biocompatibility of non-drug loaded vesicésswell as cellular

uptake of vesicles by HUVECs and SK-BR-3 cells, were examined and wikktesded.

5.3EXPERIMENTAL METHODS

5.3.1 Preparation of Drug and Imaging Agent Loaded PEO-b-PCL Vesicles
Drug loaded vesicles were prepared as described in Chapkor@hyrin loaded

PEO-b-PCL and Porphyrin/DOX Vesicles were prepared as idedcin Chapter 3.

Vesicles were concentrated post formation using Millipore Centricon Tubes.

To determine the concentration of combretastatin in the PEO-bvBSitles, one
hundred microliter sample aliquots were removed and the combretagtet extracted
from the vesicles by adding the aliquot to 400 microliters of BBE500 microliters of
methylene chloride, and subsequently vortexing and centrifugiegsample. The

resulting aqueous layer was carefully removed, and the remaining orgamievitydrug
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was placed in a vacuum. The dried powder resulting from evaporattbe afethylene
chloride was reconstituted in 1 milliliter of acetonitrile. Tlhencentration of
combretastatin was determined by measuring the absorbancar (raglinction
coefficient 12, 579Mcm™® in acetonitrile at 300nm). Polymer concentration was
determined by a mathematical calculation, as the molar cdticombretastatin to

polymer is known to be 0.9:1.

To determine the concentration of Doxorubicin in the PEO-b-PCL posonees,
sample aliquots were removed from the concentrated stock solutionyagidlized to
destroy the vesicle structure and release the encapsi&adfrom the core of the
polymersome. The freeze-dried powder was reconstituted inryebtiganol:water 9:1,
v/v containing 0.075N HCI or 90% isopropyl alcohol containing 0.075 M HCIl. The
concentration of DOX was determined using Beer’s Law by migggstire absorbance at

480nm using a molar extinction coefficient of 12,5008 in either solvent [70, 122].

The concentration of the porphyrin vesicles in solution was determiged b
measuring the absorbance at 794nm using a molar extinction efid 1.29*16M"
lem™ in THF[9]. Polymer concentration was determined by a matheahaglculation,

since the ratio of porphyrin to polymer was set at 1:40 (molar ratio).

For cell studies, 10x concentrations of the drug-polymer vesiclds an
imaging agent-polymer vesicles were made by diluting theltieg concentrated sample
in PBS. The 10x samples were further diluted in sterile culuedia to yield final

desired drug concentrations in a 90% media-10% PBS aqueous solutionPBBhe

124



Media-vesicle suspension was sterilized under UV light inllacoéure hood for 30

minutes, yielding sterile drug loaded vesicles in media-PBS.

5.3.2 Cell Culture
Human umbilical vein endothelial cells (HUVECs) were culturad EGM

Endothelia Growth Media (LONZA) supplemented with bovine brain ex(BBE) with
heparin, h-EGF, hydrocortisone, GA-1000 (gentamicin, amphotericin B), and fetal bovine
serum (FBS). Cells were maintained in plastic culture flagk87C in a humidified
atmosphere containing 5% G air and subcultured when the flasks were 70% to 90%
confluent. To subculture cells, growth media was removed from the IQUMEure
flask via aspiration and the flask was washed with Hepes BdffSadine Solution
(HBSS). The HBSS was removedda).025mg/ml trypsin-EDTA was added and the
flask was returned to the incubator for Smin at 37[1C and 5% CQ@in air. Post trypsin
incubation, trypsin neutralizing solution (TNS, LONZA) was added ¢oftdsk and the
wall was washed in order to remove all cells. The cell sugpenss then transferred to

a conical tube and centrifuged at 1000rpm for 5 minutes to pelletetlte cThe
supernatant was aspirated and the cells were resuspended inrinetih media and a
cell count was performed with a hemocytometer for future cufjuaimd well-plating.

HUVECsin vitro studies were conducted with cells between passages 4-8.

The human breast cancer cells, SK-BR-3 cells, were culturddciboy's 5a
Medium Modified (base media), 10% fetal bovine serum (FBS), andet¥/siRep 100X
(10000u/ml P - 10mg/ml S). Cells were maintained in plastiuiflasks at 3T in a
humidified atmosphere containing 5% £i@ air and subcultured at subcultivation ratio

of 1:3 when the flasks were 70% to 90% confluent. When cells weneede20%-90%
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confluent, growth media was removed from the culture flask via aspirand the flask
was washed with Phosphate Buffered Saline (PBS). The PBSmased and trypsin-
EDTA (0.25%)was added and the flask was returned to theateuor Smin at 37(1C
and 5% CQin air. Post trypsin incubation, media was added to the flask andlathe
was washed in order to remove all cells. The cell suspenssrthen transferred to a
conical tube and centrifuged at 1000rpm for 5 minutes to pellet the cells. Theasapern
was aspirated and the cells were resuspended in fresh growih amelda cell count was
performed with a hemocytometer for future culturing and welisgda Forin vitro

experiments, SK-BR-3 cells between passages 15 to 30 were used.

5.3.3 Determining Cellular Uptake of PEO-b-PCL Vesicles by HUVE&® SK-BR-3
Cells
In order to investigate the cellular uptake of PEO-b-PCL lessis a function of

cell number, vesicle concentration, and incubation time, HUVECs anBFSK cells
were plated at varying densities ranging from 3.0*d€lIs/well to 0.7*16 cells/well in

96 well (black frame, clear well) cell culture plates (Ist@i96 TC, Perkin Elmer) in
complete growth media and allowed to adhere overnight (~20-24hours). CGukdra
was removed from the wells, wells were washed once with 250B6&f and replaced
with 250uL of either: 90% media/10% PBS without polymersomes, orr@ééta/10%
PBS with various concentrations of porphyrin polymersomes and maint&ti®@€ in a
humidified atmosphere containing 5% &£i@ air. The suspensions were sterilized with
30 min exposure to a UV lamp in the culture hood prior to addition te. calt various
defined time points (.75H, 1.5H, 3H, and 5H post vesicle administrationgsphagre

removed from the incubator, wells were washed three times widhlL26f PBS to
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remove free vesicles and 100uL of fresh media was added. Thesfieace intensity
emanating from the wells as a result of vesicles that had teesn up was then

determined using a LICOR Odyssey, an Infrared (IR) Imaging @yste

5.3.4 Investigating the Biocompatibility and Viability of Unloaded PEO-GP on
HUVECs and SK-BR-3 Cells
In addition to determining vesicle uptake, viability studies wengied out to

determine the biocompatibility of unloaded PEO-b-PCL polymersomes MEBE and
SK-BR-3 cellsin vitro. HUVECs and SK-BR-3 cells were plated in 96 well plates i
complete growth media and allowed to adhere overnight (~20~24hours)s vk
removed from the flasks as per the procedure described in Section 5/8t#n
examining the effects on HUVECs, HUVECs were plated atngitjeof 3,200 cells per
well; in separate plates, SK-BR-3 cells were plated anaigeof 5,000 cells per well to
examine the effect on SK-BR-3 cells. In each case, cells were dltovaelihere for 20 to
24 hours. Culture media was removed from the wells, wells washed once with
250uL of PBS and replaced with 250uL of either: 90% media/10% WwWB%ut
polymersomes, or 90% media/10% PBS with various concentrations ofdadloa
polymersomes and maintained at@™ a humidified atmosphere containing 5% 00
air. The suspensions were sterilized with 30 min exposuaell¥ lamp in the culture
hood prior to addition to cells. At various defined time points (.12H, 24H, &8H72H
post vesicle administration), plates were removed from the incubetts were washed
three times with 250uL of PBS to remove free vesicles, and 160édesh media was
added. 20ul of CellTiter-Blue® (Promega) was added to each welthe plate was

returned to the incubator. After two hours of incubation, 20ul of ®l€Ti®r-Blue™
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/Media from the wells was added to 80ul of PBS in a 96-wellkbtexttom assay plate,
and the fluorescence emanating from the wells, which is a neeakuaell viability, was

determined using a TECAN Infinite® 2000 Multimode microplate reader.

5.3.5 Investigating the Anti-vasculature Potential of CombretastatitEO-b-PCL
Polymersomes on HUVECs and SK-BR-3 Cells Cultured Separately
In order to investigate the anti-vasculature potential of condtaita loaded

PEO-b-PCL vesicles, HUVECs were plated at a density of 3,206 per well
(10,000cells/cr) in 96 well cell culture plates and SK-BR-3 cells werequldh separate

96 well cell cultures plates at a density of 5,000 cells pdl #meeach instance, cells
were allowed to adhere overnight (~20-24hours). Culture media wasvednfrom the
wells, wells were washed with 250uL of PBS, and replaced withI260either: 100%
media, 90% media/10% PBS, 100% PBS, and various concentrations of drug in 90%
media/10% PBS, and maintained at@h a humidified atmosphere containing 5%,CO
in air. The suspensions were sterilized with 30 min exposur&blamp in the culture
hood prior to addition to cells. At various defined time points (12H, 28H, and 72H
post drug administration), wells were washed with 250uL of PBS180dL of fresh
media was added. To the fresh media, 20uL of CellTiter-Blue@n{fga) was added to
each well and the cells and Titer Blue were incubated &t i87a humidified atmosphere
containing 5% C@in air for 2 hours. Subsequently, 20uL of media containing CellTiter-
Blue™ was removed from the wells and diluted into 80uL of PBS im#iks of a 96-
well black bottom assay plate. The fluorescence intensity emgrfabm the wells,
which is a measure of cell viability, was then determined usiMECAN Infinite® 2000

Multimode microplate reader.
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5.3.6 Investigating the Cytotoxic Effects of Doxorubicin Loaded PEO-bLPZesicles
on HUVECs and SK-BR-3 Cells Cultured Separately

Doxorubicin single culture cytotoxicity studies were carried outai manner
similar to the previously discussed studies. HUVECs were p#teddensity of 3,200
cells per well (10,000cells/c@hin 96 well cell culture plates and SK-BR-3 cells were
plated in separate 96 well cell cultures plates at a derfsgy00 cells per well; in each
instance, cells were allowed to adhere overnight (~20-24hours). Cultedéea was
removed from the wells, wells were washed with 250uL of PBS, agoldced with
250uL of either: 100% media, 90% media/10% PBS, 100% PBS, and various
concentrations of drug in 90% media/10% PBS, and maintainedGtir8a humidified
atmosphere containing 5% @@ air. The suspensions were sterilized with 30 min
exposure to a UV lamp in the culture hood prior to addition to celtsvaAous defined
time points (12H, 24H, 48H, and 72H post drug administration), wells wesbed with
250uL of PBS and 100uL of fresh media was added. To the fresh media,oP0u
CellTiter-Blue® (Promega) was added to each well and the aetlsTiter Blue were
incubated at 3T in a humidified atmosphere containing 5% /0@ air for 2 hours.
Subsequently, 20uL of media containing CellTiter-Blue™ was remé&eosa the wells
and diluted into 80uL of PBS in the wells of a 96-well black botem®say plate. The
fluorescence intensity emanating from the wells, which igasure of cell viability, was

then determined using a TECAN Infinite® 2000 Multimode microplate reader.
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5.3.7 Investigating the Anti-vasculature and Anti-tumor Potential Gombretastatin
and Doxorubicin Loaded PEO-b-PCL Polymersomes on HUVECs and SK-BRel8s
in Co-Culture

In order to determine the cytotoxic effects of drug loaded Mssia co-culture,
HUVECs and SK-BR-3 cells were stained using Cellvue ® NIRLS(Gx=786nmAgm
max =814nm) and Cellvue ® Burgundygf max =683nm andiem max =707nm) from
Molecular Targeting Technologies Inc.(MTTI), respectively.e3é dyes provide stable
labeling of the lipid regions of the cell membrane. Labeling wasied out as per
protocol obtained from MTTI, but scaled down for 2 million cells. Sthioells were
plated at a density of 3,200 cells per well (10,000cel/am96 well (black frame, clear
well) cell culture plates (Isoplate-96 TC, Perkin Elmer) andewalowed to adhere
overnight (~20~24hours). Culture media was removed from the wedlls were
washed with 250uL of PBS, and replaced with 250uL of either: 100% me@ia
media/10% PBS, 100% PBS, and various concentrations of drug loaddds/esi@0%
media/10% PBS, and maintained at@h a humidified atmosphere containing 5%,CO
in air. The suspensions were sterilized with 30 minute exposuaelV lamp in the
culture hood prior to incubation with cells. Immediately followiagdition of drug
loaded polymersomes, the fluorescence intensity was measimgdaudCOR Odyssey,
an Infrared (IR) Imaging System and this fluorescence wamee to be the initial
fluorescence per well. At various defined time points (12H, 24H, 48H7aKHl post
drug administration, wells were washed with 250uL of PBS to remdeed cells and
250uL of fresh media was added to the wells. The fluorescenositgtemanating from
the washed wells, as a result of live stained cells in this,wehs then determined using

a LICOR Odyssey.
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5.4RESULTS AND DISCUSSION

5.4.1 Cellular Uptake of Porphyrin Loaded PEO-b-PCL Vesicles by HUVEDs SK-
BR-3 Cells
To determine the cellular uptake of polymer vesicles by HUV&@k SK-BR-3

cells, we utilized ~200nm NIR-emissive polymersomes formulatech fPEO-b-PCL
diblock copolymer and loaded with porphyrin (a NIR emissive fluorophand) the
LICOR Odyssey, an Infrared (IR) Imaging System. Figbre shows the raw data
obtained for the uptake of ~200nm porphyrin polymersomes by HUVEG<ditmurs of
incubation; similar images were obtained for the other time points as well 8&-BR-3

cells.

Figure 5.1- Raw HUVEC uptake data from the Odyssey.

Row A: 3*10* Cells/Well; Row B: 2.25*1d Cells/Well; Row C: 1.5*1d Cells/Well;
Row D: 0.75*1d Cells/Well Column 1-3: Media Only; Column 4-6: 9uM PEO-b-
PCL; Column 7-9: 4.5uM PEO-b-PCL; Column 10-12: 1.125uM PEO-bPCL,;

Porphyrin Vesicles=Green (800 channel)

The vesicle uptake by HUVECs was both concentration and incubation time
dependent. In general, as vesicle concentration in the mediasiedyezellular uptake
also increased, until the saturation capacity of the cell veaheel, especially at low cell

numbers (Figure 5.2). Furthermore, increased incubation time lerhegncentration of
131



vesicles generally resulted in incred uptake by both cell typeBigure5.3). At higher
cell densities, uptake was seen as early as 45tesimand increased with extenc
incubation times. At lower esicle concentrations, extended time was necedsal

significant vesicle uptake.
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Figure 5.2-The effect of concentration and cell numer on polymersome uptake by
HUVECs

(A) and SK-BR-3 cells (B) after 5 hours of incubation with porphyrin
polymersomes (n=3; error bars £ S.E.
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Figure 5.3-The effect of concentration and incubation time orpolymersome uptake
by HUVECs (A-B) and SK-BR-3 cells (CD). (n=3; error bars + S.E.

5.4.2Determination of the Viability and Biocompatibilityof Unloaded PE(-b-PCL
Vesicles on HUVECs and SBR-3 Cells in vitro

A viability assay usingCellTiter-Blue™ was used to demonstrate
biocompatibility of thePEC-b-PCL nanoparticles without drug or imaging a¢ on cells
in culture. HUVECs and S-BR-3 cells were cultured with ~200nm unloaded I-b-

PCL polymer vesicles at varying concentrationsuprto 72 hours. A moderate drop

viability (~55-75%) was observed th the HUVECs, which did not appear to

concentration or time dependeFigure 5.4A). For the case of 3BR-3 cells, toxicity
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appeared to be both concentratind time dependent. After 12 hours of incubatiotin
vesicles, the viability dropped to approximately?@0Oand after 24 hours, the viabil
decreased to ~35-40%gure5.4B. At the 48 hour time point and beyond, therpesps
to be a great loss in viability at the high concatibns of PE(-b-PCL vesicles, howeve

the cells cultured with .28uM of vesicles appeabed0% viableFigure5.4B).

y .
& uM Concentration of PEO-PCL in &
A 90%Medial10%PBS R

uM Concentration of PEO-PCL in
90%Media/10%PBS

Figure 5.4- The viability of HUVECs (A) SK-BR-3 cells (B)when cultured with
PEO-b-PCL vesicles at varying concentrations for 12houito 72 hours.

Each bar represents the mean of four samples and rer bars are standard
deviation. All  conditions are normalized to cultues grown in
Media(90%)/PBS(10%) without vesices present.

5.4.3Determination of the Antvasculature Potential of Combtastatin PEC-b-PCL
Polymersomes on HUVECs and Cytotoxic Effect on -BR-3 Cells Culturec
Separately

Anti-vasculature potential of combretastati-4 loaded polymeric vesicles
HUVECs and SK-BR3 tumorigenic cells was determined over 72 houssth cel lines
were separately cultured in the presence of ~200mmbpetastatin loaded PEb-PCL

vesicles at varying concentrations and for up tch@ars. For both cell lines incubat
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with combretastatin vesicles, viability decreased over the 72 housth a time and

dose dependent manner (Figure 5.5).

For HUVECSs cultured with combretastatin vesicles for 12 houabjhty appears
to be highly concentration dependent and ranged from ~40% viable at Qudhtration
of combretastatin to ~100% viable for the 0.25uM combretastatin @amditAt later
times however, while viability still appears to be concentratiependent, the viability
has significantly decreased and by 72 h, viability droppelkstothan ~35% for all

doses of combretastatin (Figure 5.5A).

For SK-BR-3 cells, cell growth for drug treated cells waasested, and at
extended times cells appeared to be dying. After thed&dours, the cellular viability
decreased to 50% or less for all concentrations, and by 72 hours tyiatid less than
~25% for all concentrations of combretastatin in polymersomes r@-igu5B). Recall
however, that a portion of the toxic effects are due to the wssitlemselves as
evidenced in Figure 5.4B and thus some of the toxic effects segrbendue to the

vesicles and not only the drug.
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Figure 5.5-The effect of varying concentratiors of combretastatin loadec
polymersomes orHUVECSs (A) and SK-BR-3 cells(B) viability over 72 hours.

Each bar represents the mean of four samples and rer bars are standard
deviation. All  conditions are normalized to cultues grown in
Media(90%)/PBS(1®%6) without vesicles.

5.4.4Determination of the Cytotoxic Potential of Doxorudn Loaded PEC-b-PCL
Polymersomes on HUVECs and £{BR-3 Cells Cultured Separately

The cytotoxic potential of doxorubicin loaded F-b-PCL polymeric vesicles ¢
HUVECs and SK-BR3 tumorigenic cells was examined for both concentratiom
incubation time dependence. Both cell lines weygagately cultured in the presence
~200nm doxorubicin loaded PIb-PCL polymersomes at varying concentrations
for up to 72 hours. For bothll lines incubated with doxorubicin vesicles, viktyi
decreased over the 72 hours in both a time andectration dependent mannigure

5.6).
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Figure 5.6-The effect of varying concentrations odoxorubicin loaded
polymersomes orHUVECSs (A) and SK-BR-3 cells(B) viability over 72 hours.

Each bar represents the mean of four samples and rer bars are standard
deviation. All  conditions are normalizec to cultures grown in
Media(90%)/PBS(10%) without vesicle.

After 24 hours of incubation, HUVEC viability doest appear to be effected
doxorubicin vesicles, even at high concentratiotdowever, the celluli viability
decreased sharply after the first 48 hours, whesgeviability is less than ~10% for ce
incubated with doxorubicin at concentrations gredten 2.5uM. After 72 hour
cellular viability is less than ~25% for all concextions of DOX greter than .025uM
(Figure 5.8). While one might expect to observe a less ditameffect on HUVEC
viability after incubation with the chemotherapeutone must coiider that nearly al
chemotherapeutics have «angiogenesis or antivascular effects; this has Isiamw

bothin vitro andin vivo [71].

For SK-BR3 tumorigenic cells, the cytotoxic effect of doxbiein was more
prevalent after 24hours. In fact, viability isdethan ~75% in for all concentration, €

less than ~50% for most concentrations of DOX. into the HUVEC response, by .
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hours, the cellular viability dropped to less than ~25% for DOX coratémis greater
than 2.5uM and after 72 hours, only cells incubated with concentratemthkn 0.25uM

were greater than ~25% viable (Figure 5.6B).

5.4.5 Investigating the Anti-vasculature and Anti-tumor Potential Gombretastatin
and Doxorubicin Loaded PEO-b-PCL Polymersomes on HUVECs and SK-BRel8s
in Co-culture

HUVECs and SK-BR-3 cells were each stained using MTTI'dlv@e ®

Burgundy and Cellvue ® NIR815, respectively. Post staining, cadle plated in 96
well (black frame, clear well) cell culture plates (Isopt@6 TC, Perkin Elmer) for
further examination of the effects of drug loaded vesicles oWE{L$s and SK-BR-3
cells in co-culture. Figure 5.7 shows the initial fluoresceamanating from the wells of
the 96 well plates, post plating with stained HUVECs and SK-BRH3.c In order to
determine cell viability, cells incubated with drug loaded vesisie® washed to remove
non-adherent cells and then assayed for fluorescence. Spegifiball fluorescence
emanating from each well post incubation with drug vesiclesnsa®salized against its
original fluorescence intensity, post initial wash and prior to iatah with drug.
Subsequent to that normalization step, intensity per well was npetiahgainst the
normalized value for wells without drug. This double normalization aceduioir the

fact that the washing step can remove some viable loosely adherent cells.
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Figure 5.7- Image of stained co-cultured HUVECs and SK-BR-3 cells ugrthe
LICOR Odyssey prior to incubation with drug loaded vesicles.
Green=HUVECs (700 Channel); Red= SK-BR-3 (800 Channel)

When combretastatin loaded PEO-b-PCL polymersomes are adnedidter
HUVECs and SK-BR-3 cells in co-culture, the anti-vasculatdifece of the drug on
HUVECs appears to be less pronounced than when the drug is administestd in
single culture; however, viability of cells cultured with drugded polymersomes is
compared to the viability of cells cultured in PBS only (negatimetrol as all cells will
be dead), there is a noticeable effect after 12 hours (Figure.5.8®}ing that the
viability of the PBS only cells is quite high, a CellTiteaBM™ Cell Viability Assay
(Promega) was carried out to determine if the PBS only wellsontained viable cells.
Though this assay, it was confirmed that these wells were devdidngf cells. From
this, it is believed that the non-viable stained HUVECs stickhto wells even post
washing and this sticking increases with increased incubationirtitiie wells. Hence,
the fluorescence from the PBS only wells increases over, tawen though it was

confirmed that the cells were dead after culturing in PBS for 72 hours. Data not shown.

Post 12 hour incubation with combretastatin polymersomes, SK-BR-3 cell
viability appeared to be adversely effected by the adminwmtrat combretastatin loaded

polymersomes as well (Figure 5.8B). After 24 hours, the vialdtibps to ~75% or less,
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and 48 hours post administion of drug loaded vesicles the cellular viabiigyless that
~50%. For the SK-BR3-cells, the toxicity in c-culture appears to be less than wher
cells are cultured separately; this may be thelredihaving the same concentration

polymer anddrug, but 1.25 times more cell
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Figure 5.8-The effect of combretastatin loaded polyrersomes on HUVECs (A) Sk
BR-3 cells (B) in coeulture. Each bar represents the mean of four sampk and
error bars are standard deviation. All conditions ae normalized to the initial
fluorescence and then to cultures grown in Media(9®)/PBS(10%) without vesicles

Twenty four hours posncubation with doxorubicin vesicles, the cellulahility
of HUVECs appears to decrease to about 60% (whervitdbility is compared again
that of the cells cultured in PBS only). When campg against the fluorescen
emanating from PBS cultured Is against the fluorescence from cells culturedhwlitug
loaded vesicles, it appears that the viability drgpeatly after a 72 hour incubation w

drug loaded vesicles. Again however, it must bedothat sticking of the n~viable

cells cultured ifPBS only was observed and from this we can surthisecells culture:
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with drug at high concentrations over extendedaquksriof time are also sticking to t

wells yielding a false positive reading for theditascence

The effect of doxorubicin load polymersomes on SK-BR-cells in co-culture
with HUVECSs is apparent after 24 hours, when calwliability decreased to less th
~80% after administration of drug loaded polymerseamé-or concentrations of dri
2.5uM and greater, the decrease in-BR-3 viability over time at a single drL
concentrations demonstrate by cellular viability decreasinfjom ~100% at 12 hours"
less than 20% after 72 hours at the higher coragomis. At 48 and 72 hours pt
incubation with drug loaded polymersomehe time and concentration depende
becomes apparent as decreasing concentration gfatira particular time point leads
an increase in viability In contrast to the combretastatir-culture studies, here we s
that although there are more cell culture with the same amount of polymer and d

the SK-BR3 cells are still adversely affected by incubatiath doxorubicin
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Figure 5.9- The effect of doxorubicin oaded PEO-bPCL polymersomes or
HUVECSs (A) SK-BR-3 cells (B) in co-culture.
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Each bar represents the mean of four samples and error barare standard
deviation. All conditions are normalized to the initial fluorescence and then to
cultures grown in Media(90%)/PBS(10%) without vesicles.

As a final proof of concept, the following preliminary studiesre carried out to
investigate the effect of dual drug (DOX and combretast&igjed polymersomes on
co-cultures of SK-BR-3 cells and HUVECs. Similar to thege drug loaded vesicles,
we see a strong dependence on both concentration and time for th&-Skcéls,
especially at the higher drug concentrations where viabilityedses with each time
point after the first 24 hours. In addition, at the 72 hour time poiniea clrug
concentration dependence is exhibited where the viability ramges +100% at the
lowest concentration to ~20% at the highest concentration of drug ¢Fgl®@B). The
HUVEC response to the dual drug loaded vesicles is not neadyrasy as what is
observed for the SK-BR-3 cells. A loose dependence on concentratiotinge is
observed (Figure 5.10A), however, additional studies are required togbyetatermine
the effect of the dual drug vesicles on HUVECS in co-cultdfellow up studies will be

described in Chapter 7.
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Figure 5.10-The effect of doxorubicir-combretastatin dual loaded PE(-b-PCL
polymersomes on HUVECs (A) and S-BR-3 cells (B) in co culture.

Each bar represents the mean of four samples and rer bars are standard
deviation. All conditions are normalized to the initial fluorescence ancthen to
cultures grown in Media(90%)/PBS(10%) without vesites.

5.5CONCLUSIONS

We successfully utilized na-polymersomes formulated from P-b-PCL
diblock copolymer forin vitro delivery of both imaging agents well as therapeutic
NIR-emissive polymersomes were used to determine umtgelymersomes in hume
umbilical vein endothelial cells (HUVECs) and -BR3 tumorigenic cells. Vesic
uptake for both cell lines was dependent on comagoh andincubation time. A
vesicle concentration in the media increased, keelliyptake also increased. Furthermu
increased incubation time generally resulted imeased uptake. At higher HUVE
densities and/or high vesicle concentre, uptake was seess early as 45 minutes a
increased with extended incubation times. At los@ncentratios, extended time we

necessary for significant vesicle upta

Toxicity studies on drug loaded as well as emptsictes were carried out usii

CellTiterBlue™ Cell Viability Assay (Promega). A viability assay demonstra
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biocompatibility of the nanoparticles without drug or imaging ageratl concentrations
with HUVECs. The SK-BR-3 cells demonstrate a 50% loss in uial@fter 12 hour
incubation with empty vesicles at high and intermediate conciemsabf polymer. At
low concentration of polymer, SK-BR-3 viability does not appear tofteeted. The
cytotoxic potential of combretastatin A-4 loaded polymeric vesielad doxorubicin
loaded polymeric vesicles on HUVECs and SK-BR3 tumorigenic eale determined.
For both cell lines, toxicity was generally both concentration and tependent. For
HUVECSs, a 50% reduction in viability is seen within 12 hours at hgicentrations of
combretastatin A-4; at longer times, cellular viability isrdesed to approximately 25%
viable even at low concentrations of combretastatin A-4. For SKd&RS cell growth
for drug treated cells was arrested, and at extended tinlesappeared to be dying.
Similar results were observed for HUVECs and SK-BR-3 ¢sdisted with doxorubicin
loaded vesicles. When co-cultured, the effect of the drug iples®unced then when
the cells are treated separately, but at high concentratiomsugf and/or extended

incubation times, the cytotoxic effect of the drug loaded vesicles is observed.

Thus, this study highlights the feasibility of using polymersorntegieliver

vascular disrupting agents to endothelial cells simultaneously with treatnogs.
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6.1SUMMARY

Polymersomes (polymer vesicles) have been shown to possess a rafmber
attractive biomaterial properties compared to liposomes (phospholipgicles),
including prolonged circulation times, increased mechanical syabdg well as the
unique ability to incorporate numerous large hydrophobic molecules witigin thick
lamellar membranes and hydrophilic molecules within their cakége have previously
shown the ability to generate two types of self-assembled siaad-vesicles ranging in
size from 100’s of nanometers to 10’s of microns; one type deatpof a biocompatible
diblock copolymer consisting of polyethyleneoxide (PEO) and polybutadBie)(Bnd a
second fully-bioresorbable vesicle consisting of two FDA-approved hgil@iocks:
polyethyleneoxide (PEO) and polycaprolactone (PCL). In additioa~ve successfully
loaded imaging agents, such as porphyrin-based near infrarBJ {iNbrophores, and
therapeutics such as doxorubicin, an anti-neoplastic agent, into these rgolyreg and

tracked their releade situ andin vivo.

NIR-emissive polymersomes, loaded with porphyrin, can be used for
biodistribution studies, to track the location of the polymersomes, andtipdie for
diagnostic studies. Here, we utilize NIR-emissive polymersontesdetermine
polymersome biodistribution in tumor bearing mice using a noninvasia! ammal
optical imaging instrument which detects the NIR fluorescesigaal. Passive
accumulation of NIR-emissive polymersomes in tumor tissues of, g well as other
organs, is evidenced. Using porphyrin polymersomes for biodistribution studlie

greatly decrease the number of animals required for such stutiedise location of the
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polymersomes can be determined without sacrificing animals aiptauiime points to

perform histology on the excised organs.

Doxorubicin, an anti-neoplastic agent, was encapsulated to servemasieh
system for the release of a physiologically relevant compound fh@mPEO-b-PCL
polymersomes. The therapeutic potential of doxorubicin loaded polymessssigown;
drug loaded bioresorbable polymersomes were adminisienado and their capability
to retard tumor growth was assessed using such metrics asdizm@nd body weight.
Doxorubicin loaded polymersomes were able to retard tumor growtlivie @animal on a
par with the commercially available DOXIL, liposomal doxorubicin.urtRermore,

mouse weights remained within +/-1.5g, for all treatment groups throughoutdye st

Lastly, the marriage of the porphyrin polymersome with the doxarubi
polymersome was attemptadvivo. Results are promising suggesting with further work

that themulti-functional polymersome for theranostic applications could be a reality.

6.2INTRODUCTION

The fully PEG-ylated polymersome, with its thick hydrophobic memérand
large aqueous core, posses a number of superior biomaterial propkfie8] which
make it ideally suited to facilitate biomedical applicationshsas deep tissue optical

imaging and drug delivery.

Chapter 4 discusses the basis and rationale for using neardrifrexging (NIR)
agents in contrast to visible probes farvivo imaging applications and the tunable

spectral properties of the porphyrin fluorophores used inirthévo imaging studies
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discussed in this chapter. This chapter will build upon those concgbigght in the
previous chapters and discuss some of the principles ofvo fluorescence based

imaging.

In vivo deep tissue fluorescence based imaging characterizes é¢haciitn of
photons with tissue through three basic parameters, namely absoligtibrscattering,
and emission. As discussed in Chapter 4, light absorption by the oay
deoxyhemoglobin, water, and other molecules found in tissues [123, 12/3aies)
below 700nm, causing significant auto-fluorescence in the visible rapgk5] and
limiting the penetration depth to less than a few millimet226]. However, owing to
the small tissue absorption coefficient in the NIR window (700nm-900oimihe
spectrum, light can penetrate much deeper into the tissues, enmbdiging deeper
imaging into the tissues in contrast to imaging with probe$envisible region of the

spectra [115].

In addition to the tissue properties which compli¢atévo imaging, the contrast
agent itself must be nontoxic and overcome certain challenges such as absorption,
distribution, metabolism, and excretion [127]. Furthermore, the cortgestt must be
able localize and remain at the site with enough fluorescent itytémde imaged [127,

128].

Hence, the development of NIR contrast agents with appropriategiaal
parameters is crucial for in depth optical imaging of livingues. We have investigated
the performance of NIR-emissive porphyrin polymersomes, polymescles loaded

with porphyrin contrast agents, in both a biocompatible and bioresorbableldaon
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and demonstrated their ability to assist in diagnostic applicataensvell as drug

biodistribution studies.

Chapter 2 and Chapter 4 discuss the fabrication of the drug lpatjedersomes
and the drug loaded polymersome for imaging purposes, while Chaptendhsteates
the potential of these vesiclesvitro. In addition to the use of polymersomesifovivo
optical imaging in the NIR, this chapter will investigate usdrofy loaded vesicles fon

vivo applications.

Currently many pharmaceutical agents exist whose systemiaty is too great
to be administered clinically. Other compounds, would be clinicathefigal, however
their hydrophobicity precludes them from being administered by coowahtmethods.
Hence, a delivery vehicle with the ability to deliver such toxnd dydrophobic
molecules at a high payload to the site of interest is imperfdr advancing therapies.

Previously, researchers have demonstrated the therapeutic tderudfi
encapsulating pharmaceutical agents with low bioavailabiltyigit systemic toxicity in
PEG-ylated lipid vesicles, termed liposomes [120, 129, 130]. As desdhbaughout
this thesis, polymersomes, polymeric vesicles, have unique biolqgymaérties [4-6, 8]
to render them superior to liposomes for drug delivery applicatioesicdHconsiderable
effort has been made in developing polymeric vesicles for drugedgltools [27, 43,
131, 132]. Then vivo performance of the fully bioresorbable PEO-b-PCL polymersome
for the delivery of doxorubicin, a chemotherapeutic agent known to ceas#istoxicty
will be examined in this chapter. Lastly, the chapter will €lby demonstrating the

potential for using polymersomes as both drug and imaging delivery agents.
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6.3EXPERIMENTAL METHODS

Nude athymic mice used in the studies discussed below were hooded
USDA- and AAALAC-approved conditions with free access to food andrwatee
University of Pennsylvania Institutional Animal Care and Use Cdtamiand Small
Animal Imaging Facility (SAIF) Animal Oversight Comna# approved all experimental
procedures. Allin vivo imaging was conducted at the SAIF in the Department of

Radiology at the University of Pennsylvania.

6.3.1 Preparation of Drug and Imaging Agent Loaded Polymersomes

Drug loaded vesicles, porphyrin loaded vesicles, as weltrag-porphyrin
vesicles were prepared as described in Chapter 2 and ChaptBriefly, thin-film
hydration was used to assemble the ~200nm PEO-b-PCL copolymersquntiorium
morphologies [10]. Polymersomes were incubated with doxorubicin in @ ohtl:.4
polymer:drug (w/w) for ~9h at a temperature above their mairtogktjuid-crystalline
phase transition temperature, trapping the drug in the agueousMonentraped DOX
was removed using HPLC; the solution was passed through two Hdésglting
columns and further removed using a Centricon tube to ensure theaxsoof drug in
the subnatant was undetectable at 480nm. The collected DOX polymesgspasnsion

was concentrated and passed through a 1um membrane prior to injection.

To determine the concentration of doxorubicin in the PEO-b-PCL pobymess,
sample aliquots were removed from the concentrated stock solutionyagidlized to
destroy the vesicle structure and release the encapsul@Zdfidm the core of the

polymersome. The freeze-dried powder was reconstituted inryebtiganol:water 9:1,
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v/v containing 0.075N HCI or 90% isopropyl alcohol containing 0.07%CIl. The
concentration of DOX was determined using Beer’'s Law by meastire absorbance at

480nm using a molar extinction coefficient of 12,5000Mt in either solvent [70, 122].

6.3.2Preparation of Porphyrin Imaging Agent Loaded PEO-b-PBD and PEO-b-PCL
Polymersomes
Porphyrin loaded PEO-b-PCL and PEO-b-PBD polymersomes wepaned as

described in Chapter 4. Briefly, self-assembly via thin-filyaration followed by freeze
thawing and extrusion were used to yield small porphyrin PEOD-BBymer vesicles
or porphyrin PEO-b-PCL polymersomes (~200nm diameter)[9]. The pamptye is
localized to the vesicle membrane. The suspension was centrifisgggl Millipore
Centricon Tubes to obtain a porphyrin concentration of 15uM as deternbyed
absorbance spectroscopy. Prior to injection, vesicles weredp#ssmigh a sterile

200nm membrane.

The concentration of the porphyrin vesicles in solution was deternbged
measuring the absorbance at 794nm using a molar extinction efi 1.29*16M"
lem® [9]. Polymer concentration was determined by a matherha@deulation, since

the ratio of porphyrin to polymer was set at 1:40 (molar ratio).

6.3.3 Cell Culture and Establishment of Tumors in Nude Mice
The T6-17 cell line which is derived from NIH-3T3 cells by eegpressing the

human erbB2 receptor was used foriallivo studies; these cells are HER2-expressing

transformed tumor cells with the ability to develop tumors in nude mice [133].
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The T6-17 cells, were cultured in DMEM - high glucose 4.5 gfhdse media),
10% fetal bovine serum (FBS), 1% Pen/Strep 100X (10000u/ml P - 10mg/an&)%
glutamine. Cells were maintained in plastic culture flask87€ in a humidified
atmosphere containing 5% @@ air and subcultured at subcultivation ratio of 1:10
when the flasks were 70% to 90% confluent. When cells were deeme®0P@%-
confluent, growth media wasmeved from the culture flask via aspiration and the flask
was washed with Phosphate Buffered Saline (PBS). The PBS was removed and
0.25%trypsin-EDTA was added and the flask was returned to the incubator for Smin at
370C and 5% CQin air. Post trypsin incubation, media was added to the dadkthe
wall was washed in order to remove all cells. The cell sugpenss then transferred to
a conical tube and centrifuged at 1000rpm for 5 minutes to pelletetlte cThe
supernatant was aspirated and the cells were resuspended in dngihrgedia. When

cells were to be used for tumor studies, a cell count was performed.

6.3.4 In vivo Biodistribution and Diagnostic Studies Using Porphyrin loaded PEO-
PBD Polymersomes
To establish the tuman vivo, T6-17 tumor cells (1xT) were injected s.c. into

the flank of athymic nude female mice. At least ten days afoculation of tumor cells,
when tumors were visible and palpable, treatment with polymersocoramenced as

described.

In order to reduce background fluorescence for extended imagingsstadieng
more than 12 hours, mice were switched from a fenbendazole-impregtiatetbr

prophylaxis purposes to AIN-76A, a low-autofluorescence rodent Bege@arch Diets,
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Inc.; New Brunswick, NJ). 5 to 7 days prior to imaging and rendaioie the low-

fluorescence feed until the culmination of the study.

Once the tumors were visible and palpable, 100ul of the porphryin polyneersom
solution (15uM porphyrin) was injected intravenously into the tail veira diimor
bearing (T6-17 cells) nude mouse. Fluorescent signal was radgsior to injection, as
well as at specific time points ranging from hours to days,ipjgsition, using one of the
following small animal imagers: a) the GEART eXplore ©fti2) the LICOR Pearl
Imager. At the culmination of the study, the mice were saedfaccording to protocol.

At the culmination of the extended study, sacrificed mice warefully dissected and

their organs were excised for further analysis.

6.3.5 In vivo Intratumor Studies Using Porphyrin loaded PEO-b-PBD Polymerssm

To establish the tuman vivo, T6-17 tumor cells (1xT) were injected s.c. into
the flank of athymic nude female mice. At least ten days afoculation of tumor cells,
when tumors were at least visible and palpable, 100uL of a 15uMasohitiporphyrin
PEO-b-PBD polymersomes was injected intravenously into therden of the tumor
bearing nude mouse. Approximately eight hours post injection of vesiti®ul of
AngioSense-IVM 680 (Visen Medical), a large fluorescence a@ggbdk MW) that
remains localized in the vasculature for extended periods of (ige680+10nm,

Aex=700£10nm), was intravenously injected into the retro-orbital vein of the mouse.

Immediately following the injection of AngioSense-IVM 680, a fadldy scan of
the mouse in the prone position was taken using the GEArt. Subsequesthalla

portion the skin was removed from the tumor and the tumor was imagimeyl the
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Olympus IV-100. At the culmination of the study, the mice were eithd as per

protocol. .

6.3.6 In vivo Therapeutic Study Using Doxorubicin Loaded PEO-b-PCL Polymersomes
To establish the tuman vivo, T6-17 tumor cells (1xT) were injected s.c. into

the flank of athymic nude female mice. One week after indounlaf tumor cells, when
tumors were visible and palpable, treatment with polymersomes acurecheas

described.

Once the tumors were visible and palpable, the mice were injictadyh the tail
vein with 200uL of (1) polymersomes loaded with DOX at a conceémtratf 1mg/ml,
(2) DOXIL (liposomal formulation of DOX) at a DOX concentratiadnlong/ml, (3) free
DOX (unencapsulated drug) at a DOX concentration of 1mg/ml, andPB®. Each
group consisted of five mice. The concentration of DOX in all adin@isns was
1mg/ml and 200ul of solution was administered to each mouse, to yiele atddb8mg

of drug/kg.

After the administration of treatment (i.e. post i.v. injectionjnors were
measured daily and mice were weighed every other day. Tumor velamdetermined
by the equation, I*w*h. Nine days after the start of treatméetntice were sacrificed,
bled from the retrooribital sinuses, and organs were harvestethg SHEMAVET,
blood work was performed to be used as a metric for systemiatyosesulting from

each of the treatment groups. Physical appearance and behavior were recoreléd a
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6.3.7 In vivo Theranostic Study Using Doxorubicin and Porphyrin Loaded PEO-b-PCL
Polymersome

To establish the tuman vivo, T6-17 tumor cells (1xT) were injected s.c. into
the right flank of athymic nude female mice. Nine days afiteculation of tumor cells,
when tumors were visible and palpable, treatment with polymersooremenced as

described in the following sections.

In order to reduce background fluorescence for extended imagingsstiadigng
more than 12 hours, mice were switched from a fenbendazole-impregtiatetbr
prophylaxis purposes to AIN-76A, a low-autofluorescence rodent Bede@rch Diets,
Inc.; New Brunswick, NJ). 5 to 7 days prior to imaging and remamedhe low-

fluorescence feed until the culmination of the study.

Once the tumors were visible and palpable, the mice were injictadyh the tail

vein with 250uL of:

(1) Doxorubicin-Porphyrin PEO-b-PCL polymersomes at a concentratfon
0.122mgDOX/ml (4.65uM porphyrin and 2.6 mgPEO-b-PCL/ml as determined by

the porphyrin absorbance),

(2) Porphyrin PEO-b-PCL polymersome at a concentration of 2.6mgPEO-b-

PCL/ml (4.65uM porphyrin)

(3) PEO-b-PCL polymersomes without DOX or porphyrin at a condeoriraf

2.6mgPEO-b-PCL/mI

(4) free DOX drug at a DOX concentration of 0.122mg/ml.
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Each group consisted of four mice. The concentration of DOX detivier the
mice in this study was approximately 10% of the concentration detivin the
Therapeutic Study described above. Furthermore the porphyrin c@timentwas
approximately 1/3 the concentration delivered in the Diagnostic Stddscribed above,
however, twice the volume of porphyrin vesicle suspension was dalivenaking the
total porphyrin injected approximately 2/3 of the amount injected @vipus studies.
Recall from Chapter 4, the loading of DOX into porphyrin vesittedlifficult and
inefficient; this is most likely the result of the largedihgphobic porphyrin molecules

hampering the diffusion of the DOX molecules across the hydrophobic bilayer.

Post treatment, tumors were measured daily and mice weighed every day.

Tumor volume was determined by the equation, I*w*h.

Prior to treatment, mice that were to be administered porplwasicles and
porphyrin-DOX vesicles were pre-scanned using the Licor @gyssfrared Imaging
System equipped with the Odyssey MouseP@Divo Imaging Accessory. Mice were
then scanned at regular intervals using the Odyssey and MouseP€BsAry. Five
days after the start of treatment, the mice were saalifimd carefully dissected. Organs

were imaged post excision using the LICOR Odyssey.

6.4RESULTS AND DISCUSSION

6.4.1 In vivo Biodistribution Studies Using Porphyrin Polymersomes
When Porphyrin loaded NIR-emissive nanopolymersomes are injetdtedhe

tail-vein of mice, the biodistribution of the nanoparticles canrdbekedin vivo via non-

invasive NIR fluorescence-based optical imaging. Figure 6.1 deratassthe ability to
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track PEO-b-PBD polymer vesicles in tumor bearing mice over 12Alditional
extended studies using porphyrin loaded PEO-b-PBD (Figure 6.2) a@dbHECL
polymersomes demonstrated the ability to track vesiolgs/o for up to 9 days and will
be discussed in this section and in Section6.4.4. It is important tthaoteitial studies
were carried out using the biocompatible vesicle since itkmasvn not to degradm
vivo. Nonetheless, it is envisioned that the bioresorbable vesiciesated from PEO-b-
PCL diblock, might be able to link changes in fluorescence not orthetalearance of

the vesicle but also to degradation of the vesicle.

Porphyrin NIR- emissive polymersomes injected into the tai wfia tumor
bearing mouse accumulated at the tumor site of non-necrotic tumtbis four hours
and remain at the tumor site for at least 72hours. Furthernfuese tvesicles are
observedn vivo for at least 9 days and are cleared by organs of the reticidtelial
system (RES) as determined by imaging of fluorescenemlsig Upon culmination of
the extended studies and excision of the organs, it was determinegh thaurescence
imaging of the organs, that there was significant vesidesraulation in the spleen, and
liver. Furthermore, even 7 days post treatment, a significanteBuoent signal is

observed from the tail.
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Figure 6.1- Tumor imaging by NIR-emmisive PEO-b-PBD polymersome
Fluorescence images obtained using eXplore Optix instruméemf the same mouse
taken prior to administration of NIR-emissive polymersomes, andat 4, 8, and 12 h
post tail-vein injection. (A) Prone position, (B) supine pofibn (k.= 785 NM,ken=
830-900 nm). The arrows in the prone and supine positions suggdstation of
organs. In the supine position, the arrow suggests the fluoreance emanating from
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the lower portion of the mouse body is from the turar; it may also be emanating
from the gut of the mouse due to break down of foo
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Figure 6.2- Fluorescence images of the same mouse taken riglitea administration

of NIR-emissive PEO-bPBD polymersomes, and at 4, 8,12, 48, 72, 144, 168, ,1&%
216 hours post tailvein injection.

Images were acquired using the Licor Pearl Imager.(A) Prone Position (B) Supine
Position (hex =785nmem=83(-900nm)

0081186 _01 0001284 0 0C01346_01
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6.4.2 In vivo Intratumor Studies Using Porphyrin loaded PEO-b-PBD Polymerssm
The Olympus IV-100, intravital laser scanning microscope for Isar@amal

imaging, was used to examine the location of polymersome irnorel&d the tumor
vasculature. Prior imaging with the Olympus 1V-100, the mouse mvaged using the
GEArt to confirm the distribution of porphyrin vesicles and AngioSdws£-680 in the

mouse’s body; furthermore the localization of porphyrin vesiclaheatumor site was

verified using the GEAtrt.

Once the distribution of dye and vesicles was confirmed using BftGthe
tissue on the tumor just below skin was imaged using the Olympd®0V-Figure 6.3
clearly shows the co-localization of AngioSense IVM-680 in thecukature and the
porphyrin PEO-b-PBD vesicles, confirming their location in theduwasculature. The
left hand panel of Figure 6.3 used the signal from AngioSense MMt6S&how the
tumor vasculature (700 channel), while the middle panel shows the fleotesgnal
from the polymersomes in the same area (800channel); the righpaaeakis an overlay
of the left and middle panels and clearly shows the localizatigmogdhyrin vesicles

within the tumor vasculature.
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Figure 6.3-Intravital microscopy of the tumor tissue using theOlympus IV-100.

Left hand pannel shows the tumor vasculature (usingAngioSense IVM 680, 70!
channel); Middle pannel shows the localization of @rphyrin polymersomes (80C
channel); Right pannel is the overly of the imagesrom each channel clearly
showing the colocalization of porphyrin vesicles in the blood vessels

6.4.3 In vivoTherapeutic Study Using Doxorubicin loaded PE-b-PCL Polymersome
Doxorubicin loaded bioresorbable P-b-PCL polymersomes were administe

in vivo to xenotransplante (T6-17 cells) tumor-bearing micand their therapeut
capability to retard tumor growth was assesusing such metricas tumor size and bo

weight.

As demonstrateth Figure 6.£&rror! Reference source not found, doxorubicin
loaded PEO-bPCL polymersome were able to retard tumor growth mice on a par
with the commerciallyavailable agent DOXIL ® (a clinicallyadministere liposomal
formulation of doxorubicir), and better than free drug and PBS aloFurther, mouse
weights remaineavithin £1.5 g of the initie weight, for all treatmengroups througho!

the study.
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Figure 6.4- Anti-tumor effects of doxorubicin loadedPEO-b-PCL polymersome in
mice.

Mice were inoculated with tumor cells on day 0, wer administered drug (free dox
dox loaded polymersome, or DOXIL) or PBS on day 7and sacrificed on da' 16.
Images of tumor bearing miceadministered PBS (A) and DOX polymersomes at th
culmination of the study, day 16. (B); (E) Average tumor Volume vs. Time,

Tumor volumes of the 5 mice per group averaged. Ear bars are reported as
standard error.

A blood sampled was drawn from each mouse and analyzed asHEMAVET
(Figure 6.5. White blood cell WBC) count and neutrophil (NE)oant are slightly
elevated in control miceeceiving PBS onlybut similar for the mice administered DC
in any form. Since WBC is a measure of the body’s response timaxic agents, th
results demonstrate that all DOX treatments haeestime level of systemic toxicit

RBC couns, HB, HCT and PLT values are similar for the vasidreatment grou.
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Figure 6.5-The effect of different treatments on the red blooctell (RBC) count (A),
platelet (PLT) count (B), white blood cell WBC) count (C), neutrophil (NE) count
(D), hemoglobin (HB) count (E), and hematocrit (HCT (F).

n=5. Error bars= £S.E.

The tils and bodies of mice administered Doxil (cageuthed pink one da
after drug was administer (Figure 6.6A,B) while tose administered polymemes
(cage 4) (Figure 6®) and PBS or free DOX were t nearly agpink. Pictures<of the
mouse bodies and tails wetaken two days after drug administratidnfected, oozing
and/or scabbing tails were observed on 3/5 of thee meceivini free DOX (cage 3)
(Figure 6.6A,B)while the tails of mice receiving DOpolymersoms as a treatment
(cage 4) showednly sligh' signs of irritation (Figure 6.7C,D)Images were obtained

the culmination of the study. It should be noteat tmice some of the mice that recer
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Doxil treated mice exhibited aggressive behaviod awere difficult to handle i
comparison to the miceceiving other treatments suggesting that DOX pohgomme is

better tolerated than DOXIL

Figure 6.6-Images of mouse bodies and tails two days after admstration of (A, B)
Doxil and (C) DOX polymersomss.
Images were taken two days after treatment
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Figure 6.7-Images of mouse tails post free DOX treatment (A,B3nd
DOXpolymersomes (C,D).
Images were taken at the culmination of the study
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6.4.4 In vivo Theranostic Study Using Doxorubicin and Porphyrin Loaded PEO-b-PCL
Polymersome

This study married the two main goals of this thesis linking dtelivery with
imaging. As described, mice were administered one of tHewiolg treatments:
doxorubicin-porphyrin polymersomes, porphyrin polymersomes, unloaded pstymes
or free doxorubicin in PBS, all at the same concentration of drug (duoixor), imaging

agent (porphyrin), and polymer where applicable.

Figure 6.8 demonstrates the ability to track bioresorbable IRBOL vesicles
loaded with porphyrinn vivo using an Odyssey Imager with MousePOD Accessory. It
should be noted that there was considerable background on many of the duage
residual dye on the skin or skin distress; when the skin is distkebse laser light gets
trapped in the nicks of the roughened skin, and is detected erronesuliiyorescent

signal.

Similar to the imaging study described in Section 6.4.1 usirgphbipatible PEO-
b-PBD vesicles, fully bioresorbable PEO-b-PBD vesicles logdbzthe tumor within 12
hours, and clear over the course of 120 hours, with the greatest accumodaiurring
24-48 hours post administration. At 24 hours post vesicle administraigomal svas
observedn vivo from 100% of the mice administered porphyrin vesicles and 75% of the
mice administered doxorubicin-porphyrin vesicles. At 120 hours post eesicl
administration, signal is observed ex vivo from 100% of the tumorsad administered
porphyrin vesicles and porphyrin-doxorubicin vesicles (Figure 6.10). exected,

excised tumors of mice administered PEO-b-PCL polymersombswriporphyrin only
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showed fliorescent signal in the 700 channel (red) due to fhuworescence, but did n

show any fluorescent signal in the 800 channelkefriFigure 6.10).

Prescan 12 Hours 24 Hours Prescan

Prescan

48 Hours

Figure 6.8-Representative fluorescent images of a mouse adnstered porphyrin
PEO-b-PCL vesicles.

Left hand panel: two color images showing 700 chawel (red, auto fluorescence) an
800 channel (green, porphyrin plymersomes). Right hand panel: Pseuccolored
rendering of the 800 channel showing the intensitypf the signal from various
organs. Top (890 to 5000), Bottom (3-472). Top-supine position; Botton- prone
position. Pink arrow- liver; Cyan arrow: spleen; Yellow arrow: tumor.
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Figure 6.9-White light image of mouse shown irFigure 6.8.
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Figure 6.10-Ex vivo imaging of tumors excised 120 hours post adnistration of
vesicles.

A) Two color images showing 700 channel (re auto fluorescence) and 800 chann
(green, porphyrin polymersomes); B) Pseuc-colored rendering of the 800 channe
showing the intensity of the signal from various tmors (Range 30-140). Row A-
Tumors excised from mice administered porphyrin PE(-b-PCL vesicles; Row I
Tumors excised from mice administered porphyrii-doxorubicin PEO-b-PCL
vesicles; Row C-Tumors excised from mice administered PE-b-PCL vesicles
without porphyrin.

Vesicle accumulation in the spleen and liver isaappt in the images Figure
6.8 and Figure 6.14 Vesicles are cleared by the kidneys as encedFigure 6.11A as
well as the fluorescence emanating from the moasespand underbelly (observed

Figure 6.8; this results from residual fluorophore on thengkom the urine.Figure 6.11
170



B and C demonstrate that the accumulation of vesicl the tumor is heterogeneous
most likely dictated by the blood vesicles or ldkkreof in portions of the tumor. Nc
that after 20 hours, a majority of the vesicles have beerretetom the tumor and ha
localized to the organs of the RES. Note thatether minimal accumulation of tt
vesicles in the hearF{gure6.11). Figure 6.12 shows vesicles sequestered in the te
the site of injection, whilFigure 6.12 shows the tail almost entirely cleared of vesg
this difference is probably caused by variabilitythe tail vein injections. It appears tl
sequestering of vesicles in the tail is predomtly observed when multiple injections {

evidenced by multiple fluorescent sites) are reagliio deliver the volume of vesicle

>
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Figure 6.11-Pseudo colored images from fluorescence in the 86Bannelemanating
from A) excised organs (clockwise: liver, lungs,pdeen, kidneys, and tumor. Cente
position: heart) B) sliced tumor and C) whole tumo.
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Figure 6.12-Excised tails from two different miceimaged ex vivo. Top tail show:
clearance of the vesicles, while the bottom tail skvs considerable accumulation ¢
the vesicles in the tumor at the sites of injectia

Figure 6.13shows the tumor volumes in millimeters cubed foe thice
administered the different treatments. It is clédeat mice administered porphyrin or
vesicles had larger tumors than mice administeedmibicir-porphyrin vesicles up t
four days after treatment. The tumors of the mice atht@ired porphyri-doxorubicin
vesicles were on par with mi@dministered vesicles only and largean the tumors ¢
mice administered free DOX after four days of meatt. This most likely results im
the fact that at the start of the administrationreadtment two populations of tumor si:
were presentdarge and small. We used mice with tumors in tlaege population” fo
the imagingdrug studies and mice with tumors in the “small yapon” for the control
studies (free DOX and vesicles only). As such, dhewvth potential for tumors in tt
“small population” was much less than that of thendrs in the “large populatior
Hence, although mice administered doxorul-porphyrin vesicles had tiors that were
on par or greater than mice administered vesiahg ar free DOX, respectively, this
probably the result of different tumor sizes at beginningof the study. Additionally

the amount of drug administered was approximaté%o Iof tha administered in th
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therapeutic study. At such a low concentratiomiefg, variability in the success of t

t.v. injection can also lead to a significant vaoa in the amount of drug delivere:

After five days, there is a great increase in tize of the tumors of the mic
administered free DOX, while the size of those atdstéred DOX in vesicles does r
increase nearly as much even though they wererlargbis is possibly due to the fe

that the free drug is cleared much more rapidlynfihe tumor site than the vesicle
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Figure 6.13- Tumor Volume (mm3) for mice administered porphyrin PEO-b-PCL
Vesicles (blue diamonds), Doxorubici-Porphyrin PEO-b-PCL Vesicles (red
squares), PEO-bPCL Vesicles (green triangles), and Free Doxorubicin éiow
circles).

Four mice per group, error bars are reported astSEM

Results from this study demonstrate the possibilitthat with an increased
dosage and tumors of the same size at the starttble study, a dramatic difference ir
tumor size between mice administered porphyi-DOX vesicles and all othel
treatments could be observed
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6.5CONCLUSIONS

We have shown thaorphyrin PEO-b-PBD and PEO-b-PCL polymersomes can
be used to non-invasively track the location of polymersomes, and mayigbtde
applied for diagnostic studies. Porphyrin polymersomes will lgrdatrease the number
of animals required for biodistribution since the location of the polsomes can be
determined without sacrificing animals at multiple time pointpédorm histology on
the excised organs. Furthermore, the localization of the vesidles tumor vasculature

was confirmed using intravital microscopy.

The ability of doxorubicin loaded PEO-b-PCL polymersomes to detiamor
growth on par with DOXIL® (the clinically administered liposonfatmulation of
doxorubicin) and better than free DOX was confirmadiulti-functional polymersomes
loaded with doxorubicin and porphyrin were trackedivo for 120 hours and were able
to retard tumor growth in comparison to porphyrin polymersomes. Duartor size
variation at the start of the study, the porphyrin-doxorubicin PEQib{blymersomes
did not did not perform as expected. However, based on overall polyngersom
performance, it is believed that with minor modifications whicll & discussed in

Chapter 7, multimodal polymersomes hold promised for theranostic applications.

The ability to load components into the polymersome membraneoaedlitows
enormous promise for dual modality polymersomes which will allowtie continuous
noninvasive monitoring of drug-loaded nanopolymersomesvo, obviating the need to
sacrifice animals at each time point to determine basic pleakimetic and

biodistribution profiles, thereby greatly reducing animal load. Eepolymersomes
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hold enormous potential to be nanostructured biomaterials for future divgrge@nd

imaging applications.

6.6 ACKNOWLEDGEMENTS

This work was supported by grants from the National Institutesiexlth
(EB003457-01 and CA115229), the National Cancer Institute (R33-NO1-CO-29008),
Commonwealth Funds, Pennsylvania and Abramson Cancer Center, Uwivafrsi
Pennsylvania, and University of Pennsylvania’s Institute for the Tht@msal Medicine
and Therapeutics (ITMAT). Infrastructural support was providgd lgrant from the
MRSEC Program of the National Science Foundation (DMR05-20020 and-0M
79909). Additional, assistance with image analysis by Dr. WasserLICOR, is noted

and greatly appreciated.

6.7REFERENCES

1. Cegnar, M., J. Kristl, and J. Ko$Janoscale polymer carriers to deliver
chemotherapeutic agents to tumours. Expert Opinion on Biological Therapy,
2005.5(12): p. 1557-15609.

2. Antonietti, M. and S. ForsteYesicles and liposomes. A self-assembly principle
beyond lipids. Advanced Materials, 20025(16): p. 1323-1333.
3. Discher, B.M., et al.,Polymersomes. Tough vesicles made from diblock

copolymers. Science, 199284(5417): p. 1143-1146.
4, Discher, D.E. and A. Eisenbemplymer vesicles. Science, 2002297(5583): p.

967-973.

5. Lee, J.C.M., et alPreparation, stability, and in vitro performance of vesicles
made with diblock copolymers. Biotechnology and Bioengineering, 20013(2):
p. 135-145.

6. Meng, F., G.H.M. Engbers, and J. FeijBrgdegradable polymersomes as a basis
for artificial cells: encapsulation, release and targeting. Journal of Controlled
Release, 2003.01(1-3): p. 187-198.

7. Bermudez, H., et alMolecular weight dependence of polymersome membrane
structure, elasticity, and stability. Macromolecules, 20035(21): p. 8203-8208.
8. Photos, P.J., et aPolymer vesicles in vivo: correlations with PEG molecular

weight. Journal of Controlled Release, 2008(3): p. 323-334.

175



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Ghoroghchian, P.P., et alear-infrared-emissive polymersomes: Self-assembled
soft matter for in vivo optical imaging. Proceedings of the National Academy of
Sciences of the United States of America, 2Q0R(8): p. 2922-2927.
Ghoroghchian, P.P., et aBioresorbable vesicles formed through spontaneous
self-assembly of amphiphilic poly(ethylene oxide)-block-polycaprolactone.
Macromolecules, 20089(5): p. 1673-1675.

Zupancich, J.A., F.S. Bates, and M.A. Hillmyekgueous dispersions of
poly(ethylene oxide)-b-poly(gamma-methyl-epsilon-caprol actone) block
copolymers. Macromolecules, 20089(13): p. 4286-4288.

Hillmyer, M.A., et al., Complex phase behavior in solvent-free nonionic
surfactants. Science, 199&71(5251): p. 976-978.

Hillmyer, M.A. and F.S. Bates9ynthesis and characterization of model
polyalkane-poly(ethylene oxide) block copolymers. Macromolecules, 1996.
29(22): p. 6994-7002.

Discher, D.E. and F. Ahmedolymersomes. Annual Review of Biomedical
Engineering, 200@3: p. 323-341.

Savic, R., et al.Micellar nanocontainers distribute to defined cytoplasmic
organelles. Science, 2003800(5619): p. 615-618.

O'Reilly, R.K., C.J. Hawker, and K.L. Woolegross-linked block copolymer
micelles: functional nanostructures of great potential and versatility. Chemical
Society Reviews, 20085(11): p. 1068-1083.

O'Reilly, R.K., et al.FFacile syntheses of surface-functionalized micelles and shell
cross-linked nanoparticles. Journal of Polymer Science Part a-Polymer
Chemistry, 200644(17): p. 5203-5217.

Sun, X.K., et al.An assessment of the effects of shell cross-linked nanoparticle
size, core composition, and surface PEGylation on in vivo biodistribution.
Biomacromolecules, 20056(5): p. 2541-2554.

Christian, N.A., et al.Tat-functionalized near-infrared emissive polymersomes
for dendritic cell labeling. Bioconjugate Chemistry, 200Z8(1): p. 31-40.

Lin, J.J., et al.Adhesion of polymer vesicles. Physical Review Letters, 2005.
95(2).

Lin, J.J., et al.Adhesion of antibody-functionalized polymersomes. Langmuir,
2006.22(9): p. 3975-3979.

Lin, J.J., et al.The effect of polymer chain length and surface density on the
adhesiveness of functionalized polymersomes. Langmuir, 200420(13): p. 5493-
5500.

Matsumura, Y. and H. MaedaNew Concept for Macromolecular Therapeutics
in Cancer-Chemotherapy - Mechanism of Tumoritropic Accumulation of Proteins
and the Antitumor Agent Smancs. Cancer Research, 198612): p. 6387-6392.
lyer, A.K., et al.Exploiting the enhanced permeability and retention effect for
tumor targeting. Drug Discovery Today, 20061(17-18): p. 812-818.

Duncan, R.Polymer-Drug Conjugates. Targeting Cancer, in Biomedical Aspects
of Drug Targeting, V.R. Muzykantov and V.P. Torchlin, Editors. 2002, Kluwer
Academic Publishers: Boston. p. 197-199.

176



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

Ahmed, F. and D.E. Disché&glf-porating polymersomes of PEG-PLA and PEG-
PCL: hydrolysis-triggered controlled release vesicles. Journal of Controlled
Release, 200406(1): p. 37-53.

Ahmed, F., et alBiodegradable polymersomes loaded with both paclitaxel and
doxorubicin permeate and shrink tumors, inducing apoptosis in proportion to
accumulated drug. Journal of Controlled Release, 200662): p. 150-158.
Ahmed, F., et al.Srinkage of a rapidly growing tumor by drug-loaded
polymersome: pH-triggered release through copolymer degradation. Molecular
Pharmaceutics 2008(3): p. 340-250.

Bei, J.Z., et al.Polycaprolactone-poly(ethylene-glycol) block copolymer .4.
Biodegradation behavior in vitro and in vivo. Polymers for Advanced
Technologies, 199B(11): p. 693-696.

Borchert, U., et al.pH-induced release from P2VP-PEO block copolymer
vesicles. Langmuir, 200622(13): p. 5843-5847.

Cerritelli, S., D. Velluto, and J.A. HubbePEG-SSPPS. Reduction-sensitive
disulfide block copolymer vesicles for intracelular drug delivery.
Biomacromolecules, 2003(6): p. 1966-1972.

Napoli, A., et al.,New synthetic methodologies for amphiphilic multiblock
copolymers of ethylene glycol and propylene sulfide. Macromolecules, 2001.
34(26): p. 8913-8917.

Valentini, M., et al.,Precise determination of the hydrophobic/hydrophilic
junction in polymeric vesicles. Langmuir, 200319(11): p. 4852-4855.

Napoli, A., et al.Lyotropic behavior in water of amphiphilic ABA triblock
copolymers based on poly(propylene sulfide) and poly(ethylene glycol).
Langmuir, 200218(22): p. 8324-8329.

Napoli, A., et al.,Oxidation-responsive polymeric vesicles. Nature Materials,
2004.3(3): p. 183-189.

Sun, J., et alDirect formation of giant vesicles from synthetic polypeptides.
Langmuir, 200723(16): p. 8308-8315.

Berezov, A., et alDisabling ErbB receptors with rationally designed exocyclic
mimetics of antibodies. Sructure-function analysis. Journal of Medicinal
Chemistry, 200144(16): p. 2565-2574.

Sengupta, S., et allemporal targeting of tumour cells and neovasculature with a
nanoscale delivery system. Nature, 2005436(7050): p. 568-572.

Waterhouse, D.N., et al., Drug Safety, 2031 p. 903-920.

Choucair, A., P.L. Soo, and A. Eisenbekgtive loading and tunable release of
doxorubicin from block copolymer vesicles. Langmuir, 2005.21(20): p. 9308-
9313.

Sharma, U.S., S.V. Balasubramanian, and R.M. StraubPlygmaceutical and
Physical-Properties of Paclitaxel (Taxol) Complexes with Cyclodextrins. Journal
of Pharmaceutical Sciences, 1985(10): p. 1223-1230.

Weiss, R.B., et alHypersensitivity Reactions from Taxol. Journal of Clinical
Oncology, 19908(7): p. 1263-1268.

177



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Li, S.L.,, et al, Sdf-assembled poly(butadiene)-b-poly(ethylene oxide)
polymersomes as paclitaxel carriers. Biotechnology Progress, 20023(1): p.
278-285.

Gustafson, D.L., A.L. Merz, and M.E. LonBharmacokinetics of combined
doxorubicin and paclitaxel in mice. Cancer Letters, 200220(2): p. 161-169.
Arifin, D.R. and A.F. PalmeiRolymersome encapsulated hemoglobin: A novel
type of oxygen carrier. Biomacromolecules, 2006(4): p. 2172-2181.

Pressly, E.D., et alStructural effects on the biodistribution and positron
emission tomography (PET) imaging of well-defined Cu-64-labeled nanoparticles
comprised of amphiphilic block graft copolymers. Biomacromolecules, 2007.
8(10): p. 3126-3134.

Sun, G., et alStrategies for optimized radiolabeling of nanoparticles for in vivo
PET Imaging. Advanced Materials, 200219%20): p. 3157-+.

Kelly, K.A., et al. Detection of vascular adhesion molecule-1 expression using a
novel multimodal nanoparticle. Circulation Research, 20096(3): p. 327-336.
Perez, J.M., et alReroxidase substrate nanosensors for MR imaging. Nano
Letters, 20044(1): p. 119-122.

Tsourkas, A., et alln vivo imaging of activated endothelium using an anti-
VCAM-1 magnetooptical probe. Bioconjugate Chemistry, 2008.6(3): p. 576-
581.

Ghoroghchian, P.P., et aBroad spectral domain fluorescence wavelength
modulation of visible and near-infrared emissive polymersomes. Journal of the
American Chemical Society, 200R7(44): p. 15388-15390.

Ghoroghchian, P.P., et alControlling bulk optical properties of emissive
polymersomes through intramembranous polymer-fluorophore interactions.
Chemistry of Materials, 200729(6): p. 1309-1318.

Ghoroghchian, P.PEmissive Polymer Vesicles. Soft Nanoscale Probes for In
Vivo Optical Imaging, in Bioengineering. 2006, University of Pennsylvania:
Philadelphia. p. 364.

Figdor, C.G., et alDendritic cell immunotherapy: mapping the way. Nature
Medicine, 200410(5): p. 475-480.

Christian, N.A.,Development and Application of Tat-Near-Infrared-Emissive
Polymersomes for In Vivo Optical Imaging of Dendritic Cells, in Bioengineering.
2007, University of Pennsylvania: Philadelphia.

Zhou, W., et al.Biodegradable polymersomes for targeted ultrasound imaging.
Journal of Controlled Release, 200862): p. €62-e64.

Park, B.W., et alRationally designed anti-HER2/neu peptide mimetic disables
p185(HER2/neu) tyrosine kinases in vitro and in vivo. Nature Biotechnology,
2000.18(2): p. 194-198.

Brooks, H., B. Lebleu, and E. Vivasat peptide-mediated cellular delivery: back
to basics. Advanced Drug Delivery Reviews, 200(4): p. 559-577.

Lee, K.Y. and S.H. YulRolymeric protein delivery systems. Progress in Polymer
Science, 200732(7): p. 669-697.

Nobs, L., et alCurrent methods for attaching targeting ligands to liposomes and
nanoparticles. Journal of Pharmaceutical Sciences, 2@348): p. 1980-1992.

178



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Ahmed, F., et alBlock copolymer assemblies with cross-link stabilization: From
single-component monolayers to bilayer blends with PEO-PLA. Langmuir, 2003.
19(16): p. 6505-6511.

Discher, B.M., et al.Cross-linked polymersome membranes. Vesicles with
broadly adjustable properties. Journal of Physical Chemistry B, 200Q2§11): p.
2848-2854.

Dudia, A., et al.Biofunctionalized lipid-polymer hybrid nanocontainers with
controlled permeability. Nano Letters, 2008(4): p. 1105-1110.

Jofre, A., et alAmphiphilic block copolymer nanotubes and vesicles stabilized by
photopolymerization. Journal of Physical Chemistry B, 20QI711(19): p. 5162-
5166.

Lee, S.M., et alRolymer-caged lipsomes. A pH-Responsive delivery system with
high stability. Journal of the American Chemical Society, 2002949): p.
15096-+.

Li, F., et al. Stabilization of polymersome vesicles by an inter penetrating polymer
network. Macromolecules, 20040(2): p. 329-333.

Carter, S.KADRIAMYCIN (NSC-123127) - THOUGHTSFOR FUTURE. Cancer
Chemotherapy Reports Part 3 Program Information-Supplement, &@j5.p.
389-397.

Young, R.C., R.F. Ozols, and C.E. MyefdjE ANTHRACYCLINE ANTI-
NEOPLASTIC DRUGS. New England Journal of Medicine, 19&053): p. 139-
153.

Barenholz, Y., et al,STABILITY OF LIPOSOMAL DOXORUBICIN
FORMULATIONS - PROBLEMS AND PROSPECTS Medicinal Research
Reviews, 199313(4): p. 449-491.

Gabizon, A.A., SELECTIVE TUMOR-LOCALIZATION AND IMPROVED
THERAPEUTIC INDEX OF ANTHRACYCLINES ENCAPSULATED IN LONG-
CIRCULATING LIPOSOMES. Cancer Research, 19%2(4): p. 891-896.
Kerbel, R.S. and B.A. Kamerilhe anti-angiogenic basis of metronomic
chemotherapy. Nature Rev. Cancer, 2004t.p. 423-436.

Weinberg, r.A.The Biology of Cancer. 2007: Garland Science, Taylor & Francis
Group.

Tozer, G., C. Kanthou, and B. BagulBysrupting Tumor Blood Vessels. Nature
Rev. Cancer, 200%: p. 423-435.

Okaji, Y., et al.Vaccines targeting tumour angiogenesis - a novel strategy for
cancer immunotherapy. Ejso, 200632(4): p. 363-370.

Hanahan, D., G. Bergers, and E. Bergslaessis more, regularly: metronomic
dosing of cytotoxic drugs can target tumor angiogenesis in mice. The Journal of
Clinical Investigation, 200QL05 p. 1045-1047.

Gaukroger, K., et alNovel syntheses of cis and trans isomers of combretastatin
A-4. Journal of Organic Chemistry, 20@6(24): p. 8135-8138.

Haran, G., et al.Transmembrane Ammonium-Sulfate Gradients in Liposomes
Produce Efficient and Sable Entrapment of Amphipathic Weak Bases.
Biochimica Et Biophysica Acta, 1998151(2): p. 201-215.

179



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Lopes de Menezes, D.E., Pilarski, L.M., Allen, T.M., , Cancer Reseh998.
58 p. 3320-3330.

Bolotin, E.M., et al. Ammonium Sulfate Gradients for Efficient and Stable
Remote Loading of Amphiphathic Weak Bases into Liposomes and
Ligandoliposomes. Journal of Liposome Research, 1989d.): p. 455-479.
Abraham, S.A., et alThe liposomal formulation of doxorubicin, in Liposomes, Pt
E. 2005. p. 71-97.

de Menezes, D.E.L., L.M. Pilarski, and T.M. Allémyitro and in vivo targeting
of immunoliposomal doxorubicin to human B-cell lymphoma. Cancer Research,
1998.58(15): p. 3320-3330.

Beijnen, J.H., O. Vanderhouwen, and W.J.M. Underb&8ECTS OF THE
DEGRADATION KINETICS OF DOXORUBICIN IN AQUEOUS SOLUTION.
International Journal of Pharmaceutics, 198%2-3): p. 123-131.

Janssen, M.J.H., et aDOXORUBICIN DECOMPOSTION ON STORAGE -
EFFECT OF PH, TYPE OF BUFFER AND LIPOSOME ENCAPSULATION.
International Journal of Pharmaceutics, 198%1): p. 1-11.

Ifkovits, J.L. and J.A. BurdickReview: Photopolymerizable and degradable
biomaterials for tissue engineering applications. Tissue Engineering, 2007.
13(10): p. 2369-2385.

Kwon, G.S., et al.PHYSCAL ENTRAPMENT OF ADRIAMYCIN IN AB
BLOCK-COPOLYMER MICELLES Pharmaceutical Research, 1992(2): p.
192-195.

Singer, S.J. and G.L. Nicolsdf, .UID MOSAIC MODEL OF STRUCTURE OF
CELL-MEMBRANES Science, 19721754023): p. 720-&.

Bangham, A.D., M.M. Standish, and J.C. Watki?i§;FUS ON OF UNIVALENT
IONS ACROSS LAMELLAE OF SWOLLEN PHOSPHOLIPIDS Journal of
Molecular Biology, 196513(1): p. 238-&.

Ghadiri, M.R., J.R. Granja, and L.K. Buehl&RTIFICIAL TRANSMEMBRANE
ION CHANNELS FROM SELF-ASSEMBLING PEPTIDE NANOTUBES. Nature,
1994.3696478): p. 301-304.

Percec, V., et alSelf-assembly of amphiphilic dendritic dipeptides into helical
pores. Nature, 2004430(7001): p. 764-768.

Haluska, C.K., et alTime scales of membrane fusion revealed by direct imaging
of vesicle fusion with high temporal resolution. Proceedings of the National
Academy of Sciences of the United States of America, 2D0&43): p. 15841-
15846.

Barenholz, Y.Liposome application: problems and prospects. Current Opinion
in Colloid & Interface Science, 2006(1): p. 66-77.

Guo, X. and F.C. Szok&hemical approaches to triggerable lipid vesicles for
drug and gene delivery. Accounts of Chemical Research, 2086&(5): p. 335-341.
Ringsdorf, H., B. Schlarb, and J. VenzmiQLECULAR ARCHITECTURE
AND FUNCTION OF POLYMERIC ORIENTED SYSTEMS - MODELS FOR
THE STUDY OF ORGANIZATION, SURFACE RECOGNITION, AND
DYNAMICS OF BIOMEMBRANES. Angewandte Chemie-International Edition in
English, 198827(1): p. 113-158.

180



94. Thomas, J.L. and D.A. Tirrell, POLYELECTROLYTE-SENSTIZED
PHOSPHOLIPID-VESICLES. Accounts of Chemical Research, 1925(8): p.
336-342.

95. Lasic, D.D. and D. PapahadjopoulafyOSOMES REVISTED. Science, 1995.
267(5202): p. 1275-1276.

96. Krafft, M.P., Fluorocarbons and fluorinated amphiphiles in drug delivery and
biomedical research. Advanced Drug Delivery Reviews, 20047(2-3): p. 209-
228.

97. Papahadjopoulos, D., et alSTERICALLY STABILIZED LIPOSOMES -
IMPROVEMENTS IN  PHARMACOKINETICS AND  ANTITUMOR
THERAPEUTIC EFFICACY. Proceedings of the National Academy of Sciences
of the United States of America, 198B(24): p. 11460-11464.

98. Cornelissen, J., et alKéeical superstructures from charged poly(styrene)-
poly(isocyanodipeptide) block copolymers. Science, 19982805368): p. 1427-
1430.

99. Kita-Tokarczyk, K. and W. MeieBiomimetic Block Copolymer Membranes.
Chimia, 200862(10): p. 820-825.

100. Chiruvolu, S., et alA PHASE OF LIPOSOMESWITH ENTANGLED TUBULAR
VESICLES. Science, 1992665188): p. 1222-1225.

101. Walker, S.A., M.T. Kennedy, and J.A. Zasadzingkicapsulation of bilayer
vesicles by self-assembly. Nature, 1997387(6628): p. 61-64.

102. Dubois, M., et al.Sdf-assembly of regular hollow icosahedra in salt-free
catanionic solutions. Nature, 2001411(6838): p. 672-675.

103. Almgren, M., K. Edwards, and G. Karlsso@ryo transmission electron
microscopy of liposomes and related structures. Colloids and Surfaces a-
Physicochemical and Engineering Aspects, 2Q0¢(1-2): p. 3-21.

104. Walter, A., et al.,INTERMEDIATE STRUCTURES IN THE CHOLATE-
PHOSPHATIDYLCHOLINE VESCLE MICELLE TRANSITION. Biophysical
Journal, 199160(6): p. 1315-1325.

105. Percec, V., et alControlling polymer shape through the self-assembly of
dendritic side-groups. Nature, 1998391(6663): p. 161-164.

106. Percec, V., et alSdf-organization of supramolecular helical dendrimers into
complex electronic materials (vol 419, pg 384, 2002). Nature, 20024196909): p.
862-862.

107. Lee, C.C., et al.Designing dendrimers for biological applications. Nature
Biotechnology, 200523(12): p. 1517-1526.

108. Esfand, R. and D.A. Tomali&oly(amidoamine) (PAMAM) dendrimers. from
biomimicry to drug delivery and biomedical applications. Drug Discovery Today,
2001.6(8): p. 427-436.

109. Walde, P. and S. IchikawEnzymes inside lipid vesicles. Preparation, reactivity
and applications. Biomolecular Engineering, 20018(4): p. 143-177.

110. Lasic, D.D.,Colloid chemistry - Liposomes within liposomes. Nature, 1997.
387(6628): p. 26-27.

181



111. Needham, D. and R.S. NurteLASTIC-DEFORMATION AND FAILURE OF
LIPID BILAYER-MEMBRANES CONTAINING CHOLESTEROL. Biophysical
Journal, 199058(4): p. 997-10009.

112. Vanhest, J.C.M., et aPOLYSTYRENE-DENDRIMER AMPHIPHILIC BLOCK-
COPOLYMERS WITH A GENERATION-DEPENDENT AGGREGATION.
Science, 19932685217): p. 1592-1595.

113. Al-Jamal, K.T., T. Sakthivel, and A.T. FlorencBendrisomes. Vesicular
structures derived from a cationic lipidic dendron. Journal of Pharmaceutical
Sciences, 200®R4(1): p. 102-113.

114. Jain, R.K., L.L. Munn, and D. Fukumumissecting tumour pathophysiology
using intravital microscopy. Nature Reviews Cancer, 20@4): p. 266-276.

115. Weissleder, RA clearer vision for in vivo imaging. Nature Biotechnology, 2001.
19(4): p. 316-317.

116. Lin, V.S.Y. and M.J. TherienThe role of porphyrin-to-porphyrin linkage
topology in the extensive modulation of the absorptive and emissive properties of
a series of ethynyl- and butadiynyl-bridged bis- and tris(porphinato)zinc
chromophores. Chemistry-a European Journal, 1998): p. 645-651.

117. Lin, V.S.Y., S.G. Dimagno, and M.J. TherieHJGHLY CONJUGATED,
ACETYLENYL BRIDGED PORPHYRINS - NEW MODELS FOR LIGHT-
HARVESTING ANTENNA SYSTEMS Science, 1994264(5162): p. 1105-1111.

118. Duncan, T.V., et alExceptional near-infrared fluorescence quantum yields and
excited-state absorptivity of highly conjugated porphyrin arrays. Journal of the
American Chemical Society, 200B82828): p. 9000-9001.

119. Ghoroghchian, P.P., et d@uantitative membrane loading of polymer vesicles.
Soft Matter, 20062(11): p. 973-980.

120. Gabizon, A., et alLIPOSOMES AS INVIVO CARRIERS OF ADRIAMYCIN -
REDUCED CARDIAC UPTAKE AND PRESERVED ANTI-TUMOR ACTIVITY
IN MICE. Cancer Research, 1982(11): p. 4734-4739.

121. Discussions with Dr. B. Barnhart, U.0.P., Abramson Family CancexaRés
Institute.

122. Eliaz, R.E. and F.C. Szokhjposome-encapsulated doxorubicin targeted to
CD44. A strategy to kill CD44-overexpressing tumor cells. Cancer Research,
2001.61(6): p. 2592-2601.

123. Tromberg, B.J., et alNon-invasive in vivo characterization of breast tumors
using photon migration spectroscopy. Neoplasia, 200®(1-2): p. 26-40.

124. Frangioni, J.V.In vivo near-infrared fluorescence imaging. Current Opinion in
Chemical Biology, 20037(5): p. 626-634.

125. Wagnieres, G.A., W.M. Star, and B.C. Wilsbmyivo fluorescence spectroscopy
and imaging for oncological applications. Photochemistry and Photobiology,
1998.68(5): p. 603-632.

126. Licha, K.,Contrast agents for optical imaging, in Contrast Agents li. 2002,
Springer-Verlag Berlin: Berlin. p. 1-29.

127. Olive, D.M., Near Infrared Technology And Optical Agents for Molecular
Imaging. July 2009, LI-COR Bioscience: LI-COR Proucts and Applications
Guide. p. 25-27.

182



128. Lopes, L.B., et alStudies on the encapsulation of diclofenac in small unilamellar
liposomes of soya phosphatidylcholine. Colloids and Surfaces B-Biointerfaces,
2004.39(4): p. 151-158.

129. Sharma, A., E. Mayhew, and R.M. Straubing@{TITUMOR EFFECT OF
TAXOL-CONTAINING LIPOSOMES IN A TAXOL-RESSTANT MURINE
TUMOR-MODEL. Cancer Research, 19%3(24): p. 5877-5881.

130. Sharma, A. and R.M. StraubingeOVEL TAXOL FORMULATIONS -
PREPARATION AND CHARACTERIZATION OF TAXOL-CONTAINING
LIPOSOMES. Pharmaceutical Research, 199(6): p. 889-896.

131. Xu, J.P., et alNovel biomimetic polymersomes as polymer therapeutics for drug
delivery. Journal of Controlled Release, 2008/3): p. 502-512.

132. Levine, D.H., et al.Polymersomes. A new multi-functional tool for cancer
diagnosis and therapy. Methods, 200846(1): p. 25-32.

133. Berezov, A., et al.pisabling receptor ensembles with rationally designed
interface peptidomimetics. Journal of Biological Chemistry, 200277(31): p.
28330-28339.

134. Sengupta, S., T. Kiziltepe, and R. Sasisekhafamlual-color fluorescence
imaging-based system for the dissection of antiangiogenic and chemotherapeutic
activity of molecules. FASEB Journal, 2004.8(11): p. 1565-+.

135. Arap, W., R. Pasqualini, and E. Ruosla@iincer Treatment by Targeted Drug
Delivery to Tumor Vasculature in a Mouse Model. Science, 1998279 p. 377-
380.

136. Pasqualini, R., E. Koivunen, and E. Ruoslahiha v Integrins as receptors for
tumor targeting by circulating ligands. Nature Biotechnology, 1997.56): p.
542-546.

137. Ruoslahti, E.Vascular zip codes in angiogenesis and metastasis. Biochemical
Society Transactions, 20032: p. 397-402.

183



Chapter 7

SUMMARY , MAJOR FINDINGS, AND SUGGESTED FUTURE
RESEARCH FOR THE DEVELOPMENT OF FULLY BIORESORBABLE
MULTI -FUNCTIONAL POLYMERSOMES
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7.1SUMMARY

The ability to deliver systemically toxic pharmaceuticagrag or hydrophobic
therapuetics with low bioavailability is a major challenge rieating malignancies.
Combination therapies, consisting of either two different small cotde or a
combination of small molecules and biologically active ligands¢canently used for the
treatment of various cancers; thus, the capability co-adeingtd simultaneously
deliver them is of great importance. In addition to treatmentfecig@s, noninvasive
diagnostic tools for the screening, diagnosis, and post treatmentormanitare of
particular clinical interest. The ability to coencapsutateg and imaging agent, enabling
the “imaging of drug delivery”, can greatly enhance exploratita various treatment
options and elucidate the efficacy of these treatments. Liposarageesently used in
various biotechnological and pharmaceutical applications to improve#wti@a indices
and enhance cellular uptake [4], but it appears that polymersomesffearsuperior

advantages for future clinical therapeutic and diagnostic applications.

In this thesis, | develop, characterize, and evalirasitu, in vitro, andin vivo,

polymersomes (polymeric vesicles):

a) with the ability to co-encapsulate doxorubicin, a chemotherapeutic, and
combretastatin, a vascaular disrupting agent, for the co-admiioistcdttwo
different therapeutics, creating a tool for the eradication of hottoitigenic
cells and vascular cells.

b) and with the ability to co-incorporate doxorubicin and porphyrin, a highly

hydrophobic near infrared fluorophore, for the capability to simultangousl
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image and deliver pharamacetuical agents, essentially creatitwgpl for

therapy and diagnosis.

7.2MAJOR RESULTS WITH RESPECT TO THE AIMS DELINEATED IN

CHAPTER 1

7.2.1 Aim 1: To load physiologically relevant molecules and imaging agemnto the
polymersome and characterize release kinetics
Doxorubicin was successfully loaded into the PEO-b-PCL polymersamwell

as polymeric vesicles compromised of other diblock copolymers. diftegent loading
parameters were explored and it was determined that loading IDOXPEO-b-PCL
vesicles could be accomplished using only an ammonium sulfate gradient, butlithg loa
of DOX into PEO-b-PBD and PEO-b-PmCL required the generationpsf gradient as
well as an ammonium sulfate gradient. This difference idihgaenvironment was
attributed to the differences in hydrophobicity between the diftefeydrophobic

backbones. Combretastatin incorporation into PEO-b-PCL vesicles was altdisestia

The insight gained from loading doxorubicin into these polymeric essicl
enabled the successful encapsulation of doxorubicin into combretatsiatmparated
vesicles and into porophyrin encapusulated vesicles. Similar tentepsulation of
DOX into PEO-b-PBD and PEO-b-PmCL vesicles, these encamsdatequired the use

of both a pH and ammonium sulfate gradient.

Doxorubicin release kinetics from the various vesicles and capsntations was
characterized. The cumulative release of drug from thelgssiterior occur though the

diffusion of the amphiphilic molecule across the vesicle mengaad by degradation of
186



the hydrophobic backbone of the vesicle. These release mechansens dgon both

the pH of the external solution and the polymer and hydrophobic enaapsul

composition of the vesicles. The successful co-encapsulation of DOX
combretastatin lead to the generation of a polymersome with taetjabto treat tumors
by affecting both the vasculature and tumor cells. The encapsulati DOX into
porphyrin incorporated vesicles lead to the creation of vesiclés tiverapeutic and
diagnostic capabilities.
7.2.2 Aim2 Load Doxorubicin into the Aqueous Core of Dendrosomes

Doxorubicin was successfully encapsulated into the aqueous core
dendrosomes, vesicles self-assembled from various amphiphilic Jamirgyers. Due
to stability issues of the dendrosomes at low pH, doxorubicin waaatioely loaded
across a gradient as it was for the case of polymersomes, that tawas loaded
passively by incorporation in the hydration solution. Release stwéiesperformed and
show a significantly higher release of drug at acidic pH thahgsiological pH. Drug
release was observed to vary depending on both pH of the externabrsantl

dendrosome library.

The toxicity of the dendrosomes was evaluaiedvitro on human umbilical vein
endothelial cells (HUVECs) usinGell Titer-Blue¢™. The results indicate only minimal

toxicity as compared to polymersomes after four hours of incubation withesesicl

The results of dendrosome studies establish their the potentiasusé self-

assembled dendrimeric vesicles for drug delivery purposes
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7.2.3 Aim 3: To study the in vitro effects of functional polyrsemes using HUVECs
and SK-BR-3 tumorigenic cells
The effects of PEO-b-PCL vesicles on HUVECs and SK-BR-3s oekre

examined separately. It was determined that the HUVECs irenivéth PEO-b-PCL
polymersomes remain 50% viable after 72 hours, even when incubatbd &igh
concentration of polymer. At short times, SK-BR-3 cells appe#ol¢vate the PEO-b-
PCL polymersomes, with viability as great as 50% after 12 hodmvever toxicity is
observed at longer times, where after 72 hours only 50% of cdfises in the lowest

polymer concentration are viable.

The cellular uptake of PEO-b-PCL by HUVECs and SK-BR-3scellas
determined using porphyrin polymersomes. The uptake of vesicles by thagpeivas
established over 5 hours and it was determined that the uptake is depapale both

vesicles concentration and incubation time.

Lastly, the cytotoxic effects of drug loaded polymersomes onviadility were
investigated with cells cultured both separately and in co-culturgeneral, toxicity was
a function of both drug concentration and incubation times. Preliminaryltgoe assays
suggest that cells in co-culture appear to be less adverfsatyed initially by the drug

loaded vesicles.

Thesein vitro experiments establish the potential of using polymersomes loaded
with doxorubicin and combretastatin for the simultaneous (and indepemtsirt)iction

of tumorigenic and endothelial cells.
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7.2.4 Aim 4: To demonstrate the in vivo potential of polymersorftesmaging and
drug delivery applications using athymic nude mice with xenograft tumors

Using NIR-emissive porphyrin PEO-b-PBD polymersomes, the biduistn of
vesicles was determined both at short times (up to 12 hours) and dinhe@sg(up to 9
days) using the eXploreOptix GEArt and LI-COR Odyssey, resady. These studies
demonstrate accumulation of vesicles at the tumor site withiouds, with the greatest
accumulation after 24 hours. Furthermore, localization of the vesiita the spleen
and liver were observad vivo and ex vivo studies also demonstrate accumulation in the
kidneys and lungs. Subsequent studies carried out using NIR-enmegdg/rin PEO-b-

PCL polymersomes show similar results.

The anti-tumor effects of doxorubicin loaded PEO-b-PCL polymersoones
tumor suppressiom vivo were demonstrated using metrics such as tumor volume and
mouse weight. Athymic nude mice were administered one of fowatntemts
(doxorubicin polymersomes, DOXIL®, unencapsulated doxorubicin, and PBS) and it was
determined that the DOX polymersomes was able to retard tumetihgm mice as well
as DOXIL®, and better than free DOX. Furthermore, physicahWiehal disposition of
the treated mice, suggested that the polymersome may berasdpbvery vehicle for

the drug.

The potential to image drug delivery through the usenofti-functional
doxorubicin loaded porphyrin incorporated PEO-b-PCL polymersomes ghkghied.
Mice were administered one of four treatments (DOX-porphyrin rpeigomes,
porphyrin polymersome, unloaded polymersomes, and free DOX). Whileghks of

the study are not nearly as promising as was desired, the dbedydemonstrate the
189



ability to use bioresporbable vesicles loaded with drug for ingagnd treating tumors

highlighting their potential for theranostic applications.

7.3SIGNIFICANCE OF RESULTS

Through preliminary developmental studies, multi-drug loaded PEOtb&n@
multi-functional PEO-b-PCL polymersome were successfully geeér These multi-
drug loaded vesicles demonstrate potential utility for combinatiorapghes where the
simultaneous co-localization of the drug is imperative for affecherapy, for example
when administering a vascular disrupting agent and a chemotherapdiutivze anti-
vascular agent is administered prior to the chemotherapeutichémeotherapeutic may
never reach the tumor site because of vasculature disruption. THhiefumctional
porphyrin-doxorubicin PEO-b-PCL polymersome enables the drug loadetesdas be
trackedin vivo. This novel ability is believed to prove exceedingly useful fonioring
therapeutic outcomes of after administration of therapy. In additis,combination
vesicle will greatly assist in drug biodistribution studies whigre number of animals
required can be greatly reduced since location of the drug overcamebe tracked
fluorometrically, obviating the need to sacrificing multiple ansrel various time points

for histological assessment on the excised organs.

7.4FUTURE WORK AND |INVESTIGATIONS TOWARDS THE DEVELOPMENT
OF A CLINICALLY RELEVANT FULLY -BIODEGRADABLE MULTI -

FUNCTIONAL POLYMERSOME FOR IN VIVO THERANOSTIC APPLICATIONS

As demonstrated throughout this thesis, bioresorbable polymersomes hold

considerable promise to be clinically relevant nanoparticleghésimultaneous delivery
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of dual therapeutics and imaging agents. However, a few ladifinations to the
vesicles would enhance their clinical utility. Furthermore, aafthl experimentation is
required to bring theses nanoparticles from bench to bedside. ethimnswill highlight
additional experiments deemed necessary to demonstrate thelcapjaicability of
multi-modality vesicles, future surface modifications to theickes, and suggest

additional changes to experiments already performed.

7.4.1 Suggestions to Enhance Experiments Investigating the Antcukdure and
Anti-tumor Potential of Combretastatin and Doxorubicin Loaded PEO-b{PC
Polymersomes on HUVECs and SK-BR-3 Cells in Co-culture

As discussed in Chapter 5, considerable sticking was observed aingng out
stained co-culture cell viability assays to determine thectsffef doxorubicin and
combretastatin separately or together on co-cultured cells. théttime of the
experimentation, the dual color staining of cells using CellVuegnstfrom MTTI
appeared to be a proper course of action for these preliminaryiregp&s. However,
post experimentation, considerable cell sticking was observed WitEEs. It was
determined that this sticking increases as the amount of time the nonviébleroalin in

the wells increases; thus yielding false positive results (i.e. nonvialdeapekar viable).

A dual-color fluorescence imaging based assay [38, 134], appedrs @
promising alternative to the current assay. In this assay,ymeeof cells in the co-
culture, the tumorigenic cells for example, will be transfeetsd selected such that they
express green fluorescent protein (GFP). The co-culture, cadposisHUVECs and
tumorigenic cells, will be exposed to the various polymersonagntents for a defined
period of time. After administration of drug-loaded polymersomes,célis will be
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treated with propidium iodide to stain the nuclei and analyzed byfidwatscence
confocal microscopy to determine the extent of treatmentaeffidoy examining the

vascular network and survival of the tumor cells.

In addition to the dual-color fluorescent microscopy assay detableve, if the
morphological markers of cell death vary between the cell typmgestigating
morphological markers can be used to ascertain difference ilaceliability between
each cell type. In addition, the upregulation of various cellulakension the cell can be

examined to further determine the cellular viability of each cell type.

Additionally, it may be advantageous to co-culture the endothelial and
tumorigenic on cells a three-dimensional Matrigel, as this wsiithulate the tumor

environment better than cell culture plates.

7.4.2 Suggestions for Future Surface Modifications to the Vesicfes Enhanced
Therapeutic and Diagnostic Efficacy and Related Experiments

Tumor vasculature varies greatly from that of normal tissuHse endothelial
cells lining the vessels of solid tumors, where angiogenesieialpnt, upregulate,
integrins, as well as receptors for various angiogenic growttor&ag¢135]. These
proteins, however, are not present or are present at very lelg iavestablished normal
blood vessels [135]. Thus, peptides directed at these upregulated peoteigsod
targets for cancer therapeutics. Ruoslahti and colleadnosged that upregulated,f3
integrins on tumor vasculature are active, available for bindingitzylating RGD

ligands, and expressed at levels sufficient for tumor targé8bg136]. Furthermorey,
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integrins are expressed on many human carcinoma cells agsvelimor vasculature

[135].

Peptides for homing to tumors (that can direct therapeutics toirtha site) can
enhance therapeutic efficacy and minimize adverse side effe87§. This idea of

enhanced therapeutic index with tumor-homing peptides was exanyiriedoslahti and

coworkers who conjugated doxorubicin to an RGD peptide and administered the

conjugated drug and free drug to nude mice with human tumor xenografts [85]
addition to increased survival rate and decreased tumor size, nud&eaiee with the
dox-RGD conjugates exhibited less cardiac and liver toxicity thase treated with free

DOX [135].

This data suggests that decorating the PEO brush surfacefollyH@oresobable
polymersome loaded with combretastatin and doxorubicin with an RGDleegatpable
of targeting tumor vasculature as well as cancer cells woulchealthe localization of

the vesicles at the tumor site and ultimately improve therapeuticaffica

Peptides targeting upregulatedintegrins can be conjugated to the PEO brush of

the polymersome via various covalent and modular chemistries. Cyridrghua Katz
(Hammer and Burdick Laboratories) is working on the ability to onelize the
polymer chain ends through amidation chemistry, where by the arhithe peptide is
conjugated to a carboxylic acid at the end of the PEO block to &r amide bond.
Furthermore, the biotin-avidin binding represents a method of modularistherfor

peptide conjugation. A biotin molecule is attached to the PEO brushk pbtyimersome

surface and an additional biotin molecule is attached to the etige gbeptide. The
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biotinylated polymersome and the biotinylated peptide are joinemhlgvidin molecule
[21]. It should be noted that the attachment of peptides to theesasidhce has been
previously attempted by P. Peter Ghoroghichian [53] with limitedesscin maintaining
vesicular structure with peptide attachment. This is likelyabge the conjugation of
ligands to the polymersome surfaces can alter the compositengrolgmphiphiles’
hydrophilic-block-to-total-mass ratio leading to a changetimctural morphology (e.g.
from vesicles to micelles) [132]. Hence peptide attachment to polymelegesimuld be
confirmed using both cryo-TEM, to images the vesicles, and a®lfluorescence

microscopy to confirm the presence of an aqueous reservoir.

Once peptide attachment to vesicles is confirmed, Enzyme-linkadinmsorbent
Assay (ELISA) can be performed to ensure binding of the RGD deeptinjugated
polymersome withy, integrins and to determine binding properties ofdhétegrin to
the conjugated polymersome. Equilibrium binding of the RGD peptidergatgd
polymersomes to purified, integrins will be examined using an ELISA assay. RGD
peptide-conjugated polymersomes, scrambled RGD peptide-conjugatedesaymes,
and non-conjugated polymersomes will each be mixed with puifiedtegrins. After
integrin binding, the sample will be purified to remove unbound integrin, madtdody
for the integrin (but not function blocking) will be added to each samplgain the
sample will be purified once binding had occurred. Lastlygcarsdary antibody linked
to an enzyme such as horseradish peroxidase (HRP) will be autfleiawved to bind to
the anti-integrin antibody. The sample will be purified, and theyraazwill be
developed using a substrate solution. After a period of time, taioe will be

guenched and absorbance readings will be determined using an Eld8ér &3].
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Higher absorbance values will be seen with increased enzyraeples thus correlating

to increased integrin-RDG peptide binding.

Once thesen vitro studies are completed, furthier vivo work to demonstrate
increased therapeutic outcomes as well as increased lacalitatthe tumor site are
necessary. Anti-tumor potential of the peptide-decorated drdgdoaolymersomes can
be assayed as a measure of tumor volume and mouse survival. Tizatiocabf these
peptide conjugated vesicles can be demonstrated through vesickeng with the

porphyrin fluorophore as shown in Chapter 6.

These enhancements and confirming studies can lead to thetigenefa fully-
bioresorbable vesicle with potential to directly and simultanedesteiumor cells and

the endothelial cells which grow up to support their existence.

7.4.3 Suggestions for Future Work and Experiments to Enhance In Vivomponent
of this Thesis

Through the work described in this thesis, considerable advancemeatbd®mn
made in marrying the drug delivery and imaging applications ofnpaisomes.
However, there are still challenges which must be overcomest &id foremost, the
sizing of the vesicles is an extremely labor and time intengask and a system to
automate the extrusion process is essential if vesicle prigparsitto be scaled up for

clinical use.

In addition, the loading efficiency of DOX, when loaded into porphyr
incorporated vesicles, must be further enhanced and better consmlileat a substantial
amount of drug can be delivered to the tumors. Currently, the tpaiguite poor and
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as such, only 1% of the dose deliver in the Therapeutic Studies elrasred in the
Theranostic Studies. The addition of a targeting agent to thdevebmuld enhance the
localization of vesicles to the tumor site, decrease systdslicery of the drug, and
thereby increase the amount of drug delivered to the tumor. Ontmatheg efficiency
of DOX in porphyrin-incorporated vesicles has been increased, htbefdostic Study
described in Chapter 6 should be repeated as the potential to dereahstraihaging of
drug delivery” has been demonstrated, and could be confirmed with @asedn drug

concentration at the tumor site.

As eluded to in Chapter 6, it is envisioned that the bioresorbableleges
generated from PEO-b-PCL diblock, might be able to link changéisarescence not
only to the clearance of the vesicle, but also to degradation gétiide. While PEO-b-
PBD vesicles are biocompatible, they are not known to be biodegféhie, changes in
fluorescence associated with the non-degradable PEO-PBDBlegsivould provide
information about biodistribution and in vivo clearance of the vesiclele whanges in
fluorescence of the degradable PEO-PCL vesicles should provide atimnmabout
clearance and biodistribution, as well as vesicle breakdown and subsequent aarg.deli
Data in Chapter 4 demonstrated a decrease in porphyrin fluoresaemoxorubicin is
released from the vesicle interior. To carry out this expetimmice should be
administered, PEO-b-PBD and PEO-PCL vesicles with porphyrinpocated into the
bilayer. Thein vivo fluorescence should be tracked over time, and organs examined for

fluorescence upon culmination of the study to determine vesicle location and breakdown.
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Once these studies establish the ability to demonstrate vesgiladationn vivo
through changes in fluorescence, the drug delivery component showddee by
administering doxorubicin loaded vesicles in both the biocompatible and aokdéds
formulation. Post treatment, tumor volumes and fluoresce should be mdmnitereo at
regularly established time points. At the culmination of the stodyans should be
harvested and fluorescence measured. In addition to imaging whole dagans
fluorescence signal from the porphyrin in the vesicles, thesertahould be sectioned,
and sections should imaged for both DOX florescence [28] and porphyoiregcence.
Ex vivo imaging of visible fluorophores is possible at sub-millimeter defithd]. These
studies will assist in fully capturing the essence of polgomaes for imaging drug

delivery.

Lastly, in an effort to further develop multi-drug vesicles étinical in vivo
applications for the simultaneous delivery of drug to two differefit tgpes, namely
endothelial cells and tumorigenic cells, once clearance igagtdorin vivo studies in
addition to demonstrating increased tumor suppression when combnetestilivered
in combination with DOX, the tumor vasculature post delivery of théA\dbould be
examined. Mice should be administered chemotherapeutic vesitlesand without
combretastatin, as well as blank vesicles to compare the thacap#ects of the dual
drug loaded vesicles against single drug vesicles and contreb(ngrnoaded) vesicles.
Tumor volumes should be monitored daily, and mouse weights recordgdoéver day.
At the culmination of the study, prior to sacrificing mice, if pbles mice should be
administered Angiosense 680 IVM and the tumor vasculature examineg tne

Olympus IV-100 described in Chapter 6 for invasimesivo examination of the tumor
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vasculature. Once the vasculature dye has cleared, the micd bhaadcrificed, tumors
harvested, sectioned, and stained for vWf, CD34, CD31, which are known snafker
blood vessels in order to get a better understanding of the efffiectsnbretastatin on

tumor vasculature.

7.5CONCLUDING REMARKS

Considerable progress was made in establishing the utility yinpolvesicles for
drug delivery and diagnostic applications vitro work was performed to characterize
the effects of these vesicles on endothelial and tumorigeng: ddbbwever, the ultimate
experiments in establishing the significance of these vasideclinical biological
applications were performad vivo through collaboration with Dr. Murali. For future
clinical use of the theranostic polymersomes, however, the efficiai loading
doxorubicin into porphyrin vesicles must be greatly enhanced, so #ignificant dose
of drug can be delivered to the tumor site. Furthermore, to ffedllize the potential of
multi-drug vesicles, the attachment of a vascular homing peptideget the vesicles to
the tumor would probably enhance therapeutic efficacy of the drugdoadecles. As a
final permutation, to provide both dual therapeutic action asasdathaging capability, a
vascular targeting peptide with known therapeutic value couldthehatl to the PEO
brush surface of doxorubicin-porphyrin PEO-b-PCL vesicles, enablingjrthdtaneious

imaging of drug delivery to both endothelial and tumorigenic cells.
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