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Abstract

Polymer vesicles (polymersomeS) are. spherical»assefnblies with aqueous cores, formed
by the self'-assembly. of .famphiphilic polymers in an aqueous environment. They resemble
‘phospholipid vesicles, but typically exhibit much greater stabilities. The chemical versatility of
the polymer synthesis makes it possible to tune the vesicle characteriétics such as vesicle size
and. ciréﬁlation time in vivo. As such, they are highly promising materials for various
applicatiohs including drug delivery. Our gesea;gh group recently devglqud a )Yersatile approach
for z‘the_ poﬁjﬁgation of dendritic gro_ups "‘['0 ‘théjsurfac\es of polyfner \}.esi;:l;es whlch allows"the
: surface érqp.ertigs to be reédily tuned for-'si)eciﬁc biological prdpeﬁies or .ap‘p>lications. This‘-
thésis will investigate the effects of different dendron functionalities, boich neutral and catiohic,
oh the rate of release of encapsulated small mol'eculesg and larger biomacromolecules,
_' cytotoxicity and the cell uptake properties of polymer vesicles. These properﬁes were explored
in both non-biodegrgdablél vesicles based on polybutédiéne~poly(ethylene oxide) (PBD-PEO)
and biodegradable vesicles based on polycaprolactone-poly(ethylene “oxide) (PEOPCL). The
rate -o'f release of an ebncapsulated}small molecule, rhodamine B, was fdunh to befiepender‘lton'
: the absence or presence of ciendritic functionality. Unlike with small moleculés, the revlease of
enbapsulated protein, bovine serum albumin (BSA), deﬁends on the charge of the dendritic
} func»tionalizatio'n since both cationic systems exhibited faster,- similar reiease profiles. The
cytotoxicity of the vesicle systems was found fo be dependent on their surface charge as toxicity
“was observed with both cationic. systems at higher concentraﬁons. Finally, the cell uptake was

found to be dependent on the functional group displayed on the vesicle surface and guanidine

functionéllized vesicles had significantly increased cell uptake relative to the other samples.

Keywords: Polymer Vesicles, Self-assembly, Release, Cytotoxicity, Cell Internalization,
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Part One: Intr(‘)duyction



1.1 Drug Delivery .
ERREnE " Developments in biology and chemistry have led to a wide variety of thet’apeutics that are
available 'to ' treat diseases at the cellular level. ‘Some of these therapeutics include small
moiecules, “peptides; proteins, antibodies and nucleic acid derivatives.' One of .the largest
hlitdles'to overcome in treating disease is to deliver a target molecule to the actual.target cells,
and then ihte the target cell past the cell membrane.” To aecomplish this, the deSired therapeutic
‘ mﬁstbe ableto travel within the blood stream, whic}t is composed primarily of water. Having
| hydrophilic Acharacteristics is advantageous ‘forv ‘traveling in the bloodstream’ but once the
therapeutic reaches its desired site it must also pass the cell membrarte. The cell membrane is
hydrophobic: in nature and hydrdphilio molecules encounter challenges in passing through the
membrane .unle_ss' there is an ,\active. uptake - pathway. ' Hydrophobic: molecules; :‘:such' as
cholesterol, can move: freely in' cell 'rnerhbranes but. have poor water. squbiility.:, ‘An ideal
therapeutic must exhibit a balance between hydrophobicityl and hydrophilicity.-

- m addition to an iﬁabﬁity to cross the cell iﬁemﬁrane, short eirculetioh fimes in the Biodd,
; unde51red répid bi(’)"degrétdation }of‘ Biomoieeﬁleé, aﬁd lack ef speeiﬁcity for th; therapeﬁtie:terget
erie alsocommon limitations of drugg eteindidate's‘.’ New nanoscale delivery systems allow for
delivery of therapeutics in a form in which they are physically protected from degradation by the
l’)ody, and may exhibit increased ‘circulation time, targeted delivery to decrease potential harmful

f .
side effects and finally, provide a controlled release mechanism of delivery.’

1.2 The Cell Membrane
The cell membrane has evolved to protect the cell from the exterior environment and to
retai;i essential molecules within the cell.* The membrane is selectively permeable to ions, such

as sodium and potassium, and to small molecules such as water, which pass through via

2



transporter-proteins. The cell membrane is composed primarily of a phospholipid bilayer with
proteins‘ and glycoproteins imbedded in the bilayer, as shown in Figure 1. Giycoproteins are
composed of a globular protein which has undergone a post;tranelational modification to be
cova_lently bound to a sugar backbone. These proteins are involved in cellular sijgnaling, cell-cell
interactions and provide a scaffold for targeting. | Tbe cell membrane is involved in several
pathways: within the cell to faeilrtate survival activities such as celi adhesion and cell signaling.
Reeycling of the cell membrane is an essential .process which | lS accomplished by two
'compiimentary mechanisms‘,‘ exocytosis an_d endocytosis'.5 | lExocytosis involves fusion of
intracellular vesicles to the surface of the celi. membrane;.this provides a mechanism of
excreting/removing material and installing new proteins on the membrane surface. Endocytosis
is the’ r'ey‘éfse"f‘_of exocytosis; the process provides the ‘cell with a mechanism-to internalize
molecules in the extracellular rnatrix' hat cannot pass through the cell membrane, and removes
proteinsf from’the’ surface of the membrane. As these proeesses are dependent on the fluidity of
the membrane they can be 1nh1b1ted by decreasmg the temperature of ‘the system. At lower
temperatures the cell membrane becomes more crystalline and formatlon of \fesmles _composed

N

of a lipid_bilayer beeomes thermodynamically unfavourable.
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Figure 1. Schematic of the cell membrane.7 The drawing was made by Dana Bums, and can also
be found in Scientific American, 1985, 253(4), pages 100-108, in the article molecules ofthe

cell membrane by M.S. Bretscher.

1.3 Phospholipids and the Phospholipid Bilayer

Comprising the cell membrane, phospholipids are capable of forming a bilayer due to
their amphiphilic structure. Phospholipids are composed of a hydrophilic “head” group with a
phosphate and sometimes other hydrophilic molecules attached to the phosphate group. The
polar head group is attached to the hydrophobic region by a glycerol group. The hydrophobic
“tail” region is composed of two fatty acid chains. In agueous conditions, the hydrophobic fatty
acid chains align together away from water while the hydrophilic phosphate group is dissolved in

water.

The amphiphilic nature of the phospholipids allows for spontaneous assembly into a

bilayer with the tails aligning, forming a hydrophobic membrane interior, while the hydrophilic



heads remain solvated in an aqueous environment. The hydrophobic tail region of the bilayer is
stabilized by hydrophobic interactions between different fatty acid chains. The longer the fatty
acid chains in the bilayer, the stronger the intera(:tion.O Furthermore, hydrophobic alignment
prevents water molecules from forming a solvating shell, which decreases the free energy of the
system thus making it less thermodynamically favourable.O A common drug delivery system

which utilizes characteristics of the cell membrane is liposomes.9

1.4 Liposomes

Liposomes are composed of synthetic phospholipids which spontaneously assemble into
a vesicle structure, as seen in Figure 2, enabling target drugs to be encapsulated during
assembly.10 Drugs which would be harmful to the body can be encapsulated and delivered
specifically to a target site such as a tumor or diseased tissue, decreasing the toxicity to the body.
There are three different types of liposomes: multilamellar vesicles,1l small unilamellar vesicles
2 and large unilamellar vesicles.13 Furthermore, the surface of the liposome can be
functionalized to produce a targeted liposome.¥4 Currently, liposome delivery systems are

commercially available including Doxil, Epaxal and Myocet.

Figure 2. Schematic of a liposome, hydrophilic head groups seen in green and hydrophobic tails

in purple.



Despite the advantage of being composed of phospholipids commonly found in the cell
membrane, liposomes have several limitations. The small tail region of the phospholipid
molecule impedes the high loading of hydrophobic drugs, limiting liposomes to only load
hydrophilic drugs efficiently.’5 Furthermore, the small tail region provides a small hydrophobic
barrier which results in encapsulated drugs within liposomes leaking out quickly, decreasing the
overall efficiency of delivery.16 Finally, circulation times of liposomes are short as there are

several mechanisms within the body to remove liposomes from the blood. Y

1.5 Block Copolymers

Block copolymers are composed of a unit of polymerized monomers attached to at least
one other unit of different polymerized monomers.  Block copolymers are characterized by the
number of blocks they are composed of; a block copolymer consisting of two blocks is called a
diblock copolymer while a copolymer consisting of three blocks in either an ABA or ABC
orientation, where A, B and C are different polymer blocks, is called a triblock copolymer.
Having different polymer units bound together allows for tunability of a polymer of interest, like
thermostability, elasticity or solubility. = Copolymers that contain hydrophilic regions and
hydrophobic regions have similar stereoelectronics as phospholipids. As a result, these block

copolymers exhibit self-assembly characteristics.

1.6 Polymer Self-Assembly

Block copolymers that assemble into ordered aggregates in water contain a hydrophilic
block that has a high solubility in water. Poly(ethylene oxide) (PEQO) is a common polymer used
as the hydrophilic block. The volume fraction of the hydrophilic block relative to the
hydrophobic block in the solvent dictates which morphology the assembly will take. As shown

in Figure 3, generally, if the hydrophilic volume fraction is greater than 50%, a spherical micelle



assembly will form. The core of the micelle will be composed of the hydrophobic block of the
copolymer and the exterior shell will be composed of the hydrophilic block. If the volume
fraction of the hydrophilic block is between 40-50%, a wormlike-micelle will often form with
the core being composed the hydrophobic block and the cylinder shell being composed of the
hydrophilic block. Finally, if the volume fraction of the hydrophilic block is between 25-40% a
vesicle structure with a core composed of the solvent and a shell composed of the hydrophobic
block can form. The hydrophobic monomer unit does not generally influence the morphology

the copolymer will assemble into, rather influences the stability of the assembly. v

Figure 3. Schematic of block copolymer composition with corresponding assembled structure.



1.7 Micelles

.. Polymeric micelles form from block copolymers that have a hydrophilic volume fraction

. greater than 50% relative to the hydrophobic region. . There are several advantages to using

' micelles in drug delivery, including dissolution of hydrophobic drugs and increaeed circulation
~times in the bloodstreani. .Micelles are capable of physically entrapping hydrophObic molecules
in the hydrophobic core.!® The entrapped molecules are protected from the external environment
by the hy'drophili(: corona of the micelle.: ‘Due to this,\"ivmprov'e_ments in drug solubility of several
orders ‘of 'magnitude can be obtained by using micelles’ relative ‘to direct -dissolution.**
- Furthermore, as ‘the:hydrovphobic drug is pfOtccted within ‘the core and ‘away from the blood,
. thereis 1ese chance of the drug being metanolized by the body before delivery. The hydrophilic
corona 'cf »r‘nicel‘les are commonly cqmpcged of PEO25 PEO resists protei‘n. .adsorption and

cellular adhesion. 17

As a resulﬁ, micelles Witn a‘PEQ-hydrophilic blgck heye an increased
circnlacion time ‘wivthinv the body dne to cvasion o;f ’hyclirolys’is,k enzymatic degradation and
: ecsorption by;t_he reticuloendotheliél syStem;26 Another feature of polymeric micelles is control
cf 'th“e l:)liock. conolymer used for assembly. The composition of the block c\()polymer cank be
changed to alter degfadaticn time ‘within the body and chain length can be 'alte:r'ed:{c. control
diameter of the micelle as well as the morphology of the micelle.”’

L Mcre recent ndvanceme_ntc in polyme};ic ‘mice‘lles nre to élter the ‘surface ‘tcpology of the
m1celle?‘7 -Whill_e’ a PEO 'surface layer of the _nlicelle yesis‘ts: cellular a_c\ihesi\onj,%7 by addition of a
celll’-penetrahti‘ng‘ egent the cell.ul.ar. uptake cf micelles coum be incrensed727 _Previonsly, micelle
J ‘tar‘gc‘ti‘ng‘nas dencnned on ’a’ peéssiive targefing 'cecnniqne "‘cerrnec.l the enhanced permeability and
;etenfion (EPR) effect for de}live_ry‘ to tumour tics’nes.;zsly‘h‘isy EPR effe‘ct results from vasculature

in tumour tissue which has a discontinuous endothelium. As well, the lymphatic drainage system




is‘nc->t completely developed. As a‘resulf, assembled polymef systems accurﬁulate in the tissue
arounci this vasculature syst'el‘n\.zf8 Active targeting can be achieved by ﬁmctionélizing the surface
of the micelle with a'molecﬁle ‘t‘hat will bind to cellular receptdrs on the cell membrane of the
target cell. For example',"Chilkoﬁ and c0workér§fprepared polypeptide "lrnic’élles that had been
ﬁ.mctionalized, with‘ft.he tripeptide targeting group asparagiﬁe-glyciné-arginine which targets the
.transmerhbréneiprotvein CD13 which is unregulated in tumour vasculature.”’ They found that the
- functionalized :micelles  accumulate more in tumour; vasculature compared to non-cancerous
‘gissue.tAs well, ‘the fun‘cﬁonalized micelles acciimulate more in tumour vasculature as compared
- to unfunctionalized micelies. However, despite their positive results, they claimed their system

~ was far from optimized.”

Despite all the advantages of micelles, they are ohly efficient for delivery of hydrophobic
drugs. If a charged or hydrophilic drug needs to be delivered to a certain site within the body

another drug delivery system must be employed.

1.8 Vesicles ; | : | H | \

Polymer vesicles, commohly referred to as polymersomes’ by analogy with iiposomes,
generally form .in water from block copolymers with a hydrophilic volume fractions bet§veen 25-
40%‘.22‘ Diblock copolymers that assemble into vesicles form a polymeric bilayer thét is similar
‘ 1]n orientation to a phospholipid bilayer. Triblock copolymers with an orientatioh of ABA where

A is the hydrophilic block and B is the hydrbphobic bIock will form a polymeric monolayer.

| . Triblock copolymers with a compos1t10n of ABC where A is the hydrophlllc block, B is a

, hydrophoblc block and C is a dlfferent hydrophoblc block W111 assemble 1nt0 veswles with a

polymenc bllayer s1m11ar in onentatlon to diblock copolymers ,



1.9 Comparison of Polymer Vesicles and Liposomes

There are both similarities and dissimilarities between polymer vesicles and liposomes.
The two systems are similar in that they are both composed of amphiphiles and both
spontaneously assemble into spherical objects with an aqueous lumen. Furthermore, they both
have a hydrophobic membrane, as seen in Figure 4, which separates the lumen from the
exterior.I7/ For encapsulated molecules to escape the lumen they must travel through the
hydrophobic region or a pore must open for the molecules to escape. Finally, both have the
potential for the outer layer to be functionalized with a molecule of interest, such as a targeting

group or a cell penetrating agent.

Figure 4. Cross-sectional schematic of liposomes (left) and polymer vesicles (right). Grey

indicates hydrophobic region and light blue indicates hydrophilic region.
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- While liposomes .and polymer vesicles both have a defined membrane structure, the
liposome’s hydrophobic region tends to be approximately 3 nm in width while polymer vesicles’
hydrophobic region can exhibit a width from 8-20 nm depending of the length of the polymer."’
The advantage of havmg a larger hydrophobic region is that there is a greater loading capacrty
for hydrophoblc molecules in the membrane as well as a decreased rate of d1ffu51on through the
membrane for encapsulated hydrophilic molecules. " Moreover, the copolymer used for
a:ssemblycanalter characteristics of the vesicle. "Sti’muli-re’sponsive polymers, which degrade in
response to external cues such as pH or onidative 'potential, provide’an escape mechanism for

| encapsulated hydrophilic molecules in the lumen or hydrophobic molecules. By providing a
release. mechanism, polymer vesicles can deliver their cargos to specific sites while keeping non-

~ specific délivery to a minimum, a characteristic most liposomes do not have.*

‘l_,ll)vI":o’lymer Selection‘ ‘

I;Since Vpoly_mer vesicles are desired to be us’ed{ for drug delivery‘,vehicles‘, a release
| mechanism from polymer veisicles 1s advantag‘eou:s.} Hydrophilic cargo‘ vvithin polymer vesiclesv
are trapped because they cannot readily di'ffuse through the hydrophobic re;ion of the vesicle

membrane. For that reason, controlling the composition of the hydrophobic block of copolymers

so they respond to external stimuli such as pH or oxidative potential is beneficial

Polymer vcswles that are 1nternalized by cells will hkely be targeted to the lysosome
With that in mind copolymers which respond to amdlc env1ronments have become popular
. ‘lncorporation of 2 (diethyl amino)ethyl methacrylate 1nto the hydrophobic block of assembling

copolymer allows control over the permeability of the vesicle membrane. In acidic

environments, like those found in endolysosomes, 2-(diethyl amino)ethyl'methacryla_te becomes

11



protonated, resulting in a shift from hydrophobic to hydrophilic character. As a result, pores form

in the vesicle membrane which allow for release of encapsulated ca_rgo.3 !

‘The endolysosome envifonment not only has a different pH than the cytoplasm; but also
has a higher oxidative }Sotential.'?’«z; Copolymers which degrade under these conditionsWouid be
advantageoﬁs.for targeted release. Hubbell arid coworkers synthesized a copolymer with a
disulfide bond between the hydrophilic PEO block and the hydrophobic polﬁr(propylene sulfide)
block: They report that the resulting vesiéles rupture within .10 minutes in the endolysosomal
enviroﬁment due to cleavage of the disulfide bbﬁd between the hydrophilic and hydrophobié

‘block.3?

- Wh11e there érire.méchaniSms tomduce release from polymer vesicles, new systems are
éoﬁﬁnﬁéﬂy bemg réported utilizing different parameters such light or temperature. When
choosing the composition of copolymers- multiple variables must be considered such as
biocompatibility, release mechanism, circulation time and vesicle loading. While composition of

» the copolymer is important, it is not the only parameter that needs to be controlled. -

)

. 11 1 Modes 6f Vvesicle‘Pre‘pars;ltibn
N "S‘él\f-a}ssembly of blbck copc')h;rmevrs. into suprarnolecular | structures usually proceeds
, f;hrd'ﬁgh o}ie/ of two me;[hvods‘,; ‘eithér‘dis.scr)luﬁoﬁo'f‘ the copolymer. inﬁo an organic solvent and then
addition of water, or dissolution'di‘rectly into water.3’ The first method, often referréd to as
“solventfswitch,”,requires the copolymer be,dissol_ved in an organic solvent that is miscible‘ with
’ ywater.” As the copolymer has .a~1arge hydrophobic region, itis unlikely that the cdpolymercan
»dissbli/e' difectl‘yﬂintlo water. . ‘Upon‘,the‘addition"of' water, the hydrophobic blocks of the

copolymer begin to associate with: each .other in the hydrophilic environment.  However a

12



drawback of solvent switching is that after assembly the organic solvent has to be removed by

dialysis, which can be time consuming.33 RS

'-:;ll'he sééénd, difééf soluti(_)ﬁ 4“rne’thoc‘li, ih'\lol‘i?‘es’ hydratlonof the puré copolymer from a
ﬁlm34 To bfociilicelra‘ﬁ.lm:, the cvopovlyir’nér”ig often dis§61véd in an orgamc solgzentzandr then the

4 soiveﬁt is fgrhbved bsr evaporation. As an organic solvent is usually used, it is not a true organic
- solvent free method although there is no mixing between the organic solvent used and water used
in the assembly. Vesicles begin to form upon hydration of the film. Film rehydration requires
) aggre‘ssive‘stirring and longer preparatioh times aé compared to the solvent switch. Furthermore,
this ‘method tends to lead to higher vesicle p01ydi$persities.'. However, while solvent switch
l methods require dialysis to remove remaining organic solvent, organic solvent free«mc;thods do

not require dialysis.*’

New methods are being developed for self-assembly to improve loading efficiency but
ultimately use at least one of the above methods in some .degree. - For instance, Weitz and
coworkers have developed a method for preparing vesicles with 100% encqgsulation efficiency

using a water/oil/water emulsion and a microfluidic device while controlling the'size of the

formed vesicles.”® As well, their model can be applied to form polymer vesicles within polymer

{
‘.

vesicles and higher order polymer vesicle systems.’
'1.12 Hydrophilic Drug Loading

/Dﬁe‘lto tﬁe"presénce of an aqueous lurﬁéri in pdlymer vesicles, hydrophilic molecules can

I‘Dév<‘anc'é‘1psulated.22 Small molecules dissolved in the water used for vesicle preparation will be

encapsulated within the polymer vesicle. The concentration of small molecules will be the same

inside the vesicle as outside the vesicle; this results from a physical encapsulation of the aqueous
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solution. Non-encapsulated molecules can subsequently be removed by dialysis or another size
b‘asec.I technique. To obtain higher loadings, a thermodyhamic driving force must be used, such
as manipulating pH gra_dieﬁts.15 * Furthermore, encapsulatit)n .:of hydrophilic molecules is ﬁot
- limited to small molecules. Largef molecules, such as proteins, éan be encapsulated as shown by

Discher and coworkers,*®

The fluorescently labeled insulin is contained completely .\z;/ithin the polymer vésicle.
The overlay of the fwo channels, red for the polyrﬁer membrane and green fonins'ulin,‘ indicates
that ‘tile membrane extends further than insulin.-', Furthermore, the most intense region of fﬁe ,
polymer is ét,the outer edge, consistent with PKH26 staining the membrane. The 'i_nsulin does
. not overlap with the brightest region, the membrane, suggesting that it is in the lumen and does

| “not associate with the hydrophobic membrane.

“- Discher and coworkers showed that other - biological macromolecules could be .
encapsuléted within the lumen of polymer vesicles. - Short interfering ri\bémic’:leic acid (siRNA)
~ knockdown gene products by initializing cell RNA interference (RNAi) pat}\Ways in the cytosol

whereas antisense oligbnucleotides alter splicing"of messenger RNA (mRNA) tra'nséripts.”‘ To
achieve ‘encapsulation, copolymer dissolved in dimethyl sulphoxide (DMSO) was added to
aqu“éous solutions of - either FITC-siRNA or FITC-antisense oligonucleotide (AON)‘. Dialysis
r}v‘vith a 3.5 KDa molecular weight cut-off (MWCO) membrane was used to remove; residual
"DMSO followed by diaiysis using a 300 KDa MWCO membrane to' remove non-encapsulated

. material.

Similar to protein encapsulation, both FITC-AON and FITC-siRNA are localized

exclusively within the lumen of the polymer vesicle since the overlay image cleary indicates that
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polymer extends beyond the colocalized region of the polymer and nucleic acids. In addition, as
the most intense region of polymer, the membrane, does not show colocalization with the nucleic
acids, it can be concluded that the nucleic acids are in the lumen and do not associate with the

hydrophobic membrane. |

1.13 Hydrophobic ]jrug»Ldélding
| - Hydrophobic loading into the polymeric membrane has.been previously‘de‘moﬁstrated.
However, a drawback was that the hydfophobic model 'molécule‘did not have a full hydrophobic
chara;:ter. Maskos énd coworkers showe.d“encap'sulation of é completely hydrophobic dye (Nﬂe
Red) into the membrane of the vesicle as well asv incorporation of quantum dots into the
: rﬁembrane without changing the size of the &esicle.‘m
._ ‘.}}Furth‘efrrvl(y)r)e,i Disdher and 'co‘wbrke’r"s‘ shoWed ehCapsulafion of a hydrbﬁhobic | Idrug,
iﬁclif&el, él;l:dlé hydrdbhilic dﬁig,. doXorlﬁbiéin; Witilitri.'bolymef ves’icles;‘41 ‘;I‘h:é:h};drophobi'c
paclifaXel wés séquéstered \&ithin thé poiyﬁi& rlriérr‘ibrzvme’ while the hydfgphilic déxafﬁbicin was
;locat:édr 1n the ‘équéousr core of the ves;cle The‘advan.tage of having é systqnd with both drugs»
encapsulated would be to ensure that the cells which internalize the vesicle would be gubjécted to
. " both anticancer agents. Aé both drﬁgs would be in the cell, there should be higher cytotoxicity as
'weli.as» a decréased chance of thé cancerous tissue becoming resistantvto“one\ or-both drugs.
‘}Furthermor'e, biodegradable éopolymers, based on of polycaprolactOne (PCL) and p;)ly(lactic
’acid), were incorporated }int'o the polymer vesicles to aid in release of the drugs from the vesicles

following internalization. - :
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1.14 In Vitro Analysis
- To illustrate their dual drug encapsulation system, Discher and coworkers performed cell
uptake experiments on human breast cancer cells using a biodegradable and non-biodegradable

polymer vesicle system. The results can be seen in Figure 10.

With the bio’degradable:system’, encapsulated 'd‘o;:rorubicin\lyas:able to leave the vesicle
andl concentrate in the nucleus The polyrner 1s seen‘v‘in green ‘and httle colocalization was
: observed wrth doxorubxcln By do1ng SO, dOXOI‘UblCln is avarlableyto exert its therapeut1c effects
w1th1n the cell by ultlmately halting the cell cycle and krlhng the cancerous cell Wrth the non-
bro‘degradable system, doxorubrcrn is colocahzed with the polymer vesicle. Whrle in the ves1cle
andnotrn the nucleus, dokorubicin Would not be able to exert its effect within the nucleus.
Therefore, the ‘effecti'veness of the delivery system is limited by the release of the encapsulated
cargo post internalization. furthermore, the polymer appears punctate around the nucleus but
not . within the'nucleus, which Suggests that the “vesicles are localiaed within endolysosomal

cavities. However, further investigation is required to draw a conclusion.’
' \

\T‘I‘To lnyestigate cellular r'nte'rnallz‘ationland localization ot‘ ~polymer;yesicles,‘l\(‘arneikand
coworkers co-stained different cellular organelles to determine the fate’ ol‘ polyrner Vesicles after
lnternalization 6 For their study, vesrcles were prepared from a copolymer composed of
polyargmme as the hydroph1hc block and polyleucme as the hydrophobic block This
composrtxon had been shown to increase cell 1ntemahzatron Before uptake Wlth vesicles, the
.'HeLa cells were 1ncub‘ated Awrth antibodies for either - early: endosomes or lysosomes. = After

uptake, secondary antibodies with a fluorescent tag (Cy5) were used to visualize the different

cellular compartments. The results of the uptake experiment can be seen in Figure 11.
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: Arginine-Lericine ~polymer  vesicles . are located within = early endosomes after
internalization as seen by colocalization of the polymer (green) with the endosomes(red) in
Flgure 11 However vesicles appear to av01d lysosomes. As the vesicles avoid lysosomes,
therapeu_tlcs such as protelns ‘and ‘siRNA that‘ may degrade in the harsh envi:ronment of the
lysosome can be employed withont worry of premature degradation. However, tne -klocalization
: of , the vesicles 1n early( endosomes indicates th_atfor effective déliyery of therapeutics to target
cells, theremust be a release mechanism ’built into the }Vesivcles, such as i.nc_orporation“of
'b‘iodegradablecopolymers—. If there is nota releaSe mechanism, vesicles could be‘recycled paCI;
| to the cel} ks‘n‘rface and sent out of the cel\l withont_ delivering its payload and ultimately_"bed cleared

from the 'host. N

~ As it has been shown that vesiéles,‘do not concentrate in lysosomes, Discher .and
coworkers bshowed that their encapsulated siRNA sy.stem"would trigger va biological response in
yitro.é3 ? If yesicl{es concentrated in lysosmes, sensitive molecules, such as siRNA, would degrade
before.beingv able to i‘n}tervact with‘ othermolecullesjn the cytosol or cellutar orgvalr'lelles.' As )wen? -
siRNA is charged and has difﬁculty. crossmg t}re cell ‘membrane. Onceenc‘apsdlatedthe cnarge is
‘ hldden from the cell membrane To study the1r system polymer ve51c1es w1th encapsulated

| s1RNA d651gned to knockdown lamln A/C protern was compared with free 51RNA 51RNA :

»,encapsulated in hposomes (LF2k) and v1ra1 dehvery (Lent1 shRNA)

Polymer vesicles with encapsulated siRNA appear to. be as effective as commercially
. available liposomes with encapsulated siRNA. Furthermore, the polymer vesicle system is
- visibly more effective at delivering siRNA into the cell in comparison with free siRNA.

H_owéver, commercially available viral systems are more efficient at delivering siRNA into the
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cell. 'This' suggests ‘that internalization is not just a passive mechanism but rather can be

influenced by'surfacé topoIogy of the delivery system. - °

115 Tn Vivo Analysis

"7 One’ advantage of polymer vesicles over liposomes is their circulétion time in vivo. To
increase: the circulation time of liposomesin ivivo;‘a-l PEVO’ has"been  conjugated to’' a Certaiﬁ
fract_ion of the phospholipids comprising the vesicle:* PEO resists protein absorption“' and uptake

> Polymer vesicles that contain PEO as their hydrophilic

by the reticuloendothelial system.
. block circulate even longer than liposomes ‘with Il’EO.l»7 ”fhe half life of PEO vesicles circulati.flg
ate ﬁsuauyfin the range of‘2AO-30 hours. Polymer vesicles with PEO as the hydrophilic block
selectvely accumulate: in.t'umour sites to’ éome ‘extent via the EPR}effect as described ' above.

‘ _

However, this form of targeting is not highly specific, so some systems may need a form of

active targeting. -

1.16 Vesicle Surface Functionalization

A common approach for vesicle functionalization is to manipulate thgterminal group of

the hydrophilic block. van Hest and coworkers made copolymers with azides at their termini.*

The azide functional group can in principle react with an alkyne mbiety of another molecule of

44

interest via a copper catalyzed “click” reaction.* To illustrate their model van Hest and

"|coworkers clicked fluorescent dyes onto the surfaces of vesicles.

While active targeting of polymer vesicles would add another layer of functionality,
active targeting of polymer vesicles is a relatively new area of study. Hammer and coworkers
showed that polymer vesicles with biotin groups on their surfaces can bind to surfaces with

45

avidin and also to cells with avidin on their surfaces.* Using their model, they attached other
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proteins, like antihuman 1gG, to target polymer vesicles to specific cells.4&6 As well, Hunziker
and coworkers attached polyguancylic acid to target macrophages with upregulated SRAL

receptor.47 While these systems work invitro, they have not been pra

1.17 Dendritic Surface Functionalization of Polymer Vesicles

In the Gillies lab, a similar approach to van Hest has been reported except that the
molecule attached to the surface of the vesicle is branched and multivalent.3 A polyester
dendron based on 2,2-bis(hydroxymethyl)propanoic acid and containing a focal point alkyne
group was synthesized and subsequently attached to the assembled vesicle surface as seen in
Figure 5. The advantage of attaching the dendron to the surface of the vesicle after assembly is
that the dendron will not interfere with the self-assembly of the vesicle. The attachment of the
branched dendron adds another hydrophilic block to the polymer and a different morphology, or

no self-assembly, could be attained if the dendron were attached before assembly.

Block copolymers
poly Vesicle with activated

surface groups

Dendron with
complementary

. Functionalized vesicle
focal point group

Figure 5. Surface functionalization of polymer vesicles with dendritic groups via click

chemistry.
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- Thus far, the Gillies group has introduced dendritic groups to the surfaces of vesicles
bas_ed.on both nondegradable PBD-PEO copolymers***® and PCL-PEO copolymers”.-‘ Dendrons
with several peripheral functionalities such as hydroxyls, aniines, and mannose molecules have
been investigated and the. chemistry has proven to be versatile and reproducible. In addition,
using mannose as a model biological ligand, it was demonstrated that enhanced binding to the
protein: target concanavalin A (ConA) was obtained when vesicles were functionalized on their
surfaces with dendritic’ mannose rather than: individual molecules of mannose.* This was

) hypothesized to result from increased availability of the rnannose on the'vesicle surface when it
was presented on the dendrimer periphery as the dendron would resrde at the ves1cle surface

| rather than belng bur1ed w1th1n the PEO layer ThlS study suggested that the dendrmc scaffold
inayhe 1deal for the ‘i dlsplay of biolog‘icalllgan_ds in drug delivery systems. ‘However, in this
dendritic surt’ace functionalization work 1t was noted that the conjugation of vhigh‘ levels of
dendr1t1c groups tnduced vesrcle aggregatlon po551bly‘ the result of membrane destabilrzation
due to the branched architecture of the dendrltlc group ThlS aspect requires further study‘ In
addltion the encapsulat1on of molecules w1th1n the ves1cles was not explored 1\1 combination w1th

4 - :

the dendritic surfacezfunctionahvzation approach.

/

1.18 Cell Penetrating Agents
N "~ While polymer Vesicles have been previously shown to enter cells in vifro and in vivo,
fincreasing th'e’ internalization would allow for use of lower clinical dosage. To increase
* internalization, researchers looked to biology, and found that a protein produced by the human
immunodeﬁciency Virus (HIV) has cell penetrating properties.* Extensive studies have revealed
that the critical portion of this protein, responsible for its cell penetrating properties is a 9 amino

F
3

acid sequence.”® This sequence contains 6 arginine residues and 2 lysine residues, suggesting that
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cationic charge is essential for increased internalization. Further research has shown that linear
sequences of arginine residues are even more efficient at penetrating the cell membrane while
linear sequenees of lysine residues are less efficient than thenative sequence, suggesting the
- guanidine group on the nrginine residue is required for the increased penetration obbserved.2
Furthermore, introducing flexibility into the backbone of the sequence fuxfther increases the
efﬁciency.s.i A variety of linear and multivalent displays of guanidinium moieties have

subsequently been developed and shown to exhibit cell penefrating properties.% E

| Utilizing the above principles, the Gillies lnb developed a poiyester d‘endronhaving eignt
guanidine moieties at its periphery.®! This dendron is easy to prepare synthetically,_ 1s based on a
- biodegradable scaffold, and was shown to have similar cell penetrating properties to the HIV 49.57
” peptide in vi;‘ro.? 't has also been dernpnstrated, that eonjugation of this Dendmn to
_superpararnagnetie iron oxide nanqpaﬂic]es‘enhances their uptake into GL261 cells, enabling
their enhanced detection by magnetic resenance irn_aging.5 ! Furthermore, it was shown that
conjugntion of the éafne ’dendrorn to biedegradable micelles increases tl‘ll\e’ir i\‘ntemalizéiien info
. HeLa c'etlil:s.27 ‘Wlilile the exact mechanis_rn of internalization has not been elucidnted, a hybnfhesi:s'

of direct internalization can be seen in Figure 6.2
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Figure 6. Postulated mechanism of direct cell penetration of cargo conjugated to a dendron with

guanidine functional groups on the periphery.

While guanidine-rich cell penetrating agents have a demonstrated ability to efficiently
Cross cell membranes, the concentration of the cell penetrating agent mt\fst. be rfloderated.
Although extensive toxicity studies have vnot been performed yet, initial etudies suggest that like
other cationic systems, they exhibit toxicity at high concentrations. When deciding to use a cell

penetrating agent in a drug delivery system, the concentration used must not impart a toxic

response in the host since drug delivery systems are not intended to be toxic. | |

1.19 Thesis goals'
The goal of this thesis is to explore in more detail the effects of the dendritic surface
functionalization on both the physical and biological properties of polymer vesicles. Vesicles

based on PBD-PEO and PCL-PEO are studied and the dendrons investigated possess three
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differént peripheral functionalities - neutral hydroxyls, cationig primary amines and finally
catioﬁic guanidines. Unfunctionalized polymer vesicles are used as a control group. The effects
of the dendrons on the release rates of molecules from th¢ vesicles is investigated using
rthodamine B as a model small molecule, while thodamine B labeled bovine serum albumin
| (BSA) was investigated as a model biomacromolecule. This provides iﬁsight into the effects of
the dendritic groups on the vesicle stébility. The cytotoxicities of vesicles functionalized with the
different dendritic groups are evaluated using the’ MTT assay. Fihally, the. effects of the
peripheral functiohalities 6f the dendritic groups on the internalization of the vesicles in HeLa

cells are investigated by fluorescence confocal laser scanning microscopy.
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Part Two: Results and Discussion
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2.1 Synthesis

2.1.1 Synthesis of Dendrons

To ’rest the effect of branched surface functionality on polymer vesicles, polyester
dendrons based of 2,2—bis(hydroxymethyl)propionic acid were selected because of their ease of
’synthes'rs/,5 ! hioeompatihility,27 and the 'fact that this dendron has heen' used in our previous
work.”® All of thevdendrons contained a focal peint alkyne greup designed to undergo a elick
reaction with an azide group of the vesicle periphery las in the group’s previous work. This
| dendron was vsynthesized by a divergent nrethod shown in Scheme 1, involving the reaction. of
alcehol groups on the dendron periphery‘ with an anhydride derivative of the monomer
containing acetonide protecting :greups onalcohols. At the third generation, the hydroxyl groups
on the periphery of dendron 1 were reacted with a B-alanine based anhydride (Scheme 2) to
produce a dendron (2) with primary amines on the periphery after deprotection of the Boc
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Scheme 1. D1vergent synthesis of a third generation polyester dendron.
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.Scheme 2. Functionalization of a third generation dendron from hydroxyl functionality to amine -

and guanidine functionality.

From the deproteeted amine dendron, . guanidin'e functionality was .irrstalled on the -
periphery 'by , reéction' klwith N,N’-bis(BOC)-6- guanidinylcaproic acid, O-benzotriazole-
,N N N N’-tetramethyluronium hexaﬂuerophosphate. (HBTU) and hyHroxybenzotriazole
‘(HOBt) The protected guamdme dendron was purified on a silica column by first we;shmg with
vethyl acetate and elution off the column w1th a 9:1 mixture of CH2C12 MeOH After removal of

the Boc protectmg group by freatment w1th 1 1 trrﬂuoroacetlc amd (TF A)/CH2C12 the guamdme

dendron 3 was obtalned

2.1.2 Synthesis of dye-labeled dendrons | i
To measure the degree of functionalization of ’prollymer vesicles, the third generation
dendron bearing peripheral amine functional groups was reacted with a rhodamine B derivative

to give a dendron (4) with one rhodamine B unit statistically as previously reportedf“ This

14
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dendron was used in previous work with polymer vesicles and would allow comparison between
differ.ent vesicle systems used in our vgroup. Additionally, the guanidine funcﬁonalized dendron §
was' prepared by first reacting with the Boc protected guanidine derivative in the presence of
HBTU HOBt and diisopropylethylamine (DIPEA), then removing the Boc groups by treatment
with 1/ 1 TFA/CH2C12 (Scheme 3). The extinction coefﬁments (e) for the dye labeled amine and
dye labeled guamdlne dendrons were determined by UV-visible spectroscopy in order to enable

the qua.ntiﬁcafion of their conjugation yields to the surfaees of vesicles.

NBOC
HBTU, HOBY, DIPEA, DMF -
2. TFAICH,Cly

Scheme 3. Synthesis of Rhodamine labeled guanidihe dendron.

2.1.3 Polymer Functionalization

Vesicles based on two different diblock copolymers were investigated in this work. One
"]polymer Was the amphiphilic linear diblock copolymer PBD-PEO with a composition of 6500
gg/mol PBD (80% 1,2-addition) and 3900 g/mol PEO, 6. Vesicles formed using closely related
polymers have been extensively in{/estigated and found to be highly stable and biocompatible.*?
A terrnina1 azide group was introduced to PBD-PEO by reaction of the terminal hydroxyl with
azidoacetic acid to provide PBD-PEO-N; (7).>* The terminal azide; which sheuld be presented

on the vesicle surface, allows for the conjugation of a dendron with an alkyne focal point by a

27




copper (I) catalyzed 3 +. 2 “cllck” cycloaddltlon The other polymers were PEO-PCL diblock
' copolymer 8, and the a21de functionalized PEO-PCL, 9, which were avallable from another

member of the group.”’
2.2 Vesicle Preparation 2

2.2.1 V{e;i_cl'é Formation

\‘/'esiclesA based on PBD-PEO were prepared using a thin film rehydration method.
Commermally avallable PBD PEO and azide-terminated PBD-PEO in a 4:1 mixture were
dissolved in CH2C12 A th1n film was obtained by removing the CH,Cl, under a stream of
nitrogen. Next, water was added and the resulting vesicle suspension was stirred Vigofously for
-. 0.5 hours to breek up the ’pobl.ymer film. The suspension was then sonicated and stirred overnight
at 40 “’C.w | Flnally, the vesicle 's"tlspenlsion was extruded at high pressllilre to reduee the sizes of the
’veswles After extrus1on through a 100 nm membrane, vesmles with diameter of approx1mate1y

: 160 nm, and Wlth azlde groups on thelr penphenes were obtamed Ves1c1es based on PEO PCL

~ with surface azide groups were prepared by the “solvent switch” method, as previously reported,

N

by a member of the group,as seen in Figure 7.2’
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Figure 7. Self-Assembly of 20% azide functionalized PBD-PEO and PEO-PCL vesicles.

2.2.2 Surface Functionalization of Vesicles with Dendritic Groups \

With the extruded vesicles in hand, different functionalized systems can be obtained by a
click reaction using the procedure illustrated in Figure 16. Naked PBD-PEO vesicles, 10, were
used as a control group for the PBD-PEO vesicle system as they do not have any surface
modification other than the terminal azide group. From vesicle sample 10, the surface was
modified to a neutral functionality by a reaction with 1 using click reaction conditions involving
CuCl2 and sodium ascorbate for 24 hours. The hydroxyl functionalized vesicles, 12, were
purified by dialysis in water. For cationic functionalized vesicles, vesicle sample 10 was mixed
with 2 under click conditions. After 24 hours, amine functionalized vesicles, 13, were purified

by dialysis in water. The same procedure was used to produce guanidine functionalized vesicles
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14. Another member of the group prepared vesicle sample 11 as previously reported.  From
vesicle sample 11, hydroxyl functionalized vesicles, 15, were obtained by reaction with the

hydroxyl functionalized dendron 1 under click conditions. The functionalized vesicles were

purified by dialysis in water.

Scheme 3. Surface functionalization of polymer vesicles via click reaction.

The Z-average diameter of vesicle sample 10 was 160 nm with a polydispersity index

(PDI) of 0.15, as shown in Figure 8. The bimodal size distribution indicates that there were two
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different populations within the sample, the first being approximately 60 nm in diameter and the
second being approximately 180 nm diameter. However, as the second population is three times
the size as the first, it is posSible that the second population is an aggregate of a few smaller

vesicles. °
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Figljre 8. Size distribution of QesiCIe sample 10 expressed as a volume fraction.
 The'Z-average diameter of vesicle sample 12 was 170 nm with a pdi of 0.17, as shown in
Figure 9. The bimodal distribution again indicates that there were 2 different populations within
the sémpié, the first being approximately 75 nm in diameter and the second being approximately
220 nm in diameter. Again, it is likely that the larger population is aggregates of individual
\?esiélésf The increased size of the vesicles and aggregates can be attributed to the addition of the
| dendrons, which may lead to a'thicker‘ Vesicle membrane.. Th¢ Z-éwerag’e diameter of vesicle
/‘sample 13 was 180 nm with -a PDI of 0.‘16, as s"één. in (Figure 10. Again, a bimodal sfze
distribution wés obtained, likely :&ue to aggregafidn, and the vesicles were larger than the

unfunctionalized vesicles. The Z-average diameter of vesicle sample 14 is 200 nm with PDI of
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0.24, as seen .in Figure 11. Unlike with previous samples, vesicle sample 14 did not have a
~ distinctively bimodal size distribution. However, the peak is not symmetric as there is a shoulder

around 95 nm indicating this was likely just due to the inability of the instrument to resolve the

two size populations.
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Figure 9, fSizé distribution of vesicle sample 12 expressed as a volume fraction.”
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Figure 10. Size distribution of vesicle sample 13 expressed as é.volur_ne fraction.
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| Figure 11. Size distribution of vesicle sample 14 expressed as a volume fraction.

inle Z-average diameter of veside sample 11 is 120 nm with a PDI of 0.08, asb shown in
Fig'(ure;’12‘. Unlike with the PBD-PEO sampleé, the peak is monomodal, indicating that a-single*-.
populatlon of partlcles exists in the sample Furthermore as the size dlstrlbutlon is monomodal,
the pdi is lower than those obtained for the functlonahzed vesicles derived from vesicle sample
. ‘ 10 The Z-average diameter of vesmle sample 15 is 140 nm with a pdi of 0.15, (Fléme 13). As
with vesmle sample 11 the size dlstnbutlon is monomodal indicating that a single populatlon
 exists within the sample. As seen 1ri~thé P-BD-PEO samples, the minor size increase is expected
| since _fqngﬁipnglizaﬁjon with the hydroxyl dendron \incrpases the Ithickpess of the vesicle
membrane. As we have‘,'reported, functionalization of vesicle sample 11 with the cationic
dendrons results in »‘s,_gmpleslthat form large aggregates.27 The aggregation is so extensive th_at the
vesicles are no longer dispgréiﬁle 1n water and precipitate out of solution even at an azide loading

below 20%. As a result, these samples were not tested further. -

33



e N N
(¥, o I
1 - - 3.

b2 )
= B
L

Volume Fraction

1 10 100 - 1000 10000

Hydrodynamic Diameter (nm) .. -

Figure 2. Size distribution of vesicle sample 11 expressed as a volume fraction.

| g -
i k 14 4
2]

‘ c
.2
8 10" -
: w T ,
; 3 | |
i g‘sj T,  ,~ ‘. \
( L ' .
. \
O NE 1] 3 N '
LA i e e 100 100 - . -1000 710000 .. 1

Hydrodynamic Diameter (nm)

-
!
|

Figure 3. Size distribution of v'ésé‘icle"s'grhﬁle 15 expressed as a volume fraction.
© 2.2.3 Quantification of Dendron Conjugation
n order to quantify the degree 6f dendron conjugation, click reactions were performed as
described above, but using the dye labeled déndrbns 4, and 5. Following the removal of the

 excess dendron by dialysis and then evaporation of the water, the materials resulting from each

i
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reaction were ‘dissolved in CHCl3:MeOH . (3:2), and. their UV-visible absorbances were
v meas'txred. Using the € of the dye labeted dendrons, which were previously measured, the yields
of the dendfon_ cohjugated to the_ Vesicle surfaces were then. calculated. The conjugation
efficiency of the two dendrons to vesmte sample 10 can be seen in Table 1 along w1th prev1ously
reported values for PEO PCL vesicles from our lab. It should be noted that although the
conljiu‘ga_tlon ytelds.were not measured for the dendron with hydroxyl groups on the perlphery due
to.the ‘chall}enges ass__ociated with preparir’lg a dyeflobeled dendron, the;t can be .inf_evrre'dto he

similar or slightly greater than those obtained with the amine functionalized dendron.

Table 1. Conjugation efficiency of amine and guanidine dendrons to the surface of polymer

. vesicles. .
| System ° PBD—PEO Vesicles | PEO-PCL Vesicles®’
‘Amine Dendron 48% ‘ . 58%
Guanidine Dendron - 37% ‘ o 41%

' The oonjugatioh yieldsrfor the vesicleo composed of different copolymers were similar.
As the poiymer forms'at bilayer structure, only half of the azide groups are diéployed on the
éxteﬁor of the vesicle surface. The theore‘tical‘ yield is around 50% as the dendron would not be
expected to readily diffuse through the vesicle membrane"hec.ause of its large size and cationic
;‘chairge'.” ‘However, as previously argued® the vesicle membrane is dynamic and individual
polymer strands may flip otieritation from the interior of the vesicle to the exterior of the vesicle.
. This chatacteristie of pOlymer‘veSicles would éllow'for;"yields' greater than 50%, which'are
reported for lower azide loadings. | Furthermore, the eonjugation of tlendron 5 has a lower yield

for both the PBD-PEO and PEO-PCL systems. This is expected as the guanidine dendron is
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larger than the amine dendron and sterics on the vesicle surface would inhibit conjugation of the

dendron.

. 2 3 Encapsulatlon and Release of Small Molecules and Protems

. The study of the encapsulatlon and release of molecules from the dendron functlonahzed
Vesicles is of 1nterest for several reasons._ F1rst, as destab1l1zat10n or dlsruptlon of vthe vesicles
vt'ouldi likely result in the releaseot:" encapsulated rnolecules, the release rates of these rnolecules
ma}; prot/ide lnsight into how the introduction‘ of ’ the‘different dendrons to the vesicles surfaces
- affeetsthe stability of the resulting vesicles. In addition, if these materials are to be used for drug
delivery.applications, it is imp‘ortant to gain insight into their release kinetics. In this work the
release of both small molecules and macromolecules was investigated. Small molecules might be
expected to diffuse across the vesicle membrane or be released upon uesicle' disruption. Thus the
release rate of small molecules would provide insight into vesicle stability as well as membrane
permeability. On the other hand, macromolecules would not be expected to readily diffuse across

the vesicle membrane and thus vesicles would likely have to be'disrupted to ‘release the
' \

‘molecules. -
2 3 1 Encapsulatlon and Release of Rhodamme B
To measure the rate of release of encapsulated small hydroph1llc molecules a ﬂuorescent
lrhodamme (B was chosen as a model compound It was selected as 1t is hlghly absorbant and
| ﬂuorescent thus enabllng ready detection of its release In order to encapsulate 1t veswles were
formed as above but ina rhodamme B solutlon the) click reactions were performed to mtroduce
the dendrons, the vesrcles were extruded, and ﬁnally the nonencapsulated rhodamme B was
rernoVed by .rapid Idlalysis usi_ngvaS'lide-a-lyzer d1a1ysrs cassette. InT order to determine Awhen the
nonencapsulated dye had eompletely diffusedacross the 'dialysrs rnembra}ne,‘ a control d1aly51s
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containing rhodamine B in'_the same concentration as used to form the vesicles was run at the
same time as the .vesicle solutions, and ‘Whenthe dye had left the cassette in the control group,
the release experiment began. PEO-PCL vesicles were prepared as above except rhodamine B
was dissolved in the water added to the copolymer during vesicle formation. The free thodamine
B was removed' as in the PBD-PEOV vesicle method. With the loadedv vesicles' in hand, the
dialysis water was replaced with 0.1 M phosphate buffer water containing 0.01M sodium azide at
376C. Every hour an aliquot was taken from the dialySate and its*ﬂuorescen‘ce was measured to

determine the extent of release.

The release of encapsulated rhodamlne B from vesrcle sample 10 can be seen 1n Flgure'
14 The data was ﬁt to a first order release model for a sphere w1th a polymerrc exterlorjwhere
percent release = M1 + Mz*(l exp( M3*t)) ln the eduatron M; corresponds to percent release at
trme zero Mz corresponds to maximum release M3 is dependent on dlffusrvrty of the dyel
through the polymer mernbrane and t is t1me in hours The ﬁrst order release model was found '
to best ﬁt the data in comparlson to other models and correSponds to encapsulated rhodamrne B
dlffusrng through the vesicle membrane The MI, M2 and M; values of the c\urve ﬁt can be seen
in Table along w1th R values and error. F or vesrcle sample 10, a value Vof -5. 4 was obtarned for
Ml, l'(:)O for M2 and 0.17 for M3. 'Furthermore the R value of the ﬁt is 0.95 indicating that there
lrs a good ﬁt to the release proﬁle Whrle none of the data pornts had a negatrve percent release
ivalue allowmg the M1 values be less than zero a better fit to the data could be obtalned Thrs
| could mdrcate that some nonencapsulated rhodamrne B was stlll.present within the dralysw
cassette at t = 0 For veswle sample 12 (Flgure 15), a ) value of -0. 057 was obtained for M, 85

~ for M, and 0.36 for M3. As well, the R value of the fit is 0.93 indicating that there is a good fit

to the release profile. The M; value is more than double the value obtained for vesicle sample 10
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suggesting that there is a change in the diffusivity of the dye. This suggests that the presence of
the dendritic groups may .destabili.ze the polymer bilayer to some extent, allowing the dye to |
' - more readily' diffuse across the vesicle membrane.” For vesicle_ sample 13 (Figure 16), a value of
2.3 Was obtained for My, ‘83 for M, and 0.45 for M;. As well, the R value of the fit is 0.94
indicating that there is a good fit to the release profile. In this case, the M; value is 0.45. This
suggests that the dendron on the surface alters the d1ffusw1ty of the dye through the membrane.
vFurthermore m; is larger than that of vesicle sample 12 which could be attributed to the positive
charge of the dendron periphery which leads to some add1t1onal .vesrcle destab111zat1on. For
“vesicle :sample 14 (Figure 17), a value of 0.74 was obtained for Ml, 96 for M, and 0.34 for M.
As well, _the R value of the fit is 0.94 indieating that there vis a good fit to the release profile. The
presence of the guanidine‘ functionality results in similar result as seen with vesicle sample 12
‘an}d vesicle sample 13 but the value for M3 is similar to t/eSicle sample 12 and not vesicle sample
13 iazhich disproves that the positive charge results in a greater diffusitlity as compared 'to neutral *
funetionality on the dendron periphery. Furthermore, it appears that the dendron architecture is
responsible for the change in release rate relative to the unfunctionalized \system and not the
"functronahty on the penphery of the dendron For ve51cle sample 11 (Flgure 18) | a Value of 6.9
‘4was obtamed for Ml, 86 for M, and 0 13 for M3 As Well the R Value of the ﬁt is O 94 ;
1nd1cat1ng that there isa strong ﬁt to the release proﬁle Interestlngly, the mathematlc model is
llthe same for both the PBD PEO systems and the PEO PCL systems and the Ml, M, and M3_

| values are 51m1lar to ves1cle sample 10 Th1s 1nd1cates that the hydrophoblc block composmon ;

o does not change the mechanism of release of encapsulated small molecules.
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Figlife 4. Release of encapsulated rhodamine B expressed as percent released from vesicle . .

~ sample 10. The data was fit to a first-order model. ~

Table 2. Coefficients of curve-fit from Kaleida Graph 4.0 for a first-order model.

Sa‘mple:a‘ﬁfE . | M, | M, M3 R value 7

16 — ; - T[54x43 (10043 T0.17%0.02 0.96

TR 20.057%5.1 85%5.1 036 £ 0.04 0.93
3 [23247 83247 | 046005 0.94

e 07448 9648 034%0.04 0.94

11 69546 84£5.7 03002 095
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Figure 5. Release of encapsulafed rhodamine B expressed as percent released from ‘vesicle

sample 12. The data was fit to a first-order model.
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Figure 6. Release of encapsulated rhodamine B expressed as percent released from vesicle

sample 13. The data was fit to a first-order model.
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" Figure 7. Release of encapsulated rhodamine B expressed as percent released from vesicle

'sample 14. The data was fit to a first-order model.
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| Figui'e, 8. Release of encapsulated rhodamine B expressed as percent released from vesicle

sample 11. The data was fit to a first-order model.
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2.3.2 Encabsulation and Release of Rhodamine labeled BSA -
o .' : To test the change in rate of release of encapsulated macromolecules, vesicles were
formed in the presence of a fluorescently labeled protein,"follo_wed’, by click reactions installing
different surface functionalities. :;Rhodamine B labeled BSA was Selected as a model] since it has
a.high‘solubility in water, high molecular wejght, and its fluorescence properties would easily
allow‘qﬁantiﬁcation of its release rate. A Vesicie solution was prepared as. above except with
' rhodamine B labeled BSA dissolved ih the water addéd to the thin film.. The vesicle solution was
) then extruded and nonencapsulated BSA was removed by dialysis. Again a control experiment
Was run in order to determirie the length of time required for the free protein to diffuse écr_oss the
: dialysis'membrahe. PEO-PCL vesicles with encapsulated pfotein-were‘ pfepéred by ,_,di‘ssolving
“the protein in th¢ ‘water that was added to the’dissolved copolymer duﬁng vesicle formation. The
non-encapsulated protein was removed in the same manner as for the PBD-PEO vesicles.

' With the broteiﬁ-ibaded_"v'.esic'lyes”iri hand, the dialysis wgte'; was replaced with 0.1 M
phésphate buffer water containing 0.01 M sodium azide at 37 °C. Each day the protein release
V&’v;as‘& evaluated by’ﬂudrescenéé méasﬁre‘:'mé‘nftsl.il; S BN _‘;:‘ :\

The';elease of c;ncapsulated protéin frém vesicle sample 10 can be seen in Fig;;e 19.
The ‘d_ata was fit to ‘a power-law model‘i.fqr a sphere with a pyqume.lfic :exte!riqr wherg percent
-}r,cleés‘e;'—f' M4 + Mﬁ*t,A,Mﬁ,"I?‘ the equation, M4 cprrcsponds to pgrceﬁfg ‘r‘eleasle at ti@e ze»roi, Ms is
‘dependen’ca on _th¢ diffusi.Qn rate Qf the’profeiﬁ out of the_veAsicle,v M is ghe difﬁxsiqn vcg‘efﬁcient
, anq tis 4ti'me in days._ Proteins are larger moquufle_sjand _Would have difficulty fi_iffusing through
thé hydrophobic region .Q,f the pélymer membfane which suggests a differenfg mechanism : Qf
;eleése for encapsulatgd proteins. The powe’f-lawﬁmodel corresponds to encapsulatg:d fhoglaminc
labeled BSA diffusing through terhporary pbres which form in the ‘vesicle membraner. :The
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protein still diffuses down its concentration gradient.‘ The Ms, M5 and M values of the curve fit
can be seen in Table 3 along with R values and error. ' This equation can only be used to model
the initial phaaevof the release; as t approaches oo, percent release would also approach co.
- However percent release cannot exceedi 100% and as a result, another mathematic model is
neededf to'\ deScribe release approaching 100%- release. This was not an issue in these
ex_periments‘ because none of the samples reached 100% release. As with small molecule release,
none of the data points had a negative percent release ualue however by allowing M be less than
zero, a étronger fit to the data could be obtained. For vesicle sample 10, a value of 2.8 was
obtained lbr Ms, 33 for Ms and 0.35 for Ms. lTurthermore the R value of the fit is 0.95,
1ndlcat1ng that there is a good fit to the release profile. For vesicle sample 12 (Figure 20) a
value of -0.63 was obtained for My, 52 for M5 and 0.24 for Mg. As well the R value of the fit i is
0.97 1ndlcat1ng that there is a good fit to the release proﬁle The M6 Value is less than the value
obtalned for vesicle sample 10 suggesting that there isa change in the diffusivity of the protein.
For vesicle sample 13 (Figure 21), a value of 0.70 was obtained for M4, 25 for M; and 0.44 for
Mg. As well, the R value of the fitis 0.97 indieating that there is a good fit to \he release proﬁle.
In this case, the Mg value is 0.44. This suggests that the dendron on the surface alters the
~ diffusivity of the dye through the membrane. Furthermore, Mg is larger than that of vesicle
sample 12, _Whivch could be attributed to the positive "charge of the dendron periphery that leads te
s}ome addrtlonal ve51cle destabrhzatlon For veswle sample 14 (Flgure 22) a Value of 4.0 was
obtamed for M4 22 for M; and 0. 48 for M6 As well, the R value of the fit is 0.95 indicating
that there _is a goocl fit to the release pr()ﬁle. The presence of the‘ guanldine fun‘ctivonality results in
avéirnilar reéultae (séén w1th ueéiele sample 13 suggeétingf the positlve eharge results ina greater

diffusivity as compared to neutralifunctionality on the dendron periphery. For vesicle sample 11
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(Figure 23), a Qaiﬁe of 2.9 was obtained fdf My, 33 for Ms and 0.34 for Ms. As.well, the R value
of the .ﬁt‘ is 6.96 inidicati'ng_'thét the'reris a strong fit to the release profile. Asiji‘th encapsulated

small molecules, the mathematic model is the same for bO'[il the PBD-PEO sysiems and the PEO- |

| PCL systems and the My, Ms and Mg values are sirﬁilar to vesicle sample 10. ;Th'is’ indicates that

the hydrophobic block composition.does not change the mechanism of release of encapsulated

proteins.
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Figure 99. Release of encapsulated thodamine labeled BSA expressed as percent released from

vesicle sample 10. The data was fit to a power-law model. -
f |

“Table 3. Coefficients of curve-fit from Kaleida Graph 4.0 for a power law model.

Sample # - My M; Mg R value
10 2.8+7.2 33+£7.6 0.35+0.07 0.95
12 -0.63+58 52+ 64 0.24 +0.04 0.97
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Figure 10. Release of encépsulated rhodamine labeled BSA expréssed as pércent released from

'vc’siclé éample 12. The data was fitto a poWer-law model.

- 45



1004
.

2

9 60+
[T

L

<

@ 40-
e

QO

o

4 6. 8 10 12 14 16
Time (Days).

Figui‘e 111. Release of encapsulated rhodamine labeled BSA expressed as percent released from
VéSicle Sdmple 13; The data was fit to a‘p:ower-llaw model.k

100 -

Percent Rel‘eése;

0 2 4 6 B8 10 12 14 16
Time (Days)

" Figure 12. Release of encapsulated rhodamine labeled BSA expressed as percent relcased from

§ vesicle sample 14. The data was fit to a power-law model.
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' 'F:’i‘gfure 13.  Release of encapsulated rthodamine labeled BSA expressed as percent released from

vesicle sample 11. The data was fit to a power-law model.

24Cell Viability =

......i. To assess the effect the polymer },vvesvi‘clke‘_s had on the viability of cells, the ’goxicvity, profile

of the different systems was measured using the MTT assay. HeLacells_‘,%vgzir‘c:sele_:cted as. a
: _ )

’ comghgnly ‘used cancer _céll line and the vesicles were evaluated at concentrations ranging from

0.0078 mg/mL to 1 mg/mL As shown in Figure 24, the toxic_ity profile for vesicle sample 10

indicates that the presence unfunctionalized polymer vesicles does . not affect. the metabolic

e}tctivity,\ of cells. The lack of toxicity makes vesicle sample 10 a good 'r;e‘fer\e'nce.point to compare

- the different surface functionalities for viability. . .~ -
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Figure 14. Toxicity profile of vesicle sample 10 as measured by the MTT assay. Error bars

represent 1standard deviation from the mean.

The toxicity profile for vesicle sample 12 is shown in Figure 25. The neutral hydroxyl
functionality does not impart a toxic response at any of the concentrations tested, as the cell
viability remains the same as that of control cells not exposed to vesicles. As shown in Figure 26,
the amine functionality on the vesicle surface of vesicle sample 13 begins to induce toxicity at
the highest concentrations tested, likely due to its cationic charge.52 The toxicity profile for
vesicle sample 14 is shown in Figure 27. At lower concentrations, the guanidine functionality
does not affect the metabolic activity of cells. At the highest concentration, metabolic activity is
below 60%. Its toxicity is greater than that of the amine functionality, indicating that cationic
charge is not the only factor resulting in the toxic effect. This result is consistent with previous
work since it has been reported that dendritic guanidine functionality imparts greater toxicity

than primary amine functionality. ’ Nevertheless, at low concentrations, the guanidine
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functionalized vesicles did not exhibit toxicity, indicating that they can still potentially be used to

transport molecules into living cells.

140

CL

Polymer Concentration (mg/mL)

Figure 15. Toxicity profile of vesicle sample 12 as measured by the MTT assay. Error bars

represent 1standard deviation from the mean.
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Figure 16. Toxicity profile vesicle sample 13 as measured by the MTT assay. Error bars

represent 1standard deviation from the mean.
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Figure 17. Toxicity profile of vesicle sample 14 as measured by the MTT assay. Error bars

represent 1 standard deviation from the mean.

The toxicity profile of the PEO-PCL systems 11 and 15 is shown in Figure 28. The
unfunctionalized vesicles 11 appear to be toxic as visibly lower viability values are observed
relative to the PBD-PEO system and to vesicle sample 15. While this trend is not expected since
PCL-PEO is generally considered to be biocompatible, it was obtained on repeated attempts at
this assay. There are many variables that could cause lower viability such as contamination in
the copolymer or residual organic solvent remaining after purification. Unlike vesicle sample
11, vesicle sample 15 follows a trend similar to its PBD-PEO counterpart except with some

toxicity observed at the highest concentration.
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Figure 18. Toxicity profile of vesicle sample 11 and vesicle sample 15 as measured by the MTT

assay. Error bars represent 1standard deviation from the mean.
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2.5 Cell Uptake

While it has been previously shown that nanoparticles that have been functionalized with
dendrons do enter cells,5l a comprehensive investigation has not been completed and the effects
of the dendritic groups on the cell uptake of PBD-PEO or PEO-PCL vesicles have not yet been
studied. To measure the cell internalization of the different systems, functionalized vesicle
systems were prepared as above except containing 1% rhodamine B functionalized copolymer to
allow visualization of the wvesicles using fluorescence microscopy. Furthermore, since
fluorescence is quantitative, this allows for the quantification of the amount of polymer within
the cells. HelLa cells were used in these studies and the cell uptake of the different vesicles was
examined both qualitatively and quantitatively following 1 hour incubations at 37 °C. The cell

nuclei were stained with DAPI.%4

As shown in Figure 29, after 1 hour incubation at 37 °C, in each case, the fluorescence
did not appear to be specifically located in the nuclei but rather throughout the cytoplasm. Its
somewhat punctate nature suggests that the polymers may be located within endosomal or
lysosomal compartments, but further staining experiments are required to confirm this. The
intensity of the fluorescence in the images corresponds to the amount of material in each since
the images were captured under the same conditions and the concentration of dye remained
constant throughout the experiment. While vesicle samples 10, 12 and 13 appear to have similar
intensity, vesicle sample 14 appears to contain more polymer material, likely due to the

guanidine group on the periphery since a similar result is not seen in vesicle sample 13.
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Figure 19. Confocal Microscope image of HelLa cells incubated with vesicle samples 10 (top
left), 12 (top right), 13 (bottom left) and 14 (bottom right) at a concentration of 0.25 mg/mL with

1% rhodamine B dye labeled polymer. DAPI is seen in blue and rhodamine in red.

To obtain a quantitative result, the captured images were analyzed in Imagepro to
measure the fluorescence intensities. The average relative intensity per cell for each sample can
be seen in Figure 30. Vesicle samples 10, 12, 13 and 14 did exhibit statistically significant
differences in fluorescent intensities as determined by a one way ANOVA test. However with
further analysis using Post Hoc Tukey’s Honestly Significant Difference (HSD) test and
Scheffe’s method, no significant difference was found between 10, 12 and 13. For Tukey’s

HSD, p-values obtained for vesicle samples 10 and 12, 10 and 13, and 12 and 13 were 0.53, 0.18
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and 0.89 respectively. For Scheffe’s method p-values of 0.61, 0.25 and 0.91 respectively were
obtained. In contrast, consistent with the visibly greater fluorescence in Figure 28, vesicle sample
14 did have significantly greater uptake confirmed by Tukey’s HSD and Scheffe’s method
because a p-value of less than 0.001 was obtained for each comparison. Thus, the presence of
guanidine functionalities does seem to specifically enhance cell uptake, a result that was not

obtained for vesicles functionalized with the dendron having cationic amine groups.

350000 -

Sample

Figure 20. Intensity analysis of vesicle samples 10, 12, 13 and 14. Error bars represent one

standard deviation from the mean.

The internalized vesicle samples 11 and 15 as seen in Figure 31, similar to PBD-PEO
vesicles at 37°C appear to be punctate throughout the cytoplasm of the cell. The PCL-PEO
systems had aggregation issues, larger aggregates not internalized by cells were excluded from

the counting algorithm as well as possible.
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Figure 21. Confocal Microscope image of HelLa cells incubated with vesicle samples 11 (left)
and 15 (right) at a concentration of 0.25 mg/mL with 1% rhodamine B dye labeled polymer.

DAPI is seen in blue and rhodamine in red.

As with the PBD-PEO samples, captured images of vesicle samples 11 and 15 were
analyzed using Imagepro. Interestingly, vesicle sample 11 did exhibit significantly increased cell
uptake relative to vesicle sample 15 (t-test, p < 0.005), as seen in Figure 32, this could be due to
aggregation issues of vesicle sample 15 since aggregated samples would be less likely to enter

cells because of their larger diameter.

55



140000 *

120000

100000

80000

60000

Relative Intensity

40000
20000

0

11 15
Sample

Figure 22. Intensity analysis of vesicle samples 11 and 15.
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Part Three: Conclusion
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3.1 Conclusion

- Polymer vesicles based on PBD-PEO and PCL-PEO were studied and denudrons‘

possessing three different peripheral functionalities - neutral hydroxyls, cationic prim}ary amines
and finally cationic guanidines were investigated. The conjugation efficiencies of the cationic

dendrons to the PBD-PEO vesicle surfaces were méasured and the efficiencies were found to be

similar to those of the previously reported reactions onto the surface of PEO-PCL  vesicles. |

Next, the effects of the dendrons on the release of encapsulated small molecules ‘from the
J .

“vesicles was investigated using free rhodamine B as a model small molecule. The presence of.

the dendron architecture is likely responsible for the increase in release rate since all three
functionalized systems had a similar rate increases. As well, the release rates.were measured for
cncapsulated proteins. Unlike with the encapsulated small molecule, the functionality of the
dendron does effect the release rate since the amine and guanidine both exhibiteci a quicker
release proﬁle. This suggests that the cationic chargc could destabilize the vesicle structure.
Néxt, the cytotoxicities of vesicles functionalized with the different dendritic groups were
evalliated using the MTT assay. Cationic functionalities, more evident in the g\tianidinc sample,

i

produced a toxic response at higher concentrations but not at lower concentrations. Finally, the

\

effects of the peripheral functionalities of the dendritic groups on the internalization of the
vesicles in HeLa cells was measured by ﬂuorcScence confocal laser scanning microsco;iy. It was
foiimd that the guanidine fuiictionalizcd vesicles resulted in increased internalization as compared
to the other dendrons and control groui). ' Thc images were analyzed using Imageprc software to

quantify the relative degree's of internalization. It was found that the guanidine sample was

~ statistically higher than the control group indicating that guanidine dendron does increase the cell
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uptake of vesicles. This suggests that these materials may be useful for the transport of cargo into

living cells.
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~ Part Four: Equfimental _
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4.1 Experimental

Chernicals were purchased from Sigma-Aldrich and were used :without further purification
unless otherwise noted. Dialyses were performed usmg Spectra/Por regenerated cellulose
membranes Wlth elther a 12000 14000 g/mol (Spectra/Por) or 3500 g/mol molecular we1ght
cutoff (MWCO) cassettes. UV-V1Slble absorptron spectroscopy was performed ona Vanan Cary
300 Bio UV Vlsrble Spectrophotometer Extmct1on coefﬁc1ents (a) of compounds were obtamed
from callbrauon curves based on the measurement of UV-V1s1ble absorbance versus
) concentratlon in CHC13/MeOH (3/2). Dynamrc light scattering (DLS) data were obtained usmg a
Zetasizer Nano ZS instrument from Malvern Instruments. Compounds 1-9 were prepared as

pre\}iously reported.2’***! Spectral data agreed with those previously reported.

4.2 Ceneral Procedure for the Preparation of ‘PEO-PBD Vesicles

Commerc1al block copolymer (4 equiv.) and az1de-term1nated polymer 7 (1 equiv.) were
dlssolved in CH2C12 The solvent was removed under a stream of mtrogen to produce a thm
ﬁlm ‘_Der_omz_ed (DI) uvater (ImL/10mg of polyrner) v:vas‘added and thej solu\tlonl was:surred for
0.5 hours at 45 °C. The solution was then sonicated for 0.5 hours and finally stirred for 24 hours
at 45 °C. The vesicles were extruded 2 times through each of 1000 nm, 400 nm, 200 nm and 100
nm polycarbonatememb'ranes at 45 °C using a pressure driven Lipex Thermobarrel Extruder
"5(1 SmL capacity, Northern Lipids) unless otherwise noted.
| : |

4.3 General Procedure for the Preparation of PEO-PCL Vesicles

The block copolymer 8 4 equrv) and 9 (l equlv) was d1ssolved in tetrahydrofuran (THF) (0. 5
mL). DI water (2 mL) was added dropw1se over 10 mm wrth v1gorous st1rr1ng After the

addit1on was complete, the resultmg nanoassembly suspension was stirred for 10 min. and then
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- dialyzed against 2 L of DI water, using a 12,000-14,000 MWCO dialysis membrane, changing

the dialysate approximately every 12 hours for 36 hours to remove THF.

. 4.4 General Procedure for Surl'ace Functionalization. of Vesicles

Vesicles were prepared as described above. ’l‘o the assemblies w'er.e} adde:dkéuClz"Zle'O: (0.40
equiv. relatlve to a21de termmated ‘polymer), sodlum ascorbate (4 O equ1v relatrve to az1de
termmated polymer), and dendron in sequence.and the reaction mlxture rzvas strrred at room
temperature for 18 hours and then d1a1yzed agamst dlstllled water for 24 hours usmg a 12000-

14000 MWCO d1aly51s membrane |

* 4.5 Quantification of Surface Dendritic Groups

Following dialysis of the dendron functionalized vesicles prepared as described above, the
samples were lyophlllzed in order to remove water and were then taken up in 2 mL of
| CHC13/methanol 3/2. The solutions were eentrrfuged at 4500 rpm for 4 hours to remove any
1nsoluble materral Flnally, the absorbance. Was measured at 563 nm. The degree of

functionalization was calculated using the measured € for the dye_—labeled dendrons 4 or 5.

S .

4.6 Encapsulation and Release of Small Molecules from Vesicles

’_l:unctionalized vesicles were. prepared as .described above, except rhod__amlne B (64mg) was
| dissolved in the;water used for vesicle formation. In addition, the vesicle solution was extruded
twice through only a 1000 nm polycarbonate membrane. After functionalization, different
~ vesicle solutions were diluted to a _concentration of li, mg/mL of polymer, and dialysis was

performed using a Slide-a-lyzer,’dialysis cassette¢ with a MWCO of 3500 g/mol.- A control

dialysis containing rhodamine B in the same concentration within the dialysis cassette was
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performed- at the same time as the vesicle solution. When the dye had left the cassette in the
contfol group, the release experiment was startedj(time = (). The water was replaced with 0.1 M
phosphate buffer water contaiﬁing 0.01 M sodiurn azide at 37 °C. Every hour, 1 mL of the buffer -
from outside of the cassette wa§ ‘taken and the volume was topped up to maintain a continuous
volume of 2 L. After 44'houfs, the individual vesiéle solutions were mixed with THF to disrupt -
the vesiclés'énd release the free dye. The THF was removed under reduced pressure and the
aqueou‘slsolutio‘n’ was returned to the dialysis casse&e and allowed to stir for 24 hours. 1 mL of
water fr(\'):n.li outSide was/takéh as a 100% release standard for ,each‘ trial. The ﬂuor¢scéhce
'intenéityk §f each sample {Jvas measured and compared té the 100% release sérﬁple to‘ot‘>\taink the“

percent release at a given time point.

4.7 Encapsulation and Release of Protein from Vesicles
Functionalized vesicles were prepared as described above except rhodamine B-labeled BSA

N

(30mg)» was dissolved in the water used for vesicle formation. In addition, _\:the vesicle solution
was extruded twice bnly thrdugh a 1000 nm polycarbonate membrane. Aftef functionalization,
.different vesicle solutions were diluted to a polymer concentration of 1 mg/mL and dialysis was
performed using a dialysis cassette with a MWCO of 300 ké/mol. A control experiment
containing free rhodamine B labeled BSA in the.séme concentration was per%ormed at the same
] 'time as the vesicle solutions. Wheﬁ the 4protein had left the cassette in the control groﬁp, the
release experimént Was started (time = 0). The water was replaced with 0.1 M phosphate buffer
water containing 0.01 M sodium azide at 37°C. The vesicle solution was removed from the
cas’sette’ and its fluorescence intensity was measured relative: toa coﬁtrpl of free rhodamine B

labeled protein in solution. Each day the fluorescence intensity of the vesicle solutions in the
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cassettes were taker‘l‘r'elative to the free rhodamine B.labeled protein solution, the volume of
water avas continuously maintained at 2L. After 15 .days, the individual vesicle solutions were
mixed with THF to disrupt the vesicles: and release the free protein. The THF was removed
under reduced pressure and the aqueoﬁs solution was returned to the dialysis cassette and
allowed to stir for 24 hours. The fluorescence' intensity of the aqueous samples were taken

relative to the free rhodamine B labeled protein solution to determine the complete release value.:

4 8 Procedure for MTT assay |

HeLa cells were cultured in Dulbecco’ s l\/lddlﬁed ﬁagle Medium (Inv1trogen) suphlemented w1th
10% fetal bovme serum (Inv1trogen) at 3‘7 °C in an atmosphere contammg 5% COz Viability
: \tlfas measured usmg an MTT assay.” Cells were seeded into a 96-well plate (Nunclon TC‘
treated) at a den51ty of 4xlO3 cells per Well in )growth medium with a final volume of 100 p.L.
The cells }we!re allowed‘to adhete for24 hodrsxand therl the mediuln was as;airated. To the cells,
polymer vesicle samples were added at concentrations ranging from 1.0 mg/mL to 0.0078 mg/ml
in 100 uh of growth tnedlum. 8 replicates were performed for each concentration and to control
. cells only growth medium was added. The cells were incubated for 48 hours\ The medla was
aspirated, then 100 pL of fresh media and 10 pL of MTT solution (Smg/mL) was, added to each
| well and incubated for another 4 hours. Media was aspirated and the formazan product was

solubilized by addition of 50 uL DMSO to each well. Absorbance of each well was measured at

540 nm using a plate reader (Tecan Safire).

4.9 Cell Uptake
HeLa cells were maintained at 37 °C and 5% CO, in Dulbecco’s Modified Eagle Medium

(Invitrogen) supplemented with 10% fetal bovine serum (Invitregen). Sterilized microscope glass
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cover slips (circular 25mm diameter) were piaced in the wells of a 6-well plate and 5 x 10° cells
were geeded onto each ’cover slip. The cells were allowed to adhere for 24 hours. The culture
medium was then aspirated and replaced with fresh serum-free medium containing control or
functionalized vesicles at a concentration of 0.25 mg/mL of polymer. The ¢Xpeﬁments were
completed in triplicate. The cells were incubated at 37 °C for 1 hour. They were then washed
‘three times with phosphate-buffered saline (PBS) then fixed with 4% paraformaldehyde solution
for 10 min. The cells were washed‘ again with PBS, aﬁd then treated with 2 mL of acetone at -20-
°C for' 5 minﬁtes. The cells were washed again With PBS and stained Wiﬂ1 DAPI following the
manufacturer’s directions. The cells were washed again with PBS and then were placed face
down onto microscope slides for confocal microscopy. Confocal images were obtained using a
confocal laser scanning microscoper (LSM 510, Carl Zeiss) using a 63x (N.A. % 1.4) oil

immersion objective and an excitation wavelength of 405 and 543 nm (He-Ne laser).
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