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ABSTRAcr

This thesis describes the preparation, cbaracterization and biological study of

block copolymer aggregates as drug delivery vehicles. A novel method is described for

the synthesis of biodegradable and biocompatible copolymers of polycaprolactone-b­

poly(ethylene oxide). The coPOlymers and their aggregates are then characterized with

special attention given to properties which are of MOst interest to applications in drug

delivery such as copolymer composition, thermal behavior, critical water content, critical

micelle concentration, partition coefficient of hydrophobic solubilizates, morphology of

the aggregates and in vitro biocompatibility. The polycaprolactone-b-poly(ethylene

oxide) copolymer micelles are first explored as a delivery vehicle for the neurotrophic

agents FK506 and L-65S,81S. The in \1itro delivery and biological 8Ctivity ofthe micelle­

incorporated drogs are confirmed in PC12 ccll cultures. The in vivo biological

distribution of the micelle-incorporated FK506 was assessed in Sprague Dawley rats both

6 and 24 hours following ÎDtravenous administration. Also, the biological activity of the

micelle-incorporated FKS06 was shown to he retained in vivo using the sciatic nerve

crush model ofperipheral neuropathy in Hanover Wistar rats. The question ofwhether or

not the cellular intemalization of the polycaprolactone-b-poly(ethylene oxide) micelles

proceeds by an endocytotic mechanism is addressed in PC12 ceU cultures. Finally, the

polycaprolactone-b-POly(ethylene oxide) miceUes are explored as a delivery vehicle for

dihydrotestosterone. We report on several of the physico-chemical characteristics of the

miceUe-incorporated dihydrotestosterone as weU as in vitro delivery in HeLa ceUs which

have been cotransfected with the MMTV-LUC reporter gene and the androgen receptor.
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RESUME

Cette thèse décrit la préparation, la caractérisation et l'étude biologique d'agrégats

de copolymères bloc: comme véhicules de relargage de médicaments. Une nouvelle

méthode de synthèse de copolymères plly(caprolactone)-b-poly(oxyde d'éthylène), qui

sont biodégradables et biocompatibles, est décrite. Les copolymères et leurs agrégats sont

ensuite caractérisés, avec une attention P81'ticulière accordée aux propriétés qui sont les

plus intéressantes dans le domaine de relargage des médicaments, par example la

composition du copolymère, son comportement thermique, la concentration critique en

eau, la concentration critique de micelles, le coefficient de partition des substances

hydrophiques, les morphologies, °et la biocompatibilité in vitro. Les micelles de

polycaprolactone-b-poly(oxyde d'éthylène) sont tout d'abord étudiées comme véhicules

de relargage d'agents neurotrophiques FKS06 et L-658,818. Le relargage in vitro et

l'activité biologique des médicaments incorporés dans les micelles sont confirmées sm

des cultures de cellules PC12. La distribution biologique in vivo de FKS06 incorporé dans

les micelles a été vérifiée sur des rats Sprague Dawley à la fois 6 heures et 24 heures

suivant une administration intraveineuse. Par ailleurs, on a montré que l'activité

biologique de FK506 incorporé dans les micelles est conservée in vivo en utilisant le

modèle d'écrasement du nerf sciatique dans la neuropathie périphérique chez des rats

Hanover Wistar. On discute aussi le problème de savoir si l'internalisation cellulaire des

micelles polycaprolactone-b-poly(oxyde d'éthylène) se passe par un mécanisme

endocytotique dans des cultures de cellules PC12. Finalement, les micelles PCL-b-PEO

sont explorées comme véhicule de relargage de dihydrotestosterone. Nous reportons

plusieurs caractéristiques physico-chimiques des micelles contenant de la

dihydrotestosterone, ainsi que le relargage in vitro dans des cellules HeLa qui ont été

cotransfectées avec le gène rapporteur MMTV-LUC et le récepteur androgène.
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Foreword

In accordance with Thesis Specifications of the "Guidelines for Thesis Preparation"

(Faculty ofGraduate Studies and Research, McGiIl University), the following text is cited:

"Candidates have the option of including, as part of the thesis, the text of

one or more papers submitted or to be submitted for publication, or the

clearly-duplicated text ofone or more published papers. These texts must

he bound as an integral part ofthe thesis.

If this option is chosen, eonnecting texts that provide logieal bridges

between the different papers a~e mandatory. The thesis must be written

in such a. way that it is more than a mere collection of manuscripts; in

ather words, reSults ofa series ofpapers must he integrated.

The thesis must still confonn to aIl other requirements of the "Guidelines

for Thesis Preparation". The thesis must include: A Table of Contents~ an

abstract in English. and French, an introduction which clearly states the

rationale and objectives of the study, a review of the literature, a final

conclusion and summary, and a thorough bibliography or reference liste

Additional material must be provided where appropriate (e.g. in

appendices) and in sufficient detail to allow clear and precise judgment

to he made of the importance and originality of the research reported in

the thesis.

In the case ofmanuscripts co-authored by the candidate and others, the

candidate is required to inake an explieit statement in -the thesis as to

who contributed to such work and to what extent. Supervisors must

attest to the accuracy of 8uch. statements at the doctoral oral defense.

Since the task ofthe examiners is made more difficult in these cases, it is

in the candidate's interest to make perfectly clear the responsibilities ofall

the authors of the co-authored papers."
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This dissertation is wriuen in the fonn of six original papers and two review

articles, each of which comprises one chapter, with general conclusions contained in the

final chapter. Following normal procedures, the papers and review articles have either

been published, submitted or will he submitted shortly for publication in scientific

joumals. A Ust of the papers and review articles contained within each chapter is given

helow:

Chapter 1, section 1.2: s.T.P. Plumna Sciences 1999,9, 139-151.

Chapter 2: Colloids and Sur/aces B: Biointerfaces 1999 accepted.

Chapter 3: Macromolecules 199730, 7143-7150

Chapter 4: to he submitted to Macromolecules

Chapter 5: Bioconjugale Chemistry 1998, 9,564-573.

Chapter 6: a longer version will he submitted

Chapter 7: Biochim;ca B;ophys;ca Acta; Biomembranes 1999 accepted.

Chapter 8: Journal ofControlledRelease 1999 accepted.

ContributioDs ofAuthon

AIl of the papers were co-authored by the research director Dr. Adi Eisenberg.

Also, several of the papers were co-authored by Dr. Dusica Maysinger as she supervised

and directed all of the pbarmacologÏcal studies. In Chapter 3, Dr. Jianxi Zhao is a co­

author as he performed much of the early experimental work. In Chapters 4 - 8, Dr.

Yisong Yu is a co-author as he synthesized all of the polycaprolactone-b-poly(ethylene

oxide) copolymer samples. Also, in Chapter 4 Dr. Yisong Yu is a co-author as he

performed the thermal analysis studies and determined the critical water content. Chapter

4 also includes Ms. Sachiko Chijiwa, an undergraduatc student working under the direct

supervision of the author. For Chapter 6, Dr. Jasenka Mrsic performed the biological

functional assay (sciatic nerve crush paradigm). For Chapter 8, Dr. D. Maysinger

performed the co-transfection of HeLa cells with the MMTV-LUC reporter gene and the

androgen receptor. Also, Chapter 8 includes Ms. Jeannie Han, an undergraduate student

working under the direct supervision of the author. Other than the aforementioned

contributions to the chapters, all of the work presented in this dissertation was perfonned

by the author.
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CBAPTERI

GENERAL INTRODUCTION

The overal1 goal of this thesis is the development and characterization of a novel

drug delivery vehiele for lipophilie agents. The delivery vehicle is formed from

amphiliphilie polycaplOlactone-b-POly(ethylene oxide) coPOlymers whieh self-assemble

to from aggregates containing a hydrophobie core that serves as cargo space for lipophilic

drugs.

At the time that these studies began, research spanning decades had been carried

out on the development of carriers to enhance the therapeutic efficacy of various drugs.

However, the ultimate goal of drug delivery research bas been to achieve site-specifie

delivery and since this dream bas not yet been fully realized there is still much research to

he done in this area. The introduction is divided into three sections, the tirst is a

discussion of the lOle and relevance ofdrug delivery vehicles today, the second describes

the delivery vehicles that have been based on copolymer materials while the third

summarizes the overall scope of the thesis as weil as a breakdown of the contents within

each chapter.

1.1. The Role and Releva.ce of Orug Oelivery Vebieles Today

The purpose of a drug delivery vehicle is to enable the full theraPeutic potential of a

drug to he maximally exploited while ensuring the safety of the patient [1-4].

Specifically, a drug delivery vehicle should fulfill some of the following roIes: (1)

provide controlled release so the drug is maintained at theraPeutically relevant levels for a
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prolonged period oflime, (2) reduce dmg induced systemic toxicity by targeting the drug

to a specific site, (3) decrease the amount of drug needed to reach therapeutically

effective levels by stabilizing the drug, optimizing its metabolism and/or preventing it's

rapid elimination, (4) overcoming the drogs transport limitations and the defense

mechanisms ofthe multi-drug resistance phenotype.

Role 1 and 2 are of great significance since they can potentially lead to a reduction in

health care costs while a1so providing a less invasive means of treating the patient. Most

importantly the advantages which accompany the use of drug delivery vehicles must

outweigh any potential risks. The drug delivery vehicle must he biologically inert

meaning: stable, non-toxic, biocompatible and non-immunogenic. The vehicle and its

components produced following biodegradation must not accumulate in the body, they

require a specific means of elimination. The creation of the ideal drug delivery vehicle

requires a finn understanding of both materials science and human physiology and

phannacology. In this way, the MOst successtùl design may require an interdisciplinary

approach, bringing together members ftom the biomedical field and the field of materials

science.

1.2. Delivery Vehicles Based OD CopolyJDer MateriaJs

Synthetic copolymer materials have been used as the essential building blocks of

drug carriers in the form of polymer-drug conjugates [5-14], block copolymer micelles

[15-37] and micro(nano)particles [38-66] (Figure 1.1). Copolymer materials are also

commonly used in the surface modification of micro(nano)particles in order to produce

sterically stabilized particles [62-64, 67]. The copolymer materials employed in these

preparations afford a degree of versatility which is difficult to attain with other synthetic

or natural homopolymers.

Copolymers are formed from two or more monomeric· units which, following

polymerization, are arranged in a specific manner depending on the type of copolymer

desired. Random, block, graft or various other configurations are possible (Figure 1.2)

[68]. The copolymer materials employed in the preparation of drug carriers are often

block copolymers, which consist ofa black or sequence ofone repeat unit coupled to a

2
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Drul Carrier

Copolymer-Drug
Conjugate

Block Copolymer
Micelle

Microsponge

Microsphere

Microcapsule

Diameter

5 -IOnm

10 - 100 nm

5 - 80 J.UIl

0.1 - 2000 J.UIl

1 - 2000 f.Ull

•
Figure 1.1: The basic architecture and size ofcopolymer drug
carriers (after OONBROW, M,. ed. Microcapsules and
Nanoparticles in Medicine and Pharmacy, CRe Press, 1992.)
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• black ofanother repeat unit [68]. Microspheres are also commonly formed from random

copolymers. The advantage to using black copolymers over random copolymer materials

is the much narrower total molecular weight and sequence distributions for black

copolymers [68, 69]. For some black copolymers, much hetter control May be exercised

Homopolymer AAAAAAAAAAAAA

RaDdom CopolyDler

Block Copolymer

ABAAABABBABBBA

Diblock

Triblack

Graft Copolymer
B
B
B
B

AAAAAABBBBBBBB

AAAABBBBBBAAAA

-A-A-AAAAAAAAAAA-A
~ ....~~......-...... - - - - - .
B

4

B
B

•

Figure 1.2: A schematic ofthe different polymers which can he
created depending on the number oftypes ofrepeat units;
homopolymer (one type), copolymer (two or more types).
Copolymers may he random, black or graft according to the
arrangement ofrepeat units (for more detaiIs see [ref. 68]).

over the copolymer properties due to the ionic polymerization techniques used to

synthesize the copolymer. For random copolymers, the condensation or free radical

polymerization techniques employed can often only afford broad molecular weight

distributions.

It is the presence of the second or third block, especially if one block is hydrophilic

while the other is hydrophobie, that broadens the range of properties of the polymer

which May he manipulated. The key properties of the copolymer are its block
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composition, molecular weight, molecular weight distribution, and copolymer ratio. The

versatility afforded by the use of black copolymers is largely due to the ease with which

the key properties of the material cm he controlled. The design of a vehicle for a

particular dnag requires a firm understanding of the properties of the copolymer which

will enable a dnag carrier with the desired characteristics to he created. Polymer-drug

conjugates, black copolymer micelles and micro(nano)particles can he tailor-made to suit

a particular application through careful manipulation of the properties of the copolymer

materials from which they are formed.

1.2.1. CopolyDler Properties IDflaeDcÎDI RatioDal Design

1.2.1.1. Po/ymer-drug Conjugales andMacromo/ecu/ar Conjugales

Polymer-drog conjugates and macromolecular conjugates are produced by the

covalent binding of a water-soluble polymer to a drug or protein molecule, respectively

[5-13]. The water-soluble polymers often used are copolymers such as N-(2­

hydroxypropyl)metbacrylamide (HPMA) containing oligopeptide side-ehains [5-8],

poly(styrene-co-maleic acid) [10], and poly(ethylene oxide-propylene oxide) [12,13].

Design of the copolymer drug conjugate requires that consideration he given to

severa! parameters such as the molecular weight of the polymer [12], the nature of the

covalent linkage between the dnJg and the copolymer [8-12], the number of drug

Molecules and targeting moieties linked to each polymer Molecule and the placement of

the individual polymer blacks within the polymer-drug conjugate [12].

The nature ofthe covalent linkage between the dmg and the copolymer is of prime

importance. The linkage should he stable within the bloodstream, but easily cleaved or

hydrolyzed once the conjugate bas rcached the target site. The attachment ofa copolymer

Molecule to the drug bas been round to eosure that endocytosis is the mechanism of

cellular uptake and, following cell entry, the polymer-drug conjugate ends up within the

lysosomal comparbnent [11]. Thus, site-specifie delivery is enhanced by the use of a

covalent bond between the drug and the polymer which is hydrolyzable within the

lysosomal compartment [11].

The use of the copolymer composed ofN-(2-hydroxypropyl)methacrylamide and

oligopeptide side-chains is espccially attractive as the dmg and targeting moieties cao he
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covalently linked ta amino acids within the side-cbains [5,8]. The amino 8Cid sequence

within the oligopeptide side-chain can vary, but is MOst often chosen to be a lysosomally

degradable sequence [8]. The importance ofa degradable linkage is clearly seen in work

involving HPMA conjugates of the anti-cancer drug, adriamyc~ where the use of a oon­

degradable linkage does not result in the visible presence (monitored by fluorescence) of

any adriamycin within the nucleus following a 24 hour incubation period witÎl HepG2

ceUs [5].

Jelinkova et al. found that the amino 8Cid sequence of the oligopeptide side~hain

cao influence the degree of intraceUular accumulation of anti-Thy 1.2-HPMA-DOX [8].

It was suggested that an increase in the hydrophobicity of the oligopeptide side~hain

enhances cellular uptake. This bas been seen by other groups also studying HPMA-drug

conjugates [9].

The properties of macromolecular conjugates composed of protein molecules

coupled to amphiphilic diblock copolymers such as poly(propylene oxide)-b­

poly(ethylene oxide) can vary dePending on which black the protein molecule is bound to

[12]. Topchieva reported that protein conjugates with the hydrophilic black placed oext

to the protein (protein-PEO-PPO) were able to translocate through the cell while

constructs with the hydrophobic black placed next to the protein (protein-PPO-PEO) were

unable to accomplish membrane translocation [12]. In this same study, only the protein­

PEO-PPO conjugates were able to translocate through the cell. The unmodified proteins

(BSA, CHT, and cytochrome c) and their PEO conjugates were unable to translocate

through the cell. This demonstrates the degree to which block copolymers with properly

placed blocks are able to alter the properties of the proteio. The thermal stability of the

protein bas also been found to he affected by the placement ofthe blocks within the block

copolymer ofthe conjugate [13].

1.2.1.2. Block Copolyme, MiceUes

Block copolymer micelles are formed from synthetic amphiphilic di- or tri- block

copolymers (Figure 1.3). In aqueous solution, the micellar aggregates consist of a

hydrophobie core surrounded by a hydrophilic shell or corona [25, 35]. The core of the

micelle acts as a microreservoir for the incorPOration ofhydrophobie drugs while the
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Fipre 1.3: An illustration of the three categories of block copolymer micelles
distinguished on the basis of the method of drug incorporation. "Micellar
microcontainers" include physically entrapped drug, '~lymeric drugs" are formed fro
copolymer-drug conjugates and "block ionomer complexes" contain charge bearing drugs
or molecules which interact with the core-Conning block via electrostatic interactions
[35].
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hydrophilic shell serves as an interface between the hydrophobic core of the micelle and

the extemal environment. Block copolymer micelles may a1so he formed from diblocks

which inelude a hydrophilic block and a eharged black. In this case, the charged block

interacts with a charge-bearing drug 10 form the neutral core-forming portion of the

micelle [31, 34]. In almost ail cases the hydrophilic shell - forming block bas been

poly(ethylene oxide) with a molecular weight which is usually between 1000 and 12 000

glmole but bas been up to 20 000 [27]. Also the length of the hydrophobic block is

usually less tban or equal to the length of the hydrophilic block [26]. Many polymers

have been tried as the hydrophobic or charged eore-forming block of the micelles (Table

1.1).

The nature and properties of the copolymer materia! which form the micelles

largely determine its success as a drug carrier for various drogs. The materia! properties

influence characteristics such as size, stability, loading capacity, release kineties and

more.

Size Block copolymer micelles are typically between 10-100 Dm in diameter [35]

(Table 1.2). The size of individual micelles is largely determined by the aggregation

number (Nagg) which is the number of single chains that aggregate to fonn a micelle.

The hydrophilicity and hydrophobicity of the copolymer and its molecular weight are

two factors which influence the aggregation nomber. Generatly, it bas been found

that copolymers with longer hydrophobie blocks have higher aggregation numbers and

those with longer hydrophilie blacks have lower aggregation numbers. It is a1so known

that the aggregation number for diblock eopolymers is larger than that of triblock

copolymers of identical molecular weight and composition [70]. The 10-100 nm size

range mentioned above is typical·of single primary micelles; however, often secondary

aggregates are present in solution [23,71]. The actual nature of these Iarger aggregates

remains to he determined. Winnik's group suggested that secondary aggregates of PS-h­

PEO May he either onion-like aggregates or clusters of individual single micelles [71].

Kataoka's group was in agreement with the latter suggestion to describe the secondary

aggregates they encountered with PBLA-b-PEO micelles [23, 30].

Morph%gy In MOst eases the shape of the micelles bas been spberical or near

spherical. However, Eisenhergs group bas recently developed methods for the
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Bloek CopolyDaen Drags
IDcorporated

polycaprolactone ·b- poly(ethylene oxide) [15,16] Indomethacin [15]
FK506 [16]
L-685·818 [16]

poly(N-isopropylacrylamide) .b- poly(ethylene
glycol) [17]

poly(gamma-benzyl-I-glutamte)-b-POly(ethylene clonazepam [18]
oxide) [18]

oligo(methyl methacrylate)-b-poly(acrylic acid) doxorubicin
[19] hydrochloride [19]

poly(aspartic acid)-b-poly(ethylene oxide) [20] lysozyme [20]
adriamycin [37]
cisplatin [24]

poly(ethylene oxide)-b-poly(propylene oxide)-b- doxorubicin [36]
poIy(ethylene oxide) (pluronics TU) [36] cisplatin [36]

poly(D,L-lactide)-b-methoxy poly(ethylene paclitaxel [22]
glycol) [22] testosterone [29]

poly(JJ-benzyl L aspartate)-b-poly(a-hydroxy doxorubicin [26]
ethylene oxide) [26]

poly(JJ-benzyl L aspartate)-b-poly(ethylene oxide) doxorubicin [30]
[30] indomethacin [23]

poly(L-lysine )-b-poly(ethylene glycol) [31,34] DNA [31,34]

polyspermine-b-poly(ethylene oxide) [35] oligonucleotide [35]

Table 1.1: List ofsevera! ofthe block copolymer materials which have been
used to form micellar deüvery systems and the drugs which have been

incorporated.
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preparation of block copolymer aggregates of various morphologies [72-74]. The wide

range ofmorphologies includes spheres, rods, vesicles, tubules, large compound micelles

and many more [72-74].

Stability The stability of micelles is highly dependent on their critical micelle

concentration, which is the minimum polymer concentration required for micelle

formation (Table 1.2). The lower the value of the cmc the greater the thennodynamic

stability of miceUes in dilute solution. Once the micelles have been diluted to a point

which is below the cmc, they will disassemble into single chains, if thennodynamics is

operative. The eljmination of copolymer materials will he facilitated by the eventual

disassembly of the micelle iota single chains and excretion by the kidney [35].

Elimination of single chains by this method requires that the molecular weight of the

block eopolymer he below the renal filtration limit [26]. Thus, the cmc ofthe micellar

drug delivery vehicle should he adjusted 50 that it he high enough to allow the carrier to

remain io the circulation for a certain period of time, but low enough to enable the

eventual disassembly ofthe mieeUar vehiele.

The nature of the copolymer, the black ratio and molecular weight are ail key

determinants of the critical micelle concentration. It bas been found that bath the

hydrophobie and hydrophilic blacks influence the emc, with the influence of the

hydrophobie block heing mueh stronger [75]. For bath diblock and triblock copolymer

micelles it bas been shown that an increase in the length of the hydrophobic segment wilI

result in a decrease in the cmc [75,76]. Block copolymers of poly(ethylene oxide)-b­

poly(propylene oxide)-b-poly(ethylene oxide) (pEO-PPO-PEO) with a constant PEO

block length showed a decrease in their cmc value as the PPO block length was increased.

In a similar study, the cmc was found to show a slight increase when the PEO block

length of the PEO-b-PPO-b-PEO copolymers was increased while maintaining a constant

PPO black length [76,77]. Al5O, when the PPO/PEO ratio is held constant, an increase in

the molecular weight ofthe wbole copolymer causes a decrease in the cmc [77].

It bas been found that the cmc of triblock copolymers is typically higher than that

ofdiblock copolymers with the same block copolymer molecular \veight and composition

[70]. The higher cmc found for triblock copolymers is said to he due to the energy

10
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Size (diameter)

CMC

Hydropllilie .heU
PEO molecular weight

Hydrophobie core
drug loading capacity

Bloek Copolyaaer

PBLA-b-PEO [23, 30]

PLA-b-PEO [29]
PLA:PEO 1.5:2
PLA:PEO 2:5

PLL-b-PEO [3 1]

PEO-b-PPO-h-PEO

PBLA-b-PEO [23] PLA­
b-PEO [29] PBLG-b­
PEO[27]

PBLG:PEO 1:1
PBLG:PEO 1:3

PEO-b-PPo-b-PEO [33]

PLA-b-PEO [29]
PDLLA-b-PEO [28]
PLA-b-PEO [29]
PBLA-b-PEO [23]

PBLA-b-PEO [23]
PBLA-h-PEO [30]
Dox-PBLA-b-PEO [32]
PLA-h-PEO [29]

PLA:PEO 1.5:2
PLA:PEO 2:5
PLA:PEO 1.5:2
PLA:PEO 2:5

PBLG-b-PEO [27]
PBLG:PEO 1:1
PBLG:PEO 1:3

PDLLA-h-PEO [28]

Values

10 micelles 19 nm [23, 30]
20 aggregates 115 nm [23]

19.8 nm [29]
25.3 nm [29]

10 complex (with DNA) 48.5 nm [31]
20 complex(with DNA) 140 nm [31]
14.6 nm [33, 36]

18 IJ8I'mL [23]
35 J,lgImL [29]

1.5 J!8/mL [27]
2.0 JlWmL [27]
0.03 % w/v [33]

2000 [29]
2000 [28]
5000[29]
12000 [23]

Indomethacin 20.4-22.1 % w/w [23]
doxorubicin 12 % w/w [30]
doxorubicin 16% w/w [32]
testosterone .74 %w/w [29]
testosterone .34 %w/w [29]
sudan black B 63.9 %w/w [29]
sudan black B 59 %w/w [29]

clonazepam 48.2 (mol %) [27]
clonazepam 24.7 (mol %) [27]
paclitaxel 50 mg/mL [28]

•
Table 1.2: Several ofthe perfonnance dependent parameters ofblock copolymer micelle delivery
systems and a few examples ofeach.
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contribution required to fold the middle hydrophobie black in order to keep the two

hydrophilic end blacks out ofthe micelle core [70].

The rate of single chain exchange between micelles depends on the glass

transition temperature of the core-forming black [23]. For a black such as polystyrene

the rate of exchange would he very slow at room temperature since the core would he in a

frozen g1assy state [25,78,79].

Drug Loading Capacity Drug incorporation into black copolymer micelles

can proceed via physical entrapment, covalent conjugation or ionic interaction an~

dePel1ding on the type of incorporation, the micelles may he referred to as micellar

microcontainers, polymerie drugs or block ionomer complexes, respectively [35].

The degree of non-covalent incorporation or physical entrapment of a

hydrophobie drug iota a micelle is detennined by the partition coefficient of the drug

between the micellar core and the surrounding aqueous medium. Severa! studies have

been performed involving the measurement of the partition coefficient of various

compounds between micellar cores and an aqueous medium [80-82]. Overall, it bas been

found tbat the greatest degree of solubilization will he achieved when the environment

within the micelle core is highly compatible with the solubilizate [83,84]. This highlights

the importance of the compatibility between the hydrophobic core-fonning black and the

drug ta he incorporated. It is the hydrophobic interaction between the hydrophobic block

and the drug which enhances incorporation [28]. For this reason, an increase in the

hydrophobic block content within the coPOlymer bas heen commonly found to increase

incorporation [29]. Hurter and Hatton found that the partitioning of hydrophobic

solubilizates into poly(ethylene oxide-b-propylene oxide) micelles increased with both an

increase in the poly(propylene oxide) content of the copolymer and its molecular weight

[85].

For micelles with hydrophobic cores, the incorPOration efficiency is a1so increased

as the hydrophobicity of the drog is increased. Hagan et al. compared the loading

capacity of PLA-PEG (1.5:2) micelles for testosterone (log P = 3.35) and Sudan Black

(log P = 7.6) which differ in their degree ofhydrophobicity (measured by the log P value

which is the octanol : water partition coefficient). They found that the amount of drug
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incorporated (w/w) was greatest for the most hydrophobie compoun~ Sudan Black,

63.9OA., while the amount for Testosterone was only 0.74% [29].

Covalent incorporation of hydrophobic drugs requires a covalent bond between

the hydrophobic black ofthe copolymer and the drog to be incorporated. In this way, the

core of the micelle is formed by the hydrophobie black-drug eonjugate. In sorne cases

incorporation of the hydrophobie drug bas been both covalent and non-covalent.

Yokoyama et al. found that the physical entrapment of adriamycin into poIy(ethylene

glycol-b-poly(aspartie acid) with ehemically conjugated adriamycin was most efficient

for the micelles with the greatest amount of chemically conjugated adriamyein. Thus, in

this case, physical entrapment is enhanced when the drog is a1so chemically conjugated

to the core-forming black [21]. In these studies, poly(ethylene giycol-b-poIy(aspartic

acid) micelles containing only the chemical1y eonjugated drug were found ta have no

anti-tumor activity. This lowactivity of the ehemically conjugated drug is most often

found to be attributed to the slow release of the Cree drug from the block copolymer [21].

When a charged drug or Molecule is to he incorporated inta the micelle it is

necessary 10 use a black eopolymer with a hydrophilic block and a eharged block of

opposite charge with respect ta the drug to he incorporated. Diblock copolymers with a

poly(ethylene oxide) black and a polyeationic black such as polyspermine, or poly(L­

lysine) have been compIexed with DNA to form polyion miceUar aggregates [31,34,35].

For instance, diblock copolymer micelles fonned from poly(ethylene oxide)ab­

pllyspermine have been shown to form complexes with DNA [35]. The polyspermine

block is cationic and interacts with the negatively charged phosphate groups of the DNA,

to form a hydrophobic complexe The core of the micelles include polyspennine, the core

forming black, complexed to DNA and the poly(ethylene oxide) blacks form the

hydrophilic shell at the surface of the micelles [35]. Kabanov et al. [35] studied the

enzyme degradation of a 19-mer oligonucleotide when both free and when incorporated

into micelles of poly(etbylene oxide)-b-polyspermine in serum al 37°C. The

incorporation of the 19-mer into the black copolymer micelle was found ta greatly

increase its stability against enzymatic digestion. An increased stability of DNA ta

nuclease attack when incorporated in rniceUar aggregates was reported by Katayose et al.

[31, 34] for salmon testes DNA or Col El plasmid DNA complexed within poly(ethylene
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glycol)-b-poly(L-lysine) micelles. In this study it was found that the degree to which the

DNA complexed within the block copolymer aggregates was protected from DNase 1

digestion dePended on the length of the poly(L-lysine) core-fonning block [34]. An

increase in the length of the poly(L-lysine) black increased the extent to which the DNA

was protected [34].

Release Kinetics The release profile of a physically entrapped drug from block

copolymer micelles bas been largely found to be a function of the strength of the

interactions between the drug and the micelle core. Conditions which may somehow

weaken the hydrophobie-hydrophobie interaction between the drug and the micelle core

will accelerate the release rate. La et al. found the release of indomethacin (lMC) from

poly(ethylene oxide)-poly(P-benzyl L-aspartate) micelles was gready enhanced when the

pH of the extemal medium was altered from 1.2 to 7.4 al 370C [23]. At pH 1.2 the

carboxylie 8Cid groups (pKa of IMC is 4.5) are not ionized, but wben the pH is increased

to 7.4, these groups are ionized; this weakens the interaction between IMC and the

poly(B-benzyl L-aspartate) core [23].

The rate ofrelease is also controlled by the state ofthe micelle core, depending on

whether it is solid or liquid like in nature [30]. The state of the core, as mentioned

previously, is largely determined by the glass transition temPerature of the core fonning

black.

1.2.1.3. Mkro(III111o)ptUticles

Micro(nano)particles May he divided into two groups: microspheres and

microcapsules [57,58,66]. Microspheres contain drug in solution or solid form dispersed

within a polymer matrix while microcapsules contain concentrated drug within the core

which is surrounded by a polymeric shell (Figure 1.4) [57,58].

Several different copolymers have been tried as materials to produce micro or

nanoparticles (Table 1.3); ofthese, the MOst common bas been poly(lactide-co-glycolide)

[57,58]. Many groups have explored the way in which the key properties of the

copolymer affect severa! of the camer's perfonnance dePendant parameters, such as size,

shape, polydispersity, surface properties, drug loading capacity, drug release profile and

rate ofbiodegradation of the vehicle [44-50, 53-55, 61, 65].

14



•
NOD-eovaient
Incorporation

*** 1

Covalent
Incorporation

* Hydrophilie drug or
Amphiphilie drug or
Hydrophobie drug

microcapsule microsphere
4 ..

0.1-2000 ~M

PEO-b-Hydrophobic block
ex. PEO-b-PPO

Sterically
stabilized
microparticles

•
Figure 1.4: An illustration ofthe two main categories ofmicroparticles,
namely, microspheres and mieroeapsules. Also, an example, ofsurface
modification ofthe mieropartiele, with a block copolymer containing

a poly(ethylene oxide) black, to produce sterically stabilized particles.
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Size. Morph%gy and Po/ydispersity The size range of microparticles which have

been produced is quite broad, ranging from approximately O.IJlm to up to 2 mm [57]. The

copolymer composition, copolymer ratio and molecular weight are primary detennioants

of the size of microparticles produced. Generally, an increase in the molecular weight of

black copolymers with the same copolymer composition will result in an increase in the

size ofmicroparticles [53,65]. Wang et al. found the size of pllyOactic-co-glycolic acid)

(pLGA) microspheres (LA/GA 75/25) increased from 27.6 J,lM to 38.7 f.lM when the

molecular weight of the copolymer was increased from 5 000 to 20000[53]. A change in

copolymer ratio while maintainüig a constant molecular weight also affects the particle

size, for instance PLGA microspheres with a 75/25 LA/GA ratio had a diameter of

30.1 JlM, whiIe microspheres with a 50/50 LA/GA ratio had a diameter of 43.2 f.lM [53J.
To date, the microparticles produced have ail been spherical or near-spherical in

shape.

Surjàce Properties Several of the key surface properties for microspheres are.charge,

porosity and degree of hydrophilicity 1 hydrophobicity. Two of the determinants of

surface porosity have been round to he the molecular weight of the copolymer and the

copolymer ratio [53]. In a study involving PLGA microspheres the number ofmicropores

was found to increase with bath an increase in molecular weight aod LA content [53].

The increase in the number of micropores with increased LA content was attributed to a

difference in the rate ofprecipitation ofLA compared to GA during the preparation of the

microparticles: LA precipitates raster than GA.

The presence of poly(ethylene oxide) at the surface of microparticles provides a

means of increasing surface hydrophilicity and produces a steric barrier which will inhibit

interaction with various biological components. The PEO at the surfaee of the

microparticles acts as a steric stabilizer providing a barrier which acts to discourage

surface adhesion or interaction with various biological components. Proteins will often

adsorb to the surface of a material within only the first few minutes of ils exposure,

especially if the material is charged or hydrophobie [86,88]. The binding ofa protein to

a surface is an energetically favorable process owing to the increase in entropy which

accompanies adsorption. Protein adsorption cao cause damage or lysis of the vehicle,

inducing leakage of the drug entrapped within the carrier; this makes it near impossible to
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predict the release profile of the drog from the carrier. Surface adsorption of opsonins

will enbance RES clearance of the vehicle from the system preventing the carrier from

fulfilljug its role. The presence of long flexible polyethylene oxide chains at the surface

of the vehicle will sterically stabilize the vehicle by creating entropic and osmotic forces

which outweigh the protein - surface attractive forces such as van der Waals or

hydrophobic interactions [87,88].

Microparticles which PEO present at their surface have been found to have an

extended circulatory half-life and a reduced liver uptake when administered intravenously

[65,67]. The increase in circulation time owing 10 the inhibition ofRES

uptake bas been found to he largely dependant on the surface density ofPEO chains [54,
62,65].

There are two primary metbods by which PEO may he introduced at the surface of

mieroparticles; one involves using PEO containing materials to produce the

mieropartieles and the other requires the surface modification of the microparticles with

PEO containing conjugates (Table 1.4).

Surface modification of microparticles employs, poly(ethylene oxide) (PEO)

conjugates, whieh are most commonly either triblock copolymers of polypropylene-b­

poly(ethylene oxide)-b-polypropylene oxide (pPO-PEO-I;'PO) or diblock copolymers

such as PPO-PEO. These conjugates are grafted to the surface of microspheres or

adsorbed via hydrophobie interaction between the microsphere surface and the

hydrophobic block(s) of the conjugate.

Many studies have revealed that the surface density of PEO is the factor which

determines the degree to which the microparticles are sterically stabilized by surface

modification. Flocculation tests are often used to study the stability of particles which

bave been surface modified by PEO-conjugates [38]. This type of study includes the

measurement of the salt concentration or temperature required to induce flocculation of

the particles. The greater the degree of steric stabilization of the particles the more they

are resistant to the addition of a salt solution or to a temperature change. Flocculation

tests were canied out by Coombes et al. [38] on PLG (poly-OL-Iactide-co-glycolide)

microparticles sterically stabilized by PEG-dextran conjugates containing various degrees

of substitution of PEG within the conjugate. In this study the concentration of sodium

chloride required to induce tlocculation was found to he O.OIM, lM, and 4M for PLG
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poly(sebacic acid-co-l,3-bis(p- -
carboxyphenoxy)propane) [60]

poly(b-hydroxybutyrate-hydroxyvalerate) bovine serum albumin [45]
[45]
poly(lactide-co-glycolide) [46, 49] phosphorylcholine [46]

cisplatin [49]

poly(D,L-lactic-e:o-glycolic acid)-b- Iidocaine [61]
polyethylene glycol [61] prednisolone [61]

poly(methyl methacrylate-acrylic acid) [47] a-amylase [47]

poly(acrylamide-e:o-acrylic acid) [48] -
poly(fumaric-co.sebacic anhydride) [50] dicumarol [50]

poly(laetic acid)-b-polyethylene glycol-b- bovine serum albumin [59]
poly(lactic acid) [59]
poly(lactic acid)-CO-POly(ethylene glycol) tetanus toxoid [64]
[62,64]
poly(D,L-lactide-co-glycolide)-b- aSA [59]
poly(ethylene glycol)-b- poly(D,L-lactide-
co.glycolide) [SI, 59]

poly(sebacic acid)-b-POlyethylene glycol Iidocaine [61]
[61]
poly(vinyl aicohol}-b"'POlyethylene glycol lidocaine [61]
[61]

poly(~...caprolactone)-b-polyethylene glycol Iidocaine [61]
[61] prednisolone [61]

poly(D,L-lactide)-co-POly-e-caprolactone 17 heta estradiol [52]
[52] progesterone [52]

Table 1.3: List ofseveral of the coPOlymer materials which have been used to farm micro
or nanoparticles and drugs which have been incorporated.
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• Me"'od 01Steric StabUizatiOD
01 Mieroparticles

1. PEO cODtaÎDÎDI copolymer PLA-b-PEO
ased to lorm [62, 65]
particles

Poly{MePEGC
A-co-HDCA)
[41]

z. Surlace adlaesioD of PEo­
CODjUpte

CommeDts

-PLA-PEO particles circulate for severa!
hours while PLA particles modified by
surface adhesion of surfactants cleared
by RES in minutes [62]
-PLA-PEO particles were phagocytized 9
times less than particles made from PLA
alone [65].

-the cytotoxicity of the peglyated
nanoparticles towards mouse peritoneal
macrophages was reduced and the
presence of PEO improved the
degradablity of poly(hexadecyl
eyanoacrylate) [41]

PEOmoLwt

% substitutioD
(e.g. PEO-Dextran)

eopolynaer ratio

2000 [62]
SOOO [38]
12000[61]

1.2% -9010 [38] -conjugate with highest degree of PEO
substitution was able to stabilize
mieroparticles the MOst [38].

PEOn-b-PPOm- -the longer PPO block (m=67) prevented
b-PEOn in vitro attachment to Kuppfer cells to a
- n =98, m = 39 or greater extent than copolymer with

m = 67 [40] shorter PPO (m=39) [40]

dibloek vs. triblock PEO-b-PPO
PEO-h-PPO-b­
PEO r391

-triblock able to stabilize particles more
than diblock [39]

•
Table 1.4: The two primary methods employed for the sterie stabilization of
mieroparticles. The tirst method requires the use of block copolymers containing a PEO
block, the second method involves surface modification of the microparticle with PEO
eontaining conjugates.
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microparticles which were not modified or surface modified with PEG-dextran

conjugates containing 1.2 % or 9 % PEG, respectively. The surface adhesion ofthe PEG­

dextran conjugate containing the highest substitution of PEG most likely produces

particles with a higher surface density ofPEG on the surface ofthe microparticles. Also,

Coombes et al. [39] found that a 2M and 4M concentration of NaCI were needed to

tlocculate PLO microspheres which were surface modified with PEO-b-PPO ( 5:1) or

PEO-b-PPO-b-PEO (7()oA. PEO content) respectively. The greater degree of stenc

stabilization achieved by surface modification with the triblock is said to he due to the

higher surface density ofPEO which results through use of the triblock copolymer.

However, microparticles formed from biodegradable polymers (e.g. PLA, PLGA)

which are surface modified by PEO containing surfactants have been found to he less

resistant to RES uptake than microparticles fonned from diblock copolymers containing

PEO [62]. Microparticles formed from PLA-b-PEO were found to circulate for severa!

hours in the bloodstream while PLA microparticles surface modified with a PEO

containing copolymer were taken up by the RES within minutes [62]. The reduced

stability of the microparticles modified by surface adhesion May he due to the desorption

ofthe surface adsorbed coPOlymers in vivo [65]. For this reason it may he more favorable

to limit surface modification of microparticles to chemical conjugation ofPEO containing

copolymers rather than surface adhesion [65]. However, this introduces another step into

microparticle production which is otherwise unnecessary if block copolymers containing

PEO are used as the materials ta form the particles.

Drug Loading Capacity Microparticles are quite versatile in that they are able to act

as canters for drugs with a wide range of physico-chemical properties [57,58].

Microparticle carriers have been designed for hydrophobie, hydrophilic and charge­

bearing drugs. There are two primary tyPes of incorporation; non-covalent or physical

entrapment and covalent incorporation. Non-covalent incorporation involves no covalent

interaction between the drug and the copolymer material, while for covalent incorporation

the drug is covalently linked to the copolymer [58].

The molecular weight of the copolymer as weil as the copolymer ratio influence

the loading capacity of the microparticle. However, there appears to he no trend that is
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evident in tenns of changes in the molecular weight of the eopolymer or the eopolymer

composition and the effect on the loading capacity. Wang et al. found that for

microparticles formed from polyOactic-co-glycolic acid) with a copolymer ratio of 75/25

(LA/GA) and increasing the molecular weight from 5000 to ooסס1 or 20 000 the drug

trapping effieieney oftaxol was 84.4%, 95.5% and 82.7% respeetively [53]. In the same

study wben the molecular weight of the copolymer was held at 10 000 and the eopolymer

ratio was 100/0, 75/25, 50/50 (LA/GA) the drug trapping effieieney was 28.6, 95.5, and

86.6% respectively [53]. In addition, Le<:orre et al. found that PLGA mierospheres with a

constant eopolymer ratio of 50:50 LA/GA and a molecular weight of 9000 or 12000 had

approxjmately the same encapsulation effieieney for etidocaine; 96.4% and 95.4%

respectively [55]. In the same study a large difference was seen for the trapping

effieiency of local anaesthetics which have a more hydrophilie (mepivacaine, Iidocaine)

eharaeter versus those that are more hydrophobie (bupivacaïne, etidocaine). The 9000

mol. wt. PLGA polymer with a 50:50 LA/GA had drug trapping effieieneies of 96.4 and

96% for etidocaine and bupivacaine while for mepivacaine and lidocaine the trapping

efficieneies were ooly 19.6% and 54.8% respectively [55].

Drug Release Profile In many cases, the release of hydrophobic drugs from

microparticles bas been found to he strongly eorrelated with the rate of erosion of the

matrix material [53,89]. For hydrophilic drugs the release has been found to he largely by

simple diftùsion and erosion of the matrix [53]. The rate of erosion is largely related to

bath the copolymer composition and molecular weight. An increase in the overall

hydrophilieity of the copolymer will increase the rate of erosion and, in tum, increase the

release rate. Thus, an inerease in the copolymer ratio in favor of the most hydrophilic

block, such as GA in the case of PLGA will inerease the release rate of hydrophobie

drugs [53]. This is clearly seen in a study by Chiba et al. on poly(TMA-Tyr:SA:CPP)

mierospheres where an increase in the length of either the TMA-Tyr or SA hydrophilic

polymer blacks caused an increase in the release rate of aSA, while an increase in the

length of the hydrophobic black CPP decreased the rate of release [44]. In this case they

found that the protein release could he extended from a few days to a month by simply

changing the black ratio ofthe copolymer [44].
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Perrachia et al. reœndy produced nanoparticles from multiblock copolymers in

whieh the block copolymers were eomposed of a hydrophobie black such as poly(&­

caprolactone), poly(L-lactic acid) or poly(sebacie acid) eoupled to one black or

multiblocks of polyethylene glycol (e.g. R-b-PEG, R-(pEG»); R= hydrophobie black)

[61]. They found that while the dnJg is eontained within the hydrophobie core of the

nanopartiele, an inerease in the PEG block length from Sooo to 20 000 decreased the

release rate ofthe drug.

The molecular weight of the whole copolymer will also affect the release rate of

the drug from the micropartîcle. During mieropartiele preparation, the eopolymers with

a bigher molecular weight will precipitate at a faster rate, often resulting in an inereased

degree of surface porosity [53, 55]. The increased porosity at the surface of the

microsphere will enhance the release ofhydrophobic drug molecules whieh are present in

the microsphere matrix as a ''particulate dispersionn [53, 55]. However, the inereased

degree of porosity will not enhanee the release of hydrophilic drugs, as they are present

within the microsphere in a "moleculardisPerSion" [55].

Rate ofBiodegradation The physical properties of polymers can largely detennine

their rate of biodegradation. The glass transition temperature (Tg) and the metting

temperature (Tm), if it is crystalline, are two important parameters affecting a polymer's

biodegradability [68]. Below its glass transition temperature, a polymer is g1assy, above

this temperature it is rubberlike and above its melting temperature (if it is crystalline) it

becomes a viscous liquid [68]. The Tg and Tm values determine the permeability and

chain mobility of the polymer at a specifie temperature. The ehain mobility and

penneability will then, in tum, affect the rate of biodegradation by controlling water

access to hydrolytically unstable bonds [90]. The Tg and Tm of a polymer are highly

dependent on their molecular weight. Thus, the nature of the individual blocks in a

copolymer, as weil as their length will have a major effect on the biodegradation rate of

the copolymer.

Biodegradation of PLGA requires hydrolysis of the ester linkages within the

polymer backbone [56]. In a study performed on mierospheres formed from severa!

difIerent PLGA copolymers of varying black ratios (LA/GA; 90: 10, 80:20, 70:30, 50:50)

the rate of biodegradation, monitored by measurement of the presence of degradation
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products, was found to increase with increasing GA content. GA is the more hydrophilic

block within the copolymer and thus it was expected to be the primary site for hydrolysis

[56].

In summary, the properties of the copolymer clearly play a large role in

detennining the cbaracteristics of the dnlg delivery vehicle created. However, the degree

to which the material properties influence each of the three categories of drug carriers is

quite different. In each case the size and stability of the carrier is highly dependent on

material properties. Yet, with microspheres, their size and stability are often equally

dependent on the techniques employed during preparation.

In terms of loading capacity, the maximum for polymer drug conjugates is mostly

limited 10 the amount which MaY be loaded without precipitation [37]. For microspheres,

the loading capacity varies with the copolymer properties, but in Many cases the variation

occurs in an unpredietable manner [53,55]. The loading capacity of micellar

microcontainers or block copolymer micelles with physically entrapped drogs is

determined by the compatibility between the drug and the core-forming block (table 1.2).

The degree to which the copolymer materials cao he manipulated ta design the

most suitable drug carrier for a particular application is limited to our knowledge of

material properties and their effect on severa! of the canier's parameters. The

development of drog camer technology still requires more systematic studies on materiaI

properties and their impact on the drug carrier created.

1.2.2. Copolymer CoU.ida. Carrien: StrellgtllsIWellknesses

Polymer-drog conjugates, micelles and micro or nanoparticles formed from

copolymers are each very distinct types of drug delivery systems. The design of each

type of system bas been spurred by the same overall goal of increasing the therapeutic

potential of various dmgs. However, each of these individual categories of drug carriers

bas its own strengths and weaknesses.

For instance, polymer-drug conjugates, micelles and micro or nanoparticles aIl

increase the hydrodynamic volume of the incorporated drug relative to that of the free

drog. This increased size enables passive targeting to tumor tissue. The passively

targeted delivery of anti-cancer drugs to tumors is facilitated by the ··enhanced
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permeability and retention (EPR) effeet" seen in tumor tissue [14]. The net result of the

EPR effeet is an increased accumulation ofdrug carrier within the tumor tissue. However,

the size limitation or cut-off for tumor vascular penneability bas been reported ta he

approximately 400 Dm [91]. The polymer-drug conjugates and black copolymer micelles

wbich have been designed are weIl below this limit [14,35].

The size range of polymer-drug conjugates (5-7 Dm non-targeted, 10-15 Dm

targeted) [14] is not only ideal for accumulation within solid tumors but also facilitates

the avoidance of RES uptake. The colloidal copolymer carriers such as micelles and

microparticies must he strategically designed 50 to inhibit or delay RES uptake as a

means of increasing their circulation time. The micelle systems which have been

produced are quite favorable in terms of their avoidance of RES uptake owing to bath

their small size (10-100 nm) and their PEO coat [25, 30, 35]. Yet owing to the large size

of some microparticles their circulation time cao be quite short. However, surface

modification with PEO-conjugates, bas, in some cases, gready enhanced the circulation

time ofmicroparticles [61, 67].

The covalent bond within a polymer.œug conjugate can praye to be both

advantageous and disadvantageous. In the past, a common problem which plagued this

type of system was the release of the drug within the bloodstream owing to premature

hydrolysis of the covalent bond [II]. Most of the newly designed systems contain

covalent linkages which are only hydrolysed within the Iysosomal compartment of the

cell [11]. This enables selective release of the drug within the celI rather than within the

bloodstream. Unfortunately, the covalent linkage cao also prevent or inhibit the drug's

activity [92]. Overall, the properties of the covalent linkage must be optimized so to

prevent both premature hydrolysis in the bloodstream and Joss of activity at the target

site. This problem is not only known to POlymer-drug conjugates but also to colloidal

caniers wherein the drug is coupled to the copolymer. In sorne cases, chemical

conjugation of the drug bas had no or linle in vivo activity relative to the drug whieh is

physicallyentrapped within the delivery system [21, 35].

The type of dnigs each delivery system cao cany as weil as their loading

capacities are also different. The loading capacity of polymer-drug conjugales for

hydrophobie drugs is limited by the eventual precipitation of the system [37]. However,
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colloidal carriers can often he loaded with notable quantities of hydrophobic solubilizate.

The ability ofthe coUoidal carriers to create a microenvironment which masks or protects

the drug is a1so noteworthy.

1.3. Seope of the Thesis

This dissertation is devoted to the preparation, physico-chemical characterization

and biological study of block copolymer micelles as drug delivery vehicles. The different

types of black copolymer miceUar delivery vehicles as weil as a brief review of the

literature in Ibis area bas been provided in section 1.2.1.2 of this Cbapter.

In Cbapter 2, we outline many of the properties of micelles which detennine tbeir

ability 10 deliver various drogs, and also address the factors which influence or control

each of these individual properties. The discussion draws from both the literature on

black copolymer miceUes wbich is related to drug delivery and that which is more general

and unrelated ta that 1opic. In this way, we hope to bring together information which will

aUow for black copolymer micelles to he tailor-made as carriers for the effective delivery

ofspecific drogs.

In Chapter 3, we describe our first study of the partitioning of the model

hydrophobic solubilizate, pyrene, between block copolymer micelles and the extemal

medium. The miceUe system studied is formed ftom pllystyrene-h-polyacrylic acid (pS­

h-PAA) crew-cut copolymers. The PS-h-PAA coPOlymer system is Dot completely

representative of the biocompatible, biodegradable coPOlymer systems commonly used

for drug delivery. However, tbis study sets the stage for further investigations into the

partitioning of pyrene and other hydrophobic solubilizates between micelles and the

extemal medium.

In Chapter 4, we report on a novel method of synthesis of a biocompatible and

biodegradable copolymer system fonned from poly(caprolactone)-h-poly(ethylene oxide)

(pCL-h-PEO). The characterization of the copolymers as weil as the physico-chemical

characterization of the copolymer aggregates are also described. SPecial attention is

given ta properties of the micelles which are ofmost interest in tenns of their applications

in drug delivery.
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In Chapter S, we report on our initial in vitro studies which explore the potential

of the PCL-b-PEO copolymer micelles as dmg delivery vehicles. FK506 and its

structural analogue L-68S,818 were the first biologicaUy active model compounds that we

chose for our study of the PCL-b-PEO micelles as drug carriers. The neurotrophic drogs

FK506 and L-685,818 were incorporated into the PCL-b-PEO micelles and the in vitro

delivery was assayed by monitoring the degree of differentiation achieved in cultures of

PC 12 rat pheochromocytoma cells.

In Chapter 6, we report on the in vitro release kinetics of FK506 from the PCL-h­

PEO copolymer micelles as well as the in vivo biodistribution of the micelle-incorporated

drug, 6 and 24 hours following intravenous injection into male Sprague Dawley rats.

Also, the extent to which the micelle-incorporated FKS06 is able to enhance functional

recovery in rats whose seiatic nerves have been lesioned is assessed using a behavioral

study.

In Chapter 7, we address the question ofwhether or not the PCL-b-PEO micelles

are intemalized into PC12 cells by an endocytotic mechanism. Various pharmacological

manipulations are employed in order to study the cellular intemalization of the copolymer

micelles.

In Chapter 8, we report on the physico-ehemical characterlzation and in vitro

study of PCL20-b-PE044 miceUes as a delivery vehicle for dihydrotestosterone. The

biological activity and in vitro delivery of the micelle-incorporated DHT is evaluated in

HeLa cells which have been cotransfected the MMTV-LUC reporter gene and the

androgen receptor.

Finally, Coopter 9 includes a discussion of conclusions, contributions ta original

knowledge and suggestions for future work.
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CHAPTER2

NANO-ENGINEERING BLOCK COPOLYMER MICELLES FOR

DRUG DELIVERY

2.1. IDtrodudiGD

Micelles formed ftom amphiphilie di or tri black copolymers have been explored

in recent years as carriers for hydrophobie drogs [1-32]. In an aqueous environmen~ the

hydrophobie blacks of the copolymer fonn the core of the micelle while the hydrophilie

blacks form the corona or outer sheD. The hydrophobie micelle core serves as a

mieroenvironment for the incorporation of Iipophilic dmgs, while the corona shell serves

as a stabilizing interface between the hydrophobie core and the extemal medium.

To date, the greatest contributions in this area have been made by the groups of

Kabanov [1-8] and Kataoka [9-21]. Kabanov's work initially focused mostly on micelles

formed from Pluronic™ triblock copolymers as delivery vehieles for drug targeting across

the blood brain barrier [1, 2]. The Kabanov group was the tirst to demonstrate that

PluronicTM unimers inhibit the P-gp-mediated drug effiux system in both bovine brain

microvessel endothelial cells and Caco-2 monolayers [3, 4, 5]. In recent years, ms

research bas also expanded to inelude black ionomer complexes as carriers for DNA [6,

7]. The work of Kataoka's group bas largely foeused on micelles fonned from

coPOlymers containing a poly(amino acid) core-fonning block, as delivery vehicles for

anti-cancer drugs [9-13]. However, bis research bas also centered on the use of "polyion

complex micelles" as carriers for eharged Molecules such as DNA or enzymes [14, 15].

Recently, the groups of Kataoka and Okano have developed thermo-responsive micelles

from poly(N-isopropylacrylamide)-h-poly(styrene) copolymers [16].
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Several other groups have also done research in this area [23-32] Sueh a high level of

activity has brought a great deal ofdiversity ta this field, since most groups have introdueed their

own micelle system formed from copolymers which contain a unique hydrophilic-hydrophobic

black combination. In aImost ail cases, the hydrophilic black bas been poly(ethylene oxide) for

reasons whieh will be discussed in section 2.2. By contrast to the universal use of poly(ethylene

oxide) as the hydrophilic black, a mueh wider range of hydrophobie blacks have been explored

(Table 2.1). Thus the uniqueness associated wim the different eopolymer systems largely

BioeolDpatible
Core-Fol"lllÎll Po ers Refs.

poly(aspartie acid) 9, 15
poly(p-benzyl L aspartate) 13, 17
polycaprolactone 25, 32
poly(gamma-benzyl-l...g1utamte) 27
poly(D,L-laetide) 24, 30
poly(L-lysine ) 14
poly(propylene oxide) l, 4
polyspennine 7
oli melh 1methac Iate 26
Table 2.1. A list ofsevera! ofthe biacompatible
polymers that have been employed as core-fonning
blacks.
originates from the ehoice of the hydrophobie black. The various PEO...hydrophobie

black combinations have given rise to a number of micelle systems which have distinct

physico-chemical properties and ditIerent characteristics important to their suitability as

drug camers. Also, micelles eontaining a specifie hydrophobie black have been found to

he more effective as carriers ofsorne specifie drog rather than other drugs. Unfortunately,

the synthesis and manipulation of Many of the biocompatible black copolymers is

difficult. For this reason, few systematic studies have been perfonned whereby one

parameter (e.g. core black length) is varied and the effect of this variation on the micelle's

characteristics such as size, stability, loading capaeity and release kinetics, is measured.

Also, due to the fact that there are such a large number of variables which influence

micelle properties, it may he unreaIistic for groups in the area of drug delivery to explore

ail of the relevant parameters in a systematie way. However, the PPO-PEO based black

copolymers are available commercially, and for this reason Many studies have been done

on this system.
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ln studies completely unrelated to dnag delivery, a number of groups have

investigated many of the physico-chemical parameters of black copolymers micelles in a

very systematic way [33-56]. Several reviews have resulted from this work [57-61].

These studies involve miceUes which are MOst often formed from non-biocompatible

copolymers, yet the information obtained May be used to gain insight into the

biocompatible systems.

The aim ofthis review is twofold; first we aim to outline many of the properties of

miceUes which determine their ability to deliver various dnlgs, and second, we address

the factors which influence or control each of these individual properties. Severa! of the

key performance related properties are loading capacity, release kinetics, circulation rime,

biodistribution, size, size population distribution and stability, ail of which are discussed

in this review. In addition, the Iast section is dedicated to the discussion of the

morphology of black copolymer aggregates as another potential perfonnance related

parameter. The morphology ofthe black copolymer aggregates, in 50 far as il affects drug

delivery, bas not been addressed to date, primarily because it was not possible to prepare

reproducibly a wide range of morphologies. This bas now become possible, and section

2.5. discusses the preparation and potential relevance of black copolymer aggregates of

different morphologies in drug delivery [61].

The method and extent to which each of the micelle parameters can he

manipulated bas been described MOst systematically and thorough1y in literature which is

unrelated to drug delivery. For this reason, this review draws from bath the literature on

black copolymer miceUes which is related to drug delivery and that which is more general

and unrelated to that topic. In this way, we hope to bring together infonnation which will

allow for black copolymer micelles to he tailor-made as carriers for the effective delivery

ofspecific drogs.

The review is divided into tive major sections, the first of which is the

introduction (2.1.). The second section (2.2.) covers perfonnance related properties of the

micelle as a whole, including methods of preparation, stability, as weIl as size and size

population distributions of the micelles. The third (2.3.) and fourth (2.4.) sections deal

with the two principal working parts of the micelle, the corona which acts as the
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aet as the cargo space for lipophilic drugs. More specifically, in section three, aspects

related ta the micelle corona are discussed; these include the use of poly(ethylene oxide)

as the corona fonning black, the use of hydrophilic polymer blacks other than PEO and

the concept ofsteric stabilization. In section 2.4, the two core-related parameters, loading

cap8City and release kinetics, are discussed in detail with special emphasis placed on

factors which may he used to alter bath ofthese parameters. In section 2.5. we discuss the

relevance of black copolymer aggregates of different morphologies in drug delivery and

the various methods by which aggregates with these morphologies cao he prepared.

2.2 The MieeUe as a Whole

2.2.1. Methods of MieeUe PrepantioD There are two principal methods for the

METRons OF MICELLE PREPARATION

Figure 2.1. A schematic ofthe two principle methods employed for the
preparation ofblock copolymer micelles.•
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preparation of black copolymer micelles, the direct dissolution method and the dialysis

method, as outlined in Figure 2.1. The choice of which method to use depends mostly on

the solubility of the black copolymer in water. To this point, mostly star-type micelles

have been investigated as dnJg carriers. Star-type micelles are fonned from black

copolymers which have corona-forming blacks that are longer than the core-forming

blacks. If the copolymer is marginally soluble in water, the direct dissolution method is

employed, whereas if the copolymer is poorly soluble in water, the dialysis method is

usuallyemployed.

The direct dissolution simply involves adding the copolymer to water or another

aqueous medium such as phosphate buffer saline. The micelles fonned from the PEO-b­

PPO-b-PEO copolymers are routinely formed by direct dissolution, but in sorne cases the

copolymer and water are mixed at elevated temperatures to ensure micellization [8].

The dialysis method is often used when micelles are to he fonned from a

copolymer that is not easily soluble in water [17, 25]. In this case, the copolymer is tirst

dissolved in a common organic solvent that is miscible with water such as

dimethylformamide, tetrahydrofuran, or dimethylacetamide. The copolYmer solvent

mixture is stirred and then dialyzed against bidistilled water. During the process of

dialysis micelle formation is induced and the organic solvent is removed.

The size and size population distribution of micelles produced using the dialysis

method May vary depending on the organic solvent employed [17, 25]. In addition, the

weight fraction or yield of micelles obtained was also found to vary with the choice of

organic solvent. For example, in a study by La et al.[17], the use ofDMSO as the organic

solvent gave rise to PEO-b-PBLA micelles which were only 17 Dm in size; however, only

6% of the copolymer fonned micelles. Yet, when DMAc was used, the micelles were

obtained in high yield, with an average particle size of 19 nm and a narrow size

distribution (dwldn = 1.27) [17]. In this way, the dialysis method provides a means of

tailoring the size and size population distribution of the micelles.

Recently, our group bas been working on crew-cut micelle systems formed from a

variety ofcopolymers such as PS-b-PAA, PS-b-PEO and PCL-b-PEO [32, 62,63]. Crew­

cut aggregates are fonned from copolymers which have core-fonning blocks that are
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longer tban the corona-fonning blocks. These copolymers are thus insoluble in water and

therefore must first be dissolved in a common organie solvenL For this reason, the

method of preparation employed involves the initial dissolution of the eopolymer in a

common organic solvent followed by the slow addition ofwater al a very slow rate. Self·

assembly occurs at some critical water content which depends on the physical properties

of the block copolymer, primarily the length of the hydrophobie black and the copolymer

concentration. The copolymer in the organic/water solvent mixture is then dialyzed

against bidistilled' water. Our studies have found that the size, size distribution and

morphology of the micelles cao dePeDd on both the common organic solvent employed

and the rate of water addition 10 the copolymer solvent mixture [64]. Once again this

demonstrates the many parameters of the micelles (size, size population distribution and

morphology) that cao he manipulated by simple variations within the method of

preparation.

2.2.2 Methocls ofDrug IDcorpontioD The method of drug incorporation employed

will depend mostly on the method of micelle preparation used for the particular block

copolymer in question. If the micelles are formed by direct dissolution in water, than an

aliquot of a copolymer water stock solution is often added to a vial which contains the

dnag 10 he incorporated. For example, a drug stock solution in acetone is made and then

an aliquot is added to an empty vial, the acetone is allowed ta evaporate, and then the

eopolymer/water mixture is added. However, the drug may also he incorporated by the oil

in water emulsion method, in whieh case the drug is added dropwise in a solvent such as

ehloroform to the micelle solution in water. The drug is incorporated as the solvent

evaporates.

Finally, if the micelles are prepared by the dialysis method, then the drug is added

with the eopolymer to the common organic solvent and then the preparation proceeds as

described above for the micelles alone. In some cases, the oil in water emulsion method

is also used for the incorporation of drugs ioto micelles prepared by the dialysis method

[1'8].
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In a study by La et al., the amount of indomethacio (lMC) entrapped into PEO-b­

PBLA micelles was measured when both the dialysis method and the oil in water

emulsion method were employed as methods of drug incorporation [18]. The amount of

IMC entrapped into the PEO-b-PBLA micelles was found to he 20.4% (w/w) and 22.1%

(w/w) when the dialysis method and oil in water emuIsion method were employ~

respectively [18].

For the incorporation of drogs ioto crew-cut micelle systems, the slow addition of

water method MaY be employed, as described previously. For example, the copolymer

and drug are dissolved in the organic solvent and stirred for severa! hours. Water is then

added at a slow rate and then the solutions are dialyzed against bidistilled water.

1.2.3. MieeUe Stability The stability of block copolymer micelles includes two

different concepts thermodynamic stability and kinetic stability. A micelle is

thennodynamically stable relative 10 disassembly to single chains in pure water if the total

copolymer concentration is above the critical micelle concentration (CMC). The critical

micelle concentration (CMC) is the copolymer concentration below wbich ooly single

chains exist but above which both micelles and single chains are present However, even

ifa micelle system is below its CMC, it may still be kinetically stable and survive at least

for some period or time, if the core is large and the core materia! is below the Tg or if it is

crystalline and thus physicaUy crosslinked.

1.2.3.1. T1I~rmodylltIIIIÎC Stllbility A delivery system is subject to "sink

conditions" or severe dilution upon intravenous injection into an animal or human subject.

In an average individual, the total blood volume is approximately 5L. For example,

following the intravenous injection of 1 mL of a 1% (w/w) PCL21-b-PE044 micelle

solution, the concentration ofcopolymer in the blood wouId he 2 mgIL [32]. Therefore it

is very important to know the critical micelle concentration ofa particular copolymer. The

CMC for PCL21-b-PE044 is 2.8 xIO·? molelL or 1.2 mg/L [31]. However, the coPOlymer

concentration of 2mgIL is below the value of the CMC of many of the other block

copolymers that have been explored as micellar delivery vehicles. The CMC values for

PBLA-b-PEO have been reported to range between 5-18 mgIL [17,21] while the CMC for
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a PLA-b-PEO system was found 10 be 35 mgIL [24]. The CMC values for several PEO­

b-PPO-b-PEO systems were reported to range between 300-500 mgIL [4]. In some cases,

injecting a larger volume or a more concentrated miceUar solution would prevent the

copolymer concentration &om falling bClow the CMC immediately upon injection.

However, it MaY prove to be more advantageous to begin with a copolymer system

with a lower CMC value. The CMC ofa copolymer is determined by Many factors, sorne

of which are the nature and length of the core-fonning black, length of the hydrophilic

block and the presence ofhydrophobic solubilizates. The nature and length of the

core-forming bock have the most profound effect on the CMC. Amphiphilic copolymers

which contain a higbly hydrophobic black have lower CMC values in water than those

which include the less hydrophobic blocks. The CMC values for PS-b-PEO copolymers,

wbich contain the highly hydrophobic POlystyrene black, range between 1-5 mgIL [46].

For a series of copolymers, if the corona-fonning black is kept constant, an

increase in the molecular weight of the core-fonning block will decrease the CMC [52].

Ta a lesser extent, if the length of the core-forming block is maintained at a constant

length, than a increase in the length of the hydrophilic black will cause an increase in the

value ofthe CMC [52, 53].

The use of a copolymer system with a low CMC value May increase the in vivo

stability of the micelles. However, in many papers, the disassembly of micelles into

single chains is mentioned to he advantageous since this will facilitate elimination of the

copolymer material tMm the body via the kidneys. Therefore, the ideai micelle system

will be stable to sink conditions encountered upon injection and will facilitate elimination

by eventual disassembly ioto single chains.

2.2.3.2. J(;lIetic Sttlbility The disassembly of micelles at copolymer

concentrations below the CMC bas been reported to be quite slow for some copolymer

systems [18-20]. The rate ofdisassembly depends t among others, upon the physical state

of the micelle core [18]. Micelles formed from copolymers containing a hydrophobic

block which bas a high glass transition temperature will tend to disassemble more slowly

than those with a low glass transition temperature.
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The rate ofdisassembly is likelyaffected by many of the same factors which affect

the rate of unimer excbange between micelles. The unimer exchange rate bas been found

to he dependent on many factors such as content of solvent within the core, the

hydrophobic content of the copolymer and the lengths of bath the hydrophilic and

hydrophobic blacks [37, 38, 41, 43, 44, 48, 49]. For example, Creuz et al. studied

micelles formed from poly«dimethylamino)alkyl methacrylate)-b-sodium methacrylate

and found that the rate of unimer exchange decreased with an increase in the

hydrophobiclhydrophilic balance ofthe copolymer [48].

In addition, there is also evidence that the incorporation of hydrophobic

compounds into black copolymer micelles mayenhance micelle stability. For example, in

a study by Kataoka's group, they found tbat bath the physical entrapment and/or chemical

conjugation ofadriamycin (ADR) into the micelle core increased the structural stability of

the poly(ethylene glycol)-poly(aspartic acid) (pEG-P(Asp» micelles [12]. In their study,

they assessed the stability of the micelle by gel exclusion cbromatography. They found

that the stability of the micelle increased as the amount of chemically conjugated

~amycin was increased, and a1so that the physical entrapment of adriamycin into the

PEG-P(Asp)ADR micelles further enhanced miceUar stability. They suggested that the

presence of bath the physically entrapped and chemically conjugated drug increased the

hydrophobic interactions within the core, producing micelles which were more tighdy

packed [12].

2.2.4. MieeUe Size

The size ofcolloidal particles is one of the properties which largely influences the

circulation time and organ distribution of the vehicle. Particles which are less than 200

Dm are said to he less susceptible to RES clearance, and those less than 5 J.UIl have access

to smaU capillaries [36]. Also, the size of the carrier May influence its mechanism of

entry into cells, which may, in~ influence the kinetics and extent ofcell uptake.

The size of micelles is controlled by severa! factors, among which are the length

of the core-fonning black and the length of the corona fonning block [36]. Severa!
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different groups bave contributed to this area of research, and as a result scaling relations

have been developed [36, 50, 51, 65].

2.2.5. Size POpaiatiOD DistribatioD

A common problem with MOst black coPOlymer micelle systems bas been the

presence ofa bimodal population distribution [16, 32]. The larger aggregates are helieved

to he clusters of individual primary micelles which have aggregated due to hydrophobic­

hydrophobie interactions between the cores of the micelles [16]. This asPeCt will he

discussed further in section 2.2.

A bimodal population distribution may he unfavorable for a drug delivery system;

however, this depends upon the stability of the aggregates. Clearly, micelles of

approximately 10 Dm in size and those of 200 DOl in size are likely ta have different

circulation limes and biodistributiODS. However, if the large aggregates are not stable and

break into individual primary micelles upon dilution, then they may not present a

problem. For example, in our study with PCL-b-PEO micelles, we found that as the

micelle solution was diluted ftom 0.2% (w/w) to 0.01% (w/w) the population of larger

aggregates decreased in favor of the smaller population [32].

2.3. The MieeUe CoroDa: Sterie Barrier

The miceUe sheD acts as a stabilizing interface between the hydrophobic micelle

core and the extemal medium (Figure 2.2). The properties of the outer shell will

predominantly affect the biodistribution of the micelle and thereby that of the

incorporated drug as weil as its phannacokinetic parameters. In most cases the hydrophilic

shell-fonning block is poly(ethylene oxide) with a molecular weight which is usually

between 1000 ta 12 000 g1mole and a length which is greater than or equal ta the length

of the core-fonning black. Poly(ethylene oxide) bas also been used to increase the

biocompatibility and enhance the colloïdal stability of other types of delivery vehicles

such as nanoparticles [67], microspheres [68], and liposomes [69]. The stability

imparted by poly(ethylene oxide) is due to an effect termed steric stabilization; this effect

is MOst likely enhanced by PEO's unique solution proPertïes [70-72].
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2.3.1. Pl:O as the CoroDa-Fol"IIIÏIIl Block

In the b~ PEO is a non-ionie crystalline, thermoplastie water..soluble pllymer

[70, 71]. Its water solubility is reported to he unlimited at room temperature for ail

degrees ofpolymerization [70]. Manyelose structura1ly related polyethers cannot achieve

nearly the same degree of water solubility as PEO. The high degree of hydration and

large excluded volume induce repulsive forces whieh contribute to the stabilization of a

PEO coated surface.

MICELLE CORONA

1
1

r I~ge~g
~""""~1 MOiety

. EXTERN
1 MEDIUM

1

Mieelle Corona: Stabilizing Interface

Key Pbysical PanDleten:
• surface densityofhydrophilic chains (t with t Nagg) (24)
·charge (26, 73...75)
-hydrophilieity ( 66..68)
-block length (24)
-derivatization (e.g. ligand attachment) (1)

Faeton Afl'eeted:
-Biodistribution (24)
-Phannacokinetic Parameters (24)
-Biocompatibility (66-68)
·Sterie Stability (72)
-Specificity (1)
-Surface Adsorption to Proteins (23, 66)
-Adhesion to Biosurfaces (80...84)

Figure 2.2. The key physical properties of the micelle corona that influence factors
important in tenus ofthe capabilities ofmieelles as drug carriers.
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2.3.1.1. Slerïc SliIbiUztltioll The stene stabilization of coUoidai particles in an

aqueous medium may he achieved by surface fixation of neutral water-soluble stabilizing

moieties such as long chains ofpoly(ethylene oxide) [72]. The stabilizing moieties will

create steric repulsive forces which will compete with the interparticle van der Waals

attractive forces. Coagulation is prevented if the repulsive forces overwhelm the

attractive forces operative between the particles.

The outer PEO sheU of micelles MaY inhibit the surface adsorption of biological

components. Proteins adsorb to the surface of a foreign material within the first few

minutes ofexposure to the blood, especially if the surface is charged or hydrophobic [23].

The adsorption ofproteins to the surface ofa drug delivery vebicle cm cause damage and

lysis ofthe vehicle, inducing leakage ofthe drug entrapped within the carrier. This makes

it nearly impossible to predict the pharmacokinetics of a drug incorporated in such a

system. Also, protein surface adsorption cao lead to the interference ofmany biochemical

pathways such as the complement cascade, the coagulation cascade and the fibrinolysis

cascade [70]. The interference ofthese pathways cm have serious implications since they

play a central mIe in maintaining homeostasis. Surface opsonization of proteins which

are part of the reticuloendothelial system will attract phagocytjc macrophages which take

up the vehicle and the net result is accumulation in the liver, spleen and lungs [66]. RES

clearance decreases the circulation time of the vehicle in the bloodstream, reducing the

vehicle's chance ofsuccessfully reaching its target site.

The PEO shell is also important in micelles as it may influence the extent to which

primary micelles aggregate to forro large secondary clusters. The aggregation of micelles

leads to a larger average particle size for a specifie micelle population; this, in turn, may

have a profound effect on the overall biodistribution of the vehicles. Larger particles are

said to he more susceptible to clearance by the RES and may also he unable to enter small

capillaries and other sites which are accessible to smaller particles.

The extent to which the PEO corona is able to sterically stabilize the micelle

depends on both the surface density of PEO and the thickess of the PEO shell [18]. The

surface density of the PEO shell will influence the amount ofcore material which remains

exposed to the aqueous medium. It is believed that van der WGùls interactions between
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the exposed cores are responsible for secondary aggregation of micelles resulting in the

formation of large clusters [17]. The density of PEO at the surface of the micelle will he

determined by the aggregatioD Dumber or the number of copolymer chains per micelle.

The larger the aggregatiOD number of the micelle the more PEO blacks al the micelle

surface [24].

The biodistribution of the micelle..incorporated drug will largely he determined by

the surface properties of the vehicles such as charge, degree of hydrophilicity and stenc

stability. This effect is clearly seen in a study by Hagan et al. on the biodistribution of

two black copolymer micelle systems formed ftom PLA-b-PEO copolymers where one

system had a PLA:PEO ratio of 1.5:2 and the other had a PLA: PEO ratio of 2:5 [24].

The PLA..b-PEO system with a ratio of PLA:PEO of 1.5:2 bas a higher density of PEO at

the surface of the micelle due to the large aggregation numher of this system in

comparison to the 2:5 PLA-b-PEO system. The high PEO surface density of the 1.5:2

PLA-b-PEO system led to an improved biodistribution with reduced Iiver uptake [24].

2.3.2.Corona-FormiDg 810eb Other ThaD PEO There bas been Iittle investigation into

the use ofhydrophilic corona-forming blacks other than PEO in drug delivery. For many

ofthe reasons described previously, PEO bas been the MOst popular choice ofhydrophilic

polymer in black copolymers used to fonn micellar drug carriers. However, Inoue et. al.~

for example, reported on the development of micelles fonned from the amphiphilic

copolymer oligo(methyl methacrylate) (oMMA) and poly(acrylic acid) (PAAc) [26]. ln

an aqueous environment, this black copolymer produces micelles with a negative charge

at the surface of the micelle.

The use of a charged corona-forming black leads to the question of whether or not it is

biologically and/or physically more favorable for the drug carrier to have a neutral or

charged surface. Previous studies performed on liposomes with a charged surface have

revealed that foUowing intravenous injection, their fate in vivo is largely dependent on

their surface charge. Work by Gregoriadis et al. and Senior et al. found that the presence

of negatively charged groups al the surface of liposomes decreased their circulation time

and enhanced their accumulation in both the liver and the spleen [73, 74]. Liposomes
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with a positive charge at the surface were found to have enhanced uptake in both the longs

and the liver [75]. However, in later studies, it was found that ifthe negative charge at the

surface of the liposomes was shielded by '''u1ky hydrophilic groups" their circulation

time was actuallyeobanced [76]. Papahadjopoulos suggested tbat the negative charge at

the surface of the liposomes requires direct contact with certain biological components

(plasma proteins or œil-surface receptors) in arder ta result in a decrease in the circulation

time ofthe vehicle [76, 77).

In many studies, it bas been found that the presence of negative charge at the

surface of the vehicle will enhance the extent of in vitro uptake into various cell fines.

For example, Bajoria et al., found that bath anioDic and neutral unilamelJar liposomes

were taken up into trophoblast œlls more readily tban cationic liposomes of the same size

[78]. Also, Yu et al. found that the in vitro cell uptake ofnegatively charged liposomes

into hepatocytes was greater tban the uptake of neutral or cationic liposomes [79]. In

addition, they found that the cationic liposomes gave tise to the highest plasma

concentrations. For this reason they suggested that cationic liposomes May he most

appropriate for use when liver uptake is ta he avoided while negatively charged liposomes

are more useful for delivery to the liver [79].

Several delivery systems with charged surfaces have been designed [80-84] for

delivery to mucosal surfaces which include the lower and upper respiratory tracts, the

gastrointestinal tract and the urogenitary tract [85]. Many groups have found that for

delivery to mucosal surfaces, it is advantageous to use a delivery system with a

bioadhesive surface. In a study by Akiyama et al. the use of mucoadhesive microspheres

with poly(acrylic acid) at the surface resulted in the accumulation of a greater amount of

drug in the stomach and higher dmg plasma concentration levels in comparison to those

obtained with non-mucoadhesive microspheres [82]. The mucoadhesive proPerties allow

for increased gasrointestinal residence times which May aid gastrointestinal absorption.

Also, discussions by Bailey et al. demonstrate that the particle size and charge of

therapeutic aerosols may provide a means oftargeting sPeCific regions of the lung [86].

Therefore, if we consider the information available on other delivery systems

(liposomes, micr\Jparticles, hydrogels etc.) with charged surtàces, it is clear that there is a
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need for the exploration of micelle systems with a negatively charged corona-fonning

blacks such as the system described by Inoue et al. [26]. The charged systems may he

MOst useful for deüvery ta mucosal surfaces and may afford the development of effective

oral and aerosol black copolymer micellar formulations.

2.4. The MiceUe Core: C....o Spaa

2.4.1 Lo.ding Cap.city The micelle core serves as the cargo space for various

üpophilic drugs (Figure 2.3). However, this cargo space is limited; for instance, a typical

1% (w/w) PCL-b-PEO (2o-b-44) micelle solution (N.. = 125) contains ooly

approximately 0.5 % core volume [32]. This means that in a 1 mL a1iquot of this 1%

(w/w) miceUe solution only 5 uL is core volume. In order to exploit maximally the

minjmal loading space avaiJable, we must manipulate the many factors which control the

loading capacity and loading efficiency.

Severa! of the major factors which influence bath the loading capacity and loading

efficiency ofblack copolymer micelles are nature of the solute, nature of the core-fonning

black, core black length, total copolymer molecular weight, solute concentration and, to a

lesser extent, the nature and black length of the corona. Many studies have indicated that

the overriding factor is the compatibility between the solubilizate and the core-forming

black.

2.4.1.1. ColfllNllilJility 6etweell tlle SolllbUÏZlJte .IIdtlle Core-Formill6 Block

Many studies have explored the influence ofproperties of the solubilizate on their

extent of incorporation into black copolymer micelles. Severa! of the important

properties of the solubilizate that have been identified are molecular volume, interfacial

tension against water, polarity, hydrophobicity, charge and degree of ionization

Studies by Nagarajan et al. demonstrated that the amount of solubilizate

incorporated decreases with an increase in the molecular volume of the solubilizate [34].

They a1so found a correlation between the interfacial tension of the solubilizate against

water and the extent of incorporation into black copolymer micelles. Aromatic

hydrocarbons are incorporated to a greater extent in comparison to aIiphatic hydrocarbons

owing to their lower interfacial tension against water [34].
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Figure 2.3. The properties of the core and drug which bave the most profound influence
on bath the loading capacity of the micelle and release kinetics ofthe drug.

The nature of the solute, including polarity, hydrophobicity, charge and degree of

ionization, have a1so been found to influence greatly the incorporation; however, this is

entirely dependent on the nature of the core-forming block. It is the compatibility

between the solute and the core-forming black that can be used to enhance incorporation

MOst effectively. One parameter which bas been used to assess compatibility between the

POlymer and the solubilizte is the Flory-Huggins interaction parameter. This interaction

parameter (lsp) between the solubilizate and the core-fonning block is described by the

following equation:
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Xsp =(as -0,)2 VJRT

where Xsp = interaction parameter between the solubilizate (s) and the core-forming

polymer black (P), as = the Scatcbard-Hildebrand solubility parameter of the solubilizate,

6p = the Scatchard-Hildebrand solubility parameter ofthe core-fonning polymer black and

Vs = the malar volume ofthe solubj)jzate [34, 54].

The lower the positive value of the interaction parameter (Xsp) the greater the

compatibility between the solubilizate and the core-fonning black. The highest degree of

compatibility will he reached when as = 8p. Note, that if specific interactions are present,

e.g. ionic interactions, the value of X may even he negative. The possible complexity of

polymer drug interactions suggests that the largest amount ofdnJg loaded Pel' micelle will

he reached when the core-forming black is most suitably matched with the drug to he

loaded. Due ta the Cact that each drug is unique, this suggests that no one core-fonning

black will enable maximum loading levels ta he 8Chieved for all dmgs. For this reason, it

is unlikely that any one micelle system will serve as a universal delivery vehicle for ail

drugs. In the same way, it is equally unlikely that any one drug will he as efficiendy

delivered by ail black copolymer micelle systems. For instance, the partition coefficient

for the model hydrophobic compound, pyrene, between micelles and water bas been

measured in severa! different black copolymer systems. The results obtained revealed the

partition coefficients to he of the order of 1~ for PEO-h-PPO-b-PEO [8], 103 for PCL-b­

PEO [31], 104 for PBLA-h-PEO [19], 10' for PS-b-PEO (and PS-b-PAA) [46, 56]. From

the results we see that the partition coefficient for pyrene is higher in systems with cores

which are less polar [19]. Therefore, it appears reasonable to expect that more polar

compounds will he most easily loaded into micelles in which the cores are more polar.

For example, Kim et al. [25] obtained an indomethacin content of 42.2% in micelles

formed from PEO-b-PCL while La et al. obtained an indomethacin content of only 22.1

(wt) % for micelles fonned from PEO-b-PBLA [17]. These studies demonstrate the need

to match a drug with certain properties with a coPOlymer eontaining a core -forming

black which bas similar properties.

The environment within the core May be made to be more compatible for a

specifie drug by attaching drug Molecules to the core-fonning black. This was shown in
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studies by Yokoyama et al. who found tbat the physica1 entrapment of adriamycin was

higher in micelles formed ftom adriamycin conjugated copolymer (pEO-b-P(Asp{ADR»)

than in micelles formed from the PEO-b-P(Asp) copolymer alone [12].

Aside from polymer-drug compatibility and interactions, there are other factors

which influence the extent of incorPOration of a solubilizate into black copolymer

micelles. These will he discussed below.

2.4.1.2. Otllt!r Ftlctors w1lkIJ '''fl-''c~ Drag Lotldillg

LeDph 01 the Core-Fol"DlÏDg Block For a copolymer with a constant hydrophilic block

length, an increase in the length of the core-fonning black bas been found to increase the

partition coefficient ofthe solubilizate between the micelles and the extemal medium [39,

42]. Yu et al. measured the partition coefficient for pyrene between water and PCL-b­

PEO micelles formed from copolymers with constant PEO block length and different PCL

black lengths [31]. The partition coefficient was found to increase from 240, 760, 1450,

for micelles formed from PCL-b-PEO with the same PEO black length and 14, 21 and 40

units ofcaprolactone, respectively [31].

An increase in the length ofthe core-forming block bas been found to decrease the

critical micelle concentration (cmc) and a1so cause an increase in the core size per micelle

which, in tom, results in an increased loading capacity per micelle [54]. For example, for

any one black copolymer SYStem, as one increases the length of the core-fonning block

the aggregation number increases, resulting in a larger core size and thus a larger cargo

space per micelle. However, due to the increase in the aggregation number per micelle,

the total number of micelles in solution will decrease per unit mass of polymer. In

addition, Kabanov's group has found a clear reciprocal relationship between the cmc and

the length ofthe core-forming black [6].

LeDpb of the CoroDa-FormiDg Bloek A significant increase in the length of the

hydrophilic black cao both increase the critical micelle concentration and decrease the

aggregation number. The increase in the cmc will cause fewer chains to he present as

micelles and thos available for drug loading. The smaller fraction of copolymer chains in
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micelle fonn decreases the degree of solubilization since there is a smaller hydrophobie

volume [42].

Nature of tbe CoroDa-Fol'IIIÏDg Bloek The effect of the nature of the corona­

forming black on incorporation is once &gain a question of compatibility. The Flory­

Huggins interaction parameter between the drug and the corona-fonning block may he

considered in this contexte If the interaction between the corona-fonning block and the

dnJg is favorable, even ifonly slightly, some ofthe drug may he present in the outer shell.

In studies by Gadelle et al. PEO-b-PPO-b-PEO micelles were found to have a higher

affinity for chlorobenzene than for benzene; this was unexpected, since the lsp for

benzene (x=.OOI4) is lower than that for chlorobenzene CxsP = .0068) [54]. However,

some of the cholorobenzene May have been solubilized in the outer shell since the lsp

(PEO) for chlorobenzene (Xsp(PEO) = .1711) is lower than that for benzene b:sp (PEO) =
.2483) [54].

Likely, amphiphilic drugs with a low Xsp(core black) for the hydrophobie portion

of the molecule and a low Xsp(corona block) for the hydrophilic portion of the molecule

will be weIl solubilized at the interface ofthe micelle and in the near-corona region.

CopolyJDer CODeeDtratioD ln theoretical studies by Xing et al. the

solubilization capacity was found to increase to the saturation level (maximum loading

level) with an increase in the copolymer concentration [42]. The eopolymer concentration

at which the saturation level is reached is largely influenced by the interaction between

the solubilizate and the core-forming black, where stronger interactions enable saturation

to he reached at lower polymer concentrations [42]. Severa! studies indicate that there are

two patterns of solubilization, one in which the extent of solubilization increases with

copolymer concentration, and another in which the degree of solubilization is independent

of the copolymer concentration [42, 54]. Hurter and Hatton found that the solubilization

of naptbalene into micelles fonned from a range of PEO-b-PPO-b-PEO copolymers was

indePendent ofcopolymer concentration for micelles formed from copolymers with a high

hydrophobic content. In the same studies, it was found that the extent of solubilization

did increase with copolymer concentration for the micelles fonned from copolymers with

high hydrophilic black contents [87-89].
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Solute CODeeDtratioD The presence of a hydrophobic solubilizate bas been found

to enhance the aggregation ofamphiphilic copolymer Molecules. Studies by Mattice et al.

employing Monte Carlo simulations to study the solubilization of small molecules into

triblack copolymer micelles revealed that the solubilizate cao enhance the aggregation of

copolymer molecules [42]. The enhancement of the aggregation lowers the CMC value,

leading to an incœased number of micelles present in solution [42, 54]. Increasing the

solute concentration bas also been found to increase the aggregation number of the

copolymer which causes larger micelles to be produced. This is reported to increase the

solubilization cap8City per micelle [42].

Clearly, there are a large number of factors which influence both the loading

efficiency and loading capacity of block copolymer micelles. However, the MOst

important factor identified ta date is the compatibility between the drug and the core­

fonning black. For this reason, the choice of which polymer to employas the core­

fonning block is most crucial. The copolymer-drog match should he made on the basis of

many ofthe parameters described above. Once the copolymer system bas been chosen the

other properties (block copolymer length, copolymer mol. wt., copolymer concentration)

may be modified as needed.

2.4.2. Rele.se KiDetics

The release ofdrugs from black copolymer micelles will depend upon the rate of

diffusion of the drug ftom the micelles, micelle stability and the rate of biodegradation of

the copolymer. If the micelle is stable and the rate of biodegradation of the coPOlymer is

slow, the release rate will he mostly itUluenced by severa! of the following factors: the

strength of the interactions between the drug and the core-forming block [17], the physical

. state of the micelle core [13], the amount of drug loaded [25], the molecular volume of

the drug, the length of the core-forming block [25] and the localization of the drug within

the micelle.

2.4.2.1. Polymer-Drllg Interactions The stronger the interaction between the

drug and the core-fonning black the slower the release of the drug from the micelle. For
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example, studies by La et al. found that the in vitro release rate of indomethacin from

PBLA-b-PEO miceUes increased with increasing pH of the extemal medium. As the pH

of the medium is increa.sed, more of the carboxylic acid groups become ionized,

weakeDÎDg the hydrophobie-hydrophobic interaction which holds the drug within the

micelle core [17].

Strong polymer-drug interactions will enhance loading and decrease the release

rate of the drug from the micelles. For this reason, a compromise must he achieved such

that both the loading level and the release kinetics of the drog are optimized.

2.4.2.2. Locllli:lltio" of'"e D,,,g will';" '"e MiceUe The incorporated drug

may lie within the micelle core, al the interface between the micelle core and the corona

or even within the corona itselt: The localization of the drog will largely depend upon its

physical properties and the interaction parameters between the drug and the micelle core

and corona - forming blacks [40,45]. Il bas been found that the more soluble compounds

are localjzed in the inner corona or the core-corona interface while the more hydrophobic

compounds are situated mostly in the micelle core [40].

The release rate of the drug williargely be a fonction of its Iocalization within the

micelle. The outer corona region of the micelle is quite mobile; as a result, release from

this area will he rapide The release of drug localized in the corona or at the interface is

said to account for "burst release" from the micelle [40].

2.4.2.3. P"ysictl1 SIIIte ofMe MiceUe Core The state of the micelle core, whether

it he liquid-like or solid-like, will have a large influence on the rate of release of drugs

from the micelle core. The physical state of the core under normal physiological

conditions (37°C) will depend largely upon the glass transition temperature of the core­

forming black and the degree of crystallinity, if any. Below the glass transition

temperature the polymer is in a solid-like state, while above it the polymer is in a liquid..

like state, although the changes in properties such as viscosity are usually graduai [90].

Micelles containing polystyrene cores are glassy at room temperature since the glass

transition temperature of polystyrene is ca.lOO°C; however, if a solvent can diffuse into

the core, plasticization cao lower the Tg appreciably. Many of the biocompatible

polymers bave glass transition temperatures which are weU below tbat ofpolystyrene. For
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instance, the glass transition temperatures for severa! of the biocompatible pllymers are

35°C for Poly(glycolic acid) (mol. wt. 50000), S4°C for Poly(L-lactic acid) (mol. wt. 50

000), -62°C for Polycaprolaetone (mol. wt. 44 000) and -7S0C for Poly(propylene oxide)

[91]. The movement of a drog from a glassy core will he slower in comparison ta the

movement of dmgs out of cores which are more mobile. This effeet was seen, for

example, in studies by Teng et al. who round that the diffusion constant for pyrene in

poly(styrene) is less than it is in poly(tert-butyl acrylate). This result was expected since

the Tg ofpolystyrene is 10aoe while that ofpoly(tert-butyl acrylate) is 42°C [40].

In addition, micelle cores formed from the more hydrophilic polymers may contain

appreciable amounts ofwater. The release of drugs from cores of this nature bas been

found to proceed rapidly [40].

2.4.2.4. Ot"~r Factors l"jI"~"cÛlg R~/~tlSe Killetics

The LeDph of tbe Core-FoI"IDiDg Bloek The properties of the micelle core, including

core radius, influence the release rate if the drog is primarily situated in the micelle core.

The longer the core-fonning black, the larger the core, and the slower the release of the

drug from the micelle.

However, the release kinetics of drugs which reside at the core-corona interface or

in the outer shell do not have ta diffuse through the core, and are thus not influenced by

the core radius or length of the core-forming black [45]. For example, Hruska et al. found

that the exit rate coefficient for the fluorescent probe BAN was independent of the size of

the micelle since it resides close to the core surface [45].

Moleeular Volume of the Drag The size or molecular volume of the drug will affect

its rate ofdiffusion from the micelle [40]. Drugs with larger molecuIar volumes will have

a smaller diffusion constant resulting in a decreased release rate. Once again, the burst

release or release of drugs localized at the micelle surface should he independent of the

molecular volume.

The Physical State of the Drug in the MieeUe The physical state of the drug within

the delivery vehicle cao have a significant effect on the release kinetics. The drug which

bas been incorporated into the micelles may not he weil dissolved or solubilized in the
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copolymer. Severa! groups have identified cases where drugs which are incorporated into

delivery vehicles are not dissolved in the polymer; instead, they exist in another Conn [92­

94] e.g. as crystals dispersed within the micelle core. Ifthe drug is dissolved molecuiarly,

it may act as a plasticizer and lower the glass transition temperature of the core-fonning

black; this, in tum, mayaccelerate the release. However, if the drug is present as a

crystal, it may instead act as a reinforcing filler, especially if strong interactions between

the polymer and the surface of the crystallite are present, which may cause an increase in

the glass transition temperature.

2.5. Morpholopes of Bloek Copolymer Agreptes

To this point, the effeet of the morphology of the aggregates on their efficiency as

drug carriers bas remained virtually unexplored. In most papers, if the morphology was

rePOrted, it was spherical. This morphology is most likely to he encountered, since most

of the micelle systems which have been tried as drug carriers are star-type systems which

are known 10 produce spheres.

In contrast, amphiphilic black copolymer systems which fonn crew cut aggregates

have been shown to produce a wide range of morphologies [61-65, 95-108]. The crew­

cuts are formed from highly asymmetric black copolymers in which the Iength of the

core-forming black is much greater than that of the corona-forming black. The

morphologies include spheres, rads, vesicles, lamellae, large compound micelles, tubules,

hexagonally packed hollow hoops and many more [61-65, 95-105]. The c~ber of

morphologies that can be reproducibly formed in a highly controlled manner is of sorne

interest, because the usefulness of aggregates other than spheres in drug delivery, while

not established, is certainlyan intriguing POssibility.

2.5.1. The Potential Relevance of Morphologies of Block Copolymer Aggregates in

Drug Delivery There are good reasons for suspecting that morphologies other than

spheres may he of interest in drug delivery. The physical parameters of drug delivery

systems, such as size and surface charge, bave been shown to have a substantial influence

on the effectiveness of the drug delivery system in tenns ofits capability to deliver certain
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drugs. As previously mentioned, the biodistribution, circulation time and mechanism and

extent ofcell uptake are altered by changing the surface properties and/or size of the drug

carrier. The striking influence of these two physical parameters suggests that it May he

worthwhile ta explore the morphology of the camer as another performance related

physical parameter.

The various morphologies could he used for different applications in drug delivery.

For instance, rad shaped aggregates will likely have different loading capacities and

release kinetics than their spherical counterparts. The rod-like aggregates may he most

useful in the preparation ofaerosol formulations whereby their thin tubular structure May

facilitate aœess to the different parts of the lung, because the aerodynamic properties of

rods have been shown ta he more suitable than those ofspheres [109].

Black copolymer vesieles cao he made to contain hydrophilic comPOunds, as bas been

shown for liposomes [69, 73, 74-76] and a copolymer system [110]. In this way a

cocktail of vesicles and micelles could he used to deliver a combination of hydrophilic

and hydrophobie drugs. There are Many hydrophobic/hydrophilic drug combinations

which are SYQergistic, one example is NGF and FK506. The use of sphere/vesicle

combinations will first require the complete in vivo characterization of both systems.

These studies are necessary to ensure that the release kinetics, biodistribution and

phannacokinetic parameters of drugs incorporated into both systems are suitable for this

purpose.

Ifcrew-cut copolymer systems are to he used for drug delivery, one should he at least

aware of what conditions produce which morphologies. This will he discussed in Sect.

2.5., which will also mention the conditions under which sorne pitfalls May he

encountered.

%.5.2. Morphologies of Crew-Cut Agregates An aqueous solution of stable crew­

eut aggregates cannot he fonned by direct dissolution into water due to the large

hydrophobic content of the core-.fonnïng block. The preparation requires initial

dissolution of the black copolymer in a common organic solvent (DMF, dioxane or THF),

and then slow addition of a material whicb is a good solvent for the hydrophilic blocks

55



•

•

but a precipitant for the hydrophobie blacks (e.g. water or Methanol) [61-65, 95-105]. An

aqueous solution cao then be obtained by dialyzing against water in arder to remove the

common organie solvent The addition of the precipitant increases the Flory Huggins

parameter between the solvent mixture and the eore-fonning black. lbis increasingly

uncomfortable environment for the hydrophobie blacks provides the driving force for

micelle formation. If: during the proœss of water addition, one crosses stability regions

for different morphologies, as is frequently the case with crew-cut eopolymer systems,

then mixtures of morphologies can result However, this cao sometimes he avoided by

the dissolution of the copolymer in a specifie solventl precipitant mixture at a particuiar

copolymer concentration tbat is known to field a single morphology. Frequently,

however, regions are encountered where morphologies cao coexist onder thennodynamie

equilibrium. Thus, a knowledge of both the thennodynamies and kinetics of the

micellization process are needed, and these are under active study.

A large nomber of morphological studies have been earried out by our group,

primarily using polystyrene-b-poly(acrylie acid) and polystyrene-b-poly(ethylene oxide)

eopolymers with a wide range ofcopolymer compositions [61-65, 95-105]. These studies

have revealed that the formation of various morphologies of crew-eut aggregates may he

explained by a force balance etTect involving the following three components: the degree

of stretching of the core-fonning blacks, the interfacial energy between the micelle core

and the solvent, and the inter-corona chain interactions [62, 96]. The force balance also

determines the structural parameters of an the existing morphology such as size, core

dimensions, Nagg etc. A very brief description of the three force eomponents may he

useful at this point.

The degree of stretcbing (Sc) MaY be defined as the ratio of the core radius to the

copolymer chain end to end distance in the unperturbed state. An increase in the degree

of stretching of the core-forming blacks results in a 10ss in entropy for the system. For

spherlcai micelles the degree of stretching will increase with an increase in the core

radius.

The inter-corona interactions provide another mechanism for morphological

change. In an ionizable black such as PAA, the inter-corona interactions May he bath
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steric and electrostatic in nature. The strength of the interactions is inversely proportional

to the area per corona chain at the core/corona interface. For spherical micelles the

surface area per chain increases with decreasing aggIegation number ofthe micelles. For

each individual morphology, spheres, rads, vesicles, the area per corona chain decreases

with an increase in the dimension of the PS region. However, in comparing different

morphologies with the same dimension of the PS region (e.g. sphere or rod diameter,

vesicle wall thickness), the area per corona chain decreases from spheres to rods to

vesicles [61]. The interfacial energy between the core and corona regions generally

increases with an increase in the water content in the solvent mixture. This progressive

increase is a driving force for the minimization ofthe total interfacial area, and leads to an

increase in the aggregation nomber per micelle but a decrease in the total nomber of

micelles [61].

The structural parameters of the resulting morphology will be a result of the

balance achieved between these three forces. For instance, for spherical crew-cut micelles,

the addition of water (one of the morphologenic factors) increases the interfacial energy

between the core and the corona; in response ta 50ch a Perturbation, the system will tend

to decrease the total interfacial area. This is accomplished by increasing the diameter of

the micelles through increasing the aggregation nomber, and thus results in a consequent

decrease in the total number of micelles. However, in the process, the degree of

stretching increases and the inter-corona repulsions increase, and at some point one of two

things cao happen. The process cornes to an end and the aggregation number can not

increase further due to the presence of strong inter-corona repulsions; this occurs if the

corona chains are long as is the case in the star-type micelles. However, if the corona

chains are short and the repulsions are weak, the core-size expansion continues until some

critical pcint is reached at which the degree of stretching is too large to support the

spherical morphology, at which point the morphology changes. The occurrence of either

ofthese two events depends not oolyon the relative lengths of the two blocks, but also on

the other Morphogenie factors to he discussed fater.

The balance of forces which results in morphological control can he exercised by

controlling a number of different parameters. The resulting morphology depends on coil
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dimensions and interfacial energy; there are severa! different variables which may be used

to control this. These variables include, among others, black copolymer composition,

copolymer concen1ratioD, type and concentration of added ions and the nature of the

common solvent used in micelle preparation. The studies on the PS-b-PAA system have

enabled severa! of the morphogenic factors and theu effects to be identified, these will

DOW be discussed.

2.5.3. MorplaogelÜe Fanon

2.5.3.1. CDpoIy,., eoarptJSitIo"

Etred OD the Bep le ofStreiebblg The value for the degree of stretching of the

PS core forming black bas been found to he depend on the copolymer composition by the

following equation: S~Nps-G.l NpM-G.15. This equation applies to spherical micelles in

aqueous solution which do Dot contain any remaining organic solvent in their cores [96].

It should be recaUed that, prior to dialysis, the micelle cores are swollen with common

organic solvent; as a result, the value of Sc is greater than it is following dialysis. The

equation demonstrates that an increase in the length of the core and lor corona forming

blacks, while keeping the other black constant, will lead to a decrease in the degree of

stretching of the core-forming blacks. For example, consider a spherical micelle

containing a long poly(acrylic acid) black and a polystyrene block of some particular

length. Ifthelength of the poly(acrylic acid) is decreased, the degree of stretehing of the

core will increase, and al some point the morphology cao change to produce rod shaped

aggregates. The decrease in the length of the poly(acrylic acid) block decreases inter­

corona repulsions and thus allows more copolymer chains to pack ioto one micelle. By

contrast, ifone were to begin with a spherica1 miceUe and decrease the polystyrene block

length, the morphology will not change. Yet, ifone takes a rod shaped micelle and then

decrease the POlystyrene black length, eventually the decrease in the degree of stretching.
will result in a change to a spherical morphology.

Effeet OD iDter-CoroDa IateraetioDs The area per corona chain for spherical

micelles is related to the copolymer composition by the· foUowing relation: Ac-Nps

o·'NPAAO.S• The area Pel' corona chain increases with an increase in the length of the core
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and/or corona forming blacks [96]. Since the inter-corona interactions are inversely

proportional 10 the area per corona chain, this means that an increase in the length of

either blacks willlead to an increase in the inter-corona chain repulsions.

Consider a PS-b-PAA copolymer with a constant PS black length and a decreasmg

PAA black length. Let us begin with spherical micelles formed from copolymers with

long PAA black lengths, in which the aggregation nomber is mostly restricted by the

intercorona repulsions. As the PAA black length is decreased, the intercorona repulsions

become less important, and instead, the aggregation number is restricted by the degree of

stretching of the core-forming blacks. Eventually, a further decrease in the length of the

PAA blacks will lead to a change in morphology &om spheres to rods and even to

vesicles. For example [61, 96], for a series ofPS-b-PAA copolymers with a constant PS

black length but different PAA black lengths, 200-b-21, 200-b-15, 200-b-8 the

morphologies obtained were spheres, cylinders and vesicles respectively, for which the

degrees ofstretching of the PS blacks were calculated to be 1.41, 1.26, and 0.99. If the

three copolymer systems bad each formed spherical morphologies, the degree of

stretching in each case would bave been 1.41, 1.47, 1.62. The change in morphology

ftom spheres, to rods to vesicles 100 to a decrease in the degree of stretehing of the core­

forming blacks, and, in tom, to a decrease in the free energy ofthe system.

2.5.3.2. Copolyllœr Co"c~"tI'tItio" An increase in the copolymer concentration

in solution will increase the aggregation number of the micelles [61, 101]. The increased

aggregation number means the chains in th~ core will he stretched, which results in the

production of rods under conditions that would previously have produced spheres or

vesicles under conditions that would previously have produced rods. Therefore, using the

same PS-b-PAA copolymer in the same solvent, one can obtain different morphologies by

simply changing the copolymer concentration. For example, it was reported that the

aggregates formed from PS(41O)-h-PAA(25) at an initial copolymer concentration of 2wt

% were spherical, ifthe concentration was 2.6wtOl'o rod-like micelles were fonned, and for

a 4wt % solution vesicles were formed (with a few rods also present in solution).

2.5.3.3. Pra~"ce ofA.dd~dAcid, BIISe or Stllt The presence of ions

influences the morphology of the micelles by effecting the strength of the inter-corona
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chain interactions [63, 97]. Severa! studies were perfonned on solutions of PS-b-PAA

copolymers in the presence of various ions including HCl, CaCh, NaCl, NaOH. The

addition of electrolytes to the PS-b-PAA solutions was either found to strengthen or

weaken the inter-corona repulsive interactions, depending on the nature of the ions added.

PAA in a DMF/water mixture is sligbdy ionized, 50 the addition of HCl protonates the

ionic sites resulting is a decrease in the inter-corona repulsions; this decrease in turn, will

cause the morphology ta change from spheres to rods to vesicles. On addition of CaCh,

the Ca2+ ions will bind to the carboxylate groups and in this way decrease inter-corona

repulsions, which will have the same effect as the addition of HCL The addition of NaCI

will also decrease inter-corona repulsions, but in this case by providing electrostatic

shielding of the few ionic sites on the chain. By contrast, the addition ofNaOH in small

quantities ionizes the poly(acrylic acid), which increases inter-corona repulsioDS for

electrostatic reasons. As a result, the increase in the concentration of NaOH changes in

the morphology from vesicles to spheres.

2.5.3.4. COIIIIIIDII OrglUlk Solve'" lIS~tl;" Mk~UePr~ptl'tItio" For the

preparation of the crew-cut aggregates, the black copolymer is initially dissolved in a

common organic solvent prior to the slow addition of water. The choice of common

organic solvent employed. bas been found to have a profound effect on the morphology

obtained. The detailed explanation of this effect is quite complicated, because a change in

the solvent employed will bave an effect on three of the six interaction parameters

involved. The six interaction parameters are: polymer A - polymer B, solvent - polymer

~ solvent - polymer B, solvent - precipitant, precipitant - polymer A and precipitant ­

polymer B. The change in the interaction parameters will change the coil dimensions but

usually to a different extent for the corona and core blacks. The precipitant may aIso be

changed from water to, for example, methanol; this will also change three interaction

parameters. For this reason, it is difticult to predict which morphology will be produced

by changing either the common organic solvent or the precipitant employed. However, if

we know that by using one common organic solvent we get, for example, spheres, and

with another we get vesicles; then by using a mixture of the two organic solvents we can

obtain the intermediate morphology.
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It is important to keep in mind that an interplay between thermodynamics and

kinetics is operative in ail of the examples described above. The rate of morphological

change is a fimction of the solvent content in the core, which, in tum, is determined by

wa.ter content in the solvent mixture outside the core. The higher the water content the

slower the kinetics. lbis can he illustrated by a recent study [106], which involved the

mixing of two different copolymer (PS(1140)-b-PAA(16S) and PS(170)-b..PAA(33»

micelle solutions in DMF/water solvent mixtures with different DMF/water ratios. For

the (PS(II40)-b-PAA(16S) copolymer system alone the miceUes produced are 38nm in

diameter, while for the PS(170)-b-PAA(33» copolymer system the micelles are 25 DOl in

diameter. When the two copolymer micelle solutions are mixed at a 5 wt% water

content, a single micelle population is obtained following a 24 hour period. By contrast

when the added water content is Il wt.% the individual micelle populations remained

intact following the 24 hour period. Thus, for a particular rate of water addition, a water

content will he reached above which the morphology no longer changes over the

experimental time scale, and the system cao he considered to he frozen. At that point the

morphology reflects the equilibrium that was prevalent onder conditions ( water content)

when equilibrium was still operative. It should also he recognized tbat because of the

generally slower kinetics in block copolymer systems when compared to small molecule

amphiphiles, it is very easy to trap morphologies which are intermediates in the transition

from one morphology to another. For example, a morphology consisting of vesicles with

hollow rads in the walls running parallel to the wall was recently documented, this

morphology is an intermediate in the transition from vesicles to hexagonally packed

hollow rods or hoops [lOS].

To this point we have discussed only three morphologies in detail, spheres, rods

and vesicles. However, a wide range of other morphologies have been prepared in our

studies, severa! ofwhich MaY he of interest in drug delivery. These aggregates of various

morphologies are stable, low free energy structures; and it is thos not surprising that

severa! of them show a great similarity to biological structures commonly found in nature.

The biologjcal structures include for example; the smooth endoplasmic reticulum
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(bicontinuous rods), microtubules (tubules) and vesicles (endosomes, ceUs and severa!

others).

2.6. CODclusioD

Figure 2.4 summarizes many of the most favorable characteristics of the '6ideal

micelle system". The Micelle as a Whole should he less than 100 nm in diameter in order

to avoid RES uptake and to facilitate access to cells and tissues. A narrow size

distribution is favored over a broad distribution due to the unpredictable change in both

the drug's pharmacokinetic parameters and organ biodistribution which may result from a

broad micelle size distribution. The micelle should he stable to "sink conditions"

encountered upon injection. The Iifetime of the micelle should he longer than the tinte

required for it to reach its target site. The Micelle Corona must act as an effective sterlc

barrier while also providing sufficient coverage of the core. Also, modification of the

corona may also enable the micelle to he targeted to a specific site. The Micelle Core

should bave a high loading cap8City and alIow for a controlled drug release profile. Core­

drug compatibility bas been found ta be one of the key determinants for the loading

cap8City ofthe micelle.

It is difficuIt to produce miceUes which possess ail of the ideal perfonnance

related properties. Largely, this is due to the fact that Many of the performance related

properties are intluenced by the same factors. As demonstrated in Table 5, a change in

one factor cao influence many ditrerent properties of the micelle. For example, the

loading capacity per micelle may he enhanced by increasing the length of the core­

fonning black, yet this MaY also increase the size of the micelle. For this reason, it may

he necessary to assign priority to the different properties of the micelle and in this way

compromise in order to create the best possible micellar delivery vehicle.

To this point, the morphology of the micellar delivery vehicles has not yet been

explored as a performance related property. However, due to the overwhelming influence

of other physical properties such as size and surface charge, it seems necessary to

investigate morphology as another potentially important property. The extent to which
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• the micelles with various morphologies may he reproducibly prepared also encourages

exploration in this are&.

Tlle Micelle Core

Cargo Space

-higla loadiag capacity

-controUed releue
profile

high degree of
eompatibllity
between the drug and
core - fonning black

- suitable size
between 10 - lOOnm

-hi'" degree ofstability
lowCMC

- slow rate ofdisassembly

Tlle Micelle Corontl

~l(~
~??f:

Stabilizing Interface

• efficient sterie barrier

high surface density of
poly(etbylene oxide)

corona shell ofsufficient
thickness

• effective eoverage ofcore

•

Figure 2.4. A schematic of the "ideal micelle system" including the most favorable
properties for the micelle as a whole, the core and the corona.
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CHAPTER3

PARTITIONING OF THE HYDROPHOBIe SOLUBILIZATE,

PYRENE, BETWEEN A MODEL MICELLE SYSTEM AND THE

EXTERNAL MEDIUM

In section 3.1., we describe our first study of the partitioning of the model

hydrophobie solubilizate, pyrene, between block copolymer micelles and the extemal

medium. The micelle system studied is formed from polystyrene-b-polyacrylie acid (pS­

b-PAA) crew-cut copolymers. The PS-b-PAA eopolymer system is not eompletely

representative ofthe biocompatible, biodegradable eopolymer systems eommonly used for

drug delivery. The polystyrene core-fonning black is more hydrophobie and bas a higher

glass transition temperature than MOst of the biacompatible and/or biodegradable

polymers whieh are usually used as core-forming blacks. Also, as mentioned in Coopter 2

polyacrylie 8Cid has oo1y recently been tried as the eorona-forming block in a micellar

system designed for drug delivery. However, this study sets the stage for further

investigations ioto the partitioning of pyrene and other hydrophobie solubilizates between

micelles and the extemal medium

If a hydrophobie solubilizate is placed in an aqueous solution containing bloek

eopolymer micelles, it will partition between the micelles and the extemal medium. The

partition coefficient of the drug is of key importanee as it will largely influence the

pharmacokinetie parameters of the micelle-incorPQrated drug in vivo. However, the

mdlSUl'ement of the partition coefficient of a specific cOlnpound in a micelle solution

requires that it he detectable by a sensitive anaIYtical method. Unfortunately, many drugs
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do not have absorption or fluorescence properties tbat allow for routine detection. Also,

radiolabeled analogues of a specifie dmg are not a1ways readi1y available and are

otherwise very expensive. For this reason, model compounds are often employed in the

carly stages of the development and characterization ofa drug delivery vehiele. Pyrene is

one of the most common hydrophobie model compounds employed for the initial

eharacterization ofmiceUar deüvery vehieles fonned ftom block copolymers.

In section 3.1. and 4.1 we describe the results of severa! experiments whereby we

exploited the unique fluorescence properties ofpyrene. This includes the measurement of

the partition coefficient of pyrene between PS-b-PAA (section 3.1.) and PCL..b-PEO

(section 4.1.) micelles and the extemal medium. Also, pyrene was used to measure the

eritical micelle concentration of the PCL-b-PEO copolymers as weU as the micropolarity

of the polycaprolactone micelle core (section 4.1.).

In each of the experiments perfonned using pyrene, care was taken to ensure that

excimer formation did not accur. For some compounds, such as pyrene, at high

concentrations a dîmer may be formed between a Molecule in the excited singlet state and

a molecule in the ground state. The dîmer, known as an excimer, results in a red - shift in

the fluorescence emission spectrum owing to the energy eXPended on the interaction

between the ground and excited state Molecules. Exeimer formation is a concem when

aromatie molecules such as pyrene are studied. Pyrene was only used at relatively low

concentrations in aU of the experiments. However, because of the excimer fonnation

pyrene cannot he used ta measure such parameters as the maximum loading capacity of

the micelles. Pyrene is also not an ideal model compound due to its overwhelmingly high

degree of hydrophobieity; MOst drugs are not as hydrophobic as pyrene. With these

concerns in mind pyrene does serve as a useful probe for the initial study of a new

micellar vehicle.
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3.1. PartitioDÎDI ofPyreDe betweeD "Crew-eat" Bleck Copolylller MieeUes

and B20IDMF Solveat MiDans

3.1.1. Iatrodaeti~D

Self-assembling coUoidal camers have been receiving much attention as potential

dmg delivery systems [1-5]. Such systems include micelles formed either from small­

molecule surfactants or from amphiphilic black copolymers. Low molecular weight

surfactants are frequendy considered for pbarmaceutical use due to their low toxicity [6­

7]. However, their application in drug delivery is restricted due to their relatively low

cap8City for drug loading [11-12] Similar to surfactants, amphipbilic black copolymers

with hydrophobic and hydrophilie segments are generally self-assembled in the form of

micelles in aqueous media. In these micelles, the hydrophobie blacks constitute the core

and the hydrophilic block$, along with the solvent (whieh can have a variable water

content), form the corona. Some black copolymer micelles have been studied for drug

delivery; these include poly(aspartie acid)-b-poly(ethylene glycol) [13], poly(B-benzyl L­

aspartate)-b-poly(ethylene oxide) [14], poly(oxyethylene)-b-poly(isoprene)-b­

poly(oxyethylene) [15], poly(oxyethylene)-b-polY(oxypropylene)-b-poly(oxyethylene)

[16], and many others.

Several laboratories have recently studied the incorporation of model hydrophobic

materials by the black copolymer micelles [17-19]. Nagarajan et al.[17a] compared the

solubilization of aromatic and a1iphatic hydrocarbons in poly(ethylene-propylene oxide)

and poly(N-vinylpyrroildone-styrene) black copolymer micelles. They found that the

solubilizate which is more compatible with the core-fonning black is solubilized to a

greater extent. A thermodynamic treatment of hydrocarbon solubilization was presented

by the same group for both diblack and triblock copolymer molecules [17h]. Their results

demonstrated that the core radius, the corona thickness and the aggregation number for

the diblock copolymer micelles are much larger than those for the triblock copolymer

micelles of identical molecular weights and black compositions. Tian et al.[18]

determined the solubilization of organic substances by styrene-methacrylic &Cid black

copolymer micelles using light scattering measurements, and suggested that the
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compounds which interact favorably with polystyrene are solubilized to a much larger

extent than the compounds wbich interact lcss favorably.

Solubilization within the core is controlled by the partition coefficient of the material

between the hydrophobic miœllar core and the hydrophilic aqueous phase. The

pharmacokinetic behavior of the system in terms of controlled release will a1so depend

upon this partitioning. Therefore~ the partition coefficients of hydrophobic materials

within miceUar systems of bath surfactant molecules and block copolymers have been

studied by various groups. A fluorescence quenching technique developed by Auger et al.

[8] enabled measurement of the naptbalene partition coefficient in aqueous solutions of

non-ionic surfactant micelles. One significant benetit of using this technique is that the

partitioning ofnapthalene cao he determined for bath saturated and unsaturated solutions.

lloh et al. [9] used fluorescence measurements 10 determine the partition coefficient of

pyrene in aqueous solutions ofn-fJ-octy1 glucoside micelles. They also calcuJated the free

energy oftransfer ofpyrene from the solvent water phase ta the micellar cores.

Moroi et al. [10] compared the solubilization of severa! cyclic aromatic hydrocarbons in

l-dodeame sulfonic &Cid micelles. They found that the tirst stepwise association constant

increased in arder from benzene to naphthalene to anthracene to pyrene. These studies

clearly indieate that control over solubilization is largely exerted by hydrophobic

interactions between the solubiljzate and the micelle core.

Pyrene partitioning between the poly(styrene-ethylene oxide) black copolymer

micellar phase and the watet phase was studied by Wilhelm et al. using fluorescence

measurements [19]. The partition coefficient ofpyrene was found ta have a value of the

order of 105. In a previous paper from this laboratory, the partition coefficient ofpyrene

between the polystyrene-b-poly(acrylic acid) black copolymer micelles and water phase

was also reported to he of the order of 105 [20]. Hurter and Hatton [21] examined the

partitioning of three polycyclic aromatic hydrocarbons, naphthalene, phenanthrene and

pyrene~ between water and micelles formed by poly(ethylene oxide-propylene oxide)

black copolymers. The micelle-water partition coefficient was found to increase with

both an increase in the polypropylene oxide content of the copolymer and with and

increase in molecular weight. Kabanov et al. suggested an approach for the calculation of
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the partition coefficient ftom the emission spectrum ofpyrene between Pluronic micelles

of poly(oxyethylene-b-oxypropylene-b-oxyethylene) triblock copolymers and bidistilled

water [16].

Crew-cut micelles have recently beeo the subject of extensive research in this

laboratory [22-26]. The crew-cuts are formed from amphiphilic black copolymer chains

with long hydrophobic core fonning blacks and short hydrophilic blacks [22]. The long

hydrophobic blacks prevent simple micelle preparation in pure water, rather a dual

solvent system such as DMF and H20 must he employed. The crew-cut micelle eamed its

name due to its thin hydrophilic brush like shell which surrounds a large hydrophobic

core. The crew-cut micelles as a drug delivery system may have an enhanced capacity for

the solubilization of non-polar drugs due to their large hydrophobic cores. In this study,

the polystyrene-b.polyacrylic &Cid micelles serve as a model crew-cut system and pyrene

as the model for a hydrophobic drug.

In this communication we report 00 the calculation of the partition coefficient (Kv) of

pyrene beween crew-cut micelles of polystyrene-b-polyacrylic acid and an H20IDMF

solvent mïxtule. We examine the etfect ofwater content in the solveot mixture on both

the total amount of pyrene incorporated into micelles and the nomber of Molecules

incorporated per micelle. The relationship between the partition coefficient (Kv) and the

mass equilibrium constant (K) is obtained and the Cree energy of transfer of pyrene from

the solvent mixture to the micelles is given in tenns ofK.

3.1.1. Theoretieal Aspects

3.1.1.1. Flllorescellce

Wilhelm et al. [19] and Kabanov et al. [16] suggested different fluorescence

methods to calculate the partition coefficient for pyrene in micellar solutions. The

approach described by Wilhelm et al. [19] is based on monitoring changes in the intensity

ratio h3a11332.5 in the excitation spectrum of pyrene. The method proposed by Kabanov et

al. [16] involved examination of the fluorescence emission intensity of pyrene at À =

39Snm. Our tluorometric approach is a hybrid version of these methods with a few minor

modifications. We monitor changes in the intensity of the third vibrational band and the
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first vibratioœl band (I)!I.) in the emission spectrum of pyrene in various DMFIH20

solvent mixtures. The 1)!1. ratio is used to calculate both the amount of pyrene absorbed

into the micelle cores, the nomber of pyrene molecules per micelle and the partition

coefficient of pyrene. The partition coefficients determined this way are then used to

recalcu1ate the IYI. ratios, the amount of pyrene absorbed and the nomber of pyrene

molecules per micelle. A comparison ofthe experimental and recalculated IJ1Il ratios will

enable a check of the self-consistency of the approach. This will a1so enable any

shortcomings or breakdowns which may arise through the use of this fluorescence method

to he revealed.

3.1.2.2. Pyrelle MOllolNer FlIIOIGCellCe

Pyrene bas commonly been used as a hydrophobic fluorescence probe, to evaluate the

polarity of various environments [9,27,28]. The fluorescence emission spectrwn of

pyrene shows some vibrational bands which are affected by the polarity of the

sunounding environment of the probe molecules. Specifically, changes in the relative

intensity ofthe 151 and 3rd vibrational bands in the pyrene emission spectrum have proven

to be reliable tools in examining the polarity ofthe microenvironment [9,27,28].

Figure 3.1 presents the monomer fluorescence spectrum for pyrene in aqueous

solution (pyrene conc. = l.Sxl0-9 mollg). The concentration is low to avoid excimer

formation. As is customary, the five predominant peaks or vibrational bands in the

spectrum are numbered from left to right as one to five. The first vibrational band (0-0

band) shows significant intensity variation in response to changes in polarity; for instance,

considerable intensity enhancement is observed in a polar solvent. The third vibrational

band demonstrates only minimal intensity variation in response to changes in

microenvironment polarity. Thus, the intensity ratio of vibrational band three to

vibrational band one, i.e. the intensity of Peak three nonnalized with reference to peak

one, is strongly related to the polarity ofthe surrounding medium ofthe pyrene.

3.1.2.3. CafeufatioD of the AmOUDt of PyreDe Absorbed•

The intensity offluorescence emission (1) al wavelength Â. may he written as:
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(2)

• (1)

where Ka =kl x ln10; k is an instrumental constant, 1 the ceU path length, &A. the

molecular decadic extinction coefficient at wavelength Â., ; the quantum yield, and [Py]

= the total concentration of p)'IeIle = [Py]~[Py]v, M the concentration of pyrene in

micelles, V the concentration ofpyrene in the solvent.

For pyrene in a copolymer miceUar solution, the fluorescence intensity of the third

vibrational band is [16,19]:

If =Ka (;y6 3,y[Py]y +;ME3,M[Py]M}

=Ka (;y6 3,y[Py] + (;M 6 3,M - ;y6 3,y) [Py]M}

where the superscript U refers to the micellar solution.

For the same concentration of pyrene in the same solvent mixture in the absence of

copolymer, the emission intensity (Ir)may he described as:

If =K a;y6 3,y[Py]

Thus

If -Ir _;M6 3,U-;yE3,Y X [Py]M[r - ;y6 3,y [Py]

=(;M63,M -1) x [Py]M
;y6J,Y [Py]

= ([J,max. -1) X [Py]M
[J,min. [Py]

(3)

(4)

•

where [3,max. is the fluorescence intensity when ail the pyrene is in the micelle cores and

I3,min is the fluorescence intensity when all the pyrene is in the solvent. If bath

[3,max. and [3,min are known, the absorbed amount of pyrene in the micelles may he

calculated.
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Figure 3.1. Fluorescence emission spectrum of pyrene (1.5xIO·9 mol/g) in 85%/15%

H20IDMF at a copolymer concentration of5.6xlO" g/g.
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3.1.2.... CIllcIlltdiDII of If frolll 11I~PtU'litiDlI CHffrckllt.

Wilhelm et al [19] suggested tbat pyrene binding to the micelles may be described as a

simple partition equilibrium between a miceUar phase and a solvent phase. They

provided an equation to describe the relationship between the partition coefficient (Kv)

and the ratio ofpyrene in the miceUar phase to pyrene in the solvent phase.

[Py]M KyZpsC

[Py]y Pps

Where X ps is the weight fraction ofpolystyrene in the polymer, p PS is the density of

the polystyrene core of the micelle and C is the concentration of polymer in glmL. In this

expression, the measurements are assumed ta be insensitive to micellar association of

polymer molecules.

From eq (5), we get

[Py]M KyZpSC

[Py] Pps + KyZpsC

Substituting inta eq (4) and rearranging

If =(I3,IDax. -1) x KyX psC x If +If
I 3,min. P ps +KyZ psC

In this way, we cao theoretically calculate If from the measured partition coefficient Kv.

The absorbed amount ofpyrene cao. also be calculated in tenns of the measured partition

coefficient Kv using eq (6).

3.1.2.5. RellltiollSllip~ellKvalld K.

Hunter [29] suggested a kinetic approach with

Mn-i + A<=> Mn (8)

to describe the distribution of probe molecule A between the micelles and the solvent

phase, where Mn is a micelle containing n probe Molecules and A is a probe molecule in

the surrounding solvent. In the present case, A= Py(pyrene).
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• If tbere is no limit 10 the nomber of solubilized molecules per micelle, then the mass

equilibrium constant, le, ofthe distribution ofpyrene molecules is:

K= [17lM
CM[Py]y

where [Py]M and [Py]v are the pyrene concentrations in the micelle and in the solvent

phase, respedively. CM is the miceUar concentration, i.e.

C
o _ (C-cmc)
M-

N
(10)

(Il)

(12)

where C is the concentration of polymer, CUle is the critical micelle concentration, N is

the aggregation number. In the present case, the eme is very small [30]. Equation (10)

thus becomes

Co _C
M­

N

Substituting both the eq (11) and the eq (5) into eq (9), we get

K= NKyZ PS

PPS

From this equation, the mass equilibrium constant K cao he calculated through the

partition coefficient Kv ifthe aggregation number N is known.

3.1.2.6. Ctllcll1lltüJ" ofFne Elfergy ofTl'tIIISfer.

From the mass equilibrium constant K, we have

AGO=-RTlnK (13)

•

where AGo is the free energy of transfer of pyrene molecules from the solvent phase to

the micelles.

3.1.3. ExperimeDtal SectiOD

3.1.3.1.Jkr~r~

The block copolymer used was POlystyrene-lJ.poly(acrylic acid) (PS(SOO)-b-PAA(60»

containing 500 styrene repeat units and 60 acrylic &Cid repeat units. This black copolymer
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was synthesized by sequential amomc polymerization of styrene monomer foUowed by

tert-butyl-acrylate monomer. The polymerization proœss was carried out in

tetrahydrofuran (THF) at -78 oC under nitrogen gas. Before the addition of tert-butyl­

acrylate monomer, an aliquot ofthe reaction medium. was withdrawn to obtain the styrene

c~ which had an identical polystyrene chain length to that in the diblock copolymer

which was 10 be syntbesized subsequendy. A more detailed description ofthe procedures

was given in a previous communication [31]. The black copolymer had a nanow

distribution ofmolecular weights, and the polydispersity index, (Mw/M,,) estimated by gel

permeation chromatography (GPC), was 1.04. The synthesized black copolymers were

hydrolyzed ta the &eid fonn (PS-b.PAA) in 10luene at 110°C reflux overnight by using p­

toluene sulfonic &eid as the eatalyst (5 mol% relative to the polyacrylate content). Pyrene

was purcbased &am Aldrich Chemical (USA) and was recrystallizated two times in

ethanol.

3.1.3.2. Met1Iods

PreparatioD ofSOI..tio....

Sample solutions were prepared by adding known amounts of pyrene in acetone to

each of a series of empty flasks, foUowing which the acetone was evaporated. The

amount ofpyrene was chosen so as to give a pyrene concentration in the final solution of

I.SxIO-9 mol/g. Different amounts of polymer in N,N-dimethylformamide (DMF) were

then added. The initia:. volumes of the solutions were ca. 2mL. Micellization of the

polymer was achieved by adding water at a rate of 1 drop every lOs. The addition of

water was continued until the desired water content was reached. The polystyrene-b­

poly(acrylic acid) block copolymer used here was found to have a very low cmc and to

fonn spherical micelles with an aggregation number of 160 when water content added

exceeds 5% [24,30]. AlI the sample solutions were stirred ovemight before fluorescence

measurement.

ftuoresceDce MeasuremeDts.

Steady-state fluorescent spectra were measured using a SPEX Fluorolog 2

spectrometer in the right-angle geometry (90° collecting optics). For the fluorescence
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measurements, 3 mL of solution was placed in a l.«km square quartz ceU. AlI spectra

were run on air-equilibrated solutions. For fluorescence emission spectra, Âcx was 339

Dm, and for excitation spectra, Â.cm was 390 DOl. Spectra were accumulated with an

integration time of 1 s/O.S DOl.

3.1.4. Results aad DiseussioD

3.1.4.1. PyN"~ÛI ",~Solw", MbttlUe.

The effect of water content in the solvent mixture on the intensity ratio of

peak3/peakl (i.e. 13 nonnaHzed to Il, here we simply represent it as If ' V means solvent)

in the absence of polymer, is shown in Fig. 3.2. With increasing water content, If is

enhanced. Generally, the peak ratio is afJected by two factors: the dipole moment of the

solvent and its dielectric constant [28]. When the dipole moment of the solvent

decreases, the peak ratio increases, and for any two given solvents with the same dipole

moment, the one with the smaller dielectric constant bas the higber peak ratio. Based on

these premises, KaIyanasundaram and Thomas [28] gave a larger value for the I]iI. peak

ratio in water than in DMF, which is in agreement with our result. In the present case, a

linear relationship between Ir vs. water content was found over the range of 20-85%

water content (see Fig. 3.2). At 900A. water, a sharp increase in If was observed. The

value of If in pure water is .S'J, while that in pure DMF is .55 [27].

3.1.4.1. Pyre"~ Ptlrtitio"i"8 i" Micelltl, SO/IItiOIlS.

It should first be noted, that the experimental points in Figures 3.3, 3.4, and 3.5 will he

discussed DOW in sections 3.1.4.2 and 3.1.4.3 while the lines found in these figures will he

discussed later in section 3.1.4.5. The experimental points in Figure 3.3 show the

normalized If as a fonction of polymer concentration. The measured values of If
(symbols) reveal changes with both the polymer concentration and the solvent

composition. In all cases the polymer concentration is far above that of the cmc for this

diblock copolymer [30]. It is seen that with an increase in polymer concentration, the If
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Figure 3.2. Intensity (If) as a function of water content in the solvent mixture in the

absence ofcopolymer. Pyrene concentration = 1.5xl0-9 moVg.
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Figure 3.3. Semilogarithmic plots ofthe fluorescence intensity (If) as a

Function ofpolymer concentration in different solvent mixtures. Symbols

Represent the experimental values for the various solvent mixtures expressed

as %H20/ %DMF; (.) 90/10, (0) 85/15, (e) 80/20, (A) 70/30, (_) 60/40,

(D) 40/60, (A) 20/80. The curves were calculated using eq. 7.
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increases until it œaches a plateau. In a micellar solution, the If retlects the combined

contributions of both the pyrene molecules in the micellar cores and those in the solvent

phase. It is weil DOwn that the peak3/peakl inteDSity ratio bas a larger value for pyrene

in a hydrophobic environment in comparison 10 that in a hydrophilic one [9,27,28].

Thus!t the increase in If means that more pyrene Molecules are incorporated into the

micelles with increasiDg polymer concentration. However, If remains small but almost

constant over the range of low polymer concentration, particularly in the solvent mixture

with low water contents.

At a constant concentration ofpolymer, If increases with increasing water content in

the solvent mixture. Solvent mixtures with higher water contents have a significantly

lower capacity ta accommodate pyrene Molecules, and more solute is thus incorporated

into the micelle cores!t leading to an increase in If. lbis result suggests that an increase

in solvent polarity may he a simple preparative method to achieve high loading of

hydrophobic solubiJjzate.

3.1.4.3. Ctûcll1lltloll oftlle ÂIIIOIIIII ofPyrelleAbsorMd

In order to calculate the amount of absorbed pyrene using equation (4), the two

parameters,. 1J,min and 1J,max. 0' must first he obtained. Here we chose the If value (Fig.

3.2) measured in the solvent mixture with 1.5xl0-9 moVg pyrene in the absence of

copolymer to he equivalent to 1J,min for the corresponding miceUe solution.

In the polymer micellar solutions, as previously described, the total fluorescence

intensity If is a result of combined contributions of pyrene molecules in the micelles

and in the solvent mixture. Since the saturation solubility ofpyrene in water is very low (

1.2 xIO·' M at 22 Oc [19])!t the contribution 10 the pyrene fluorescence in the aqueous

micellar solution, at the highest polymer concentrations, is predominantly due to pyrene in

the micelle cores. Therefore in order to obtain an upper limit 1J,max. value the series of

plateau values of If at the highest polymer concentrations were plotted as a function of

84



•

•

water content in the solvent mixture, and were then extrapolated to 100010 water content.

The value orO.83 was obtained as the present upper limit for [l,max..

Figure 3.4 shows a semilogarithmic plot orthe fraction ofpyrene incorporated in the

micelles, expressed as [Py]M![Py], as a function of the logaritbm of the polymer

concentration, for each solvent mixture. The experimental data shows that the absorbed

amount of pyrene increases for increasing pllymer concentrations. Sïnce the solutions

used are all above the cmc, increasing the polymer concentration results in an increase in

the number of micelles in solution. Clearly, the total number of pyrene Molecules

incorporated increases as more micelles are present. However, as the number of micelles

is increased, the ratio of the total number of pyrene Molecules per micelle is decreased.

This is clearly seen in Figure 3.5, the logarithmic plot of the number of Molecules per

micelle as a fonction of polymer concentration for the various solvent mixtures. The

diagonalline (in Figure 3.5) represents the ratio of the total number of pyrene molecules

pet micelle if one assumes tbat ail Molecules are incorporated into the micelles. The

diagonalline shows that the maximum possible number of pyrene Molecules per micelle

decreases Iinearly on a log-log plot as the polymer concentration is increased. The

experimental points in Figure 3.5 show that each micelle solution reaches a maximum

number of Molecules per micelle at a ditTerent polymer concentration, depending on the

water content in the solvent mixture. The greater the water content in the solvent mixture,

the lower the pllymer concentration required 10 reach the maximum. number of molecules

per micelle. Another phenomenon tbat is worth noting is that the 60, 70 and 80% water

content solutions bave a fairly wide plateau region over which the number of molecules

incorporated is independent of the polymer concentration. This plateau extends over one

magnitude ofpolymer concentration (IxIO·s - lxl04 g/g) and the plateau value increases

with increasing water content such that for the 60% solution the plateau is seen at 10

molecules 1 micelle while for the 70010 solution it is at 32 and for the 80% it' s at 100

molecules/micelle. This is quite interesting when it is considered that over this

concentration range the number of micelles present in solution bas increased by an arder

of magnitude, yet the number of pyrene molecules per micelle remains practically

constant.
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Figure 3.4. Semilogarithmic plots of [Py]M1'[Py] vs copolymer concentration in different

solvent mixtures. Symbols represent the experimental values for the various solvent

mixtures expressed as %020/ %DMF; (.) 90/10, (0) 85/15, (e) 80/20, (A) 70/30, (.)

60/40, (C) 40/60, (A) 20/80. The curves were calculated using eq. 6.
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3.1.4.4. Plll'titioll C_~1It

The [Py]M![Py]v values for each solvent mixture were obtained from the tluorescence

data are plotted agaiost copolymer concentration. Figure 3.6 shows the [Py]MJ'[Py]v vs.

copolymer concentration plot for the 85/15% H20IDMF solvent mixture; such plots were

made for each solvent mixture. The slope of Figure 3.6 is used in the calculation of the

partition coefficient Kv in terms of equation S, as suggested by Wilhelm et a1.[19].

Figure 3.7 shows a semilogarithmic plot of the partition coefficient as a fimction ofwater

content in the solvent mixture. Kv increases with increasing water content in the solvent

mixture. The dependence of log Kw on solvent composition is seen ta he linear. For pure

water, Kv is 1.3xlOS calculated from this linear relationship. This value is close to tbat

reported by Wilhelm et al [19] who suggested tbat the Kv values range from 2xl0s ta

4xlOs for pyrene partitioning between the micelles of polystyrene-poly(ethylene oxide)

diblock and poly(ethylene oxide)-polystyrene-poly(ethylene oxide) triblock copolymers

and the water phase. We previously obtained similar values for Kv, ranging from l.9xlOs

to 2.SxlOs, for pyrene partitioning between the micelles of polystyrene-b-poly(acrylic

acid) diblock copolymers and water [20].

In the solvent mixture of 50010 water content. Kv equals to 4.2xl~ which is 1000

times smaller than that in aqueous solution. This again demonstrates the strong influence

of solvent environment on the partitioning of pyrene between the micellar and solvent

phases.

3.1.4.5. Ctllcllltltio" of If, [Py/M /[PyJ, IIIIdPyrelle Molecllles / Mkelle.

Knowing the value ofKv as a fonction ofwater content, we are DOW able to calculate

a priori the plots for If ' [Py]M /[Py], and the nomber ofmolecules/micelle for a range of

polymer concentrations (lxI0-6_lxIO-2) in solvents of variable water content. The

calculations are described belowand plots are shawn as the Iines in Figs. 3.3, 3.4 and 3.5.

The Calculated Values of If
Using the upper limit value tor [3,max., and the respective values for /3,min the

curves, were calculated byeq. 7 and are shawn in Fig. 3.3. They are in good agreement
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Figure 3.6. Plot of [Py]MJ'[Py]v, obtained from fluorescence data, vs copolymer

concentration in g/mL for the 85% Il5% H20IDMF mixture. From this plot the partition

coefficient ofpyrene calculated byeq. 5.
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• with the experimental data over the range of low and medium polymer concentrations

(lxl0~-lxl0"'). However, there is a deviation in the plateau region found at high

polymer concentrations. One possible interpretation ofthe deviation is given below.

Low PolyJaer CODeeDtradoD RegioD.

At low polymer concentratioDS, the calculated curves obtained using equation 7 and

the upper limit 13..... value fit the experimental points quite weU. The If calculated

values match the If experimental values which approach the [3,minvalues for each

solvent mixture. The agteement between the If calculated and experimental values at

low polymer concentrations may he explained as foUows: In the present case, the density

of polystyrene is close to 1 (pps=l.04g1mL). When the polymer concentration is very

low, the fraction tenn in the right band side ofeq.7 may be simplified to

KyZpsC KyZPSC v C
--~....:....:=._-=:r t:IIAyZ PS (14)
Pps + KyZPSC pps

Thus, since KvZpsC «land I3•max1I3,min » 1, 13U becomes

If t:III3,max.K y Z psC + I 3,min ~13.min. (15)

As described above, the Ir was adopted as the corresponding 13,min o. For solvents of

low water content, when the polymer concentration is very low, the majority of the pyrene

Molecules remain in the solvent phase. Thus, the contribution of pyrene to the

fluorescence intensity arises mainly from pyrene in the solvent phase.

Rip Polymer CODceDtratioD RegioD.

When the POlymer concentration is very high, the fraction term

KyZPSC ~1

pps+KyZpSC

•
We therefore have

If ~I3,max. (17)
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Therefore, the calculated curves reach a plateau at the value of 13,max. as shown in

Fig. 3.3. The I 3,max.plateau value describes the intensity ofemission when ail the pyrene

is in the micelle core.

In Figure 3.3, the theoretical If curves were calculated using .83 as the value for

I 3,max.' which assumes no DMF in the core. The calculated theoretical curves deviate

from the experimental points in the plateau region. This deviation seems to increase with

decreasing water content. One possible explanation for this deviation is based on the

premise that the I 3,max.value should not he the same for all soivent mixtures, sinee in

each case there will he a different amount of DMF in the polystyrene core. With this in

mind, the calculated eurves were then recalculated using 13,max.values which ranged

from the individual plateau values for each soivent mixtures curve to the maximum

extrapolated value of .83. It was round (Figure 3.8) that the lower limit 13,max. value

yields a calculated eurve that is in agteement with the experimental points at higher

polymer concentrations. However, the calculated 13,max.curve recalculated using the

upper lim.it 13,max. value is in good agreement with experimental points obtained at lower

polymer concentrations. Thus for each solvent mixture, the eXPerimental points are best

fit by one calculated curve at low polymer concentrations and another at high polymer

concentrations. However, the polymer concentration at which point the crossover occurs

between the experimental data being best fit by one calculated curve to another varies for

each soivent mixture. As the water content in the solvent mixture is increased, the

polymer concentration at whieh point this change occurs is decreases. Interestingly, the

polymer concentration at this point of variation apPearS to coïncide with the polymer

concentration at which the eXPerïmental points approach the diagonalline in Figure 3.5.

The calculated curves for the fraction of pyrene incorporated into the micelles (Fig.

3.4) were also calculated by eqn.6, from the obtained partition coefficients (Fig. 3.7).

Naturally, these curves follow the same pattern as the caleulated Ifcurves.
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Figure 3.8. Semilogarithmic plots of the fluorescence intensity (If) as a

function of polymer concentration for the 800/0/20% H20/DMF solvent mixture.

Symbols represent the eXPerimental values. The curves were calculated using

eq. 7, for a range ofvalues ofhmax."

93



•

•

Caleulated NllDlber 01PyreDe Molecales 1MieeUe

From the partition coefficients, the number of pyrene molecules incorporated per

micelle in each polymer solution bas been recalculated using equation 6. The recalculated

values (shown as the lines in Figure 3.5) are in good agreement with the experimental

points

at high polymer concentrations (l x 10'" - 1 x 10-2 glg). However the recalculated values

deviate ftom the experimental points at low polymer concentrations (1 x 10-6 - 1.5 x 10'"

glg). This deviation is most pronounced for the solutions having the 6()O1O and 70% water

contents.

3.1.4.6. Mus Eqllillllri"", Co"."" a4FIWe Ellergy ofTrtlllSfer.

In the present system, the aggregation number ofthe micelles is known to he 160 (24).

The mass equilibrium constant (K) cao thos calculated in terms ofeq.12, and is shown in

Fig. 3.9 as a function of water content in the solvent mixture. From the equilibrium

constant, the corresponding Cree energies (AG~ of transfer of pyrene from the solvent

phase to the micelle cores were calculated by eq. 13, and are shown in Fig. 3.9. -dGo

decreases linearly with increasing water content and thos is driving the increased

incorporation of pyrene ioto the micelle cores. Moroi et al. [10] indicated that the

solubilization was controUed mainly by hydrophobie interaction between the solubilizates

and the micellar cores. An increase in the hydrophobicity of the blacks which constitute

the cores of micelles will generaUy improve solubilization [32-34]. The present results

suggest further that a change in solvent composition such that it is made increasingly

incompatible with the solubilizate will also enhance solubilization. This may he a

convenient method ta maximize the loading ofhydrophobic materials ioto micelle cores.
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Figure 3.9. Semilogarithmic plots ofthe mass equilibrium constant (K) and the

Cree energy (ÂG~ ofpyrene transfer from solvent phase to the micellar

cores as functions ofwater content in the solvent mixture.
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3.1.5. CODcl_ioDa

The partitioning of pyrene between the crew-cut micelles of pllystyrene-b­

poly(acrylic acid) and the H20IDMF solvent mixture was studied as a function of both

polymer concentration and water content in the solvent mixture. The fluorescence

measurement of If enabled determination of the amount ofpyrene absorbed, the number

of pyrene molecules incorporated per micelle and also Kv • Since Kv increased linearly

with increasiDg water content, the total amount of pyrene incorporated into the micelles

a1so increases. The number ofpyrene molecules per micelle was found to vary with both

solvent composition and pllymer concentration.

In the second part ofthe paper, using ooly the value ofKv and its variation with water

content, we calculated Q priori If, the amount of pyrene absorbed and the number of

pyrene Molecules incorporated per micelle. The experimental values obtained were then

compared with the theoretical1y calculated values in order to assess the overall

consistency of the fluorescence method As described, deviations were found at the

highest polymer concentrations between the two sets of values of If, and at the lowest

polymer concentrations for the values ofpyrene molecules incorporated Per micelle.

In addition, Kv was used ta calculate the equilibrium constant, which in tum enabled

the eaIculation of the Cree energy of transfer of pyrene from the solvent phase to the

micelle phase. The free energy of transfer was shown to decrease with increasing water

content in the solvent mixture, as expected. It thus appears that the loading of

hydrophobie materials into micelles MaY he enhaneed by gradually changing the solvent

composition such that it becomes increasingly hostile to the solubilizate.
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CHAPTER4

SYNTHESIS AND CHARACI'ERIZATION OF A BIODEGRADABLE

AND BIOCOMPATIBLE AMPHlPIIILIC DIBLOCK COPOLYMER

OF POLY(s-CAPROLAcrONE)-B-POLY(ETHYLENE OXIDE)

To date many different micelles from block copolymers have been introduced for

applications in drug delivery. However, as described in Chapter 2 it is unlikely tbat there

will he one universal micelle system tbat will be best suited as a delivery vehicle for ail

lipophilic drugs. The physico-chemical properties of the micelles formed from the

various biocompatible copolymers are different). The synthesis ofnew biocompatible and

biodegradable copolymers will enable the development of micelles with unique properties

as dmg delivery vehicles. In this way eventually, a pool of different copolymers will he

available ftom which the most suitable copolymer could he used for the delivery of a

specifie compound. For this reason, we chose to develop a new micelle system formed

from poly(caprolactone)-b-poly(ethylene oxide) (pCL-b-PEO) copolymers. The

properties of the polycaprolactone core-fonning black such as hydrophobicity, polarity

.and glass transtition temperature will enable the PCL-b-PEO micelles to he unique from

other previously developed systems. In section 4.1 the synthesis and characterization of

the PCL-b-PEO copolymers are described as weil as the physico-ehemical

cbaracterization ofthe PCL-b-PEO micelles.

100



•

•

4.1. Syathesis _d CharacterizatioD of • Biod....dable ud BiocolDpatible

AJaplaipltilie Copolymer ofPoly(s-eaprolactoDe)-b-Poly(ethyleDe oside)

4.1.1. IntrodaetioD
Micelles formed from amphiphilie black copolymers have recently received mueh

attention as potential delivery vehieles for hydrophobie drugs [1-8]. In an aqueous

environment, the amphiphilie nature of the copolymer aIIows it to self-assemble ta fonn

micelles such that the hydrophobie blacks form the core of the micelle whiJe the

hydrophilie blacks form the outer sheU or corona. To this point, the copolymer micelle

systems studied as drug carriers bave mostly been star-type micelles. Such miceUes are

fonned ftom black copolymers whieh have corona-fonning blacks that are usua11y longer

than the core-fonning blacks, and in this way they are most often spherical in shape and

have an extended corona.

By contr8St, erew-cut copolymer aggregates are formed from copolymers whieh

contain corona-Conning blacks that are much shorter tban the core-forming blacks. Crew­

eut aggregates bave been found to exhibit a wide range of interesting morphologies

ineluding spheres, eylinders, vesieles, large compound micelles .and many more [9]. To

this point, the crew-cut aggregates that have been explored were formed from non­

biocompatible and non-biodegradable copolymers sueh as polystyrene-b-poly(acrylic

acid) and polystyrene-b-poly(ethylene oxide). The use ofcrew-cut aggregates ofdifferent

morphologies in drug delivery bas not yet been investigated.

In this paper we report on the synthesis and characterization of a series of PCL-b­

PEO copolymers which have a constant PEO block length and different PCL block

lengths, such that the copolymer aggregates produced range from star-type (e.g. PCL3-b­

PE044) to near crew-cut systems (e.g. PCLIS1-b-PE044). We also describe

characterization studies of the PCL-b-PEO aggregates, focusing on those properties which

are of MOst interest to applications in drug delivery. The two comPOnents of the

copolymer, poly(caprolactone) and polyethylene oxide, are known to he bath

biode~bleand biocompatible [8].
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Severa! groups bave studied the use of triblock and diblock copolymers formed

from poly(caprolaetone) and poly(ethylene oxide) copolymers in drug delivery [10-12]

and severa! methods bave been reported for the synthesis of PCL-b-PEO black

copolymers [13-15]. Perret et al. [13] described the anionically initiated copolymermwon

of s-CL by PEO-sodïum to provide ether-ester black copolymers; however, the resulting

copolymers were found ta he contarnjnated with a significant amount of

homopolypolycaprolaetone. The presence of homopolymer was attributed to an

equilibrium cyclic oligomerization in the amoDie polymerization when Metal alkyl oxides

are the living species. Cenaï et al.[14] exploited non-catalyzed polymerization of s-eL

initiated by poly(ethylene oxide) to obtain aImost pure black copolymers; however, the

polymerization rate was very slow and the length ofthe PCL blacks were short even when

the polymerization was performed at very high temperature (185 OC) for long periods of

time (several weeks). Recently, Bogdanov et al.[15] reported another approach to the

synthesis of PCL-b-PEO copolymer whieh involves carrying out the eopolymerization in

the bulk at 130 oC for 24 hours in the presence of stannous octoate as the eatalyst. The

copolymers obtained contain high molecular weight polycaprolactone, and the

polydispersities of the copolymers were not reported.

The present paper is divided ioto two parts; the first includes a description of the

copolymer synthesis and characterization, while the second discusses the eharacterization

of the copolymer aggregates. The synthesis involves a new method for the preparation of

PCL-b-PEO copolymers which produces copolymers with a relatively narrow molecular

weight distribution and long poly(caprolactone) blacks. The copolymerization May he

carried out at ambient temperature within a short period of time and with a high degree of

control. The characterïzation of the copolymer includes the detennination of the

copolymer composition, thermal behavior, critical water content and critical micelle

concentration. The copolymer composition was determined by ope and IH-NMR., while

differential scanning calorimetry was used to study thennal behavior. Statie light

scattering measurements were employed to determine the critical water content values and

a tluorimetric method was used to tind the critical micelle concentrations. In the second

part of the paPer, we focus on severa! of the eharacteristics of the PCL..b..PEO aggregates,
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such as electron microscopie analysis and incorporation studies oftwo different lipophilic

compounds, pyrene and CM-Dil. The partition coefficient ofpyrene between the micelles

and water is determined for aggregates tonned hm copolymers with the same PEO block

length but different polycaprolactone black lengths. Pyrene is also employed to measure

the microPOlarity of the polycaprolaetone core. The incorporation of CM-DU into the

aggregates formed from ditferent PCL-b-PEO copolymers is also studied. Finally, we

report on the in vitro biocompatibility ofseveral ofthe PCL-b-PEO copolymers, as we are

interested in studying the aggregates formed from the series of PCL-b..PEO copolymers as

carriers for various hydrophobie drugs.

In reœnt papers we have demonstrated the usefulness of one of the PCL-b-PEO

copolymers, PC141-b-PE044• as a material used 10 fonn carriers for various lipophilic

drugs such as the neurotrophic agents [8] FK506 and L-68S,818, as weIl as for

dihydrotestosterone [16]. The sucœss of these studies bas encouraged an interest in

exploring a broader range of PCL-b-PEO aggregates, fonned ftom copolymers of the

same PEO block length but different PCL block lengths.

4.1.2. bperimeDtai SediOD

4.1.2.1. Mt*rÛIIS Tetrahydrofuran (Aldrich) was purified by refluxing it over a

sodium bezophenone complex under nitrogen, a blue-violet color indicating a solvent free of

oxygen and moisture. It was further distilled over poly(styryllithium) under reduced pressure

in the final purification step. E-Caprolactone (Aldrich) was twice dried over CaH2 dt room

temperature and distilled under reduced pressure. Ethylene oxide (Matheson) was first

purified with CaH2 and then distilled over n...butyllithium just before use.

Diphenylmethylpotassium (Ph2CHK) was prepared at room temperature by reacting

diphenylmethane with potassium naphthalene in THF for 24 h. Naphthalene potassium

resulted from the reaction of potassium with naphthalene in THF at room temperature.

Diethylaluminum chloride (Aldrich) in hexane \\'"88 filtered prior ta use. Pyrene was

purchased from Aldrich Chemical Co.. The fluorescent dye, CM...DiI, was purchased from

Molecular Probes Co.. The tissue culture reagents were ail purchased from Gibco BRL. The
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• A1amar Blue was purcbased ftom Biosource Camarillo and the Trypan Blue from Gibco

BRL.

4.1.2.2.~"""t'"Mdlods

Copolymer Syntbesis Sequential anionic polymerization of ethylene oxide and €-

caprolactone was carried out under an inert atmosphere in a previously tlamed glass reactor

equipped with a mbber septum. Syringes and stainless steel capillaries were used in order to

traDsfer solvent, monomer, and initiator. TUF and diphenyl methyl potassium, which were

used as the solvent and the initiator, were first charged ioto the reactor. Pfe.purified ethylene

oxide monomer was slowly added to the initiator solution ofknown concentration al -78 oC.

The temperature was slowly increased from -78 to +30 Oc over a period of 30 minutes.

Thereafter, the reaction mixture was tept at 30 Oc for 24 bourse Theo an aliquot of the

reaction medium was withdrawn for analysis by OPC in order to determine the molecular

weight of the first black. The equivalent amount ofdiethylaluminum chloride in hexane was

added dropwise ioto the polymerization solution, followed by the addition of e-CL

monomer. Polymerization of e-CL was performed at 2S oC for ca. 20 hours. The

polymerization was stopped by adding a 10-fold excess of HCI solution relative to

aluminum. The polymers were recovered by precipitation iota cold hexane and were dried

under vacuum at room temperature for one week. The pure PEO-b.Poly(e-CL) block

copolymers were white powders.

CopolyJDer CharacterizatioD

DetermiDation of the Copolymer Composition Size exclusion

chromatography (SEC) was used to measure the degree ofpolymerization and polydispersity

ofthe polymers. SEC was canied out in THF at room temperature using a Waters 510 Iiquid

chromatography unit equipped with two Gel Columns (Styragel HRI and HR4) and a

reftactive index detector (Varian RI-4). Millennium software was utilized. Polyethylene

oxide standards were used for calibration to calculate the molecular weight of the PEO

blocks. The degree of polymerization of the Poly(e-CL) blocks were measured by Nuclear

• magnetic resonance (IH..NMR) relative to the degree of polymerization of PEO block. IH_
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• NMR spectra were recorded on a Varian XL-300 spectrometer at room temperature. CDCh

was used as solvent with tetramethylsilane as an internaI standard.

Study ofThermal Beh.vior The thermal properties of the PCL-b-PEO samples were

analyzed using a Perkin Elmer OSC, model OSC-7. The samples were heated at a rate of

10°C per minute over a single heating cycle.

Detel'lllÏDatioD of the Critieal Water CODteDt The copolymer solutions were

prepared by dissolution of the copolymers in a common solvent, Le. N,N­

dimethylformamide (DMF), tetrahydrofuran (THF) or 1,4-dioxane. The solvents OMF, THf,

and dioxane (Aldrich, HPLC grade) were used as received without furtber purification. AIl

solutions were filtered through a membrane fiIter with a nominal pore size of 0.45 ~.

Deionized water (Milli Q) was added with a micro-syringe.

The light scattering measurements were carried out on a OAWN..F multiangle laser

photometer (Wyatt Technology, Santa Barbara, CA) equipped with a He-Ne Laser (632.8

nm). AU measurements were carried out at room temperature. The SC8ttered light intensity

was recorded 15 minutes after each water addition and during this lime interval the solutions

were stirred.

DetermiDatioD of the Critical MiceUe CODcentration The CMC of three different

PCL-b-PEO copolymers of variable PCL black length was determined by fluorescence based

on previously devel0Ped methods (17-19]. A specifie aliquot of a PCL-b-PEO eopolymer

stock solution in ehlorofonn was added to empty vials such that the final concentration of

polymer in solution ranged trom IxlO-9 to 2x10-4 glmL. The chloroform was then allowed

to evaporate and 4 mL of water was added to each vial. The vials were capPe<! and stirred

for 4 hours at 50°C. Each vial and contents were weighed prior to and foUowing the heating

period in order to ensure that water 1085 had not occurred. An aliquot of a pYrene stock

solution in acetone was added to another set of empty vials such that the final concentration

of pYrene in the solution would be 6x10-7 M. The acetone was allowed to evaporate and a

• 3mL aliquot of the corresponding previously prepared polymer solutions in water was added
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• ta eaeh vial. The solutions were then left to stir for 2 hours at 50°C and then ovemight al

room temperature.

Steady-state tluorescence emission spectra were obtained using a SPEX Fluorolog-2

spectrometer in the right angle geometry. The fluorescence excitation spectra were obtained

with Â.em = 39Onm. For eacb solution the ratio ofI33s/I333 was measured.

MieeUe CharaeterizatioD

MieeUe PreparatioD Ten milligrams of PCL-b-PEO block copolymer was dissolved in

up ta 0.2 g ofdimethylformamide and stirred for four bourse Micellization was induced by

dropwise addition of0.8 g of water al a rate of approximately one drop every ten seconds.

The micelles were placed in a dialysis bag and dialyzed against MilIiQ distilled water. The

water was changed every bour for the first four hours and then every three hours for the

next twelve hours.

•

Electron Microscopie ADalysis Severa! different preparative techniques were tried

in order to determine the optimal method for the electron microscopie analysis of this

system. For the basic method ofpreparation a drop of the micelle solution was placed on a

copper grid which was precoated with fonnvar and then coated with carbon. The excess

solution was removed and the sample grid was a1lowed to dry. The sample grids were then

shadowed with a platinum (PtIC:95/5) filament. For the freeze-fracture/freeze-etch

technique a smaU drop ofa 1% (wt) PCL-b-PEO micelle solution was placed in the center of

a sample holder and dipped into Iiquid nitrogen-cooled liquid propane (-140°C). After

approximately 5 seconds, the sample holder was removed and placed into a liquid nitrogen

bath. The sample holder was then placed in the freeze-fracture appparatus (Balzers 300)

wherein the temperature ranged between -100 to -120°C. Sample fracture was performed

using a liquid nitrogen cooled knife. Following freeze-fracture and freeze etc~ the fracture

plane was shadowed with platinumlcarbon (95:5) at a 30° angle and then coated with carbon

at a 90° angJe. The Pt/C replica was floated off the holder using distilled water and placed

onto uncoated copper grids. The sample grids were analyzed by transmission electron

microscopy using a JEOL microscope.
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• IacorporatioD of Hydrophobie Solabilizates

Detel'llliDatioD of the ParthiOD CoeftieieDt for PyreDe betweeD the PCL-b­

PEO MiceDes aad Water The fluorescence method employed to determine the

partition coefficient bas been described in detail elsewhere [17,19,20] The method involves

the determination of the partition coefficient of pyrene between mixed waterlDMF solvent

mixtures (60-90010 water content) and block copolymer micelles (concentration PCL-b-PEO

ranging fiom lxl06 to lxl0-1 g/g), at 2SoC. The method is based on the sensitivity ofpyrene

ta the hydrophobicity and polarity of its microenvironment. The intensity ratio of the

vibrational band three ta the vibrational band one (1]111) in the fluorescence emission

spectrum of pyrene ref1ects the polarity of the surrounding environment of the pyrene

molecules. The IYIl ratio can then he used to calculate the total 801000t of pyrene

incorporated into the micelles, and ftom this the partition coefficient for pyrene between the

micelles and a waterlDMF mixture MaY he calculated. A semilogarithmie plot of the values

of the partition coefficient for pyrene between the various DMF/water mixtures versus water

content can then be extrapolated 10 1()()oAt water in order to obtain the partition coefficient for

pyrene between the PCL-b-PEO micelles and water.

An aliquot ofpyrene in acetone was added to each ofa series of sample vials such that the

final concentration of pyrene in solution would he 1.S x 10-9 mollg. The acetone was

allowed to evaporate, at which point different amounts ofPCL21-b-PE044 or PCL40-b-PE044

copolymer were added to each vial followed by the addition of a SPeCifie 801000t of DMF.

The solutions were left to stir for four bours, at which point micellization was achieved by

the dropwise addition ofwater. The solutions were then allowed to stir ovemigbt.

Steady-state fluorescence emission SPeCtra were obtained using a SPEX Fluorolog-2

spectrometer in the right angle geometry. For each fluorescence measurement ca. 3 mL of

solution was placed in a quartz cell. The fluorescence emission spectra were obtained with

Âex= 339 nm.

MeasuremeDt of the Mieropolarity of the MieeUe Core A series of samples were

prepared in the same manner as described above for the determination of the partition

• coefficient for pyrene between the micelles and a DMF/water solvent mixture. However,
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• folloWÏDg preparation the samples were taken and dialyzed against Milli Q water in arder to

remove the organic solvent. The fluorescence emission spectra of each sample were

acquired and the value ofthe IVII ratio W8S œcorded.

Meuure.eDt of the Loadiag EftieieDey 01 the PCL-6-PEO MieeUes for the

nuonsceDee Probe CM-DîI as • FUDaioD 01 PolyeaprolaetoDe Sloek LeDlth or

Copolymer CODceDtratiOD The preparation of miceUe-incorporated solubilizates

requires the initial dissolution of a quantity of bath the solubilizate and the polymer in an

orgaoic solvent. During miceUization, ooly a certain proportion of the dye wiU he

incorporated into the micelles, and during dialysis both incorporated and non-incorporated

dmg will he lost. The loading efticiency is the ratio (expressed as a percentage) of the

amount of hydrophobe in the miceUes following dialysis to the total amount of hydrophobe

initially dissolved in solution.

ln order to measure the amount of CM-DiI in the micelle solutions a standard curve was

produced for 0.01 - 1 uM CM-DiI in a DMF/water mixture (2.5 % water content). The

fluorescence emission intensity al 570 Dm (MX = SS3nm) was measured for each solution.

A log-log plot was then made of the emission intensity versus CM-DiI concentration. The

slope of this line along with the tluorescence emission inteDSity at 570 Dm. for each micelle

solution was used ta calculate the amount of CM-Di! present in the aliquots of each micelle

solution.

For the sample preparation an aliquot of CM-Di! in DMF was initially added to severa!

empty vials such that the final concentration ofCM-DiI was 1 x 10 -8 moles/g. An aliquot of

a stock solution of PCL21-b...PE044 in DMF was then added to each vial such that the final

concentration of copolymer in solution was lx10-2 glg for the measurement of the loading

efficiencyas a fonction of black length and IxIO-s to IxIO-1 g/g for measurement of the

loading efficiencyas a function ofcopolymer concentration. DMF was then added up to .2 g

and the solution was allowed to stir for severa! hours. Micellization was induced by the

dropwise addition ofMilliQ water (.8g). The solution was allowed to stir ovemigbt and was

• then dialyzed against MilliQ water. FoUowing dialysis, a 100 uL aliquot of the micelle
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• solution was added 10 3.9 mL of DMF in order 10 disrupt the micelles. The solutions were

alIowed to stir for severa! hours prior to measuring the fluorescence emission spectra (perkin

Elmer LS 50) ofeach solution.

r" vitro BiocompatibiUty of the PCL-b-PEO MieeUes of Variable PCL Siock Length in

PC12 CeU Cultures. PC12 cells were employed for al1 in vitro studies. The ceUs

were maintained in DMEM supplemented witb lOOAt horse serum, 5% fetal calf senmt,

500ug1mL penicillin and SOOugImL streptomycin at 37°C in S% COz. The eells were

plated in 24 weil plates and cultured in RPMI medium supplemented with S% fetal bovine

serum. Aliquots of the 1% (wt) PCL-b-PEO micelle solution were added 10 the individual

wells 10 make the final concentration of micelles in the wells to range from 0.004 - 0.2%

(w/v). Control wells consisting of ceUs alone were used in each experim.ent. The micelles

were incubated with the cells for both four and five day periods, at which point œil viability

was analyzed usÎDg both the Alamar Blue survival assayand Trypan Blue exclusion dye

assay, which have been described in detail elsewhere [8].

4.1.3. Results and DiselUlioD

4.1.3.1. SF"tllais ofPO/y(CtlJlroltletolle)-6-poly(d1IFk,,~oxûk) Copo/ylMn

The SYQthesis of the PCL-b-PEO copolymers was canied out by ring-opening

polymerization of ethylene oxide, initiated by diphenyl methyl potassium, in THF at 30 Oc
for 24 hours. Following the addition ofthe desired amount of initiator into THF, the solution

wu cooled to -78 oC and the ethylene oxide monomer, in liquid fonn at -78 oC, was added

dropwise to the initiator solution. As the temperature was raised from -78 to 30 Oc (over a

period ofca. o.s hour) the deep red color of the diphenyl methyl potassium solution faded as

a result of the initiation reaction. The polymerization lasted 24 hours at 30°C. An a1iquot of

the reaction medium was withdrawn for analysis by ope in order to determine the molecular

weight of the PEO black. In keeping with previous results, the PEO has a relatively narrow

and symmetric molecular weight distribution as shown by the SEC trace in Figure 4.1.

Poly(ethylene oxide) end-capped with diethylaluminum was obtained as a result of the

• addition of the equivalent amount of diethylaluminum chloride into the PEO-potassium
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• solution. Polymerization of&-CL, initiated by PEO-diethylaluminun, was performed at 25 oC

for ca. 20 bourse The polymerization was stopped by the addition ofacid (o.lM HCL).

Aluminium alkoxides have proved to he very successful in the synthesis of

polyesters sueb as poly(&-caprolaetone) and plly(D,L or L,L) lactides [21]. This

coordination-insertion type of pllymerization can he considered living polymerization and

yields linear chains of a predictable molecular weight and narrow molecular weight

distribution. Poly(ethylene oxide)-diethyl aluminum was obtained by the reaction of

diethylaluminum chloride and plly(ethylene oxide) potassium, and was used as the

lIUICI'Oinitiator for E-alprolactone polymerization. SEC traces from the copolymerization

reaction are also shown in Figure 4.1. The peaks in the SEC traces are narrow and

symmetrical; however, the polydispersity of the black copolymer broadens somewhat with

an increase in the PCL black length. For example, as shown in Figure 4.1, the pllydispersity

increases from 1.07 ta 1.12 when the PCL black length is increased from a molecular weight

of5000 to 17 000.

It is worth mentioning that the copolymerization of&-caprolactone initiated directly by

poly(ethylene oxide) potassium did not give a pure black copolymer. The molecular weight

distribution of the resulting copolymer was reJatively broad and tailing on the low molecular

weight side, and indicated the presence of homopolycaprolactone in the final produet. A

cyclic equilibrium oligomerization might he reSPOnsible for the formation ofhomopolymer.

Since it is not possible to measure the molecular weight of the second black in the

diblock copolymer by OPC, another technique was required. Proton nuclear magnetic

resonance eH-NMR) bas been widely used for the detennination ofcopolymer composition,

provided that each component contains protons whose resonance is unique and

distinguisbable. Figure 4.2 shows a typical IH-NMR spectrum of a PCL-h-PEO copolymer.

The sbarp single resonance centered at 3.6 ppm is due to the methylene protons of the

oxyethylene units of PEO; two equally intense triplets at 4.1 ppm and 2.3 ppm and a

multiplet at about 1.5 ppm is due to the Methylene protons of the oxycarbonyl-I ,5-

•
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pentamethylene unit ofa homosequence derived from CL ring opening. The mole fraction of

each component in the black copolymer cao he determined from the integral peak area ratio,

and the degree ofpolymerization ofthe PeL black can be calculated relative ta the degree of

polymerization ofthe PEO black.

The time-conversion relationship for the E-CL polymerization ilIustrated in Figure

4.3a shows that the polymerization of E-CL is completed within 20 h. Figure 4.3b shows a

linear increase of the degree of polymerization of the polycaprolactone with the degree of

monomer conversion. This result confirms that the ring--opening polymerization of E-CL is a

living process without significant side reactions, such as chain transfer or tennination.

4.1.3.2. T1I~1'IIUIl B~"tlVlo, ofPCL-IJ-PEO COJlOly~n

Differentiai scanning calorimetry (DSe) measurements were carried out in order

ta broaden the polymer characterization to include information on the thermal behavior of

the PCL-b-PEO copolymers. Figure 4.4, shows the thermographs of the copolymers with

varying PCL black lengths. Trace A corresponds to the copolymer containing the highest

PEO content, and displays a single endotherm starting at near 40 oC, which is very close to

the melting temperature ofcrystalline PEO homopolymer ofa similar molecular weight; for

example, the Metting temperature of PEO with a molecu1ar weight of 1500 was reported to

he 45°C [22]. This suggests that the melting of PEO in the black copolymer is responsible

for this endotherm. Even after the addition of a few units of peL, the PEO black retains a

vety high degree of crystallinity. When the peL content increases, a second endothenn

appears at 54 Oc appears (traces B and Cl. With a further increase in the PCL block length,

and a consequent decrease in the PEO content, the first endotherm disappears (trace D). The

second endotherm peaking at 56°C is due to the melting of polycaprolactone. It is

interesting to note that for a polycaprolactone black Iength of 14 (trace A) their appears to he

no crystallinity in the PQlycaprolactone chains while in a copolymer with 150 caprolactone

units the crystallinity of the PEO appears to he negligible (trace D). Thermographs from

repeated runs on one PCLto-b-PE044 diblack copolymer are shown in Figure 4.5. Trace A,

the first run, displays two endotherms which start at 41 and 54°C, while traces Band C, the
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• second and third nms, display only a single endotherm wbich begins al 41°C. It appears that

the crystallinity ofthe PEO block develops much faster on cooling.

4.1.3.3.Aggngatioll Stlldia of tII~ PCL-b-PEO CopolyllWrs by Stlltic Lig"t Sctltterillg

Mf!1U1Ue1lle1l1s

The aggregation of plly(e-caprolaetone)-b-poly(ethylene oxide) (pcL-b-PEO)

diblock copolymers in solution was studied by static light scattering. The copolymer was

dissolved in TIIF, a common solvent for both blacks of the copolymer. The addition of

water causes the aggregation of the PCL-b-PEO copolymers since it is a good solvent for

PEO but not for PCL. Due to the aggregatioD, the scattered light intensity increases

suddenly and the solution appears eloudy.

Figure 4.6 shows the experimental curves of the scattered light intensity ofPC~­

b-PE044 copolymer in THF at various copolymer concentrations as a function of water

content in the solvent mixture. For each solution, as long as the water content is relatively

low « 7%), the scattered ligbt intensity changes ooly very little., implYing that the

copolymer remains nnassociated. A critical water content is obtained from the intercept of

the near horizontal and the sloping Hne segments of the scattered light intensity curves. In

Figure 4.6 we see that the onset of the aggregation shifts to higher water contents as the

initial copolymer concentration in THF decreases, as bas been observed for other

amphiphilic black copolymers [23].

Figure 4.7 shows a plot of the cwc as a funetion of the log of the copolymer

concentration for three different copolymers which have the same PEO block length but

differ in the length of their PCL black. A linear relationship is found between the cwc and

the logarithm of the copolymer concentration, in agreement with previous findings on other

copolymer-solvent-precipitant systems. In Figure 4.7 we also see that for any one copolymer~

the ewc value decreases as the copolymer concentration is increased. Also, it is shown that

for a specifie copolymer concentration, the ewc decreases as the length of the hydrophobie

poly(e-caprolactone) inereases, since the copolymers with the longer poly(E-caprolactone)

blacks start to aggregate at a lower water content than those with the shorter peL blacks.

• This behavior is a1so in agreement with previous findings for other eopolymer systems [23].
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• As expected, the relationsbip between the ewe and the copolymer concentration depends on

the length of the peL black; the longer the poly(.:-caprolactone) block, the smaller the slope

d[cwc] / d[logC] ofthe lïne.

It is elear from the above that for a copolymer solution of a specifie initial

concentration when the water content is below a critical value the copolymer cbains are

unassociated. At the critical water content, the copolymers start to associate, an~ as more

water is added beyond the ewc, more polymer chains 8SSOCiate to fonn micelles, and the

concentration of the copolymers in single-ebain fonn decreases. Thus, it is of interesl to see

how the micelle fraction ofthe copolymers depends on the change ofwater content beyond

the critical value. A relationship between the micelle ftaction and the water content bas been

given in a previous paPer [24]. The micelle fraction is defined as the ratio of the

concentration of associated polymer ta that of the total polymer, (Co"Ccmc)/Co (where Co

stands for the initial· polymer concentration, and Ccmc for critical miceUization

concentration). In that solvent, the miceUe fraction was found to increase rapidly within a

very narrow range ofwater contents once microphase separation started. The micelle

fraction can be calculated using the foUowing relationship [24]:

(Co - Ccmc)/Co = l--exp(-2.303ÂH20/A)

where ÂH20 is the increment ofthe water content above the cwc and A is obtained from the

slope d[cwc]/d[log Co] in Figure 4.3. When the ÂH20 value is zero or less (i.e. for water

contents below the cwc), the (Co -Ccmc)/Co is zero and ail the copolymer chains in the

solution are unassociated.

A plot of the micelle fraction against the increment of the water content is shown

in Figure 4.8, with the insert showing the plot of the micelle fraction against absolute values

of the water content. It is clear that the micelle fraction dePends on bath the length of the

PCL block and the water content. A1so, for copolymers with longer poly(.:-caprolactone)

blocks, the micellization is completed within a narrower range of the increase in the water

content.

•
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• 4.1.3.4. Cryst.Ui%lldDII ofPeL 6IDck d"';"6111ic~/IiztItio"

The crystalljzation of the PeL black in the PCL-b-PEO aggregates was analyzed by

DSC. The water in the PCL-b-PEO miceUe solutions was removed and solid micelle

particles were obtained by drying the samples at room temperature for two weeks. Figure

4.9 shows the thermographs of the dried micelles from three black copolymer samples;

each shows an endothenn al SSO C characteristic of the melting point of PCL, indicating

the peL black crystallizes during micellization. The PEO shows a hint of a shoulder for

the sample with the shortest PeL black.

4.1.3.5. CMC~tMbuItitI"

The detennination ofthe critical miceUe concentrations ofsevera! PCL-b-PEO (5­

b-44, 12-b-44 and 21-b-44) copolymers was perfonned by a fluorescence method using

pyrene as the probe. Pyrene is a hydrophobic compound which is sensitive ta the polarity of

its microenvironment. The method employed involves the measurement of the I33s11333 ratio

within the excitation spectrum of pyrene over a range of copolymer concentrations. The

initial formation ofmiceUes is marked by a large increase in the 1J3a1I333 ratio.

The CMC values obtained (Figure 4.10) were 1.9x1O·s, 8.9xl0·7 and 2.8xl0·7

mollL for the PCL-b-PEO copolymers; S-b-44, 12-b-44, 21-b-44 respectively. In units of

mgIL, the CMC values are 47, 2.9 and 1.2 for the same samples. The decrease in CMC

accompanYing the increase in the polycaprolactone black length was anticipated.

The CMC values for PCL-b-PEO are in the same range as those obtained for the

poly(ethylene oxide)-b-poly(j3-benzyl L-aspartate) system (5-18 mgIL) (2~ 25] and the

polylactide-b.poly(ethylene glycol) system (35 mg/L). The values are also in the same range

as the CMC values for the polystyrene-b-poly(ethylene oxide) system reported by Wilhelm

(1-5 mWL) [17]. In addition, the CMC values for the PCL-b-PEO system are lower than the

values obtained for the oligo(methyl Methacrylate )-b-poly(acrylic acid) which bas a CMC of

100 mgIL [S] and a1so lower tban the CMC values for some of the poly(ethylene oxide)-b­

poly(propylene oxide)-b-poly(etbylene oxide) systems which fall in the range of 10 - 1000

mg/L [Id]. The low CMC values obtained for the PCL-b-PEO system ref1ect the inherent

• stability of this system to dilution. A micellar drug delivery system is subject ta sink
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conditions upon intravenous injection ioto an animal or human subject. A rat, for instance,

bas approximately 6 % of its body weight as blood volume; thus, for a 100 g rat, the volume

ofblood is approximately 8 mL. FoUowing the intravenous injection of a 100 uL dose of a

1% (wt) solution of the PCL-b-PEO micelles, the concentration of copolymer in the blood

will he 125 mg/L. This concentration is weil above the CMC of both the PCLI2-b-PE044

and the PCL21-b-PE044 systems and twice as high as the CMC of the PCLs-b-PE044 system.

Thus, given at this dose, MOst of the micelles will remain intact following intravenous

injection. However, a 50 uL dose ofa 1% solution of the PCL-b-PEO micelles into a 300 g

rat would result in a final concentration of28 mgIL ofcopolymer in the total blood volume.

This concentration is below that of the CMC of the PCLs-b-PE044 system, and thus, upon

injection, the micelles would convert into a population of single copolymer chains.

Considerations of this type are essential in order to guarantee the MOst effective use of a

miccllar delivery vehicle [26]. Overall, a balance must be achieved between the initial

stability of the micelles to sink conditions which they face upon injection, and the eventual

disassembly ofthe micelles into single chains in order to facilitate their elimination from the

body.

4.1.3.6. Dm"";IItIIïoll ofMic~1kMorp1lology

Transmission electron microscopy was used as a means of studying the

morphology ofthe PCL20-b-PE044 miceUes in water. In the tirst series ofstudies, the

traditional methods of sample grid preparation were employed. In each case, the electron

micrograph revealed ooly clusters ofaggregates which did not have very clear or distinct

morphologies. In addition, the aggregates were different in apPearance dePending on the

surface (i.e mica, copPer, copPer coated with formvar, copPer coated with carbon etc.) to

which the sample had been applied. This suggested that the apPearance of aggregates was

surface specific and not representative of the actual morphology of aggregates in solution.

For this reason freeze-fracture was adopted as a means ofidentifying the morphology.

The freeze-fracture technique employed revealed individual spherical aggregates

ofapproximately 25 DOl in size and larger clusters of individual aggregates strung together in

a Pearl necklace Pattern (Figure 4.11a and 4.11b). The aggregation ofthe PCL-b-PEO
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Figure 4.11. and b) The freeze-fracture/freeze etch electron micrograph of a 1% (w/w)
solution ofPCL2o-b-PE044 copolymer. •
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micelles into the Iarser clusters is in keeping with the behavior ofblack copolymer micelles

with a poly(ethylene oxide) shell [2b, 27]. The raults tiom the dynamic Iight scattering

measurements of tbis system, wbich were œported elsewhere, [8] aIso revealed a bimodal

popuIation distribution including small aggregates of approximately 50 Dm and larger

aggregates of500 Dm. It was also found tbat the progressive dilution ofa .1% (w/w) micelle

solution to .02% (w/w) resu1ted in a sbift in the bimodal population distribution from a high

number of large aggregates in the more concentrated solutions to a higher number of the

smaller aggregates in the solutions of lower concentration. This suggested that the larger

aagœgates were clusters of single micelles. The picture of the necklace-like aggregates

clearly reveals tbat the larger aggregates are composed of individual micelles.

4.1.3.7.llICDlJIOrtdÏOII ofHytIropllo6k SoIlIlIIIl%tIta

Detel'lDiDatioa 01 the Pardtio. Coetlici_t lor PyreDe betweea the PCL-6-PEO MiceUes

_d Water The values for the partition coefficient for pyrene between PCL-b-PEO

micelles and water were found to be 240 [8], 760 and 1450 for the PCLI4-b-PEO...., PCL21-b­

PEO... and PCLto-b-PE044 systems, respectively. The increase in the partition coefficient

with increasing block length reflects the increased cargo space of the PCL-b-PEO micelles

with longer polycaprolactone blacks, assuming the aggregates are all spherical. Atso, as the

size of the aggregates increase the surface to volume ratio is decreased, which in tum means

that in the larger aggregates a smaller fraction of the pyrene will he solubilized at the core­

corona interface; this may ais<> &et to increase the IJIII ratio. The value for the partition

coefficient of pyrene between the PCLtG-b-PE044 micelles and water is about three times

higher than the value reported for a micelle system formed ftom poly(ethylene oxide)SII2-b­

poly(propylene oxidehs-b-poly(ethylene oxide)SII2 micelles and water (Kv = 460) [19).

However, the Kv value for pyrene in PCLco-b-PE044 micelles is an order ofmagnitude lower

than that obtained for the poly(ethylene oxide)-b-poly(f3-henzyl aspartate) micelles [25]. The

higher value obtained for the PBLA-b-PEO system may he due to the presence of the benzyl

group within the core-forming black, which may interact more strongly with pyrene than

groups within the poly(caprolactone) black. Severa! studies have revealed that the

compatibility between the solubilizate and the core-forming black largely influences the
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• extent to which solubilization occurs [28, 29]. This aspect is discussed more fully in a recent

review [26].

The micropolarity of the polycaprolactone micelle core was also measured by

fluorescence. The dialyzed PCL-b-PED micelle solutions were found to have an IJ!lI ratio of

0.6. The value of 0.6 is much lower than that obtained for pyrene in the micelles fonned

from polystyrene-b-poly(ethylene oxide) copolymer, where it was reported to he 0.83 [17].

Also, for the PBLA-b-PEO system, the Dili ratio was found to he 0.71 [25]. The partition

coefficient for pyrene between PS-b-PEO micelles and water is ofthe order of lOs [17] while

for the PBLA-b-PED [25] system it is reported to he in the 104 range; furthennore for the

PCLw-b-PE044 micelles the partition coefficient is of the order of 1cr. This demonstrates

the relationship between the micropolarity of the micelle core as measured by IYII and the

extent to which the pyrene molecules are solubilized by the micelles. The greater the 13111

ratio the greater the partition coefficient ofpyrene between the micelle core and water.

4.1.3.8. LotuIiftg EJficœllCY of tlle PCL-b-PEO Micelks for CM-DU ilS Il FIlIICtioll of

Polyctlproltlctolle BlockUIIgtil.

As shown in Figure 4.12a, the loading efficiency of the PCL-b-PEO micelles for CM­

DU was found to increase with an increase in the length of the polycaprolactone core­

fonning block. The increase in the loading efficiency as a function of black length parallels

the increase in the partition coefficient for pyrene as a function of polycaprolactone block

length. The increase in the length of the core-fonning black increases the diameter and thus

the loading space within the individual micelles, assuming all aggregates are spherical. The

increased hydrophobic content within the micelle core facilitates interaction between the

polymer and drug Molecules; this mayact to enhance incorporation.

Also, as the length ofthe core-forming black is increased, the surface to volume ratio

ofthe micelles decreases, assuming all micelles are spherical. During dialysis, the amount of

drug lost wililargely be dependent upon the amount which is loc8ted at the micelle surface.

Assuming that the conditions are such that there is Iittle drug lost from the interior of the

micelle core. Thus, as the length of the polycaprolactone black increases, less drug will he

• located at the micelle surface due to the decrease in the surface to volume ratio. Thus,
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Figure 4.12 a) Plot ofthe % loading efficiency ofCM-DiI versus the block length
ofpolycaprolactone in the copolymer used to fonn the PCL-b-PEO aggregates.
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• during the dialysis process, more drug will be lost from the micelles with the longer

polycaprolactone block lengths.

The loading efficiency of Di! into the PCL-b-PEO micelles was also measured as a

fonction of the copolymer concentration (Figure 4.12b). In this case, it was found that the

loading efficiency was incœased as the copolymer concentration was increased from 1 x 10-6

ta 1 X 10-2 glg. However, at concentrations above 1 xl0·2 g/g the loading efficiency leveled

off. Thus from 1 x 10-6 to 1 x 10.2 g/g copolymer the amount of DU incorporated increases

as the copolymer concentration is increased; however, above this concentration, the amount

ofDi! incorporated remains the same. This type ofbehavior bas been previously rePQrted in

a study by Hurter and Hatton who found that there were two different patterns for the

incorporation of napthalene ioto PEO-b-PPO-b-PEO copolymers [30-32]. For the PEO-b.

PPO-b-PEO copolymers with a higher hydrophobic content, the degree of solubilization did

not increase with increasing copolymer concentration; however, for the copolymers with the

higher hydrophilic content, the degree of solubilization did increase with an increase in

copolymer concentration [30-32].

4.1.3.9. ,,, vitro BiocolllJHllibillty oftlle PCL-6-PEO Micelles

The in vitro biocompatibility of the PCL-b-PEO micelles was assessed by incubating the

different micelles with PC12 cells for a 1 - 4 day Period. As previously reported [8], the in

vitro biocompatibility ofthe PCL21-b.PE044 micelles had already been confinned for bath

24 and 48 hour incubation periods. In Figure 4.13, we see the results from the incubation of

severa! ofthe PCL-h-PEO systems (final concentration of0.2% (w/w) in each cell weil) with

PC12 cells for 1-4 days. The biocompatibility ofthe PCL21-b-PE044 and PCL I2-b-PE044

systems was confirmed with to be above 92 % for aIl incubation Periods. However, in the

case of micelles formed from copolymers with shorter PCL black lengths, the

biocompatibility results were quite different for the 2 - 4 day incubation periods with

survival faI1ing to 66% for the PCLs-b-PE044 system following the four day incubation

periode At this point the reason for the lower survival rate ofceUs incubated with the PCL­

b-PEO micelles with short peL blocks for incubation periods beyond 24 hours is unknown.
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4.1.4. Co.clasioa

We have reported a novel method for the synthesis of biocompatible and

biodegradable copolymers of polycaprolactone-b-poly(ethylene oxide). The copolymers and

the aggregates were studied with emphasis placed on characteristics of greatest interest to

applications in drug delivery. Clearly, each ofthe properties including critical water content,

critical micelle concentration, partition coefficient for pyrene, loading efficiency and in vitro

biocompatibility were found to he dePendent on the length of the core-fonning black. This

retlects the extent to which the characteristics ofthe micelle cao he controlled by a1tering the

properties ofthe copolymer used to prepare the micelle.
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CllAPTER5

POLYCAPROLAcrONE -B-POLY(ETHYLENE OXIDE)

COPOLYMER MICELLES AS A NOVEL DRUG DELIVERY

VEWCLE FOR NEVROTROPBIC AGENTS FK506 AND L-685,818

FKS06 and its structural analogue L-68S,818 were the first biologically active

model compounds that we chose for our study of the PCL-h-PEO miceUes as drug

carriers. These compounds were first selected owing to their high potency and degree of

lipophilicity. The polycaprolactone-b-POly(ethylene oxide) (pCL-h-PEO) miceUes, like

other black copolymer aggregates, bave a very small cargo spaœ; for this reason, miceUar

delivery vehicles are MOst useful for the delivery ofhighly patent compounds. Secondly,

the availability of radiolabeled FKS06 provided a method of detection of the drug

necessary for studies of loading capacity, release kinetics and ceU uptake. Also, in vitro

and in vivo models had been established for FKS06.

FKS06 is a fascinating compound of great complexity and for this reason section

5.1 bas been dedicated ta the description ofboth its therapeutic effects and mechanisms of

action. The model used to assess the in vitro delivery and biological activity of PCL-b­

PEO micelle incorporated FKS06 bas been described in detail in section 5.2. Finally in

section 5.3, we summarize the results obtained from the study of the in vitro delivery of

the miceUe-incorporated FKS06 and L-68S,818 in PC12 ceU cultures.
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5.1. FK5I6: Tbenpeutic EfI'ects and Mec"",,'" ofActioa

Tacrolimus (FKS06, Prograt) was discovered in 1984 by scientists from Fujisawa

Pharmaœutical Company while screening for new active immunosuppressants [1].

Tacrolimus is a natural product extracted from

the fermentation broth of the bacterium

Streptomyces tsukubaensis found near Tsukuba

City, Japan [2]. The compound, as shown in

Figure 5.1.1, is a macrolide Iactone of 822

Daltons and includes a 23 membered ring. It is

a fairly lipophilic compound Oog P = 0.386)

wbich is poorly soluble in water, and very

soluble in organic solvents such as chlorofo~

acetone and ether [1].

Presently, FKS06 along with cyclosporin A

(CsA), are the leading immunosuppressive Figure 5.1.1: Structure ofFKS06
(R. = H, Rl = a1lyl)

agents used to prevent graft rejection (3-6].

FKS06 was first used in the prevention ofrefractory allograft rejection [7]; however it bas

since been proven to he effective as primary treatment following kidney, heart, lung,

intestine, pancreas, and bone marrow transplantations [8]. Although FKS06 and CsA are

structuralIy distinct their mechanism of action as immunosuppressive agents are quite

similar. However, FKS06 bas been found to he 10 fold more patent than CsA in vitro and

100 fold more patent in vivo [2,9]. The therapeutic efficacy of the two drugs bas also

been shown to he quite different. In 1994, the European FKS06 Multicentre Liver Study

Group reported on the results from a study involving 545 Iiver transplant patients, which

compared the theraPeutic efficacy ofFKS06 and CsA based immunosuppressive therapies

[lOlo The 545 patients were divided into three groups; 16 patients received no treatment,

265 patients were treated with CsA and 264 patients were treated with FKS06. In each

case, the patient was examined 12 months post-transplantation. The study revealed a

lower incidence of acute rejection, refractory acute rejection, cüld chronic rejection for

•
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patients treated with FKS06 when compared to those treated with CsA. The specific

results were as follows: the incidence of seute rejection was 40.5% (107 patients) and

49.8% (132 patients) for those treated with FKS06 and CsA respectively; reftactory acute

rejection was diagnosed in 0.8% (2 patients) ofthose treated with FKS06 and 5.3% (14

patients) of those on CsA; chronic rejection was seen in 1.5% (4 patients) of those using

FKS06 and 5.3% (14 patients) of patients on CsA. The survival rate for patients treated

with FKS06 was 77.5% (46 patients died) while that for patients treated with CsA was

sligbdy lower al 72.6% (61 patients died). Also, the total daily dosage of corticosteroid

supplement required for the treatment of rejection was less for those in the tacrolimus

group than it was for those in the CsA group. These results demonstrate the slighdy

greater therapeutic efficacy of FK506 over CsA in the treatment of liver transplant

recipients [10].

80th CsA and FKS06 have been found to cause several unwanted side effccts such as

impaired renal functioD, abnormal glucose metabolism (hyperglycaemia, diabetes

mellitus) and neurological effects [10]. In the study mentioned above the adverse effccts

induœd were more severe for the group treated with FKS06 in comparison to those

treated with CsA. However, these results conflict with findings from another study where

CsA was found to cause more severe effccts on renal function than FKS06 [Il J.
The adverse side effects that FKS06 may induce often limits the allowed dosage of the

drug. The incorporation ofFKS06 into drog delivery vehicles bas been tried as a means of

preventing these unwanted side effects. Several liposomal fonnulations bave been

prepared along with an oil in water emulsion fonnulation and a black copolymer micellar

system by our group. A brief review of the delivery vehicles developed to date for FKS06

will he given in section S.I.2.

We will DOW discuss several aspects of FKS06. The first section (Section 5.1.1)

discusses the mecbanism of action ofseveral ofthe biological effects of FKS06 including

its immunosuppressant, neuroregenerative and neuroprotective activity. Finally, several of

the drug delivery vehicles tried for this compound are discussed in section 5.1.2..
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inhibition oftranscription of the IL-2 gene, as
shown in ret: 34.

5.1.1. nenpeutïe

EfI'eds 01FK506

S.1.1.1. FI506 Ils l1li

r.""",os"l'prasive

Age"t Onœ

adrnjnistered FKS06 bas

been found to enter ioto

both immune and non­

immune responsive ceUs

[1]. Upon entry ioto the

œIl, it binds to proteins

of the immunophilin

class, known as FKS06­

binding proteins, the

predominant one being

FKBP12. The FKBP

immunophilins have

peptidyl-prolyl cis-trans

.isomerase or rotamase

•

•

8Ctivity which is believed to he involved in the regulation of a range of cellular functions

including protein folding [9, 12, 13]. The binding of FKS06 to the FK.BP's is said to

inhibit their rotamase activity, however; this effect is not responsible for its

immunosuppressant action [12]. This bas been clearly shawn by the study of analogs of

FKS06 ( e.g. L-685,818 [14, 15» and CsA (e.g. 6-[Me]-Ala-CsA [16]) which bind to their

respective immunophilins and thus inhibit rotamase activity but have no

immunosuppressive activity [13]. Instea4 the immunosuppressive activity of FKS06

originates from its ability to inhibit the phosphatase activity ofcalcineurin [9].

Calcineurin also known as phosphoprotein phosphatase 2B (PP2B) is a member of

the serine-threonine phosphatase family, however; it is unique in that its activity is Ca2
+

/Calmodulin dependent. Calcineurin is a heterodimeric protein, composed of a 60kOa
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catalytic subunit (A) and a 19kDa regulatory subunit (8) [9, 12]. The cata1ytic A-subunit

includes an autoinhibitory domain and the bindiDg site for the Ca2+/CaM complex (CaM

bas not been found 10 bind in the absence of Ca 2J [12]. The FKS06IFKBPI2 complex

binds to several sites on calcineurin including the amino terminus of the B binding helix

on the A subUDit, the eatalytic domain and the B-subunit [12]. The binding of

FKS06IFKBP12 10 the calcineurinlCaMlCa 2+ complex inhibits calcineurins phosphatase

activity [9]. The inhibition ofcalcineurins phosphatase activity bas many cellular effects;

however, the immunosuppressive effcct of FKS06 is primarily due to the inhibition of

genes encoding local Mediators such as interleukin 2 (IL-2) and interferon gamma (IFN-y)

produced by CD4+ type 1 helper T ceUs (THI) [9]. For example, the transcription factor,

cytoplasmic nuclear factor of activated T CeUs (NF-ATç), is present ooly in activated

lymphocytes where it is commonly dephosphorylated by calcineurin (Figure 5.1.2)[9].

FoUowing, the dephosphorylation of NF-ATc by active calcineurin NF-ATç translocates

into the nucleus where it binds with NF-At... This complex associates with the IL-2

promotor/enhancer region of the DNA 10 promote the transcription of the interleukin 2

(IL-2) gene [9]. The IL-2 gene is onlyone of the genes encoding growth-promoting

cytokines whose transcription is inhibited by FKS06 [9]. The inhibition of cytokine

secretion from the CD4+ THl ceUs prevents the proliferation and maturation of CD8+

cytotoxic T lymphOCYtes [17].

The immunosuppressive effect of FKS06 is selective in that it bas been found to

affect mostly Type 1 helPel' T (THI) ceUs rather than Type 2 helper T (Tm) ceUs [9].

Helper T ceUs aid in activating the response ofother white blood ceUs by the secretion of

lymphokines, interleukins or cytokines. Specifically, the THl ceUs are responsible for the

activation of macrophages while the TH2 ceUs are involved in the stimulation of B ceUs.

The selective effect ofFKS06 on cytokine production from the THI ceUs and not the Tm

eeUs MaY actually enhance the drogs immunosuppressive activity. Since, cytokines

produced by the Tm ceUs (e.g. 1L-IO) actuaUyact to inhibit the production of IL-2 and

IFNy by THI ceUs [9, 18].

Aside, from its ability to inhibit gene expression in certain cells FK506 also

effccts other Ca 2+ dependent events owing to its inhibition of calcineurin. For instance,
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• the activation of the enzyme nitric oxide synthase is dependent on dephosphorylation by

ca1cineurin. A few other substrates of calcineurin include phosphatase 1, CAMP­

dependent protein kjnase and CAMP-responsive element binding protein (CREB) [9].

In addition, it is postulated tbat FKS06 inbibits the transcription of

prointlammatory cytokines including IL-l, tumor necrosis factor a, ll..-3, n..-4, IL-S, ll.-6,

IL-S and granulocyte macrophage colony stimulating factor (GM-CSF) [9, 19]. The

mechanism by which this occurs involves the binding of FKS06 to the steroid receptor

8SSOCiated heat shock protein (hspS6). In binding to the glucocorticoid receptor complex

FKS06 stabilizes the glucocorticoid receptor preventing it ftom inactivation and

degradation [9, 20, 21]. The stabilization of the GR complex results in an enhanced

translocation ofthe GR to the nucleus. The bindiDg ofGR to the glucocorticoid response

elements (GRE) results in the

inhibition of transcription of

genes encoding the

aforementioned

prointlammatory cytokines

[19].

believed to prevent the

degradation of the

progesterone reœptol and in

this way enhanœ the

transcription of genes which

are promoted by the PRE.

This effect of FKS06 is said

to be mediated by its binding

to FKBPS9 and their

subsequent association with

hsp70 and hsp90 [22, 23].

~C3 C&cmeunn

FKBPI2.Jr ..

+ ~argmme~..:I:+ NOS ..U cltrulline
NO

~
neurotoxicity neurotransmitter

release

Figure 5.1.3: A schematic of the inhibition of the
production ofNO by FK506IFKBPI2, as found in
cortical cultures (figure is based on figure 2 in ref:34)

NMDA receptor
glutamate

alsoisFKS06
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5.1.1.2. FKJfJ6 lB • N~lU'Oprot«tive adNelll'O,.eu~Age,,' The neuroproteetive

and neuroregenerative effects ofFKS06 are mediated by two distinct mecbanisms.

Nearoprotective Aetivity The neuroprotective effect of FKS06 is found ta he

at least partially mediated in vitro by a calcineurin dependent mechanism which involves

nitrie oxide; FKS06 bas been shown to proteet cortical ceU cultures from excitotoxic

death [13] (Figure 5.1.3). In tbis case, the calcineurin substrate of interest is nitrie oxide

synthase whose phosphorylated state is increased owing to the action of FKS06. Nitric

oxide synthase is activated by increased Ca 2+ levels and is a calcium-calmodulin

dependent enzyme [13]. This enzyme eatalyzes the production ofnitric oxide (NO) and

citndline from arginine. The production ofnitric oxide is stimulated upon activation ofa

class of glutaminergie reœptors termed the N..methyl..D-aspartate (NMDA) receptors

[24]. The activation ofthese reœptors causes a Ca-flux through an ion channel, leading

to the activation of NOS and subsequent production of NO. The increase in the

intraeeUular level of NO cao contribute to glutamate..mediated neurotoxicity. Glutamic

&Cid is known to be neurotoxie as it can cause overstimulation of the NMDA receptors.

FKS06 inhibits caleineurin and in this way inhibits the dephosphorylation and consequent

activation ofNOS. Snyders group demonstrated that both FKS06 and CsA inhibit NMDA

induced NO production in cortical ceU cultures [25].

At this point, there is a discrepancy between the in vitro and in vivo data regarding

the mecbanism by which FICS06 exerts its neuroprotective effect. The in vivo

neuroprotective effect of FKS06 is not necessarily believed to he mediated by the

inhibition of the enzyme NOS. Severa! groups have found tbat NOS inhibitors do not

black in vivo exeitotoxie damage [26, 27].

NeuroregeDerative Aetivity The neuroregenerative effects of FK506 do not

involve caleineurin, but rather originate from the inhibition of the rotamase activity of the

immunophilin FKBPI2. Most of the early work on immunophilins involved the studyof

their role in the immune system. For this reason, their name originates from the

immunosuppressant drug they bind, for example the FKBP's bind FKS06 and the

cyclophilins bind CsA. However, the work ofSnyders group later pointed to the potential
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• role ofthe immunophilins in the CNS by demonstratÎng tbat the levels ofFKBP12 are 10­

40 fold bigher in the brain tban in the immune system [28].

FKBP12 is one of approximately SO immunophilins that bave been identified to

date (20 cyclophilins and 30 FKBP's) [29, 30]. The cellular location for the different

immunophilins varies; FKBP12 is found in the cytosol, FKBP13 in the endoplasmic

reticulum and FKBPS2 is found in the nucleus and the cytosol [13]. In the cytosol,

FKBP-12 is complexed to the ryanodine and inositol triphosphate receptors whieh both

play a role in mediating intraceUular Ca 2+ levels. The ligand binding site for FKBP12 bas

been found to consist of a depression on the surface of the protein whieh is 9A x 9A in

area and 7A deep, and contaÎDS severa! hydrophobie residues [13]. The structure of the

human FKBP12-FKS06 ... ..

Figure 5.1.4: The Structure and Activity ofthe FKBP12
ligands; FKS06 and L-685,818, as shown in ret: 13.

H

CH. HOMe

FK506 (RI =H, R% =allyl)
L-685,818 (RI = OH, R%= ethyl

complex bas been

elucidated by means of x­

ray crysta1lography and

NMR spectroscopy [31-33].

The FKBP binding

component of FKS06 is

shown in Figure S.1.1. The

specifie interactions and the

groups of both FKS06 and

FKBP12 involved in the FKBP12 Calcineurin Rotamase Neurite

eomplex have been LIGAND Inhibition Activity Outgrowth
ICso EDso

described in detail .----~I___---__t----+_----......
elsewhere. The binding of ...-F_KS_06__+-YE_S +-O_.4_nM__-+-O_.5_nM__---1

FKBP12 to FICS06 results _L-68__5_,8_18_..a...-N_O ....a..-0_.7_nM__....L.--S_.O_nM ...

in the dissociation of the

•
immunopbilin from the ..._--------------_...ryanodine (integral membrane protein in the sarcoplasmic retieulum in muscle eeUs) and

inositol triphosphate receptors (integral membrane protein in the endoplasmie reticulum

[34].
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The study of FKS06 and its non-immunosuppressant analogue L,685-818

demonstrate tbat it is the inhibition of the rotamase activity of FKBP12 and not the

inhibition of calcineurin tbat govems its neuroregenerative aetivity [13, 15, 35]. As

summarized in Figure 5.1.4, L,685-818 does not inhibit ca1cineurin and 50 is not

immunosuppressive; however, it does inhibit the rotamase 8Ctivity ofFKBPI2 and does

promote neurite outgrowth in expiant cultures. In addition, bath FKS06 and L,685-818

were found to promote the structural and funetional regeneration of lesioned sciatic

nerves in rats. Also, they found tbat another FKBP ligand, Rapamycin, that is also not

able 10 inhibit calcineurin is not a neuroprotectant [25]. Clearly, this shows that the

neuroregenerative 8Ctivity of FKS06 is not mediated by a calcineurin dependent pathway.

This realization prompted the design of small molecules that bind to FKBP12 and are

neurotrophic but not immunosuppressant. Severa! smalt molecule FKBPI2 ligands were

successfully designed ta contain the minjmum FKBPI2 binding domain [36] and have the

ability 10 undergo the necessary hydrogen bonding interadÏons with FKBP12 (13]. The

binding affinity of the ligands for FKBP12 was evaluated by measurement of their

rotamase inhibition constant (Ki) [13, 16]. Also, experiments were perfonned whereby

the EDso of each ligand was obtained from dose response curves tbat were generated. In

these experiments increasing concentrations ofthe FKBP12 ligands were incubated for 48

hours with sensory neuronal cultures [13, 37]. FoUowing, the incubation period the extent

ofneurite outgrowth was assessed and a dose response curve was produced. The FKBP12

ligands studied were found to he highly potent as they were able to promote neurite

extension from sensory neurons in the absence of exogenously added growth factors. It

should be noted that the addition ofexogenous growth factor was necessary for FK506 to

induce neurite outgrowth in PCI2 cells but is not required in primary neuronal cultures.

The nerve growth factor is already present in primary cultures as it is produced by the

Schwann ceUs present in culture [13].

Interestingiy, there was not found to he a linear relationship between the

neurotrophic potency of these ligands and their ability to inhibit the rotamase activity of

FKBPI2. Severa! of these compounds were found to have neurotrophic potencies which
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were 10-100 times higher than their rotamase inhibition constants [13]. However, in all

cases it was observed that binding to FKBPI2 and an inhibition of its rotamase aetivity

were required for the ligand to have neurotrophic activity. These results suggest that the

inhibition of the rotamase activity ofFKBP12 is neœssary for the neurotrophic activity of

FKS06 but this inhibition is not solely responsible for the neurotrophic potency ofFKS06

and the other FKBP12 ligands [13].

5.1.1.3. FKSfJ6 Ils tllHmllltologklllAga' lnf1amm atory immunological1y based

skin disorders such as atopic dermatitis are found 10 he induced by the activation of

intlammatory ceUs such as T ceUs and mast cells [38]. Sïnce immunosuppresant agents

CsA and FKS06 have been found to inhibit the activation of inf)ammatory ceUs they are a

likely treatment for these skin disorders. CsA was the first immunosuppressant agent to

he tried in this regard [39]. Intravenous formulations of CsA have been found to he

effective against psoriasis [40] and atopic dermatitis [41]; however, conflicting results

have been reœived with topical CsA ointments. In MOst cases, the inefficacy of CsA

topical treatments were found ta he due ta the insufficient penetration of CsA ioto the

skin. Local application of FKS06 bas been found to he effective in the treatment of

inflammatory skin disorders. The ability for FKS06 to permeate human skin in vitro bas

been shown 10 he greater tban that ofCsA. This is believed to he due either to the lower

molecular weight of FKS06 (mol.wt =822D, CsA mol.wt = 1202 D) or its slightly lo"ver

lipophilicity [42].

To this point it bas been found that the absorption ofFK506 through the skin is a

passive process and that ooly a small amount of the topically applied dose enters the

systemic circulation [43].

5.1.2. Drag Delivery Vehieles for FKS06

The permissive dose of the drug is limited by its adverse effects which include

primarily neurotoxicity and nephrotoxicity. For this reason, severa! drug delivery vehicles

have been designed for FKS06 with the aim of reducing the adverse effects of the drug

without affecting its immunosuppressant activity [44, 4)]. Several liposomal
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formulations have been designed and the pbannacokinetic parameters and biodistribution

of liposome incorporated FKS06 have been studied. In the past, research bas

demonstrated that the conventional (non-sterically stabilized) liposomes are taken up by

components ofthe RES and thus mainlyaccumulate in the üver and spleen. In this way, a

conventiooal liposomal formulation of FKS06 would be anticipated to reduce the neum­

and nephrotoxic effects oftbis drug. In a study by Ko et al. [44], the organ distribution of

liposomal FKS06 was compared to that of FKS06 admioistered in an intravenous solution

(Fujisawa Pharmaceutical Co. Ltd. Osaka Iapan) in male Wistar rats. In this study the

level of FKS06 in whole blood, plasma, spleen, liver, kidney, pancreas, intestine,

cerebrum and the cerebellum were measured at 10 min., 1 hour, 6hrs. and 24 hrs. post

injection. It was found that the üposomal formulation of FKS06 allowed for

increased accumulation of FKS06 in the liver and spleen when compared to the

conventiooal Lv. solution of FKS06. A1so, the levels of FK506 in the kidney, cerebrum,

and cerebellum were much lower when FKS06 was administered in the Iiposomal

formulation [44].

In a later study Ko et al. [45] compared the efficacy ofa liposomal FKS06 fonnulation

with that of the conveotiooa1 i.v formulation of FK506 in a canine model. The model

included beagle dogs which had undergone orthotopic Iiver transplantation. The dogs

were divided into three groups: group 1, not treatment, group 2 treatment = 0.05

mglkglday FKS06 in conventionai i.v. fonnulation for 14 days; group 3 treatment =

FIG06 in a Iiposomal Lv. fonnulation 0.05 mglkglday for 14 days. AU of the dogs in

group 1 died within the two week period, those in group 2 died within 33 days; however,

the dogs in group 3 survived for over 200 days. This demonstrates that the administration

ofFKS06 in a liposomal fonnulation may actually enhance the therapeutic efficacy of this

drug [45]. Ko et al. then compared the efticacy of the Iiposomal FKS06 formulation with

the conventional i.v. solution in the treatmeot ofboth a liver and kidney canine transplant

model [46]. In this study, the beagle dogs that had undergone Iiver or kidney transplants

were divided iota the same three treatment groups described above. In the case of the

liver transplant model the results were in agreement with those described above. Yet, for

the kidney transplant model it was found that ail animais in group 1 died within two
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weeks, those in group 2 survived more tban 30 days and those in group 3 oo1y survived

between 9 and 18 days. Thus, the animais treated with the i.v.liposomal fonnulation did

not survive as long as those treated with the coventional Lv. solution [46]. These results

were to he expected sincc the level of kidney accumulation of liposomal FK506 was

previously shown to he very low; likely owing to the kidneys poor RES [45, 46].

The delivery vehicles described above for FKS06 were considered for its use as an

immunosuppressant agent. To our Imowledge little work bas been done involving the

development of delivery vehicles for FKS06 and other immunophilin ligands as

neurotrophic agents. However, we are interested in determining if the PCL-b-PEO

copolymer miceUes are suitable as a delivery vehicle for these neurotrophic agents.
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5.2.111 vitro Model to Assas Delivery .ad Biologieal Adivity of Mieelle-lDcorporated

FK506

The in vitro model employed to assess the delivery and biological activity of the

micelle-incorporated FKS06 and L-68S,118 consisted ofthe measurement of the extent of

neurite-like outgrowth in PC12 (rat pheochromocytoma) ceU cultures [37].

5.2.1. PCl2 CeU Caltans

PCI2 cells are often used as a model system for in vitro neurological studies. The

PC12 ceUs are a clonai cell line derived ftom a transplantable rat adrenaI

pheochnnocytoma [47]. They respond reversibly in a dose-dependent manner to NGF

treatment and synthesize and store catecholamine neurotransmitters (dopamine and

norepinephrine) [47]. PC12 ceUs like sympathetic neurons respond to NGF treatment by

extending proœsses; however, unHke sympathetic neurons they do not require NGF for

survival in senun contajnjng medium. In senun-free mediUDl the presence ofNGF will

promote the survival and differentiation ofthe PC12 cells; however, foUowing removal of

NGF the ceUs will die [48]. Theyalso resemble sympathetic neurons in tbat they store

and secrete catecholamines yet unlike sympathetic neurons the level ofdopamine in PC12

cells is higher than that ofnoradrenaline [47].

In their optimal growth medium (15% RPMI, 1()oA. heat inactivated horse serum,

S% calf serum, SO units/mL penicillin and 25 f.1g1mL streptomycin) the PCI2 cells are

said to grow in cJumps where the individual ceUs have a round polygonal shape [47].

FoUowing one week exposure to NGF (sOng/mL) ceU multiplication ceases a.:ld the cells

extend neuronal-like processes [47]. These neurite-like outgrowths are said to resemble

those extended by primary cultures of sympathetic neurons [47]. The response of PC12

cells to NGF is reversible in that 24 hours foUowing replacement of the medium with

NGF-depleted medium 75% of the cells Jose their neurite-like outgrowths and following

72 hours cell multiplication is resumed [47].

In PC12 cells NGF mediates i15 effcc15 through binding to the TrkA receptor

protein tyrosine kinase [49]. The binding of the NGF ligand to i15 receptor initiates

receptor dimerization and autophosphorylation of residues in the carboxyl tenninus of the
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TrkA œceptor. These residues then aet al "docking sites" for the Src homology 2

containing molecules which are recruited [SOl. The Src homology 2 proteins are

responsible for binding to activators ofthe Ras family ofGTPases. The activation ofRas

bas been found ta play a key role in cell signa1ing resulting in PC12 ceU ditTerentiation.

The interaction of NGF with its receptor and the signaling pathway which leads to

differentiation are described in detail elsewhere [48-50].

5.2.2. FI306 Poteatiates NGF iD PC12 CeU Caltures

FICS06 bas been shown ta enhance the sensitivity ofPC12 cells ta NGF. Lyons et

al. demonstrated that the concentration required ta produœ maximal outgrowth in PCI2

cultures could he substantially reduced when FKS06 is present (37]. For example, they

found that maximal outgrowth could he schieved with either NGF alone (sOng/mL) or a

combination ofNGF (log/mL) and FKS06 (toM) [37]. FKS06 bas a150 been shown ta

potentiate the effects of NGF in primary cultures of dorsal root ganglia (DRO) [37].

However, for our studies we chose to use PC12 ceUs since the ORO cultures are primary

and 50 would have been more difficult to work with.

In section S.3. the study of the in vitro delivery and biological activity of both

micelle-incorporated FKS06 and L-68S,818 are assessed in PC12 cell cultures.
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5.3. PCL-6-PEO MiaDa as • Delivery Vebiele for the Neurotropltie Agen" FK506

ad L-685,818

5.3.1. Introduction

Colloidal drug delivery vehieles sueh as liposomes, microspheres, nanospheres

and block copolymer micelles bave reœndy been shown to increase the therapeutie index

and improve the selectivity of various pltent drugs [51-58]. These vehieles have been

shown to optimju the theraPeutic efficacy ofdrugs by preventing their rapid elirnination

from the body [54], reducing their systemie toxieity [54], delaying their degradation and

optimizjng their metabolism [53, 54]. In addition, tbey a1so provide for effective delivery

ofdrugs to specifie target sites [53] and aid in overcoming both transport limitations and

defense mecbanisms associated with the multi-drug resistante phenotype [55].

In the recent past, there bas been increasing interest in the use of micellar delivery

systems formed ftom block copolymers [54, 56, 58]. The use of block copolymers in

drug delivery was first proposed by Ringsdorf's group in the early 80's [61]. Recently the

work of Kabanov's group and Kataoka's group bas greatly enhanced the development of

block copolymer micelles as drug delivery vehieles [54-56]. These micelles are fonned

from individual block copolymer molecules each of whieh contains a hydophobie block

and a hydrophilic block. The amphiphilie nature of the block copolymers enables them ta

self-assemble to fonn nanosized aggregates ofvarious morphologies in aqueous solution

sueh that the hydrophobie blocks fonn the core of the micelle which is surrounded by the

hydrophilie blacks, which fonn the outer shell [62]. The inner core of the micelle creates

a hydrophobic microenvironment for the nonpolar drug, while the hydrophilic shell

provides a stabilizing interface between the micelle core and the aqueous medium. The

properties of the hydrophilic shell, which in most cases consists of polyethylene oxide,

cao he adjusted to bath maximize biocompatibility and avoid reticuloendothelial system

uptalce. The size of the micelles is usuaI1y between 10-100 Dm [54]. This size is small

enough to aUow access to smaU capillaries while avoiding reticuloendothelial system

uptalce [54]. Micelles in this size range are also large enough to escape renal filtration,

which increases their blood circulation time. Most of the existing black copolymer

micelle systems are based on polyethylene oxide-b-polypropylene oxide-b-polyethylene
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oxide triblock copolymer or from black copolymers whieh have a polypeptide or

polylactie &cid core forming black and a polyethylene oxide black whieh forms the

hydrophilie corona [54-56, 58-60].

In this paper we introduce a novel black copolymer micelle system, formed from

polycaprolactone-b-polyethylene oxide (pCL-h-PEO) diblocks as a potential dmg delivery

vehiele. The individual black components; pllycaprolactone and polyethylene oxide,

have been explored previously for a variety ofbiomedical applications [63-69].

Polycaprolactone, the hydrophobie core - Conning black of the micelles is a

synthetie semicrystalline biodegradable pllymer. Due to the biodegradability of the

polycaprolactone homopolymer, it bas been tried bath as a structural material in the

production of Medical devices such as implants, sutures, stents and prosthetics, and as a

carrier for a variety of drugs [63,64]. Polycaprolactone pastes have been developed as a

drug delivery system for the anti-cancer agent taxol [65] and the antineoplastic agent

bis(maltolato)oxovanadium [66]. Nanopartiele, nanocapsule and microparticle drug

carriers made of polycaproIactone bave been assayed for the ocular delivery of

indometbacin [67]. Polyethylene oxide, the hydrophilie shell forming black of the

miceUes, is commonly used to impart blood compatibility to a materia! surface [68, 69].

Triblacks ofpolycaprolactone-b-polyethylene oxide-b-polycaprolaetone have been

used 10 form tablets, which were studied in tenns of their biocompatibility and

biodegradation [70]. In addition, recendy matrices to he used as implantable dmg

delivery systems have been formed from the triblock copolymer polycaprolaetone-b­

polyethylene oxide-h-polycaprolactone (pC~-b-PE090-b-PC~ ) [71 l.

To our knowledge, there bas ooly been one previous report on the use of diblock

copolymer miceUes of pllycaprolactone-b-polyethylene oxide as a drug delivery system

[72]. The novelty associated with the present application is largely due to the length of

the polycaprolactone blocks. To date, diblocks with long blacks of polycaprolactone had

not been synthesized; now however, owing to a new synthetic method, longer blocks are

possible [73]. The longer caprolactone blacks should ereate a larger hydrophobie

microreservoir enabling the incorporation ofa greater amount of lipophilie dmg. It is also
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anticipated that control over the degree of incorporation and the release kinetics am be

gained by varying the length of the polycaprolactone black. The degree of d.mg

incorporated and the release kinetics of tbat drug are largely a funetion of the interaction

between the dtug and the core fonning black. Since polycaprolactone is more

hydrophobic than other polymers, commonly used as core - Conning blocks (e.g.

polypropylene oxide) this system may be have a larger capacity for the MOst hydrophobic

drugs.

The polycaprolactone miceUar core is suitable for the incorporation ofa variety of

neutra1, üpophilic dnags. In this paper we focus on the dnags FKS06 and its analogue, L-

. 685,818. FKS06, otherwise known as tacrolimus, bas been effectively used to achieve

immunosuppression in organ transplant recipients [74]. FKS06 binds to the

immunophilin FKBP12 to form a complex which binds to and inhibits calcineurin; this, in

tum, results in immunosuppression [75]. Recendy, FKS06 bas been found to promote

neuronal outgrowth which bas been demonstrated in terms of the enhancement of neurite

extension in PC 12 (rat pheochromocytoma) ceU cultures [47] and expIant cultures of rat

sensory ganglia [15). The use ofFKS06 for the treatment ofneurodegenerative diseases is

limited by its immunosuppressant activity. However, L-685,818, the structural analogue

to FKS06, bas retained the neurotrophic action of FKS06 but lost its immUDosuppressant

action [15). The structural difference between FKS06 and L-685,818 is ooly in the

addition of a hydroxyl group on the analogue at C-18 and the substitution of an ethyl

group for an aUyl group at C-21 [15]. Reœndy, L-685,818 bas been of interest for its

potential use in the treatment of neurodegenerative diseases, as it bas been shown to

"enhance functional and morphologic recovery in rats with croshed sciatic nerves" [15].

At present, FKS06 is administered either orally, in a capsule, or by injection as a

sterile solution. In addition to this, a microemulsion fonnulation of FKS06 bas also been

developed [74]. However, ta our knowledge, this is the first delivery system which bas

been introduced for the FI{ 506 analogue, L-68S,818.

In this communication we report on studies which explore the potential of the

PCL-b-PEO copolymer micelles as drug delivery vehicles. In order to establish this
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system as a suitable drug carrier, we studied a range of the micelle's characteristics

including effective diameter, size population distributions, as weil as their in vitro

stability in various œil culture media. The micelle's affinity for lipophilic compounds

was evaluated by determining the partition coefficient for the highly lipophilic compound,

pyrene between the PCL-b-PEO micelles and water. Though each of the components,

polycaprolactone and polyethylene oxide, are biocompatible, it was also necessary to

assess the biocompatibility of the block copolymer as a whole. The in vitro

biocompatibility of the copolymer was assayed by incubation of the micelles with PC 12

œlls [47] and MCF-7 breast cancer cells as weil as primary cultures ofhuman microglia,

astrocytes and cortical neurons. FinaIly, the neurotrophic drugs FKS06 and L-68S,818

were incorporated into the PCL-b-PEO micelles and the in vitro delivery was assayed by

monitoring the degree of differentiation achieved in cultures of PC 12 rat

pheochromocytoma œlls.

5.3.2. EsperimeDtU SeetiOD

5.3.2.1. M'*ritIIs The black copolymers were synthesized by anionic polymerizatioD, the

method bas been described in detail elsewhere [73]. OPC results revealed that the

pllydispersity (PD) of the black copolymers was 1.16, with a symmetrical mono modal

distribution. In ail cases, following purification of the black copolymer there was no

homopolymer present. The polycaprolactone-b-polyethylene oxide copolymers employed

have identical polyethylene oxide black lengths (44 ethylene oxide units) but different

pllycaprolactone block lengths; 14 or 20 units. These pllymers are designated as PCLI4­

b-PE044 and PCL2o-b..PE044 respectively. AIl chemicals for the synthesis were purchased

from Aldrich Chemical Co.

FK 506 (Prograf TM ) was purchased from Fujisawa Pharmaceutical, Osaka, Japan. The

FK 506 analogue, L-685 818 was supplied by Merck Inc. The MCf-7 ceUs, and primary

cultures ofhuman microglia, astrocytes and cortical neurons were supplied by Dr. Antel at

the Montreal Neurologicallnstitute. The tissue culture reagents were ail purchased from

Oibco BRL. The Alamar blue was purchased from Biosource Camarillo and the Trypan

blue from Gibco BRL.
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5.3.2.2. Maltotls

CharacterizatioD ofthe PCL-b-PEO Micelles

MiceUe PrepantioD. The PCL-b-PEO copolymer was dissolved in DMF and stirred

ovemight at room temperature. Miœllization was achieved by the addition of water in a

dropwise fashion to the block copolymer solution to fonn a micelle solution. The micelle

solution was stirred overnight and then dialyzed against milli Q distilled water using

dialysis tubing. The water was changed every hour for the first four hours and then every

three hours for the next twelve hours.

MiceUe Size DistributioD. Dynamic laser light scattering (DLS) measurements on the

PCL-h-PEO block copolymer micelles were carried out using a Brookbaven laSer Iight

scattering instrument (Brookhaven Instruments Corporation, New York, U.S.A.), with a

UDiphase 125 mW micro green laser al a wavelength of 532 Dm al 25°C. A scattering

angle of 90° was used for ail measurements. The concentration of the samples ranged

from 0.01 ta 0.2 % w/w in filtered (.Sum tilter) deionized distilled Milli Q water.

[" vitro MiceUe St8bility Stadia The 1% w/w PCL-b-PEO block copolymer micelle

solutions prepared as described above were fteeze dried and dissolved in Dulbecco's

Modified Eagle Medium (DMEM, Gibco), RPMI medium and water to produce both

.01% and .1% w/w solutions. Dynamic laser light scattering (DLS) measurements on the

solutions were carried out on a weekly basis over a 3 month periode

DeterminatioD of the PartitioD CoefficieDt for PyreDe between the PCL-b.PEO Block

Copolymer MiceUes ad a DMFlHzO SolveDt Mixture. The fluorescence method used

to determine the partition coefficient for pyrene between a mixed waterlDMF solvent

mixture (60-90 % water content) and black copolymer micelles (concentration PCL20-b­

PE044 ranges from IxlO-6 to lx10-2 g1g), at 25° C, bas been described in detail elsewhere

(5Sb, 76, 77a]. The incorporation ofpyrene ioto the micelle core bas been described as a

partition equilibrium between a micellar phase and a solvent phase [77]. Briefly, the

intensity ratio of vibrational band three to vibrational band one 0)11.) in the fluorescence
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emission spectrum of pyrene retlects the polarity of the surrounding environment of the

probe molecules. The I)!I. ratio can thus he used to calculate the concentration of pyrene

incorporated into the micelles and from this concentration as weil as the total amount of

pyrene in solution we can calculate the partition coefficient (Kv) for pyrene between the

PCL-b-PEO micelles and the H20 1 DMF solvent mixtures. The semilogarithmic plot of

the Kv versus the water content cao then he extrapolated to 100 % water content.

PreparatioD of Solutiou for the Detel'DliDatioD of the Partitioa CoemeieDt.

Sample solutions were prepared by adding known amounts ofpyrene in acetone to

each ofa series ofempty vials, following which the acetone was evaporated. The amount

ofpyrene was chosen 50 as to give a pyrene concentration in the final solution of I.Sx10-9

mol/go Different amounts of PCL.4-b.PE044 copolymer in DMF were then added. The

initial volumes ofthe solutions were ca. 2mL. Micellization ofthe polymer was achieved

by adding water at a rate of 1 drop every lOs. The addition of water was continued untii

the desired water content was reached. AlI the sample solutions were stirred overnight

befote fluorescence measurements were taken.

F1uoresceDce Masare_eDts. Steady-state fluorescent spectra were measured using a

SPEX Fluorolog 2 spectrometer in the right-angle geometry (900 collecting optics). For

the fluorescence measurements ca. 3 mL of solution was placed in a 1.O-cm square quartz

cell. AIl spectra were nm on air-equilibrated solutions. For fluorescence emission

spectra, Âcx was 339 Dm. Spectra were accumulated with an integration time of 1 510.5

Dm.

Studies iDvolviDg the PCL-b-PEO MiceUes aad PC 12 CeUs

CeU Caltures. PC 12 cells were maintained in DMEM supplemented with 10% borse

serum, 5% fetal calf serum, 500 J.lglmL penicillin, 5ooJ.lglmL streptomycin and 290

IJglmL.

/" vitro BioeoDlpatibility of the PCL-b-PEO MieeUes. PC 12 cells and the MCF-7

breast cancer ceUs were maintained at 37°C in 5% C02. The cells were plated in 96 weIl
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plates and cultured in RPMI medium supplemented with S % fetal bovine serum.

Aliquots of the l00A» and 1% PCL-b-PEO micelle solutions (PCL14-b-PEO.. and PCLw

b-PE044) were added to the weUs to make the final concentration ofmicelles in the wells

to range from 0.02% to 1% (w/v). In each case, there were controls wbich consisted of

ceUs without any micelles added to the wells. The cells were incubated with the miceUes

for both a 24 and 48 hour Period al which point the Trypan blue and Alamar blue survival

assays were employed to assess cell viability in the presence ofthe PCL-b-PEO micelles.

CeR Sunival Assay.:(a) Trypaa bige excluio.....y. Following the 24 or 48 hour

incubation Period the cells were detached with .025% Trypsin. The ceU suspension was

mixed with 75 J.1L of PBS and 25 fJL of Trypan blue. The number of viable cells was

determined by using a light microscoPe (Nikon, objective 20X). The Pereentage ofviable

ceUs was expressed as the number ofviable ceUs divided by the total number ofcells.

(b) Alamar blae ....y. A 10 JJL a1iquotofthe Alamar blue was added 10 each ceU well

foUoWÎDg a 24 hour or 48 hour incubation periode FoUowing incubation with the dye, 50

J.1L of the contents of each well was then traDsferred to a new 96 weU plate and the

absorbance al 570 Dm was measured by a microplate reader (Biorad, Mode 5S0). CeU

viability was expressed as the inverse of the absorbance. The value obtained for the

controls was considered to he l000A» survival.

CeU Uptake of PyreDe Incorporated MiceUes. Pyrene incorporated Dl1celles were

prepared such that a total of2xl0-7 moles IL ofpyrene bad been added to the 1% (w/w)

micelle (PCL14-b-PE044) solution. An aliquot of the miceUe solution was incubated with

PC 12 cells cultured in DMEM al 37°C, S% C(h. At time 0, and 4, 8 and 24 hours, the

fluorescence intensity (perkin Elmer LS 50) of the supematant was measured at 390 Dm

in order to detennine the amount of pyrene remaining in the supematant. Controls

consisting ofmedium or medium and micelles alone were also measured. Following the

removal of the aliquot of supernatanl at each time point, the remajning supematant was

removed and the ceUs were washed three times with 100 uL of phosphate buffer saline.
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The ceUs were then gently scraped and fixed with aquamount on a slide and analyzed

using a fluorescence microscope (Olympus 8H-2).

Effect of the FK 506- ud L-68S,818 -iacorponted PCL-6-PEO MiceDes

Preparation of the FK506 ud L-685,818 iDcorporated PCL-b-PEO IIlÏceDes. Stock

solutions ofeach dIUg were prepared by dissolving the drug in aœtone. An aliquot of the

stock solution was then added to an empty sample vial, the acetone was evaporated and

preparation proceeded as described above. The FKS06 drug was received as a sterile

solution (PrograPM, Fujisawa Phannaceutical, Osaka, Japan) and thus it had to he isolated

prior 10 use. The drug was then dissolved in acetone 10 produce a 5.6 x 10-4 molesIL stock

solution. An aliquot of the stock solution was added ta an empty sample vial and the

aœ10ne was evaporated ofl: The PCL2o-b-PEO.... block copolymer was added to the vial

along with DMF, then water was added dropwise and the solution was dialysed (as

described above) to produce a LI x 10.5 molesIL concentration of drug in a 1% (w/w)

black copolymer solution. For the L-685,818 analogue the concentration of the stock

solution was 5.6xI0.... molesIL. The L-68S,818 miceUe-incorporated solution was

produced in the same manner but the final concentration of the analogue was 2.3 x 10.5

molesIL in the 1% (w/w) PCL2o-b-PE044 micelle solution. It should he noted tbat for both

the FKS06 and L-685,818 miceUe solutions, the concentration mentioned is the maximum

quantity ofdnag incorporated into the miceUes; sorne will be lost in the dialysis process.

III vitro Stadia of free fOnD FK506 aad L-QJ5,818 and mieeDe-iDeorporated FKS06

aad L-685,818.

CeU DiffereDdation Assay. PC 12 ceUs were plated in 24 well plates at 37°C in 5%

CÛ2, and incubated in DMEM supplemented with S% fetai bovine serum and the

treatments described below. Neurite-like outgrowth in PC 12 ceUs was detccted after a 48

hour period using a Nikon light microscoPe. For eacb data point 5 fields of 250-300

cells/well were analyzed. For the quantitation of neurite-like outgrowth the PC 12 cells

were considered to have outgrowth if their processes were longer than the length of the

diameter of the celle
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Dose-respollle earves for NGF, FK 516 or L-685,118 aIoBe _d the combiaatiollS of

FI( 516 or L-685,818 witIa NGF. A range of concentrations of either NGF (0.1 to SO

nglmL), FK506 (l 10 500 DM) or L,68S-818 (l 10 Soo DM) alone or combinations of 0.5

or 5 ng/mL ofNGF with either FK506 (S to SOO DM) or L-68S,818 (50 DM to 10 f.LM)~

were incubated with the PC 12 cells for a 48 hour incubation period. The wells with

untreated cells were used as controls.

III vitro dfect 01 JDiceUe-iaeorporated FK.506 ..d L-685,818 alOB. with NGF. The

unfiltered solution ofthe miceUe incorporated drug was added 10 the cell wells at different

concentrations: a 10 pL aliquot of a FKS06-micelle solution was added to each 0.5 mL

œIl weIl. The 10 J&L aliquot was produced by diluting the 1.1 x 10-5 molesIL FKS06­

PCL2o-b-PE044 micelle ( 1% w/w) stock solution. The final concentration of FKS06 in

the œil weil was made 10 range ftom 1 10 1000 oM. In the same manner, a 10 uL aliquot

of the L-68S,818 micelle solution was added 10 each 0.5 mL cclI weU, such that final

concentration in the weil was made to range ftom 10 DM 10 1 J.1M. In each case, 5 ng/mL

NGF was also added 10 each œil well. Severa! controls were also used where the cells

were treated with S ng/mL of NGF alone, 1% (w/w) PCL20-b-PE044 micelles alone, 1%

(w/w) PCL20-b-PE044 micelles containing 1 DM FK 506 without NOF or 1% (w/w)

PCL20-b-PE044 miceUes containing 10 DM L-68S,818 .

5.3.3. Results

5.3.3.1 Mic~lI~Sîu DislribllliollS. The Dynamic Light Scattering instrument was used to

measure the effective diameter of the miœUes and Contin Analysis was employed to

determine the population distribution of the micelles in tenns of their size. The effective

diameter of0.1% (w/w) solutions ofthe micelles when a .45 um tiller is used is 62 Dm for

the PCL20...b-PE044 and S5 nm for the PCLI4-b...PE044. Figure 5.3.1a,b show the

population distributions obtained for unfiltered solutions of the PCL20-b-PE044 micelles

(.02% and .1% w/w, Figure 5.3.1a and 5.3.1b respectively). Figure 5.3.1a shows the

bimodal population distribution present in the unfiltered miceUe solution; the small
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aggregates were approximately 50 nm in diameter and the larger aggregates were t:a$ 500

DOl (Figure 5.3.1a). The effect of dilution, foUowing the preparation, on this bimodal

population distribution was examined as the concentration was varied from 0.01 % to 0.2

% (w/w). In aU cases, the 500 Dm population was MOst prevalent al the bigher

concentration range, while dilution resulted in a graduai shift in favor of the 50 Dm

population.

5.3.3.1 ,,, vitro SttIbility StlUlia. The micelles were monitored on a weeldy basis by

DLS in order 10 detennine their relative stability in different sterile media. Over a tbree

month period bath the effective diameter of the miceUes and the population size

distribution remained unchanged (as per above).

5.3.3.3. /Jetel7llÜltltioli of tlle Ptll'tltlo. CoeJllc;e"t for Pynlle. Pyrene was used as a

model hydrophobic compound. Figure 5.3.2a shows the IYII ratio of pyrene in micelle

solutions of different PCL-b-PEO copolymer concentrations over a range of water

contents in the DMFIH20 solvent mixtures. The IYI. ratio (Figure 5.3.2a) increases with

incre8Sing water content within the solvent mixture for a constant copolymer

concentration. Likewisc for a particular water content within the solvent mixture, the bill

ratio increases as the copolymer concentration is increased. Figure S.3.2b shows the

partition coefficients calculated for pyrene between the PCL-b-PEO micelles and the

DMF/H20 solvent mixtures. The extrapolation ofthis plot to 100% water content gives a

value of the order of 1al for the partition coefficient for pyrene between the PCL-b-PEO

(20-b-44) micelles and H20.

5.3.3.4. CeU SlIrvivtl/ i" tlle presellce ofdie PCL-b-PEO Micelles The incubation of the

micelles with severa! different ceU lines and primary cultures was employed as a means of

testing the biocomPatibility of the PCL-b-PEO micelles. Primary cultures of human

microglia, astrocytes and cortical neurons were incubated with micelles formed from

PCLI4-b-PE044 and PCL20-b-PE044. In the cell cultures tested the PCLI4-b-PE044

induced 10-20 % cell death whereas the micelles formed from the larger polycaprolactone
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black (PCL2o-b-PE044) did not cause 80y noticeable damage. For the incubation of the

miceUes with the PC 12 and MCF-7 cells, the results from the Trypan blue and Alamar

blue survival assays found the micelles to cause little or no ceU death when compared

with the control weUs of untreated cells. Figure S.3.3 shows the results of the AJamar

blue assay for the incubation of the PCL-b-PEO micelles with PC 12 ceUs over a 48 hour

period. At aImost every concentration, the micelles formed from the PCLI4-b-PE044

black copolymer appeared to bave a slightly lower eeU survival than the 20-b-44 micelles.

5.3.3.5. CeU UpIIIU of Pytw"e r"colJlOrt*d KIC~Ua. Figure S.3.4 shows the

tluorescence intensity found for both the supematant at 390 Dm and the cells al the 0, 4, 8

and 24 hour lime points. The fluorescence intensity of pyrene in the various aliquots of

supematant was found 10 decrease over the 24 hour incubation period indieating a

decrease in the amount of pyrene remaining in the extemal medium. The relative

tluorescence intensity at zero lime was taken as 1 while after 4 hours it had decreased to

0.70 ( ± .OS) after 8 hours 0.60 ( ± .OS) and finallyafter 24 hours the intensity was 0.5S ( ±

.05) (Figure 5.3.4). The cells were isolated al each time point and analyzed by

tluorescence microscopy. The contrast relative to the intensity of tluorescence in the ceUs

increased over the 24 hour period, from non-detectable at time zero to the maximum (

arbitrarily set at 1) after 24 hours.

5.3.3.6. rn vitro SIIUIin offlYe fOnll FKS06 .nd L-6'S,'1' and micelle-incorporllted

FKS06 ."dL-6'S,'1B. In each case, the degree ofneurite-like outgrowth was taken to he

100 % in the control weUs ofuntreated PC 12 ceUs. The degree of difIerentiation in cell

wells in the presence ofNGF and! or drug is expressed as a percentage relative to 100%

for the control.

5.3.3.7. Dose-respolISe CIII'VeSfor NGF, FIS06 .IIdL-6'S,81' witllolll Micellu. Figure

5.3.5 shows the degree of neurite-like outgrowth obtained over 48 hour incubation of PC

12 cells with either NGF, FKS06 or L-68S,818. The degree of outgrowth in the wells

where NGF had been added was round to increase ftom 110 to 260 % as the concentration
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ofNGF incubated with the ceUs increased. In wells incubated with FKS06 or L-685,818

alone the degree ofoutgrowth did not vary with the concentration of drug added, rather it

oscillated slightly around the 100 % value.

5.3.3.8. Dose-rapolISe CIll'l1t!S for t"~ Colllbilled Effect of NGF tuld FKS06 or L­

6'5,'1' witllollt MiceUa. The neurite-like outgrowth for cells incubated with 5 ng/mL

ofNGF was found to be 180 ± 6 %. As shown in Figure 5.3.6, the degree ofoutgrowth in

ceUs incubated with NGF (5 ng/mL) along with FKS06 (1 to 100 DM) increased from 220

to 380 % with increasing concentration of FKS06. Figure 5.3.7, shows that in cells

incubated with NGF (5 nglmL) aloog with L-68S,818 (10 to 1000 DM) the degree of

outgrowth increased from 200 to 350 % as the concentration ofd.rug was increased.

5.3.3.9. 1" vitro eJftct oflIIkelk-illcorpo,,*d FIS. tuld 1.-6'5,'1' 1110"6 wh" NGF.

Figure 5.3.6 shows the degree ofdi1fereotiation in PC 12 ceUs which have been incubated

with PCL-b-PEO incorporated FKS06 and 5 ng/mL NGF folloWÎDg a 48 hour incubation

periode The degree ofoeurite-like outgrowth in ceUs incubated with 5 ng/mL ofNOF was

160 ± 5%. In cell wells incubated with miceUe-incorporated FKS06 ( 1 to 100 DM) along

with 5 ng/mL of NGF the neurite-like outgrowth ranged from 170 to 300 %. In Figure

5.3.6, we see no significant difference between untreated ceUs and cells treated with either

PCL-b-PEO miceUes without drug or ceUs treated with micelle-incorporated FKS06

(control vs. bar 2 and 3). There was also no significant difference between cells treated

with Sng/mL NOF and those treated with micelle incorporated FKS06 (1 DM) along with

5 ng/mL NOF (bar 1 vs. bar 7). However, there was a significant difference (p < 0.01)

between cells treated with 5 ng/mL NOF and cells treated with 10 or 100 DM of miceUe

incorporated FKS06 (bar 1 vs. bars 8 and 9).

Figure 5.3.7 shows the degree of differentiation in PC 12 cells which have been

incubated with PCL-b-PEO incorporated L-68S,818 and 5 ng/mL NOF following a 48

hour incubation periode The degree of differentiation seen in cells incubated with the

micelle incorporated L·68S,818 along with 5 ng/mL NOF increased from 163 to 290 % as

the concentration of drug increased from 10 DM to 1 f.IM. In Figure 5.3.7 there is no
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significant dift'erence between the untœated ceUs and the ceUs treated with miceUes alone

or 10 DM of miceUe incorporated L-68S,818 ( control vs. bar 2 or bar 3). A1so, no

significant difference was found between cells treated with S ng/mL of NGF and 10 DM

micelle incorporated L-68S,818. l'here was a significant difference (p< 0.01) between

ceUs treated with 5 ng/mL NGF and ceUs treated with 100 DM and 1 J.LM of micelle

incorporated L-685,818 ( bar1 vs. bars 8 and 9).

5.3.4. DiscusioD

5.3.4.1 ClltJrllCUrbtio_ ofl1le PCL-b-PEO KlCella

ln tbis study we explored the potential of the novel PCL-b-PEO miceUes as a drug

delivery vehicle for lipophilic dnlgs. The PCL-b-PEO miceUes cannot he prepared in

water aloDe due to the hydrophobicity of the polycaprolaetone core - forming block. For

this reason, the black copolymer is tint dissolved in DMF, and micellization is induced

by the dropwise addition of water, foUowed by dialysis. The micelles fonned by this

method ofpreparation were studied by dynamic light scattering in order to measure their

effective diameter and their population distribution in tenns of size. Figure S.3.1a and

S.3.1b show the population distribution of the micelles calculated by Contin analysis of

the dynamic ligbt scattering measurements. Figure 5.3.1a shows the bimodal population

distribution found in a 0.02% (w/w) of PCL20-b-PE044 • The larger POpuiatio~ at

approximately 500 Dm, consists of aggregates of the small individual micelles, which we

see at 50 Dm. Figure S.3.lb shows the population distribution in tenns of size of a .1%

(w/w) ofPCL20-b-PE044. Comparing Figures S.3.1b and S.3.1a we see that as the solution

is diJuted, decreasing the concentration from .1% to .02%, the population of the larger

aggregates is decreased in favor of the smaUer (50 nm) population. This suggests that the

Jarger aggregates are composed of aggregates of small individual micelles. Micelles with

a coronal shell formed from PEO are ftequendy seen to form larger aggregates in solution.

Winnik's group suggested the large associates of PS-b-PEO to he either onion-like

aggregates or aggregates of small individual micelles [77]. Kataoka's group agreed with

the latter suggestion when expJaining the large associates they observed with the PEO-b-
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PBLA micéues (56b]. They suggest the aggregates ofindividual micelles may form due

to either hydrophobie ... hydrophobie interactions or Van der Waals interactions between

the exposed cores ofthe individual micelles.

ln our case, we bad specifica1ly chosen the PEO black to be 44 units in length,

since this bas MOst commonly been the length of the PEO stabilizing moities employed

for the steric stabilization of liposomes. However, most likely the length of the PEO

blacks are too short to outweigh the hydrophobie ... hydrophobie or Van der Waals

interactions between the exposed polycaprolactone cores. We are now studYing the

relationsmp between the PEO chain length and the degree ofaggregation achieved in the

micelle solution.

Dynamie light scattering measurements were also used ta monitor the in vitro

stability of the micelles in water and the cell culture media DMEM and RPMI. Over a

three month period the micelles were still intact and the population distribution of the

micelles in terms of size remained relatively constant. These studies are still ongoing

since the in vitro stability of the micelles will determine the extent ta whieh they are

suitable for various applications.

5.3.4.2 D$I'IIfÜItltiDII ofIlle PtUtitiD" CoefflCœllt for Pyrelle betweell Ille PCL-b-PEO

KlCella Md Water.

The affinity of the PCL-b-PEO micelles for lipophilie compounds was assayed by

the determination 0; the Kv for the hydrophobic model compound, pyrene, between the

PCL-b-PEO micelles and water. This method was described in an earlier communication

where it had been used to determine the Kv of pyrene between polystyrene-b-polyacrylic

acid micelles and water. This fluorescence method is based on pyrene's sensitivity to

the hydrophobicity of its microenvironment. This is reflected in changes in the ratio of

the IJ!I. bands of its emission spectrum. The method requires the measurement of the

13/1. ratio for pyrene in micelle solutions of various DMFIH20 solvent mixtures. Figure

5.3.2a shows the increase in the IJ!I. ratio which accompanies an increase in the water

content in the solvent mixture. The increase in the water content within the solvent

mixture provides a driving force promoting the entry ofpyrene into the more hydrophobie
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environment of the pllycaprolactone micelle core. The IYIl ratio for pyrene in the many

solutions was then used to calculate the partition coefficient for pyrene in each solution.

Figure S.3.2b shows the partition coefficients obtained for pyrene in the various micelle

solutions, extrapolation ofthis plot to 100 % water content provides the value for the Kv

ofpyrene between the PCL-b-PEO micelles and water. The partition coefficient ofpyrene

in this micelle system was found to be of the order of 1cf, this is low in comparison to a

partition coefficient of the order of lOS found for pyrene between the polystyrene-b­

polyacrylic &Cid (pS-b.PAA) micelles and water [76]. The high value for the Kv ofpyrene

between the PS-b-PAA micelles and water is thus due ta the highly hydrophobie nature of

both pyrene and the pllystyrene core. The pllycaprolactone core, though hydrophobic, is

elearly less hydrophobic than polystyrene. However, this value ofKv for pyrene hetween

the PCL-b.PEO micelles and water is of the same order ofmagnitude as tbat for pyrene in

a solution of PEOm/2-b-PPOn-b-PEOmn ( m=S1, n=38) and water at the same temperature

(20°C) (S4b].

It should he noted, that our measurements for the detennination of the partition

coefficient for pyrene between the PCL-b-PEO micelles and water were ail perfonned at

20°C. Previously it was found tbat the partition coefficient for pyrene between micelles

formed from PEO-b-PPO-b-PEO and water increased byan arder of magnitude when the

temperature was increased from 20 to 37°C. This increase is said to he due to the

decrease in the degree of hydration of the core forming black at the higher temperature.

Due to the nature of the polycaprolactone core forming black, we also anticipate an

increase in the partition coefficient for pyrene at higher temperatures.

Many studies, have revealed that the greatest degree of solubilization of a

compound within a micelle core is achieved when there is a close match between the

degree of the polarity and hydrophobicity of the compound and the micelle core [78-80)..

For this reason we are now exploring the incorporation of various hydrophobic drugs into

micelles with a longer polycaprolactone core fonning black. OveralI, the incorporation of

the highly hydrophobic compound, pyrene, reveals the suitability of this micelle system as

a POtential carrier for even the most lipophilic compounds.
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5.3....3.1" l1ÏI1'O Bïocoaapatibi6ty ol.lle PCL-6-PEO MiceUes The in vitro

biocompatibility of the PCL-b-PEO miceUes (14-6-44, 2o-b-44) was tested by incubating

the micelles with a wide range of cell lines for both 24 hour and 48 hour periods. The

Trypan blue and Alamar blue survival assays were then used to quantitate the survival

rates in the presence ofthe PCL-b-PEO miceUes. Figure S.3.3 shows the percent survival

obtained for the incubation ofthe PCL-b-PEO micelles (.02 to 1% (w/v» with PC 12 ceUs

over a 24 hour periode The survival in the presence of micelles was between SS and

lOOOA., except for the 700A. survival obtained for the incubation of the PCL14-h-PE044

micelles at the lowest concentration. In Figure S.3.3 we see tbat at several concentrations

the survival obtained with the PCLI4-b-PEO... is sligbdy lower than tbat obtained with the

PC~O-b-PE044.For this reason the 20-b-44 PCL-b-PEO system, rather than the 14-h-44

system, is investigated as the delivery system for FKS06 and L-68S,S18.

The in vitro biocompatibility studies have shown us that addition of a PCL20-h­

PE044 micelle solution 10 the cell weil causes little or no œil death. However, the actual

destination of the micelles foUowing their addition to the ceU well is still unknown.

Theœ are several possibilities; they aU remain in the supematant, they ail enter the cell ,

possibly only the small micelles can enter the eeU while the larger aggregates remain in

the supematant, or the micelles may aggregate at the œll surface. We are currently

investigating the destination of the micelles since this williargely affect the types ofdrugs

which will most effectively he delivered by this system.

5.3....4. C~U Uptll/ce ofPyrell~-IlIcorpol'llt~dMk~/In The capability of the PCL-h­

PEO miceUe system to deliver a hydrophobie compound was first tested in vitro using

pyrene as a model compound. The pyrene incorporated PCL-b·PEO micelles were

incubated with PC 12 ceUs over a 24 hour periode At 0, 4, 8 and 24 hours, samples of the

supematant were studied by fluorescence in order to determine the quantity of pyrene

remaining in the supernatant at each lime point. Likewise, at each time point, cells were

isolated and their fluorescence was examined under the fluorescence microscope, in order

to determine if the decrease in the fluorescence within the supematant was accompanied

by an increase in fluorescence within the œIls. Figure 5.3.4 shows the pronounced
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decrease in the fluorescence ofthe supematant at the 4 hour time point, this decrease was

found to be more graduai over the rest of the 24 hour period. A similar trend was also

seen for the fluorescence of the isolated ceUs where the fluorescence increases gradually

over the 24 hour period. At the 24 hour lime point the fluorescence is quite intense and

appears to he localized in small spherical aggregates.

The cell uptake studies revea1 tbat the addition ofpyrene incorporated miceUes to

the ceUs does, in fact, result in the accumulation of pyrene witbin the ceUs. However,

once sgain, it is unknown whether or not the micelles have simply remained in the

supematant or have somehow facilitated the entry of pyrene înto the ceUs. Sînœ the

partition coefficient for pyrene between water and the PCL-b-PEO micelle system is of

the order of 1fi, it seems likely that the micelles either enter the ceUs themselves or

possibly attaeh themselves to the surface of the ceU, enabling the drug to enter the œil

without having to enter the hydrophilic cell medium.

5.3.4.5. PCL-b-PEO Mle.1Ia Ils IIlhIiwry Sysœ",for FKSfJ6 adL-6BS,'l' The

size ofthe PCL-b-PEO micelles as weil as their in vitro stability, in vitro biocompatibility

and their loading cap8City for lipophilic compounds such as pyrene merited further study

ofthis system as a delivery system for hydrophobic drugs. We have chosen FICS06 and L­

685,818 as the tirst hydrophobie candidate drugs to he delivered by the PCL-b-PEO

micellar system.

As mentioned, FK506 and L-685,818 have both been shown to potentiate the

effect ofNGF on the outgrowth ofPC 12 ceUs [74]. In order to compare the effect of the

micelle incorporated FKS06 and L-685,818 with the free drugs, it was necessary to

construct dose response curves for NGF, FKS06, L-685,818 alone as weil as the

combinations ofNOF with FKS06 or L-685,818. Figure 5.3.5, shows the dose response

curves for each of NOF, FK506 and L-685,818 alone. Clearly, the degree of

differentiation of the PC 12 ceUs increases with increasing concentration of NGF;

however, the concentration of either FKS06 or L-685,818 alone was round to have no

effect on the degree of differentiation (Figure 5.3.5). These findings support previous

results which bave been reported in the literature [15].
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Figure 5.3.5. The degree of neurite-like outgrowth in PC 12 ceUs incubated with either
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Figure S.3.6 shows the degree of difTerentiation obtained in ceUs treated with

micelle incorporated FKS06 along with NGF and Figure S.3.7 shows tbat for ceUs treated

with micelle incorporated L-68S,818. The PCL-b-PEO incorporated FKS06 and L­

685,818 were hoth found to pltentiate the etTect ofNGF on neurite-like outgrowth in PC

12 cell cultures. Thus the ability ofooth FKS06 and L-68S,818 to potentiate the effcct of

NGF on neuronal outgrowth was retained despite their incorporation into the PCL-b-PEO

copolymer micelles (Figure S.3.6 and S.3.7, bars. 7-9). The degree of neurite-like

outgrowth achieved in œil cultures treated with Sow'mL NGF and either micelle­

incorporated FKS06 or L-68S,818 (Fig.S.3.6 and S.3.7, bars 7-9) was in ooth cases less

than tbat obtained wben the ceUs were treated with SngfmL NGF and free FK506 or L­

685,818 (Fig.S.3.6 and S.3.7, bars 4-6). This may be due to the limited 48 hour

incubation period over which time only a fraction of the drug will be released from the

micelles. It should be noted that, in vitro, a dose of FKS06 as low as loM, is adequate to

potentiate neurite-like outgrowth in PC12 cell cultures (Figure 5.3.6). Also, in severa! in

vivo studies on rats it was found that ImW"g ofFKS06 was an effective dose [81]. This

micellar delivery system is able ta incorporate much higher concentrations of FKS06

which williater be released slowly over time. In tbis way, it will prevent some of the

damaging effects that high doses would induce.

In Sllmmary, the prelimjnary results obtained for the novel PCL-b-PEO micelle

system reveal it 10 be a promising drug delivery vehicle for the delivery of various

lipophilic drugs. The small size and indefinite in vitro stability of the micelles suggest

that they MaY he useful for a wide variety of biomedical applications. Their loading

capacity for the very hydrophobic compound, pyrene, encourages the incorporation of

many different compounds with a high degree of hydrophobicity. Studies involving the

degree ofaggregation encountered in the micelle solutions are now underway with special

effort placed on limiting the degree of aggregation. Also, now that the in vitro

biocompatibility ofthe micelles bas been established, it will he assayed in vivo.
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Figure 5.3.6. The effect of micelle-incorporated FI{ 506 and NGF (5 nglmL) on the
neurite-like outgrowth in PC 12 cells over a 48 hour period ( n= 3-4). Control = PC 12
cells in the absence of80y treatment. Bars 1-9 are PC 12 cells treated with the following:
Bar 1 = 5 nglmL NGF, Bar 2 = PCL20-b-PE044 micelles, Bar 3= micelle-incorporated
FKS06 (1 nM), Bars 4-6 =FK506 (Bars 4,5,6 = 1, 10, 100 DM respectively) along with 5
ng/mL NGF; Bars 7-9 = micelle-incorporated FKS06 (Bars 7,8,9 = 1, 10, 100 DM
respectively) along with 5 ng/mL NGF.
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Figue 5.3.7. The eftèct ofmicelle-incorporated L-68S,818 and NOF (5 ng/mL) on the
neurite-like outgrowth in PC 12 ceUs over a 48 hour period (n = 3-4). Control = PC 12
cells in the absence ofany treatment. Bars 1-9 are PC 12 cells treated with the following:
Bar 1 = 5 ng/mL NGF, Bar 2 = PCL2o-b..PE044 micelles, Bar 3 = micelle-incorporated L..
685,818 (l0 nM), Bars 4..6= L-685,818 (Bars 4, 5,6 = 10, 100, 1000 DM respectively)
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CHAPTER6

IN Y1YO STUDY OF POLYCAPROLACfONE-B-POLY(ETBYLENE OXIDE)

MICELLES AS A DELIVERY VEHICLE FOR THE NEUROTROpmC AGENT

FKS06

Following our in vitro evaluation of the PCL20-h-PEO.... micelles as a delivery

vehicle for FKS06 we were interested in expanding our investigations 10 include in vivo

studies. Firstly, we were interested in comparing the organ biodistribution of the micelle­

incorporated drug with that known for the dmg atone. Secondly, we wanted to

investigate the biological aetivity of the micelle-incorporated drug in vivo using a well

established model. In section 6.1. we snmmarize the results from our preliminary in vivo

studies of PCL-b-PEO micelle...incorporated FKS06. The organ biodistribution of the

miceUe-incorporated drug was studied both 6 and 24 bours following intravenous

administration in Sprague Dawley rats. The in vivo biological activity of the micelle­

incorporated drug was investigated using the sciatic nerve crush paradigm, an established

model ofperipheral nerve injury (1 ..5].

It is important to note that the in vivo biological study of a delivery vehicle

req\Iires extensive animal studies in order œ· properly compare the pharmacokinetic

parameters and biodistribution of the delivery vehicle-incorporated drug to that of the

clrug alone. The in vivo studies that we have completed on the PCL-b-PEO micelles, as

summarized in section 6.1., only represent the first step in a long series of studies that

would he required in order to thoroughly characterize this delivery vehicle in vivo.
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However, the results ftom these studies are interesting and thus suggest that furtber

investigations ofthis type are worth pursuing.
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6.1.111 vlwJ Study of J'CL.6-PEO Micelles as • Delivery Velaiele for dte Neurotrophic

AgeDtFK506

6.1.1. IDtrodUetiOD

Recently, micelles formed from amphiphilic block copolymers have been

investigated as potential drug delivery vehicles for lipophilic agents. In a previous paper

we deseribed our prelimioary studies of miceUes formed from polycaprolactone-b­

poly(etbylene oxide) (PCL2o-b-PE044) copolymers as a delivery vebicle for the

neurotrophic agents FKS06 and L-68S,818 [6].

Immunosuppressant and non-immunosuppressant 12kDa-FKS06 binding protein

(FKBPI2) ligands have been shown to have neurotrophic action [7-11]. The neurotrophic

potency of the immunophilin ligands was first established with FKS06 [12]. Presently,

FKS06 along with cyclosporin A (CsA), are the leading immunosuppressive agents used

ta prevent graft rejection [13-16]. As reviewed by Hamilton and Steiner [9], the

neurotrophic etTects of FKS06 were shown by seientists at Guilford Pharmaceutical and

Snyder's group ta occur by a mechanism which is not mediated by ca1cineurin [9]. In

fact they found that the structure of FKS06 could he divided ioto an FKBP binding

domain and an effector domain wbich interacts with calcineurin and is responsible for the

immunosuppressive ·effect [9]. Analogues of FKS06 which are unable to interact with

calcineurin but retain their ability to bind ta FKBP12 were found to have neurotrophic

aetivity [9]. The neurotrophic effects of FKS06 have been shown in several in vitro and

in vivo models, including the potentiation ofNGF in promoting neurite-like outgrowth in

PC12 (rat pheochromocytoma) ceUs [9, 10], the production of neurite-like outgrowth in

cultured chick dorsal root ganglia [9] and the enhancement ofaxonal regeneration in rats

whose seiatic nerves had been crushed [4, 5]. The realization that the immunosuppressant

and neurotrophic effects of FKS06 were mediated by distinct regions of its structure

G-:prompted interest into the design ofnon-immunosuppressant inUnunophilin ligands. The

design and development ofdelivery vehicles for this new class of dnlgs May enable their

therapeutic potential to he fully exploited.

In the past, several carriers have been designed for the delivery of FKS06 as an

immunosuppressant agent, including liposomes [17-19], a water-in-oil-in-water type
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emulsion [20, 21], and a dextran-conjugate [22]. To our knowledge, this is the first report

ofa drug carrier for the delivery ofFKS06 or other immunophilin ligands as neurotrophic

agents.

In a previous paper we reported on our preliminary studies of miceUes formed

ftom polycaprolactone-b-poly(ethylene made) PCL2o-b-PE044 copolymers as a delivery

vehicle for FKS06 and L-685,818 [6]. An in vitro assay was used ta compare the in vitro

biological aetivity of drug aJone and micelle-incorporated FKS06 or L-685,818. The in

vitro assay included measurement ofthe ability ofFKS06 or L-685,818 to potentiate NGF

in promoting neurite-like outgrowth in PC12 (rat pheochromocytoma) ecll cultures. The

biologica1 aetivity of the miceUe-incolpOrated drugs were found to he retained. We now

report on the in vitro release kinetics of FKS06 from the copolymer micelles as weil as

their in vivo biodistribution 6 and 24 bours foUowing intravenous injection into male

Sprague Dawley rats. Also, the extent to wbich the micelle-incorporated FKS06 is able to

enbance tùnctional recovery in rats whose seiatic nerves have been lesioned is assessed

using a behavioral study.

The development of delivery vehicles tbat enhance the therapeutic potential of

agents which accelerate nerve regeneration would he of great economic value to society

[9]. In addition, carriers for agents which promote nerve regeneration in the peripheral

and central nervous systems would be of benefit in the treatment of diseases such as

Parkinson's, Alzheimer's, diabetic neuropathyand multiple selerosis [9].

6.1.2. Materials ud Methods

6.1.2.1. MtIt~rÜllS The black copolymer PCL20-b-PE044 was synthesized by

anionie polymerization. AlI ehemicals were purchased from Aldrich Chemical Company.

The scintillation cocktail used in loading studies (Fisher Chemical, Fisher Scientific,

ScintiSafe Econo F) and that used in the kinetic release studies (Fisher Chemical, Fisher

ScientUï'c: ScintiSafeTU Plus 5001'0), was purchased from V.W.R. Scientific. The

radiolabelled FKS06 was purchased from Nen Life Science Product-Mandel Scientific

Inc. The Protosol tissue and gel solubilizer was purchased from Nen Life Science

Products, Dupont. The dialysis bag used in the micelle preparation was Spectra por®
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Membrane, MWCO: 50,000 and tbat used for the kinetie release studies was also Spectra

Por<!!) Membrane but ofMWCO: 15, 000.

6.1.2.2. Met"ods

PreparatioD of MieeDe-IDeorporated 3tI-FKS06 A l00uL aliquot (amount equal to

100 uCi, i.e. ImCi = ImL) ofa 3H-FKS06 (Lot 3329491) SQlution in ethanol was added to

an empty vial and the ethanol was allowed to evaporate. The amount of3H-FKS06 added

to the vial was 1.15 nanomoles since the specifie activity of 3H-FKS06 is 87.0 Cilmmol.

O.Olg of the PCL2o-b-PE044 copolymer was then added to the vial along with up 10 0.2g

ofDMF. The solution was stirred al room temperature for 4 hours, al whieh point 0.8g of

water was added slowly 10 the vial to make a 1% (w/w) copolymer solution. The micelle

solution was then left to stir ovemight and then dialyzed against Milli Q water. The

loading effieiency of the miceUe solution was found to he 21% which translates to a final

concentration of 240 DM FKS06 in the micelle·incorporated 3H-FKS06 solution. The

micelle-incorporated FKS06 for the seiatie nerve érush experiments was prepared using

drug extracted from 5 mg PrograflP) capsules for human use (provided by Fujisawa

Pbarmaœutical Co.). The extracted FKS06 was placed in an empty vial the solvent was

evaporated and the micelles were prepared as described above. The final concentration of

FKS06 in the micelle solution was 6mM.

QuaatitatioD of the Amoant of Ju-FK506 IDeorporated iDto MieeUes Aliquots (Sa

f.lL) ofthe micelle-incorporated 3H-FKS06 solution were placed into vials fiUed with 450

f.lL of DMF. The solution was stirred for 2 hours and then aclded to scintillation vials

containing 4 mL of Econo-F scintillation cocktail (for organic solvents). The vials were

then counted by a scintillation counter and a calibration curve was used to calculate the

nomber ofuCi of3H-FKS06 per vial.

MeasuremeDt of the Release Profile of Ja-FKS06 from the PCL2o-b-PE044 Mieelles

A 100 J.1L aliquot of the micelle-incorporated 3H-FKS06 or 3H-FKS06 alone (in a

DMSOIPBS 20:80 mixture) was placed into a dialysis bag and suspended in 10 mL of

warmed PBS at 37°C and pH = 7.4. At specifie time intervals a 100f,lL aliquot was
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removed from the extemal mediwn and replaced with a fresh 100 J1L aliquot ofPHS. The

a1iquot removed was then plaœd in 4 mL of Scinti-Safe-Plus SOOAt scintillation cocktail

and counted by the scintillation counter. The counts in CPM were then converted into

....Ci and then moles of3H-FKS06 using a calibration curve.

1" vivo Stadia

ADimai Stadia AlI of the experiments were perfonned with strict

adherence to the Guidelines provided by the McGill Anjmal Resources Center, McGill

University. The anjmals were maintained on standard food and able to drink ad libitum.

P.........eoldaetie ad Tissue Distributio. Stadia

Male Sprague Dawley rats weighing 75-loog were used. Rats were injected

intravenously (i.v.) into the lateral tail vein with miceUe-incorporated 3H-FKS06 such that

each rat received 2SOn~g.

Tissue DistributioD: The rats were euthanized by cervical dislocation 6 or 24 bours

following i.v. injection (n = 3-4 for each lime point). Organs sucb as the beart, spleen,

liver, lungs, kidneys and brain (hypothalamus, hippocampus, cortex, cerebellum,

pituitary, thalamus) were excised, rinsed with saline and weighed. A 100 mg sample of

each was then placed in a scintillation vial containing SOO J.1L of Protosol (tissue

solubilizer) and left to stand on a shaker ovemight. The foUowing day 4 mL of

scintillation cocktail was added to each vial and the were left to stand for 24 hours before

being counted by a scintillation counter.

Seiatie Nerve Crush

Animais The animais used were Hanover Wistar rats weighing on average 100g. The
~

animals were divided randomly ioto 3 experimental groups (each with n=6); control

animals (non-Iesioned, treated with 100 J.LL ofempty micelles), control animais (lesioned,

treated with 100 JJL of empty micelles) and micelle-incorporated FKS06 treated animais

(lesioned, trcated with 100 f.lL miceUe-incorporated FK(06).
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D..... Ad_j_istntioD Animais received S mglkg of the miceUe-incorporated FKS06

solution on days 0, 6 and 12 foUowing the seiatie nerve crush. The first application was

local and the others were given subcutaneously (loo tJL ofmiceUe-incorporated FKS06).

Sargical Procedure: AlI surgical procedures were conducted onder sterile conditions.

Animais were anesthesized with chloralhydrate (400 mWkg, i.p.) and the seiatic nerves

were exposed bilaterally below the sciatie notch and crushed twiee with No. 7 Dumont

forceps for a total of30 seconds.

&eh.vion. AsseulDeDt FoUowing, the lesion the animais were tested every 2 days for

their muscle coordination on a rota-rod apparatus (Ugo Basile TreNlmiJJs for rats model

7700) for 20 days. Animais with little motor coordination dropped offthe rod falling into

a tray 20 cm below. Prior to the surgical procedure the animais were placed on the

moving rod and those which stayed for 1 minute were chosen for this study. Also, prior

to each test the rats were given a 1 minute exposure to the rotarod apparatus.

Subsequently, the rats were tested over a 2 minute period whereby the endurance time

was considered 10 be the tinte between the point the rat is placed on the moving rod and

the point at wbich it falIs down.

6.1.3. Resaltl

6.1.3.1. III vitro R~.tIS~KilldÏC$

Figure 6. i shows the in vitro release profile of3H..FK506 from the PCL20-b-PE044

micelle solution as measured by the dialysis Methode There is a borst release of 3H_

FKS06 from the micelle solution in the first 6 hours during which 40% of the drug is

released. Following the 6 hour period the kinetics of the release slows down such that

100010 of the drug is only released after 6 days (144 hours). A1so shown is the release of

3H-FICS06 dissolved in a DMSO~~ol solution. In this case the drog is completely

released in 4 hours.
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Fipre '.1. The in vitro release profiles of3H-FKS06 alone and PCL20-~PE044
micelle incorporated-3H-FKS06 as measured by the dialysis method.
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6.1.3.2. BitNIl.rtrl6l1tiDII ofMiœlk-lIieDIJIO"'" FKSfJ6 ;" NDII-N~1II'tIlrus.
Figure 6.18 and 6.2b show the biodistribution of radiolabeled FKS06, 6 and 24

hours following the intravenous injection of the PCL..b-PEO micelle incorplrated FKS06

mot male Sprague Dawley rats. In Figure 6.2a the biodistribution is expressed as the

percentage of the total dose accumulated in the entire tissue. Ofthe tissues measured, the

accumulation of the 3H-FKS06 at both 6 and 24 hours is found to be highest in the liver

(13% (6brs), 7.6% (24hrs» and the brain (S% (6hrs), 2.1% (24hrs». The accumulation in

all other tissues at both 6 and 24 hours was far below the levels attained in the liver and

the brain. Aside from the accumulation of 1.4% in the beart at 6 hours, the level of lH_

FKS06 in al1 other tissues was below 1% at both 6 and 24 hours.

In Figure 6.2b, the biodistribution is expressed as the % dose per gram of tissue.

At 6 hours, the percent accumulation per gram oftissue for the heart, lung, liver and brain

is approximately equal, ranging between 3.6% - 5%, while the levels in the spleen and

kidney following 6 hours are only 1% and 1.90,4 respectively. Following the 24 hour

period, the level of accumulation of the drug per gram of tissue is highest in the liver,

brain and kidney.

6.1.3.3. BiodistriblltiD" ofMk~"I"CDI'JIO,,*dFKSfJ6 ;" N~1U'tIITisslU!

Figure 6.3a and 6.3b show the distribution of radiolabeled FKS06 in the different

brain structures 6 and 24 hours following the injection ofmicelle-incorporated FKS06. In

Figure 38, the distribution is expressed as the percentage of the total dose accumulated in

the entire structure ofthe brain. The graph shows that the highest levels of 3H-KFS06 are

attained in the rest of the brain and the cortex. When the distribution is expressed as the

% dose/g of tissue the accumulation is found ta he highest in the hypothalamus and the

thalamus.

,.t~.4. B~"IIIIÎD,tIl Assas,.",ofF""ctiD"IÎI·R~covery

Figure 6.4 shows the endurance time attained for eacb of the animal groups

studied on the rotarod apparatus over a 20 day period. As shown, the non-lesioned

control animais almost reach the maximal endurance time (120 secs.) on day 8, and

actually attain the maximal time on day 14. The lesioned animais treated with micelle-
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Figure 6.2••) The biodistribution in non-neural tissue (expressed in terms of
% oftotal dose) ofradiolabeled FKS06, 6 and 24 hours following intravenous
injection ofPCL-b-PEO micelle incorporated FK506 ioto male Sprague

Dawley rats (n=3-4).
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Figure 6.2.b) The biodistribution io non-neural tissue (expressed in terms of%
oftotal doselg tissue) ofradiolabeled FKS06, 6 and 24 bours following

intravenous injection ofPCL-b-PEO micelle incorporated FKS06 ioto male
Sprague Dawley rats (n=3-4).
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Figure 6.3••) The distribution in neural tissue (expressed in terms of% oftotal
dose) ofradioJabeled FKS06, 6 and 24 hours following intravenous injection

ofPCL-b-PEO micelle incorporated FKS06 into male Sprague Dawley rats
(n=3-4). (The abbreviations are as follows hypot.= hypothalamus; stria. =
striatum; thaI. = thalamus; hipp. =hippocampus; cort. = cortex; pit. = pituitary;
r. afb. =rest ofbrain; cereb. =cerebellum).
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Figure 6.3.b) The biodistribution in neural tissue (expressed in terms of% oftotal
doselg tissue) ofradioJabeled FK506, 6 and 24 hours following intravenous
injection ofPCL-b-PEO micelle incorporated FKS06 into male Sprague Dawley
rats (0=3-4). (The abbreviations are as foIIows hypot.= hypothalamus; stria. =

striatum; thaL = thalamus; hipp. = hippocampus; corto = cortex; pit. = pituitary;
r. ofb. = rest ofbrain; cereb. =cerebeIIum ).
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incorporated FKS06 (Smglkg) on days 0, 6 and 12, reach SOOA. of the maximal endurance

lime (time = 60 secs., short-dashed line) on day 6, while the lesioned animais receiving

empty micelles ooly 8Chieve this endunnce time on day 12. The non-Iesioned animais

reach 7S % ofthe maximal endurance time (tinte = 90 secs., long - dashed line) by day 4,

while the lesioned animais treated with the micelle-incorporated FKS06 reach this point

on day 10 and the lesioned animais treated with empty micelles only reach this point by

day 18. The lesioned rats treated with micelle-incorporated FKS06 reach the maximal

endurance time achieving full functional recovery on day 16 only 2 days later than the

non-Iesioned animais. The lesioned control animais do not reach the maximal endurance

time during the 20 day Period. lbeœ is a significant difference between the endurance

limes of the lesioned animals treated with micelle-incorporated FKS06 and those treated

with empty micelles fiom clay 8 to day 20.

6.1.4. DiseuuioD

In this paper the PCL-b-PEO micelles were investigated as a delivery vehicle for

the neurotrophic agent FKS06. Among the various immUDOSUppressant and non­

immunosuppressant FKBP12 ligands, FKS06 was chosen as the model compound for

these studies owing to its high degree of lipophilicity, the availability of bath the

radiolabeled and non-radiolabeled compound, the large amount of information avaiJable

on the tissue distribution of FKS06 administered in conventional fonnulations (Fujisawa

Pbarmaceutical Co.) or delivery vehicles, and the great extent to which the neurotrophie

effects ofFKS06 in the sciatic nerve erush paradigm have been cbaracterized.

The in vitro release kinetic profile of micelle-ineorporated FKS06 and FK50~

alone were measured. There was a substantial difference hetween the release of the

micelle-incorporated drug (lOOOA. released in 6 days) when comparcd to that of the drug~'­

alone (lOOOIO released in 4 hours). The method employed for the measurement of the

release kineties of the drug from the micelles may not be ideal. The release may he

influenced by the frequency of sampling due to the fact that there is an equilibrium

partitioning ofthe drug between the micelle and the extemal environment. The frequency
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o non-lesioned, treated with empty micelles
• lesioned, treated with miceUe-incorporated FKS06
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Figure 6.4. The endurance lime attained for each ofthe animal groups
(Hanover Wistar rats, n=6 per experimental group) studied on the
rotarod apparatus over a 20 day period. Treated animais received 5 mglkg
ofthe micelle-incorporated FK506 solution on days 0, 6 and 12 following
the sciatic nerve crusb. ~~-".
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of sampling was much greater in the tint hour tban it was in the hours following, in Ibis

way. the œlease in the first hour may bave been accelerated. A borst release is commonly

sem for micelle-incorporated drugs, which is usuaIly due to the dmg wbich resides at the

core-corona interface. However, in Ibis case since we had dialyzed the miceUes

exteosively foUoWÏDg miceUe preparation, the burst release would have been expected to

bereduced.

The tissue distribution of the radiolabeled FKS06 6 hours and 24 hours following

the intravenous administration of the micelle-incorporated drug was significantly

different from the biodistribution of FKS06 obtained when admjnistered in other

fonnulations as previously reported in the literature. Yura H. et al. found tbat 8 hours

following the intravenous administration of FKS06, the biodistribution (expressed as %

dose) was such tbat the levels ofFKS06 were very high in the small intestine (= 60% of

the total dose) while the accumulation in aU other tissues was quite low with

approximately S% in the liver and below S % in ail other tissues [22]. FKS06

administered in the conventional i.v. formulation (Fujisawa Phannaceutical Co.) was

reported by Kos et al. (25) to accumulate (expœssed as per gram of tissue) mostly in the

spleen and pancreas 6 hours foUowing injection, and largely in the intestine, pancreas and

spleen 24 hours foUowing the intravenous injection in male Wistar rats (180-220g) [18].

The incorporation of FKS06 into liposomes was found to result in an even higher

accumulation in the spleen and pancreas following the 6 hour period, and the

accumulation was still greatest in the spleen, pancreas and intestine folloWÏDg the 24 hour

period [18]. Interestingly, with the PCL-b-PEO micelle-incorporated FKS06, bath 6 and

24 hours following injection the accumulation in the spleen is much less than that in the

liver or brain. Since the spleen is one of the target organs for the immunosuppressive

effect of FKS06 for Ibis purpose, a high accumulation in the spleen is desired. In this

way, the PCL-b-PEO micelles may not he suitable for the delivery of FK506 as an

immunosuppressant agent; however, we ai:~~terested in_FKS06 as a neurotrophic agent,

and in this context, the black copolymer micelles may prove to he the delivery vehicle of

choiœ.
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The MOst sttiking difference between the biodistribution of the micelle­

incorporated FICS06 and FKS06 administered in other fonnulations was the high degree

of accumulation in the brain. FKS06 is known to penetrate ioto the brain with ease;

however, the actuallevels of FICS06 in the brain (% dose) are quite low when compared

to the levels achieved with the micelle-incorporated FK506 [18,22]. The administration

of miceUe-incorporated FKS06 enables 5% of the total dose to accumulate in the brain

following the 6 hour period. The high level ofFKS06 in the brain is not surprising when it

is considered that the levels of FKBP12 are 10-40 limes higher in the brain than in the

immune system [9].

Due to the high accumulation in the brain we were interested in determining if: in

f&Ct, the dmg was evenly distributed throughout the brain or if it was localized in specific

structures. In Figure 6.3a and 6.3b we see that the dmg is not evenly distributed, but

rather preferentially localizes in specifie brain structures. The levels of FKBPI2 and

calcineurin mRNA have a1so been reported to vary within the brain [23-25]; however, we

could not clearly see a match between the preferential localization of FK506 and the

regions of the brain Imown to contain the highest values of FKBP12 and calcineurin

mRNA.

The means by whieh the level ofradiolabeled FKS06 becomes 50 high in the brain

following the intravenous administration ofthe miceUe-incorporated FK506 remains to he

determined. It is unknown whether or not the drug Penetrates ioto the brain as mostly

free.drug or while still încorporated in the micelles.

In order to determine if the biologjcal activity of FK506 was still retained in vivo

when administered in the PCL-b-PEO micelle solution, the sciatic nerve crush model of

Peripheral neuropathy was employed. The rats were given Smg/kg on days 0, 6 and 12,

with the first injection given locally and the other two given subcutaneously. A dose of

Smg/kg was chosen since Wang M.S. et al. found that rats with lesioned sciatic nerves

receiving daily subcutaneous injections of FK506 (Smg/lcg) attained full functional

recovery in a shorter lime period than rats receiving daily injections of 1 or 10 mglkg (5].

AIso, the group receiYing 5mglkglday were found to have a larger number of myelinated

axons and a larger Mean axonal area than tbose receiving 1 or 10 mglkglday [5].
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In most of the studies performed to this point on rats with lesioned sciatic nerves,

the treabnent involves daily subcutaneous injections of the immunophilin ligands [2-5].

However, due to the fact that the in vitro release kinetic measurements showed that the

3H-FKS06 was ooly folly released from the miceUes in 6 days, we chose to ooly inject

once every 6 days.

In a previous rePOrt, rats with lesioned sciatic nerves receiving daily subcutaneous

injections of5 mglkg FKS06 were shown to attain recovery offunction in 15 days [5]. In

this case, we find the rats reach full functional recovery in ooly 16 days yet they are ooly

administered 20 % ofthe drug given in the previously described experiments. Rats given

5mWkglday receive 90 mWkg of drug over the 18 day period [5] in this case we ooly

administer lSmglkg over the 18 clay Period. Also, the requirement for only 3 injections

of the miceUe-incorporated drug increases patient compliance compared to daily s.c.

injections.

6.1.5. CODcl_joBS

The studies summarized above represent only the first step in the in vivo study of

the PCL-h-PEO micelles as a delivery vehicle. The results from the organ biodistribution

studies suggest that the incorporation of the drug into the micelles does in fact alter its

biodistribution. However, in order to be able to hest compare our results to those in the

literature several additional organs should he analyzed (i.e. pancreas, intestines etc.).

Also, the pharmacokinetic parameters of the micelle-incorporated drug must he

determined and compared with those of the drug aIone.

Finally, the results from the behavioral study suggest that the micelle-incorporated

FK506 is very effective at enhancing functional recovery in rats whose sciatic nerves

have been croshed. However, in order to fully substantiate these findings morphometric

analysis ofthe nerves and measurement ofthe axonal regeneration rates are required.
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CHAPTER7

CELLULAR INTERNALIZATION OF PC4o-b-PE044

BLOCK COPOLYMER MICELLES

Following our in vitro study of micelle-incorporated FKS06 and L-685,818 in

PC12 cell eultures, we were interested in determining whether it was the drug alone or the

micelle-incorporated drug that was entering the cell. This is an important issue as there is

the potential ta alter the intracellu1ar traftieking pathway and fate of the dmg if in fact it

is the micelle-incorporated rather tban the dmg a10ne that is being internalized. If the

micelles are intemalized it is possible that they will facilitate accumulation of the drug in

a specific subcellular organelle. This type of knowledge will a110w specific drugs to he

targeted to their required subcellular targets.

The ultimate goal of drug delivery is to target drogs to a specific tissue, ceII-type

and or subcellular organelle [1,2]. Based on the findings in the literature with "Stealth"

liposomes it is unlikely that the PCL-b-PEO micelles will provide site-specifie delivery of

dmgs. However, once information bas been obtained on the PCL-b-PEO micelles alone,

we can tben begin surface modifications in arder to optimize the distribution of the

carrier.

Section 7.1. ineludes a brief summary of the various endocytotic pathways while

section 7.2. describes the initial step in the study of the cellular intemalization of black

copolymer micelles. In this work, we address the question ofwhether or not the PCL2o-b­

PE044 micelles are in faet internalized ioto PC12 ceUs by an endocytotic mechanism.
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Figure 7.1.2· The Five Methods of Endocytosis: A schemati
of the five methods of endocytosis (A = Phagocytosis, B
Macropinosome, C = Clathrin - Coated Vesicle, 0 = Non­
Clathrin Coated Vesicle, E = Calveolae. The size of the
vesicles fonned by each mode are not drawn to scale (Adapted
from Lamaze and Schmid, Current Opinion in Cell Bi%gy
1995, 573-S80.)
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7.1. EDdoqtosis

Endocytosis may he

divided into 2 main categories,

namely phagocytosis (cellular

eating) and pinocytosis

(cellular drinking) [3].. AIl

eukaryotic cells are able ta

undergo pinocytosis while ooly

SPeCialized cells cm undergo

pbagocytosis (e.g.

macrophages) [3]. Whether or

not the mec::hanism of

intemalization is pinocytosis or

pbagocytosis, most often the

material intemalized will he

transported 10 the lysosomes

(Figure 7.1.1). Lysosomes are

the cellular organelles (pH

=S) which contain

approximately 40 types of

hydrolytic enzymes

responsible for the

degradation of proteins,

nucleic acids,

oligosaccharides

phospholipids [3].

Pinocytosis can he further

divided into into receptor

and non-receptor mediated

endocytosis [4]. To this

point four different

•
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• pinocytic pathways have been identified: macrophinosome, clathrin-ooated vesicle, 000­

coated vesicle and calveolae [4]. These path.ways differ in the size ofvesicle that buds

offfrom the plasma membrane and the composition ofthe vesicle coat (ifany) (Figure

7.1.2). Also, several pharmacologica1 manipulations have been identified which

differentially block the four pinocytic pathways.

Several groups have studied the cellular intemalization of different types of

delivery vehicles. ln vitro studies on the mechanism of cell uptake of conventional

liposomes by phagocytic macrophages (Kupffer cells), found large amounts of liPOsomai

material to he intema1ized by phagocytosis [5]. Following intravenous injection, the in

vivo loca1j7Jltjon of conventional liposomes was mostly found to he in the fixed

macrophages ofthe liver and spleen [6]. Specifically, studies found the intemalization of

liposomes into macrophage ceUs is an energy dependent process, and folloWÎDg œil entry,

the liposomes are delivered 10 the lysosomal system resulting in their complete

degradation and subsequent release oftheir contents [5]. Dy contrast, the PEO-modified

sterically stabilized liposomes were found to have longer circulation tilDes and decreased

accumulation in the liver and spleen. The PEO-modified surface bath enhances the

surface hydrophilicity ofthe liposomes and provides stene stabilization which inhibits the

adsorption of proteins and thus prevents non-SPeCifie recognition and consequent uptake

by macrophage cells. The minimized interactions with ceUs ofthe RES aHows the chance

for interactions with other cell types as it bas been found that it is the comPetition for

liposome binding between different cell types that largely determines their fate in vivo

[7]. In general, the cellular uptake of liposomes is said to he govemed by the adsorption

of liposomes to the surface of the ceUs foUowed by endocytic uptake. The rate and extent

of cell uptake of liposomes bas been found in many cases to he celI-type sPeCific (6].

Also, the physical properties of liposomes such as size and surface charge have been

found in some cases to influence the mecbanism, rate and extent of cellular uptake [8-10].
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7.2. The CeUalar laten.lintioD ofthe PCLa-b-PEO... MieeUes

7.2.1. IDtrodaetioa

In recent years, there bas been much interest in the use of black copolymer

micelles as delivery vehicles for hydrophobie drugs. The micelles are formed from

amphiphilic di- or triblack copolymers. In an aqueous solution, the copolymers aggregate

to form micelles which contain a hydrophobie core and a hydrophilic corona. The core of

the micelle serves as cargo space for hydrophobie drugs while the corona acts as an

interface between the hydrophobic core and the aqueous medium. Several different

hydrophobic blacks have been used ta form the core of the micelles to name a few these

include poly(propylene oxide) [Il], poly(aspartic acid) [12-14], poly(D,L lactide) [15],

poly(P-benzyl-L-aspartate) [16] and poly(caprolactone) [17,18]. By contrast, the corona

forming polymer black is most often poly(ethylene oxide) though recendy poly(acrylic

acid) bas been tried. The size of the copolymer micelles may range from 10 -100nm

depending on the proPerties (e.g. total mol. wL, black ratio) of the individual copolymer

Molecules employed.

At present Iittle is known of the mechanism or pathway of cellular internalization

ofblack copolymer micelles or micelle-incorporated probes. Kabanov's group found that

the cellular intemaljzation (MDCK and Jurkat ceUs) of f1uorescein containing

poly(ethylene oxide)-b.polypropylene oxide-b-poly(ethylene oxide) (pluronic) micelles is

inhibited at 4°C [19]. In a later study they also found that the cellular (bovine brain

microvessel endothelial cells) accumulation of 3H-pluronic micelles is decreased in the

presence of deoxyglucose (40rnM) [20]. Together this evidence suggests that the

mechanism of cellular uptake of the pluronic micelles May proceed by an endocytotic

mechanism. We are now interested in determining if the cellular uptake of PCL20-b­

PE044 micelles proceeds byan endocytotic mechanism in PC12 [21] cell cultures.

In general, the study of the cellular internalization of drug delivery vehicles has

been Most extensive for Iiposomal canïers. To date, there are believed to be two

predominant mechanisms ofcell entry for liposomes, endocytosis [22-24] and fusion [25]

with the plasma membrane of the ceU. Recently, Bajoria et al. demonstrated that small

unilamellar liposomes containing carboxytluorescein are endocytosed by human

trophoblast ceUs in culture [9]. They found that the rate and extent of intemalization of
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the liposomes was dependendent on both the size and surface charge of the liposomes.

Papahadjopoulos' group bas shown that large (0.1 J.UIl) negatively charged liposomes

containing colloidal goid are intemalivd by an endocytotic mechanism in CV-1 monkey

kidney cells [22]. They round the uptake pathway to progress from the localization of the

liposomes in coated pits to their subsequent intemalization in coated vesicles [22].

The different mechanisms of endocytosis may he divided into two broad

categories, namely. phagocytosis ("cellular eating'') and pinocytosis ("cellular drinking")

[26]. Pinocytosis includes bath fluid phase pinocytosis and adsorptive or receptor­

mediated pinocytosis. The many pathways of pinocytosis which have been identified

include macropinosome, clathrin-coated vesicle, non-coated vesicle and claveolae.

. Cellular uptake by an endocytotic mechanism is known to he characterized by certain

basic criterea including time, temperature, pH and energy dependence [26-28]. Many

pharmacological manipulations which enable one to selectively inhibit or stimulate the

individual pinocytic pathways have been identified (e.g. hypertonic treatment inhibits

clathrin mediated endocytosis) [4]. It is by the exploitation of these pharmacological

manipulations that the mecbanism of cellular uptake of a particular macromolecule or

ligand MaY he identified [29].

The present work describes the effcct of various pharmacological manipulations

on the uptake of PCL20-b-PE044 micelles. The lime, temperature, pH and energy

dependence of the uptake are first investigated to determine if the basic criteria for

endocytotic uptake are fulfilled. The effect ofhypertonic treatment and brefeldin A on the

uptake process are a1so studied. These studies are of importance owing to the growing

interest in block copolymer micelles as drug carriers. The lack of infonnation available

on micelle-cell interactions, the cellular intemalization of micelles and their intracellular

fate will prevent them from being fully exploited as drug delivery vehicles.

7.2.2 Materia.s and Methods

7.2.2.1. Mtlteritds The PCL20-b-PE044 (where subscripts refer to the number of

monomer units in each black) black copolymer was synthesized by anionie

polymerization. The description of the copolymer is provided elsewhere [18]. AlI

ehemicals for the synthesis were purchased from Aldrich Chemical Co.. The 3H-FKS06
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was purcbased ftom Mandel Scientific and the fluorescent probe CM-DU was purchased

ftom Molecular Probes Co.. The tissue culture reagents were ail purchased from Gibco

BRL.

7.2.2.2. Experi",enttd Methods

MiceUe Preparation Ten milligrams of PCL-b-PEO black copolymer was dissolved in

up to 0.2 g of dimethylformamide and stirred for four hours. Micellization was induced

by dropwise addition of 0.8 g of water at a rate of approximately one drop every ten

seconds. The micelles were placed in a dialysis bag and dialyzed against MilliQ distilled

water. The water was changed every hour for the tirst four hours and then every three

hours for the next twelve hours.

Preparation ofMiceUe-Incorporated Probes (DiI,3U-FK506)

MiceUe-Incorporated 3H-FK586 A lOOuL aliquot (amount equal to 100 uCi, Le.

ImCi = ImL) of a 3H-FKS06 solution in ethanol was added to an empty vial and the

ethanol was allowed to evaporate. The amount of 3H-FK506 added to the vial was 1.19

nanomoles since the specifie aetivity of 3H-FK506 is 84.0 Ci/mmoL O.Olg of the PCL20­

b-PE044 copolymer was then added to the vial along with up to 0.2g of DMF. The

solution was stirred at room temperature for 4 hours al which point 0.8g of water was

added slowly to the vial ta malee a 1% (w/w) copolymer solution. The micelle solution

was then left to stir overnight and then dialyzed against Milli Q water. The loading

efficiency of the micelle solution was found to he 28% , in this way, the final

concentration ofthe micelle-incorporated 3H-FK506 solution was 333nM.

MiceUe-Incorporated CM-DiI An aliquot of CM-OH (I•.ex = 553nm) in DMF is

initiallyadded to an empty vial such that the final concentration ofCM-DiI is 1 x 10 -8

moles/g. Ten milligrams ofPCL2o-b-PE044 copolymer is then added to the vial followed

by the addition of OMF up to .2g. The solution was then aUowed to stir for four hours.

Micellization was achieved by the dropwise addition of water (O.8g) and then after

stirring ovetùÏght the solutions were dialyzed against MilliQ water in the dark.
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Electron Microseopie ADalysis Severa! different preparative techniques

were tried in order ta determine the optimal method for the electron microscopie analysis
--

of this system. However, the fieeze-ftacturelfreeze-etcb technique was found to enable

the morphology ofthe individual aggregates ta he seen most elearly.

Freeze-FracturelFreeze-Etch Eleetron Microscoov A small drop of a 1% (wt)

PCL-b-PEO miceUe solution was placed in the center ofa sample holder and dipPed into

liquid nitrogen-eooled liquid propane (-140°C). FoUowing approximately 5 seconds the

sample holder was removed and placed into a liquid nitrogen bath. The sample holder

was then placed in the freeze-ftacture appparatus (Balzers 300) wherein the temperature

ranged between -100 to -120°C. Sample fracture was performed by using a liquid

nitrogen cooled knife. Following freeze-ftacture and freeze etch the fracture plane was

shadowe'd with platinumlcarbon (95:5) at a 30° angle and then coated with carbon at a 90°

angle. The Pt/C replica was floated off the holder using distilled water and placed 0010

uncoated copper grids. The sample grids were analyzed by transmission electron

mieroscopy using a JEOL microscope.

CeU Uptake Esperiments

CeU Cultures PC 12 ceUs [21] were grown in tlasks cootaining RPMI supplemented

with 5% fetal bovine senon, 500 J.1g/mL penieillin and 500f.1g/mL streptomycine The cells

were seeded into 24 weU plates eontaining 500 J.LL per welle Following a 24 hour

incubation period the medium was removed and replaced by fresh medium and treatments

were perfonned as described below.

Study ofTime, Tempenture and pH dependence The medium was removed and 245

uL of fresh RPMI 1640 medium was added to each weil in the culture plate. A 5 uL

a1iquot of micelle-incorporated 3H-FK506, mieelle-inc0l'POrated Di! or 3H-FK506 alone

was added to each weil at specifie time points. The 5 uL aliquot of the miceIle­

ineorporated 3H-FK506 or 3H-FKS06 alone corresponds to 6.6 DM 3H-FK506 per weil..

Following the specifie incubation period the supematant and cells were treated as

described below depending on the micelle-incorporated probe used.
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Temperature dependence: The ceUs "rere incubated at 4C for 15 minutes prior to the start

ofthe experiment. pH dependence: The RPMI (pH =5) was prepared by the mixture ofa

specific ratio ofRPMI medium and an acetic acidINa acetate buffer solution.

Ce. Treated widl MieeUe-lDeorporated Ja-FK506 or Ja-FK506 Alone Following

the incubation period, 200 uL of the medium was removed and placed in scintillation

vials containing 4 mL of Scinti-Safe Plus 500A» scintillation cocktail. The rest of the

medium was removed and the ceUs were washed twice with 200 uL PBS. l00uL of

trypsin was then added ta each weU and incubated at 37°C for 15 minutes. Each weU was

then scraped. 100 uL of P8S was added and the contents were removed and placed in a

scintillation vial containing 4 mL of Scinti-Safe scintillation cocktail. The scintillation

vials were counted and the CPM value for each was recorded. A calibration curve was

used 10 change CPM to uCi.

CeUs Treated with MiceUe-lDeorporated Dii FoUowing the incubation period the

supematant was removed and the cells were washed twice with 250 uL PBS. The ceUs

were then analyzed under a fluorescence microscope (Olympus 8H-2).

Study of tbe EfI'eet of Hypertonie TreatlDeDt The ceUs were preincubated with sucrase

(450 mM) containing medium for 30 mins. or 1 hour prior ta the addition of 5 uL of

miceUe-incorporated 3H-FKS06. Following a Ihour incubation period the ceUs and

supematant were treated as above.

Study ~f the EfI'eet of NazIDOG or BrefeldiD A The cells were preincubated with

DOO (2SmM)/Naz (10mM) for 15 mins, 30 mïns. or 1 hour while pretreatment with

Brefeldin A was for 1 hour. The addition of 5 uL micelle-incorporated JH-FKS06 was

followed by a 1 hour incubation period after which the cells were treated as described

above.
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7.2.3. Results .ad Dise....ioa

7.2.3.1 C1ItUtICID'isIics of tilt! PCL-b-PEO Mic~1Ia ElllploYl!d ÜI tilt! CI!UIlI.,

IIIû",IIIi:J1tlo" StIllliG The black copolymer micelles in these studies are

spherical in shape and approximately 25 Dm in diameter. The stability of the micelles in

RPMI medium and their biocompatibility in PC12 cell cultures were previously

confirmed as described elsewhere [18].

The ideal 0001 for these studies would he labelOO block copolymer micelles;

however, this was not available and for this reason we chose to use micelles containing

highly lipophilic fluorescent or radioactive probes [18]. The high degree of lipophilicity

of the probes ensured a high partition coefficient for the probe between the micelles and

the extemal medium. In addition, the kinetics of the release of the selected probes from

the micelles is very slow with respect to the duration of the cell uptake experiment

(maximum 4 hours). In this way, the micelle-incorporatOO probes May be used to follow

the intemalizatjon process ofthe micelles.

7.2.3.2. CI!U""" Uplldœ SlIulia:

Tiale. TelDperature aDd pH depeDdeDce This study demonstrates that the

miceUes are iotemalized ioto PC12 cell cultures. Furthennore, these studies demonstrate

that the uptake is time, temperature and pH dependent. The cellular uptake of both

miceUe-incorporated 3H-FKS06 and miceUe-incorporated DU were found to he time

dependent as the uptake increased progressively over the 4 hour incubation period as seen

in Figure 7.2.1.a and 7.2.l.b. The uptake profile of the micelles was similar to that seen

for the uptake ofother delivery vehicle incorporated probes, such as liposomes containing

carboxytluorescein and microparticles containing 6-coumarin [9,30].

As seen in Figure 7.2.l.a and 7.2.l.b, a decrease in temperature from 37°C to 4°C,

known to be an effective non-invasive means of inhibiting endocytosis, severely inhibits

the uptake of the micelles [31J. However, there was a slight progressive increase in the

uptake at 4°C over the four hour period, which is sunilar to the results obtained for the

. cellular uptake of tluorescein labeled biodegradable nanoparticles in bovine arterial

smooth muscle cells over time al 4°C [32].
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Figure 7.2.1••) The temperature and pH dependence ofthe cellular
internalization ofPCL2o-b-PE044 micelle-incorporated 3H-FK506
in PCI2 œil cultures. Each bar represents the mean of4 samples ± S.D.
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The pH dePendence of the intemalization was also confirmed (Figures 7.2.1 (a)

and b). The acidification of the cytoplasm bas been shown to inhibit receptor-mediated

endocytosis by preventing the budding of coated pits to ftom coated vesicles [33-37].

Severa! different methods MaY he used to induce eytosol acidification; these include

prepulsing with NHtCl, use of weak acids (e.g. acetie acid) which are able to penetrate

the ceU membrane and incubation with Nigericin in isotonie KCl [26]. In this case, we

chose to induce cytosol acidification by incubating the cells with medium containing

acetic &Cid (pH =5). The uptake of the miceUes was not as great at low pH as it was at

4°C.

In addition, the time dependence of the uptake of the miceUe-incorporated 3H_

FKS06 was compared to the uptake of the ftee drug. As shown in Figure 7.2.2., the

kinetics of the cellular entry of the dmg alone is much faster than that of the micelle­

incorporated dmg. Also, it apPe8rS that much less uptake of the micelle-incorporated

drug, compared ta the free drug, bas occurred over the four hour periode

Summary of the EfI'eet of the Various Pharmaeologieal Manipulations Figure

7.2.3. summarizes the effect of various pharmacological manipulations on the cellular

uptake of the miceUe incorporated 3H-FKS06 in PC12 ceU cultures. The energy

dependence of the uptake was studied by use of the me~bolic poisons sodium azide

(NaAz) and 2-deoxyglucose (DOG). The preincubation of the ceUs with Deoxyglucose

(DOG) (inbibitor of glycogenolysis) and Sodium Azide (NaAz) (inhibitor of cellular

respiration) for one hour decreased the uptake to Il %. Preincubation of the cells with

DOGlNaAz for 15 or 30 minutes also decreased the degree of cellular intemalization of

the micelle-ineorporated 3H-FKS06 but not to the same extent (results not shown). The

inhibition of the uptake by the metabolic inhibitors that the intemalization process is

energy dependent.

H,pertonic treatment by preincubation of th~ ceUs with 0.45M sucrose was also

found to decrease the uptake. The inhibition of receptor-mediated endocytosis by

exposure ofthe ceUs to hypertonie media was first demonstrated by Daukas and Zigmond

[38]. They found that receptor-mediated endoeytosis of chemotactic peptides was

inhibited in POlymorphonuclear leukocytes in the presence ofmedia eontaining 0.43M
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sucrase. The specific means by which hypertonic treatment inhibits receptor-mediated

endocytosis was later established by Heuser et al. [33]. They discovered that hypertonic

treatment provokes inhibition in the same manner as docs potassium depletion; it reduces

the number of clathrin coated pits present at the cell-surface. Also, the c1athrin-coated

pits present were much flatter and smaller than normal and clathrin was found to he

accumulated in "microcages" [34]. The fact that the hypertonic treatment did not

completely abolish the uptake ofthe micelles may he attributed to the use ofonly 0.45

osmolar medium. Daukas G. et al. had found that complete inhibition of receptor­

mediated endocytosis of chemotactic peptides only occurred in 0.7 osmolar medium

while partial inhibition occurred in the presence of0.45 and 0.6 osmolar medium.

In addition, the pretreatment ofthe cells with the macrocyclic antibiotic Brefeldin

A also inhibited the intemaljzation of the block copolymer miceUes. Specifically,

Brefeldin A is known to morphologically alter the endosomes by inducing the fonnation

of tubules [28]. The inhibition of cellular uptake of the miceUes in the presence of

Brefeldin A is indicative that the intemalization may proceed by an endocytotic

mechanism.

Together, this evidence strongly suggests tbat the PCL20-b-PE044 micelles are

intemalized into PC12 ceUs via an endocytotic mechanism. However, in order to support

this finding further studies must he done using labeled micelles visible by either confocal

or electron microscopy. Also, it is of interest to study the intemalization of the micelles

at the molecular level in order to determine which proteins are involved in the process.

The question of whether or not the black coPOlymer micelles are internalized into

PC 12 celIs via an endocytotic mechanism is only the first in a series of questions that

remains to he answered incIuding: 1) what is the specific mechanism of endocytotic

uptake of the micelles; (2) what intracellular trafficking pathway do they follow upon cell

entry; (3) what is their final subcellular distribution or intracellular fate? and (4) are the

micelles stable within the ceU? The answers to these questions will he of necessity in

furthering the use of black copolymer micelles in drug delivery. For instance, the

knowledge of the subcellular distribution of the micelles will enable the appropriate drug
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10 he delivered to a particular subœl1ular organelle, enabling the MOst efficient use of the

micelles as drug carriers.

219



•

•

7.2.4. RefereDeeI

1. Langer R. Nature 1998, 392 Soppe s.
2. Kato Y., Sugiyama Y. Critical Reviews in Therapeutic Drug Carrier Systems 1997,

14,287.

3. Alberts B., Bray D., Johnson A., Lewis J., Ratf M., Roberts K., Walter P., Essential

eeU Biology: An Introduction to the Molecular Biology of the Cell, Garland

Publishing Inc. NewYork 1998 pages 472-477.

4. Lamaze C., Scbmid S.L. CUITent Opinion in Cell Bi%gy 1995, 7, 573.

S. ScherphofG.L., Kamps J.A.A.M. Advanced Drug De/ivery Reviews 1998, 32,81.

6. Miller C.R., et al. Biochemistry 1998, 37, 12875.

7. Lee K.D. et al. Biochemistry 1993,32,889.

8. Scbramlova J. et al. Folio Biologica 1997,43, 161;

9. Bajoria R., Sooranna S.R. Contractor S.F. Human Reproduction 1997, 12, 1343.

10. Yu H.Y., Lin C.Y. Journal ofthe Formosan Medical Association 1997,96,409.

11. Alakhov V.Y., Moskaleva E.Y., Batrakova E.V., Kabanov A.V. Bioconjugate Chem.

1996, 7, 209.

12. Yokoyama M., Miyauchi M., Yamada N., Okano T., Sakuraï Y., Kataoka K., Cancer

Res. 1990, 50, 1693.

13. Yokoyama M., Ok&no T., Kataoka K., J. Contro/led Rel. 1994,32,269.

14. HaradaA., KataokaK. Macromo/ecules 1998, 31, -: j8.

15. Hagan S.A., Coombes A.G.A, Gamett M.C., Dunn S.E., Davies M.C,. llium L, Davis

S.S. Langmuir 19%, 12,2153.

16. Cammas S., Matsumoto T., Okano T., Sakurai Y., Kataoka K., Mat. Sei. and Eng' J

1997, C4, 241.

17. Yeon Kim S., Gyun Shîn 1. L., Moo Lee Y., J. Control. Re/ease, 1998,51, 13.

18. Allen C., Yu Y., Maysinger D., Eisenberg A., Bioconjugate Chem. 1998, 9, 564.

19. Kabanov A.V., Slepnev V.I., Kuznetsova L.E., Batrakova E.V., Alakhov V.Y, Melik­

Nubarov N.S., Sveshnikov P.O., Kabanov V.A., Biochemistry International 1992, 26,

1035.

20. Miller D.W., Batrakova E.V., Waltner T.D., Alakhov V.Y., Kabanov A.V..,

Bioconjugate Chemistry 1997, 8,649.

220



•

•

21. Greene L.A., Tiscbler A.S. Proc. Natl. Acad. Sci. U.S.A. 1976, 73,2424.

22. Straubinger R.M., Rong K., Friend O.S., Papahadjopoulos D., Celll983, 32, 1069.

23. Straubinger R.M, Papahadjopoulos D., Hoog K. Biochemistry 1990, 29, 4929.

24. DijkstraI., Van Galen M., ScherphofG., Biochim. Biophys. Acta 1985, 845, 34.

25. Papabadjopoulos D., Poste G., Schaeffer B., Biochim. Biophys. Acta 1973, 323,23.

26. Mukherjee S., Ghosh R. N., Maxtield f. R., Physiological Relliews 1997, 77, 759.

27. Mamdouh Z., Giocondi M.C., Laprade R., Le Grimellec C., Biochimica et Biophysica

Acta 1996, 1282, 171.

28. Mellman 1., Annu. Rev. Cell Dev. Biol. 1996, 12, 575.

29. Oehlke J., Krause E., Wiesner B., Beyermann M., Bienert M., FEBS LelleTs 1997,

41S,I96.

30. Desai M.P., Labbasetwar V., Walter E., Levy R.I., Amidon G.L., Pharmaceutical

Research 1997, 14, 1568.

31. Steioman R. M., Mellman I.S., Muller W.A., Cohn Z.A., The Journa/ ofCell Bi%gy

1983,96, 1.

32. Suh H., leong B., Liu F., Wan Kim S., Pharmaceutica/ Research 1998, 15, 1495.

33. Heuser J.E., Anderson R.G.W., The Journal ofCel1 Bi%gy 1989, 108,389.

34. Hansen S.R, Sandvig K., van Oeurs B., The Journa/ ofCel/ Bi%gy 1993, 121,61.

35. Heuser J.E., Journal ofCe/1 Bi%gy 1989, 108,401.

36. Davoust J., Gruenberg J., Howell J.E., The EMBDJourna/1987, 6, 3601.

37. Sandvig K., Olmes S., Petersen O.W., van DeW'S B., The Journal of Ce// Bi%gy

1987, 105, 679.

38. Daukas G., Zigmond S. H., The Journal ofCell Bi%gy 1985, 101, 1673.

221



•

•

CHAPTER8

PCL-B-PEO MICELLES AS A DELIVERY VEmCLE FOR OTHER

HYDROPHOBIe DRUGS suea AS DIHYDROTESTOSTERONE

Following, our evaluatiOD of the PCL-b-PEO micelles as a delivery vehicle for

FKS06 we were interested in exploring the micelles as carriers for other drugs. Steroids

such as dihydrotestosterone (DHT) are suitable candidates since they are lipophilic,

relatively inexpensive and their radiolabeled analogues are readily available. Also, their

properties such as polarity, hydrophobicity, solubility and molecular weight are different

from those of FICS06 and L,685-818. In Chapter 2, we mention that the extent of

incorporation of a compound into the micelles as weil as the release of the compound

from the micelles is largely dependent on the compatibility between the drug and the

core-forming block. For this reason, it is of interest to explore different drug - PCL-b­

PEO micelle combinations in order to determine which drugs may be MOst effectively

delivered by this carrier.

In section 8.2, we ïnvestigate several of the physicocbemical properties of the

PCL-b-PED micelle incorporated DHT. Also, the in vitro delivery and biological activity

of the micelle-incorporated DHT is evaluated using the model described in section 8.1 .

222



·'

•

8.1. 1" vitro Model to Assess the DeUvery and Biological Activity of Micelle

Ineorponted Dihydrotestostero.e

In the same way, that the neurite.autgrowth in NGF-treated PC12 ceUs was used

as an in vitro model to assess the delivery of micelle-incorporated FK506 another model

was used to evaluate the delivery of the micelle-incorporated dihydrotestosterone. The in

vitro delivery and biological activity of the miceUe-incorporated dihydrotestosterone was

quantified by way of a luciferase reporter gene assay. Hela cells were cotransfected with

the MMTV luciferase reported plasmid and human androgen receptor cDNA expression

plasmid. In the cotransfected HeLa ceUs the binding ofDHT to its androgen receptor will

result in the activation oftranscription of the luciferase reporter gene [1]. The monomeric

protein luciferase can act as a reporter enzyme directly following translation as it is said

that it does not require post-translational processing to acquire enzymatic activity [2, 3].

Upon mixing the cell extract with the substrate, luciferin, the firefly enzyme will catalyze

the ATP dependent oxidation ofluciferin [4J.

Luciferin Juçjferase+A~ Light 562 nm + Oxyluciferin + AMP + PPi +C02

Mgz+,Oz

It bas been found that for one Molecule of luciferin oxidized there is one photon

released [4]. The chemiluminescence produced cao he measured using a standard

scintillation counter. The luminescence decreases exponentially with time and cao be

divided into a fast period and a slow period.
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8.2. PolycaprolactoDe-b-Poly(ethyleDe oside) Copolymer MiceUes as a Delivery

Vebicle for DiIlydrotestosteroDe

8.2.1.IDtroductioD
In recent years there bas been much interest in the use of androgen replacement

therapy for treatment of a variety ofclinical indications [5]. Currently, the most common

use is for the treatment ofmen with hypogonadism in which case testosterone production

falls t.elow a normal range of 3-10 mglday [6, 7). Hypogonadism is characterized by a

loss of muscle and bone mass, an increase in visceral fat, impaired immune fonction and

a1tered mood. [6,8]. Other accepted indications requiring androgen replacement therapy

are microphallus in infants and delayed puberty in boys [5]. Presently, androgen therapy

is under investigation for the treatment of aging men with low to normal testosterone

levels [5, 9]. Senun testosterone levels have been shown to decline with aging in men;

. the decline is graduai in comparison to the decline in production of oestrogen in

postmenopausal women and there is much inter-individual variation [5,9]. The issue of

androgen supplementation in aging men requires further investigation in order to eosure

tbat the benefits do outweigh the risk posed to the cardiovascular system and prostate [10,

11]. However, results from studies on aging men given androgen replacement therapy

have been quite promising [9, 12J. Androgen replacement therapy is also being

considered for the treatment of postmenopausal wornen and individuals in wasting states

owing to their infliction with either lDV, cancer or chronic infection [5].

The increasing interest in androgen replacement therapy has prompted the

development ofmany androgen preparations including patches [6, 13], creams, gels [14],

injectables and implants [15, 16]. Many of the oral androgen formulations have been

found to have low potency and may he either rapidly cleared by the liver or potentially

hepatotoxic [5]. At present the MOst commonly used androgen preparations worldwide

are testosterone enanthate and cypionate injections [5]. However~ the pharmacokinetic

profile of testosterone administered in these preparations is somewhat undesirable since

the serum testosterone level goes through peaks and valleys within the 14 days following

injection (peak serum testosterone levels are reached following 1-3 days and then faH

below physiologicallevel between days 10-14) [5]. This type of profile does not mimic
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that of the natura! cycle for testosterone and gives rise to skin problems (e.g. &Cne,

oiliness) during the peak Periods and mood changes and loss of libido when testosterone

levels fall below physiologica11evels.

Ta date, one ofthe most promising preparations for androgen replacement therapy

bas been biodegradable microspheres containing testosterone [17]. The administration of

the microsphere preparation to hypogonadal men gave rise to physiological serum

testostosterone levels for 10-11 weeks following a single injection [17]. Several other

colloidal carriers have been tried as drug delivery vehicles for steroids [18-21]. These

have mostly included microspheres composed ofhomopolymer (e.g. poly (d,l-lactic aeid)

[18]) and copolymer (e.g. poly(1aetide)-co-poly(e-caprolactone) [19]) materials. A1so,

micelles formed from copolymers of poly(lactide)-b-poly(ethylene glycol) were studied

as a carrier for testosterone [21]. Currently, there is a need for new delivery vehicles for

androgens such as these which provide phannacokinetic profiles which mimic the normal

circadian pattern of these hormones.

In this paper we propose polycaprolactone-h-poly(ethylene oxide) (PCL20-b­

PE044 where subscripts refer to black lengths) copolymer micelles as pltential caniers

for androgens. The characterization of the PCL20-h-PE044 miceUes bas been described in

detail elsewhere [22]. Block coPOlymer micelles bave been investigated extensively as

delivery vehicles for lipophilie compounds [21-29]. The amphiphilic nature of the

copolymer Molecules enables them ta self-assemble ta fonn micelles in an aqueous

medium. In this way, the micelle is composed of a hydrophobie core which serves as

cargo space for the lipophilic drugs and a hydrophilic corona which acts as an interface

between the core and the extemal medium.

In this paper we report on the physico-chemical characterization and in vitro study

of PCL20-h-PE044 micelles as a delivery vehicle for dihydrotestosterone. The loading

capaeity of the micelles are determined and severa! parameters are evaluated including

the nwnber of DHT molecules Per micelle, the apparent partition coefficient of DHT

which partitions between the miceUe and the extemal medium and the release profile of

the miceUe-inc01'POrated DHT. In addition, the in vitro cytotoxicity of a range of

concentrations of the PCL20-h-PE044 copolymer micelles are studied in HeLa ceUs and

evaluated using the MIT survival assay. The biological activity of the micelle-
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incorporated DHT is then evaluated in HeLa ceUs which have been cotransfected the

MMTV-LUC reporter gene and the androgen receptor.

8.2.2. Materials and Methods
8.2.2.1. Materials The block copolymer PCL20·b-PE044 was synthesized by anioDic

polymerization as described elsewhere [30]. AU chemicals were purchased ftom Aldrich

Chemical Company. The scintillation cocktail used in loading studies (Fisher Chemical,

Fisher Scientific, ScintiSafe Econo F) and that used in the kinetic release studies (Fisher

Chemical, Fisher Scientific, ScintiSafe™ Plus 500A.), was purchased from V.W.R.

Scientific. The radiolabelled DHT was purchased ftom Mandel Scientific while the cold

Sa-dihydrotestosterone (DHT) was purchased ftom Sigma. The dialysis bag used in the

micelle preparation was Spectral por® Membrane, MWCO: 50,000 and that used for the

kinetic release studies was also Spectral por® Membrane but ofMWCO: 15, 000.

8.2.2.2. Methods

Preparation of Dlhydrotestosterone Ineorponted PCLzo-b-PEO.... MieeUes. To a

smalt glass vial, 0.005g of the PCL2o-b-PE044 copolymer and an aliquot of a DHT ·stock

solution containing a known ratio of hot to cold drug were dissolved in 0.15g of

dimethylfonnamide (DMF). This solution was stirred using a magnetic stir bar for 4

hours. To induce micelle formation, a 0.35g of double distilled water was added slowly

with stirring (one drop every too seconds) to the copolymer-drug solution. The total mass

of this mixture was 0.5g, which yielded a 1% polymer solution by weight. This solution

was stirred for 12 hours. To remove the DMF and the excess DHT, the solution was

dialyzed in double distilled water for 12 hours. (The water was changed twice every four

hours then once every hour for four hours.) After dialysis, the micelle solution was

available for use. We did not use any specific analytical method to detcct the amount of

DMF remaining in the micelle preparation following dialysis. However, the total core

volume in our experiments is typically less than 0.5% (w/w) and even if 1% ofthat were

DMF (highly unlikely in view of the dialysis procedure) the toxic effects on the cells

would be far below detectable levels.
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Measurement of the AIIIOURt of DHT Loaded iD PCLw6-PEO.... MiceUes. An a1iquot

of the micelle solution was dried in a vacuum dessieator in a small glass vial. The

micelles were then dissolved in 450pL of DMF, stirred by vortex and then counted using

4mL of scintillation cocktail (Wallac Liquid Scintillation Counter). The number of

counts per minute for l00,..L of micelle solution was used to extrapolate the number of

counts for a SOOf.1L sample. The counts per minute for each solution were then converted

to moles using a calibration curve.

KiDetie Release of DDT from PCLa-b-PEO... MieeUes. The release kinetics of DHT

ftom PCL2o-b-PEO.... micelles was Performed using previously dried lOOJ,lL aliquots of

micelle solution. To the dried micelles, lOOpL of phosphate buffer solution, PDS (pH

7.4) was added. The size and size population distribution of the micelles was shown

previously to he unaffected by the re-dispersion process in PDS [22]. To eosure that the

micelles were weU dispersed in PDS, the solutions were vortexed. The disPersed micelles

were left to stand at 37°C until the solution had reached that temperature. The micelle

solution (8mM or 40mM micelle-incorporated DHT) was then placed in a dialysis bag

which was immersed in a large vial containing wanned pas (lOmL PDS, pH=7.4, 37°C).

At the appropriate time intervals, a lOOJ.tL aliquot of PDS was removed from outside the

dialysis bag in the large vial to COUDt the 801000t of DHT released from the micelles.

(The aliquot was dispersed in 4mL of scintillation cocktail, then coonted.) Following the

removal ofeach lOOuL aliquot a lOOuL aliquot offresh PDS was added.

Apparent partition coefficient for DHT between the PCL2o-b-PEO,uMiceUes and the

Externat Medium. Immediately after the dialysis ofmicelles, 100flL aliquots of solution

were placed into eppendorf vials. The solutions were then centrifuged at 14,000 rpm for

10 minutes (EpPendorf Centrifuge 5402). A sPeCd of this order of magnitude had been

previously established to precipitate micelles ofthis size [31]. This speed is sufficient for

precipitation since a 1% (w/w) solution of PCL2o-b-PE044 has been shown to consist

mostly of aggregates of 500-600 Dm in size [22, 30]. The supematant was removed

carefully by piPette and placed into a glass vial containing 4S0,..L of DMF . The

precipitate (micelles) was left in the eppendorf and to it 450J.&L of DMF was added.
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These solutions were stirred using the vortex for severa! minutes. Each of the solutions

were then added to vials containing 4mL of scintillation cocktail and counted by the

scintillation counter.

III vitro Espel"ÏJDeDts

CeU Culture HeLa cells (ATCC) were grown in 6 weil plates (Falcon) in DMEM

medium supplemented with penicillin (1%) and streptomycin (1%) and 10% fetal bovine

serum to reach 6QOAt conf1uency. Hela cells were chosen since they are often the cell line

used for transfectioDS and they do not secrete dihydrotestosterone or testosterone.

111 vitro CytotoDcity of PCLrb-PEO.. MinUa The ceUs were split ioto 24 weIl plates

(500 J.&L medium Pel' weU) for the cytotoxocity studies. An aliquot ofa stock solution of

PCL20-b-PE044 micelles was added ta each well such that the concentration of empty

micelles ranged from lxlO-6 to lxlO-J (gIg) per weil. FoUowing 24, 48 or 72 hours the

cell survival was measured using the MIT assay. The MIT dye was added to each weU

following the specifie time period and incubated for 4 hours at 37°C. The ceUs were then

placed on ice and the supematant was removed by aspiration. An a1iquot of trypsin was

then added to each weil and the ceUs were left on ice for 20 minutes. DMSO was then

added to each weU and the ceUs were collected and centrifuged al 14 000 rpm for 20

minutes at 4°C. The supematants were then collected and the absorbance of each was

measured at Â. = 595 DID.

CeU TraDsfeetïoD The medium was changed 4 hours prior to the transfection

procedure. HeLa ceUs were transfected by applying the calcium phosphate transfection

protocol [32]. The cells were transfected with expression vectors encoding the androgen

receptor and the reporter plasmid MMTV-LUC (kindly provided by Dr. Albert O.

Brinkmann, Erasmus University Rotterdam). The full description of the AR construct is

described elsewhere [33]. Following a 48 hour period the medium was removed and

replaced by androgen free medium (serum treated with charcoal to eliminate steroids) and

the cells were treated as described below.

CeU TreatmeDt To assess the effects of dihydrotestosterone and micelle­

incorporated dihydrotestosterone on the induction ofthe integrated MMTV·LUC gene the
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ceUs were treated as fonows: no treatment (negative control), empty miceUes (200 uL of a

14Yo(w/w) solution, negative control), DUT alone (positive control) or micelle­

incorporated DHT (200 f1L of a ImM miceUe-incorporated DHT solution in a total

volume of 2 mL) such that the fiœl concentration of DHT in each weU was 100 oM.

Each condition was assessed in ttiplieate per experiment and three separate experiments

were carried out (0=9). The cens were allowed to incubate with treatment for 24 hours

prior to performing the luciferase assay.

Assay for Laeifense Aetivity iD T......feeted HeLa Ce'" The treated or noo­

treated transfected HeLa ceUs were Iysed in a standard lysis buffer: 2SmM triphosphate,

pH 7.8; 8mM magnesium chloride; ImM OlT; ImM EDTA; 1% Triton X-IOO; 1% BSA

and 1S% glycerol. Upon ceU lysis the ceUs were scraped with a rubber policeman and the

lysates were collected in eppendorf tubes and stored at -SO°C. The lysates were then

thawed and centrifuged for lS minutes at 13 OOOrpm and 4°C. The luciferase assay was

perfonned using the Promega luciferase assay system and aU steps were perfonned on ice

[4]. A l00uL a1iquot of the luciferase assay reagent was then added to 100 J.ll of the

extraet in an eppendorf tube. An aliquot ofthe luciferase assay substrate was added to the

sample, mixed and the sample was introduced iota the countïng chamber. A constant

time interval was maintained between substrate addition and data acquisition (10-1S

secs). The data acquisition was carried out over 2 minutes.

Light IDteDsity MeasuremeDts The Hght intensity was measured using a

LKB model 1211 Rackbeta liquid scintillation counter [4].

8.2.3. Results

8.2.3.1. Loadi"K Cllpllcity of PCL".b-PEO.u MiceUes for Dillydrotesloslerone In the

final stage of micelle preparation the micelles are dialyzed against double distilled water

in order to remove the organic solvent (DMF). During this stage both drug that was not

incorporated into the micelles and som~ Jt the drog that was incorporated is lost and goes

to waste. Figure 8.1, shows the plot of the amount of DHT loaded in the micelle solution

versus the total amount of DHT added (0.3 - 17.4 J.Ul1oles) during the preparation of 0.1

mL of a 1% (w/w) solution of PCL20-b-PE044 micelles. The amount of DHT

incorporated ioto the 0.1 mL volume of the micelle solution increases as the amount of
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Figure 8.1: The plot ofthe apparent partition coefficient for DHT Oeft axis)
between the PCL20...b-PE044 micelles and the extemal medium versus the amount
ofDHT added during micelle preparation. The amount ofDHT loaded into the

PCL20-b...PE044 micelles (right axis) versus the amount ofDHT added during
micelle preparation.
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DHT added during micelle preparation is increased until a maximum loading capacity is

reached. The maximum amount ofDUT that may he loaded into the 0.1 mL volume was

found to he 4.4 J.1IIl0les wbich co~"POnds to 1.3 mg of DRT. This maximum loading

capacity is reached when 10 J.UD0les or more ofDUT is added during micelle preparation.

In this way, the loading efficiency meaning the perœntage of the total dmg added during

micelle preparation tbat is loaded into the micelle solution decreases from 39% when 10

J.1D10les DHT is added during preparation to 23% when 17Jl1Doies is added.

8.2.3.2. Apptlnllt p"rtitio" C~ffkœ"tlor DHT 1J«wee" tlle MiceUn ""d tIIe Exter"tIl

Medi"", For the drug that bas been incorporated into the micelle solution an

equilibrium exists whereby the drug partitions between the micelle cores and the external

medium. The partition coefficient (Kv) for drugs or model hydrophobie compounds

(pYrene) between the micelles and the extemal medium bas been described in detail

elsewhere [34-36]. In this case, since the measurements of the amount of dmg in the

micelles and the external medium are caaied out following dialysis we term this the

apparent partition coefficient (Kr) rather than the partition coefficient (Kv) since the

process bas been intluenced by the dialysis process. It should he recalled that the

partitioning of the dmg between micelles and the extemal medium is a process that

involves not only the incorporation of the drug into the micelle core but also the core­

corona interface and the corona region. The localization of the drug will detennine to

sorne extent the amount (ost during the dialysis process by burst release; in this way, the

apparent partition coefficient is not constant. The apparent partition coefficient (Kr) May

he described by the following equation:

IDHTlmicelles = Kr IPCLC

[DHT]water PeL

where [DHT]micelles is the concentration of DHT in the micelles (precipitate

following centrifugation), [DHT]water is the concentration of DUT in the externat

medium (supernatant following centrifugation), ~is the weight fraction of peL in the
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PCL2o-b-PE044 copolymer <na. = 0.55), C is the concentration of copolymer in glmL

and PeL is the density ofpeL in glmL (PcL == 1).

Figure 8.1 also shows the plot of the apparent partition coefficient (Kr) versus the

amount of DHT added during micelle preparation. The value of Kr is found to range

from a minjmum of 850 to a maximum of 18500. As shown in Figure S.I, fitting of the

curve suggests that the maximum value MaY even be higher than IS5oo. The value of the

Kr increases as the amount of DHT during miceUe preparation increases from 0.35 to

6.94 x 10-6 moles at which point it reaches a maximum value of 19000. Beyond this point

the apparent partition coefficient decreases as more of the DUT is found in the external

medium.

8.2.3.3. NlIIIIMr ofMokclllG Lotukd~rMic~1k From the known amount of DHT

incorporated into the micelles it is possible to calculate the number of molecules

incorporated per micelle [34]. The nomber of micelles present in solution may he

calculated if the aggregation number (NA) for the copolymer is known. The aggregation

number is the number of copolymer molecules which aggregate to form a micelle. The

aggregation number for PCL20-b-PE044 is NA = 125. Figure S.2 includes the plot of the

nomber of DHT Molecules incorporated per micelle versus the amount of DHT added

during micelle preparation. The nomber of molecules per micelle was found to range

from a minimum of SS to a maximum of 2200. The plot of the maximum nomber of

Molecules per micelle ifall the DHT had been incorporated is also shown (dashed lîne).

Clearly, that is much higher than the actual values attained. This large difference is due

mostly to the dmg lost during the dialysis process and also to the drug which is present in

the micelle solution but in the extemal medium. It should he noted that for the calculation

of the number ofmicelles in solution the aggregation number was assumed to he 125 for

ail drug loading levels. It is possible that as the amount of drug loaded increases the

aggregation number May change; however, since during th .lSsembly process the micelle

core is highly swollen with solvent the presence of other solvent-like molecules (e.g.

drug) in the core would not he expected to change the aggregation number dramatically.

The percentage of the weight of drug loaded to the weight of the core coPOlymer

May also be calculated since the amount ofdmg loaded into the miceUes is known. The
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percentage is found to increase from a minimum value of lOto a maximum value of 240

where it plateaus. The maximum value is reached when 10 JUIloles or more of DHT are

added during micelle preparation.

8.2.3.4. '" vitro R~ktlS~ KÏlldÎc Prof- of Mic~U~lllcolJlO'tIt~dDHT The dialysis

method was used to study the release of DHT from two micelle solutions which differed

in the amount of DHT that they contained. The concentration of the solutions studied

were 8 mM and 40 mM. The release kinetic profiles of the two micelle-incorporated

DHT solutions and the control (drug alone) over a 10 clay period are plotted in Figure 8.3.

As shown the release ofDHT from the 8 mM miceUe-incorporated solution is much raster

than tbat from the 40 mM solution. The release of the control solution is complete in 3

hours by contrast 90 % of the DHT ftom the 8 mM micelle solution is released in 8 days

(192 hours) and 100% of the DHT from the O.04M solution is only released after 30 days

(720 hours, point not shown).

8.2.3.5. III vitro Stadia

Cytotoùcity of PCLwb-PEO.. copolymer Dlicelles iD HeLa ceU cultures The

cytotoxicity of the empty miceUes was studied in HeLa œil cultures for 24, 48 and 72

hour periods. The concentration of PCL20-b-PE044 copolymer was varied from 1x 10-6 to

IxIO·J g/g. A concentration of IxIO·3 g1g and the 24 hour period correspond to the

conditions used in the transfection assays. Figure 8.4, shows the % survival of ceUs

exposed to different copolymer concentrations (lxlO-6 to IxIO·J g1g) for the specified

time periods. The % survival was expressed relative to the control (no copolymer added)

which was taken to he 100% survival for all incubation periods (0 - 72hours). The

copolymer concentration of IxIO-J g/g caused an insignificant degree of cell death as the

percent ofceU survival feU to a low of82% for the 72 hour incubation period.

1" vitro Biological Assay Figure 8.S shows the luciferase activity in HeLa ceUs

cotransfected with expression vectors for MMTV-LUC and androgen receptor. The

activity was detennined using a highly sensitive luciferase assay system whereby light

intensity is proportional to luciferase concentration within a range of 10-16-1 a-SM. Bar 1
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in Figure 8.S demonstrates the basal level of luciferase activity in cells which are

untre&ted (negative control). As a positive control the transfected cells were treated with

100 nM DHT (bar 2), in tbis case the luciferase activity was 47 light units per JJ8 of

protein. As a second negative control the ceUs were treated with empty PCL20-b-PE044

micelles, with this treatment the luciferase activity was indistinguishable from the level of

activity in uotreated cells. The transfected cells were also treated under identical

conditions with the PCL20-b-PE044 micelle-incorporated DHT such that the final

concentration per weil was lOOnM. There was a highly significant increase in the

luciferase activity induced by both treatment with free DHT (bar 2) and micelle­

incorporated DHT (bar 4). There was no significant difference between the luciferase

activity induced with free drug or micelle-incorporated drug.

8.2.4. DiseassioD

Resolts from these studies show that the highly lipophilic model molecule DHT

cao he effectively incorporated inta the PCL20-b-PE044 copolymer micelles providing a

novel delivery system. for DHT with a prolonged and steady release. This delivery

system may he used for other compounds which are highly lipophilic or toxic. The

advantage of black copolymer micelles as delivery vehicles is that they may be tailor ­

made (e.g. size, morphology, hydrophobicity and polarity of core) to suit a particular

application by changing the properties of the copolymer (e.g. black composition, black

length, block ratio) and the conditions used in micelle preparation. The copolymer

micelles cao a1so he made to he smalI in size (lO-IOOnm) and have a high degree of

stability.

One of the major roles of a delivery vehicle is to enhance the solubility of highly

lipophilic drugs in an aqueous medium. The maximum amount of DHT that could he

loaded ioto O.lmL ofa 1% (w/w) PCL2o-b-PE044 micelle solution was found to he 1.3mg

(Figure 8.1).This amount is equivalent to 12.8g;" "'ne liter ofa 1% (w/w) PCL20-b-PE044

micelle solution while the solubility for DHT in water is only 42 mgIL at 25°C [37]. The

PCL20-b-PE044 micelles have enhanced the solubility ofDHT in water by a factor of300.

However, the ideal micelle-incorporated DHT solution will not only correspond to

that which contains the maximum. amount of DHT. The ideal solution of micelle-
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incorporated DHT would also have a high apparent partition coefficient (Kr) and a slow

release profile. As mentioned previously, in a micelle solution the drug partitions

between the micelles and the extemal medium. The ratio of the drug in the micelles to

that in the extemal medium may he termed the apparent partition coefficient. In Figure

8.1, we see that as an increasing amount ofdrug is added during micelle preparation more

drug is incorporated and the apparent partition coefficient increases~ Yet, as the

maximum loading capacity of the micelles is neared more of the drug is present in the

extemal medium. ofthe micelle solution so the Kr decreases. The maximum value ofKr is

reached just prior to the point at which the loading capacity is attained (see Figure 8.1).

In this way it may he best to use the solution that bas the highest value of Kr but slightly

less DHT loaded inta the micelle solution.

Another factor ta consider is the amount of coPOlymer required to deliver a

specific quantity of drug. It is of course important that the delivery vehicle carries a

sufficient quantity of dmg ta justify its use. The calculation of the nomber of drug

Molecules per micelle enables one ta reaIize the extent to wbich the micellar delivery

vehicle provides a loading space for the drug. A maximum of 2000 Molecules were

found to be loaded per micelle (Figure 8.2). Atso, a maximum. value of240 was obtained

for Percentage of the weight of drug loaded to the weight of the micelle cores this

demonstrates that the micelles are very efficient carriers ofDHT.

The study of the kinetic release profiles of two of the micelle-incorporated DHT

solutions, which differed in the amount of DHT incorporated, revealed that the more

concentrated solution bas the optimal release profile (Figure 8.3). The release profile of

the 40 mM micelle-incorporated DHT solution did not have the sante initial burst release

which the 8 mM solution was found to have. Also, the slow steady release from the 40

mM DHT-micelle solution was found to continue for one month. The decrease in the

release rate which was found to accompany an increase in the amount of drug loaded

parallels behavior previously described in the literature [38]. Kim et al. recently reported

that the release rate of indomethacin from PCL-b-PEO micelles decreased as the loading

level of the drug was increased [38]. This may he due to the increase in the compatibility

between the core and the drog which may accompany an increased loading level. As we

described in a recent review [39], both the degree of incorporation ofa drug into micelles
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and the release of the drug from the micelles are greatly influenced by the compatibility

between the core ofthe micelle and the drug to he incorporated.

The 40 mM micelle-incorporated DHT solution appears to he a promising

preparation to he considered for androgen replacement therapy. However, the release

kinetic profile in vitro MaY not he indicative of the pharmacokinetic p~file in vivo. To

this point, the mode of admjnistration that bas been MOst investigated for block

copolymer micelle preparations bas been by intravenous injection; however, in this

instance administration by intramuscular injection may he more convenient. In vivo

studies are presendy underway in order to provide data on the phannacokinetic

parameters and organ biodistribution ofmicelle-incorporated DHT.

The study of the in vitro biocompatibility of the PCL20-b-PE044 micelles in HeLa

cells was required in order to ensure that this œil line could he used for the in vitro

biological assay. The incubation of the PCL-b-PEO micelles for 24-72 hours in the

concentration used in the transfection assay caused no noticeable ceU death in comparison

to the untreated control (Figure 8.~). The in vitro biocompatibility of the micelles had

been previously confirmed in PCl2 cells, MCF-7 cells and primary cultures of human

microglia, astrocytes and cortical neurons [22].

The in vitro assay used to examine the biological activity of micelle-incorporated

DHT included Hela ceUs which had been cotransfected with expression vectors for

MMTV-LUC and the androgen receptor. The results (Figure 8.5) demonstrate that the

preparation of micelle-incorporated DHT does not diminish the biological activity of the

drug. It was expected that the biological activity of the micelle-incorporated DHT would

he equivalent to that ofthe drug alone since the DUT would likely he completely released

from the micelles over the 24 hour period. As mentioned previously, 200 uL of a 1 mM

micelle-incorporated DHT stock solution were incubated with the HeLa ceUs. From the

release kinetic experiments we see that as the amount of drug loaded is decreased the

release rate is increased and since for the 8 mM micelle-incorporated DHT solution the

release was over in 8 days it follows that the release of the 1mM solution would likely be

over in approximately one day. These results also show that the drug is released from the

micelle and able to bind to the androgen receptor. The ongoing eXPeriments in the

laboratory are designed to test several POssibilities involving the release of micelle-
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incorporated DHT and subsequent binding to the androgen receptor. The three

possibilites which exist are the following: 1- the micelles remain outside the cell and the

drug is released into the extemal medium following wbich it enters the celI; 2- the

micelles enter the cell and release the drug ioto the cytoplasm after which it is transported

into the nucleus; 3- the micelles enter the nucleus where the drug is then released.

Studies wbich employ fluorescent or radiolabeled copolymer are currently ongoing in

order to determine the localization of the micelles when incubated with HeLa ceUs. We

have recently, confirmed tbat the PCL2o-b..PE044 micelles are intemalized into PC12 (rat

pheochromocytoma) cells [40] byan endocytotic mechanism [41]. Similar studies must

he done with Hela ceUs and other celllines since it is known tbat the rate and extent of

cellular intemalization of sma1l particles is cell type specifie [42]. In this way, the

intemalizatjon results obtained from studies on one specific ceU type cannot he assumed

for the intemalization into another cell type. To this poin~ it appears that the cellular

intemalization of the PCL20-b-PE044 micelles into Hela cells proceeds at a much slower

rate when compared to the rate in PC12 ceU cultures.

8.2.S. CODeluioD

The PCL2o-b-PE044 copolymer micelles were shown to he efficient carriers of

dihydrotestosterone as they enhanced the solubility of DHT in water by 300 rold. Also,

the micelle-incorporated DHT was shown to have a slow steady release profile in PBS at

37°C. The biocompatibility ofthe delivery vehicle in Hela ceUs was confirmed over 24­

72 hour periods. Finally, the biological activity of the miceUe-inc0l'POrated DHT was

round to he retained as measured in HeLa eeUs. The results clearly demonstrate that the

micelle-incorporated dmg is able to reach its nuclear target.
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CHAPTER9

CONCLUSIONS, CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

AND SUGGESTIONS FOR FUTURE WORK

9.1. CODcl.iou _d CODtribadoDs to OrigiDai Knowledge

The aim of the work sumntarized in this thesis bas been the preparation,

characterization and application ofblock copolymer micelles as drug delivery vehicles. In

Chapter 2, we outlined the physico-chemical properties of the micelle which influence

their potential as drug delivery vehicles. It was hoped that this discussion would

demonstrate the extent to which the block copolymer miceUes can be tailor-made to suit a

particular application. Studïes of the physico-chemical characterization of miceUes as

drug carriers were mostly described in Chapters 3, 4, 5, and 8. While the biological

studies ofthe miceUes as drug caniers were described in Chapters 5, 6, 7, and 8.

In Cbapter 3, we described our results from studies of the partitioning of the

model copound, pyrene, between PS-h-PAA copolymer micelles and a H20/DMF solvent

mixture as a function of bath the copolymer concentration and the water content in the

solvent mixture. The partition coefficient for pyrene between the micelles and the

external medium was found to increase linearly with an increase in the water content in

the solvent mixture. The nomber of molecules of pyrene per micelle was found to vary

with bath the copolymer concentra"~~!".. and the solvent composition. The partition

coefficient was used to calculate the equilibrium constant which was, in~ used to

calculate the free energy oftransfer ofpyrene from the solvent phase to the micelle phase.

The free energy of transfer was found to decrease as the water content in the solvent

mixture was increased. These studies demonstrate that the incorporation of a

245



•

•

hydrophobie solubilizate may he enhaneed by cbanging the composition of the extemal

medium such that it becomes increasingiy uncomfortahle for the solubilizate.

As mentioned previously, the fluorescence method employed for measurement of

the partition coefficient of pYrene between the PS-b-PAA micelles and a H20IDMF

solvent mixture was based on previously developed methods. However, in the second

part of these studies we took the partition coefficients obtained by the fluorescence

method and used them to caleulate values of the 13/11 ratios, the amount of pyrene

absorbed and the nomber of pyrene Molecules per micelle. The calculated values were

then compared with the experimental values in order to check the self-consistency of the

approach. This also enabled us ta identify any shorteomings which MaY arise through the

use of this fluorescence method. Deviations were found at the highest copolymer

concentrations between the two sets of 13U values, and at the lowest copolymer

concentrations between the values ofthe nomber ofpyrene molecules per micelle.

The value of the partition coefficient for pyrene between a micelle system and

water serves ta some extent as a measure of the affinity of the micelles for hydrophobie

solubiUzates. This is clearly shawn when we compare the values obtained for the

partition coefficient for pyrene between the PS-b-PAA micelles and water, found to be of

the order of 105 (Chapter 3), with that for pyrene between the PCL-b-PEO micelles and

water, found to he of the order of lol (Chapter 4). Sînce the partition coefficient for

pyrene between a micelle system and water is a standard parameter used to evaluate the

degree of hydrophobicity of the core-fonning block, it was important to establish a

fluorescence method, in which we were aware of its shortcomings and breakdowns in

order to be able to calculate this value reliably.

ln Chapter 4, we reported on a l''ovpl method for the synthesis of the

biocompatible and biodegradable copolymers of poly(caprolaetone)-b-poly(ethylene

oxide). We described the characterization of a series of PCL-h-PEO coPOlymerS which

have a constant PEO black length and different peL black leogilis. We a1so reported on

the physico-chemical characteristies of the PCL-b-PEO aggregates, facusing mostly on
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properties which are of interest 10 applications in drug delivery. As anticipated, both the

cbaracteristics of the copolymer and the physico-chemical properties of the aggregates

were found to vary depending on the black length. This finding higblights the extent to

which the parameters of the micelles can be tailored by altering the proPertîes of the

copolymer materials employed in micelle preparation.

The detennination of the physico-ehemical characteristics of the PCL-h-PEO

copolymers and aggregates is essential to maximally exploiting these micelles as drug

delivery vehicles. For example, knowledge of the critical micelle concentration of the

copolymer will enable one 10 know which dilutions cao be used in particular biological

eXPeriments. In this way, the properties of the PCL20-b-PE044 system described in

Chapter 4 served as important pieces of information in the biological studies descrihed in

Chapters S-8.

In addition, as mentioned in Chapter 2, it is unlikely that there will he one

universal micellar drug delivery vehicle which would serve as the hest carrier for ail

hydrophobic solubilizates. For this reason, ifwe Cully characterize each of the individual

micelle systems, based on copolymers with different hydrophobic blacks, we would he

able to create a database of micelles from which one could choose the oost system to

delivery a specifie drug.

In Chapters 5 and 6, wc snmmarized the in vitro and in vivo studies of the

PCL20-b-PE044 micelle system as a drug carrier for the neurotrophic agent FK506. To

our knowledge, this was the first report on a colloidal drug delivery vehiele for FK506 as

a neurotrophic agent. In Chapter 5, we confirmed the in vitro biocompatibility of the

PCL20-b-PE044 aggregates in MCf-7 and PC12 eell cultures as weil as primary cultures

of hUlT'~ microglia, astrocytes and cortical neurons. Also, the in vitro delivery and

biological activity of the micelle-ineorporated FKS06 was proven in PC12 cell cultures.

In Chapter 6, we reported on the in vivo biological distribution of the micelle­

incorporated drug in Sprague Dawley rats 6 and 24 hours following intravenous

administration. The MOst striking difference between the biodistribution of the micelle-
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incorporated FKS06 and FKS06 administered in other formulations was the high degree

ofaccumulation in the brain which accompanied the administration of the drog in micelle

forme

In order to determine if the biological activity of FKS06 was still retained in vivo

when administered in the PCL-b-PEO micelle solution, the sciatic nerve crush model of

peripheral neuropathy was employed. The rats were given 5mg/kg on days 0, 6 and 12,

with the first injection given locaUy and the other two given subcutaneously. Rats with

lesioned sciatic nerves and receiving daily subcutaneous injections of 5 mglkg of FK506

were shown to attain recovery of function in 15 days. In this case, we find that the rats

reach full functional recovery in 16 days, yet they are only admioistered 20 % of the drug

given in the experiments previously reported in the literature. Rats given Smglkglday

receive 90 mWkg ofdrog over the 18 day period; in this case we only administer 15mglkg

over the 18 day period. The requirement for only 3 injections of the miceUe-incorporated

drug also increases patient compliance compared to the requirement for daily s.c.

injections.

In Chapter 7, we report on a study of the cellular intemalization of the PCL20-b­

PE044 micelles in PC12 ceU cultures. Specifically, we employed various

pharmacological manipulations to determine whether or Dot the uptake proceeded by an

endocytotic mechanism. The evidence accumulated throughout these studies strongly

suggests that the micelles are, in fact, intemalized by endocytosis. However, as

mentioned previously, this is the first step in a series of studies which must be perfonned

in order to gain more infonnation on the cellular internalization of block copolymer

micelles.

Finally, in Chapter 8 we report on the investigatio'" "fthe PCL20-b-PEO.w micelles

as a delivery vehicle for dihydrotestosterone. These stumes were initiated in order to

explore the PCL-b-PEO micelles as carriers for drugs other than FK506. The PCL20-b­

PE044 copolymer micelles were shown to he efficient carriers of dihydrotestosterone as

they enhanced the solubility of DHT in water by 300 foid. Also, the micelle-incorporated
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DHT was shown to have a slow steady release profile in PBS at 37°C. In addition, the

biological activity ofthe miceUe-ÏDOOrporated DHT was found to he retained as measured

in HeLa cells. The results clearly demonstrate that the micelle-incorporated dmg is able

to reach its nuelear target.
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9.2. Su.ndoRS for Future Work

The overall aim of this thesis was the development ofa delivery vehicle based on

block copolymer micelles. This aim was divided into several goals including the

preparation, characterization and in vitro/in vivo biological study of the delivery vehicle.

Since there were multiple goals it was not possible to fully expand the studies in any one

area. Therefore this thesis only serves as a foundation from which the research can he

easily expanded ÎDto many directioDS.

In tenns of the physico-chemical characterization of the PCL-b-PEO micelles as

drog carriers there are several studies wbich may he of ÎDterest for the future. For

instance, it may he useful to study the extent of solubilization of compounds with

different physical properties (i.e. degree of hydrophobicity, polarity, charge, molecular

weight etc.) ÎDto the PCL-b-PEO micelles. In this way, we may be able to deduce which

drugs could he most efficiendy delivered by this s~ific micelle system.

An extensive study of the stability of the PCL-b-PEO micelles in biologically

relevant media bas yet to he conducted. In order for the delivery vehicle to he fully

implemented, its stability must he further explored. In these studies the length of the

corona fonning block as well as other micelle properties should be varied in order to

detennine their effect on stability. Also, studies of the interactions of various proteins

with the micelles could he included in this area.

The morphologies of the PCL-b-PEO aggregates formed under the different

conditions remain to he determined. As mentioned in Chapter 2, aggregates of different

morphologies may have interesting applications in drug delivery. Also, to date, block

copolymer aggregates of different morphologies have not been formed from

biocompatible and biodegradable copolymers.

In terms of the biological study of the micelles as drug carriers, this thesis has

only explored micelle-incorporated drugs rather than studies of the micelles alone. For

example, in Chapter 7, we investigate the cellular internalization of micelles by following
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micelles containing radio- or fluoresent-1abeled probes. Labeled micelles would he the

ideal tool to truly determine both the extent and mechanism of uptake of miceUes in

different cell Iines. AIso, the in vivo biodistribution of the micelles alone could he

detennined through the used oflabeled micelles. FinaIly, in order to achieve site-specific

delivery, the surface of the PCL-b-PEO miceUes could he modified by attachment of

targeting moieties.
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