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Abstract

The attachment of drug compatible moieties in the core can be used as a
tailoring strategy to modify the encapsulation and release of drugs loaded by physical
means into polymeric micelles. In this context micelles self-assembled from
poly(ethylene oxide)-b-poly(L-amino acid) (PEO-b-PLAA)s are of interest since a
systematic alteration in the chemical structure of the core through PLAA side chains
1s attainable. In this thesis, this concept has been explored for the encapsulation and
delivery of a model membrane active drug, amphotericin B (AmB), by a polymeric
micellar nanocarrier. The incorporation of saturated fatty acid esters in the micellar
core was proposed to mimic structural aspects of natural carriers of AmB, i.e.,
lipoproteins. PEO-b-poly(L-aspartic acid) (PEO-b-P(Asp)) derivatives conjugated to
fatty acids on the core-forming block were synthesized and self-assembled into
nanoscopic micelles at low critical micelle concentrations. A high viscosity and a low
polarity were evidenced for the core in micelles self-assembled from fatty acid
conjugates of PEO-b-P(Asp) derivatives. Increasing the level of fatty acid esters was
found to be an efficient approach that modified micellar stability. core polarity and
AmB encapsulation, reduced AmB release and haemolytic properties, but retained its
antifungal activity in vitro. A solvent evaporation method of drug loading was used
for the encapsulation of AmB into polymeric micelles, which was beneficial to a
dialysis method in terms of better control over the rate of drug release and reduced
toxicity without a loss of antifungal activity (haemolysis and minimal inhibitory
concentration). The use of polymeric micelles for solubilization and delivery of AmB

may open a new horizon in treatment of life-threatening systemic fungal diseases.
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Chapter 1

Introduction

A version of this chapter has been submitted to Advanced Drug Delivery Reviews for

publication.
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1.1. Introduction

The concept of selective delivery of drugs to their site of action was first
introduced by Paul Erhlich early in the 20" century. He proposed a “Magic Bullet”, i.e..
carriers with specific affinity for certain organs, tissues or cells for drug targeting (1).
Since then delivery systems such as liposomes, microspheres and nanoparticles have been
developed for this purpose. In many cases they have been able to widen the gap between
the “efficacy” and “toxicity”, i.e., therapeutic index of drugs. However, there is still a
long way towards a real “*Magic Bullet”.

Among different drug carriers used for controlled drug delivery, there has been a
rising interest in self-assembled block copolymers over the past decade (2-14). This is
owed to the similarity of polymeric micelles to natural carriers, e.g., viruses and serum
lipoproteins. Polymeric micelles mimic aspects of biological transport systems in terms
of structure and function. A hydrophilic shell helps them to stay unrecognized during
blood circulation (15:16). A viral-like size (< 100 nm) prevents their uptake by the
reticuloendothelial system (17) and facilitates their extravasation at leaky sites of
capillaries. leading to passive accumulation in certain tissues (18-20). The small size will
also ease further penetration of the micellar carrier to cells. The incorporation of
recognizable moieties on micellar surface (21-24) or the development of thermo- or pH-
sensitive block copolymers (25;26) has been pursued to enhance cellular interaction in
specific sites for active targeting. Finally, polymeric micelles have been used for gene

delivery and have shown a great potency in directing therapeutics to sub-cellular targets

(11; 27).
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The multifunctional nature of polymeric micelles appears to fulfil several tasks
required for an ideal carrier capable of selective drug delivery at different levels.
Emphasis has been placed on micelles made of poly(ethylene oxide)-b-poly(L-amino
acid)s (PEO-56-PLAA) as synthetic analogs of natural carriers with a unique ability for
chemical modification. Free functional groups on a PLAA block provides sites for the
attachment of drugs (28-30), drug compatible moieties (31;32) or charged therapeutics
such as DNA (27). In either case, it may be possible to fine tune the structure of the core-
forming block and enhance properties of PEO-5-PLAA micelles for drug delivery
(33:34). This concept has been explored for the selective delivery of a model membrane-
acting drug, amphotericin B (AmB) to fungal cells in this thesis. The following

background sets the stage for the development of such a drug delivery system.

1.2. Block copolymers: definition and classification

Copolymers are composed of different types of monomers in a polymeric chain.
Based on the arrangement of monomers, copolymers are classified into three groups:
random. alternating and block copolymers (Figure 1.1). Block copolymers themselves
can be classified to subgroups depending on the arrangement of the polymeric blocks in
the structure of the copolymer. To date, di- and tri-block copolymers have been the most
commonly used copolymers for drug delivery since characteristic functions of a certain
block can be expressed in a separate domain in those structures without influence from

the other blocks (3; 4; 10).
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- Random copolymer AABAAABBABABBAAABA
- Alternating copolymer ABABABABABABABABAB
- Block copolymer:
i) Di-block type AAAAAAAAAAABBBBBBBBBB
ii) Tri-block type AAAAAAAAAAABBBBBBBBBAAAAAAAAA
tit) Multi-segment type (AAAAAAAAAABBBBBBBBBB),
iv) Graft copolymer ASAAAAAAAA%AAAAAAA.QAA
B B B
B B B
B B B
B B
B B
B

Figure 1.1. A schematic representation of different types of copolymers (A and B are hydrophilic

and hydrophobic monomer units, respectively).

1.3. Self-assembly: the hydrophobic effect

Amphiphilic di- or tri-block copolymers, as well as graft copolymers with
sufficiently long grafts and flexible backbones, tend to self-assemble into core/shell
architectures in a selective solvent above their critical micelle concentration (CMC)
(2:12). A selective solvent is a good solvent for one block and a non-solvent for the other.
In an aqueous environment the hydrophobic blocks of the copolymer form the core while
the hydrophilic blocks form the outer shell. The hydrophobic core acts as a nanoreservoir
for drug solubilization while the hydrophilic shell interfaces the biological media (Figure
1.2) (8;10).

Self-association of block copolymers was first verified by small angle X-ray
scattering (SAXS) of an ABA block copolymer, poly(styrene)-b-poly(butadiene)-b-

poly(styrene), in ethyl methyl ketone, which is a selective solvent for the poly(styrene)
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block (35). Formation of micelle like structures in aqueous media was confirmed later for
different biock copolymers by atomic force microscopy (AFM), dynamic light scattering

(DLS) and transmission electron microscopy (TEM) techniques (36-39).

palisade

_ Ca_30nm ﬁ

Figure 1.2. Sketch of a polymeric micelle loaded with drug in core.

Micellization is a spontaneous process leading to a net decrease in the total free
energy of the system. The amount of change in the free energy, AG, is dependent on
changes in the enthalpy. AH. and the entropy, AS, of the system (Eq 1.1):

AG = AH - TAS (Eq 1.1)

In organic solvents, micellization is exothermic (enthalpy-driven). In aqueous
solvents, micelle formation is often endothermic (entropy-driven). Therefore, elevated
temperatures would stimulate micelle formation in an aqueous environment while
causing the solubilization of micelles in an organic solvent (12).

The key to understanding the entropy driven micellization in an aqueous

environment is the hydrogen bonding of water. Hydrogen bonds between water

5
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molecules are broken at the edge of the hydrocarbon chain of an amphiphile, leading to a
positive enthalpy contribution. Because of surface tension, water molecules become more
ordered around the hydrocarbon chain with an attendant decrease in entropy. Formation
of micelles from individual amphiphiles allows the cavity to revert to the structure of
pure liquid water and an increase in entropy (hydrophobic effect) (40). The entropy
driven micellization process may proceed further by a combination of hydrophobic
interaction, electrostatic interaction, metal complexation and hydrogen binding of block
copolymers (27).

Evidence points to a closed association for micellization of block copolymers,
where sufficient cohesive forces in the micellar core exist (41). An estimate for the

changes in standard free energy of micellization, AG®, by closed association is given by
equation 1.2:

AG° =RT In [CMC] Eq (1.2)
where R is the gas constant and T is the absolute temperature (40). The thermodynamic

tendency of micellization, is represented by a negative value of AG®° and a low CMC.

1.4. Functional properties of polymeric micelles for passive drug targeting

Carriers should meet several conditions for effective drug delivery, including
water solubility, non-toxicity, non-immunogenicity, lack of long-term accumulation in
host, in vivo stability and selective delivery to the target site. Besides a capacity for the
encapsulation of poorly water-soluble drugs, the carrier is required to prevent drug

release before reaching the site of action to achieve targeted drug delivery. The multiple
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properties of the core/shell structure in polymeric micelles allow the simultaneous

fulfilment of these somewhat opposing requirements.

1.4.1. Water solubility — Polymeric carriers often tend to precipitate in water due
to a localized hydrophobicity caused by the drug and the hydrophobic portion of the
polymeric chain. The problem is more significant for drug-polymer conjugates where
water-soluble functional groups of the drug. (e.g.. amino and carboxyl groups) are
converted to more hydrophobic groups (e.g., amide) by the conjugation process. With a
core/shell structure, the polymeric carrier may stay water-soluble if Ny>> NBZ/ 3, Na and

Ng are the number of monomers in the shell and core-forming block, respectively (42).

1.4.2. Biocompatibility — Toxicity studies have been mostly carried out on
Pluronics®, block copolymers composed of PEO and poly(propylene oxide) (PPO) (PEO-
b-PPO-6-PEO). They are fairly safe, particularly those with a high content of PEO (43;
44). PEO i1s widely used in the design of non-immunogenic carriers. Block copolymers
with biodegradable core-forming blocks such as poly(D,L-lactic acid) (PDLLA) and
poly(L-amino acid) (PLAA) are of increasing interest, because they may undergo
hydrolysis and/or enzymatic degradation, producing biocompatible monomers of lactic or
amino acids. Polyesters such as PDLLA have been used safely in human for a long time.
Studies on degradability of PLLAs are few. Nevertheless, results indicate a dependence
of enzymatic degradability on the chemical structure and physicochemical properties of

the PLAA chains (45-48).
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Lastly, block copolymers having molecular weights less than 50,000 gmol™ can

be excreted by the kidneys (49).

1.4.3. Micellar stability — The stability of micellar structures should be assessed
in two different aspects: thermodynamic stability and kinetic stability.

Large molecular dimensions of the core-forming segment in block copolymers
induce a strong tendency for aggregation, in other words high thermodynamic stability.
This pushes the CMC to very low levels (4;50) (Equation 1.2) (42). A reverse
relationship between the hydrophobicity of the core-forming block and CMC has been
shown in many studies (50-52).

The entropy driven self-assembly of block copolymers may be followed by a
hydrophobic or electrostatic interaction in the core depending on the structure of the core-
forming blocks. Strong cohesive forces resulting from these interactions make the
micellar system kinetically stable. As a result, a slow dissociation rate may exist for
polymeric micelles below the CMC, and polymeric micelles may not necessarily exist in
equilibrium with polymeric unimers. Kinetic stability may be high for polymeric micelles
with stiff or bulky core-forming blocks due to hindrance of rotation. The strength of
cohesive forces may be characterized by glass transition temperatures (Tg) (53), degree of
crystallinity and cross-linkage in the micellar cores.

Micelles are subject to extreme dilution upon intravenous injection into humans.
If kinetically stable, slow dissociation allows polymeric micelles to retain their integrity
and perhaps drug content in blood circulation above or even below CMC for some time.

This may give them a chance to reach the target site before decaying to single chain
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unimers. In this situation, interactions of polymeric micelles with components of blood
(serum proteins) and cells must be weighed in terms of micellar stability and drug

release.

1.4.4. Biological half-life: lessons from nature — Long circulation times are
prerequisite to achieve depot properties. Carriers with insufficient stabilities tend to break
up and be removed rapidly from blood by kidneys. The molecular weight of polymeric
micelles (= 10° gmol™) prevents renal elimination unless the micelle dissociates to
unimers (37;49). Supramolecular structures with sufficient stability often end up
accumulating in the liver and spleen due to a large size or protein adsorption, both
triggering a rapid uptake by the reticuloendothelial system (RES). For this reason, drug
delivery to organs other than liver and spleen is limited for such carriers.

Delivery systems that are smaller than 200 nm have low uptake by RES and may
circulate in blood for prolonged periods (9:16;17; 20;54-56). Polymeric micelles usually
range in size between 10 to 50 nm (5;9). This range is much smaller than the size of other
self-assembled delivery systems and similar to the size of serum lipoproteins and viral
particles. The nanoscopic size facilitates the extravasation of polymeric micelles at leaky
sites of capillaries e.g., tumours and sites of inflammation (20;54;55). They may even
enter cells by different mechanisms (57-60). Other advantages associated with
nanoscopic dimensions of polymeric micelles include the ease of sterilization via
filtration and safety of administration (5;7).

The presence of a hydrophilic polymeric brush on the surface of polymeric
micelles (e.g., PEO shell) induces steric repulsive forces and stabilizes the micellar

interface. This prevents adsorption of biological components to the delivery system (16).

9
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As a result, polymeric micelles may escape the uptake of RES efficiently. The extent of
steric stabilization is dependent on length of the hydrophilic block and its density on
colloidal particles (15). In fact, block copolymers were originally used as stabilizers for
colloidal dispersions such as emulsions, liposomes or nanoparticles. The adsorption of
block copolymers on the surface of those carriers was found to affect the
pharmacokinetics and biological fate of the delivery system, leading to a long circulation

and accumulation in sites with leaky capillaries (16; 61).

1.4.5. Morphology — Most of the polymeric micelles designed and used for drug
delivery are reported to be spherical, evidenced by atomic force microscopy (AFM),
dynamic light scattering (DLS), regular and cryo-TEM (30;34;39;51;52;62-65). A
transfer to ellipsoid, rod and lamellar micelles may occur as the proportion of core to
shell-forming block, copolymer concentration, type and concentration of electrolytes in
the medium, temperature, organic solvent, and the method of micellar preparation are
altered. The effect of such factors on the shape of polymeric micelles has been reviewed
(9;66). The effect of micellar morphology on loading, release and efficacy of drugs

remains to be explored.

1.4.6. Drug loading — Micellar cores serve as a nanoresorvoir for loading and
release of hydrophobic molecules that are conjugated or complexed with the polymeric
backbone or physically encapsulated in the core (8;9;27). The extent of drug
incorporation in polymeric micelles by physical means is dependent on several factors

including the molecular volume of the solubilizate, its interfacial tension against water,

10
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length of the core and shell-forming blocks in the copolymer, and the polymer and
solubilizate concentration (67-69). The partition coefficient of the hydrophobic molecule
between the micellar core and surrounding aqueous medium describes the extent of drug
entrapment in polymeric micelles (67). The greatest degree of solubilization occurs when
high compatibility exists between the micellar core and the solubilizate, assessed by the
Flory-Huggins interaction parameter ()(sp):
xsp = (8-8,)’Vi/RT (Eq 1.3)

where & is the Scatchard-Hildebrand solubility parameter of the solubilizate, &, the
Scatchard-Hildebrand solubility parameter of the core-forming polymer, V; is the molar
volume of the solubilizate, R is the gas constant and T the Kelvin temperature. The
highest compatibility is achieved when &;= §,.

The chemical conjugation of drugs or complex formation between block
copolymers and charged therapeutics has been used as an alternative approach in drug
delivery by polymeric micelles (27). In either case, existence and accessibility of

functional groups on the polymeric backbone is a requirement.

1.4.7. Release characteristics - Evidence points to sustained release
characteristics for many solubilizates encapsulated in polymeric micelles by chemical or
physical means (30;34;62;70-74). The stability of the micellar structure is a prerequisite
for control over the rate of drug release. For drugs physically encapsulated in stable
structures of polymeric micelles, release is controlled by the rate of drug diffusion in the
micellar core or break up of the micelles (Figure 1.3). The diffusion rate may be quite

low if a favourable interaction exists between the solubilizate and the core-forming block
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in a rigid core (32;75;76). An inordinate slow release rate of indomethacin in an
unionized form compatible with a nonpolar core of a micellar carrier has been shown

(70).

diffusion

drug cleavage
from micelle E\- vgz
break up °

breakh\ drug cleavage
from unimer

»
}}fa

Figure 1.3. Mechanisms of drug release for polymeric micelles.

The physical state of the micelle core and encapsulated drug plays an important
role. The same factors may contribute to enhanced kinetic stability for the micelle
structure as described earlier. The design of block copolymer micelles with glassy cores
under the physiological condition (37°C) would favour the release in a sustained manner.
Glassy cores of poly(styrene) and poly(rert-butyl acrylate) have been proposed to slowly

release pyrene from a micellar carrier (diffusion constant of 10"® to 10™'® cm¥sec). In
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contrast, pyrene was released too rapidly to be assessed from swollen cores of poly(2-
vinylpyridine), which are liquid like under the experimental conditions (77). Drug release
may be sustained following an increase in the loading content, owing to the
crystallization of solubilizate in the polymeric carrier, evidenced by differential scanning
calorimetery (DSC) in a few cases (51;52;62). The localization of the solute in the
core/shell structure. micellar size and molecular volume of the drug are among other
factors influencing the rate of drug diffusion in the polymeric carrier.

In case of drug conjugates, the covalent bond between the therapeutic molecule
and the polymer has to be cleaved for drug release. Water penetration and hydrolysis of
the liable bonds in the micellar core (bulk erosion), followed by drug diffusion may occur
in relatively hydrophilic liquid-like core structures (Figure 1.3). Water diffusion inio
hydrophobic and rigid cores may be restricted. Therefore, in this case release may be
dependent on the rate of micellar dissociation. The slow dissociation of the micellar
structure to single polymeric chains and further hydrolysis of the liable bonds may result
in a sustained drug release (34). If the micellar structure is sufficiently stable, drug
release might even be delayed until carrier reaches target cells. It might be possible to
tailor the chemical structure of polymeric micelles and adopt either of these mechanisms

to fulfil specific requirements of drug release.

1.5. Polymeric micelles versus surfactant micelles for drug delivery
Similar to block copolymers, low molecular weight amphiphiles are well known

to form micelles that solubilize hydrophobic drugs for parenteral administration. For the
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purpose of drug delivery clear advantages may exist for polymeric micelles, mainly due
to the polymeric nature of these systems.

The tendency for micellization is overall much higher in block copolymers in
comparison to surfactants since the exposure of a long hydrophobic block to water is
unfavourable to a greater extent. Thermodynamic stability is characterized by low CMC
values, which are usually in the pumolar range for polymeric micelles. This contrasts with
typical millimolar CMC levels of low molecular weight surfactants (39;50). Following
self-association, the concentration of free amphiphile remains at the CMC level. As a
result, one can assume a higher number of micelles to be formed in a given concentration
for block copolymers in comparison to surfactants.

Hurter and Hatton have shown a greater capacity of solubilization for polymeric
micelles in comparison to low molecular weight surfactants for toluene (78). This was
attributed to higher number of micelles formed from self-assembly of block copolymers
and larger cores.

Upon dilution in blood, the polymeric micelles may remain kinetically stable.
while the surfactant micelles are diluted to values below CMC and rapidly dissociate
(Figure 1.4). The concentration of the low molecular weight surfactant cannot be raised
to compensate for the situation, since high concentrations of low molecular weight
surfactants are usually toxic and not suitable for administration (79). The slow
dissociation rates (in hours and days) have been reported for polymeric micelles under
sink conditions even below their CMC (2). The kinetic stability of polymeric micelles
with rigid cores is in sharp contrast to surfactant micelles, which tend to break up in

milliseconds upon dilution and are in continuous exchange with their unimers in solution
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(2). "H NMR and fluorescent probe studies (30;50) evidence the existence of rigid cores
in polymeric micelles.

Unlike low molecular weight surfactant micelles that typically have mobile cores,
sustained and controlled drug release may be achieved with polymeric micelles. As a
result, the rapid loss of drug from micelles with attendant risk of intravascular
precipitation of water-insoluble drug poses less risk. Further, polymeric micelles may
potentially act as a nanoscopic drug depot and influence the pharmacokinetics of drugs in

a favourable manner. In this sense. polymeric micelles mimic serum lipoproteins for drug

(sec, min to hrs)

Inddb
Y

block copolymer micelle

fast break up . ¢«
- SN
(milliseconds)

low molecular weight
surfactant micelle
delivery.

Figure 1.4. Break up of polymeric micelles versus low molecular weight surfactant micelles.

1.6. Block copolymer micelles used for drug delivery
Micelle-forming block copolymers have been the focus of several studies over the
past few vears (3;4;9;36;57,69:80-84). Efforts have led to the preparation of micellar
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carriers that can be safely administered to humans and adequately solubilize drugs. The
hydrophilic block in these systems is usually PEO with a molecular weight ranging from
1,000 to 20,000 gmol". PEO has been used safely in humans. The use of other
hydrophilic polymers as shell-forming blocks has been reported for bioadhesive (85) or
thermoresponsive (36;63;86) properties. Unlike the shell-forming block, the choice for a
core-forming block is relatively diverse. The length of the core-forming block is usually
equal or shorter than the PEO block to maintain water solubility and form spherical
core/shell micelle structures.

Most of the studies on block copolymers have been conducted on Pluronics®.
Like low molecular weight surfactants, Pluronics® demonstrate solubilizing effects for
parenteral drug administration (43:44:87). Pluronics® have been used to solubilize
haloperidol (21;88), indomethacin (89). doxorubicin (DOX) (83), epirubicin (83) and
amphotericin B (AmB) (90). Overall. many Pluronics® used for drug solubilization have
high ratios of PEO to PPO and are non-toxic relative to many low molecular weight
surfactants, e.g.. Tween 80, especially in terms of cell membrane lysis, e.g., haemolysis.

Relatively hydrophobic Pluronics®, on the other hand, have been used to induce
immune responses, i.e., act as an adjuvant (91;92). Pluronics® have shown other
important biological effects, inhibiting P-glycoprotein. which is believed to be at least
partly responsible for multi-drug resistance in cancer cells (57;83). Lastly, Pluronics®
have been used to increase the transport of drugs across membrane barriers (21,58).

To avoid long-term toxicities, biodegradable block copolymers with polyester
core-forming structures such as poly(lactic acid), poly(glycolic acid), poly(caprolactone)
and their copolymers have been developed and used for drug delivery. Polyesters have a
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history of safe use in humans as biodegradable surgical sutures, bone fracture fixture
devices and controlled drug delivery systems. The synthesis of PEO-b-polyesters was
reported back in 1950s (93). In 1994, Gref er al. prepared block copolymers of PEO-5-
poly(lactic-co-glycolic acid) (PEO-4-PLGA) and PEO-b-poly(caprolactone) (PEO-b-
PCL). Following self-assembly by an O/W emulsion process, nanospheres with an
average diameter of 140 nm were formed from PEO-b-PLGA, showing an enhanced
blood circulation particularly at a high PEO content. The carrier was used successfully to
encapsulate lidocaine and prednisolone (45 % w/w drug to polymer) (62).

In a separate study long circulating nanospheres of PEO-b-PDLLA were
developed (94). The same block copolymer was shown to form a micellar fraction (< 50
nm in size). which was able to solubilize model hydrophobic drugs. such as sudan black
B and testosterone in 63.9 and 0.74 % w/w drug to polymer, respectively (39). The
greater extent of solubilization for sudan black B was attributed to its higher
hydrophobicity. A family of PEO-b-poly(lactic acid) (PEO-b6-PLA) block copolymers
with different lengths of the PLA block were prepared recently, and used to encapsulate a
water soluble drug (95). An increase in the length of the PLA block caused an increase in
the size of nanoparticles but did not affect their encapsulation properties.

Micelles of PEO and PDLLA block copolymers, poly(D,L-lactic acid-co-
caprolactone) (PDLLACL) or poly(glycolic acid-co-caprolactone) (PGACL) have been
used to encapsulate taxol (96). The greatest physical stability was observed for the taxol
formulation of PEO-5-PDLLA micelles with no sign of precipitation in 24 h . This was
attributed to higher hydrophobicity and T, of the PDLLA block. The loading weight

proportion of taxol in PEO-5-PDLLA micelles with higher PDLLA contents reached 25
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%, and its solubility increased 5000 fold (97), which contrasts with the loading of 0.5 %
for the same drug in Pluronic® micelles.

Taxol in PEO-b-PDLLA micelles shows a similar in vitro cytotoxicity, a five-fold
increase in maximum tolerable dose and an increased efficacy after interperitoneal
injection in murine P388 leukemia model in comparison to its standard formulation in
Cremophor (98). Slow drug release from the micellar carrier was anticipated based on a
high core viscosity and an interaction between taxol and PDLLA segment, evidenced by
'H NMR and solubility data, respectively (97). A similar distribution in protein
components of the human plasma for free and PEO-5-PDLLA incorporated taxol (99).
rapid dissociation of tritium labelled taxol after IV injection to rat models and the
elimination of micellar carrier within 15 h. however, did not support a sustained drug
release behaviour for taxol in PEO-b-PDLLA micelles (96;100).

PEO-b-PCL self assembles into micelles that can encapsulate indomethacin
(76;101), dihydrotestostrone (75), taxol (102) and a number of neurotrophic agents with
hydrophobic properties (82;103). There are reports on the use of poly(glycolic acid)
(104), PLGA (105) and PLA (106) as blocks for the encapsulation of indomethacin and
DOX. The size of resulting particles was found to be above 100 nm, however.

Kataoka et al. have reported on the preparation of functional PEOQ-5-PDLLA
micelles with aldehyde groups on their surface by a method illustrated in Figure 1.5
(22:65). More than 80 percent of the acetal group on the micelle surface was converted to
aldehyde within 4 h of reaction under acidic conditions (65). No change in micellar size
and shape was evidenced after this conversion. The reaction of aldehyde group with

benzoic hydrazide as a model compound was evidenced by an increase in the UV
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absorption of the micellar peak in SEC chromatograms. Recently, the authors have
reported the conjugation of peptidyl ligands to the aldehyde group of the micellar surface
through Schiff base formation and further reduction (23). Chemical engineering of the
core-forming blocks in such carriers in underway (107).

In a separate approach, PEO blocks having site-specific sugar groups at their
chain ends have been achieved through ring opening polymerization using D,L-lactide.
The block copolymer form micelles with glucose or galactose moieties on their surfaces.
The galactose residues bind sugar binding sites of RCA1-lecetine molecule (108). Such
strategies may be used to achieve intelligent polymeric micelles for active targeting by
receptor-mediated endocytosis.
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Figure 1.5. Preparation of PEO-b-PDLLA micelles with functional groups on their surface.
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1.7. Micelle-forming PEO-b-PLAAs for drug delivery
Micelles based on PEO-b-PLAA block copolymers are unique among drug
carriers owing to a tailor-made non-polar core of PLAA, which can take up and protect
water-insoluble drugs. A primary advantage of PEO-b-PLAA over other micelle-forming
block copolymers is a potential for attachment of drugs, drug compatible moieties, genes
or intelligent vectors in the micellar core through free functional groups (e.g., amine or
carboxylic acid) of the amino acid chain. A systemic alternatioa in the structure of the
core-forming block may lead to a better control over the extent of drug loading, release or
activation. Preparation of PEO-b-PLAA micelles with functional groups cn the surface
for the attachment of recognizable moieties has recently been reported (109). Lastly,
there is evidence that PEO-b-PLAA micelles may easily be sterilized by filtration, freeze-
dried, reconstituted and administered safely (5).
To date. three different types of drug delivery systems based on PEO-b-PLAA block
copolymers have been investigated (Table 1.1):

1. Micelle-forming block copolymer-drug conjugates

t9

Micellar nano-containers. and

Polyion complex micelles.

L)
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Table 1.1. Micelle-forming block copolymers based on PEO-b-PLAA used for drug delivery.

Polymeric micelle Core-forming block Encapsulated molecule Reference
delivery system
Poly(L-lysine) Cyclophosphamide (110)
P(Asp) Doxorubicin (28;111)
Drug conjugates Cisplatin (29;112)
Poly(hydroxy alkyl-L- Methotrexate (30;34)
aspartamide)
P(Asp)-(DOX) Doxorubicin (113)
PBLA Pyrene (114)
Doxorubicin (72:73:115)
Nano-containers Indomethacin (70)
Amphotericin B (116:117)
P(BLA, C-16) KLN-205 (31:118)
PBLG Norfloxacin (52)
Clonazepam (1)
Poly(L-lysine) Poly(L-aspartic acid) (119:120)
Plasmid DNA (121)
Polyion complex micelles  “p(aqp) Lysozyme (122:123)
Poly(L-lysine/L-glycine) DNA (124)

1.7.1. Micelle-forming block copolymer-drug conjugates - In the 1980s, Ringsdorf er al.
were the first to prepare a micelle-forming drug-copolymer conjugate. They attached a
cytotoxic agent, a cyclophosphamide-sulfido derivative, to the poly(L-lysine) of a PEO-5-

poly(L-lysine) block copolymer and used hydrophobic moieties (palmitic acid) to induce
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the required amphiphilicity for micelle-formation (Figure 1.6) (110). Micelle formation
was evidenced by solubilization of a hydrophobic dye (60). The liberation of the active
metabolite, 4-hydro-cyclophosphamide, could be varied within a time scale of mins to hs,
depending on the structure of the conjugate. Pendant palmitic acid residues had a marked
effect on drug release. In vitro studies indicated that the cyclophosphamide-containing
block copolymer acts as an intracellular depot for the active metabolite. In vivo studies
indicated enhanced antitumor effects of cyclophosphamide-containing block copolymer

compared to free drug (L1210 model) (110).

| HYDROPHILIC A-BLOCK |—— HYDROPHOBIC B-BLOCK |
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Figure 1.6. First models of micelle-forming block copolymer-drug conjugates and first example
with cyclophosphamide.
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The hydrophobicity of a therapeutic molecule itself has been utilized to achieve
the amphiphilicity required for micellization of a conjugate prepared from PEQ-b-poly(L-
aspartic acid) and doxorubicin (PEO-5-P(Asp)-DOX) (Figure 1.7). Yokoyama er al.
attached DOX onto the P(Asp) backbone through an amide bond between the carboxylic
group of aspartic acid and the amino group of the glycosidyl residue on DOX (28;111).
The level of conjugated DOX was varied by changes in reaction conditions, e.g., level of
drug. Depending on the length of the PEO chain, substitution level of DOX on the
polymeric backbone was kept under a certain level to avoid precipitation. DLS and SEC
studies were able to reveal the presence of micelles with an average diameter of 15 to 60
nm (2:28;125;126). The quenching of DOX fluorescence and lack of 'H NMR peaks for
the P(Asp) block for the conjugate in water (D,O) signaled the presence of micelles with
rigid cores filled with self-aggregated drug. A 40-50 % of DOX substitution on P(Asp)
and a decrease in proportion of P(Asp)-DOX to PEO segment was necessary to achieve
stable micelles (33:127). Long PEO chains were favorable. avoiding the formation of
secondary aggregates, and micelle interaction by biological components (2;28;128). The
physicochemicai properties of this system are reviewed elsewhere (129).

Optimized structures of PEO-5-P(Asp)-DOX formed stable micelles that could
dissociate into unimers at a slow rate over a period of days in phosphate buffer (127). In
the presence of 10 % rabbit serum, the dissociation rate of PEO-b6-P(Asp)-DOX micelles
doubled (33;127). Subsequently, radioiodinated PEO-b-P(Asp)-DOX micelles were
found to circulate for prolonged periods in blood in healthy ddy mice in comparison to

free DOX. The volume of distribution was 2000 mL for DOX and 3.6 mL for PEQO-5b-
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P(Asp)-DOX. The accumulation of DOX in major organs was reduced, especially the

heart, where DOX expresses dose-limiting cardiotoxicity (128;130).
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Figure 1.7. Synthesis of micelle-forming poly(ethylene oxide)-b-poly(aspartic acid)-doxorubicin

conjugates.

The biodistribution of long-circulating PEQ-b6-P(Asp)-DOX conjugates was
assessed in tumor bearing mice (female CDF1 mice, transplanted with C26 tumor cells).
For PEO-b-P(Asp)-DOX micelles with a 12,000 and a 2100 gmol”' of PEO and P(Asp)
blocks, respectively, the delivery of DOX to solid tumors was enhanced in comparison to
drug alone, and the tumor to heart selectivity of DOX was improved from 0.9 to 12 at 24

hs (131).
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In a P338 murine model, DOX was active at 15 mg/kg after intraperitoneal
injection (125) but caused a remarkable weight loss in animals at that dose. A similar
level of activity for PEO-5-P(Asp)-DOX was obtained at a much higher dose (200 mg/kg
of DOX), accompanied by a temporary weight loss. A similar trend was observed for
several tumor models after intravenous injection of PEO-b-P(Asp)-DOX (130). Judging
from these results, the superiority of the PEO-b-P(Asp)-DOX conjugates over free drug
was mainly due to lowered toxicity (20 times decrease in DOX maximum tolerable dose)
than improved efficacy (125;126;130). This allowed for the administration of higher
doses of DOX. Adjusting the composition of the block copolymer and the dose of DOX
led to improved efficacy, evidenced by complete disappearance of C26 tumors in animal
subjects (132). It was later found that PEO-b-P(ASP)-DOX conjugates are not the active
species causing tumor disappearance in C26 transplanted mice (32;113). The antitumor
activity was in fact caused by non-conjugated DOX encapsulated in the micellar
structure. As it turns out, the amide linkage was too stable for drug release. This finding
led to use of PEO-b-P(Asp)-DOX conjugates as nanocontainers for physically
encapsulated DOX (113).

Cisplatin has been complexed with carboxyl groups on PEO-b-P(Asp) to form a
metal complex micelle (Figure 1.8). DLS and SEC (29) showed the existence of micelles
with an average diameter of 20 nm at a critical substitution molar ratio of cisplatin to Asp
units of 0.5. The cisplatin complexed micelle was stable in distilled water at room
temperature. In 0.15 M NaCl, however, an exchange between the chloride ion and
cisplatin lead to a sustained release of drug from its polymeric complex over 50 h (112).

Accordingly, a time dependent cytotoxicity was observed for cisplatin complexes of
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PEO-b-P(Asp), with an overall five fold increase in the cytotoxic concentration against
B16 melanoma cells (29). Cisplatin complexes of PEO-b-P(Asp) demonstrated plasma
AUC and tumor accumulation 5.2 and 14 times greater than cisplatin alone, respectively,
and had less nephrotoxicity (133). A cisplatin complex of PEO-b-poly(a-glutamic acid)
(PEO-b-P(Glu)) has shown greater stability, a prolonged circulation in blood stream and
an improved accumulation in tumor site in comparison to the PEOQ-5-P(Asp) complex of
cisplatin (134).
CH3 (OCH,CH)i NHACOCHNH)x—(COCH,CHNH)yH NH3\ /Cl
Pt

+
PEO-5-P(ASP) CH,COOH COOH /7 \
NH; cl

L in Hzo

CH; (OCH,CH,)a~NH«COCHNH)x—(COCH,CHNH)yH
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CH,COOR COOR
NH Cl NH;
N S N/
R =Na* or Pt or Pt
7\
NH3/ N\ NH;

Figure 1.8. Complex formation of cisplatin and PEO-b-P(Asp).

To overcome the excessive stability of an amide linkage between a drug and core-
forming block, an ester bond has been utilized to attach another cytotoxic agent,
methotrexate (MTX) and create a hydrolysable micelle-forming conjugate (Figure 1.9).
The slow release of steroids attached to poly(hydroxyalkyl-L-glutamate) through an ester

bond for long periods of time after a subcutaneous injection of conjugate microparticles
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had been reported by Feijen et al. (135). MTX esters of PEO-b-poly(2-hydroxyethyl-L-
aspartamide) were prepared and shown to self assemble to micellar structures with an
average diameter of 14 nm as determined by TEM. MTX conjugate micelles gradually
released the drug, owing to ester hydrolysis in PBS, pH = 7.4 at room temperature.
Notably, MTX conjugate micelles were quite stable and could elute entirely as micelles
during SEC-HPLC. Adjusting the level of attached MTX was used to control the stability
of the polymeric micelles as well as influence the rate of drug release. It was concluded
that MTX esters of PEO-b-poly(2-hydroxyethyl-L-aspartamide) could be structurally
modified by varying the degree of drug substitution, which in turn changed the overail
hydrophobicity of the block copolymer, thereby influencing micelle stability and
controlling drug release.

H30(CH2CH30ImCH ;CHANH(COCHNH)( COCHNH)n-xH

CcoO CONHCH,CH, OH
|
CH-CH,COOCH,CH» NH
HOOC_/ 2 2 e
3 CH
N NHCO-@’ i\" 3 NH,
CHy Z
NH,
PEO block Poly(L amino acid) block

alkyl spacer group —>

hyvdrophobic drug ——> (5

Figure 1.9. Synthesis of MTX conjugates of PEO-b-poly(2-hydroxyethyl-L-aspartamide).
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1.7.2. Micellar nanocontainers - The physical encapsulation of drugs within polymeric
micelles is generally a more attractive approach than micelle-forming polymer-drug
conjugates, since many polymers as well as drug molecules do not bear reactive
functional groups, e.g., carboxyl, hydroxyl or amino groups, for chemical conjugation, or
the free functional site may be required for the pharmacological effectiveness of the drug.
In addition, conjugates of drugs may exhibit markedly dissimilar biological properties
relative to parent drugs, leading to inherent difficulties in characterization and regulatory
approval even for already approved drugs.

Similar to micelle-forming polymer-drug conjugates, micellar nanocontainers are
expected to resist uptake by the RES and dissociation in the blood compartment, which
may lead to preferential accumulation of the carrier at target sites. The carrier may then
act as a depot, releasing its drug content without going through an extra step of drug
cleavage. The drawbacks for micellar nanocontainers are the possibility of low
encapsulation capacity or the rapid release of encapsulated drugs, i.e., dose dumping. The
encapsulation and release characteristic of polymeric micelles might be modified for each
particular drug or class of drugs through the attachment of drug compatible moieties to
the core-forming block, which is easily attainable for PEO-b-PLAA micelles
(5;32:39;114).

In the early 1980s, Kabanov er al. reported on the physical encapsulation of drugs
in polymeric micelles as nanocontainers for drug delivery. They encapsulated haloperidol

(21:88) and DOX (83) in Pluronic® micelles. The neuroleptic activity of solubilized

haloperidol was enhanced by Pluronic® micelles, presumably owing to increased uptake

into the brain. The penetration of the micellar carrier to brain was enhanced further when
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a monoclonal antibody against specific antigen of brain glial cells, i.e., anti-a-GP Ab,

®

was partially inserted on the Pluronic™ micelles. As a result, mobility was drastically

®

decreased in animals received haloperidol in anti-a;-GP Pluronic® micelles in

comparison to subjects treated with haloperidol in standard Pluronic® micelles (P85). The
delivery of digoxin to brain has been revealed to be enhanced by Pluronic® P85 by the
same group (136).

Physically encapsulated DOX in Pluronic® micelles (L61 and F127) significantly
increased the antitumor effects of the drug in vivo, owing to enhanced delivery to solid
tumors, increase in the influx of DOX, a decrease in the efflux of DOX (inhibition effects
on P-glycoprotein). and changes in intracellular trafficking of DOX (reviewed elsewhere
(137)). A parenteral formulation of DOX of Pluronic® micelles has entered Phase |
clinical trials in Canada.

The primary advantage of PEO-5-PLAA micelles as tailor-made nanocontainers
for encapsulation and release of compatible drugs is best illustrated for DOX and PEO-5-
P(Asp)-DOX conjugate micelles (32). A strong interaction between the conjugated and
physically encapsulated DOX is believed to be the basis for the improved micellar
stability and sustained release properties. A careful control of the pH during the
encapsulation was necessary to keep DOX in its unionized form, which favours a non-
polar environment. The same factor affected drug release from polymeric micelles. DOX
encapsulated in PEO-5-P(Asp)-DOX conjugate micelles were active against P388DI
mouse leukemia cells in vitro and against C26 tumours in vivo. The presence of
physically encapsulated DOX was important for antitumour activity in both cases
(32;138). The maximum tolerable dose of DOX increased from 20 to 40 mg/kg/day. In a
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C26 murine model, tumours completely disappeared at a dose of 10 mg/kg/day for all
animal subjects treated with the micelle formulation. At the same dose, DOX alone
caused tumour disappearance in just two out of five animals.

In pharmacokinetic studies, free DOX disappeared in 15 minutes from the blood
of tumour bearing mice. For '‘C labelled DOX encapsulated in PEO-5-P(Asp)-DOX
conjugate micelles, on the other hand, 24.6 % of the injected dose remained in blood
circulation after 24 hs and 9.6 % of the dose was detected per g of the tumour at this time.
The latter level was 1.3 % for free drug. The highest concentration of free drug in tumour
site was observed 1 h after its administration. In case of PEO-b-P(Asp)-DOX conjugates
micelles, DOX levels at tumour site increased between 15 minutes to 24 hs. Based on the
findings, the superior antitumour activity of DOX in polymeric micelles was attributed to
the accumulation of PEO-5-P(Asp)-DOX conjugate micelles at tumour sites (138). This
system has been characterized in detail (139) and is going to move into clinical trials in
Japan (27).

The intermediate polymer in the synthesis of PEO-b-P(Asp)-DOX conjugates (Figure
1.7). poly(ethylene oxide)-b-polv(B-benzyl-L-aspartate) (PEO-b-PBLA), was also used
by Kataoka er al. to encapsulate hydrophobic model molecules (50;114), anticancer
(72;73) and anti-inflammatory drugs (70). The existence of aromatic groups was the
common feature in the chemical structures of all encapsulated molecules. A n-n
interaction between the benzyl core of the micelles and aromatic ring of the drug
provided means for formation of a stable system even in the presence of serum proteins
(32). PEO-b-PBLA was shown to form spherical micelles around 20 nm in size with rigid

cores at very low concentration (50). A spherical shape and narrow size distribution of a
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pyrene conjugate of this block copolymer micelle has recently been illustrated by AFM
(140). SEC showed prohibition of protein adsorption to PEO-b-PLAA micelles where
micelles were incubated with serum albumin in PBS, pH 7.0 (73).

The first attempt for drug loading for PEO-b-PBLA micelles was carried out with
DOX (72:73). Evidence for the encapsulation of DOX by PEO-b-PBLA micelles was
provided by SEC-HPLC and fluorescence techniques. PEO-b-PBLA micelles protected
DOX from chemical degradation in an aqueous environment. The release of DOX from
PEO-b-PBLA micelles was slow over several days and pH dependent (72). Fifty percent
of encapsulated DOX was released in 72 hs in pH 7.4 at 37°C. The release was
accelerated by decreasing the pH to 5.0 probably due to ionization of the 3° NH; group at
that pH resulting in a reduced hydrophobic interaction between drug and micellar core.

Overall, the results of biological studies with this system were not as impressive
as DOX encapsulated in PEO-P(Asp)-DOX micelles. Twenty-four hs after intravenous
injection into healthy BDF1 mice, only 5 % of the '*C labelled DOX encapsulated in
PEO-b-PBLA micelles was in blood. The tolerable dose of DOX increased from 10
mg/kg to 23 mg/kg for DOX loaded in PEO-5-PBLA micelles after administration to C26
tumour transplanted CDF; mice. In comparison to free DOX treated animals, the tumour
volume after 24 days decreased significantly for DOX encapusulated in PEO-5-PBLA
micelles administered in its maximum tolerable dose. After 60 days tumours disappeared
in three out of five animal subjects. For free DOX complete recovery took place in one
animal subject (115).

PEO-b-PBLA micelles were also used to solubilize indomethacin in a separate

study (70). SEC confirmed encapsulation, and DLS provided data illustrating an increase
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in the diameter of PEO-5-PBLA micelles as a result of drug loading. Simiiar to DOX,
the rate of indomethacin release was sustained from PEO-5-PBLA micelles in a pH
dependent manner. The maximum control was achieved in acidic pH, where
indomethacin was unionized and favoured the nonpolar environment of PBLA core in
polymeric micelles. A sharp raise in the rate of drug release was observed between pH 4
to 5, which is close to the pKa of indomethacin (4.5).

The synthesis of another class of PEO-b-PLAA based block copolymer with
aromatic structure in the core has been reported (51;52). Di and tri block copolymers of
PEO-b-poly(B-benzyl-L-glutamate) (PEO-b-PBLG) were prepared and self-assembled.
The dimensions of the colloidal system was in the range of nanoparticles rather than
micelles (200-300 nm) possibly due to the formation of secondary aggregates. This
system has been utilized to solubilize clonazepam and norfloxacin.

Yokoyama er al. engineered the chemical structure of the core-forming block in
PEO-b-PBLA through partial replacement of its benzyl group by an aliphatic chain, cetyl
ester residue, PEO-b-P(BLA,C16) to encapsulate a cytotoxic agent, KRN5500, which has
an aliphatic moiety (Figure 1.10) (31). The average diameter of the colloidal system was
found to be above 100 nm, which was reduced to 70 nm by sonication without any loss in
the drug content. Similar to free drug, cytotoxic effect of KRN 5500 encapsulated in
PEO-b-P(BLA,C16) micelles was not strongly time dependent in in vitro and in vivo
assessments. This contrast previous findings for formulation of DOX in PEO-b-P(Asp)-
DOX micelles implying the possibility of a rapid drug release or a direct interaction of

the micellar system with tumor cells (118).

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CH3(OCH2CHy) NH(COCHNH)my H PEO-5-PBLA

|
CH2COOCH2©

lﬂydrolysis or ester exchange

CH;(OCH,CHa)5~NH(COCHNH)—(COCHNH)m H PEO-5-P(BLA,C16)

CH3(CH,);sCOOCH, CH,COOCH, @

o]
H\/|L
\/\/\/\/\NY'\ NH
I o)
o) KRNS5500

"HAOl

N
OoHH OH
N Z .
&0
N
N .
H N

Figure 1.10. Synthesis of PEO-5-P(BLA,C16) and chemical structure of KRNS5500.

The physical encapsulation of hydrophobic molecules in polymeric micelles is
usually carried out through dialysis or O/W emulsion methods (32:70;72;73). In the
dialysis method polymer and drug are both dissolved in an organic solvent. The solution
is then dialyzed against distilled water to remove the free drug and organic solvent. In the
O/W emulsion method, drug is dissolved in a volatile solvent, which is also immiscible
with water. such as chloroform, and added to an aqueous solution of polymeric micelles.
The mixture is hemogenized by sonication and chloroform is evaporated in an air open

system. Free drug is removed by ultra-filtration.
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The choice of solvent and loading process seems to be important factors affecting
micellar stability, size and drug encapsulation. Optimized conditions of loading for each
drug in its polymeric carrier have been explored and the results have been reported in a
few cases. For instance, for the encapsulation of KRN5500 in PEO-5-P(BLA,C16) by
dialysis, N, N-dimethylsulfoxide (DMSO) is found to be a better choice than N,N-
dimethylformamide (DMF) as the selective solvent leading to an improved solubilization,
smaller size and enhanced stability of polymeric micelles (31). The encapsulation of
indomethacin and DOX in PEO-4-PBLA was slightly improved when an O/W emulsion

method of drug incorporation was used instead of dialysis (70;72).

1.7.3. Polyion complex micelles — Depending on the type of amino acid, PEO-5-PLAA
block copolymers may bear positive or negative charge at their side chains. Therefore,
oppositely charged therapeutic molecules such as DNA or peptides can form poly ion
complexes with the PLAA segment of the block copolymer, neutralize the charge and
induce required amphiphilicity for micellization of the complex. The incorporation of
DNA and peptides in polymeric micelles may lead to their stabilization against digestive
enzymes such as nuclease and facilitate their penetration in cells. The polyion complex
micelles are salt-sensitive. They will fall apart and release their content as the salt
concentration increases above a certain value (141). There has been a rising interest on
this novel application of PEO-b-PLAA micelles over the past few years (Table 1.1) with
promising results for the use of polyion complex micelles in the areas of diagnosis,
biotechnology and gene therapy. These delivery systems have been described elsewhere

(11;12;27;142).
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1.8. Amphotericin B (AmB)

Ampbhotericin B has been the main choice in antifungal therapy for over 30 years
(143). It was originally derived from Streptomyces nodosus in 1953 (144). Its total
synthesis process was reported just a few years ago, in 1987 (145).

The chemical structure of AmB is shown in Figure 1.11. It is characterized by a
large 38-membered lactone ring linked covalently to an amino sugar moiety. The ring
itself is made up of two chains. The chain that contains the polvene chromophore is
completely hydrophobic, whereas the chain that contains the hydroxyl groups has a
hydrophilic face and a hydrophobic face, rendering it amphiphilic. The asymmetrical
distribution of hydrophobic and hydrophilic groups in AmB confers an exceptionally low
solubility for the drug in water and in many organic solvents (146). Instead, due to the

amphiphilic nature, AmB is prone to an open self-association process at levels above 1

uM in water (146;147).

Figure 1.11. Chemical structure of amphotericin B

Formation of aggregates is evidenced by changes in the absorption as well as
circular dichroism (CD) spectrum of AmB. At concentrations as low as 108 M AmB is
solubilized in water in a monomeric state, characterized by its absorption at 409 nm. At

higher concentrations, AmB self associates in to oligomers and aggregates of oligomers.
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As a result, in its absorption and CD spectra, the bands are slightly shifted to the red side
and a new band appears at the blue site (340 nm) (148). In the presence of proteins, lipids
or even lipoproteins, the higher wavelength absorption bands of amphotericin B in water
are shifted to 414 nm (149;150). This effect has been used to monitor the interaction of
amphotericin B with phospholipids, sterols, surfactants and polymers (147;148;151-153).

The absorption spectra of monomeric and aggregated AmB are shown in Figure 1.12.
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Figure 1.12. Absorption spectrum of AmB in an aggregated and monomeric state.

The amphiphilic nature of AmB is the reason behind its membrane activity. AmB
binds to sterols and forms pores in the membrane. The pore permits the transfer of ions
leading to an osmotic imbalance and cell lysis. The selectivity of AmB for fungal cells
versus mammalian cells is explained by a higher affinity for ergosterol, found in fungal
cell membranes, than for cholesterol, the main sterol of the mammalian cells (146;154).
Other mechanisms involved in cell toxicity of AmB include inhibition of membrane
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enzymes, induction of lipid peroxidation of the cell membrane and intemalization of
AmB-LDL complex by receptor-mediated endocytosis (54;154;155). Several studies
suggest a role for the aggregation state of AmB for its toxicity (152;156;157). Based on
Bolard’s model (Figure 1.13). AmB can form a complex with ergosterol leading to a
barrel shape pore in cell membranes, which is partly walled by ergosterol molecules. The
complex is not formed with cholesterol. therefore, formation of channels traversing
membranes require more AmB molecules when cholesterol is present in the membrane.
As a result, AmB in an aggregated state is toxic to both mammalian and fungal cell
membranes, while just toxic to fungal cells in a monomeric state (154). From this

prospective. AmB delivery in a monomeric state might be desired to reduce its toxicity.
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Figure 1.13. Schematic representation of AmB pores inducing K™ leakage by one-sided action

through a) ergostrol and b) cholesterol membranes.
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Amphotericin B is poorly soluble in water. The most common formulation of
AmB in the clinic, Fungizone®, is prepared with the aid of a low molecular weight
surfactant to induce water solubility. Despite great effectiveness against a broad
spectrum of fungi strains, the use of Fungizone® is restricted due to severe side effects
associated with its administration, including fever, chills, nausea, vomiting, electrolyte
abnormalities and nephrotoxicity (154). There have been attempts to circumvent the poor
water solubility and toxic side effects of AmB by synthesizing new derivatives (158-160)
or preparing novel carriers for AmB (147). This has led to the development of three
lipid-based formulations. which are commercially available at present.  Selected

characteristics of clinical formulations of AmB are summarized in Table 1.2.

Table 1.2. Selective characteristics of clinical formulations of AmB (144).

AmB preparation Carrier composition Diameter Common dose Cost
(nm) (mg/kg/day) (US S/day)
Fungizone® Sodium deoxycholate 400 1 34
Ablect® (ABLC) DMPC/DMPG * 1600-11,000 5 693
Amphocil® (ABCD) Cholesteryl sulfate 120-140 3-4 447
Ambisome® HSPC/DSPG/CHOL ® 80 3-5 1036

a. DMPC: Dimyristoyl phosphatidylcholine, DMPG: Dimyristoyl phosphatidylglycerol
b. HSPC: Hydrogenated sov phosphatidyicholine, DSPG: Distearoylphosphatidyigivcerol, CHOL:
cholestrol.

Lipid based formulations are able to reduce toxicity of AmB. This has been
attributed to relative stability of lipid carriers opposed to the low stability of AmB

carriers in Fungizone®. The sodium deoxycholate micelles in Fungizine® are not stable
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and tend to dissociate rapidly upon IV administration. In contrast, AmB dissociates
slowly from its lipid complex (161). Upon dilution in blood, free AmB dissociated
rapidly from deoxycholate micelles and binds to low-density lipoproteins (LDL). The
AmB-LDL complex can be internalized by receptor-mediated endocytosis into cells
bearing LDL receptors, such as kidney cells, and cause toxicity. Stable carriers can
simply prevent LDL binding by protecting AmB or shifting the AmB distribution toward
safe components in the blood stream such as high-density lipoproteins (HDL) (162-165)
or albumin (166-168). At a cellular level. rapid release of AmB from sodium
deoxycholate micelles leads to its release in an aggregated state, which is toxic towards
mammalian cells. Lipid carriers may release monomeric AmB, which is only toxic
toward fungal cells. A difference between aggregated and monomeric AmB may exist in
their distribution in protein components of the serum (150). The issue has not been
addressed in most of the studies, however.

Despite a reduced toxicity, lipid formulations of AmB failed to replace
Fungizone® in the clinic because of their high cost, high dose and risk of long-term
toxicities (Table 1.2). The use of long circulating carriers has been suggested as an
alternative approach to lower the dose of therapy (169-172). Recently, AmB in long
circulating liposomes was shown superior efficacy in a murine model of candiasis in

comparison to standard liposomes (173).
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1.9. Thesis proposal
1.9.1. Rationale

The chemical structure of the core-forming block in PEO-5-PLAA micelles could
be tailored to modify micellar properties, drug solubilization and release. We explored
this concept for a membrane-acting drug, AmB. As Fungizone®, AmB is very potent but
causes rupture of both fungal and mammalian cell membranes, leading to severe side
effects. Instability of the low molecular weight micelle used for AmB solubilization and a
rapid drug release in Fungizone®, leading to AmB delivery in an aggregated state are
believed to be the primary cause of toxicity. Lipid formulations of AmB are less toxic
but not as effective in vivo and very expensive. Polymeric micelles with tailored core
structures are expected to encapsulate AmB and release it in a monomeric state, leading
to an enhanced therapeutic index for AmB. Long circulating carriers with sufficient
stability and control over the rate of drug release may lower the dose and cost of AmB
therapy. From pharmaceutical perspective, a polymeric micellar formulation is

advantageous since it can be freeze-dried, reconstituted and easily sterilized by filtration.

1.9.2. Objective

The objective of this study was to achieve a novel formulation based on tailor-
made micelle-forming block copolymers of PEO-b5-PLAA for the solubilization and

delivery of AmB.
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1.9.3. Hypothesis

Tailoring the core structure of PEO-5-PLAA micelles through the attachment of
saturated fatty acids will enhance the delivery of AmB in terms of encapsulation, release

pattern, toxicity and antifungal activity.

1.9.4. Specific aims

1. To prepare micelles based on poly(ethylene oxide)-b-poly(hydroxyalkyl-L-
aspartamide) (PEO-5-PHAA) that have fatty acid side chains on the core-forming block.
2. To assess the effect of alkyl core structure on the properties of micelles composed of
PEO-b-PHAA derivatives.

3. To assess a solvent evaporation method for the encapsulation of AmB by micelles

of poly(ethylene oxide)-b-poly[N-(6-hexyl stearate)-L-aspartamide)] (PEO-5-PHSA).

4. To assess the effect of stearic acid substitution on the in vitro toxicity and antifungal
activity of AmB encapsulated in PEO-5-PHSA micelles.

5. To assess the effect of stearic acid substitution on the in vitro release of AmB

from PEO-b-PHS A micelles.
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Chapter 2

Micelles of poly(ethylene oxide)-b-poly(N-alkyl stearate-L-aspartamide):

synthetic analogues of lipoproteins for drug delivery

A version of this chapter has been published: A. Lavasanifar', J. Samuel'. and G.S.
Kwon®. J Biomed. Mater. Res. 52:831-835 (2000). ' Faculty of Pharmacy and
Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta T6G 2N8, Canada. 2
School of Pharmacy, University of Wisconsin-Madison, 425 N. Charter St., Madison, WI
53706-1515.
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2.1. Introduction

Compatibility between the micelle core and solubilizate is shown to be an
important factor influencing encapsulation and release properties in micellar
nanocontainers (1-5). With this in mind, we replaced the aromatic side chain of PEO-5-
poly(B-benzyl-L-aspartate) (PEO-b-PBLA) with aliphatic structures, i.e., saturated fatty
acid esters of an alkyl spacer group, to achieve a polymeric micellar carrier for
solubilization and delivery of a model aliphatic drug, amphotericin B. We hypothesized
that PEO-5-PLAA bearing fatty acid side chains self-assemble into micelles that mimic
aspects of serum lipoproteins. Serum lipoproteins traverse the vascular system carrying
water-insoluble molecules to destinations in the human body. Many water-insoluble
drugs have been solubilized by serum lipoproteins, especially anti-cancer drugs (6;7).
However. as a blood product serum lipoproteins express a lack of safety and poor
stability. Polymeric micelles based on PEO-b-PLAA are expected to function like
biological carriers due to their nanoscopic size, core/shell architecture, hydrophobicity of
the core and stealth properties induced by the PEO shell. Mimicking structural aspects of
lipoproteins, i.e., incorporation of fatty acid esters is hypothesized to improve the
encapsulation of aliphatic drugs such as polyene macrolides within the micellar core and
control their rate of release from the delivery system. As a result, PEO-6-PLAA micelles
may play an analogous role to lipoproteins in terms of drug delivery, but with the ease of
structural modifications, preparation and scale up (8).

The preparation of PEO-b-PLAA derivatives with fatty acid ester structures on
the core-forming block, characterization of polymeric micelles and preliminary studies on

the effect of the tailoring process on AmB encapsulation are Jdiscussed in this chapter.
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The results shed light on functional properties of tailored polymeric micelles as synthetic

analogues of lipoproteins.

2.2. Experimental section

2.2.1. Materials - Dicyclocarbodiimide (DCC), Dimethylaminopyridine (DMAP), 6-
aminohexanol, fatty acids, and pyrene were purchased from Sigma. 2-hydroxypyridine
(2-HP) and 2-aminoethanol were purchased from ICN. 1,3-(1,1°-dipyrenyl)propane) was

purchased from Molecular Probes. All other chemicals were reagent grade.

2.2.2. Synthesis of stearic acid esters of PEO-b-poly(hydroxyalkyl-L-aspartamide) - The
synthesis of PEO-b-poly(f3-benzyl-L-aspartate) (PEO-5-PBLA) has been described in
detail elsewhere (9). Briefly, PEO-b-PBLA has been synthesized by ring-opening
polymerization of p-benzyl-L-aspartate N-carboxyanhydride, using a-methoxy-w-amino-
PEO as an initiator (M, = 12,000 gmol", Mu/M;, = 1.05, amine functionality = 0.96).
After removal of PBLA oligomers, 'H-NMR has established that the degree of
polymerization of the PBLA block is 15.

PEO-5-PBLA (100 mg, 0.10 mmol BLA units) was dissolved in dried ~N-
dimethylformamide (DMF) (5.0 ml) with the aid of stirring and slight heating.
Subsequently, 2-aminoethanol (130 upl, 2.2 mmol) or 6-amino-hexanol (255 mg, 2.2
mmol.) and 2-hydroxypyridine (2-HP) (27 mg, 0.3 mmol) were added. The reaction
mixture was stirred for 24 hs at 25°C and poured into vigorously stirred cold isopropanol

(50 ml). The white precipitate was washed with isopropanol and ether and dried under
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vacuum. The complete removal of benzyl groups was evidenced by 'H-NMR in
chloroform-d (AM- 300 MHz) and by absorption spectroscopy (Milton-Roy 3000).
Stearic acid (75 mg, 0.30 mmol), dicyclohexylcarbodiimide (DCC) (11 mg, 0.60
mmol) and dimethylamino-pyridine (DMAP) (3 mg, 0.020 mmol) were added to a
solution of PEO-b-poly(hydroxyalkyl-L-aspartamide) (50 mg) in dried dichloromethane
(5.0 ml) for 24 hs at 25°C. The product was precipitated in cold isopropanol (50 ml),
collected by centrifugation and dried under vacuum. The product was characterized by

'"H-NMR in chloroform-d (AM-300 MHz).

2.2.3. Transmission electron microscopy of polymeric micelles - Samples for
transmission electron microscopy (TEM) were prepared by placing an aqueous droplet of
polymeric micelles (20 ul) on a membrane-coated grid, adding a droplet of 2 %
phosphotungestic acid (negative stain). After 1 min excess fluid was removed, and

images were obtained at a magnification of 18000 times (HITACHI H 7000).

2.2.4. Estimation of critical micelle concentration and core polarity - The critical
micelle concentration (CMC) of the block copolymers and the polarity of the micelle
cores were determined by following changes in the fluorescence excitation and the
emission spectra of pyrene, respectively, in the presence of varied levels of block
copolymers (10). Pyrene was dissolved in acetone and aliquots of this solution were
added to 5.0 mL volumetric flask to provide final pyrene concentrations of 6 x 10 M.
Acetone was evaporated and replaced with aqueous solutions of polymer having different

concentrations. This solution was heated at 65-70 °C for an h and left at room
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temperature overnight for the pyrene to equilibrate between the aqueous media and the
micellar core. To monitor the excitation and emission spectrum of pyrene, emission and
excitation wavelengths of the Fluoromax DM-3000 were set at 390 and 339 nm,

respectively. The excitation and emission bandwidth were both chosen to be 4.25 nm.

2.2.5. Estimation of the core viscosity in PEO-b-PHSA micelles - The viscosity of the
micelle cores above CMC was estimated by measuring the excimer to monomer intensity
ratio (Ie/Im) of 1,3-(1,1°-dipyrenyl) propane at 376 and 480 nm, respectively, from its
fluorescence emission spectra (11). 1,3-(1.1’-dipyrenyl) propane was dissolved in
chloroform and transferred to volumetric flasks providing concentrations of 2 x 107 M in
the final solution. The concentration of block copolymer was 500 pg/ml (above CMC).
Samples were then heated like what has been explained for pyrene experiment and the
emission spectrum of the fluorescent probe was measured using an excitation wavelength
and emission bandwidth of 333 nm and 4.25 nm, respectively. The same method was
used to determine CMC, core polarity and viscosity in micelles of sodium dodecyl sulfate

(SDS).

2.2.6. Encapsulation of amphotericin B (AmB) by polymeric micelles - The loading of
AmB into polymeric micelles was accomplished by dissolving AmB (2.5 mg) and
polymer (20 mg) in N,N-dimethylacetamide (4.0 ml). Water was added to the solution in a
drop-wise manner (1 drop/l10 sec) until the water content reached 10-15 % v/v. The
solutions were dialyzed against water overnight and filtered (0.45 um). An identical

method was used to self-assemble the amphiphilic block copolymers without drug. The
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drug content in an aliquot of the micellar solution diluted with an equal volume of DMF
was measured from the UV/VIS (Milton Roy 3000) absorbance of AmB at 412 nm in the

same solvent mixture.

2.3. Results and discussion

The scheme used to synthesize stearic acid esters of PEO-b-poly(hydroxyalkyl-L-
aspartamide) is shown in Figure 2.1. The aminolysis of PEO-b-PBLA with 2-
aminoethanol or 6-aminohexanol using 2-HP as a catalyst replaced benzyl groups with
either a C; or Cg spacer group containing a reactive hydroxyl group. Subsequently, the
hydroxyl groups reacted with stearic acid to form an ester bond, using DCC and DMAP
as a coupling reagent and catalyst, respectively. Purified product was shown to be free of
unreacted stearic acid by thin layer chromatography using bromocresol as an indicaror.

'H-NMR was used to estimate the level of attached stearic acid on PEO-b-poly(v-
ethyl stearate)-L-aspartamide (PESA) or PEO-b-poly(N-hexyl stearate)-L-aspartamide
(PHSA) (Figure 2.2). Since the molecular weight of PEO block was known (12,000
gmol™) comparison of characteristic peak intensities of stearic acid (-CHs, 8 = 0.8 ppm)
to that of PEO (-CH,-CH»O-, & = 3.65 ppm) provided an estimate of fatty acid content
(Table 2.1). An analysis of the data by unpaired t-test showed that the C¢ spacer group
increases the degree of stearic acid substitution, i.e. ratio of fatty acid to aspartic acid, (P
< 0.05). This could be attributed to the reduced steric hindrance, owing to the
arrangement of hydroxyl groups away from the PHAA backbone.

PEO-b4-PESA and PEO-b-PHSA self-assembled into spherical micelles based on

TEM images, with low polydispersity and no evidence of secondary association (Figure
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2.3). The average diameters of PEO-b-PESA and PEO-b-PHSA micelles were 17.9 nm to
21.6 nm in the dry state, respectively. The difference was found to be significant
(unpaired t-test, P < 0.001). The difference in diameter may be due to the varied degree
of stearic acid substitution, although the effect of the difference in the length of the spacer
group cannot be ruled out. Based on TEM photographs PEO-5-PBLA micelles had an
average diameter of 17.4 nm. Block copolymers of PEO-b-PBLA with the same
molecular dimensions were found to form micelles with an average diameter of 21 nm in
water using dynamic light scattering technique (5). The difference in the size measured
by these two methods (around 3.6 nm) is due to the hydration of the PEO chain in
aqueous medium. Therefore, a similar increase in size is expected for PEO-4-PESA and
PEO-b-PHSA polymeric micelles when introduced to water.

Fluorescent probe studies with pyrene and 1,3-(1,1°-dipyrenyl) propane on PEO-
b-PESA and PEO-b-PHSA micelles revealed low CMC, low core polarity and high core
viscosity characteristic of an aliphatic domain. At levels above the CMC, the probes
preferentially partitioned into micelle cores, altering their photophysical properties. A red
shift was observed in the excitation spectrum of pyrene with a rise in the level of PEO-b-
PESA or PEO-b-PHSA (Figure 2.4A). A plot of the ratio of peak intensities at 339 nm
over 334 nm versus polymer concentrations rises sharply at the CMC (Figure 2.4B).
PEO-4-PESA and PEO-b-PHSA had average CMCs of 39 and 23 ug/ml, whereas the
CMC of PEO-b-PBLA was 38 pug/ml. CMC of PEO-b-PHSA polymeric micelles was
found to be significantly lower than that of PEO-5-PESA (unpaired t-test, P < 0.05),
reflecting higher tendency for self association for copolymers having longer spacers or

higher levels of fatty acid attachment. The low CMCs of polymeric micelles reflect their
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thermodynamic stability, contrasting with many low molecular weight surfactant micelles
(Table 2.1).

A decrease in the relative intensity of the first (I;) to the third (I5) bands in the
pyrene monomer emission spectrum was also revealed at the onset of micelle formation
(Figure 2.4C and D). The I)/1; of pyrene is a function of polarity. The I,/I; ratio of pyrene
above the CMCs of PEO-b-PESA and PEO-5-PHSA was about 1.0. This value
corresponds to that of pyrene partitioned into sodium dodecy! sulfate micelles and to that
of pyrene in n-butanol (12). The I;/1; ratio of pyrene was noticeably lower for PEQ-b-
PESA and PEO-5-PHSA micelles than PEO-b-PBLA micelles, reflecting a lower polarity
of an alkyl core than an aromatic core. The polarity of cores of polymeric micelles can be
adjusted by polymeranalogous reaction, impacting interactions with drugs and drug
solubilization.

Lastly, 1,3-(1,1 -dipyrenyl) propane partitioned into PEO-5-PESA and PEO-b-
PHSA micelle cores displayed little excimer fluorescence (Figure 2.5, Table 2.1). The
low value of the excimer to monomer intensity ratios, l./In, indicated that the cores in
PEO-b-PLAA micelles have a high viscosity, which may prevent the dissociation of
micellar structure to polymeric unimers. PEO-5-PBLA micelles also have cores with high
viscosity. In contrast, the I/l ratio for sodium dodecyl sulfate micelles is quite high and
consistent with a liquid-like core. At low viscosity, free rotation around carbon-carbon
bonds in 1,3-(1,1°-dipyrenyl) propane favors excimer formation.

AmB partitioned into PEO-5-PESA and PEO-b-PHSA micelles, increasing its

solubility to 137 and 332 pg/mL from 1.0 pg/mL (Table 2.1). PEO-b-PBLA micelles

increased the solubility of AmB to 25 ug/ml. The increase in AmB solubility reflects
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preferential interaction of the drug with alkyl group, as opposed to benzyl group. AmB
interacts favorably with serum lipoproteins, which have cores rich in triglycerides, and
with lipid bilayer membranes. The solubility of AmB increased as the degree of fatty acid

substitution and/or micellar size was increased.

2.4. Conclusion

PEO-b-PESA and PEO-b-PHSA self-assemble into nanoscopic supramolecular
core-shell architectures, mimicking structural features of serum lipoproteins. Owing to a
core of stearic acid, solubilization of AmB is effectively improved in PEO-b-PESA and
PEO-b-PHSA micelles. PEO-6-PESA and PEO-5-PHSA micelles may also solubilize
other drugs solubilized by serum lipoproteins and have the potential to aiter the

biodistribution of the incorporated drugs.
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Table 2.1. Characteristic properties of micelles based on PEO-6-PLAA block copolymer with

aromatic and aliphatic side chains in comparison to sodium laury! sulfate.

Polymer Side chain Micellar CMC I/I; /Ty AmB AmB/
substitution diameter + SD (ug/ml) solubility  polymer
level (%) (nm) (ng/ml) (molar ratio)
PEO-5-PBLA 100 17439 38+5 114 025%0.06 25 0.1
PEO-b-PESA 446+ 8.6 179+£59 39+7 1.04 0.15+005 137 1.5
PEO-5-PHSA 63.8+13.9 216+4.0 23+5 1.00 0.15+0.04 332 4.2
SDS - - 2500 096 0.93 - -

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CH; O(CHCH:O)(CH:);S(CH:)NH CO!CHNHX’-H
(l:l’b
CO:_H:C'-Q
PEO- b -PBLA

l HyN(CHy )sOH

CH; O(CHCH:OX(CHe); S(CHNH—¢ COICHNHM{
CH;

|
CONH(CH)sOH
PEO- b -PHAA

l CH;(CH,)sCOH

CH; (CHCH:OK(CH:);S(CH)NH~¢ CO!CHNHR‘COCIT HNH)-H
?H: ICH:
CH;(CH: )1 CO (CH )7 NH—CO CONH(CH)sOH

PEO- b -PHSA

hydrophilic block hydrophobic block

RITEHT

aromatic groups(')(')(')d')(‘)o

|||||||

fatty acid side chains

Figure 2.1. Synthetic scheme for PEO-6-PHSA from PEO-5-PBLA and models.
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Figure 2.2. '"H NMR spectrum of PEO-b-PHSA in chloroform-d and peak assignments.
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Figure 2.3. TEM photograph of PEO-5-PHSA micelles (magnification 18000 x 5.9).
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M) from emission spectrum as a function of polymer concentration.
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Chapter 3

The effect of alkyl core structure on micellar properties of poly(ethylene

oxide)-b-poly(L-aspartamide) derivatives

A version of this chapter has been published: A. Lavasanifar', J. Samuel', and G.S.
Kwon™. Colloids & Surfaces B: Biointerfaces, 22:115-126 (2001). ' Faculty of Pharmacy
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Canada. > School of Pharmacy, University of Wisconsin-Madison, 425 N. Charter St.,
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3.1. Introduction

The alteration of the core structure in PEO-b-poly(L-aspartic acid) (PEO-b-
P(Asp)) based micelles to aliphatic ones enhanced the solubilization of a model aliphatic
drug, AmB, as reported in the first chapter. In this chapter, we intend to elaborate on the
effect of different alkyl core structures on crucial micellar properties for an efficient drug
delivery.

Block copolymers with various dimensions of the P(Asp) block, different chain
lengths of fatty acid and alkyl spacer groups and varied levels of fatty acid substitution on
the polymeric backbone have been prepared. Micellar properties such as size, critical
micelle concentration, core polarity and viscosity have been measured by transmission
electron microscopy (TEM) and fluorescent probe techniques. Amphiphilic polymers that
self assemble at very low concentrations (UM levels) in an aqueous environment and
form spherical micelles with nanoscopic dimensions could mimic aspects of natural
transport systems in vivo (1). While compatibility of the core-forming block and
solublizate is essential for polymeric micelles to solubilize the hydrophobic molecules
effectively (2-5). the existence of rigid cores provides kinetic stability for the micellar
structure. Besides. slow release of the solubilized molecules from the polymeric micelles
with very rigid cores can be achieved, as the diffusion coefficients are very low in

temperatures below glass transition temperatures (Tg) (1).

3.2. Experimental section
3.2.1. Synthesis of fatty acid esters of PEO-b-poly(hydroxy-alkyl-L-aspartamide) - The

synthesis of PEO-b-poly(hydroxy-alkyl-L-aspartamide) with fatty acid ester side chains
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from PEO-b-poly(B-benzyl-L-aspartate) (PEO-b-PBLA) has been carried out in two
steps. Based on '"H NMR spectroscopy, the degree of polymerization of the PBLA block
in the samples used was either 15 or 24. To differentiate between these samples, a
nomenclature of 12-15 or 12-24 is defined based on molecular weight of the PEO block
(12000 gmol™) and the degree of polymerization of the PLAA block (15 or 24). For a
detailed description of the first step refer to chapter 2, section 2.2.2. For the current study,
in the second step, PEO-b-PHAA (12-15) was esterified with hexanoic (C=6), capric
(C=10), myristic (C=14), stearic (C=18) or behenic acid (C=22) using the procedure

explained under section 2.2.2 in chapter 2.

3.2.2. Micelle formation from fatty acid esters of PEO-b-PHAA - Micellization of
polymers was achieved by dissolving 15 mg of each polymer in 4.0 mL of DMF with the
aid of slight heat. Doubly distilled water was then added to this solution in a drop-wise
manner (one drop per 20 s) until the final water concentration was 10-15 % (v/v). A
dialysis membrane with a molecular cutoff of 12,000-14,000 gmol™ was used to replace
the organic solvent with distilled water overnight at room temperature replacing the

medium three times. Micelles were then passed through 0.22 uM filters.

3.2.3. Determination of the micellar shape and size by transmission electron
microscopy (TEM) - Method of sample preparation for TEM is described under section
2.2.3 in chapter 2. Prepared samples were loaded into a HITACHI H 7000 transmission
electron microscope. Images were obtained at a magnification of 18,000 times (75 kV).

Apparent diameters of micelles were measured and mean diameter + SD was calculated
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for each species based on at least 120 measurements. For micelles with an elepsoid shape.

the diagonal of the ellipsoid is reported as the micellar size.

3.2.4. Estimation of the critical micelle concentration and micellar core polarity by
Sfluorescent probe techniques - By following changes in the fluorescence excitation and
emission spectra of pyrene in the presence of varied concentrations of block copolymers,
according to a method described in section 2.2.4 in Chapter 2, the critical micelle
concentration (CMC) and the polarity of the micellar core for each block copolymer were

determined, respectively.

3.2.5. Estimation of the core viscosity by fluorescent probe measurements - The
viscosity of the micelle cores above the CMC was estimated by measuring excimer to
monomer intensity ratio (I/In) of 1,3-(1,1’-dipyrenyl)propane at 376 and 480 nm,

respectively, based on a procedure explained in section 2.2.5 in chapter 2.

3.2.6. Statistical analysis - Data obtained from CMC and micellar size measurements
were subjected to analysis of variance or unpaired t test by Statistical Analysis Software
(SAS). For ratios obtained in the polarity and viscosity measurements inverse sin
transformed data were subjected to analysis of variance. Differences among treatment
means were tested for statistical significance using the Duncan multiple mean procedure

at a significance level of 0.05.
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3.3. Results

The preparation of fatty acid esters of PEO-b-PHAA from PEO-6-PBLA with
either 15 or 24 degrees of polymerization in the PBLA block was accomplished in two
steps. In the first step, 2-HP was used as a catalyst to remove the benzyloxy group of
PEO-5-PBLA and replace it with either 2-aminoethanol or 6-aminohexanol. As a result,
PEOQO-b-poly(hydroxyethyl-L-aspartamide) PEO-b-PHEA) and PEQO-b-
poly(hydroxyhexyl-L-aspartamide) (PEO-b-PHHA) were formed, respectively. PEO-b-
PHEA and PEO-b-PHHA were then reacted with saturated fatty acids of various chain
lengths ranging from 6 to 22 carbons in the presence of DCC and DMAP as coupling
agent and catalyst. respectively. The general structure of the final product is shown in
Figure 3.1. Thin layer chromatography using diethyl ether:dichloromethane (20:80) as the
mobile phase and 0.1 % solution of bromocresol in ethanol as an indicator confirmed the
purity of block copolymers from free fatty acids.

'H NMR was used to estimate the level of fatty acid substitution on PEO-b-
PHAA. Since the molecular weight of the PEO block was known and the purity of the
svnthesized copolymers was confirmed by TLC, comparison of characteristic peak
intensities of fatty acid substitutents (CHs-, 6 = 0.8 ppm) to that of PEO (-CH,-CH,-O-.

= 3.6 ppm) provides an estimation of the degree of fatty acid attachment. The
substitution of fatty acid is expressed as the percentage of conjugated stearic acid to
hydroxyl groups of PEO-b-PHAA throughout the thesis. Statistical analysis (ANOVA,
Duncan’s test) of the data obtained for different batches of synthesized polymers (with
varied fatty acid chain lengths) reveals that the use of longer spacer groups significantly

(P <0.01) increases the level of fatty acid substitution on the PHAA block.
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Micellization of the fatty acid conjugates of PEO-b-PHAA having different core
structures was achieved using a dialysis method, and the formation of micelle like
structures was investigated by TEM. The TEM images clearly indicate the presence of
spherical particles with nanoscopic dimensions. However, a tendency towards the
formation of ellipsoids is seen when longer fatty acids (myristic and stearic) attached to
Cs spacer group with higher degrees of substitution (ca. 65 %) were used (Figure 3.2).

The average diameter of the prepared micelles measured from TEM images for
12-15 samples was found to be between 14.7 - 21.8 nm (Table 3.1). Increasing the
substitution level of fatty acid on the polymeric backbone caused a significant increase (P
< 0.001) in micellar size as it is shown for PEO-b-poly[n§-(6-hexyl caprate)-L-
aspartamide] (PEO-4-PHCA) in Figure 3.3A (7 % vs. 44%). The length of the spacer
group showed no significant effect when micellar size was compared in capric acid
conjugates of PEO-5-PHEA and PEO-5-PHHA with the same degree of fatty acid
attachment (Figure 3.3A). Increasing the length of fatty acid chain was shown to cause a
significant raise in micellar size (P < 0.001) when polymer batches with similar degree of
fatty acid attachment were compared (Table 3.1). The average diameter of stearic acid
conjugates of PEO-b-PHEA and PEO-b-PHHA for 12-24 samples was measured to be
between 23.3 to 25.3 nm. An increase in the length of the PLAA block from 15 to 24 also
showed an enhancing influence (unpaired t test, P < 0.001) on micellar size when block
copolymers with the same degree of stearic acid substitution on the PHEA or PHHA
blocks were compared (Figure 3.3B). The substitution level of stearic acid on the PHEA
and PHHA block was calculated to be 45 and 60 %, respectively in both 12-15 and 12-24

samples.
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Pyrene was used as a fluorescent probe to determine the CMCs and the
micropolarities of the core for micelles formed from fatty acid esters of PEO-b-PHAA.
Following partitioning of pyrene into the micellar core at polymer levels above CMC, a
red shift is seen in the excitation spectrum of pyrene. Therefore, the ratios of peak
intensities at 339 nm over 334 nm can be plotted vs. the logarithm of polymer
concentration to determine CMC (Figure 3.4A). The CMC is measured from a sharp rise
in the intensity ratios at the onset of micellization (6-8). The average CMCs for the
polymeric micelles under study ranged from 9 to 50 ug/mL. The elongation of the fatty
acid chain did not change CMC values obtained from this method of measurement (Table
3.1). As it is shown in Figure 3.4B and 3.4C, no significant effect (P > 0.05) on CMC
was observed when block copolymers with longer PHAA block or spacer group but
similar level of fatty acid substitution were used, respectively, whereas the substitution
level of fatty acid on the PHAA block seems to be the major factor controlling the onset
of micellization. As it is illustrated in Figure 3.4C. a decrease in the level of capric acid
attachment from 44 to 7 % results in a reduced tendency for self-association in PEO-b-
PHCA. The mean CMC value rose from 29 to 57 ug/mL in PEO-6-PHCA with 7 % of
capric acid substitution.

The fluorescence emission spectrum of pyrene was also affected by the polarity of
its environment. A sharp decrease in the relative intensity of the first (I;) to the third band
(I;) was observed at the CMC as pyrene partitions to the non-polar core of the micelles
(Figure 3.5A). The I/I5 ratios obtained from emission spectra of pyrene in the presence
of 500 ug/mL of fatty acid ester of PEO-b-PHAA (12-15) are reported in Table 3.1. In

water, a ratio of 1.4 was observed for pyrene, which is in agreement with previous
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observations (7). At low polymer concentrations, this ratio was close to what has been
found for water. As the concentration of the polymer increased, the I;/I; ratio dropped to
about 1.0. The reduced value of I;/1I5 ratio is an indication of the existence of non-polar
microdomains in micelles with polarities similar to n-pentanol in the pyrene scale (9). No
significant effect on I,/I; was detected when different structural factors were altered in
fatty acid conjugates of PEO-6-PHAA, P > 0.05 (Table 3.1, Figure 3.5B). A decrease in
the level of fatty acid substitution caused a significant decrease in /I3 ratio, P < 0.01
(Figure 3.5C).

Evidence for the limited motion of fatty acid esters in the micellar core was
obtained from the fluorescence emission spectrum of 1,3-(1,1’-dipyrenyl)propane in the
presence of 500 pg/mL of polymeric micelles (Figure 3.6A). Like pyrene, 1,3-(1.1°-
dipyrenyl)propane is a hydrophobic fluorescent probe that preferentially partitions into
the hydrophobic micro-domains of micelles at polymer concentrations above the CMC.
By changing its conformation, 1,3-(1,1’-dipyrenyl)propane forms intramolecular pyrene
excimers that emit light at 480 nm when excited at 390 nm. The conformational change
in 1,3-(1,1°-dipyrenyl)propane probe is being restricted by a local friction imposed by the
viscosity of its environment. Therefore, the ratio of the intensity of the light emitted from
excited dipyrene excimer (I.) to that of isolated pyrene monomer (Iy) in its emission
spectrum could be used as a measure of effective viscosity (7). As shown in Table 3.1
and Figure 3.6, I/I,, ratios are found to be very low for all the copolymers under study,
reflecting rigid structures for the polymeric micellar cores. In contrast, a high incidence
of excimer formation in sodium lauryl sulfate (SDS) reflects the liquid like core of a low

molecular weight surfactant (Figure 3.6A). No significant change (P > 0.05) in I./Iry ratios
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was detected for different fatty acids attached to the polymeric backbone in 12-15
samples (Table 3.1). However, behenic acid conjugates of PEO-b-PHHA with
substitution levels of 65 % showed lowered 1./l ratio (0.08) in comparison to other
copolymers (Table 3.1). In addition to this specific structure, lower average I/I, ratios in
12-24 samples of PEO-b-poly[N-(2-ethy] stearate)-L-aspartamide] (PEO-6-PESA) PEO-b-
poly[N-(6-hexyl stearate)-L-aspartamide] (PEO-b-PHSA) compared to 12-15 species
indicates the elongation of the PHAA block cause more restricted motions in the micellar

core environment as well (Figure 3.6B).

3.4. Discussion

It is known that amphiphilic block copolymers can form supramolecular
core/shell structures in aqueous environment through the expulsion of their hydrophobic
segments from water and further hydrophobic association of these blocks.
Supramolecular self-assembled structure plays an analogous role to natural carriers with
several advantages such as ease of chemical modification, stability and safety (10; 11).
To achieve optimized micellar properties and drug loading capacities we pursue the
chemical tailoring of the core structure in PEO-b-PLAA in our recent research studies.
Compatibility between the solubilizate and the core-forming block is proven to be
necessary for efficient solubilization of water insoluble molecules in micellar systems (2;
3; 5; 12). With this in mind, the chemical structure of the core-forming block in PEO-b-
PLAA was tailored to aliphatic ones to enhance the solubilization of compatible drugs.
This issue is investigated for a model drug, AmB, and the preliminary results are

emphasized in the first chapter. The purpose of the current study was to investigate the
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role of structural modifications on the key micellar properties, which determine the
effectiveness of the drug delivery system.

Chemical modification of the core structure in PEO-b-PLAA block copolymers
was carried out through replacement of benzyloxy group in PEO-5-PBLA with
hydrophobic spacers having hydroxyl termini. These products were further conjugated
with different fatty acids to form fatty acid conjugates of PEO-b-PHAA (Figure 3.1). 'H
NMR was used to measure the degree of fatty acid substitution. Attachment of a
hydrophobic spacer was proposed to introduce hydroxyl functional moieties to the side
chains, which could react with the carboxyl groups of the fatty acids. The conjugation of
fatty acid was increased as the length of the spacer was raised from 2 to 6 carbons. Using
the same method of synthesis. block copolymers with different structures of the core-
forming block were prepared, purified. dissolved in DMF and dialyzed against water to
form micellar structures. Micellar properties were determined for each structure by TEM
and fluorescent probe techniques.

Our data suggests that PEO-b-PLAAs with alkyl core structures are potential
candidates to mimic aspects of biological carriers for delivery of hydrophobic molecules.
They self-assemble into nanoscopic, supramolecular core/shell structure where the core is
rich in fatty acid esters. The shape of the micellar system was shown to be spherical by
TEM in most of the cases with the exception of highly substituted (> 65 %) myristic,
stearic and behenic conjugates of PEO-b-PHHA. In those species a tendency toward the
formation of ellipsoids is observed (Figure 3.2), which could be attributed to the larger
dimensions of the hydrophobic block in those constituents. Low CMC values measured

for fatty acid conjugates of PEO-6-PhAA indicate a high tendency of these amphiphilic
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structures toward self-association in aqueous environment, i.e., their thermodynamic
stability. The aliphatic core of polymeric micelles prepared in this study also appeared to
be highly viscous. Micelles with glassy cores tend to disassemble more slowly than those
with a mobile core (1). As a result the micellar system may show kinetic stability
surviving for some period of time in vivo.

The alkyl core of the polymeric micelles in our studies was essentially varied in
four structural aspects: a) The length of the PLAA block, b) the length of the alkyl spacer,
¢) the length of the attached fatty acid and d) the substitution level of fatty acid on the
polymeric backbone.

The substitution level of fatty acid on the polymeric backbone was revealed to be
the major factor affecting micellar size, shape, CMC and micropolarity. The effect of the
fatty acid substitution level was investigated in PEO-5-PHCA block copolymers with two
different degrees of capric acid attachment. An increase in the fatty acid content of the
micellar core caused an increase in micellar size (P < 0.0001, unpaired t test) and a
decrease in CMC (P < 0.05. unpaired t test) as it is illustrated in Figures 3.3 and 3.4.
respectively. Average micellar size was enhanced when capric acid content of the core
was increased from 7 to 44 %. Enhancement of the micellar size in the dry state is
assumed to be a consequence of larger dimensions of the hydrophobic block in those
structures. Owing to the hydration of the PEO surface, micellar size is expected to show
an increase in aqueous environment. However, enhanced hydrophobicity of the core-
forming block may restrict this hydration and affect the final size of the polymeric
micelles in vivo. Therefore, the results obtained from the TEM measurements cannot

simply be extrapolated to micellar dimensions in aqueous environment.
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Reduced CMC values for block copolymers with higher levels of capric acid
attachment reflect reduced free energy of micellization for those polymers. Preferential
expulsion of the copolymers with larger hydrophobic segments from water (greater
entropic driving force) is assumed to be the reason behind this observation. PEO-b-
PHCA with 7% of capric acid attachment exhibited greater micropolarities at 500 pg/mL
concentration (I;/I; = 1.3) (Figure 3.5C). The I}/I3 in this case is even higher than values
measured for benzyl core in PEO-5-PBLA at the same concentration (Chapter 2, section
2.3). The higher I,/1; ratios could result from high core polarities due to the expressiqn of
OH groups in the micellar core. However, incomplete localization of the pyrene probe in
the micellar core can cause the same effect. This in turn is a result of reduced
hydrophobicity in the core region when polymeric micelles with capric acid substitutions
as low as 7 % are used. At 7 % substitution, the amount of fatty acid present is not high
enough to overcome the high polarities induced by free hydroxyl groups present in the
micellar core. Existence of polar groups in the micellar core is expected to make the
delivery system more susceptible to dissociation and hydrolysis. It is interesting that no
difference in micellar core viscosity was shown in the two species. The formation of the
1,3-(1,1°-dipyrenyl)propane excimer was considerably restricted in PEO-b-PHCA even
with 7% of fatty acid substitution. This result is in contrast to SDS, which shows a 10
fold ratio of I/I, in comparsion to polymeric micelles (Figure 3.6).

The application of block copolymers with different lengths of the PLAA block
induced changes in micellar size and core viscosity. Average micellar size was increased
when length of the PHEA and PHHA was increased at the similar level of stearic acid

substitution as it is illustrated in Figure 3.3B. Increasing the hydrophobic block length
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showed no detectable effect on CMC measured from partitioning of pyrene in micellar
core (Figure 3.4B). This finding seems to contradict previous observations (6). However,
in this case the presence of hydroxyl groups in the core-forming block might have caused
the effects of the block elongation in reducing CMC to be hindered. Like CMC, micellar
core polarity was not affected by this structural factor as it is shown in Figure 3.5B.
Micellar core viscosity, however, was found to be influenced by the length of the P(Asp)
block. More viscose cores were formed when the length of P(Asp) was elongated from 15
to 24 (Figure 3.6B). Side chain crystallization in the core caused by parallel arrangement
of fatty acids is a possibility. but it requires further study. This may in turn, result in the
formation of polymeric micelles with greater dynamic stability. At the same time, due to
this effect particle movements into or out of the core region could be restricted.

The length of the spacer group showed no significant effect on micellar
properties. Its effect on micellar size and CMC is compared in Figure 3.3A and 3.4C,
respectively. for PEO-b-PECA and PEO-4-PHCA having similar degrees of capric acid
attachment. The difference observed in micellar size (Figure 3.3B) and CMC (Figure
5.4B) between PEO-b-PESA and PEO-4-PHSA is, therefore, most likely a result of an
increase in the level of stearic acid substitution from 45 to 60 percent.

Except for micellar size, other properties of the system were not affected when
length of the fatty acid attached to the polymeric backbone was changed (Table 3.1), or at
least the methods used were not sensitive enough to detect the possible differences.
Attachment of behenic acid with 22-carbon chain to hexyl spacer in a high level of
substitution was the only exception. This unique structure lowered the formation of

dipyrene probe excimer reflecting higher local viscosity in micellar core in comparison to

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



other polymeric micelles in this study (Table 3.1). The same structure with 50 % of
behenic acid attachment showed similar I/l ratios in comparison to other structures

reflecting similar microviscosities.

3.5. Conclusions

Fatty acid esters of PEO-5-PHAA can be used for drug delivery as they form
nanoscopic. core/shell micellar structures at very low concentrations where the core is
solid like at room temperature. Owing to the possibility of structural modifications in the
core-forming block, polymeric micelles with selected structures for the purpose of drug
delivery can be designed and prepared. Our results indicate varying the level of fatty acid
side chain and the length of the PHAA block are the major factors by which the micellar
structure can be tailored. Changing the level of fatty acid attachment will affect micellar
size, thermodynamic stability and micropolarity, whereas varying the length of the
PHAA block in PEO-5-PLAA copolymers can be used to achieve desired micellar core
viscosity. Increasing the core viscosity can also be achieved by conjugation of fatty acids

having long chains (>22 carbon) in a high level to the polymeric backbone.
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Table 3.1. The effect of fatty acid chain length on micellar properties in PEO-5-PHAA (12-15)

derivatives.
Spacer Fatty acid Substitution Size+ SD CMC# I,/1, + SD* Te/Im +
group chain length level (nm)* SD ) M
(%) n=120 (ug/mL)* n= n=
n=
6 44 16.4+32%  39+5%  1.05+0.01* 0.16+0.01*
10 43 176 +33%  32+£2*%  1.00+£0.02* 0.15+0.02*
Ethyl 14 42 17.7+39°  34+16* 1.03+002* 0.15x001*
18 47 180+59°  39+7%  1.06+003* 0.15+005"
10 57 18.1£33%  26+3%  1.01£0.03* 0.12%001*
14 65 213+59° 1468  1.02:£001* 0.12x001%
Hexyl 18 60 21.6+34%  23+5%  1.02£001* 0.15:004*
22 65 21.8+74% 92 1.08+0.01* 0.0820.01%
22 48 NA 27+4%  1.03£0.01* 0.12+0.01*

" The difference between data with the same superscripts in one column is not significant (P > 0.05).
The difference betweem data with different superscripts in one column is significant (P < 0.05).

* Not available
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Figure 3.1. Chemical structure of fatty acid conjugates of PEO-6-PHAA.
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A)

B)

Figure 3.2. TEM images of (A) PEO-b-poly[N-(2-ethyl myristate)-L-aspartamide] PEO-b-PEMA
(12-15), substitution level = 42 %; (B) PEO-b-poly[N-(6-hexyl myristate)-L-aspartamide] PEO-

b-PHMA (12-15), substitution level = 65 % (Magnification 18,000 x 6.0).
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Figure 3.3. The effect of alkyl core structure on micellar size (mean + SE). A) The effect of
spacer group and level of fatty acid conjugation in capric acid conjugates of PEO-b-PHAA. B)
The effect of PHAA block length in stearic acid conjugates of PEO-b-PHAA. The difference
between bars presented with the same letter in each graph is not significant (P > 0.05). The

difference betweem bars presented with different letters in each graph is significant (P < 0.05).
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Figure 3.4. A) Intensity ratio (339 nm/334 nm) of pyrene (6 x 107 M) from excitation spectrum
as a function of block copolymer concentration. B) The effect of PHAA block length in stearic
acid conjugates of PEO-5-PHAA on CMC (mean + SE) C) The effect of spacer group and level
of fatty acid conjugation in capric acid conjugates of PEO-b-PHAA on CMC (mean t SE). The

difference between bars presented with the same letter in each graph is not significant (P > 0.05).

The difference betweem bars presented with different letters in each graph is significant (P <

0.05).
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Figure 3.5. A) Intensity ratio (I,/I3) of pyrene (6 x 107 M) from emission spectrum as a function
of block copolymer concentration B) The effect of PHAA block length in stearic acid conjugates
of PEOQ-b-PHAA on I)/1; ratio (mean + SE) C) The effect of spacer group and level of fatty acid
conjugation in capric acid conjugates of PEO-b-PHAA on I,/]; ratio (mean + SE). The difference
between bars presented with the same letter in each graph is not significant (P > 0.05). The

difference betweem bars presented with different letters in each graph is significant (P <0.05).
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Figure 3.6. A) Fluorescence emission spectrum of 1,3-(1,1’-dipyrenyl)propane in micellar
solutions of PEO-b-PHSA in comparison to SDS. B) The effect of PHAA block length on
microviscosity in stearic acid conjugates of PEO-6-PHAA. The difference between bars presented
with the same letter in each graph is not significant (P > 0.05). The difference betweem bars

presented with different letters in each graph is significant (P < 0.05).
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Chapter 4

Micelles self-assembled from poly(ethylene oxide)-b-poly(V-hexyl
stearate-L-aspartamide) by a solvent evaporation method: effect on

solubilization and haemolytic activity of amphotericin B

A version of this chapter has been accepted for publication in Journal of Controlled

Release.
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4.1. Introduction

PEO-b-poly(L-aspartic acid) (PEO-b-P(Asp)) derivatives with aliphatic core-
forming structures may form micelles that may effectively solubilize aliphatic or water-
insoluble drugs, such as amphotericin B (AmB) (1). In addition, PEO-5-P(Asp) based
micelles may potentially be tailored to increase the encapsulation of AmB by alteration in
the side chain structure. A family of amphiphilic PEO-b-P(Asp) derivaives, which have
aliphatic fatty acid side chains have been prepared (Figure 4.1) and assessed the
functional properties of their self-assembled structures for an efficient drug delivery (2).
Micelles composed of PEO-b- poly[N-(6-hexy! stearate)-L-aspartamide] (PEO-5-PHSA)
with a polymerization degree of 24 in the PHSA block were selected as optimized
structures for AmB delivery. Based on a higher core viscosity, we speculate an improved
stability and release properties for PEO-5-PHSA (12-24) micelles.

In this context, we are interested in finding an optimal method for drug loading in
PEO-b-PHSA micelles. The encapsulation of AmB by PEO-6-PHSA micelles by a
dialysis method of drug loading has been (1). In this chapter, a solvent evaporation
method for AmB encapsulation in PEO-b-PHSA micelles is described which may
diminish AmB toxicity significantly as a result. The solvent evaporation method has been
used widely for liposomes, but not polymeric micelles (3). Drug loading in polymeric
micelles is usually accomplished by either dialysis or O/W emulsion methods (4-7). The

solvent evaporation method may have advantages in drug loading at a large scale.
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4.2. Experimental section

4.2.1. Synthesis of PEO-b-PHSA - PEO-b-PHSA was prepared from PEO-b-poly(B-
benzyl-L-aspartate) (PEO-6-PBLA) as described previously (Chapter 2, section 2.2.2).
The molecular weight of PEO and the number of BLA units in PEO-b-PBLA were
12,000 g mol” (Mu/M, = 1.05) and 24, respectively. Briefly, PEO-5-PBLA was reacted
with 6-aminohexanol at 25° C in the presence of 2-hydroxypyridine as a catalyst. PEO-b-
poly(hydroxyhexyl-L-aspartamide) (PEO-b-PHHA) was formed, providing hydroxyl
groups in the side chains. Stearic acid was then reacted with PEO-b-PHHA in dry
dichloromethane with the aid of dicyclohexylcarbodiimide and dimethylaminopyridine.
The degree of fatty acid substitution was 50%, based on 'H-NMR in chloroform-d (AM-

300 MHz).

4.2.2. Encapsulation of AmB by PEO-b-PHSA micelles - A) Dialysis method. The
dialysis method was optimized for AmB encapsulation in PEO-6-PHSA micelles. AmB
(400 pg) and PEO-b-PHSA (20 mg) were dissolved in 1.2 mL of N, N-dimethylsulfoxide.
Water was added to the solution in a drop-wise manner (1 drop/20 sec) until its content
reached 80 % v/v. The solution was dialysed against water overnight, filtered (0.22 pm)
and freeze-dried.

B) Solvent evaporation method. AmB (470 pug) and PEO-b-PHSA (20 mg) were
dissolved in methanol (5.0 ml) in a round bottom flask. Methanol was evaporated under
vacuum at 40°C in 15 min. Distilled water was added to the polymer/drug film, the
solution was incubated at 40°C for 10 min and vortexed for 30 sec afterwards. The

micellar solution was filtered (0.22 um) and freeze-dried.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The freeze-dried samples of AmB in PEO-5-PHSA micelles were reconstituted in
water and filtered (0.22 pm). An aliquot of the micellar solution in water was diluted with
an equal volume of N, N-dimethylformamide and the drug content was determined from

the UV/VIS absorbance of AmB at 412 nm (Pharmacia Biotech Ultraspec 3000).

4.2.3. Transmission electron microscopy (TEM) - Samples for TEM were as described
in Chapter 2 under section 2.2.3 and images were obtained at a magnification of 18,000
times (75 kV) (HITACHI H 7000). Apparent micellar diameters were measured, and a

mean diameter = SD was calculated based on at least 120 measurements.

4.2.4. Size exclusion chromatography (SEC) - AmB was dissolved in 0.10 M phosphate
buffer solution, pH = 7.4, with the aid of DMSO, providing levels at 1.0 to 100 pg/ml.
The amount of DMSO in the final samples was less than 1 % (v/v). Freeze-dried PEO-b-
PHSA micelles with or without AmB were dissolved in a 0.10 M phosphate buffer to
provide a level of 0.5 mg/mL for polymer. Samples of 125 uLwere injected into a
Hyvdrogel 2000 (Waters) column after it was equilibrated with phosphate buffer 0.10 M
(pH = 7.4) at a flow rate of 0.8 ml/min (Waters B15 LC system). Elutions were done with
a UV/VIS detector (Waters 486) set at 210 and 410 nm for PEO-b-PHSA and AmB,
respectively. The column was calibrated with dextran standards (8.05x10° -9.11x10°

gmol™") using refractive index detection (Precision Detectors 2000).

4.2.5. Haemolytic activity of AmB toward human red blood cells - Human blood was

collected and centrifuged. The supernatant and the buffy coat were pipetted off and the
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red blood cells (RBCs) were diluted with an isotonic phosphate buffer, pH 7.4. The
proper dilution factor was estimated from the UV/VIS absorbance of haemoglobin at 576
nm in the supernatant after red blood cells were lysed by 20 pg/mL of AmB. A properly
diluted sample of RBCs gave an absorbance of 0.4-0.5 in this condition. Solutions of
diluted RBCs (2.5 ml) with varied levels of AmB in different samples were incubated at
37°C for 30 min. Samples were then placed in ice to stop the haemolysis. The unlyzed
RBCs were removed by centrifugation at 20,000 G for 20 sec. The supernatant was
collected and analyzed for haemoglobin by UV/VIS spectroscopy at 576 nm. The percent
of haemolysed RBCs was determined using the following equation: % haemolysis =
100(Abs - Abs,)/(Abs;go - Abs,), where Abs, Abs, and Abs;qo are the absorbance for the
sample, control with no AmB and control in the presence of 20 ug/mL. AmB,

respectively.

4.3. Results and Discussion

A scheme for the dialysis and solvent evaporation methods used to encapsulate
AmB in PEO-b-PHSA micelles is shown in Figure 4.2. The level of AmB in PEO-b-
PHSA micelles by solvent evaporation method was 0.35 mol drug/mol polymer, and the
vield of AmB encapsulation was 73 % (Table 4.1). In contrast, the dialysis method
provided 0.25 mol AmB/mol PEO-4-PHSA, and the yield of AmB encapsulation was 60
%. In both cases of drug loading, reconstitution of freeze-dried samples yielded aqueous

solutions having AmB levels greater than 250 pg/ml. The solubility of AmB itself in

water is 1 pg/ml, and it is administered at 100 pug/ml.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TEM provided evidence for the formation of spherical micelles from PEO-b-
PHSA when solvent evaporation method was used for micelle formation and drug
loading (Figure 4.3A). The average diameter of PEO-b-PHSA micelles was 15.2 + 4.0
nm before freeze-drying. An increase in the micellar size to 22.3 + 4.7 nm was observed
for the reconstituted samples. PEO-b-PHSA micelles prepared by the dialysis method
were also spherical (Figure 4.3B), but significantly larger (average diameter of 25.0 £ 4.9
nm) than PEO-b-PHSA micelles prepared by the solvent evaporation (P< 0.0001,
unpaired t test).

SEC provided evidence for the encapsulation of AmB in PEO-5-PHSA micelles
and levels of free AmB below detectable limits (Figure 4.4A). Free AmB eluted from the
column at 17.4 to 16.5 min depending on its concentration and aggregation state (Figure
4.4B). PEO-b-PHSA micelles formed by dialysis and solvent evaporation methods eluted
at 10.6 £ 0.1 and 10.8 + 0.0 min, respectively, corresponding to a molecular weight of 2.9
x 10° and 2.4 x 10° g mol " based on dextran standards. This reflects formation of
significantly larger micelles by the dialysis method (unpaired t test, P< 0.05) consistent
with TEM. Using either the solvent evaporation or the dialysis method of drug loading,
AmB loading at levels of 0.25-0.35 drug to polymer molar ratio caused no significant
change in the elution time of PEO-b-PHSA micelles (unpaired t test, P>0.05) (Table 4.1).

The primary advantage of the solvent evaporation method was a reduction in
haemolysis owing to free AmB (Figure 4.5). AmB itself caused 100 % haemolysis at
about 1 pg/ml. After encapsulation of AmB in PEO-5-PHSA micelles by the dialysis
method, the drug was less toxic than AmB itself, causing 80% haemolysis at 4.5 pg/ml
and 100 % haemolysis at 6 pg/ml. In contrast, AmB encapsulated by the solvent
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evaporation method in PEO-b-PHSA micelles was completely nonhaemolytic at 15
pg/ml.

The results contrast with earlier findings, where Pluronics, PEO-b-poly(propylene
oxide)-b-PEO, successfully solubilized AmB after encapsulation through a solvent
evaporation method, but failed to protect red blood cells from haemolysis (8). PEO-5-
PHSA micelles may reduce haemolysis by the slow release of AmB over the 30 min time
period of incubation of drug with red blood cells or release of AmB in an unaggregated
state, unimers, which are known to be non-toxic for mammalian cells (9; 10). In either
situation, AmB encapsulated in PEO-b-PHSA micelles by the solvent evaporation

method is expected to be much less toxic than AmB alone in an in vivo system.

4.4. Conclusions

PEO-b-PHSA self assembles into micelle like structures and encapsulate AmB
through a solvent evaporation method. As a result, the concentration of AmB in solution
can be increased to levels that are clinically relevant and the toxicity of the drug in terms

of haemolysis can be reduced dramatically.
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Table 4.1. The effect of loading process on encapsulation of AmB by PEO-b- PHSA micelles.

Loading PEO-b- Initial Loaded AmB: Yield Elution time of Elution time of
method PHSA level of AmB PEO-5- (%) polymeric micelles  polymeric micelles
(mg) AmB (ug) PHSA without AmB with AmB
(ug) (mol:mol) (min £SD) (min + SD)
Dialysis 20 406 244 0.25 60 10.6 +0.1 10.6 £ 0.0
Solvent 20 470 340 0.35 73 10.8 £0.0 10.7+£0.0
evaporation
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Figure 4.1 . Chemical structure of PEO-b-PHSA block copolymer and molecular model.
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loading in PEO-6-PHSA micelles.
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A)

B)

Figure 4.3. TEM images of PEO-b-PHSA micelles prepared by (A) dialysis and (B) solvent

evaporation method (magnification of 18,000 x 6).
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Figure 4.4. Size exclusion chromatograms of free AmB in phosphate buffer 0.1 M, pH 7.4 (1, 10
and 100 pg/mL AmB concentration) and encapsulated AmB in PEO-b-PHSA micelles by solvent

evaporation (A = 410).
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Chapter 5

Tailor-made polymeric micelles of poly(ethylene oxide)-b-poly(N-hexyl
stearate-L-aspartamide) for the encapsulation and delivery of

amphotericin B

A version of this chapter has been submitted to Pharmaceutical Research for

publication.
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5.1. Introduction

To enhance the encapsulation of aliphatic drugs such as amphotericin B (AmB),
we have synthesized micelle-forming PEOQ-b-poly(L-aspartic acid) derivatives with fatty
acid side chains on the P(Asp) block and assessed the effect of polymer structure on
micellar properties (1; 2). AmB has been encapsulated by PEO-b-poly(N-hexyl stearate-
L-aspartamide) (PEO-b-PHSA) (12-24) micelles and its haemolytic activity was reduced,
particularly after encapsulation by a solvent evaporation method (Chapter 4). This
chapter focuses on the effect of polymer structure on the encapsulation, haemolytic and
antifungal activity of AmB. We have pursued an optimum structure for PEO-5-PHSA
micelles by changing the level of stearic acid conjugated as a side chain and obtained
adequate encapsulation and reduced haemolytic activity of AmB. The latter is
hypothesized to be due to a control over the rate of AmB release. AmB encapsulated in
PEO-b-PHSA micelles having different levels of stearic acid substitution was active
against fungal cells. The attachment of chemically compatible moieties of varied degrees
of substitution onto a core-forming block may be used as a tailoring strategy to control

the encapsulation and the release of water insoluble drugs from polymeric micelles (3; 4).

5.2. Experimental section

5.2.1 Synthesis of PEO-b-PHSA - PEO-b-PHSA was synthesized from PEO-b-poly(f-
benzyl-L-aspartate) (PEOQ-b-PBLA) (PEO M, = 12,000 g mol’'; Muw/M, = 1.05; number
of BLA units = 24) as described in the previous chapters (1). Briefly, PEO-b-PBLA was
reacted with 6-aminohexanol at 25°C in the presence of 2-hydroxypyridine, as a catalyst.
Free hydroxyl groups on PEO-b-poly(hydroxyhexyl-L-aspartamide) (PEO-b6-PHHA),

were reacted with stearic acid in dry dichloromethane in the presence of
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dicyclohexylcarbodiimide and dimethylaminopyridine. The reaction time was kept
between 2 to 72 h to achieve varied substitution levels of stearic acid on the PHHA block
(mol stearic acid: mol hydroxyl). The level of stearic acid substitution on PEO-b-PHSA

was estimated by 'H-NMR in chloroform-d (AM-300 MHz).

5.2.2. AmB encapsulation in PEO-b-PHSA micelles by a solvent evaporation method -
AmB (470 pg or 2.0 mg) and PEO-b-PHSA (20 mg) were dissolved in methanol (5 or 10
mL depending on AmB level) in a round bottom flask. Methanol was evaporated under
vacuum at 40°C. Distilled water was added to the PEO-b-PHSA/drug film, and the
solution was incubated at 40°C for 10 min and vortexed for 30 sec afterwards. The
micellar solution was filtered (0.22 um) and freeze-dried. An aliquot of the micellar
solution in water was diluted with an equal volume of N, N-dimethylformamide (DMF)
and the drug content measured from the UV/VIS absorbance of AmB at 412 nm

(Pharmacia Biotech Ultraspec 3000).

5.2.3. Size exclusion chromatography (SEC) - Freeze-dried PEO-b-PHSA micelles with
encapsulated AmB were dissolved in 0.10 M phosphate buffer, pH = 7.4, at 0.50 mg/ml
for the polymer and 6 to 10 ug/mLfor AmB. The samples at 125 puLwere injected into a
SEC column (Hydrogel 2000, Waters) after having been equilibrated with 0.10 M
phosphate buffer, pH = 7.4, at a flow rate of 0.80 ml/min (Waters B15 LC system). PEO-

b-PHSA and AmB were detected by UV/VIS at 210 and 410 nm, respectively.
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5.2.4. Aggregation state of AmB — UV/VIS spectroscopy - Freeze-dried samples of AmB
in PEO-b-PHSA micelles with 11 and 70 % of stearic acid substitution were dissolved in
PBS, pH = 74, at 4 ug/mL of AmB. DMSO was used to solubilize AmB in PBS, pH =
7.4, at a similar concentration. The level of DMSO in the final sample was < 1 % (v/v).
The UV/VIS spectra of AmB in different samples were recorded from 300 nm to 450 nm

(Milton Roy 3000).

5.2.5. Haemolytic activity of AmB toward human red blood cells - Haemolytic activity
of encapsulated AmB was measured according to a method described in detail in section

4.2.5 of Chapter 4.

5.2.6. Minimal inhibitory concentration (MIC) of AmB - AmB in PEO-4-PHSA
micelles was dissolved in isotonic sodium chloride solution giving an AmB level of 200
ug/ml. AmB was dissolved in DMSO and diluted further with sodium chloride solution
to give the same concentration. The level of DMSO in the final solution was <1 % v/v.
Samples of PEO-b-PHSA micelles in sodium chloride solution were also used as a
control. Solutions of 20 uL from these samples were diluted with the broth medium
(RPMI 1640) (80 pl) in the first microwell. The next 11 microwells had two-fold diluted
solutions. To each microwell, 100 uL of the inoculum containing 5 x 10° cfwmL of
fungal organisms (Candida albicans, Aspergillous fumigatus or Cryptococos
neoformans) in broth medium was added, giving a total volume of 200 uL per well.
Microwell containers were incubated at 35°C for 24 h. Organism and medium controls
were performed simultaneously to check the growth of organisms and sterility of broth
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medium, respectively. The MIC was defined as the minimum concentration of AmB that
shows a full inhibition of the fungus growth in the well, examined by an inverted

microscope (x40). All tests were repeated three times.

5.3. Results and discussion

PEO-b-PHSA was synthesized at three levels of stearic acid substitution (Figure
5.1). The level of fatty acid substitution was determined by 'H NMR comparing the
characteristic peak intensity of PEO (-CH,-CH;0-, 8 = 3.65 ppm) to the peak intensity of
the methyl group of stearic acid (-CHs, 6 = 0.8 ppm). The levels of stearic acid
substitution on PEO-b-PHSA were 11, 50 and 70 %. In an earlier study, the level of fatty
acid substitution had a dramatic effect on the thermodynamic stability of micelles
composed of fatty acid conjugates of PEO-5-PHHA (Chapter 3). This structural
parameter was hypothesized to influence the encapsulation of AmB, the drug’s toxicity in
terms of haemolysis and its antifungal activity.

SEC confirmed the encapsulation of AmB by PEO-b-PHSA micelles. AmB eluted
with PEO-b-PHSA micelles at 50 and 70 % stearic acid substitution at 10.7 and 10.6 min
on average, respectively, with no evidence of unencapsulated drug. We were unable to
directly confirm the encapsulation of AmB by PEO-b-PHSA micelles at 11 % by SEC,
owing to its dissociation and elution as unimers.

The level of AmB encapsulated in PEO-5-PHSA micelles at 11 % stearic acid
substitution was 0.22 mol drug: mol PEO-5-PHSA, and the level increased to 0.35 and
0.36 at 50 and 70 % of stearic acid substitution, respectively (Table 5.1). The yield of

encapsulated AmB for PEO-b-PHSA micelles was 51, 73 and 77 %, respectively. In each
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case, freeze-dried product could be reconstituted with an aqueous vehicle at 200 pg/mL
of AmB, the initial level of drug used for the MIC experiments, indicating encapsulation
of AmB at all three levels of stearic acid substitution. An increase in the initial amount of
AmB used for encapsulation lead to a higher content of AmB encapsulated in PEO-b-
PHSA micelles at 50 % stearic acid substitution (0.89 mol drug: mol PEO-b-PHSA).

Haemolysis of AmB encapsulated in PEO-5-PHSA micelles at 11 % stearic acid
substitution was similar to AmB itself, causing 50 % haemolysis at 1 pg/mL and 100 %
haemolysis at about 3 pg/mL (Figure 5.2 and 5.3). In contrast, AmB encapsulated in
PEO-b-PHSA micelles at 50 and 70 % stearic acid substitution was completely non-toxic
(no lysis) at levels reaching 22 pug/ml.

The effect on haemolysis, however, was dependent on the content of AmB in the
PEO-5-PHSA micelles (Figure 5.3). PEO-b-PHSA micelles (50 % stearic acid
substitution) at 0.36 mol drug: mol polymer were completely non-haemolytic at 22
ug/mL of AmB. On the other hand, PEO-b-PHSA micelles at 0.89 mol drug: mol
polymer caused 80 % haemolysis at a similar level of drug. Notably, PEO-6-PHSA
exerted no haemolytic effects.

While there was a decrease of haemolysis induced by AmB, the antifungal
activity of encapsulated AmB was comparable to AmB itself or better based on
measurements of MICs against the growth of three pathogenic fungi. Fungi growth was
examined by an inverted microscope (x40). AmB in an isotonic solution inhibited the
growth of C. albicans, C. neoformans and A. fumigatus at 0.30, 0.30 and 0.45 pg/ml,
respectively (Table 5.2). AmB encapsulated in PEO-5-PHSA micelles was as effective as
AmB itself in most of the cases. At 11 and 50 % of stearic acid substitution, encapsulated
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AmB was even more effective than AmB itself, inhibiting the growth of C. neoformans at
a level of 0.18 pg/mL (Unpaired t test, P < 0.01). PEO-b-PHSA micelles without AmB
were unable to inhibit the fungal growth at 5 mg/mL level or below.

The reduction of haemolysis but with a maintenance or even improved antifungal
activity in terms of MIC of AmB encapsulated in PEO-b-PHSA micelles may reflect the
sustained release of the drug and/or the release of the drug in a monomeric (non-
aggregated) state. Monomeric AmB is non-toxic toward mammalian cells, but causes
leakage of fungal cells, presumably due to its selective interaction with ergosterol.
Aggregated AmB, on the other hand, is non-selective, ie.. forms pores in both
mammalian and fungal cell membranes (5-7)

Insight to the aggregation state of AmB can be obtained by UV/VIS spectroscopy
(8: 9). AmB easily forms aggregates (its critical aggregation concentration is 1.0 ug/ml)
(10; 11). The UV/VIS spectrum of aggregated AmB has four characteristic peaks: A
broad peak at 334 and three other peaks at 364, 385, 409 nm (Figure 5.4A). The spectral
features of AmB encapsulated in PEO-b-PHSA micelles at 11 % are quite similar to
AmB alone (Figure 5.4B), indicating weak interaction with micelle core, which has little
effect on the aggregation state of the drug. Thus, encapsulated AmB in PEO-5-PHSA
micelles at 11 % of stearic acid substitution might be quickly released and/or released in
an aggregated state. In contrast, there was a bathochromic shift for AmB encapsulated in
PEO-b-PHSA micelles at 70 % stearic acid substitution (Figure 5.4C). The absorption
peaks of AmB appeared at 351, 366, 387, and 418 nm. AmB exhibits a similar spectrum
after its binding to serum lipoproteins, which have cores rich in triglycerides (8). While

AmB is aggregated, its spectral features reflect a favorable interaction of the drug and the
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micelle core at a high level of fatty acid substitution. Stably encapsulated AmB in PEO-
b-PHSA micelles might be released gradually in a monomeric state, increasing the in

vitro efficacy of this important antifungal drug. This hypothesis is under study.

5.4. Conclusion

The degree of fatty acid substitution of PEO-b-PHSA as a structure parameter can
be altered to enhance the encapsulation of AmB and reduce the drug’s toxic effects
(haemolysis) while retaining its antifungal activity in terms of MIC. PEO-b-PHSA
micelles at 50 and 70 % stearic acid substitution effectively encapsulate AmB and

increase its efficacy in vitro.
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Table 5.1. The effect of fatty acid substitution on the encapsulation of AmB by PEO-b-

PHSA micelles by a solvent evaporation method.

Stearic acid PEO-b- Initial level of AmB AmB: PEO-b- Yield

substitution level PHSA AmB (ng) PHSA (%)
(%) (mg) (ug) (mol:mol)
11 20 470 240 0.22 51
50 20 470 340 0.35 73
70 20 470 560 0.36 77
50 20 2000 942 0.89 53
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Table 5.2. The effect of fatty acid substitution of the core-forming block on the in vitro antifungal

activity of AmB encapsulated by PEO-b-PHSA micelles in comparison to AmB alone.

MIC t SD (ug/mi) '

AmB in: C. albicans C. neoformans  A. fumigatus

PBS 0.30 £ 0.00* 0.30 + 0.00* 0.45 + 0.00*
PEO-b-PHSA 11%* 0.35+0.09* 0.18 +0.04° 0.6 +0.00*
PEO-5-PHSA 50%*  0.27+0.04* 0.18 +0.05° 0.6 + 0.00*
PEQ-b-PHSA 70 % * 0.33+0.11* 0.23 +0.07* 0.35 +0.09*

* AmB was encapsulated in PEO-5-PHSA micelles by a solvent evaporation method

' The difference between data with the same superscripts in one column is not significant (P >
0.05). The difference betweem data with different superscripts in one column is significant (P <
0.05).
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Figure 5.1. Chemical structure of PEO-b-PHSA and AmB.
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Figure 5.2. The effect of fatty acid substitution level in PEO-5-PHSA micelles on the haemolytic

activity of AmB encapsulated by a solvent evaporation method.
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Figure 5.3. The effect of drug loading on the haemolytic activity of AmB encapsulated in PEQO-b-

PHSA micelles (50 % of stearic acid substitution) by a solvent evaporation method.
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Figure 5.4. Absorption spectra of AmB (4 pg/ml) in A) PBS, pH = 7.4, B) PEO-b-PHSA at 11 %

stearic acid substitution and C) PEO-b-PHSA at 70 % stearic acid substitution.
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Chapter 6

The effect of fatty acid substitution on the in vitro release of
amphotericin B from micelles composed of poly(ethylene oxide)-b-

poly(N-hexyl stearate-L-aspartamide)

A version of this chapter has been submitted to Journal of Controlled Release for

publication.
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6.1. Introduction

A polymeric micelle formulation is developed for amphotericin B (AmB) as
reported in the previous chapters(1). AmB is the most potent antifungal agent in clinical
practice (2). Despite great efficacy, severe side effects associated with the administration
of its water-soluble formulation, Fungizone®, have restricted the clinical application of
AmB. While three lipid-based carriers are available for AmB that circumvent its poor
water solubility and reduce its toxicity (449, 414, 448). there are still concerns about high
cost and high dose requirements and on whether the therapeutic index of the drug has
been increased (3). Recently, AmB encapsulated in long circulating liposomes has been
found to be more effective than AmB in standard liposomes in a murine model of
candidiasis (4). Thus, long circulating carriers of AmB may be able to increase the
therapeutic index of AmB at low dose with low risk of toxicity and low cost.

Poly(ethylene oxide)-b-poly[N-(6-hexyl stearate)-L-aspartamide] (PEO-b-PHSA)
are synthesized, which self-assembles into nanoscopic micelles at very low concentration
(Chapter 2 and 3) (1; 5). The goal was to prepare polymeric micelles that can effectively
encapsulate AmB and circulate for long periods of time in blood, while functioning as a
depot for AmB release. In other words, mimic the function of biological transport
systems, i.e., low-density serum lipoprotein, but with a favourable effect on the
biodistribution of AmB. Owing to favorable interaction between AmB and the fatty acid
ester core, AmB encapsulated in PEO-5-PHSA micelles is non-toxic toward red blood
cells, but active against fungal cells (Chapter 4 and 5). A low rate of drug release perhaps
with the drug in a monomeric state has been hypothesized to be the basis of the reduced

toxicity of encapsulated AmB.
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The release of AmB from PEO-4-PHSA micelles and the stability of the micelles
with respect to dissociation is studied. The results show the sustained release of AmB by
PEO-b-PHSA micelles, which is dependent on the level of fatty acid substitution. A
dependence of micelle stability on the level of fatty acid ester substitution has also been
revealed. Owing to high micelle stability and the sustained release of AmB, PEO-b-
PHSA micelles at a high level of fatty acid substitution may act as a long-circulating

depot of AmB for increased drug efficacy.

6.2. Experimental section

6.2.1. Synthesis of PEO-b-PHSA - PEO-b-PHSA having different levels of stearic acid
substitution was prepared from PEO-b-poly(B-benzyl-L-aspartate) (PEO-5-PBLA) and

characterized as described previously under section 5.2.1, Chapter 5.

6.2.2. AmB encapsulation - AmB was encapsulated by PEO-b6-PHSA micelles by
dialysis and solvent evaporation according to methods described in Chapter 4, section

423.

6.2.3. Self-assembly of PEO-b-PHSA by solvent evaporation - PEO-b-PHSA (20 mg)
were dissolved in methanol in a round bottom flask. Methanol was evaporated under
vacuum at 40°C in 30 min. Distilled water was added to the polymer film, the solution

was incubated at 40°C for 10 min and vortexed for 30 sec. The micellar solution was

filtered (0.22 um) and freeze-dried.
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6.2.4. In vitro release study - Multilamellar lipid vesicles were prepared as previously
reported (6). Dipalmitoyl phosphatidylcholine, cholesterol and dimyristoyl
phosphatidylglycerol were dissolved in chloroform in 3:1:0.25 proportions. Chloroform
was then evaporated using a rotary evaporator at 53°C within 5-10 min. The lipid layer
was kept in a vacuum oven set at 43°C overnight to remove traces of solvent. Lipid
vesicles were formed by adding the proper volume of PBS, pH = 7.4 to produce a 30 mM
lipid concentration. The mixture was incubated at 53°C for 5 min and vortexed for
another 5 min afterwards. The incubation and vortex steps were repeated until the entire
lipid was removed from the flask. The solution was then transferred to a Bechman L8-55
ultracentrifuge and spun at 40,000 (100,000 G) for 20 min. The supernatant was removed
and liposome pellets washed twice with the same volume of PBS at this condition. Lipid
vesicles were diluted with PBS to achieve a 0.2 mM lipid concentration.

AmB was dissolved in PBS with the aid of DMSO in a way to give levels of 0.2.
5 and 8 pg/mL as measured from the UV absorbance of these solutions, diluted with
equal volumes of methanol at 412 nm. The final concentration of DMSO was below 1%.
PEO-b-PHSA micelles containing AmB were reconstituted in PBS, pH 7.4, to achieve a
level of 0.5 mg/mL for the polymer and 6-10 pg/mL for AmB. Separate samples were
prepared for each time point in the release study by adding 0.50 mL of a liposomal
solution to 0.50 mL of a AmB solution in PBS. Samples were incubated at 37°C for 24
hs. A sample was taken at each time point and centrifuged at 20,000 G for 10 min to
separate the lipid pellet. The level of AmB in the supernatant was determined from its
UV absorbance at 412 nm after an aliquot of supernatant was diluted with the same

volume of methanol. For time zero, 0.50 mL of AmB alone or encapsulated AmB was
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added to 0.50 mL of PBS. An aliquot of this solution was diluted with an equal volume of
methanol and its UV absorbance was measured at 412 nm. Lipid pellets were also
dissolved in methanol and assayed for the amount of transfered AmB by UV
spectroscopy. Each experiment was conducted in triplicate. The percentage of released
AmB was calculated and plotted versus time. AmB was also incubated in PBS and its
level in solution measured to assess its stability over time as a control. The association of
AmB with PEO-b-PHSA micelles before and during the time of release (in the
supernatant) was confirmed by size exclusion chromatography (SEC) at 410 nm by a

method described below.

6.2.5. Stability of PEO-b-PHSA micelles - Freeze-dried samples of PEO-b-PHSA
micelles (without AmB) with varied levels of stearic acid substitution were dissolved in
0.1 M phosphate buffer, pH = 7.4 at a level of 0.5 mg/ml. The solutions containing PEO-

b-PHSA micelles were filtered (0.22 um) and incubated at 37°C for 4 weeks. Samples

(125 pL) were taken at specified time intervals and injected into a SEC column
(Hydrogel 2000, Waters), equilibrated with 0.1 M phosphate buffer, pH = 7.4, at a flow
rate of 0.8 ml/min (Waters B15 LC). Micelle and unimer peaks were detected by UV/VIS
(Waters 486) at 210 nm. The column was calibrated with dextran standards (8.05x10° -

9.11x10° gmol'l) using a refractive index detector (Precision Detectors 2000).

6.3. Results

The chemical structure of PEO-b-PHSA samples used in this study is shown in
Figure 6.1. AmB was encapsulated at three levels of stearic acid substitution (Table 6.1)

and the release of drug for PEO-b-PHSA micelles assessed by measuring the transfer of
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AmB to lipid vesicles. The lipid vesicles were used to maintain sink conditions for poorly
soluble AmB and to separate the released drug from encapsulated drug. We assume the
rate-determining step is the release of AmB from PEO-b-PHSA micelles. While the
method needs to be validated by independent methods, it does provide an approach to
assess the relative effect of fatty acid substitution on the release of AmB from PEO-b-
PHSA micelles and insight into the rate and duration of drug release for these nanoscopic
drug delivery systems.

Unencapsulated AmB quickly partitioned into the lipid vesicles at 5 and 8 pg/mL
(ca., 90 % at 5 min), but more slowly at 0.2 ug/mL (Figure 6.2). On the other hand, AmB
encapsulated in PEO-5-PHSA micelles at 6.0 ug/mL was gradually released, with less
than 20 % release of AmB after one hour.

The effect of degree of stearic acid substitution on the in vitro release of AmB
from PEO-b-PHSA micelles is shown in Figure 6.3. At all three levels of stearic acid
substitution, the release of AmB from PEO-5-PHSA micelles was rapid at early times,
ca., <1 hour, and was much more gradual at longer times. PEO-5-PHSA micelles at 11 %
stearic acid substitution gradually released AmB over the first 60 min. While 90 % of
AmB itself in PBS at 5 ug/mL rapidly partitioned into lipid vesicles in 5 min (Figure
6.2), 35 % of AmB encapsulated in PEO-b-PHSA micelles was still in the supernatant. At
a stearic acid substitution of 50 %, the release of AmB from PEO-b-PHSA micelles
occurred more slowly, with 50 % release of AmB at ca., 30 min. At a stearic acid
substitution of 70 %, the release of AmB from PEO-b-PHSA micelles was inordinately

slow, and it took more than 360 min for 50 % release of AmB.
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The release of AmB from PEO-5-PHSA micelles was also found to be dependent
on the method of encapsulation — AmB encapsulated by a dialysis method released the
drug more rapidly than AmB encapsulated by the solvent evaporation method, with 50 %
release of AmB at ca., 20 min in the former case (Figure 6.3).

The effect of degree of stearic acid substitution on the stability of PEO-5-PHSA
micelles is shown in Table 6.2. The intermediate block copolymer with no attached
stearic acid (Figure 6.1, 0 % substitution), PEO-5-PHAA, completely eluted as unimers at
14.5 min (Table 6.2). Similarly, PEO-b-PHSA at 11 % eluted predominately as unimer at
14.1 min, but with a small fraction eluting as micelles at 11.7 min. The area under the
curve (AUC) of the micelle peak was 1.7 %. In contrast, PEO-5-PHSA at 50 and 70 %
stearic acid substitution formed micelles that eluted intact (100 % of AUC). PEO-b-
PHSA eluted entirely as micelles independent of its concentration (63 pg/mL to 1.0
mg/mL). The average elution time of the micellar peak shortened from 11.5 to 10.6 min
as the level of fatty acid substitution on the core-forming block increased from 20 to 70
%, indicating an increase in the size of the micelles. Lastly, PEO-b-PHSA micelles with
11, 20 and 40 % of stearic acid substitution were incubated in phosphate buffer 0.1 M,

pH 7.4, for 28 days at 37°C. Only slight changes in the elution profiles were determined

(Figure 6.4).

6.4. Discussion
The long-term objective of this study is to develop a novel long circulating
nanoscopic carrier based on PEO-b-PLAA for AmB. To enhance the encapsulation of

AmB, we attached a compatible moiety i.e., fatty acid, to the core-forming block (Figure
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6.1). Through a solvent evaporation method PEO-5-PLAA micelles effectively
encapsulated AmB, resulting in reduced toxicity (haemolysis), particularly in comparison
to the more common dialysis method of drug loading. The degree of fatty acid
substitution was the key structural factor of PEO-b-PHSA varied to enhance the
thermodynamic stability of micelles raise the level of AmB encapsulation and reduce its
haemolytic activity. Encapsulated AmB was as active as AmB itself against pathogenic
fungi in terms of MIC.

The in vitro release studies clearly illustrate that PEO-b-PHSA micelles can
release AmB in a sustained manner (Figures 6.2 and 6.3). We took advantage of the
propensity of AmB to partition favorably into lipid vesicles to assess its release from
PEO-b6-PHSA micelles (7-9). Typically, the in vitro release of drugs from polymeric
micelles has been assessed by methods based on SEC or dialysis. The sustained release of
doxorubicin from PEO-5-PBLA micelles has also been revealed by changes in
fluorescence quenching of the drug (10). These methods were found to be inappropriate
for AmB, owing to its poor solubility in water and self-aggregation. Thus, we devised
this new method using lipid vesicles to study the release of AmB.

The results support a growing body of evidence that show that polymeric micelles
are capable of sustained drug release even though they have nanoscopic dimensions. The
release of AmB from PEO-5-PHSA micelles depends on the method used to encapsulate
AmB (Figure 6.3). More importantly, the results suggest that the release of AmB from
PEO-5-PHSA micelles can be controlled, by varying the structure of the polymer,
specifically the degree of fatty acid substitution (Figure 6.3). Particularly at a high level

of stearic acid substitution (70 %), the release of AmB from PEO-b-PHSA micelles was
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prolonged and incomplete even after 1400 min. This striking result is at odds with low
molecular weight micelles, which rapidly release encapsulated molecules. But it is
consistent with the highly stable rigid core structure of PEO-5-PHSA micelles revealed in
earlier studies by fluorescence spectroscopy (Chapter 3) (1).

Notably, AmB encapsulated in PEO-5-PHSA micelles at 50 and 70 % caused no

haemolysis at 20 pg/ ml, whereas AmB encapsulated in PEO-b-PHSA micelles at 11 %

caused 100 % haemolysis at 3 pug/ mL (Table 6.1). After 30 min (incubation time of AmB
and red blood cells), more AmB was released at 11 % than at higher levels of fatty acid
substitution, leading to greater haemolysis. At 50 and 70 %, PEO-b6-PHSA micelles may
also release AmB as unimers (unaggregated state), which are non-toxic for mammalian
cells, but cause the leakage of fungal cells (11-13). This point needs further study.

Finally, AmB encapsulated by dialysis was more toxic (100 % haemolysis at 3
pg/ml), owing to rapid release.

The release of AmB from PEO-5-PHSA micelles in vitro presumably occurs by
diffusion in either as unimers or as aggregates (Figure 6.5). In vivo, the situation is
different in that micelles are subject to sink conditions (below the critical micelle
concentration), and the release of drug may be determined by the dissociation of micelles
upon dilution. Thus, the kinetic stability of micelles may have an important role in drug
release. The stability studies on PEO-5-PHSA micelles at 11 % indicate that they rapidly
dissociate upon dilution and elution during SEC (Table 6.2, Figure 6.4). We speculate
that these PEO-b-PHSA micelles would rapidly fall apart after injection in blood. On the
other hand, PEO-5-PHSA micelles at 50 and 70 % might be able to circulate intact in

blood, as indicated by elution as intact micelles during SEC. While it is difficult to
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extrapolate in vivo, Yokoyama er al. have shown that micelles composed of PEO-b-
poly(aspartic acid)-doxorubicin conjugates, that could elute intact as micelles during
SEC, could circulate in blood for prolonged periods (14). Thus, PEO-5-PHSA micelles at
high levels of stearic acid substitution may circulate for prolonged periods in blood and

act as nanoscopic depot for AmB.

6.5. Conclusions

PEO-b-PHSA micelles can gradually release AmB for prolonged periods. The
release of encapsulated AmB from PEO-b-PHSA micelles as well as the stability of the
micelles can be controlled, by varying the degree of stearic acid substitution. Lastly, the
tailoring the structure of PEO-5-PHSA might lead to micelles that can improve the

efficacy of AmB in the treatment of systemic fungal diseases.

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6.1. Properties of AmB encapsulated in PEO-b-PHSA micelles.

Loading method Stearic acid AmB: PEC-b- AmB concentration Release of AmB
substitution PHSA causing 100 % in Z(&:)/:)nin
level' (mol: mol) haemolysis’
(%) (ug/ml)
Solvent evaporation 11 0.22 3 76.7+£0.7
Solvent evaporation 50 0.35 >23 46.1 £ 5.1
Solvent evaporation 70 0.36 >22 264+1.8
Dialysis 50 0.25 6 61.9+0.38
' determined by '"H NMR

? from chapter 5
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Table 6. 2. Size exclusion chromatography results for PEO-5-PLAA micelles reconstituted in

phosphate buffer 0.1 M, pH 7.4.

Block Stearic acid SEC elution time + SD AUC
copolymer substitution (min) (%)
level (%) Unimers Micelles Unimers Micelles
PEO-5-PHHA - 145+0.0 - 100 + 0.00 -
PEQO-6-PHSA 11 14.1 £0.0 11.7+0.0 98.30 044 1.70+043
PEO-b6-PHSA 20 - 11.5+0.0 - 100 £ 0.00
PEO-6-PHSA 40 - 11.1£0.1 - 100 £ 0.00
PEO-5-PHSA 50 - 10.8 £ 0.0 - 100 +0.00
PEO-5-PHSA 70 - 10.6 £0.0 - 100 + 0.00
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Figure 6.1. Chemical structure of PEO-b-PHHA and PEO-b-PHSA at three levels of stearic acid

substitution.
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Figure 6.2. The transfer AmB and AmB encapsulated in PEO-b-PHSA micelles into lipid
vesicles (dipalmitoyl phosphatidylcholine, cholesterol and dimyristoyl phosphatidylglycerol
(3:1:0.25)) in PBS, pH=7.4 at 37°C. AmB in PBS, pH=7.4 at 37°C was stable over the duration

of the experiment based on its absorption at 412 nm.
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Figure 6.3. The effect of stearic acid substitution and encapsulation method on the in vitro

release of AmB from PEO-5-PHSA micelles (n=3).
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Figure 6.4. Stability of polymeric micelles with varied levels of stearate in the micellar core

in phosphate buffer. Samples are prepared by the solvent evaporation method.
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Figure 6.5. Proposed mechanism for the in vitro release of AmB and its membrane activity for
PEO-b-PHSA micelles at a) 50 and 70 % stearic acid substitution and b) 11 % stearic acid

substitution.
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Chapter 7

General Discussion and Conclusions
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7.1 History

Micelles self-assembled from amphiphilic block copolymers are of interest for drug
delivery (1-3). Interest is particularly keen in the context of drug solubilization, where
many existing drugs and many new ones coming out of drug discovery, lack of water
solubility (4-9). Among many block copolymers developed for drug delivery, micelle-
forming PEO-b-poly(L-amino acid) (PEO-5-PLAA)s are unique, owing to the existence
of reactive groups in the PLAA block, which provides sites for the attachment of drugs or
drug compatible moieties (10-16).

PEO-b-poly(L-lysine) attached to cyclophosphamide derivatives and aliphatic side
chains on the poly(L-lysine) block was the first example of drug-block copolymer
conjugates designed by Ringsdorf er al. to form micelles (10). Micelle-forming
conjugates or complexes of doxorubicin, methotrexate and cisplatin with PEO-b-poly(L-
aspartic acid) (PEO-b-P(Asp)) have also been prepared and studied for drug delivery (11-
13; 17-20). In the category of micellar nanocontainers, tailor-made PEO-b-P(Asp)
micelles with drug compatible moieties on the core-forming block have been used to
improve the delivery of doxorubicin and KRNS550C (21; 22). Limited assessments have
been conducted to determine the effect of structural variation on physicochemical and
biological properties of polymeric micelles in both cases (20; 23-25). Building structure-
property relationships may provide helpful data in designing finely tuned polymeric

micelles for effective drug delivery.
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7.2 General discussion

For the improved encapsulation and selective delivery of amphotericin B (AmB)
to fungal cells a micellar, a nanocontainer that can mimic structural and functional
aspects of lipoproteins has been proposed (26). Many hydrophobic drugs, including
AmB, are solubilized and carried to their destinations by a biological system, namely,
serum lipoproteins (27; 28). A synthetic analogue may play the same role with the
advantage of safety, stability and pharmaceutical feasibility (29; 30). It may also have a
favorable effect on the biodistribution of AmB (28; 31; 32).

AmB is currently available in a low molecular weight surfactant and three lipid
based formulations. The surfactant (sodium deoxycholate) formulation is highly water
soluble and very effective but severely toxic. The lipid-based formulations are less toxic
but less effective and very expensive (33-36).

Lipoproteins have cores rich in triglycerides. We pursued PEO-b-P(Asp) micelles
with saturated fatty acid ester substitutes in the core to mimic the structure of the core in
lipoproteins. A long PEO chain (molecular weight of 12,000 gmol") was chosen as the
shell-forming block to stabilize micellar interface and impose long circulating properties.
The core-forming block was much shorter than the hydrophilic block (polymerization
degree of 15 or 24) to induce water solubility to the polymeric carrier. A nomenclature of
12-15 or 12-24 was used throughout the manuscript to differentiate between the two
samples.

The first effort on the synthesis of PEO-b-P(Asp) with fatty acid ester side chains
was carried out using 12-15 (Chapter 2). Hydrophobic spacers of different lengths (2 and

6 carbons) with free hydroxyl groups at the end were attached to the P(Asp) block.
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Stearic acid was then reacted with free hydroxyls, forming PEO-b-poly[N-(2-ethyl
stearate)-L-aspartamide] (PEO-b6-PESA) and PEO-b-poly[nN-(6-hexyl stearate)-L-
aspartamide] (PEO-b-PHSA). Polymeric micelles were formed through self-assembly of
block copolymers and characterized.

The characterization of polymeric micelles in studies described in Chapters 2 and
3 was accomplished by transmission electron microscopy (TEM) and fluorescent probe
techniques. TEM is widely used to determine the shape and size of colloidal dispersions
in a dry state (4; 13; 37). The results cannot simply be extrapolated to a biological
system, however, as PEO surfaces become hydrated in an aqueous environment.

Changes in the excitation and emission fluorescence spectra of pyrene resulted
from its preferential partition to the nonpolar nano-domains of polymeric micelles was
used to estimate the onset of micellization and the polarity of the micellar core (6; 38;
39). A decrease in the ratio of light intensities emitted from an excited dipyrene intra-
molecular excimer (I) to that of isolated pyrene monomer (I,) was considered as an
indication of restricted conformational changes of the di-pyrene probe due to the high
viscosity of its environment. Heat and low concentrations of the solubilizate (below
saturation solubility in water) were used in this experiment to facilitate the partitioning of
pyrene to the micellar core and avoid the formation of inter-molecular excimers,
respectively.

Preliminary studies showed the similarity of PEO-block-poly[N-(alkyl stearate)-L-
aspartamide] (PEO-b-PASA) micelles to lipoproteins in terms of shape, size (10-30 nm)
and high thermodynamic stability (CMC of 20 to 40 pg/ml). It also provided evidence for

a reduced polarity and restricted mobility of the polymeric chains in the micellar core.
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The low CMC and rigidity of the core in polymeric micelles is in sharp contrast to
micelles of low molecular weight surfactants. The spherical shape, nanoscopic size, low
CMC and high microviscosities of PEOQ-5-PASA micelles were shared with micelles self
assembled from PEO-b-poly(B-benzyl-L-aspartate) (PEO-b-PBLA), which have aromatic
cores. The main advantage of PEO-b-PASA over PEO-b-PBLA micelles was its
superiority in AmB encapsulation possibly due to a better match between the polarity of
the core-forming block and the drug. By using PEO-5-PBLA micelles water solubility of
AmB was increased to a limited extent (25 pg/ml) using a dialysis method of drug
loading. Under identical loading conditions, the AmB compatible cores of PEO-b-PESA
and PEO-b-PHSA micelles enhanced AmB solubility to 133 and 337 ug/ml, respectively.
The reason for the difference between the two types of PEO-5-PASA micelles in micellar
properties and AmB encapsulation was difficult to assess since two factors, the
substitution level of stearic acid esters on the polymeric backbone and the length of the

hydrophobic spacers, were different in these samples.

The effect of structural variations on the properties of polymeric micelles
composed of fatty acid conjugates of PEO-b-poly(hydroxyalkyl-L-aspartamide) (PEO-b-
PHAA) was assessed in a systematic way in Chapter 3. The engineering of block
copolymer involved changes in the length of the P(Asp) block, alkyl spacers and fatty
acid substitutes as well as variations in the substitution level of the fatty acid side chain.
Structure-property relationships were built with regard to micellar properties such as

shape, size, CMC, core polarity and viscosity (40).
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The conjugation of fatty acids even at a short chain length or a low substitution
level induced the required amphiphilicity for self-association at a umolar level of the
block copolymer. A reverse relationship between the substitution level of fatty acid on
the PHAA block and CMC was revealed. The fatty acid ester core of the polymeric
micelles was found to be non-polar and rigid. The core viscosity decreased as the length
of the P(Asp) block increased. A high substitution of a 22-carbon chain fatty acid on the
polymeric backbone noticeably increased the microviscosity. An increase in the length of
the hydrophobic backbone or the side chain and its substitution level caused an increase
in micellar size within a range of 15 to 22 nm. Polymeric micelles composed of fatty acid
esters of PEO-b-PHHA were spherical, except for micelles self assembled from block
copolymers with high degrees of long fatty acid substitution on the core-forming block,
which were ellipsoid in shape. This was attributed to the large dimensions of the
hydrophobic block and/or an increase in the aggregation number of polymeric micelles.

Stearic acid esters of PEO-b-PHAA (12-24) were chosen for further studies on
AmB delivery as micelle-forming block copolymers with optimized micellar properties.
The selection was partially based on the superiority of micelles self assembled from 12-
24 block copolymers in terms of high core viscosity. Polymeric micelles with rigid cores
were expected to resist dissociation and lower the rate of drug diffusion, which may lead
to sustained drug release. The core viscosity was even higher in micelles composed of
behenic acid (22 carbon) conjugates of PEO-6-PHAA. The micellar solutions were hazy,
however. We chose a hexyl spacer since it caused an apparent increase in the substitution
level of fatty acid on the polymeric backbone in the synthesis process. Variation in the

level of fatty acid substitution on the core-forming block altered micellar size, CMC and

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



core polarity. Owing to a change in core polarity, the level of fatty acid substitution was
hypothesized to affect the encapsulation and the release of AmB from polymeric
micelles.

AmB was encapsulated in PEO-5-PHSA micelles. An optimized polymeric
micellar formulation of AmB was developed through changes in the loading procedure
and fine-tuning of the block copolymer structure (Chapter 4-6). PEO-6-PHSA micelles
were evaluated in terms of the level of AmB encapsulation, in vitro toxicity and
antifungal activity of encapsulated AmB and the rate of AmB release. The goal was to
achieve formulations that were water-soluble, non-toxic, but active at clinically relevant
concentrations, acting as a depot for AmB delivery and resist dissociation upon dilution.
A polymeric micellar carrier with such properties is expected to enhance the efficacy of
AmB in vivo.

The level of AmB encapsulation in polymeric micelles was measured from its
UV/VIS absorption in filtered solutions of polymeric micelles, which were treated with
equal volumes of an organic solvent (DMF or methanol) for micelles to be ruptured. Size
exclusion chromatography confirmed AmB encapsulation. The haemolytic activity of
AmB was used as a measure of AmB toxicity toward mammalian cells. The minimum
inhibitory concentration of AmB against the growth of three pathogenic fungi was
measured after 24 hs and used to compare the in vitro antifungal activity of encapsulated
and free AmB.

The assessment of in vitro drug release from polymeric micelles is usually carried
out by dialysis or size exclusion chromatography (20; 41-44). The quenched

fluorescence of encapsulated doxorubicin in polymeric micelles has been used to show
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sustained drug release (45). These methods were found to be inappropriate in case of
AmB due to its poor water solubility and aggregation. We used a lipid recipient phase to
separate the released AmB (either in a monomeric or self-associated state) from
encapsulated drug and to maintain sink condition during the study (46-48). The rate of
AmB release from polymeric micelles was the rate-limiting step in this experiment. Free
AmB partitioned to the lipid vesicles rapidly.

AmB was encapsulated in PEO-b-PHSA micelles by a dialysis method. The
loading procedure was changed and a condition at which water soluble and non-toxic
formulations of AmB were achieved was selected. AmB encapsulation in micelles
composed of 12-24 block copolymers by the final procedure was generally lower than
what we have reported for micelles of 12-15 block copolymer. The higher viscosity of the
core in polymeric micelles composed of 12-24 block copolymers might have restricted
AmB encapsulation in this case. A final conclusion cannot be drawn at this point, and this
needs further evaluation.

Dialysis is the most commonly used method of drug incorporation for polymeric
micelles (15; 22; 41; 44; 49-53). High number of variables, limitations in the choice of
organic solvent and technical problems make dialysis an unfavourable process for drug
loading, particularly in a large scale. We developed a solvent evaporation method for
AmB encapsulation in polymeric micelles, which is similar to the method used for drug
loading in liposomes (Chapter 4). PEO-b-PHSA block copolymers self assembled into
smaller micelles by the solvent evaporation in comparison to the dialysis method. The
primary advantage of the solvent evaporation over dialysis was the reduced toxicity of

encapsulated AmB in PEO-5-PHSA micelles (50 % of stearic acid substitution) toward
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red blood cells. This might be related to a more favourable interaction between AmB and
the core-forming block during the solvent evaporation procedure. A similar method has
been used to encapsulate AmB in Pluronic micelles (54). The Pluronic formulation,
however, failed to protect red blood cells from the lytic effect of AmB.

Non-haemolytic formulations of AmB in PEO-b-PHSA micelles (50 % of stearic
acid substitution) were obtained at a drug to polymer ratio of 0.4 w/w %. By increasing
the initial level of AmB in the loading process, PEO-5-PHSA micelles encapsulated more
AmB (loading ratio of 0.9 w/w %), reaching an aqueous concentration of 0.9 mg/mL for
AmB. The haemolytic activity of encapsulated AmB was partially regained at this level
of loading, however (onset of haemolysis was 5 pg/ml).

An increase in the level of fatty acid substitution in PEO-5-PHSA micelles
improved AmB encapsulation and reduced its toxicity toward red blood cells. AmB
encapsulated in PEO-b-PHSA micelles inhibited fungal growth at a similar level to AmB
alone. The improved encapsulation of AmB in PEO-5-PHSA micelles was due to a
favourable interaction between AmB and the micellar core at high levels of stearic acid
substitution. This was evidenced by UV/VIS spectroscopy. A sustained AmB release
from PEO-b-PHSA micelles was apparent from a slow transfer of encapsulated AmB to
lipid vesicles. The reduced toxicity of encapsulated AmB for mammalian cell membranes
was attributed to a sustained drug release from polymeric micelles, again, as a result of an
interaction between AmB and the micellar core. An increase in the level of fatty acid
esters in the micellar core or replacement of dialysis with solvent evaporation method
caused a decrease in the amount of released AmB and an increase for the onset of

haemolysis caused by encapsulated AmB. The stability of PEO-b-PHSA micelles under
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the diluting condition of SEC was increased as the level of stearic acid substitution
passed 20 %.

Overall, AmB encapsulated in highly substituted PEO-5-PHSA micelles (70 % or
more) by a solvent evaporation method can be considered as a potential carrier for AmB
delivery. The aqueous concentration of AmB encapsulated in optimized condition
reached 340 pg/ml. The aqueous solubility of AmB alone is around 0.5 pg/mL and it is
administered at a level of 100 pg/mL with sodium deoxycholate. The therapeutic level of
AmB is around 1.7 pg/mL when administered as Fungizone® (36) and it causes 100 %
haemolysis at a level of 1 ug/mL (55-57). AmB encapsulated in PEO-b-PHSA micelles at
70 % stearic acid substitution, on the other hand, was non-haemolytic at 22 ug/ml.

PEO-b-PHSA micelles with high levels of stearic acid substitution may circulate
intact for long periods in blood and act as a depot for AmB delivery. The distribution of
AmB to non-specific organs might be lowered by its encapsulation in long circulating
carriers. Instead, AmB concentration in blood may be enhanced. Therefore, it might be
possible to reduce the dose of AmB administration, lower the risk of long-term toxicity
and cost of therapy by a long circulating carrier.

AmB is released in a sustained manner from PEO-6-PHSA micelles, particularly
at high levels of stearic acid substitution and a solvent evaporation method of loading.
Despite a large surface area, 30 % of encapsulated AmB remained in PEO-5-PHSA
micelles (70 % of stearic acid substitution) after 24 hs of incubation in the presence of
lipid vesicles. PEOQ-b-PHSA micelles may release the drug in a monomeric state.
Monomeric AmB acts selectively on fungal membranes at a cellular level. Preferential

binding of monomeric AmB with serum albumin and high-density lipoprotein may also

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lead to a reduced in vivo toxicity for AmB. As a result, the therapeutic index of AmB is

expected to be improved by the polymeric micellar formulation in vivo.

7.3. Conclusions

1. Micelles composed of fatty acid conjugates of PEQ-5-PHAA have been prepared from
PEO-b-PBLA by aminolysis, reaction with fatty acids and self-assembly.

2. PEO-b-PHSA micelles at a high level of stearic acid substitution have a spherical
nanoscopic supramolecular core-shell structure with low CMC, high core viscosity and
low core polarity.

3. PEO-b-PHSA micelles effectively encapsulate a compatible drug. amphotericin B.
through dialysis and solvent evaporation techniques.

4. The degree of substitution of the fatty acid on the core-forming block can be varied to
modify the stability of PEO-b-PHSA micelles, increase the encapsulation of drug and
control the rate of drug release.

5. PEO-b-PHSA micelles lower the toxicity of AmB at a membrane level without a loss

of its antifungal activity, particularly by a solvent evaporation drug loading method.

7.4. Future perspective

Polymeric micelles have great potential for selective drug delivery (58-66). A
small size is the main advantage of polymeric micelles over other colloidal systems used
for site-specific drug delivery. This may lead to transfer to extravascular environment and
penetration into cells membranes for the micellar carrier. The same factor, however, may
restrict the space of encapsulation and limit the ability of polymeric micelles for a

sustained drug release, due to a large total surface area. The problem might be overcome
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if the drug is stably encapsulated in the core of polymeric micelles. We explored this
possibility for a model drug, AmB, by tailoring the chemical structure of PEO-b-PLAA
derivatives through the attachment of AmB compatible moieties in the core. A polymeric
micellar formulation was developed for AmB delivery based on PEO-b-PHSA that can
effectively encapsulate the drug, improve its efficacy and sustain the rate of drug release
in vitro. The micellar structure was found to be nanoscopic in size and stable upon
dilution under in vitro conditions.

For PEO-b-PHSA micelles, the in vitro results showed a reduced toxicity and
potent antifungal activity for encapsulated AmB in terms of haemolysis and MIC. In
these experiments, the membrane activity of AmB was measured at a cellular level. The
basis for the selectivity of AmB towards fungal cells in biological systems is not clear
and has been attributed to several mechanisms (33). A fair conclusion on the efficacy of
AmB in the polymeric micellar system can only be made by the assessment of toxicity
and activity in animal models of systemic fungal disease.

We expect a long circulating behaviour for PEO-b-PHSA micelles, owing to its
nanoscopic size and PEO shell. The assessment of pharmacokinetics and biodistribution
of encapsulated AmB in comparison to AmB is required to validate this hypothesis. AmB
has shown an improved efficacy in a murine model of candidiasis when delivered by long
circulating liposomes (67).

We built structure-property relationships and studied the effect of alkyl core structure
on micellar properties, AmB encapsulation, in vitro toxicity, antifungal activity and

release. A similar investigation might be conducted to assess the effect of structural
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variations on the pharmacokinetics and efficacy of AmB encapsulated in PEO-5-PHSA
micelles in biological system.

From a broader perspective, a better understanding on the role of structural factors on
the biodistribution of polymeric micelles may lead to the design of polymeric micelles
with preferential accumulation in specific organs for a passive drug targeting. For a third
degree of targeting by polymeric micelles, i.e., delivery to subcellular targets, it might be
useful to conduct a structure-property study with respect to the uptake of polymeric
micelles at the cellular level. Little is known on the effect of micellar structure and the
mechanisms involved in the cellular uptake of polymeric micelles (68-71).

PEO-b-PHSA micelles may be used to encapsulate many hydrophobic drugs suffering
from low water solubility or instability, particularly those that contain aliphatic chains in
their chemical structure. Nystatin, another antifungal drug in the category of polyene
microlides, is a second candidate for encapsulation in PEO-6-PHSA micelles. Despite
great potency, nystatin formulations are only available for local administration, possibly
due to a poor solubility of the hydrophobic drug and its toxicity (72).

Lastly, PEO-b-PHSA micelles have been designed to deliver AmB by intravenous
route of administration. We speculate the system might be administered by a pulmonary
route and be effective for pulmonary aspergillosis. The pulmonary route is accessible and

may lead to local antifungal effects for AmB without toxicity.
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