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ABSTRACT

SUPRAMOLECULAR ENGINEERING OF VESICLES
VIA SELF-ASSEMBLY:
APPLICATION TO DRUG DELIVERY
By
Floraine M. Collette

University of New Hampshire, December, 2005

Sixteen millions of people are diabetics in the United States. Finding
an oral way to deliver the insulin they need would improve the quality of their
life. For this purpose biodegradable and biocompatible nanovesicles
encapsulating some insulin have been synthesized. Those nanovesicles are
made by self-assembly of a triblock copolymer poly(ethylene glycol)-b-
poly(lactic acid)-b-poly(glutamic acid) (PEG-b-PLA-b-PGIlu). The triblock
copolymer has been prepared in several steps by multi-step anionic ring-
opening polymerization. The first step consisted in the preparation of the
diblock copolymer PEG-b-PLA. This diblock copolymer was synthesized by
ring opening of racemic lactide, using a zinc alkoxide as an initiator. The
second step was the synthesis of the poly(glutamic acid). The
polybenzyl(glutamic acid) was obtained by ring opening polymerization of the
N-Carboxyanhydride of the corresponding amino acid. Finally, the benzyl
group was deprotected via protonolysis, to generate the homopolymer. This

triblock was successfully obtained by coupling a diblock copolymer PEG-b-

Xiv



PLA and a homopolymer poly(glutamic acid). In the presence of an aqueous
solution of insulin where the pH is between 7 and 9, the triblock copolymer
self-assembles in nanovesicles containing a part of the free insulin. In the
intestine, the vesicles are highly solvated due to the deprotonnated
poly(glutamic acid) hair which are expected to be located on the outside.
Moreover, to resist from the gastric acidity, the nanovesicles are protected
with gastro resistant polymer, Eudragit, which stay solid at acidic pH but get
dissolved in the intestine (where the pH is slightly basic), releasing the
vesicles. All the polymers have been characterized using *H NMR and GPC.
The percentage of encapsulation of insulin has been measured by HPLC

some in-vivo experiments have been done on Sprague-Dawley rats.
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l. INTRODUCTION

1. Diabetes

Diabetes is the fastest growing disease in the world® and currently affects

194 million people (Figure 1).2

cre ol H
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Figure 1. Estimation of the prevalence of diabetes in the world, from reference 3

In the Unites States, this disease was the sixth greatest cause of mortality in
2002:* Currently 5 to 10% of the population® has diabetes and it is expected than
one out of three Americans born in 2000 will develop diabetes.® From 1991 to
2004, in the United States, the number of cases has increased by 61%° and it is
expected that there will be 333 million diabetics in the world by 2025.? The
annual American cost (direct and indirect) of diabetes represents 132 billion of

dollars.®
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Diabetes, also known as “high blood sugar”,” is a leading cause of heart

disease, stroke, blindness and kidney failure. This disease is caused by an

inadequate regulation of the glucose level in the blood. The two main endocrine

hormones responsible for glucose regulation are insulin and glucagon. They are

both generated in the islets of Langerhans located in the pancreas (Figure 2).

Insulin is synthesized in the beta-cells of the islets of Langerhans whereas

glucagon is produced in the alpha-cells (Figure 3). When an excess of glucose is

in the blood, the pancreas secretes insulin. Insulin activates a series of cell-

receptors leading to the storage of glucose under the form of glycogen in the liver

and to the uptake of glucose by other cells. Glucagon is the regulatory endocrine

hormone for hypoglycemia (Figure 3).”
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Figure 2. Scheme of the mechanism of the
insulin and the glucagons®
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Figure 3. Figure of the islet of
Langerhans®



Diabetes occurs in two different forms, classified as type one and type two. In the
case of type one diabetes (also called juvenile diabetes), an autoimmune disease of
genetic origin results in the eventual death of the beta-cells in the pancreas. This type of
diabetes affects about 10% of the diabetics.’

Type two diabetes affects people over 30 or people who suffer from obesity. It
often occurs when insulin is no longer efficiently recognized by cell receptors. The body
becomes insulin-resistant and after several years, the production of insulin may even
decrease.'® Besides a strict diet and physical exercise, therapeutic treatments include
the use of “fat-burners” and injections of large doses of insulin. Therefore, insulin
therapy is used in the treatment of both types of diabetes.

Insulin was discovered by Dr. Frederick Banting in 1922."* He was awarded the
Nobel Prize in Physiology or Medicine one year later for this discovery. Insulin is a
protein constituted of 51 amino acids (Figure 4): 2 peptide chains (the chain A of 21 and
the chain B of 30 amino acids) are bonded together by two disulfide bridges.*? An
additional disulfide bridge link the residue A6 and Al1l. Its sequence was determined in

1955 by Frederick Sanger and it was the first protein to be sequenced.*
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Figure 4. Amino Acid sequence of insulin (picture taken from reference 13)



In the presence of zinc ions, a zinc-containing hexameric aggregate is formed between
two metal ions and six molecules of insulin, as shown in Figure 6. This complex is
stabilized by the interaction of the zinc with the histidine residues located in position
10.** In an aqueous medium, insulin adopts a globular conformation (Figure 5) with a
volume of about 1.73 nm? for the monomeric form and 14.71 nm? for the hexameric

form.®

Figure 5. Molecule of I?g,ulin
(C254H377N6507686)

Figure 6. Hexamer of insulin coordinated with two
Zinc atoms®’

Insulin cannot be delivered orally since, as a protein, it is degraded in the
stomach and intestine. Until April 2005, the only diabetes treatment accepted by the
FDA (Food and Drug Administration) consisted of injecting therapeutic doses of insulin

subcutaneously. In the majority of cases, a non-glycosylated human recombinant insulin



is used, although porcine or bovine insulin have been used in the past. As an
alternative, pancreas transplant is an option for type one diabetics. No less than 33% of
the people reject the transplant 5 years after this very heavy operation.®> The recently
developed transplant of only the islets of Langerhans is a less intrusive procedure.
Pancreatic cells are injected in the portal vein and are trapped in the liver. The rejection
rate is still extremely high: 92% of the patients need to restart insulin injections after only
one year.?

Diabetics inject insulin up to eight times a day using a subcutaneous needle. An

insulin “pen” is often used to choose the right dosage (Figure 7).

4 W@

Figure 7. Picture of an Insulin pen®®

The injection sites are rotated to avoid the formation of painful dips in the skin (Figure 8)
which are caused by the subcutaneously injected insulin which triggers an unwanted
glucose digestion and cell apoptosis. A means of insulin delivery, that more uniformly
distributes the drug throughout the body and favoring its uptake where needed, is

currently unavailable and is highly desirable.
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Figure 8. Injection sites™

In addition to the formation of dips, subcutaneous injection of insulin presents several
other difficulties. Insulin, like most proteins, is prone to denaturation when kept as a
solution (fibril formations: Figure 9). The insulin solutions cannot be kept more than 28

days either stored at room temperature (23°C) or 2 years refrigerated (4°C).%°

Figure 9. TEM pictures of insulin fibrils®*



As a parenteral drug, the level of purity of insulin must be extremely high. In
order to prevent the apparition of deadly pathogens (ie. bacteria), insulin solution is
formulated with a significant quantity of biocides. Today, people typically use human
recombinant insulin solutions containing no less than 1.5 g/L of phenol as biocide.?? Due

to these disadvantages, there is a need to develop other methods of delivering insulin.

2. Insulin Delivery Methods

A. Non-oral delivery methods. There is a large body of academic and industrial

work on insulin vectorization. Numerous delivery schemes have been investigated.
Several methods can be envisaged, among those are oral, transdermal, buccal, nasal,
ocular and parenteral administration routes.”®> For example, several biotechnology
companies (Inhale, Generex, Emisphere) have been testing pulmonary delivery of
insulin,®* and are currently in Phase Il clinical trials.”® The first results indicated that
there was a larger occurrence of cystic fibrosis, associated with lung infections, on
patients using this pulmonary insulin.?® Further testing of this method is currently
underway. It has been argued that insulin, projected at the bottom of the lungs using a
supersonic jet, causes fibril formation. This leads to a disease similar to the asbestosis
triggered by asbestos inhalation. The company PowderJect (Oxford, UK) is interested in
using a transdermal device?’ which propels insulin coated microparticles through the
skin. Unfortunately, this mode of injection can be quite painful but is currently studied.

Bentley Pharmaceuticals (Exeter, NH) is currently testing an intranasal formulation of



insulin which utilizes a non-toxic permeation enhancer to cross the nose epithelial

barrier.”® Phase | clinical trials have shown this method to be extremely effective.

Several attempts were made to deliver insulin orally without encapsulating it.
Most of these attempts made use of an adsorption promoter which rendered the
intestinal membrane permeable.?® These promoters are usually quite toxic, since the
epithelial cells lining the intestinal wall are damaged in their presence.?® Therefore,
encapsulation of insulin in a vesicle is necessary. In this dissertation, we investigate and

develop oral delivery method.*

B. Oral delivery of therapeutic proteins: Challenges. For most patients, the use of

oral insulin is a painless method that would offer greater comfort and a better quality of
life. It would be well received by patients who dislike injections. In addition, insulin would
be delivered directly to the portal vein, where the pancreas naturally dumps insulin.
There are several difficulties with the oral delivery of therapeutic proteins. First, peptide
bond degradation is catalyzed by numerous enzymes present in the gastrointestinal
track. Moreover the bonds are also pH-sensitive and the pH of the stomach can be as

low as one.

Another difficulty in the delivery of therapeutic proteins is the intestinal wall which
is an absorption barrier. It has been shown that under the best experimental conditions,
less than 0.5% of insulin is absorbed through the intestinal mucosa.** The intestine inner
most layer is composed of epithelial cells covered by a viscous hydrophobic layer of
mucus containing proteases. The epithelium is a physical barrier and prevents the

absorption of any foreign compound. These epithelial cells, also hamed enterocytes,



host the cytochromes P450 and represent the first site for metabolism of orally ingested
xenobiotics like therapeutic drugs.** Therapeutic proteins can be recognized by
cytochromes and can then undergo a variety of enzymatic reactions including
epoxidation, N-dealkylation, O-dealkylation, S-oxidation and hydroxylation.®* The
cytochromes role is to detoxify substrances that cross the membrane. However, as far
as we know, insulin has not been reported to be a substrate of the Cytochrome

P450.343%

Once the nutrient reaches the membrane intact, molecular transportation takes
place via paracellular, transcellular or carrier-mediated transport (Figure 10).%° Under
natural conditions, most nutrient transport through the intestinal membrane is mediated
by active ion-exchange mechanisms which are catalyzed by efflux mediated proteins (P-
GP, Figure 10). Protein transport is not reported to be catalyzed by P-GP efflux
mediated proteins.

Paracellular transport occurs when a nutrient channels through tight junctions
between epithelial cells. The size of these tight junctions is small enough to exclude the

passage of a protein (1.1 nm3" 38 39),
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Figure 10. Different transports through the intestine®

The last mode of transport is transcellular transport mediated by endocytosis

(vide infra).

C. Oral delivery of therapeutic proteins and existing strategies for the oral delivery

of insulin: Absorption enhancers. One of the strategies used to promote the permeation

of proteins through the intestine consists of using permeation enhancers. Absorption
enhancers change the properties of the intestinal wall and improve its permeability by
creating a perturbation or increasing disorder in the intestinal membrane. Substances,
such as bile salts, surfactants, cyclodextrins, saponin, sodium taurodihydrofusidate,
sodium caprate, Na,EDTA and sodium glycocholate, have been found to enhance the
absorption of insulin.®*® Despite this, the insulin bioavailability is still low.*> Calcium
chelators are also used to provoke the opening of transcellular tight junctions®® but

interaction with sodium channels prevent its use for chronic administration. Beside their
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toxicity toward the epithelial barrier,** the absorption enhancers are not specific which

can lead to the coabsorption of toxins.*

D. Oral delivery of therapeutic proteins and existing strategies for the oral delivery

of insulin: Coupling with a transport promoter. To improve the absorption of drugs, the

protein can be coupled to a specific molecule which promotes intestinal transport, for
example vitamin Bi,. Once in the intestine, the transporter, located on the intestinal wall,
recognizes the promoter like the vitamin, binds to it and allows the passage of the drug
through the intestinal wall. In this case, the protein can still be subject to protease

degradation.3® 4% 43

E. Oral delivery of therapeutic proteins and existing strategies for the oral delivery

of insulin: Proteases inhibitors. It is also possible to use proteases inhibitor to minimize

enzymatic degradation. An inhibitor blocks the active site of the enzyme, either
reversibly or irreversibly. Several protease inhibitors have been used, among others
pepstatin, aprotinin, EDTA and ovomucoid.** A change of pH can also lead to inhibition
as shown by the Unigene Laboratories (Fairfield, NJ). Salmon calcitonin is an excellent
substrate for the pancreatic serine protease trypsin. With a decrease of pH, the activity
of the enzyme decreases while the absorption, in the lower small intestine, is at a
maximum.* Madsen et al. have demonstrated that the graft copolymer Poly(Methacrylic
acid-g-Ethylene Glycol) (PMMA-g-PEG) can act as a protease inhibitor. In this case,
poly(Methacrylic acid) chelates calcium ions, minimizing the activity of calcium
dependent enzymes such as trypsin.*® The more concentrated the inhibitor, the larger
the bioavailability of the therapeutic protein. However this process interferes with the

digestion of nutritive proteins and cannot be used for a long durations.® *"* * A more
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efficient method uses proteases inhibitors coupled with absorption enhancers as in the
case of Oralject™ technology for oral vaccine delivery for salmonids.*® Protease

inhibitors can also be combined with mucoadhesive polymers.

F. Oral delivery of therapeutic proteins and existing strategies for the oral delivery

of insulin: Mucoadhesive polymers. Mucoadhesive polymers have specific affinity for the

mucin layer of a biological membrane. Mucin are high molecular weight glycosylated
glycoproteins which form the mucus.>® Mucoadhesive polymers adhere to the intestinal
mucus because their low Tg (glass transition temperature) facilitates the diffusion of the
polymer in the mucus resulting in the formation of favorable interactions (hydrophobic
interactions, hydrogen bonds and electrostatic interactions). Mucoadhesion is greater for
polymers with charged terminal groups (polyacrylate derivatives are often used) due to
the formation of favorable interactions with the mucin functional groups (carboxyl,
hydroxyl, amide, sulfate groups).>* Poly(acrylic acid) has been extensively tested for the
release of therapeutic proteins in the close vicinity of the intestine wall.* This acidic
polymer locally decreases the pH, reducing topically the activity of the proteolitic
enzymes present in the gastro-intestinal track. This polymer can also release either Ca**
ions (which provoke the opening of transcellular tight junctions and enhance the
absorption), enzyme inhibitors or absorption enhancers.® It has also been found by De
Ascentiis et al. that the addition of free poly(ethylene glycol) chains increases the
mucoadhesive properties of a polyacrylate derivative.> Polymers having carboxylic
groups and poly(ethylene glycol) fragments have been shown strong adhesion because
of their propensity to form hydrogen-bonds with the hydroxyl groups of the mucin

(present in the branched sugar chains).>® The mucus also has a strong affinity with
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hydrophobic materials. The mucoadhesion of polymers with thiol end-groups is
enhanced by the formation of disulfide bonds with the cystein-rich domains present in

the mucus.>®

G. Oral delivery of therapeutic proteins and existing strategies for the oral delivery

of insulin: Prodrugs. Another strategy to affect oral delivery consists in the use of

prodrugs. In this case, the prodrug needs to be able to convert quantitatively into the
protein to be delivered. The properties of the drug, such as stability, hydrophobicity,
pharmacokinetics, polarity, etc..., are changed: The drug absorption increases and the
drug becomes more resistant towards the proteases degradation. It has been shown
that the cyclization of a therapeutic protein reduces its polarity and charge thereby
increasing its membrane permeability.>* The covalent coupling of the protein with a
polymer, such as poly(ethylene glycol) (or PEG)>® can improve biopharmaceutical and
clinical properties of several therapeutic proteins. The solubility®® and the stability®” of
the protein is increased, for example, which allows better pharmacokinetics properties.*®
Pegylated proteins can reduce adverse immune responses compare to the unpegylated
equivalent therapeutic protein.’®. The digestion of pegylated proteins is believed to be
slower because of the steric hindrance imparted by the PEG chain causes the
therapeutic protein to become less accessible to the enzymes.>” For example,
pegylation increases the lifetime of a protein in circulation (stealth characteristics).>’
Such stealth proteins are not recognized by macrophages because their surface is
devoid of hydrophobic patches. In practice, the use of prodrugs for the oral delivery of
proteins has not been successful. However, Nobex has developed in phase Il an oral

version of insulin, Hexyl-insulin monoconjugated 2 (HIM2).>® ®® Moreover, by covalently
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modifying a protein, a new molecule is created, which has unknown toxicity and side
effects. The pharmacokinetics and pharmacodynamics activity can also significantly

differ from the activity of the natural protein.

H. Oral delivery of therapeutic proteins and existing strategies for the oral delivery

of insulin: Microparticles and nanoparticles. Microparticles and nanoparticles can also

mediate the transport of drugs through the epithelium. It is thought that the particle
protects the protein from gastric acidity and enzyme degradation allowing the intestinal
wall to be crossed. The uptake of particles by the intestine has been the object of
several studies, often with contradicting results. It has been shown that a polystyrene
particle can cross the wall of the intestine without degradation.®* The amount of particles
internalized decreases with increasing particle size. It is 6% for a 100 nm particle, 3% for
a 300 nm particle and 0% for a 3um particle.®* Using colloidal gold nanoparticles, Hillyer
et a.®? has also shown that the absorption of particles with diameters comprised
between 50 nm and 20 pum, occurs in the Peyer's Patch regions®® of the small intestine
(A Peyer’'s Patch is any of several lymph nodes in the walls of the intestines near the
junction of the ileum and colon). This is size dependant with the smaller the particle size
giving greater absorption rate. Desai et al. studied the effect of the particle size on the
uptake of biodegradable microparticles made of poly(lactic-co-glycolic acid).
Experiments were done on 100 nm, 500 nm, 1 um and 10 um particles. The uptake of
100 nm size nanoparticles was 4*10° times higher than for 10 um microparticles and
6.7*10° times higher than for 1 pm microparticles. The concentration of the 100 nm size
nanoparticles has been shown to be greater in the Peyer's Patch tissues.®* However, it

is known that Peyer’s Patches are very few in number (~0.1%) and it is unknown if the
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particles are released in the lymphatic system, in the blood or if the particles stay in the
Peyer’'s Patch. Also, an increase of the hydrophobic character of the particle increases

the absorption.®

|. Oral delivery of therapeutic proteins and existing strateqgies for the oral delivery

67, 68

of insulin: Liposomes and Niosomes. The use of liposomes®® and niosomes seems

to be promising. A liposome is an artificial microscopic vesicle consisting of an aqueous
core enclosed in a phospholipid bilayer, used to convey vaccines, drugs, enzymes, or

other substances to target cells or organs (Figure 11).%°
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Figure 11. Liposome section

Niosomes are artificial vesicles made of non-ionic surfactants which can also be
used in drug delivery. Niosomes are formed with fatty acids which are
pegylated.®® In these systems, the therapeutic proteins are protected against the
enzymatic degradation, not only in the intestinal lumen but also in the mucus.
The surfactants, with which the vesicles are formed, can enhance the penetration
in the mucus. However, they are much less stable than polymeric particles and
can easily undergo degradation in the gastro-intestinal track.*® Moreover, the use
of organic solvent is necessary for their formation and they are quite large

(10um).”™
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J. Oral delivery of therapeutic proteins and existing strategies for the oral

delivery of insulin: Delivery in the colon. Finally, drugs can be delivered in the

colon. Some polymers like Eudragit or cellulose acetate phthalate are pH
sensible and will only become solvated in the colon where the pH is slightly more
alkaline than in the intestine.”* Once the polymer is dissolved, the therapeutic
protein is released. As the proteolitic enzymes concentration is smaller in the
colon, the protein is less likely to be hydrolyzed. Thus, the bioavailability is higher

than in the small intestine.

K. A new approach. None of the techniques mentioned have been very

successful, since they do not combine high bioavailability and low toxicity, the
requirements for drug delivery. There are a wide variety of nanosize objects, the
most common ones being nanovesicles and nanoparticles. Insulin in
nanoparticles is not well protected from the action of intestinal proteases. The
driving force for the encapsulation of insulin is the formation of hydrophobic
interactions between the nanoparticle and insulin. In this dissertation, we will
reserve the use of the word vesicles to “nano” objects (with size < 1 um). It is well
known that proteins irreversibly adsorb on hydrophobic surfaces leading to
protein denaturation (rearrangement of the tertiary structure).’® Therefore, insulin
must be encapsulated in vesicles. As seen below, vesicles are stabilized by a
hydrophilic external layer which is essential to ensure colloidal stability. If the
hydrophilic layer is too small, the vesicles aggregate together under the form of a
macroscopic powder. Usually vesicles which are colloidally stable in water are

protected by a charged layer. However, mucus has been shown to be an
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“hydrophobic” environment,”

and charged objects (even if they have
mucoadhesive properties) usually do not permeate the intestinal membrane.
This yields an intrinsic contradiction between colloidal stabilization and intestinal

permeation.

We propose to encapsulate insulin in polymeric vesicles of nanometer
scale, so called nanovesicles. Of course, those nanovesicles need to possess
special characteristics. First, they need to be biocompatible as they are orally
administrated and then partially absorbed. They must be resistant to the gastro-
intestinal environment (low pH in the stomach and pH = 7.4 in the intestine), in
order to cross the intestinal wall and to deliver the insulin into the blood. To cross
the intestine between the microvilli by endocytosis, the nanovesicles need to be
small enough. The intestine surface is covered by villi, composed of epithelial
cells. On the surface of those epithelial cells, microvilli (also called “brush

nl4

border”'”) increase the surface area of the intestine to almost 200 square

meters’* (Figure 12 and Figure 13).

Figure 12. SEM of intestinal microvilli of a mouse™
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Figure 13. Picture showing villi, epithelial cells that cover the villi and the microvilli of the
epithelial cells”™

The distance between microvilli is around 80nm."® If the diameter of the vesicles
is too large, the vesicles will probably not be able to approach the surface of the
enterocyte where absorption occurs. Endocytosis is a process whereby any cell
internalizes material. In the gastrointestinal track, the epithelial cells (Figure 14)
internalize material and release it into the blood. This material can be, among a
large number of possibilities, amino acids, proteins, vitamins, sugar and lipids. In
the endocytosis process, after activation of receptors present on the surface of
the epithelial cells, an invagination of the plasma membrane is created and the
substance becomes internalized in an intracellular vesicle (endosome). This
intracellular vesicle is transported by the cytoskeleton until the substance gets
released in the blood by fusion of the vesicle with the plasma membrane

(exocytosis).
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Figure 14. TEM picture of intracellular vesicle formation during endocytosis *’

3. Design of the vesicles

The nanovesicles we have prepared are formed by the self assembly of a
triblock copolymer, as illustrated in Figure 15. This triblock copolymer is
composed of a block of poly(ethylene glycol) (PEG), a block of poly(lactide)
(PLA), and a block of poly(glutamic acid) (PGlu), where the hydrophobic block
(PLA) is the inner block. This triblock PEG-PLA-PGIlu is prepared by multi-step
anionic ring-opening polymerization. We show that vesicles are spontaneously
formed in an aqueous solution of insulin (7<pH<9, Figure 15). We also bring
indirect proof that the PEG block is mostly oriented towards the internal
compartment, whereas the PGIlu is oriented toward the outside. In the
nanovesicles, the inner hydrophilic PEG prevents the adsorption of the insulin on

the hydrophobic layer of PLA. The PLA prevents the leakage of the protein to the
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outside. In the intestine, where the pH is about 7.4, PGlu is partially
deprotonated. This allows the vesicle to become highly solvated, prevents the
formation of aggregates due to high electrostatic repulsions between vesicles,

and imports the vesicles with mucoadhesive properties.
T T T Spontaneous %
PGlu PLA PEG self association &\

Hydrophilic polymers
. . necessary to form the vesicle
PGlu = Polyglutamic acid and prevent insulin denaturation
PLA = Polylactide PLA : hydrophobic

— Forms the wall of the vesicle
PEG = Polyethylene glycol Degrades naturally in lactic acid

Figure 15. Preparation of nanoparticles loaded with insulin.

The vesicles containing the insulin are microencapsulated in Eudragit, a
commercial polymer which is insoluble in the acidic environment of the stomach.
Eudragit is used to form gastro-resistant pills which are not degraded in the
stomach, but are solubized in the intestine, thus releasing the vesicles. The
vesicles have been designed so that the external PGlu, once exposed to the
cocktail of intestinal proteases (which are in the lumen and in the mucus), is
degraded (PGlu is also a “protein”). Thus, the vesicle surface becomes more
hydrophobic as patches of PLA are exposed at the surface. The unsolvated
vesicles are expected to “precipitate” at the surface of the intestine, be trapped in

the microvilli or in the Peyer’s patch regions and be internalized via endocytosis
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in an endosome. In the acidic endosome (pH=4-5), the polylactide is degraded,

leaving water-soluble PEG and insulin (Figure 16).
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Figure 16. Fate of the dosage form inside the small intestine

To the best of our knowledge, triblock copolymers PEG-PLA-PGIlu have

never been synthesized prior this work, and the preparation of such compounds

will be presented in detail in Section Ill. In a subsequent chapter, elements on

the formation of vesicles, structure of vesicles and encapsulation of insulin in

these vesicles will be presented. Finally, the results of the insulin delivery in rats,

mediated by the vesicles, will be discussed.
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. BACKGROUND

1. Self-assembly with amphiphilic compounds

Amphiphilic compounds (also called surface active compounds or
surfactants) possess at least one hydrophilic part and one hydrophobic part.
Such compounds spontaneously self-organize in the presence of a selective
solvent, such as water, which dissolves only one of the parts. Depending upon
the nature of the amphiphile and the conditions (temperature, ionic strength,
concentration, etc.), a variety of supramolecular aggregates can be formed, such
as micelles, vesicles, lamellar structures, rods or bicontinuous structures (Figure

17 and Figure 20).

Nanorod

Vesicles

Micelle Nanotube

Figure 17. Figure of Vesicles (adapted from reference 78), Nanorod and Nanotube (adapted
from reference 79) and Micelle (adapted from reference 80)
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Micelles (Figure 17) are supramolecular objects, the inside of which
consists of hydrophobic moieties and the outside of which is decorated by the
polar heads. In general, micelles are spherical, although elongated micelles have
been reported.? 8 83 The average diameter of a micelle is approximately twice
the size of a surfactant molecule. By contrast, vesicles are supramolecular
objects in which an aqueous cavity is enclosed by a continuous layer of
amphiphilic compounds.®® Most of the time, vesicles are spherical. At the
molecular level, vesicles (Figure 17) have flat interfaces. For a molecule in the
bilayer, the environment is the same in a sphere of radius 100 nm, 200 nm, 300
nm, etc.... Basically, the molecule “feels” that it is in a flat environment.
Therefore, there is no thermodynamic preference for one size or another (as long
as the size is large enough). Size is usually controlled by processing of the

vesicles, such as extrusion (Figure 18).558%%7

‘ Pressure

Figure 18. Scheme of extrusion process

Liposomes are vesicles which are formed via the assembly of

phospholipids and other surfactants with one polar head and two hydrophobic
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tails.®® The phospholipids are arranged in a bilayer which is the main constituent
of cell walls. In this case, the polar heads of the surfactant point towards either
the inside or the outside of the vesicle while the hydrophobic tails are forming the
membrane of the vesicle. Other structures such as rods and lamellar phases are
often encountered in concentrated “solutions” of surfactants. Bicontinuous
structures (Figure 19 and Figure 20) are special supramolecular objects which
can be ordered (like cubic bicontinuous) or disordered. In a bicontinuous phase,
it is possible to go continuously from one point to another point by taking a
“hydrophobic” only or “hydrophilic” only pathway. It is not possible to define an

inside or an outside for such phases.

Figure 19. Typical example of a bicontinuous optimal structure®

Figure 20. Geometries of self-assembled interfaces: (a) micellar (spheres), (b) hexagonal (cylinders),
(c) lamellar (planes), (d) cubic bicontinuous (cubic minimal surfaces) and (e) disordered bicontinuous
(random surfaces)®
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A polymer micelle is a micelle composed by an amphiphilic copolymer,
while a polymer vesicle is a vesicle made from an amphiphilic copolymer. Some
of them are designed to mimic a biological system. Kataoka et al. have been
working extensively on the use of polymeric micelles for the encapsulation of
hydrophobic chemotherapeutics. For example, the block copolymer poly(aspartic

acid-b-ethylene glycol) was conjugated to doxorubicin (DOX or DXR) - 92

(Figure
22). In the presence of water, nanoparticles were formed where the hydrophobic

core poly(aspartic acid-doxorubicin) was stabilized by poly(ethylene glycol) hairs.
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Figure 21. Conjugation of DOX to poly(aspartic acid-b-ethylene glycol)
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Figure 22. Schematic structure of the nanoparticles NK911%® (PEG (114 units) is used as a
hydrophilic block and poly(aspartic acid) (30 units) coupled with Doxorubicin (DXR or
DOX) as the hydrophobic part)

The micelles can be loaded with doxorubicin at the time of formation (Figure 21
and Figure 22). These polymeric micelles have been injected into animal®® ** and
human cancer patients.”®> Compared to injections of doxorubicin, the micelle
system shows prolonged circulation time and a greater adsorption by the tumor.
Because of its hydrophobicity, doxorubicin does not readily circulate in the blood
to reach the tumor site. Thus, the use of a polymeric micelle as a carrier is
advantageous.

Other polymeric micelles have been formed by complexation of cisplatin to
the copolymer PEG-poly(glutamic acid) or PEG-poly(aspartic acid). In this case,
the platinum complex acts as a crosslinker of the poly(glutamic acid) (Figure 23)

or poly(aspartic acid) fragment (Figure 27).
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Figure 23. Figure of the formation of polymeric micelles (C) loaded with cisplatin (A)
prepared from the complex formation of the diblock copolymer PEG-PGIlu (B) and the
cisplatin®

Another type of polymeric micelles are shell-crosslinked knedels (SCK)
prepared by Wooley et al. (Figure 24). The SCK are micelles formed by self-

assembly of an amphiphilic diblock copolymer followed by the cross-linking of the

shell layer.

Figure 24. Picture of a shell crosslinked knedel. a. Formation of a micelle by self assembly.
b. regioselective crosslimking. c. cleavage of core chains. d. extraction of the core®

These diblock copolymers are composed of a hydrophobic poly(styrene)
segment and a hydrophilic P4VP(CIMeS) (poly(styrene-b-p-chloromethyl styrene-

quaternarized poly(4-vinyl pyridine)))segment.
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Figure 25. Poly(styrene-b-p-chloromethyl styrene-quaternarized poly(4-vinyl pyridine))®’

Once the shell formed by the P4VP(CIMeS) is crosslinked, the core chains are
cleaved to give a crosslinked shell. These objects can be used to transport and
deliver DNAY or lipoproteins (groups of conjugated proteins where at least one of
the components is a lipid®®). Those SCK can also be used as a model of histone
core of nucleosomes (arrangements of 146 base pairs of DNA wrapped around
an octamer of core histone, forming regular spherical structures in eukaryotic
chromatin®).*%

Although not really amphiphilic in nature, the work of Couvreur et al. on
polycyanoacrylate nanoparticles is worth being cited. For example, the diblock
copolymer PEG-poly(isobutyl 2-cyanoacrylate) (or PEG-b-PIBCA) (Figure 26)

forms PEG-coated PIBCA nanoparticles which can be used for insulin

administration.
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Figure 26. PEG-PIBCA formula

The mechanism of degradation of the nanoparticle in the gastrointestinal track is
not yet well understood, but the preferred hypothetical “key step” is the enzymatic
hydrolysis of the ester on the pendant chain. This hydrolysis leads to the
formation of an alcohol and a polycyanoacrylic acid which is water soluble and
excreted. Formaldehyde and cyanoacetate are minor degradation products.®
The mechanism of the liberation of insulin is unknown, but it has been proven
that these nanospheres partially protect the insulin from protease degradation: 75
to 85% of the initial insulin associated with the nanosphere was recovered when
the nanospheres were dispersed in miglyol 812 (medium-chain triglycerides, not
very well defined oil) containing pepsin. When the suspension medium was pure
water, only 25% of the initial insulin was recovered.®

Liposomes are also used for drug delivery purposes but they cannot be
used for oral delivery of insulin because amphipathic substances secreted in bile
(such as glycocholic acid) disrupt their organization, thus releasing the payload.”
We believe that polymeric vesicles are best suited for the oral delivery of insulin,
because the leakage of the drug is less rapid. &

Vesicles can be prepared from diblock copolymers and triblock
copolymers. In general, diblock copolymers lead to the formation of

micelles.*®>'%? However, polymersomes*®® have been shown to yield vesicles.***
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Polymersomes are amphiphilic diblock copolymers which are stuffed with a
hydrophobic polymer. This hydrophobic polymer intercalates between block-
copolymers, thus favoring the formation of polymeric vesicles, called
polymersomes. An example of polymersomes is poly(ethylene glycol-b-
ethylethylene) stuffed with poly(ethylethylene).*° It is also important to note that
numerous authors have reported the formation of polymeric vesicles via self-
assembly of polymers in organic solvents.’® Such vesicles are not covered in

this short review because they are not colloidally stable in water.

Triblock copolymers lead to the formation of a large variety of structures

106,107,108,109,110

such as micelles, nanotubes,”® membrane-like superstructures,***

112 3

particles (suspension of a solid in a liquid), vesicles,™® nanostructured
hydrogels,*** lamellar structures,*®® and film.*** There is no general rule on the
object formed by a triblock ABC where the blocks A and C are hydrophilic and B
is hydrophobic. That is why, in our case, once the conditions were optimized for
the different synthetic steps, different compositions of the triblock copolymer

PEG-b-PLA-b-PGIlu were tried in order to form vesicles.

Only a handful of examples of polymeric vesicles based on triblock
copolymers have been reported. Zhang et al have shown that by using the
triblock copolymer PMBPS-b-PEO-b-PMBPS (Figure 27),'* it is possible to form
vesicles in a mixture of water and dioxane, followed by dialysis in order to

remove the dioxane.
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Figure 27. triblock copolymer: PMBPS-b-PEO-b-PMBPS™'*®

In this case, the vesicles are formed by a phase inversion process, using dioxane
as a good solvent for both the PMBPS block and the PEO block. In such a
process, the polymer is dissolved in a good solvent and a selective bad solvent is
slowly added until one of the blocks is segregated and forms self-assembled
objects.™*® However, no vesicles are formed by direct self-assembly in water. The
group of Meier has studied in detail the self-assembly of the triblock copolymer
poly[(2-methyloxazoline)-b-dimethylsiloxane-b-(2-methyloxazoline)] in  water

(Figure 28).116'117’118

— g/“\/\o

Figure 28. triblock copolymer: PMOXA-PDMS-PMOXA!®H7118
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The polymer spontaneously formed vesicles in water (the diameter of these
vesicles was ranging from 50 to 500 nm). These vesicles were used to
encapsulate phosphate anions. The vesicles were constituted of only neutral
polymers. It is important to note that the PDMS is not biodegradable, so such
vesicles would not be suitable for insulin delivery. Schillen et al. also formed
vesicles by self-assembly using PEO-b-PPO-b-PEO (Figure 29).**° However,
once again the central block is not biodegradable. In addition, these vesicles

have a tendency to spontaneously invert to a lamellar structure.

IS0 o

Figure 29. triblock copolymer: PEO-b-PPO-b-PEO™
Asymmetric vesicles were prepared by the Meier group, using
poly[(ethylene oxide)-b-dimethylsiloxane-b-(2-methyloxazoline)] as a building
block (Figure 30).° In this case, the vesicles were spontaneously formed in

water via self-assembly.

Figure 30. Triblock copolymer: PEO-b-PDMS-b-PMOXA **°

\\\\\\\

The interest for asymmetric vesicles lies in the fact that, as in natural

membranes, the inside environment is different from the outside environment.*'*

32



The asymmetry can also be generated by using blocks of similar nature but
varying lengths. In the case of the poly(2-methyloxazoline)-b-
poly(dimethylsiloxane)-b-poly(2-methyloxazoline), synthesized by the Meier
group (Figure 28), the shorter block ends up inside the vesicle.*?* Because this
segregation phenomenon is based on the difference in lengths of the two poly(2-
methyloxazoline) blocks, it is important to prepare triblock copolymers made of

monodisperse blocks.

There exist two main methods to prepare self-assembled objects from

122

amphiphilic copolymers: direct self-assembly “““ in water and self-assembly after

" or film

phase inversion.'?3124125126 Eormation of vesicles by electroforming®?
rehydration*?® are sometimes used as well. As the name states in the method of
direct self-assembly, the triblock copolymers self-assemble to form vesicles
directly (Figure 31). In the phase inversion process, the triblock copolymer is first
dissolved in a solvent which is good for all the blocks and then a selective solvent
(water in our case) is added in excess (Figure 32). Here, the method of direct

self-assembly is used because it prevents the use of organic solvents in the last

step, since the organic solvent could induce insulin denaturation.
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Figure 32. Formation of vesicles by self-assembly after phase inversion
With the solvent inversion method, the nature of the object depends upon the

amount of solvent that is present.*?® 29

2. Selection of the components of the triblock copolymer

Biodegradable means capable of being decomposed by natural biological
processes.* In our case, the polymer should be decomposed by the enzymes
present in the body or in the gastrointestinal tract. A substance is considered

biocompatible if it does not produce toxic, injurious, or other harmful
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immunological responses in living tissue.’® The preparation of vesicles with

biocompatible polymers limits our choice of raw materials. Poly(ethylene oxide),

106 112

also called poly(ethylene glycol),” and poly(lactic acid)~“ are considered safe

and biocompatible (Figure 33).

A ﬁ*i

Poly(ethylene oxide) or
Poly(ethylene glycol) Poly(lactic acid) or poly(lactide)

Figure 33. Biocompatible polymers used in drug delivery

Both PEG and PLA are approved by the FDA and so can be used for the
purpose of drug delivery. They possess a low toxicity in animals and humans.
Also, the polymeric polylactide chains are degraded by hydrolysis to lactic acid.

|.132, 133

The PLA is a bioresorbable materia it is degraded by hydrolysis at a

slightly acidic pH.**

135

Poly(amino acids)™ are also considered safe, as long as no more than

136 are used in their backbone, as a higher number of amino

two amino acids
acids can be recognized by the immune system (the immunogenicity increases
with an increase in the molecular complexity). Therefore, the triblock copolymer

PEG-PLA-PGIlu (Figure 34) can be considered as biocompatible, knowing that
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the byproducts are lactic acid, glutamic acid and poly(ethylene glycol) which can

be eliminated via the kidneys.

CO,H

o) NH,
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y z
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Figure 34. Triblock copolymer: PEG-b-PLA-b-PGlu
It is important to note also that PEG is excreted by the urine only if its molecular

weight is less than 10,000 g/mol.**" 1%
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3. Synthetic Scheme

COH

= o =

i H g

/%\/ ° N
o NH
CH,0 iﬁ(\ ,
0 y 0
COH
U COH
E (0] (o] _)
/NO : OH :
CH30 . o + HO NH,
y-1 z
0 o

CO,H

H
N
CO,Bn
O.
CH3O 1 OH
HN o
\\\\\\\ )\ °©
K J

o]

"
\\\\\\\\

CO,Bn

H,N CO,H

Figure 35. Retrosynthesis for the triblock copolymer PEG-b-PLA-b-PGlu
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We have decided to synthesize the triblock copolymer sequentially from the PEG
to PGlu. In most cases, the polymerization of the lactides is initiated by metal
alkoxy complexes.’® In our case, the alkoxy complex can easily be formed upon
reaction of monomethoxy PEG on diethyl zinc. If the copolymer was synthesized
by starting with the PGlu, the deprotection of the poly(benzyl glutamate) block,
which is usually done in an acidic medium, may hydrolyze the PLA block. In our
hands, hydrogenolysis of poly(benzyl glutamate) catalyzed by palladium on
carbon was not successful (vide infra). Starting the triblock copolymer from the
PEG moiety also presents the advantage of being able to synthesize both
branched and linear triblock copolymers (see section “coupling and formation of

vesicles”).

4. Synthesis of PEG-PLA diblock copolymer

In order to form the triblock copolymer, the first step is to form the diblock

copolymer PEG-b-PLA (Figure 36).

O

o X OH
CH;0 o
X
y

o}

Figure 36. Diblock copolymer PEG-b-PLA

The PLA is a polyester which can be synthesized either by polycondensation of

101,139

lactic acid or by ring-opening polymerization of its cyclic dimer: the lactide

(Figure 37).
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Figure 37. L-Lactide (left), D-Lactide (middle) and meso-Lactide (right)

However, the ring-opening polymerization is the only method which gives access
to a controlled/living polymerization.**® A living polymerization is a polymerization
devoid of termination or transfer reactions. Thus, the architecture of the PLA can
be controlled. Lactide polymerization can be initiated by alcohols such as a PEG
containing two hydroxy ends yielding a symmetrical triblock copolymer PLA-b-
PEG-b-PLA," or using a monomethoxy PEG, which generates a diblock

copolymer PEG-b-PLA.'®’ In the presence of a catalyst, the PEG becomes a

0 | 107

macromolecular initiator*®® of the polymerization. For example, Dai et a
synthesized a diblock copolymer PEG-PLLA using L-Lactide as monomer, PEG

as initiator and the coordination compound calcium ammoniate as catalyst.
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Figure 38. Synthesis of PEG-b-PLA and PLA-b-PEG-b-PLA" 14
Lactide polymerization is most frequently initiated by metal carboxylates or
alkoxides.'?102141 |t the initiator is very basic (potassium methoxide or potassium

tert-butoxide, e.g.), the initiation occurs by monomer deprotonation. In this case,

the polymerization is not controlled.
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Figure 39. Mechanism of metal alkoxide catalysis**?

Numerous less basic catalyst have been reported, the most classic catalyst being
stannous octoate (Sn(Oct),).'%. With this catalyst, the polymerization is usually
slow, even at a high temperature. For example, the Wang group™*® reported that

at 140° C, the lactide polymerization initiated by PEG lasted 20 hours.

a) Formation of the tin-alkoxide complex before thng-opening polymerization (ROP)

o (o]
SnOct2 o . ROP
+ —>» (QOctSn-OR' —— | —_— /\

R'OH Sn---0 (Oct)Sh——0 R OR'

Oct

b) Complexation of a monomer and alcohol beforerithg-opening polymerization (ROP)

R'OH

Figure 41(4)2 Mechanism of ring-opening polymerization using tin octoate and an alkoxide as
initiator
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Bero et al. studied the coordination polymerization of lactides catalyzed by
various zinc and aluminum compounds. The most efficient catalysts were found
to be diethyl zinc and its complex with either aluminum isopropoxide or with the

hydrolysis product of the diethyl zinc/triethyl aluminium equimolar mixture (Figure

41).1%
(@) (@]
\A|/ ‘\AI'

Figure 41. Catalyst for the polymerization of lactide: aluminium isopropoxide (left) and
triethyl aluminium (right)

Williams et al. have reported a highly active Zn(ll) alkoxide (L1ZnOEt)
which has been shown to be active for polymerization of lactide. This controlled

polymerization yields to high molecular weight PLA at fast rates.***

The stereochemistry of the PLA has long been studied and found to
depend on the nature of the monomer: racemic lactide*®, L-lactide or D-lactide*®
and meso-lactide (Figure 41)."*° The L-lactide polymerization yields a highly

crystalline PLA which is predominantly isotactic**®

and the racemic lactide yields
a predominantly atactic polymer.**’ For those polymerizations, it is assumed that
transesterification does not occur and that the addition of a monomer on the

growing polymeric chain follows a Bernoullian statistics.’** However, the

theoretical percentage of each kind of sequence type (diads, triads, tetrads,
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pentads, etc.) and the percentage obtained by NMR are different due to the
unavoidable transesterifications which occur at the ester bonds and which
redistribute the sequences. This point will be treated in more details in section

“synthesis of the diblock copolymer PEG-PLA").

5. Synthesis of polyglutamic acid

The second step of the synthesis of the triblock copolymer is the formation
of poly(L-glutamic acid) (Figure 42).

CO,H

<

Figure 42. Poly(L-glutamic acid)

Its monomer, L-glutamic acid, is one of the twenty essential amino acids.
Poly(glutamic acid) (PGlu) can then be considered as a particular polypeptide or
as a particular protein composed only by glutamic acid. Homopoly(amino acids)
are usually prepared by the ring-opening polymerization of the N-
Carboxyanhydrides (NCA) of the corresponding a-amino acid. Except for a
handful of reports where the polymer of Glu-NCA is presented, PGlu is always
prepared from a protected Glu-NCA, usually using the benzyl group as a

protecting group.
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NCA are usually synthesized by phosgenation of the amino acid.
However, phosgene (Figure 43) is a poisonous gas which was used massively

during World War | as a chemical weapon.

O

Cl Cl
Figure 43. Phosgene

Triphosgene, [Bis(trichloromethyl) carbonate] (Figure 44), is a phosgene

alternative which is safer to use, because it is a solid.*®

~ ™~

Cl,C CCly

o]
Figure 44. Triphosgene

Moreover, Cornille et al. have showed that triphosgene can react with several a-

amino acids to give the corresponding NCA in good yields.**

O

HoN CO,H HN

phosgene or
Trlphosgene
0
0

Figure 45. Formation of the NCA of benzyl glutamic acid using either phosgene or
triphosgene
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An NCA is a five-member ring which possesses two electrophilic centers:
an anhydride site and a carbamate site. There are four main classes of initiators
for the polymerization of N-carboxyanhydrides: protic and aprotic nucleophiles,

148 there exist two main

aprotic bases and organometallic compounds (Table 1).
classes of polymerization mechanism: one where the N-terminus of the growing
poly(amino acid) is the active site of the polymerization and the other one where
the N-acyl carboxyanhydride is the active site of the polymerization. When water
or a primary amin is initiating the polymerization (Figure 46), nucleophilic attack
of the amine on the ester side (the more electrophilic carbonyl) results in the
formation of a ring-opened carbamate which spontaneously looses CO,, to
regenerate an amine. Under this mechanism, the reaction is slow and living,

under certain conditions (see section “Synthesis of the homopolymer

poly(glutamic acid”).
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Figure 46. Initiation of NCA using water, alcohols, primary amines or secondary amines

When using tertiary amines and metal salts, the first step is the formation of an
amide anion. This reaction is slow with tertiary amines and rapid with metal salts

(Figure 47).
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Figure 47. Initiation of NCA polymerization with tertiary amine or metal slats

This anion is very reactive and is believed to ring open the NCA to generate a N-

acyl carboxy anhydride with a pendant carbamate, which is stable in the absence
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of proton donors. The N-acyl carboxy anhydride being very electrophilic, it is
immediately ring opened by another amide anion, to generate again an
elongated N-acyl carboxy anhydride and a carbamate amide which
spontaneously decarboxylate into an amide anion and CO,. The amide anion can
either undergo proton exchange with a monomer, or attack a monomer to
generate a branched urea. The former reaction is favored because of the high
pKa of the linear amide compared to NCA amide. In the type of polymerization,
the rate limiting step is the formation of the initial amide. All the other steps are
very rapid. Consequently, it is impossible to control the number of growing chains
and the reaction yields a high molecular weight polymer with a broad molecular
weight distribution. When a secondary amine is used for the polymerization, both
mechanisms can occur at the same time (Figure 46 and Figure 47), yielding ill-
defined polymers.

H. Kricheldorf#® 0 151 \yas the first one to report the mechanism of the
polymerization (Figure 46, Figure 47).

Table 1. Example of initiators which can be used for the NCA polymerization™*® **

Primary amines | Secondary amines Terciary amines Metal salt
Amonia n-hexylamine Triethyl amine n-Butyl lithium
t-butylamine  |Dicyclohexyl amine Methyl diisopropyl amine Diethyl Zinc
i-propylamine Isopropylamine Pyridine Diethyl Cadmium
ethylamine Diethylamine Tributyl amine Triethyl aluminum
Benzyl amine | Diisopropylamine

A truly living polymerization of the NCA has been described using nickel and

152

cobalt catalysts (Figure 48). However, both nickel and cobalt are not

compatible with the synthesis of a polymer for pharmaceutical usages.
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Figure 48. Polymerization of high molecular weight PGlu using cobalt or nickel initiators
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By oxidative addition across the anhydride bond of the NCA, a

metallacyclic complexe is formed. This reaction is followed by the addition of a
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second NCA which leads to the six-membered amino-alkyl metallacycle. This six
membered-ring has been found to further contract to a five-membered amido-
amidate metallacycles while it reacts on another NCA. It is believed that this ring
contraction occurs via migration of the amide proton to the metal-bound carbon,
liberationg the chain-end from the metal. During the polymerization, one of the
carbonyl of the NCA chelates the metal allowing the terminal amine to ring-open
the NCA. As the metal complexes the terminal amine, the amine is less
nucleophilic and does not react to form pyroglutamic acid end-groups, allowing
the polymerization to be living: no dead chains are formed.

When the growing polymeric chain reaches a certain length, a hydrogen
bond is easily formed between the oxygen of one of the carbonyl groups on the

growing polymeric chain and the hydrogen of the NCA amide group (Figure 49).

H,N

1

Figure 49. Mechanism of the NCA polymerization®®
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This intermediate state is called a “microcyclic transition state” by Kricheldorf.**

Once the NCA is maintained near the terminal amine group of the polymeric
growing chain, the nucleophilic nitrogen attacks the most electrophilic carbonyl
group (the ester group) and provokes the opening of the five-membered NCA,
releasing one equivalent of carbon dioxide.'® It has been found that the initial
rates of polymerization increase while the chain grows. This kinetic effect is
called chain-effect polymerization and has been partially proved by infrared
spectroscopy where the NCA associates with various amides via H bonds
formation. This phenomenon can influence significantly the polymerization rate
depending of the distance between the binding site and the amino chain.
L-glutamic acid is often protected with a benzyl group.'®® The protecting

1 and allows the

group increases the electrophilic character of the carbony
amine to react with it. That leads to the formation of a five-membered imide (also
called a pyroglutamic group, Figure 71), stops the propagation of the chain and

prevents the polymerization from being controlled. In other words, the control of

the polymerization is lost when too many pyroglutamic groups are formed.
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. RESULTS AND DISCUSSION

1. Synthesis of the diblock copolymer PEG-PLA

Lactide, also called 3,6-dimethyl-1,4-dioxane-2,5-dione, is a white solid
obtained by the cyclic dimerization of lactic acid. Often, lactide is contaminated
by lactic acid, or dimers of lactic acid generated by the reaction of lactide with
water. These impurities have been shown to react with the polymerization
catalyst, leading to reactions with a lower degree of control. There exist several

2

methods to purify lactides such as recrystallization,'®® sublimation*® and

distillation.°®

In our case, lactide was recrystallized from hot toluene prior use
and then washed with the same solvent. Lactide is soluble in hot toluene (above
40 °C), in chloroform and in THF.™®" We chose toluene as reaction solvent,
because it allows to obtain a poly(lactic acid) with a higher molecular weight and
a higher monomer conversion (no poisoning due to coordination of THF on the
catalyst, e.g.).’®” Once recrystallized, the monomer could be ring-opened by a
zinc-alkoxide. The polymerization was followed by *H NMR. At different times, a
small aliquot of the reacting medium was quenched with a 35% solution of
hydrogen chloride in toluene, the solvent was evaporated and the residue was
analyzed by NMR. In CDCls, the methine proton of the monomer (5.05 ppm) is
clearly different from the resonance of the methine proton of the polymer (5.2
ppm, Figure 50). After 60 min, at 60°C, and for a 10000g/mol PLA block, the

raisonance of the lactide monomer is no more observed, indicating that the

reaction is complete.
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Figure 50. 'H NMR spectra of the aliquots taken during the lactide polymerization (region
of the methine proton)

All the diblock copolymers synthesized were characterized by *H NMR (Figure
51). The *H NMR gives access to the conversion of the polymerization as well as
the molecular weight of the PLA block, knowing the molecular weight of the PEG
block used. On Figure 51, the integration value of the PEG is 16.88 which
correspond to 4.72/H. The average integration value of the PLA is 19.44/H.
Knowing that the PEG is composed by 45 units, it is found that the PLA is

composed by 187 units.
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Figure 51. 'H NMR spectrum of a diblock copolymer after 60 minutes at 60°C

The active site in our polymerization is a zinc alkoxide. This species is
readily hydrolyzed into zinc oxide and an alcohol. Thus, all the reactions were
carried out under inert atmosphere using dried reagents. The facile hydrolysis
(and methanolysis) of the Zn-O bond was used to quench the polymerization
reaction. When a large excess of methanol is used to quench the
polymerization, the polymeric product is contaminated by a series of low
molecular weight products, as shown by gel permeation chromatography.
Analysis by *"H NMR of these impurities indicates that they result from the ring-
opening of residual lactide initiated by methanol (likely catalyzed by the zinc

based catalyst) (Figure 52).
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Figure 52. Transesterification occurring during the quenching of the polymerization with
methanol

The polymerization could also be quenched by addition of 0.11 % of
concentrated HCI (5 equivalents, compared to the diethyl zinc) (Figure 53). The
by-product of this reaction is ZnCl,, which does not further react with lactide.
After quenching and evaporation of the solvent, the polymer was redispersed in
THF and separated from residual monomer by precipitation in ether, followed by

filtration.

Once prepared and purified, the polymers were analyzed by gel
permeation chromatography. This technique gives access to a molecular weight
value which is relative to the molecular weight of the standards used to calibrate

the instrument. In our case, polystyrene standards were used, leading to an
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offset between experimental and theoretical molecular weights calculated from
the conversion and the reaction stoechiometry.

Numerous catalysts exist for the polymerization of lactide. In fact, it is
believed that any metal alkoxide can be used for this purpose. In our case, we
decided to use a zinc based catalyst because such catalysts are reported to lead
to fast and quantitative reactions and because residual zinc in the polymer
(degree of oxidation I1) is assumed to be non toxic.*** Moreover, the zinc alkoxide
promotes the coordinated anionic ring-opening polymerization of lactide which is
a controlled polymerization, as shown below. The catalyst is prepared by adding
half of an equivalent of diethyl zinc at room temperature to a toluene solution of

monomethoxy PEG (Figure 53).

1. Catalyst preparation

Toluene
4 \/3\ H + ZnEt2 — > Me)ko\/ﬁr]O}/zzn
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2. LA polymerization 0
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Figure 53. PLA polymerization

This reaction is believed to be rapid and quantitative and was not studied.

Several catalysts were prepared by this method (Table 2).
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Table 2. Different type of catalysts prepared

IlePEG (g/m0|) Toolvmerization (OC)
350 80
5000 80
750 60
2000 60

The two preferential molecular weights chosen for the PEG were 750 and 2000
g/mol as the 350 g/mol PEG would not give a triblock copolymer hydrophilic
enough and as the 5000 g/mol PEG is harder to dissolve in hot toluene.

As soon as it was prepared, the catalytic solution was then transferred to a
toluene solution of lactide. In our conditions, high conversions were reached
within minutes when the polymerization temperature was 80°C. However, for
reasons which become apparent below, the reaction temperature was set at
60°C. In this case, the reaction time depends on the concentration of catalyst
and the ratio of monomer to catalyst. When a PEG chain of high molecular

weight is used (Table 3), the catalyst concentration is relatively low, leading to

long polymerization times (2 hours).

Table 3. concentration of catalyst and of the ratio of monomer to catalyst in function of the
molecular weight of the PEG

Mn PEG [C ata'VSt] t reaction
FMC | (g/mol) Mnp_ A (g/mol) [lactide]/[catalyst] (mol/L) T (°C) (min)
22 750 | 5000(theoretical) 68 0.0137 80 120
27 5000 | 5000(theoretical) 68 0.00092 80 120
49 2000 5100 35 0.0000133 60 40
89 2000 4300 208 0.00456 60 40
102 2000 16000 208 0.00456 60 180
145 | 2000 9800 139 0.00625 60 60

The lactide Mn

have been calculated from the NMR spectra (measured by the
disappearance of the monomer by *H NMR), knowing the PEG molecular weight. (T:

Temperature; t reaction: time of reaction)
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When PLA chains of high molecular weight are targeted, the initial ratio of
monomer to catalyst is relatively high, also leading to long polymerization times.

The lactide polymerization time was modified in order to obtain PLA blocks with
different length: three different molecular weights targeted were tested for the
PLA: 5000, 15000 and 10000 g/mol. For the main diblock copolymers, PEG2o00-
PLA,, the reaction is quenched after 40 minutes when x=5000g/mol, after 90
minutes when x=15000g/mol and after 60 minutes when x=10000g/mol (Figure

54).

conv.=f(t)
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Figure 54. conversion of the molecular weight of the PLA block versus time (squares:
MWp ,=5000 g/mol; triangles: MWp ,=15000)

At first sight, the kinetics of polymerizations were found to be of zero-order
in lactide (Figure 54), as shown by the linear evolution of the monomer
conversion with time. This behavior could illustrate the importance of the
coordination step in the polymerization mechanism (Figure 55). However, these

results need a further investigation with a larger number of data points as they

58



contradict the data found in the literature which show a first-order law in

monomer.%8

O
\\\\\
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Figure 55. Mechanism of the polymerization of the lactide by zinc alkoxide

The polymerization mechanism involves two steps: the coordination of the
monomer onto the zinc atom, followed by the insertion of the coordinated
monomer into the metal alkoxide bond (transesterification) (Figure 55).
Depending on which step is rate determining, the polymerization is either first or
zero order law in monomer. If the first step is rate limiting, the polymerization rate
is ki.[Zn].[lactide], leading to a first order Kkinetics. If the second step is rate
limiting, the polymerization rate is then given by k..[Zn.lactide], where the
concentration of the complex zinc-lactide is given by the equilibrium constant
between zinc and lactide. Because a polymerization is always carried with a
large excess of lactide vs zinc, one may expect to see that the majority of the
zinc sites are complexed by lactide (provided the equilibrium constant is not too
small). In this case [Zn.lactide] = [Zn]o, and the rate of polymerization is

independent of the lactide concentration.

Besides reaching high conversion, we measure the success of the

polymerization reaction by its ability to form block copolymers (all PEG chains
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are extended by PLA) and by the fact that the chains have a narrow molecular
weight distribution. Such characteristics are reached when the polymerization is
living (or controlled), which means that the polymerization is devoid of
termination or transfer reactions. In this case, each catalyst grows one single
chain, the chains have on average the same length and the molecular weight
grows linearly with conversion (Figure 56). At 80°C, the polymerization seems to
level off at 74% conversion. As indicated by GPC, the polymerization is not living
because the molecular weight does not increase linearly with the conversion, and
the polydispersity is broad (above 1.4). The temperature is likely too high, and
termination and transfer reactions occur at this temperature. Furthermore, there
is a large discrepancy between the predicted molecular weight and the

experimental molecular weight.

Mn=f(conversion)

12000
8000

4000 4

Mn(g/mol)
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Figure 56. Number average molecular weight vs the conversion ([Et,Zn]=0.01mol/L,
[lactide]=0.7mol/L, [PEG005]=0.02mol/L, 60°C)

At 60°C, the number average molecular weight increases linearly with conversion

(Figure 56), up to nearly quantitative conversion (reached in 40 minutes for a
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PLA molecular weight of 5000 g/mol and 90 minutes for a PLA molecular weight
of 15000 g/mol). Therefore, all the polymerizations were done at 60°C. At zero
conversion, the molecular weight is not zero, but corresponds to the molecular
weight of the PEG chain. The molecular weight distribution of the polymer
remains narrow (Figure 57) and all the PEG chains seem to be extended, as
shown by the complete disappearance of the PEG chains in the GPC
chromatogram. The broadness of the distribution is usually characterized by its
polydispersity index, PDI, which in our case is found to be less than 1.2 (if the
reaction is quenched with HCI and not with MeOH). Such low PDIs are also

characteristic of living processes.

Interestingly, when the polymerization is not quenched as soon as a high
conversion is reached, the molecular weight distribution becomes broader

(Figure 57).

t =40 min t =60 min
t=25 min

PEG-2000

25 27 29 31 33 35 25 27 29 31 33 35
time (min)

time (min)

Figure 57. GPC traces of a PEG-PLA copolymer, at different times. [PEG]=0.02mol/L,
[lactide]=0.7mol/L

The increase of the polydispersity index (PDI) can easily be explained by the

presence of transfer to polymer. Intermolecular transfer “redistributes” the
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molecular weight distribution into a most probable distribution (final PDI = 2), and
intramolecular transfer (also called backbiting) generates low molecular weight
macrocycles (Figure 58). At 120 minutes on the GPC chromatogram, a new peak
located in the low molecular weight area appears, a sign of those low molecular
weight macrocycles.™® Although they are both transesterefications catalyzed by
a zinc alkoxide, the reaction of transfer is slower than the polymerization (it only
becomes apparent once the polymerization is completed). This probably results
from the fact the driving force for the polymerization is the loss of ring strain from
the lactide cycle, which, albeit small, is enough to ensure a rapid polymerization

reaction
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Figure 58. intramolecular and intermolecular transfers during the polymerization of lactide
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Table 4. Recapitulative table of the PEG-PLA synthesized

MWpes | MWpia [Et2Zn]
FMC (g/mol) (g/mol) PDI T(°C) [lactide]/[Et2Zn] | (mol/L) | Quencher
2 C 350 5000 1.4 80 51 0.014 M
3a | C 5000 5000 | 1.27 80 6 0.225 M
3b C 5000 1000 1.7 80 9 0.15 M
3d C 5000 3000 | 1.79 80 3.5 0.62 M
24 C 5000 5000 | 1.18 80 68 0.006 M
32 C 750 3000 | 1.39 80 42 0.013 M
42 C 2000 5000 | 1.59 60 70 0.01 M
49a | C 2000 5000 | 1.16 60 35 0.013 M
490 | C 2000 10000 | 1.19 60 70 0.013 M
54 C 750 7600 | 1.29 60 70 0.013 M
55 C 750 13900 | 1.09 60 208 0.007 M
105 | C 2000 15800 | 1.19 60 208 0.004 HCI
113 | A 2000 9700 1.17 60 139 0.006 HCI
117 | SC 2000 10000 | 1.17 60 139 0.006 HCI
145 | A 2000 9800 1.14 60 139 0.006 HCI

A: Amorphous, SC: Semi-Crystalline, C: Crystalline

M: Methanol, HCL: Hydrochloric acid

The synthesis of the diblock copolymer was first done using L-lactide. This

leads to an isotactic polymer which is highly crystalline as shown in the DSC

trace (Figure 59). The AH of melting given by the literature is 93 J/g.**® The

experimental AH of melting of the diblock copolymer PEG-PLA (FMC 54, Table

4) synthesized exclusively with L-lactide is 54.26 J/g. This value was obtained by

conventional DSC and not modulated DSC and should be taken with a grain of

salt. The percentage of crystallinity was found to be 58% which is high for a

polymer.
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Figure 59. DSC spectrum of a diblock copolymer (FMC 54) done with L-lactide (11.2mg of
the sample was heated between -90°C and 220°C at a rate of 20°C/min)

As expected, the quantitative *C NMR spectrum is consistent with a polymer

which is 100% isotactic: there is only one peak per carbon (Figure 60).

|PLA{CHL)

| PLA(CO) £y

[ i i [ L]

1% 148 FEd) 11! an

Figure 60. Quantitative 3¢ NMR spectrum of a diblock copolymer made with L-lactide in
CDCl;
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It is shown below that the crystallinity of the polymer is detrimental to the
formation of the vesicles. Thus, later experiments were done using racemic
lactide (experiment FMC113 and FMC145, Table 4. FMC 117 is carried with 10%
of racemic lactide). No separate kinetics study has been done with racemic
lactide. Considering the time of reaction and the polydispersity of the diblock
copolymers, it seems that neither the kinetics nor the livingness of the
polymerization are affected by using racemic lactide instead of L-lactide. This
polymerization leads to an atactic polymer which is amorphous, as shown in the
DSC trace (Figure 61). Indeed only a Tg (4.44°C) can be seen and there is no

trace of crystallinity peak.

4.44°C(1)
0.5618Ji(g-*C)

Heat Capacity (J/ig-"C))
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Figure 61. DSC spectrum of a diblock copolymer (FMC 145) done with racemic lactide
(15.1mg of the sample was heated between - 40°C and 220°C at a rate of 5°C/min,
modulated)

As expected, the quantitative *C NMR spectrum (Figure 62) is consistent with a

polymer which is 100% atactic. There are several resonances per carbon,
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corresponding to several microstructures. The integrals measured for each

tetrads corresponds to the ones expected with a Bernouillan statistics (iii=37.5%;

isi=25%; iis=isi=sii=12.5% where i means isotactic and
Accordingly, the catalyst does not show any preference

syndiotactic linkages and the polymer is not crystalline.
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Figure 62. Quantitative “>*C NMR spectrum of a diblock copolymer (FMC 113) made with

racemic lactide in CDCl3
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Figure 63. Quantitative **C NMR spectrum of a diblock copolymer (FMC 113) made with
racemic lactide in CDCIl3, zoom of the methyne signal (69ppm)

2. Synthesis of the homopolymer poly(glutamic acid)

Poly(benzyl glutamate), a protected poly(glutamic acid), is obtained from
the polymerization of the corresponding N-carboxyanhydride (NCA).*! This NCA
is produced by phosgenation of the corresponding amino acid, benzyl

glutamate.**

The procedure we followed was adapted from a direct
phosgenation procedure (Figure 64) described in reference **°. Instead of 2.16
equivalents of phosgene gas, one equivalent of triphosgene was used for the

sake of facility and safety. After synthesis, the product is recrystallized and

obtained as a pure white solid.
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Figure 64. NCA synthesis

The polymerization of the NCA was performed in N-methyl pyrrolidinone
(NMP) as solvent and the conversion was followed by two different methods:
infra-red spectroscopy and HPLC. Indeed, two IR bands (1786 cm™ and at 1853
cm™) are characteristic of the NCA*® (Figure 65 and Figure 66). These bands
correspond to the two carbonyl located on the five-membered ring (carbonyl
stretch of the ester side and of the amide side of the NCA). These bands are
obscured by the signal of NMP, which was substracted for quantification

purpose.
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Figure 65. zoom of the carbonyl region in Figure 66. zoom of the carbonyl region in
IR before polymerization IR after polymerization

The conversion can also be followed via HPLC. At different times, a small aliquot
of the reacting medium was precipitated in ultra pure water, filtered and dissolved
in a phosphate buffer. A peak characteristic of the NCA is observed at 4.4
minutes in the chromatogram. This peak disappears as time progresses (Figure
67 and Figure 68). Although not checked, it is likely this peak corresponds to the

signal of benzyl glutamate, the hydrolysis product of the NCA.
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Figure 68. Chromatogram of the NCA
Figure 67. Chromatogram of the NCA polymerization at 180 minutes
polymerization at 4 minutes

The initiator chosen for this ring opening polymerization of the NCA is
either ammonia or benzyl amine. The amine attacks the most electrophilic
carbonyl group (ester side), generating a carbamate which spontaneously
releases CO, and regenerates an amine'*® (Figure 69). The advantage of using
benzyl amine is that, once deprotected, the degree of polymerization of the PGlu
can be obtained by integrating the resonances of the aromatic region relative to
those of the glutamic acid units in the *H NMR spectrum. On the contrary, the
advantage of choosing ammonia is that, once deprotected, the percentage of
deprotection can be calculated by integrating the residual aromatic protons in the
'H NMR spectrum. Both polymerizations with ammonia and benzyl amine were
followed by HPLC. The choice of initiator does not seem to make a difference in

terms of kinetics or polydispersity.
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Figure 69. NCA polymerization

Initially, the degree of polymerization (ratio monomer to initiator) was
arbitrarily fixed at 30. However, it turned out that the triblock copolymer formed
by coupling between the PEG-PLA and the PGlu was not hydrophilic enough to
allow for vesicle formation. For the latest experiments, the degree of

polymerization was increased from 30 to 100.

The polymerization was found to be living, as shown by the linear evolution of the
peak average molecular weight vs conversion (Figure 70). However, this
behavior is only true for polymers of low degree of polymerization (up to 200,

corresponding to a Mn of 25800 g/mol)
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Figure 70. Peak average molecular weight (measured by GPC) versus conversion
(measured by HPLC)

Indeed, the polymerization of benzyl glutamate polymerization is plagued
by the formation of pyroglutamic end-groups (Figure 71) issued from the
nucleophilic attack of the amino terminus on the electrophilic carbonyl of the
pendant chain. Due to the adequate distance between the nitrogen and the
carbonyl, this reaction forms a stable five-member ring'®* and stops the

propagation of the chain.

(0]
~
~ N 0 . N N
N H 0]
H);/ 0 " );/ o H

CO,Bn
CO,Bn

N-terminus pyroglu

Figure 71. Formation of pyroglutamic end-groups**®
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However, under the experimental conditions used here, the polydispersity stays
low and the molecular weight increases linearly with the conversion. Even if dead
chains are observed on GPC spectrum (Figure 75) and on maldi-tof spectrum
(Figure 74), the polymerization can then be assumed to be living: the rate of
formation of pyroglutamic end-groups is most likely much slower than the
polymerization rate. When long chains of poly(benzyl glutamate) are targeted,
then the formation of pyroglutamic end-groups becomes predominant and the
chains terminate before the polymerization is over. Thus, it is not possible to
prepare long chains of poly(benzyl glutamate) by an anionic ring-opening
polymerization using ammonia or benzyl amine as initiator.

Besides the formation of pyroglutamic end-groups, the formation of B-
sheets during the polymerization leads to the premature loss of propagating
species.!*® Indeed, as a poly(amino acid), the polybenzyl glutamate chain adopts
a secondary structure while it grows. There are two main kinds of secondary
structures for polypeptides: a-helix (Figure 72) and B-sheet (parallel and anti-

parallel) (Figure 73).
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Figure 72. a-helix

[

Figure 73. Parallel and antiparallel B-sheets™

parallel)

(vertical line: antiparallel, oblique line:

Initially the chain grows under a random coil conformation. When the chain

becomes long enough, or when the concentration of chains becomes large
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enough, the chain may fold into a secondary structure. If a a-helix conformation
is adopted, the N-terminus of the chain (which is the active site of the
polymerization) is accessible. However, if B-sheets are formed, several chains
aggregate, causing the precipitation of several chains or at least the
immobilization of the N-terminus in larger macromolecular structures.*® It is well
known that high molecular weight poly(benzyl glutamate) adopts an a-helix
conformation,**® but low molecular weight poly(benzyl glutamate) may either stay
under a random coil conformation or may form B-sheets.’*® Such B-sheets can
be observed in the low molecular area of the GPC chromatogram (Figure 75) and
on a Maldi-Tof spectrum (Figure 74). This former technique indicates that the
chains which precipitate under the form of B-sheets have an average molecular
weight of 1500g/mol, corresponding to 12 units. The presence of 3-sheets in the
Maldi-Tof spectrum is artificially enhanced because in Maldi-Tof, low molecular
weight chains are preferably desorbed and ionized in comparison to higher
molecular weight chains. In GPC, we observe that the amount of low molecular
weight “dead” chains (Figure 76) is small relative to the main peak of the living
chains. Therefore, under our conditions, most of the chains are propagating, and

the polymerization can be considered as living.
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Figure 74. Maldi-tof spectrum of poly(benzyl glutamate) (FMC 129) showing a bimodal
distribution, sign of the B-sheets formation. This has been measured using MS ionization,
positive reflectron mode, 80kV and 3-indoleacrylic acid (IAA) as a matrix. 1luL of
poly(benzyl glutamate) in DMF/MeOH was deposited on the grid. Once dried, 1 uL of IAA in

DMF/MeOH was added.
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Figure 75. GPC chromatogram of polyglutamic acid (FMC 147, eluent phosphate buffer
saline) showing low molecular weight chains, sign of the B-sheets formation in the

poly(benzyl glutamate)
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Polyglutamic acid was obtained from polybenzyl glutamic acid via a
classical deprotection method used in peptide synthesis (trifluoroacetic acid,

methane sulfonic acid and anisole'®?

) (Figure 76). The reaction can be controlled
by monitoring the disappearance of the aromatic protons resonance in *H NMR.
Initially, the deprotection was done for 3 hours but was later adjusted to 1h10
when the degree of polymerization was 100 and to 45 minutes when the degree
of polymerization was 30. As shown by the GPC trace (Figure 75), the amount of
low molecular weight “dead” chains is small and the polydispersity low. We can

then assume that the molecular weight distribution of the polymer after

deprotection is not changed.

O OBn

o~ OH
MeSO,H, TFA
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H S 70% H H |
O

Figure 76. PGlu deprotection

The very acidic medium can cause the hydrolysis of the peptide bonds of
PGlu if a small amount of water is present. This reaction was observed with long
deprotection times (3 hours). Therefore, other methods of deprotection have
been tried (Figure 77). The most common method for a benzyl deprotection is the
use of dihydrogene gas in the presence of a Pd/C catalyst. The solvent for this
hydrogenolysis is either dimethyl formamide or N-methyl pyrrolidinone in the
presence of methanol. However this method is less efficient with polymers than

with organic molecules and the percentage of deprotection was found to be low

77



(only 35% of the benzyl groups were removed, Table 5). It is believed that the
PGlu strongly adsorbs at the surface of the catalyst, blocking the access to the
active sites. Basic saponification,™®® acid catalyzed hydrolysis of this ester,'*® as
well as the use of hydrobromic acid in the presence of trifluoroacetic acid, diethyl

phosphite and methyl ethyl sulfide®

were also explored. For later reactions,
diethyl phosphite and methyl ethyl sulfide were added to prevent alkylation

reactions by benzyl bromide.
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Figure 77. Different methods to deprotect the poly(benzyl glutamic acid)

The saponification and the hydrolysis of the benzyl group remained
unsuccessful. On the contrary, with the use of hydrobromic acid, only 0.7% of the
polymer remained protected (Table 5) but the analysis by GPC indicated that the

polymer was partially hydrolyzed.
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Figure 78. GPC trace of polyglutamic acid (eluent phosphate buffer saline) showing low
molecular weight chains, sign of the hydrolysis of the PGlu

Table 5. Yield of the deprotection reaction

FMC | benzyl residual (%) | Deprotection method | Mny, (g/mol)
133 0.7 HBr 3870
142 65 H2/Pd/C 3870
147 0.9 TFA 3870
155 1 TFA 12900
170 0.2 TFA 12900
219 1.4 TFA 12900

3. Formation of the triblock copolymer PEG-PLA-PGIlu

In order to obtain the triblock copolymer, a typical method of coupling™>*
between an amino group and a carboxylic acid (used to form peptide bonds) has
been adapted to couple the hydroxy group of the PLA and one of the carboxylic
acid of the PGlu. In this method, dicyclohexyl carbodiimide is used as a coupling

agent in the presence of N-hydroxy succinimide. The coupling reaction can occur
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randomly with any carboxylic group of the PGlu, therefore, in average, a
branched polymer is obtained (Figure 79). The coupling reaction was done using
an excess of PGlu (2 equivalents) relative to PEG-PLA (1 equivalent). Once
coupled with one diblock copolymer, the steric hindrance and the excess of PGlu

most likely prevent multiple couplings (two PLA per PGlu for example).

&2
PGluoH +  DCC (4ed) COzH
PEG-PLA — \/\}&
N-

Hydroxysuccinimide COZH

(4eq) [rkei=] HN,

Figure 79. Coupling reaction between PGlu and the diblock copolymer

From the *H NMR spectrum, the molar percentage of each block can be
measured. The weight percentage of each block can be calculated, using GIuOK
(MW=167g/mol) for the molecular weight of the glutamic unit. From this
percentage, the amount of diblock PEG-PLA and PGlu in the final product is
calculated and the coupling yield is found to be 75% if we considered that the
coupling reaction is quantitative.

The principal side reactions are racemization and acyl transfer. In the
second case, the very reactive intermediate O-acyl-urea undergoes an
intramolecular transfer which competes with the desired attack of an external

nucleophile. The N-acylurea obtained is much less reactive which decreases the
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yield and can lead to purification problems (Figure 80). In our case, no O-acyl-

urea has been seen in the final product.

O-acyl-urea N-acylurea

Figure 80. Side reaction occurring with DCC

After coupling, the triblock polymer was suspended in PBS and purified by
ultrafiltration to remove the impurities and the solvent. The polymer was then
freezze-dried (or lyophilized) and resuspended in buffer. The triblock copolymer

was characterized by *H NMR (Figure 81) and no impurities are detected.
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Figure 81. 'H NMR spectrum of the branched triblock copolymer PEG,00-PLAs475-PGluzgzg
(FMC 95)
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Table 6. Recapitulative table of the branched triblock copolymers synthesized

FMC Mny, (PEG) (g/mol) Mney, (PLA) (g/mol) | Mny, (PGIu) (g/mol)
64(L) 750 13900 3900
66(L) 750 13900 3900
71(L) 750 13900 3900
73(L) 750 13900 6500
75(L) 750 7600 3900
76(L) 750 13900 6500
90(L) 2000 4300 3900
91(L) 2000 4300 6500
95(L) 2000 5500 3900
104(L) 2000 14300 3900
107(L) 2000 15900 3900
110(L) 2000 8800 3900
114(rac) 2000 9700 3900
135(sc) 2000 10000 3900
138(sc) 2000 10000 3900
146(rac) 2000 9800 8500
148(sc) 2000 9800 50000
149(rac) 2000 10000 50000
150(rac) 2000 9800 3900
160(rac) 2000 9800 12900

163, 178, 179, 182,

183, 220(rac) 2000 9800 12900

All the number average molecular weight given are theoretical for the PEG and PGlu and
experimental for the PLA. Lactide used: L: L-Lactide, sc: 10% racemic lactide-90% L lactide, rac:
racemic lactide

A linear polymer can be prepared by a different method (Figure 83):
poly(benzyl glutamate) was first coupled with the diblock copolymer and the
deprotection occurred after the coupling. As said above, the coupling method
used is done between a carboxylic acid and a hydroxy group. In order to anchor
the PEG-PLA to the poly(benzyl glutamate), the homopolymer has to be
functionalized. For this purpose, succinic anhydride was used (Figure 82). At the

end of the NCA polymerization, 10 equivalents of succinic anhydride and
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triethanol amine were added. After 2 hours at 40°C, the poly(benzyl glutamate)
was functionalized. Here, the triethanol amine is used as a proton trap.

o) OBn

o
NH,
HEN —» HO
Ho g N(EtOH),

Figure 82. Functionalization of the poly(benzyl glutamate) prior coupling

After functionalization, the impurities were washed with acidic and basic
water, and then with methanol. The polymer was freezze-dried and analyzed by

'H NMR and GPC (using NMP as eluent).
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Figure 83. Linear triblock copolymer

The deprotection conditions for the triblock copolymer are very acidic
(same conditions as for the poly(benzylglutamate)). PLA is a polyester and may
be hydrolyzed under these conditions. When the PEG-PLA was subjected to the
deprotection conditions for 2 hours, it was found to be intact (see GPC

chromatogram, Figure 84). After 2 hours, the PLA was hydrolyzed.
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Figure 84. GPC chromatogram of the diblock copolymer PEG-PLA under deprotection
condition at 20 minutes, 1 hour and 2 hours

Table 7. Recapitulative table of the linear triblock copolymers synthesized

Mn (PEG) Mn (PLA) Mn(Pglu)
FMC (g/mol) (g/mol) (g/mol)
18 350 5000 6450
34 750 3000 6450
46 2000 5000 6450
60 750 1500 3870

All the average number molecular weight given in this table are theoretical. All the PLA are
crystalline.
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4. Formation of vesicles

A. Self-assembly of vesicles and characterization

a. Self-assembly. In presence of a buffer, phosphate buffer saline (PBS) or

HEPES buffer, or an aqueous solution of sodium hydroxide (pH adjusted to be
between 7 and 8), the triblock copolymers self-assemble to form different nano-
objects. After 30 minutes of sonication, the nano-objects scatter the light and the
suspension appears to be white and no macroscopic objects can be observed.
As the triblock copolymer is formed by two hydrophilic end-blocks and an internal
hydrophobic block, hydrophobic interactions occur to minimize the contacts
between the hydrophobic PLA and the aqueous medium. The PGlu is
hydrophobic at acidic pH but is water soluble at basic pH. The presence of
hydrophobic interactions is also observed in *H NMR: in basic water, the
resonances of poly(lactide) nearly disappear (Figure 85), indicating that they
have a short relaxation time T, (broad resonance). This is typical of the
resonance of compounds either in solid state or in a very viscous environment

(no molecule mobility).
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Figure 85.*H NMR of thevesiclesin D,O

In a slightly basic medium (pH = 7.2), most of the carboxylic groups of the
PGlu block are deprotonated. The pKa of the first deprotonated acid on the PGlu
chain is around 4.4. The second carboxylic group to be deprotonated has a
higher pKa because of the electrostatic repulsions between the two carboxylates.
For the same argument, the third carboxylic group will have a higher pKa than
the second one, and so on... Thus, the pKa of a polyelectrolyte, such as PGlu, is
not a defined value, but depends on numerous factors: length of the PGlu chains,
ionic strength, temperature, etc... It is believed that at pH~7.2, approximately
80% of the carboxylic groups are deprotonated.'®® Due to the repulsions between
the carboxylate groups, the PGlu chains are probably located on the outside face
of the vesicles where each negatively charged chain has more space to minimize

the interactions. The pH was selected to be almost the same than in the intestinal
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lumen (pH=7.4): as the nanovesicles are going to be used for oral delivery of
insulin, they need to be stable and solvated in the small intestine. Moreover, if
the pH is too acidic or too basic, the PLA or the PGIlu can be hydrolyzed. The
self-assembly experiments were done at physiological pH and ionic strength. The
typical concentrations of triblock copolymer for our experiments are 10g/L and
20g/L. The concentration of KH,PO, and K,HPO, in the PBS (pH=7.2) is
0.33mol/L. At a concentration of 10g/L of polymer, 0.04mol/L of “glutamic acid
units” are added. A deviation of 10% of the composition of the buffer
(0.033mol/L) does not result in a significant change in the pH. Therefore, adding
the triblock copolymer to PBS (10g/L) does not result in a significant pH variation.
At 20g/L, the pH varies slightly and needs to be adjusted with sodium hydroxide.

As an alternative to disperse the copolymer directly in a buffer, the triblock
copolymer was suspended in pure water and the pH of the acidic solution was
slowly adjusted until pH~7-8. When the resulting solution is freeze-dried, a white
powder is obtained, which should be PEG-PLA-PGIuONa. However, when
redispersed in water, no vesicles are formed. It is impossible to assume that the
copolymer has been partially hydrolyzed during this treatment, either at the
beginning of the experiment (acidic pH) or when the NaOH solution is added
(localized domain of high pH at the place the basic drop falls in the solution). For
all further experiments, the vesicles were prepared using a buffer.

After ultrafiltration of the vesicles suspension, the triblock copolymer was
dried either with a classical vacuum pump or with a lyophilization apparatus. The

dispersion of the triblock copolymer is much easier and faster when it is
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lyophilized and the suspension of the vesicles seems to be more stable. The
choice of the buffer does not make any difference and the results appear to be
reproducible. Suspensions of ultrafiltered vesicles stay more stable over time
than suspension of redispersed triblock copolymer. The choice of the
concentration of polymer does not seem to play a role but more investigation on
low concentration were done by measuring the Critical Aggregation

Concentration (see the CAC section).

PEG-PLA-PGIlu
In NMP

“Precipitation” in PBS Precipitation in water +
+ ultrafiltration with PBS ultrafiltration with water

Very stable suspension

of vesicles Aggregates

Freeze-drying
+ Resuspension in water
+ Freeze-drying
+ resuspension in PBS

Freeze-drying
+ suspension in PBS

Stable suspension Non-redispersable

Figure 86. Different processes applied on thetriblock copolymer

Self-assembly by phase inversion was also explored. The triblock copolymer was
suspended in NMP and water was added dropwise to the solution. The objects
obtained were analyzed by TEM (vide infra).

b. TEM. The objects formed by self-assembly have been analyzed by

Transmission Electron Microscopy (TEM). In TEM, an electron beam crosses a
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thin film on which vesicles have been deposited and dried. The contrast
increases with the atomic number of the constituent of the cross section. The
vesicles are constituted of C, H, O, N which provide low contrast. The buffer
contains P, Na and K which have higher contrast. For example, we found that
when PBS was deposited on a grid, dried and observed by TEM, objects which
resemble a vesicle were observed. Thus, we only used a Hepes buffer for these
experiments. Two types of staining agents were tried (uranyl acetate and
phosphotungstic acid hydride) to enhance the contrast. The two types of triblock
copolymers (linear and branched) were analyzed. The TEM samples were done
on gold grids and copper grids. Several trials have been done and the best
results were obtained with a concentration of 0.01-0.02% in weight, using
HEPES as a buffer and a gold grid. The vesicles observed by TEM had a
diameter found to be between 100 to 600 nm (Figure 88). The linear triblock
copolymer forms particles by direct self-assembly (Figure 87). Experimentations
by self-assembly after phase inversion (using NMP as organic solvent) were also
explored. Either the TEM experiment or the phase inversion experiment stayed

unsuccessful and no furthest investigation was done.
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Figure 87. TEM picture of particles formed by linear triblock copolymers.

On the contrary, the branched triblock copolymer self-assembles to form
vesicles which have been characterized by Transmission Electron Microscopy
(TEM). Most of the work has been done using the branched copolymer PEG,0-
PLAgs00-PGluiznee. The rest of this chapter will be focused on the vesicles formed
with this copolymer. It seems difficult to explain why the linear triblock copolymer
forms particles and the branched one self-assembles in vesicles. For the
branched polymer, the branched PGIlu needs more space to minimize the
electrostatic repulsions. By forming vesicles instead of particles, the space

imparted to each branched PGIlu may be larger.
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Figure 88. TEM pictures of the nanovesicles obtained by self-assembly in an HEPES buffer
(The numbers correspond to the DP of each block).

PEG ,5-PLA,50-PGlu,

The difficulty with TEM is that the sample is dried in high vacuum. What happens
to a vesicle when it is submitted to high vacuum? Another technique, called cryo
TEM, consists of freezing the aqueous solution in liquid ethane (to prevent the
formation of ice crystals) and transfer this sample in the microscope at low
temperature. This experiment was carried out in the microscopy center of
Harvard University. The samples were prepared in PBS at a concentration of 1%
in weight and the triblock copolymer used was freeze-dried using a lyophilization
apparatus. As seen in Figure 89, vesicles of small size (between 10nm and

85nm) are observed.
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PLA-PGIlu

c. AFM. The results found by TEM and cryo TEM have been confirmed by AFM
(Atomic Force Microscopy). The glass slides were covered by a 500 angstroms
gold layer and the gold was functionalized with 11-Amino-1-undecanethiol
hydrochloride (SAM1), 10-carboxy-1-decanethiol (SAM2) and dodecane thiol

(SAM3) to form self-assembled monolayer (SAM) (Figure 90).
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Figure 90. Self-assembled monolayersSM 1, SM2 ans SM 3
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All the AFM measurements were done in liquid cell using contact mode. The
SAM were designed to offer different interactions with the vesicles (SAM1.:
electrostatic attraction, SAM2: electrostatic repulsions, SAM3: Van der Waals).
With an untreated gold surface, SAM2 and SAM 3, the vesicles could not be
observed probably due to either the sample preparation or the fact that the
vesicles could be pushed by the tip during imaging. With SAM1, which
immobilize the vesicles via electrostatic interactions, vesicles were observed

(Figure 91).
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Figure 91. AFM 3D view (1:1:1) of vesicles made by self-assembly of the triblock
copolymer PEG-PLA-PGlu
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The average diameter was found to be around 250 nm. However, the height of
the vesicles was around 80 nm. This could be explained by the fact that the
vesicles are squeezed by the pressure of the tip or by the vesicles-surface
interaction which would provoke the deformation of the vesicle into an ellipsoidal
object. Such a phenomenon has already been observed with AFM of
liposomes.*®* Further investigation needs to be done in particular using tapping
mode. The same vesicles were analyzed by dynamic light scattering (1% in PBS)

and their size was found to be around 166 nm (Figure 92).
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Figure 92. Light scattering spectrum of the nanovesicles

How could we explain the size discrepancy between AFM, light scattering and
microscopy? Light scattering measures an hydrodynamic diameter which
correspond to the “wet” diameter of the vesicles, with the hydrating water
molecules around it. AFM measures a diameter for an ellipsoidal object. The
volume of an ellipsoid is given by V=4/3tmrabc where a, b and c are the radius of

the three axis. Using a=b=125nm and c=40nm, we find a volume of V=2.6 10°
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nm?®. The sphere of equivalent volume has a diameter of 171nm, which is in good
agreement with the light scattering measurement. The cryo TEM gives an idea of
a “solid” diameter. It is likely that all the chains of PGlu are not solvated and are
collapsed at the surface of the PLA. This results in an underestimate of the

radius.

d. CAC. The Critical Aggregation Concentration (CAC) has been measured using
pyrene as a fluorescent marker. CMC measurement using this method has been
reported by Wilhelm et al.'®® In this experiment, the intensity of the emission
bands at 332 nm and 338nm are used as marker of the environment of the
pyrene. When the pyrene is in water, it mostly emits at 332nm (Figure 93, but this

emission is shifted toward 338nm in an hydrophobic environment.
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Figure 93. Emission spectrum of pyrenein presence of PEGp0-PL Aggoo-PGlU12900
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Pyrene is solvated in water at a concentration which is less than its solubility
(4.25 10°® mol/mL). If no vesicles are present, then pyrene remains in water,
whereas it goes in the PLA hydrophobic phase when vesicles are present. In
Figure 94, it is apparent that the cac is around 2.8 10 g/L. This very low cac
indicates that under “in vivo” conditions, the vesicles should be stable and should
not dissociated. For example, in 5 liters of blood (usual blood volume) or 1.5 L of

intestinal volume, as little as 50 mg of polymer would be “self-assembled).
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Figure 94. Ratio of the intensity of the bands located at 332.5 and 338 nm vs pyrene
concentration.

B. Structure of the vesicles.

a Proteolytic degradation of the PGIlu. One piece of evidence that the PGlu is

located outside the vesicles is given by adding proteases to a suspension of
nanovesicles. The PGlu is a polypeptide whose hydrolysis is catalyzed by
proteases, in particular by pepsin. For our experiments, we used, pronase E from
Streptomyces griseus, also called actinase E. This protease is less specific but is

considered one of the most potent proteases cocktail. The effectiveness of the
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proteolytic degradation has been controlled by adding pronase to a solution of
PGlu. The analysis by aqueous GPC (eluent: PBS) showed a fast degradation of
the PGlu. On the contrary, we checked using GPC that pronases do not degrade
PEG chains. It has not been checked whether pronase degrades PLA. This
experiment would be difficult to implement, because PLA is not soluble at all in
water. Because proteases are selective of peptide bonds, it is possible to make
the assumption that PLA is not hydrolyzed by proteases. In theory, after
proteolytic degradation of the PGlu, the vesicles suspended in solution should
become hydrophobic as the PLA is exposed to the buffer and the vesicles should
precipitate. Pronase E (16g/L) were added to a suspension of nanovesicles
(5g/L) at 37°C. Another vial was prepared with the same initial suspension of
vesicles without pronase. The two vials were kept under the same conditions at
37°C and the suspensions were observed at different times (Figure 95). After a
few minutes, a precipitate was observed in the vial containing the pronase and
the suspension became clearer. On the contrary, in the vial containing only the
vesicles, the suspension remained stable. As a precipitate was observed only
when the vesicles were in presence of pronases, we can assume that a

significant amount of the PGlu is located on the outside part of the vesicles.

T =0min T =8 mir T =30 mir T =70 mir

Figure 95. triblock copolymer in suspension in PBS in the presence (right side, vial labeled
with a P) or without (left side) proteases

97



b Fluorescence experiments. Another piece of evidence concerning the PGlu

location can be given by experiments with fluorescent probes. The experiments
were done using Alexa Fluor 350 as a fluorescent marker (Figure 96). The PGlu
chains were coupled to the fluorescent probe Alexa fluor 350 using DCC as

coupling agent and NMP as solvent.

H,N

NaO,S

Figure 96. Formula of the Alexa fluor 350 hydrazide sodium salt

After suspension of the triblock copolymer in PBS, the vesicles were purified by
ultrafiltration. In theory, if the PGlu is located at 100% on the outside of the
vesicles, then when a quencher of the fluorescent dye is added, no fluorescent
should be detected anymore. On the contrary, if only a part of the PGlu is located
on the outside, then the fluorescence intensity is going to be proportional to the
number of chains located inside the vesicles. However, an efficient quencher for
the Alexa fluor 350 has yet to be found and further investigation is necessary. In
the absence of vesicles, cobalt ions, nickel ions and copper ions were found to
be good quenchers for Alexa fluor 350. However, the addition of the ions
provokes the formation of a white cloud in the vesicle suspension which could be
the sign of the vesicle precipitation. Indeed, these divalent ions are chelated by

the PGIlu chains. This results in the formation of crosslinks between the chains,
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and the PGIlu cannot play its role of outside hairy layer. For example, 2(PGIuO
)n(Ca"), is insoluble in water.
Fluorescent dyes were also used to assess the capacity of the vesicles to

encapsulate. For these experiments, Alexa Fluor 488 and 568 were used.

|
Alexa fluor 568 NH,

Alexa fluor 488

Figure 97. Formula of the Alexa fluor dyes 568 and 488

The addition of the triblock copolymer in a solution containing a fluorescent dye
leads to the formation of vesicles and to the encapsulation of a part of the
fluorescent dye. Upon the addition of a quencher, one expects to only observe
the fluorescence due to encapsulated dye. However, once again no good
guencher has been found yet and so no fluorescence was detected after addition
of the quencher. This also may be due to the diffusion of the quencher through

the walls of the vesicles. Further investigation needs to be done.

C. Insulin Encapsulation. In the presence of a solution of human recombinant

insulin the triblock copolymer self-assembles to form vesicles and encapsulates a
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part of the insulin within them. After 3 hours of incubation, the amount of free
insulin, which is the non-encapsulated insulin, is quantified by HPLC (Table 8).
The eluent used is acidic water and acetonitrile. As the pH is acidic, the vesicles
probably precipitate in the HPLC column, releasing or not the insulin, which could
explain the non-reproducibility of the results. The average percentage of
encapsulation is found to be 20%. This percentage does not seem to change
when phosphate buffer or an aqueous solution of sodium hydroxide (pH = 8) is
used. On the contrary, the encapsulation ratio increases with the insulin
concentration. This percentage also depends on whether or not the sample is
filtered on mixed cellulose ester filters (0.45um) prior analysis. In certain cases, a
very high percentage of encapsulated insulin (above 60%) is measured. This
could be due to the precipitation of a part of the insulin, caused by a decrease of
pH obtained during the addition of the triblock copolymer (the pl of insulin around
6.1). In general, these encapsulation results are not very reproducible and further

work is necessary to better understand the influence of each parameter.

Table 8. insulin encapsulation results

Polymer [polymer] (mg/mL) [insulin] (mg/mL) | % of encapsulation
FMC 146 19 10 47
FMC 150 7.9 10 56
FMC 163 8.2 10 80
FMC 178 15.3 1.54 13
FMC 179 18.3 1.54 23
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In another series of experiment, vesicles were formed by self-assembly of
the triblock copolymer (15 mg/mL) in the presence of insulin (0.75 mg/mL).
These vesicles were ultrafiltered on a membrane (500,000 kD) which allows for
the passage of insulin, but not the one of the vesicles. After several hours of
ultrafiltration, only 30% of the insulin is extracted by ultrafiltration. Under the
same condition, all of the insulin would be extracted if no vesicles are present
(dashed line in Figure 98 calculated). This clearly indicates that insulin is
encapsulated and that there exists a slow leakage of the insulin from the vesicles
(as shown by the small but not zero slope of the extracted insulin versus time).

Further studies need to be performed in order to precisely measure this release

rate.%°
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Figure 98. Amount of insulin, leaking from the vesicles (solid line) measured by HPLC, and
calculated without vesicles (dash line)
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5. Pharmacokinetics and pharmacodynamics

The capacity of the vesicle to vectorize insulin through the gastro-intestinal
track was assessed using female Sprague-Dawley rats, which were fasted for 12

hours prior the experiment. The rats were divided in 3 groups of 4 rats:

- Group 1 : Subcutaneous injection (0.4 unit per rat) of human
recombinant insulin (different from the rat insulin)

- Group 2 : Oral gavage of a solution (20 unit per rat) of human
recombinant insulin

- Group 3: Oral gavage of a suspension containing human recombinant

insulin (20 unit per rat) and the triblock copolymer

The concentration of the human insulin was measured using an Elisa
detection kit for human insulin. This kit is sensitive only to human recombinant
insulin (insulin produced by the rat is not detected). The results, given by the
level of the insulin (Figure 99) present in the blood of the rats (pharmacokinetics
for the three groups), indicate that the polymer was effective in promoting the oral

delivery of insulin.
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Figure 99. Average insulin concentration vs time

As expected, the level of insulin increases drastically for the first group,
while the level of the second group is zero (Figure 99). For the group 3, the one
with the nanovesicles, the level of insulin in the blood is significantly higher than
for the group 2. Those preliminary results indicate that the encapsulation is quite
efficient. The vesicles can deliver insulin through the membrane of the intestine
and to be released in the blood.

Although human recombinant insulin is used for this experiment, it still

presents an activity (Figure 100).
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Figure 100. Average glucose concentration vs time

The blood glucose level for each group indicates that the insulin was still potent
(no degradation). For the rats of group 1, the glucose level (Figure 100)
decreases drastically. At some point during the experiments, the decision was
taken to euthanized the rats because of their critically low glycemia. For the rats
of group 2, the insulin level seems stable, or slightly increasing. When animals
are fasted for a long time, their liver releases glucose in the blood in order to
maintain the glycemia (gluconeogenesis®®’). For the third group, glycemia
decreases, although not as much as for the first group.

One of the causes of the low bioavailability of the vesicles could be the

partial degradation of the nanovesicles in the stomach. The gastric medium is
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very acidic due to the secretion of hydrochloric acid by the parietal cells (or

oxyntic cells)'®®

and the pH of the stomach may go as low as 1. One way to
increase the bioavailability of the nanovesicles is to use gastro-resistant
protection. For this purpose, a macroencapsulation using an enteric coating
(Eudragit) is performed. In another study, in vivo tests were done again on
female Sprague-Dawley rats which were fasted for 12 hours prior the experiment.
However the doses used were divided by ten for the subcutaneous injection and
by 5 for the three other groups. Even if the doses used for the first experiment

were those found in the literature, they seemed to be too high (specially for the

group 1). For the second experiment, the rats were divided in 4 groups of 4 rats:

- Group 1: Subcutaneous injection (0.04 unit per rat) of human
recombinant insulin (different from the rat insulin)

- Group 2: Oral gavage of a solution (3.8 unit per rat) of human
recombinant insulin

- Group 3: Oral gavage of a suspension containing human recombinant
insulin (3.8 unit per rat) and the triblock copolymer

- Group 4: Oral gavage of the nanovesicles (containing some insulin)

micro encapsulated in Eudragit

Once again, the concentration of the human insulin was measured using an Elisa

detection kit for human insulin. The results given by the level of the insulin

(Figure 101) present in the blood of the rats (for the four groups), indicate that the
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polymer was effective in promoting the oral delivery of insulin. Moreover a big
difference was observed when the solid form (the macroencapsulation with

Eudragit) was used.
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Figure 101. Average insulin concentration vs time

As expected, the level of insulin increases for the first group, while it is almost
zero for the second group. In group 3, the one with the nanovesicles, the insulin
level in the blood is slightly higher than for the group 2 however the difference is
not very significative. This is probably due to the small doses used for this
experiment. As a result, the results are very noisy and the reproducibility is low,

even for the first group (subcutaneous injections) (Figure 102). Although the rat
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to rat reproducibility is low, it appears that the bioavailability is higher when using
a gastro-resistant protection (Group 4). These preliminary results are very
encouraging and indicate that the encapsulation (nano encapsulation and micro

encapsulation) is quite efficient.
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Figure 102. Insulin concentrations in function of the time for the group 1
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IV. CONCLUSION

A new triblock copolymer PEG-PLA-PGIlu was synthesized in three steps:
formation of the diblock copolymer PEG-PLA, synthesis of the PGlu and coupling
between the diblock copolymer and the homopolymer. The lactide polymerization
was catalyzed by diethyl zinc in the presence of monomethyl PEG. This
polymerization was living (or controlled) and rapid. Any zinc residue would not be
toxic for the human body, as zinc is part of the normal metabolism. The synthesis
of the PGlu was done in three steps: preparation of the monomer (NCA),
polymerization of the benzyl glutamic acid NCA (which has also been proved to
be living or controlled) and deprotection of the polymer. The synthetic control of
those steps is important as this triblock copolymer will be used for a medical
application. For both synthesis of PEG-PLA and PGlu, the polydispersity remains
low. The coupling between the diblock copolymer PEG-PLA and the
homopolymer PGlu was based on a usual method to form amide bonds. In an
aqueous buffer, vesicles were obtained by self-assembly of the copolymer and
were mainly characterized by TEM, cryo-TEM and AFM. The average diameter
obtained by cryo-TEM was 100 nm. In the presence of an insulin solution, it was
shown by HPLC that part of the insulin was encapsulated. These results were
corroborated by animal studies. Not only insulin could be delivered in the blood
via the gastro-intestinal track but also the therapeutic protein was still active (as

shown by a glycemia decrease).
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When using an enteric coating (EUDRAGIT) the vesicles were protected in the
stomach, and the pharmacokinetics results were improved but this step still
needs some improvements as the results were not reproducible.

To our knowledge, this triblock copolymer is the first example of
biocompatible and biodegradable triblock copolymer. This makes it ideally suited
for medicinal purposes, in particular, for the oral delivery of proteins. The insulin
is encapsulated in nanovesicles which are formed by self-assembly of our
triblock copolymers. In a selective solvent, triblock copolymers lead to the
formation of several objects (micelles, vesicles, nanotubes...). In our case, only
particles and vesicles were obtained. Particles were formed by the self-assembly
of a linear triblock copolymer, while branched triblock copolymers with specific
block molecular weights were needed to form vesicles. Vesicles were obtained
with one combination of molecular weights (MWpgc=2000 g/mol, MWp 4=10000
g/mol and MWpg,=13000 g/mol), but other combinations should be tested in the
future.

Considering that the triblock copolymer is branched and that negative
repulsions occur between the carboxylates, the outside layer of the vesicles is
most likely formed by the PGIlu block. An indirect proof was brought by an
experiment with proteases where the vesicles were found to precipitate.

At the end of this preliminary project, it seems that the preliminary success
we got preparing and using these vesicles triggers a vast number of questions.
First, we believe that we should concentrate on improving the control on the PGlu

polymerization. Finding other deprotection methods or synthesizing PGlu by
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polycondensation are strategies we are currently exploring. Synthesizing triblock
copolymers PEG-PLA-PGIu with different molecular weights, while keeping a
same proportion between them, could lead to the formation of vesicles with
varying diameters. Moreover, triblock copolymers containing other
biocompatible/biodegradable polymers (like pol(caprolactone) for example which
is also a polymer approved by the FDA) could be investigated.

How do the vesicles pass through the intestinal wall and how drug is
released in the blood? Histological studies in the presence of a fluorescent probe
could be one way to probe this fascinating aspect of the project.

After optimizing the different synthetic steps, several studies should be
done on other animals (pigs e.g., whose digestive system is much closer to that
of a human). The toxicity of the vesicles must be measured before any clinical
study on humans is to begin. Moreover, different parameters could be studied to
see their influence on the time of release. One of them is the synthesis of PGlu
using D-glutamic acid instead of the natural L-glutamic acid. The human body is
also able to hydrolyze the PGlu formed with D-glutamic acid, however the time of
hydrolysis will be longer, as would be the drug release.

The formulation with the enteric coating should be studied and optimized
in order to obtain reproducible results. Our preliminary results were successful,
but the concentration of insulin and glucose was found to vary substantially
between animals. One of our concerns is to prevent the possible denaturation of

the insulin during the encapsulation in the enteric coating.
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This entire study has revolved around insulin as a model for therapeutic
proteins. We believe that these vesicles could be equally effective for a wide rang
of applications such as the delivery of cytokines, growth hormones,

oligonucleotides for gene therapy and vaccines.
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V. EXPERIMENTAL SECTION

1. General Methods

The Gel Permeation Chromatography (GPC) instrument was constituted of an

isocratic HPLC pump Waters 515, a refractometric detector Waters 2414, an
autosampler Waters 717 plus, a monowavelength UV -VIS detector Waters 486,
an oven (Waters temperature control module). The acquisition and treatment
software was Millenium 32. The instrument was equipped with a series of four
columns from Polymer Laboratories (PLgel 5um 100A, PLgel 3um 100A, PLgel
5um MIXED-C, PLgel 5um MIXED-C). Tetrahydrofuran was used as eluent at 35
°C and the flow rate was set at 1mL/min. The calibration was done using
polystyrene standards ranging in molecular weight from 695 to 361,000 g/mol.

'H NMR analysis was realized on a Varian Mercury 400 MHz NMR. TMS was
used as reference. The Chemical shift (8) values reported were given in part per
million (ppm) relative to tetramethyl silane (TMS: Me,Si). All the solvent used are
deuterated.

13C NMR analysis was realized on a Varian Mercury 400 MHz NMR. TMS was
used as reference. The Chemical shift (8) values reported were given in part per
million (ppm) relative to tetramethyl silane (TMS: Me,Si). All the solvent used are

deuterated.
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The Transmission Electron Microscopy (TEM) was realized on a JEOL 100S

TEM with an accelerating voltage of 80 KV. The exposure time was 2 seconds.

The High Pressure Liguid Chromatography (HPLC) was an Agilent Hewlett

Packard series 1100 HPLC equipped with a ZORBAX 300 SB-C8 5um column.
The eluent used for the insulin detection was a combination of
water/trifluoroacetic acid (TFA) (2 mL of TFA in 1L of ultra pure water) and
acetonitrile/TFA (1 mL of TFA in 1L of acetoniltrile). The elution consisted of a
solvent gradient from 80% water/TFA (20% acetonitrile/TFA) to 50% water/TFA
(50% acetonitrile/TFA) spread over 15 minutes. The flow rate was 1mL/min and

the elution was done at 30 °C.

2. Solvents

Acetone (HPLC grade) was obtained from EMD Pharmaceuticals and was used
without further purification.
Acetonitrile (MeCN) was obtained from Aldrich Chemical Co. and was used
without further purification.

Deuterated NMR solvents were obtained from Cambridge Isotope Laboratories

and were used without further purification.

Diethyl Ether (Et,O) was obtained from Pharmaco Chemical Co. and was used
without further purification.

Ethanol (95% EtOH) was obtained from Pharmaco Chemical Co. and was used

without further purification.
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Ethyl Acetate was obtained from Aldrich Chemical Co. and was used without
further purification.

Hexanes were obtained from Aldrich Chemical Co. and were used without further
purification.

Hydrochloric acid (HCI, metal grade, 35.5 % in water) was obtained from Fisher

Chemical Co. and was used without further purification.
Methanol (MeOH) was obtained from EMD Pharmaceuticals and was used
without further purification.

N-Methyl Pyrrolidinone (NMP) was obtained from Aldrich Chemical Co. and was

used without further purification.

Tetrahydrofuran (THF) was obtained from Aldrich Chemical Co. and was used

without further purification.

Toluene (CgHsCH3) was obtained from Aldrich Chemical Co. and was
magnetically stirred for 24 hours in the presence of calcium hydride. It was then
distilled under reduced pressure, and stored under argon. The calcium hydride

was also obtained from Aldrich Chemical Co.

3. Reagents

Ammonia (2 mol/L in toluene) was obtained from Aldrich Chemical Co.
Anisole was obtained from Aldrich Chemical Co.
Antifoam A was obtained from Fluka Chemical Co.

Benzyl Amine was obtained from Aldrich Chemical Co.
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Benzyl glutamate was obtained from Bachem Bioscience.

Calcium Hydride was obtained from Aldrich Chemical Co.

Dicyclohexyl Carbodiimide (DCC) was obtained from Aldrich Chemical Co.

Diethyl Phosphite was obtained from Aldrich Chemical Co.

Diethyl Zinc (Et,Zn) was obtained from Aldrich Chemical Co.

Eudragit L100 was obtained from Belmac laboratories

Hydrobromic acid (HBr) was obtained from Aldrich Chemical Co.

Hydrochloric acid (HCI, metal grade, 35.5 % in water) was obtained from Fisher

Chemical Co. and was used without further purification.

L-Lactide and racemic lactide were obtained from Aldrich Chemical Co and wew

recristallized three times in dried toluene.

Liquid paraffin Amojell snow-white was obtained from Aldrich Chemical Co.

Methane Sulfonic Acid was obtained from Aldrich Chemical Co.

Methyl Ethyl Sulfide was obtained from Aldrich Chemical Co.

N-hydroxysuccinimide was obtained from Aldrich Chemical Co.

Palladium over carbon (Pd/C) was obtained from Aldrich Chemical Co.

Poly(ethylene glycol) (PEG), containing one methoxy end and one hydroxy end

(Mn=2000 g/mol, viscosity 54,6000 centistokes or M,=750 g/mol, viscosity
10,500 centistokes or M,=350 g/mol, viscosity 4,100 centistokes), was obtained
from Aldrich Chemical Co.

Span 85 was obtained from Fluka Chemical Co.

Sodium Hydroxide (NaOH, 30%) was obtained from Merck Chemical Co.

Trifluoro Acetic acid was obtained from Aldrich Chemical Co.
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Triphosgene was obtained from Aldrich Chemical Co.

4. Synthesis

A. Typical preparation of a diblock copolymer. The lactide polymerization

was realized using standard Schlenk techniques required to manipulate air-
sensitive reagents. The lactide was polymerized by ring opening polymerization
using some monomethoxy PEG and using diethyl zinc as a catalyst. The lactide
(20.009 g, 0.069 mol) was dissolved in 60 mL of dried toluene and the solution
was then heated at 60°C prior the introduction of the Zinc compound. In a
separate round bottom flask, polyethylene glycol monomethyl ether (2 g, 0.001
mol) was added in some dried toluene and was stirred until complete dissolution.
Diethyl zinc was added via an argon-flushed syringe to the polyethylene glycol
solution, and the mixture was stirred magnetically for one hour. Then, the zinc
containing solution was transferred via a cannula to the lactide containing
solution. The mixture was left to react at 60 °C for one hour. Then, 0.26 mL of an
agueous solution of hydrochloric acid were added to quench the reaction. The
solvent was subsequently evaporated using a rotary evaporator. The diblock was
then redissolved in 50 mL of THF. The solution was added to a magnetically
stirred beaker containing 250 mL of cold ether, forcing the precipitation of the
diblock. The solid was filtered off over a fritted glass filter and was washed twice
with cold ether (5% 100 mL). It was then dried under vacuum for 12 hours at

room temperature. The yield of the reaction was 74%.
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Table 9. Synthesis of diblock copolymers

FMC 2 32 44 54 55 89 94

T (°C) 80 80 60 60 60 60 60

| tireaction) (MiN) 240 120 40 40 40 40 40
Quencher Q M M M M M M M
V ouencher (ML) | 150 500 250 585 350 392 392
M pec (Q) 0.3 2.006 | 4.008 2.251 | 0.751 1.44 1.439
N pec (Mol) 0.00015 | 0.003 | 0.002 0.003 | 0.001 0.0007 | 0.0007
MW (PEG) 350 750 2000 750 750 2000 2000
M jactide (Q) 5.59 8.064 | 5.041 15.12 | 10.08 10.79 10.78
N jactide (MOI) 0.039 0.056 | 0.035 0.105 | 0.07 0.075 0.075
V Epzn (ML) 0.5 1.21 | 0.45 1.36 | 0.45 0.33 0.33
N gz (MOI) 6E-04 0.001 | 5E-04 0.001 | 5E-04 4E-04 4E-04
V toluene (ML) 40 100 65 117 69 78 78
V ether (ML) / / 150 750 750 500 500
V wash (ML) 100 100 100 200 100 100 200
V e (ML) / / 30 150 150 100 100
lactide L L L L L L L

FMC 105 109 113 117 145

T(°C) 60 60 60 60 60

| tireaction) (MiN) 100 60 60 60 60
Quencher Q HCI HCI HCI HCI HCI
V ouencher (ML) [ 0.2 0.27 0.15 0.2 0.26
m pec () 1.531 2.049 1.159 1.5365 2
N pe (Mol) 0.0008 | 0.001 0.0006 | 0.0008 0.001
MW (PEG) 2000 2000 2000 2000 2000
M jactide (Q) 11.46 10.25 5.795 7.6886 10.01
N jactide (MoOI) 0.08 0.071 0.04 0.053393056 0.07
V Ewza (ML) 0.35 0.46 0.26 0.35 0.45
N ez, (MOI) 4E-04 | 5E-04 3E-04 0.000385 5E-04
V toluene (ML) 84 82 46 61 79.5
V ether (ML) 1000 500 250 250 250
V wash (ML) 400 100 100 100 100
V e (ML) 200 100 50 50 50
lactide L L rac 10%rac 90%L rac

n: number of moles
rac: racemic lactide

FMC: number of the experiment
HCI: hydrochloric acid, 35% in water

L: L-lactide T: Temperature of reaction
m: weight t: time of reaction
M: Methanol V: Volume

V wash: Volume of ether used to wash the diblock copolymer

'H NMR (400 MHz, CDCl3) &: 5.2 (CH, 1H, q), 3.7 (CH,, 2H, s), 1.5 (CH3, 3H, d)
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B. Typical N-Carboxy Anhydride preparation. The Benzyl glutamate (10g,

0.042 mol) was suspended in 88 mL of ethyl acetate. One equivalent of
triphosgene (12.514 g, 0.042 mol) was slowly added to the suspension
previously cooled at 10°C. The solution was heated at 90°C, under 665 mm of
mercury during three hours. Then 70% of the solvent was removed by distillation
(62 mL), under 370 mm of mercury, and 62 mL of hexane were added under
warm conditions. The solution was cooled at 2°C. The solid was separated from
the liquid by filtration over a fritted glass filter and was washed twice with 100 mL
of hexane. It was then dried under vacuum for 12 hours at room temperature.

The yield of this reaction was 95%.

Table 10. Synthesis of N-Carboxy Anhydride (NCA)

FMC 13 25 35 96 | 118 | 140 | 167 | 173
M penzyl gutamate (9) 8.014 | 10.06 10 | 51.19 | 12.25 | 9.085 | 25.48 10
N benzy glutamate (MOI) 0.034 | 0.042 | 0.042 | 0.216 | 0.052 | 0.038 | 0.107 | 0.042
V ety acetate (ML) 71 90| 885| 453| 108 80| 225 88
M yiphosgene (0) 21.66 | 12.59 | 12.51 | 64.15 | 15.31 | 11.37 | 31.87 | 12.51
N tiphosgene (MO) 0.073 | 0.042 | 0.042 | 0.216 | 0.052 | 0.038 | 0.107 | 0.042
V hexane (ML) 20 65 60 | 320 70 56 | 160 62
V asn (ML) 100| 100| 100| 200] 100] 100] 100| 100
T (°C) 70 80 90 90 30 90 90 90
t (min) 180 | 240| 180 | 180| 180 | 180 180 | 180

FMC: number of the experiment

m: weight

n: number of moles

T: Temperature of reaction

t: time of reaction

V: Volume

V wash: Volume of hexane used to wash the NCA
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C. Typical polymerization of the NCA. The NCA obtained (3.386 g, 0.013

mol) was dissolved in 24 mL of NMP and was polymerized by ring-opening**®
using 64 uL of ammonia, initiator of the polymerization. After three hours at 40°C,
ten equivalents of succinic anhydride and ten equivalents of triethanol amine
were added. After two hours at 40°C, the polymer was precipitated in 125 mL of
ultra pure water. The polymer was filtered over a fritted glass and was purified by
washing with 100 mL of basic water (pH = 10), 100 mL of acidic water (pH = 3),
100 mL of neutral water and then 100mL of ether so all the unreacted NCA was
removed. The solid was then dried under vacuum for 12 hours at room

temperature. The yield of this reaction was 85%.

Table 11. Synthesis of Poly(Benzyl Glutamate) (PBnGlu)

FMC 51 57 69 97 129 137 157 174 175
M nea (9) 2.008 | 2.845 | 2.64 | 43.12 | 1.576 | 1.976 | 4.662 | 3.386 | 5.095
N nea (Mol) 0.008 | 0.011 | 0.01 | 0.164 | 0.006 | 0.008 | 0.018 | 0.013 | 0.019
V awe (ML) 7 9.9 | 13.2 150 55| 13.8| 32.6 24 36
Initiator A A A A B B B A A
V initiator (UL) 76 108 167 | 2730 22 27 19 64 97
t (min) 180 240 40 40 60 60 120 960 | 4200

V peurawaer (ML) | 135 | 150 | 166 | 1000| 128 169 | 263| 225| 380
V acidic water (ML) 100 | 100| 100| 250| 100 100| 200| 100| 200
V pasic water (ML) 100 | 100| 100| 250| 100| 100| 200| 100| 200
V methanol (ML) 100 | 100| 100]| 250 / / / /

V ether (ML) / / / 250 100 100 200 100 200

FMC: number of the experiment

m: weight

n: number of moles

T: Temperature of reaction

t: time of reaction

V: Volume

V neutral water: CUMulated volume of neutral water used for the precipitation of the
polymer and for its wash
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D. Typical deprotection of a poly(benzyl glutamate). The polyglutamic acid

was obtained by deprotection of the poly(benzyl glutamate). The poly(benzyl
glutamate) (3.475 g, 0.016 mol) was dissolved in 35 mL of trifluoroacetic acid
(TFA). Then 35 mL of methane sulfonic acid (MSA) and 8.6 mL of anisole 2
were added at 10°C. After 70 minutes, the polymer was precipitated with 393 mL
of cold ether, filtered over a fritted glass and washed with ether (2* 150 mL). The
solid was then dried under vacuum for 12 hours at room temperature. The yield

of this reaction was 99.7%.

Table 12. Synthesis of Poly(Glutamic acid) (PGlu)

FMC 58 65 70 72 74 100 147 159 176 177
M penciu (9) 0.48 | 0.149 | 1.568 | 1.082 | 1.147 | 24.58 | 0.444 | 2.443 | 2.392 | 3.475
TE-
N penciu (MOl) | 0.002 04 | 0.007 | 0.005 | 0.005 | 0.112 | 0.002 | 0.011 | 0.011 | 0.016
V msa (ML) 4.83 15| 158 | 109 | 115 246 | 445 | 245 24 35
V 1ea (ML) 4.83 15| 158 | 109 | 115 246 | 445| 245 24 35
V anisole (ML) 1.19| 037 ] 3.87| 267 | 2.85 61 1.1 ] 6.07 6 8.6
V ether (ML) 55 17 178 123 130 | 2765 50 275 270 393
V wash (ML) 100 50 100 100 100 500 50 100 100 300
t (min) 180 180 180 180 180 180 45 70 80 70

FMC: number of the experiment

m: weight

n: number of moles

t: time of reaction

V: Volume

V wash: Volume of ether used to wash the polymer

'H NMR (400 MHz, TFA) &: 4.95 (CH, 1H, s), 2.77 (CO2H-CH,-CH,-CH, 2H, s),
2.43-2.28 (CO2H-CH,-CH,-CH, 2H, s)

4 NMR (400 MHz, D,0) &: 4.15 (CH, 1H, s), 2.09 (CO2H-CH»-CH»-CH, 2H, s),
1.87-1.76 (CO2H-CH,-CH,-CH, 2H, s)
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As the samples analyzed by *H NMR are polymeric chains, all the peaks appear
as a singlet.

E. Five other methods of deprotection of the Poly(benzyl glutamate)

1) The poly(benzyl glutamate) (55.8 mg, 0.25 10 mol) was dissolved in
NMP (10 mL) and 10mL of methanol were added. 10 mg of palladium over
carbon, which is the catalyst, were suspended and some dihydrogene bubbled in
the suspension for 10 hours. Then the catalyst was removed by filtration over a
buchner funnel. The polymer was precipitated in five volumes of ether (100 mL),
filtered over a fritted glass and washed with ether (2*50 mL). The solid was then

dried under vacuum for 12 hours at room temperature.

2) The poly(benzyl glutamate) (0.72 g, 3.3 10 mol) was dissolved in 20
mL of a solution of NMP/methanol (v/v: 1/1). 72.8 mg of palladium over carbon,
which is the catalyst, were suspended and some dihydrogene bubbled in the
suspension for 10 hours. Then the catalyst was removed by filtration over a
buchner funnel and the solvent was evaporated with a rotary evaporator. The

solid was then dried under vacuum for 12 hours at room temperature.

3) The poly(benzyl glutamate) (0.453 g, 0.002 mol) was dissolved in 22.6
mL of trifluoroacetic acid. 3.46 mL of diethyl phosphite and 3.46 mL of methyl
ethyl sulfide were added. The solution was cooled at -5°C while protected from
the light. Then 5.65 mL of a solution of hydrobromic acid in acetic acid (30wt)

was slowly added. The solution was kept in a closed round bottom flask at 20°C
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in the darkness. After two hours, the solvent was evaporated using a rotary
evaporator and the polymer was suspended in ether. After filtration over a fritted
glass, the solid was washed with ether (2*50 mL) and dried under vacuum for 12

hours at room temperature.

Table 13. Deprotection of PBnGlu with HBr

FMC 133 136
M penciu (9) 0.277 | 0.453
N pencu (MO) 0.001 | 0.002
V 1ea (ML) 13.84 | 22.6
\ HBr anhydrous (ml—) 3.46 5.65
V Diethyl phosphite (mL) 3.46 5.65
V Methyl Ethyl sulfide (ML) 3.46 | 5.65

FMC: number of the experiment
m: weight
n: number of moles
V: Volume

4) The poly(benzyl glutamate) (0.6449 g, 2.9 10 mol) was dissolved in
4.3 mL of N-Methyl Pyrrolidinone and 4.3 mL of a solution of sodium hydroxide in
NMP (1N) were added. After two hours at room temperature, 4.3 mL of a solution
of hydrochloric acid in NMP (1N) were added as well as 1mL of water. The
suspension was heated at 80°C for one hour and then filtered over a fritted glass.

The solid was washed with water (2*50 mL) and then ether (2*50 mL) and dried

under vacuum for 12 hours at room temperature.
5) The poly(benzyl glutamate) (70 mg, 18 10° mol) was dissolved in N-

Methyl Pyrrolidinone (0.47 mL) and a solution of hydrochloric acid in NMP (1N)

(90 uL) was added. After five hours at 70°C, the polymer was precipitated in five

122



volumes of ether (2.8 mL) and filtered over a fritted glass. The solid was washed

with ether (2*50 mL) and dried under vacuum for 12 hours at room temperature.

F. Typical preparation of the branched triblock copolymer. The triblock

copolymer is formed by coupling of the diblock copolymer PEG-PLA and the
homopolymers PGlu. Dicyclohexyl carbodiimide (DCC) is used as an activator for
coupling the diblock copolymer to one of the carboxylic groups of the
poly(glutamic acid). The poly(glutamic acid) (1.105 g, 85.49 10°® mol), some N-
hydroxysuccinimide (0.0199 g, 171 10 mol) and the diblock copolymer (0.503 g,
43 10 mol) were suspended in 7.8 mL of N-methyl Pyrrolidinone (NMP). Some
DCC (0.037 g, 171 10°® mol) was dissolved in 0.2 mL of NMP, in another round
bottom flask. Then the two liquids were mixed together, and stirred at 55 °C, over
night. 40 mL of ultrapure water were added to the mixture, and the suspension
was cleaned by ultrafiltration in order to remove the impurities and the NMP. At
the end of the ultrafiltration experiment, the polymer suspension was
concentrated and the concentrated solution was freeze dried to afford an off-

white solid. The yield of this reaction was 75%.
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Table 14. Synthesis of triblock copolymers

FMC 64 66 71c 73a 73b 73c 75
M giiock () 0.3246 0.1354 0.719 0.0989 0.0775 0.1444 0.1479
N giock (MOI) | 2.22E-05 | 9.24E-06 | 4.91E-05 | 6.75E-06 | 5.29E-06 | 9.86E-06 | 1.78E-05
M pew (9) 0.1714 0.0698 0.095 0.0871 0.0683 0.0318 0.1377
N pew (Mol) | 4.43E-05 | 1.80E-05 | 2.45E-05| 1.35E-05 | 1.06E-05| 4.93E-06 | 3.56E-05
m pec (9) 0.0102 0.0042 0.0202 | 0.00278 | 0.00109 | 0.00406 0.0074
Nocc (mol) | 4.95E-05 | 2.04E-05 | 9.81E-05 | 1.35E-05 | 5.29E-06 | 1.97E-05| 3.59E-05
M s (Q) 0.0097 0.0051 | 0.02131 0.0029 | 0.00115 0.0043 0.0077
N s (mol) | 4.47E-05 | 2.35E-05 | 9.82E-05 | 1.34E-05 | 5.30E-06 | 1.98E-05| 3.55E-05
V e (ML) 5.85 2.85 2.6 1.5 0.88 1.58 1.7
T (°C) 50 45 45 50 50 50 50
time (min) 120 120 120 120 120 120 120

FMC 76 90 91 95 104a 104b 104c¢
M gibioci (Q) 0.16099 0.7024 0.1543 0.2497 0.1041 0.0952 0.1649
N giock (MO) | 1.10E-05 | 4.13E-05 | 9.08E-06 | 1.47E-05 | 5.04E-06 | 4.61E-06 | 7.98E-06
M pew (9) 0.1418 0.3198 0.1171 0.1137 0.0392 0.0359 0.0154
Npew (Mol) | 2.20E-05 | 8.26E-05 | 1.82E-05| 2.94E-05| 1.01E-05| 9.28E-06 | 3.98E-06
m pee (9) 0.0045 0.017 0.0062 0.0066 0.0021 0.0009 0.0033
Npec (mol) | 2.18E-05 | 8.25E-05 | 3.01E-05 | 3.20E-05 | 1.02E-05| 4.37E-06 | 1.60E-05
M s (Q) 0 0.0194 0.0057 0.0064 0.0027 0.0012 0.0035
N s (Mol) 0| 8.94E-05| 2.63E-05| 2.95E-05| 1.24E-05| 5.53E-06 | 1.61E-05
V e (ML) 1.88 5.97 1.82 2.26 0.9 0.83 1.07
T (°C) 25 50 50 50 50 50 50
time (min) 120 120 120 120 120 120 120

FMC 107 110 114 138 146 148 149
M gibiock (Q) 1.1292 1.1355 0.5296 0.032 0.0163 0.0107 0.0107
N gioec(Mol) | 6.33E-05 | 1.05E-04 | 4.53E-05 | 2.66E-06 | 1.38E-06 | 8.89E-07 | 8.89E-07
M paw () 0.4908 0.8126 0.3508 0.0445 0.023 0.0847 0.0847
Npew (Mol) | 1.27E-04 | 2.10E-04 | 9.06E-05 | 5.24E-06 | 2.71E-06 | 1.69E-06 | 1.69E-06
m pee (9) 0.0523 0.0865 0.0381 0.0052 0.0032 0.001 0.001
Nopcc (mol) | 2.54E-04 | 4.20E-04 | 1.85E-04 | 2.52E-05 | 1.55E-05| 4.85E-06 | 4.85E-06
M s (Q) 0.0549 0.0911 0.021 0.0028 0.0011 0.0008 0.0008
N s (mol) | 2.53E-04 | 4.20E-04 | 9.68E-05| 1.29E-05 | 9.56E-06 | 6.95E-06 | 6.95E-06
V e (ML) 16.2 10.9 4.76 0.84 0.25 1.24 1.02
T (°C) 55 55 55 55 55 55 55
time (min) 120 120 120 12 120 120 120
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Table 14. (continued) Synthesis of triblock copolymers

FMC 150 160 163 178 179 182 183
M gibiock (9) 0.0601 0.0966 0.5169 0.3104 0.5034 1.5158 0.2732
N gibiock (MOl) | 5.10E-06 | 8.20E-06 | 4.39E-05 | 2.64E-05 | 4.27E-05| 1.29E-04 | 2.32E-05
M peiy (Q) 0.0394 0.2133 1.1325 0.6806 1.1028 3.3207 0.5964
N peiy (Mol) 1.02E-05 | 1.65E-05 | 8.78E-05 | 5.28E-05 | 8.55E-05 | 2.57E-04 | 4.62E-05
M pee (9) 0.0042 0.0068 0.0364 0.022 0.0368 0.1071 0.0194
N bec (Mol) 2.04E-05 | 3.30E-05 | 1.77E-04 | 1.07E-04 | 1.79E-04 | 5.20E-04 | 9.42E-05
M wus (9) 0.0027 0.0039 0.0201 0.0122 0.0199 0.0594 0.0109
N nus (Mol) 2.35E-05 | 3.39E-05 | 1.75E-04 | 1.06E-04 | 1.73E-04 | 5.16E-04 | 9.47E-05
V wwe (ML) 0.58 1.7 8.2 5 8 24.6 4.4
T (°C) 55 55 55 55 55 55 55
time (min) 120 120 120 1080 1080 120 120
FMC: number of the experiment T: Temperature of reaction
m: weight t: time of reaction
n: number of moles V: Volume

'H NMR (400 MHz, TFA) &: 5.45 (CH-CHa, 1H, ), 4.95 (HN-CH-CO, 1H, m),
3.97 (O-CHy, 2H, s), 2.77 (CO2H-CH,-CH,-CH, 2H, m), 2.43-2.28 (CO2H-CHo-
CH,-CH, 2H, m), 1.72 (CH-CHs, 3H, d)

'H NMR (400 MHz, D,0) &: 4.15 (HN-CH-CO, 1H, m), 3.94 (CH-CHs, 1H, q),
3.54 (O-CHy, 2H, S), 2.09 (CO2H-CH,-CH,-CH, 2H, m), 1.87-1.76 (CO2H-CH,-
CH,-CH, 2H, m), 1.16 (CH-CHs, 3H, d)

Some of the spectra show broad singlets instead of multiplets due to the fact that
the product analyzed is a polymer.

G. Typical preparation of the linear triblock copolymer, typical

polymerization of the NCA and functionalisation of the PBnGlu. The NCA

obtained (2.5067 g, 9.53 10 mol) was dissolved in 12.5 mL of NMP and was
polymerized by ring-opening**® using 159 uL of ammonia, initiator of the
polymerization. The solution was left at 40°C and after 90 minutes, 10
equivalents of succinic anhydride (0.3184 g, 3.177 10 and 10 equivalent of

triethanol amine (0.478 g, 3.177 10°®) were added. After 180 minutes at 40°C, the
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polymer was precipitated in 63 mL of ultra pure water. The polymer was filtered
over a fritted glass and was purified by washing with 100 mL of basic water (pH =
10), 100 mL of acidic water (pH = 3), 100 mL of neutral water and then 100mL of
methanol so all the unreacted NCA was removed. The solid was then dried under

vacuum for 12 hours at room temperature. The yield of this reaction was 85%.

Table 15. Preparation of functionalized PBnGlu prepared

FMC 17 28 39
M nea () 2]4.812 | 2.507
N nea (Mol) 0.008 | 0.018 | 0.01
V e (ML) 10 24| 125
V s (UL) 76| 305| 159
t (min) 180 | 180 90
V neutral water (ML) 150 175 160
\ acidic water (mL) 100 100 100
\ basic water (mL) 100 100 100
V methanot (ML) 100 | 100 | 100
m sa (9) 7.607 | 0.61|0.318
N sa (Mol) 0.076 | 0.006 | 0.003
m 14 (9) 11.33 | 0.909 | 0.478
n 1 (Mol) 0.076 | 0.006 | 0.003

FMC: number of the experiment

m: weight

n: number of moles

t: time of reaction

V: Volume

V neutral water: CUmMulated volume of neutral water used for the precipitation of the
polymer and for its wash

SA: Succinic Anhydride

TA: Triethanol Amine

H. Typical coupling reaction. The protected triblock copolymer is formed

by coupling of the diblock copolymer PEG-PLA and an end-capped
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homopolymers PBnGlu. Dicyclohexyl carbodiimide (DCC) is used as an activator
for coupling the diblock copolymer to the carboxylic group which is at the end of
the poly(benzyl glutamate). The poly(benzyl glutamate) (0.638 g, 96 10° mol),
some N-hydroxysuccinimide (0.0207 g, 96 10° mol) and some DCC (0.037 g,
171 10° mol) were suspended in 3.1 mL of N-methyl Pyrrolidinone (NMP). The
diblock copolymer (0.7006 g, 48 10°® mol) was dissolved in 10.7 mL of NMP, in
another round bottom flask. Then the two liquids were mixed together, and stirred
at 55 °C, for two hours. The solution was added in 70 mL of ultrapure water and
the polymer precipitated. The solid was filtered over a fritted glass, washed with
100 mL of utrapure water and then with 100 mL of methanol. It was then dried
under vacuum for 12 hours at room temperature. The yield of this reaction was

95%.

Table 16. Formation of protected triblock copolymers

FMC 18 34 46 60
M giblock (g) 0.2732 0.675 0.1121 0.7066
N giblock (MOI) 5.11E-05 | 1.80E-04 | 1.60E-05 | 4.82E-05
M poncw (9) 11305 | 23963 | 0.2142| 0.6381
N penciy (MoOI) 1.02E-04 | 3.59E-04 | 3.21E-05| 9.57E-05
m pcc (Q) 0.0525 0.1876 0.017 0.0497
N pcc (Mol) 2.55E-04 | 9.11E-04 | 8.25E-05| 2.41E-04
M s (9) 0022| 00781| 00071 0.0207
N nus (Mol) 1.91E-04 | 6.79E-04 | 6.17E-05| 1.80E-04
V e (ML) 9 24 40.05 13.8

FMC: number of the experiment
m: weight

n: number of moles

V: Volume

|. Typical deprotection of the linear triblock copolymers. The linear triblock

copolymer was obtained by deprotection of the poly(benzyl glutamate) block. The
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triblock copolymer (1.2405 g, 0.058 10° mol) was dissolved in 6 mL of
trifluoroacetic acid (TFA). Then 3.8 mL of methane sulfonic acid (MSA) and 0.95

162 \were added at 10°C. After 180 minutes, the polymer was

mL of anisole
precipitated with 54 mL of cold ether, filtered over a fritted glass and washed with
ether (2* 50 mL). The solid was then dried under vacuum for 12 hours at room

temperature. The yield of this reaction was 78%.

Table 17. Deprotection of protected triblock copolymers

FMC 21 36 47 61
m 15 (Q) 0.1539 0.999 0.1632 1.2405
n 15 (Mol) 9.36E-06 | 9.59E-05 | 1.20E-05| 5.82E-05
V wsa (ML) 1 9.4 0.79 3.85
V 1ea (ML) 2 115 1 6
V anisole (ML) 0.26 1.6 0.196 0.95
V ether (ML) 16 130 3 54
V asn (ML) 40 100 20 100

FMC: number of the experiment

m: weight

n: number of moles

t: time of reaction

V: Volume

V wash: Volume of ether used to wash the polymer
TB: Protected Triblock copolymer

MSA: Methane Sulfonic Acid

TFA: Trifluoroacetic Acid

J. Typical CAC measurement experiment. A solution of pyrene in acetone

(0.1674 g/L) was prepared. 2 mL of this solution were added in vials. After
evaporation of this solution, 2 mL of suspensions of vesicles with different
concentrations were added in each vial and the suspensions were sonicated for
70 minutes. The excitation was done at 339 nm and the emission was measured

between 300 and 360 nm.
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Table 18. Intensities measured at 332.5 nm and 335 nm for different concentration of PEG-
PLA-PGlu in the presence of pyrene (0.1674 g/L)

FMC217x 1333 1335 1335/1333 C (g/L) log C [polymer](mg/mL)
FMC217e 836.3878 | 996.2097 | 1.191086 | 1.1930E-01 -0.92336 0.1193
FMC217f 663.942 | 797.1873 | 1.200688 | 6.3200E-02 -1.19928 0.0632
FMC217g 484.1377 | 579.8109 | 1.197616 | 4.5500E-02 -1.34199 0.0455
FMC217h 441.5533 | 512.2809 | 1.160179 | 2.8870E-02 -1.53955 0.02887
FMC217i 341.269 | 378.8298 | 1.110062 | 1.5400E-02 -1.81248 0.0154
FMC217j 325.6174 | 354.3131 | 1.088127 | 1.1500E-02 -1.9393 0.0115
FMC217k 251.3818 | 256.1551 | 1.018988 | 2.4072E-03 -2.61849 0.002407
FMC217I 221.3848 | 223.0407 | 1.00748 | 5.0214E-04 -3.29918 0.000502
FMC217m 236.1921 | 236.1921 1 1.0229E-04 -3.99017 0.000102
FMC217n 241.6612 | 240.7575 | 0.99626 | 2.1169E-05 -4.6743 2.12E-05

K. Typical insulin encapsulation experiment. A solution of human recombinant

insulin in HEPES buffer (Aldrich, pH=8.2, [insulin] = 10mg/mL) was diluted ten
times with a phosphate buffer (pH = 7.4, 300 mOsm). The polymer synthesized in
the experiment 2.2 was dissolved in this solution (8.2 mg/mL). The pH was
adjusted to a value between 7 and 8 using a solution of sodium hydroxide (10
mol/L). The suspension was sonicated for 20 minutes in a sonicating bath at
room temperature. After incubation for 3h, the amount of residual insulin in the
suspension was then analyzed in a high pressure liquid chromatography (HPLC).
The HPLC is calibrated with insulin solutions of different concentration. Thus, the
concentration of free insulin is obtained from the area of the insulin peak. The
concentration of free insulin in solutions containing vesicles is measured via the
area of the insulin peak. The peak of insulin was monitored at 9.6 min, which
corresponds to the peak of a non-encapsulated. The amount was obtained from

the area under the curve. The proportion of encapsulated insulin, 20%, was
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obtained from the mass balance between encapsulated and non-encapsulated

insulin.

L. Animal experiments

1) The experiment was done with female Sprague-Dawley rats (weight
between 180 and 200g). The rats were delivered with one of their jugular vein
cathetered (Charles River company) and were fasted for 12 hours prior the

experiment. They were separated into three groups:

Table 19. Treatments given to the three groups of rats

Group Type of delivery # Rat
1 Subcutaneous injection lto4
2 Gavage with insulin solution 5t08
3 Gavage with insulin encapsulated in polymer 9to 11

Blood samples (200 microliters) were taken at -30, 0, 30, 60, 90, 150, 210, and
330 min. For each sample, the glucose level was measured with a glucometer
(Freestyle, Therasense). The blood was poured in EDTA coated tubes
(Microvette 200um, Sarstedt Inc.) and was centrifuged at 3000 rpm during 15
min. The plasma was isolated and analyzed using an insulin ELISA kit (Human
Insulin Elisa Kit, #EZHI-14K, Linco Research, Inc.).

For the each rat of group 1, 140 microliters of a solution of human recombinant
insulin ([insulin] = 0.107 mg/mL) were injected via the catheter. This solution of

human recombinant insulin was obtained from a commercially available solution
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of human recombinant insulin ([insulin] = 10 mg/mL, 25mM Hepes, pH=8.2,
sterile-filtered) which was diluted 93 times with a HEPES buffer (pH = 8.2, 25
millimolar of HEPES in water. For the rats of the second group, 500 microliters of
a solution of human recombinant insulin ([insulin] = 1.54 mg/mL) were fed by oral
gavage. This solution of human recombinant insulin was obtained from a
commercially available solution of human recombinant insulin ([insulin] = 10
mg/mL, 25mM Hepes, pH=8.2, sterile-filtered) which was diluted 6.5 times with a
HEPES buffer (pH = 8.2, 25 millimolar of HEPES in water). Rats of the third
group were fed by oral gavage with 500 microliters of a suspension containing
insulin and the polymer. This suspension was prepared by mixing the insulin
solution used for the rats of group 2 to polymer 2.1 (polymer concentration = 15
g/L). The suspension was sonicated for 10 minutes in a Branson 2210 ultrasonic

cleaner at room temperature prior to gavage.

2) The experiment was done with female Sprague-Dawley rats (weight
between 180 and 200g). The rats were delivered with one of their jugular vein
cathetered (Charles River company) and were fasted for 12 hours prior the

experiment. They were separated into four groups:

Table 20. Treatments given to the three groups of rats

Group Type of delivery # Rat
1 Subcutaneous injection lto4
2 Gavage with insulin solution 5t08
3 Gavage with insulin encapsulated in polymer 9to 12
4 Gavage with insulin encapsulated in polymer 13to 16
under a solid form (Eudragit)
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Blood samples (150 microliters) were taken at -60, 0, 40, 70, 135, 200, 265, 325
and 385 min. For each sample, the glucose level was measured with a
glucometer (Freestyle, Therasense). The blood was poured in EDTA coated
tubes (Microvette 200um, Sarstedt Inc.) and was centrifuged at 3000 rpm during
15 min. The plasma was isolated and analyzed using an insulin ELISA kit
(Human Insulin Elisa Kit, #EZHI-14K, Linco Research, Inc.).

For the each rat of group 1, 100 microliters of a solution of human recombinant
insulin ([insulin] = 0.015 mg/mL) were injected via the catheter. This solution of
human recombinant insulin was obtained from a commercially available solution
of human recombinant insulin ([insulin] = 10 mg/mL, 25mM Hepes, pH=8.2,
sterile-filtered) which was diluted 668 times with a HEPES buffer (pH = 8.2, 25
millimolar of HEPES in water. For the rats of the second group, 500 microliters of
a solution of human recombinant insulin ([insulin] = 0.292 mg/mL) were fed by
oral gavage. This solution of human recombinant insulin was obtained from a
commercially available solution of human recombinant insulin ([insulin] = 10
mg/mL, 25mM Hepes, pH=8.2, sterile-filtered) which was diluted 35 times with a
HEPES buffer (pH = 8.2, 25 millimolar of HEPES in water). Rats of the third
group were fed by oral gavage with 500 microliters of a suspension containing
insulin and the polymer. This suspension was prepared by mixing the insulin
solution used for the rats of group 2 to the triblock copolymer (polymer
concentration = 15 g/L). The suspension was sonicated for 10 minutes in a

Branson 2210 ultrasonic cleaner at room temperature prior to gavage. For the
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rats of the fourth group, a solid form of the nanovesicles containing some insulin
was fed by oral gavage. A solution of human recombinant insulin was obtained
from a commercially available solution of human recombinant insulin ([insulin] =
10 mg/mL, 25mM Hepes, pH=8.2, sterile-filtered) which was diluted 3.4 times
with a HEPES buffer (pH = 8.2, 25 millimolar of HEPES in water). Some Eudragit
L100 (643 mg) was dissolved in a solution of Ethanol (2.15 mL)/Acetone (4.3 mL)
and the suspension of vesicles previously made was poured in it under stirring.
Some span 40 (0.904 g) and Antifoam A (91.7 mg) were added. Then the
suspension was poured in 90.51 g of liquid paraffin. The homogenizer was used
three times during 20 seconds, leaving one minute between each use of the
homogenizer, and the system was heated at 40°C under magnetic stirring. After
three hours, the paraffin was dissolved in 300 mL of hexane. The “capsules”
were filtered over a buchner funnel, washed with hexane (2*100 mL) and then

dried under vacuum for 12 hours at room temperature.
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Appendix A: *H NMR of PEG-PLA in CDCl;
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Appendix B: *C NMR of PEG-PLA in CDCl;
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Appendix C: DSC spectrum of PEG-PLA
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Appendix D: IR of the NCA polymerization at t=0
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Appendix E: IR of the NCA polymerization at t=3h17 J@
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Appendix F: Maldi-Tof spectrum of the P(Bn)Glu
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Appendix G: Light scattering of the triblock copolymer PEG2g00-PLAgg00-PGlu1300
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Appendix H: *H NMR of PEG-PLA-PGIlu in TFA
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throughout the three year period is contingent upon completion of annual reports on the use of animals. At
the end of the three year approval period you may submit a new application and request for extension to
continue this project. Requests for extension must be filed prior to the expiration of the original approval.

Please note: Use of animals in research and instruction is approved contingent upon participation in the
UNH Occupational Health Program for persons handling animals. Participation is mandatory for all
principal investigators and their affiliated personnel, employees of the University and students alike. A
Medical History Questionnaire accompanies this approval; please copy and distribute to all listed project
staff who have not completed this form already. Completed questionnaires should be sent to Dr. Gladi
Porsche, UNH Health Services.

If you have any questions, please contact either Van Gould at 862-4629 or Julie Simpson at 862-2003.
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