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Chapter 1: Introduction

1. Introduction

1.1 Biomaterials

A biomaterial is a material that will interface tibiological systems to
evaluate, treat, augment or replace any tissu@noog function of the organism
In this second decade of 21st century, biomater@sstantly accompany
everyone's life because are widely used throughuatlicine, dentistry and
biotechnology. Just 50 years ago biomaterial aghivk of them today did not
exist. The word “biomaterial” was not used. Thererevno medical device
manufacturers (except for external prosthetics sashlimbs, fracture fixation
devices, glass eyes, and dental devices), no faadalregulatory approval
processes, no understanding of biocompatibilitg, egrtainly no academic courses
on biomaterial. Yet, crude biomaterial have beeadusgyenerally with poor to
mixed results, throughout history. The story of rbaderial use begins in the
earliest days of human civilization to present ddlys convenient to organize the
history of biomaterials into four eras: prehistofuntil second industrial
revolution), the era of the surgeon hero, desighéaimaterials engineered

devices(until 1980), and the contemporary.era

There is evidence that sutures may have been sséahg as 32,000 years
ago’. Large wounds were closed early in history by egutor sutures. Linen
sutures were used by the early Egyptians. The dattion of non-biological
materials into the humanbody was noted far backréhistory. The remains of a
humanfound near Kennewick, Washington, USA (ofterferred to as the
“Kennewick Man”) was dated (with some controvergype 9000 years old. This
individual, described by archeologistas a tall, lthga active person, wandered
through the region now know as southern Washingiitim a spear point embedded

1



Chapter 1: Introduction

in his hip. It had apparently healed in and did sighificantly impede his activity.
This unintended implant illustrates the body's cépdo deal with implanted foreign
materials. The spear points has little resemblameceodern biomaterial, but it was
a “tolerated” foreign material implant, just thensa Unlike the spear point
described above, dental implants were devised gdants and used early in
history. The Mayan people fashioned nacre teeth gea shells in roughly 600 A.D.
and apparently achieved what we now refer to as botegration, basically a
seamless integration into the b&n8imilarly, an iron dental implant in a corpse
dated 200 A.D. was found in Eurép&his implant was described as properly bone
integrated. There were no materials science, bicdbgnderstanding, or medicine
behind these procedures. Their success (and lagye/impressive and highlights
two points: the forgiving nature of the human beah the pressing drive, even in
prehistoric times, to address the loss of physiolagatomic function with an
implant. In the yearl508Leonardo da Vinci developleel contact lens concept
while Rene Descartes is credited with the ideahef tortical contact lens in
1632.English physician William Harvey in 1628 esped a relatively modern view
of heart function when he wrote, “The headne role is the transmission of the
blood and its propulsion, by means of the arteti@ghe extremities everywhere.”
With the appreciation of the heart as a pump, it walogical idea to think of
replacing the heart with an artificial punfdolf Fick, best known for his laws of
diffusion, was an optometrist and in 1860 inverttesl first contact lens offering a
real success. Possibly the first study assessmgntivo bioreactivity of implant
materials was performed by H. S. Leven 1829. Gsilder, lead, and platinum
specimens were studied in dogs and platinum, iticodar, was found to be well
tolerated. In1886, bone fixation plates of nickieltgd sheet steelwith nickel-plated
screws were studied. In1924. A. Zierold publishedtudy on tissue reaction to
various materials in dogs. In 1938, aviator (andimeer) Charles Lindbergh and
surgeon (and Nobel prize winner) Alexis Carrel wr@ visionary book;The

Culture of Organs They addressed issues of pump design (referreas tthe
2



Chapter 1: Introduction

Lindbergh pump). sterility, blood damage, the rigmal needs of perfused organs
and mechanics. This book must be considered a ségoeument in the history of

artificial organs.

After World War 11, there was little precedent feurgeons to collaborate
with scientists and engineers. Medical and dentattgioners of this era felt it
was appropriate to invent (improvise) on their ommere the life or functionality
of their patient was at stake. Looking at a patiepén on the operating table,
they could imagine replacement; bridges, condaits, even organ systems based
on new materials originally manufactured for airga and automobiles. Many
materials were tried on the spur of the moment.séhearly biomaterials include
silicones. polyurethanes, tetrafluoroethylene @m@fl nylon, methacrylates,
titanium, and stainless steel. These were high-rnisits, but usually they took
place where other options were not available. Tdrent“surgeon hero” seems
justified since the surgeon often had a lift (ogueality of life) at stake and was
willing to take a huge technological and profesaideap to repair the individual.
This laissez fairebiomaterials era quickly led to a new order chianazed by
scientific/engineering input, government qualityntols, and a sharing of
decisions prior to attempting high-risk, novel prdares. Still, a foundation of
ideas and materials for the biomaterials field wadt by courageous, fiercely
committed, creative individuals and it is importdaatlook at this foundation to
understand many of the attitudes, trends, and métecommon today.In
29"November, 1949 Sir Harold Ridky, M.D. (1906-2008ed ICI Perspex
poly(methyl methacrylate) to fabricate plant leng@d#raocular lenses). For
many years, Ridley was the center of fierce comrsy because he challenged
the dogma that spoke against implanting foreignenss in eyes. In this
revolutionary period were invented and improveataof medical devices such as
hip and knee prostheses, vascular graft, stentkovascular, pacemaker and heart

valves.In contrast to the surgeon-hero era, th®sl@®h saw the development of
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Chapter 1: Introduction _

materials designed specifically for biomaterialspleations The attention was
focused on silicones rubber as component of adifiadney or dialysis membrane,
on polyurethanes as cardiovascular components, eftonl for surgery and
biotechnology applications, on titanium for impknin bony tissue, on
hydroxyapatite for orthopedic applications, on pthylene glycol also called

polyethyleneoxide and polylactic-glycolic acid famtrolled drug delivery.

It is likely that the modern era biomaterials emgired to control specific
biological reactions, was ushered in by rapid demelents in modern biology. In
the 1960, when the field of biomaterials was layidgwn its foundation
principles and ideas, concepts such as cell-surfaceptors, growth factors,
nuclear control of protein expression and phenqgtgp# attachment proteins, and
gene delivery were either controversial observation undiscovered. On the
other side new ideas in materials science growmportance such as phase
separation, anodization, self-assembly, surfaceifination and analysis. Since
1990 there has been a gradual integration betwiedrgly, chemistry and materials
science that has provided a radically differentrapph to the design of new
biomaterial€This new approach is based on the modificationhef physical-
chemical properties of a material to obtain theirddsfinal properties up to the
concept of smart materials able to interact spealfi with their biological
environment. On these bases were founded new obséaid regarding tissue
engineering and regenerative medicine, biospeoifmaterials, protein adsorption
and controlled release. Polymeric materials arsghshich are best suited to this
type of scenario because it is possible in priecifd obtain any properties by

modifying the molecular weight, the chemical stanet the degree of crystallinity.

1.2 Polymeric biomaterials

It is no accident that most of biomaterials cureniroduced is of a
4



Chapter 1: Introduction

polymeric nature or having polymeric componentslylers are long-chain
molecules (macromolecules) that consists of a lamgmber of small repeating
units A first great distinction in polymer universnd consequently in polymeric
biomaterials, concerns the way of obtaining a maaiecular chain: natural
macromolecules or derived from organic synthesec@ss. In natural polymer
can be included cellulose, alginate, chitosan, urgalic acid and genetic
materials such as DNA or RNA. Synthetic polymerionbaterials range from
hydrophobic, non water absorbing materials suchsiisone rubber (SR),

polyethylene (PE), polypropylene (PP), poly(ethgleterephthalate) (PET),
polytetrafluoroethylene (PTFE), polymethyl methdaty (PMMA) to somewhat
more polar materials such as polyvinylchloride (BV€opoly(lactic glycolic

acid) (PLGA) and nylons, to water swelling matesialch as poly(hydroxyethyl
methacrylate) (PHEMA), to water soluble materiatlswas polyethyleneoxyde
(PEO or PEG). A polymer is usually synthetized watlistribution of molecular
weights, for this reason it is useful define anrage molecular weight. The
number average molecular weight, Mn (Equation §),an average over the
number of molecules. The weight average molecutaght , Mw (Equation 2), is
an average over the weight of each molecular chain

_ TNiMi _ TNiMi3

Where N is the number of mole of speciesand M is the molecular weight of

species

MNumte=t
A et ase

Weizlit
Asretrage

Number of Polvmers

Molecillatr Wedisht

Fig 1.1 Example of molecular weight distribution
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The ratio between Mn and Mw is known as the polyelisity index (Pi) and
is used as measure of breadth of molecular weighilglition. Usually the Mn of
polymeric biomaterials have a range from 5000@00®0 Daltons and Mw from
8000 to 300000, but in exceptional case, such auded in hip joint, Mw can
reach a million of Dalton. In general increasing lecalar weight increase
mechanical properties but increase melt viscosisp anaking more difficult
manipulate the materials. The general requiremenpblymeric biomaterials (or
not) is biocompatibility. Biocompatibility was firsdefined, on the proposal of
Williams,” during International Conference on Biomaterials, (Chestreat
Britain, 1991) as "The ability of a material to fmem with an appropriate host
response in a specific application”. This meang thamaterials must interact
without recognizing of immune system which can eje¢hrough inflammatory
processes and without absorbing mechanism which maduce toxic or
carcinogenic substances. The biocompatibility ddpean both material properties
(mechanical and chemical-physical properties), #m& conditions of the host
organism (tissue type, place of implantation, agex, general health,
pharmaceutical regime). In particular, great imgoce have chemical-physical
surface characteristics of biomaterial: the chemstaucture of the surface, the
hydrophilicity, hydrophobiciy, the presence of iorgroups, the morphology, the
degree of surface roughness are factors that exestrong influence on the
characteristics of biocompatibility of the materidlhis still emphasizes the
attention whereby are designed synthetic strategiedtain polymer with a high
degree of purity and very high stability during thphases of processing,

sterilization and storage.
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1.3 Polymeric biomaterials applications

Regenerated cellulose, for many years, was the miastly used dialysis
membrane. Different kind of cellulose, such as ueBe acetate (CA) or
microbial cellulose (MC), are also used as hollalefs for kidney dialyser, in
osmotic drug delivery devices and tissue enginefrichitosan is a linear
polysaccharide composed of randomly distributgd(1-4)-linked D-
glucosamine (deacetylated unit) and N-acetyl-D-ghammine (acetylated
unit). It is made by treating shrimp and other tagean shells with the alkali
sodium hydroxide and find a lot of application ihgsmaceutical chemistry
from drugs for body weight control to fine systemr fcontrolled release
Alginate, also called Alginic acid, is an anioniolgsaccharide distributed
widely in the cell walls of brown algae, wherethlrough binding water, forms
a viscous gum. In extracted form it absorbs wateick]y; it is capable of
absorbing 200-300 times its own weight in watenslused extensively as an
impression-making material in dentistiyd, due to alginate's biocompatibility
and simple gelation with divalent cations such @"Cit is widely used for
cell immobilization and drugs encapsulatidrt! Hyaluronic acid(also called
Hyaluronan or hyaluronate or HA) is an anionic, sufated glycosaminoglycan
distributed widely throughout connective, epithieleand neural tissues. It is unique
among glycosaminoglycans in that it is nonsulfatedns in the plasma membrane
instead of the Golgi, and can be very large, with molecular weight often
reaching the millions. One of the chief componeritshe extracellular matrix,
hyaluronan contributes significantly to cell preliation and migration, and may
also be involved in the progression of some mahgriamors. Hyaluronan has
been used in the synthesis of biological scaffétaswound-healing applications

and as targeting or shielding agent in drugs ctiattoeleas¥.
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PMMA it is a hydrophobic, linear chain polymer thet transparent,
amorphous, and glassy at room temperature and mayohne easily recognized by
such trade name as Lucite or Plexiglas. It is aomigredient in hone cement
for orthopedic implants. In addition to toughnessl &tability, it has excellent
light transmittance, making it a good material fotraocular lenses and hard
contact lenses. The monomers are polymerized ishhpe of a rod from which
buttons are cut. The button or disk is then moumtea lathe, and the posterior
and anterior surfaces machined to produce a letisdeifined optical power. The
substitution of the methyl ester group in methylhaarylate with a
hydroxyethyl group (2-hydroxyethyl methacrylate WEMA) produces a very
hydrophilic polymer. For soft contact lenses, tl@yplEMA is slightly cross-
linked with ethylene glycol dimethyacrylate (EGDMAQ retain dimensional
stability for its use as a lens. Fully hydratedaiswollen hydrogel. PHEMA is
glassy when dried, and therefore, soft lenses aeufactured in the same way
as hard lenses; however, for the soft lens a swgliactor must he included
when defining the optical specifications. Polyaaryide is another hydrogel
polymer that is used in biomedical separations .(epplyacrylamide gel
electrophoresis or PAGE). The mechanical propertesl the degree of
swelling can be controlled by cross-linking with tmdene-bis-acrylamide
(MBA). Poly(N-alkylacrilamides) are environmentalbgnsitive, and the degree
of swelling can be altered by changes in tempeeaturd acidity. Polyacrylic
acids also have applications in medicine. Theyused as dental cements, e.g.,
as glass ionomers. In this use, they are usuallyedhiwith inorganic salts,
where the cation interacts with the carboxyl grougsthe acid to form
physical cross-links. Polyacrylic acid is also used covalently cross-linked
form as a mucoadhesive additive to mucosal drugvesl formulations (Sec
Chapter 7.14). Polymethacrylic acid may also beoiporated in small
quantities into contact lens polymer formulationsimprove wettability®. PE

is used in its high-density form in biomedical apations because low-density
8



Chapter 1: Introduction _

material cannot withstand sterilization temperasuri is used as tubing for
drains anti catheters, and in ultrahigh MW forntlas acetabular component in
artificial hips and other prosthetic joints. Theteraal has good toughness and
wear resistance and is also resistant to lipid giigm. Radiation sterilization
in an Inert atmosphere may also provide some covateoss-linking that
strengthens the PE. PP is an isotactic crystajiolgmer with high rigidity,
good chemical resistance, and good tensile strenbth stress cracking
resistance is excellent, and it is used for sutares hernia repair. PTFE, also
known as Teflon, has the same structure as PEpéextitat the four hydrogens in
the repeat unit of PE are replaced by fluorinesFEPTs a very high melting
polymer (Tn¥ 327° C)and as a result it is very difficult to process.idtvery
hydrophobic, has excellent lubricity, and is usedniake catheters. In microporous
form, known generically as the commercial produdré& Tex, it is used in
vascular grafts. Because of its low friction, it svthe original choice by dr
John Charnley for the acetabular component of itisé ip joint prosthesis, but
it failed because of as low wear resistance anddhbeltant inflammation caused
by wear particles. PVC is used mainly as tubing ahabd storage bags in
biomedical applications. Typical tubing uses indudlood transfusion,
feeding, and dialysis. Pure PVC is a hard, britth@terial, but with the addition
of plasticizers, it can be made flexible and s&¥C can pose problems for
long-term applications because the plasticizers lmarextracted by the botfy
Poly(dimethylsiloxane) PDMS or SR is an extremebt \polymer, although
Its use is often limited by its relatively poor n@amical strength. it is unique
in that it has a silicon-oxygen backbone insteadaofarbon backbone. Its
properties are less temperature sensitive tharr othders because of its very
low Tg. In order to improve mechanical properties, SR igally formulated
with reinforcing silica filler and sometimes thelpsiloxane backbone is also
modified with aromatic rings that can toughen itecBuse of its excellent

flexibility and stability. SR is used in a variebf prostheses such as finger
9



Chapter 1: Introduction

joints, heart valves, and breast implants, and ar, echin, and nose
reconstruction. It is also used as catheter anthdge tubing and in insulation
for pacemaker leads. It has also been used in memboxygenators because
of its high oxygen permeability, although poroudypoopylene or polysulfone
polymers have recently become more used as oxygenambranes. PET is
one of the highest volume polymeric biomateriatssla polyester, containing
rigid aromatic rings in a "regulapolymer backbone, which produces a high-
melting (Tm=267°C) crystalline polymer with verydgh tensile strength. It
may be fabricated in the forms of knot, velour,veoven fabrics and fabric
tubes, and also as nonwoven felts. Dacron is a comoommercial form of
PET used in large-diameter knit, velour, or woveteral grafts. Other uses of
PET fabrics are for the fixation of implants andria repair. PET and more
often poly(butylenterephtalate) (PBT) can also beedi in ligament
reconstruction and as a reinforcing fabric for usseconstruction with soft
polymers such as SR Polymerization of bisphenol A and phosgene preguc
poly-carbonate, a clear, tough material. Its higipact strength dictates its
use as lenses for eyeglasses and safety glassk$oasings for oxygenators
and heart—lung bypass machine. Polycarbonate mitsdeave also been used
to prepare copolymers such as polyurethanes. Rolyenate segments may
confer enhanced biological stability to a matéfialNylon is the name
originally given by Du Pont to a family of polyanas, the name is now
generic, and many other companies make nylons. i¢ylrc formed by the
reaction of diamines with dibasic acids or by thegropening polymerization
of lactams. Nylons are used as surgical suture&Als a random copolymer
used in resorbable surgical sutures, drug delivergtems, and orthopedic
appliances such as fixation devices. The degradgiroducts are endogenous
compounds (lactic and glycolic acids) and as suoh @on toxic. PLGA
polymerization occurs via a ring-opening reactidraglycolide and a lactide.

The presence of ester linkages in the polymer bboke allows gradual
10
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hydrolytic degradation (resorption). The rare ofgdelation can be
controlled by the ratio of poly(glycolic) to polggtic) acid*’. Copolymers are
another important class of biomedical materials. @opolymer of
tetrafuoroethylene with a small amount of hexafamopylene (FEP
Teflon) is used as a tubing connector and cathét&P has a crystalline
melting point near 265°C (for PTFE is 327°C). Thenhances its
processability, compared with PTFE, while maintagithe excellent chemical
inertness and low friction characteristics. Polybhames are block copolymers
containing "hard and "soft" blocks. The "hard" blocks, having Values
above room temperature and acting as glassy orcsgstalline reinforcing
blocks, are composed of a diisocyanate and a chattender. The
diisocyanates most commonly used are 2,4-toluemsoa@yjanate (TDI) and
methylenedi(4-phenyl isocyanate) (MDI), with MDI being used most
biomaterials. The chain extenders are usually eh@atiphatic glycol or diamine
materials with two to six carbon atoms. The "solfibcks in polyurethanes
arc typically polyether or polyester polyols whoBg values are much lower
than room temperature, allowing them to give a mrgbcharacter to the
materials. Polyether polyols are more commonly usgdmplantable devices
because they are stable to hydrolysis. Polyurethane tough elastomers with
good fatigue and blood-containing properties. Theg used in pacemaker lead
insulation, catheters, vascular grafts, heart agsifoon pumps, artificial heart
bladders. and wound dressings. A great importancebiomedical variety of
uses and strong biocompatibility is covered by PEEGPEO. PEG is used in
drug delivery as conjugates with low solubility drand with immunogenic or
fairly unstable protein drugs, to enhance the datan times and stabilities of
the drug®®. It is also used as PEG-phospholipid conjugategrtbance the
stability and circulation time of drug-containingpdsomes’. In both cases it
serves to "hide" the circulating drug system frommure recognition,

especially in the livéf. PEG has also been immobilized on polymeric
11
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biomaterials surface: to make them "nonfouling."G3Eusually exist in a
highly hydrated state on the polymer surfaces, whtey can exhibit steric
repulsion based on an osmotic or entropic mechaniSms phenomenon
contributes to the protein and cell-resistant praps of surfaces containing
PEGS"?

1.4 Polymeric biomaterials synthesis

As mentioned above, appropriate structural chamdjesv to obtain from
polymer new materials with specific mechanical mxes, biocompatibility,
and with controllable degradation rates. That isywh is possible to use

different strategies to achieve these materials:

a) Modification of the polymer repeat unit: for emple, shifting from

poly(lactic) to (poly)glycolic acid, slower degrada and better workability is
observed; while shifting from poly(glycolic) to pdmalic) acid a more
hydrophilic character and the presence of functiagr@ups in the chain is

instead obtained.

b) Copolymerization: in this way it is possible toodify the physical

and chemical properties of a given polymer as action of nature of the
comonomer, the composition, microstructure and idecture of the
macromolecule. An example are the poly(caprolacioolgethylene glycol)

copolymers.

c) Mixing: the formation of alloys between two insgible polymers
allows to combine, possibly in a synergistic walye tdesired properties of
both components. Typical examples are alloys -coings of poly(L-
lactide)/poly(ethylenglycol) and poly(DL-lactideyly(caprolactone).

12
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d) Curing: ensure the dimensional stability of flde, amorphous or
extremely hydrophilic or water-soluble polymers

e) Modification of surface properties: an increasfe 'hydrophilicity

surface by grafting of groups -COOH, -OH, -PHor by coating with
hydrophilic polymers such as poly(ethyleneglycaBbduces cell adhesion, in

particular of platelets.

As regard to chemical modifications, the synthatiategies are based mainly
on the formation of ester or amide bonds betweean tigdroxyl or amine
terminals of the macromolecular chains or, moreqdently, on “click
chemistry” reactionsln his landmark review in 2001, Dr. Sharpless dafin
“click chemistry” as a group of reactions that “rhise modular, wide in scope,
give very high yields, generate only inoffensivetmducts that can be removed by
nonchromatographic methods, and be stereospecifigt (hot necessarily
enantioselective)”. The required process charatiesi include simple reaction
conditions (ideally, the process should be insef@stb oxygen and water), readily
available starting materials and reagents, theofis® solvent or a solvent that is
benign (such as water) or easily removed, and smmloduct isolation.
Purification, if required, must be by non chroma#ghic methods, such as
crystallization or distillation, and the product stibe stable under physiological
conditions®®. To date, four major classifications of click réans have been
identified:
. Nucleophilic ring-openings—these refer to the opgai of strained
heterocyclic electrophiles, such as aziridines, x&®s, cyclic sulfates,

aziridinium ions, episulfonium ions, etc

13
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. Carbonyl chemistry of the non-aldol type-examptesude the formations of
ureas, thioureas, hydrazones, oxime ethers, amatematic heterocycles,
etc.. Carbonyl reactions of the aldol type gengradive low thermodynamic
driving forces, hence they have longer reactioresirand give side products,

and therefore cannot be considered click reactions

. Additions to carbon-carbon multiple bonds-examptedude epoxidations,
aziridinations, dihydroxylations, sulfenyl halidelditions, nitrosyl halide
additions, and certain Michael additions

. Cycloadditions, these primarily refer to 1,3-dipotycloadditions, but also
include hetero-Diels-Alder cycloadditions

Among the four major classifications, cycloaddiBprparticularly the Cu(l)-
catalyzed Huisgen 1,3-dipolar cycloaddition (HD@geides and terminal alkynes
to form 1,2,3-triazoles, are the most widely usBdsed on the literature search
mentioned earlier, nearly 100% of the publicatioeferred to this click reaction.
The Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaduhtiof azides and terminal
alkynes to form 1,2,3-triazoles is the model exagfl a click reaction. It fulfills
all of the criteria of click chemistry perfectlypmmatter how subjective they may
be, and is therefore extremely reliable and easyst This reaction exclusively
forms 1,4-substituted products, making it regio#fpedt typically does not require
temperature elevation but can be performed oveida vange of temperatures (0—
160°C), in a variety of solvents(including wateay)d over a wide range of pH
values (5 through 12). It proceeds as much aditf@s faster than the uncatalyzed
version, and purification essentially consists fduct filtration. Furthermore, it is
unaffected by steric factors.

14
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1.5 Biomaterial for pharmaceutical application

One of most important application of biomateria@sn pharmaceutical area.
In fact new materials available, the large amodmmovative technologies and the
high specificity achieved by the analytical teclhugg has enabled the development
of new forms of administration for low and high mallar weight drugs with
considerable therapeutic advantages, such as maddifintrolled release systems.
The formulations specifically defined "controlleglease”, are characterized by the
accuracy with which the drug is released in ordet tobtaining the desired
kinetics, generally, but not necessarily zero qrides no longer an occasional fact,
but a benefit rigidly guaranteed. In “Official pha@acopeia XI Edition” are more
properly defined "modified-release pharmaceuticains" those preparations in
which the rate and/or the site of release of thvagrinciples are different from
that of a conventional pharmaceutical form admaned by the same route. Ideally,
a system defined “controlled release substance” S)CRillows a single
administration of the drug for the entire duratairtherapy, ensuring the release of
the same to the site of action and guaranteesphtak limitation and temporal
monitoring of the bioactive substance . The desigsuch system of transport and
release of drugs aims to satisfy various requirésaemcluding:

* maintain plasma drug levels in the therapeutiges;

* maintain the therapeutic efficacy throughoutphegrammed cycle;

* reduce the amount of drug administered,;

* try to eliminate the side effects;

* avoid to patient inconveniences derived from atpé administration.

This deliberate modification is achieved with &dpl project formulation
and/or method of manufacture. In all cases, thetnimportant therapeutic
advantage is represented by an effective medicgtimionged in time and without
interruption throughout the duration of the prognaed cycle, as shown in fig 1.2.

This allows the optimal expression of the clinipatential of the active substance
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by not exposing the patient to periods of ineffestiess, typical of the
conventional pharmaceutical forms, in proximitytioé periods of ingestion. These
duration extensions without solution of continustse also achieved with a daily
dose of medication generally less than that usetidrtherapy with the traditional

pharmaceutical forms.

Towc Range
Zara-Ordar Release Therapautic Ranga ;
= /’\ i Arbitrary
2 Therapeutic
g:i o Sustained Release Range
& 43 2
E _t“-“""--
{;: Immediate Releasa hﬁh‘““-\
&
o Subtheragauis Range
Time

Fig 1.2 plasma concentration of drug versus timmmiediate release curve is referred to a
traditional pharmaceutical form; it is possible mmte that sustained release drug remain more in
therapeuticrange.

Typically in new fomulations the drug is disperséd a polymeric
biomaterial. If a drug is dispersed in the polymmeatrix, this must first be reached
by the solvent to dissolve and subsequently difig$hrough polymer layer, before
reaching the external environment. In chemical wiletd systems are also
involved erosion processes and/or biodegradatiagheopolymer matrix that causes
the progressive dissolution of the polymer of theomost layer; in the latter case
the chemical composition of the polymer is decisiker the reasons described
above, a biodegradable polymer result effectiveantrolling the release of drugs

must be:
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* Permeable to water,
» Semicrystalline: since only the amorphous phaseaggssible to water
* In rubbery state: because the release media ddg®enetrate into polymer
if not when the macromolecular chains reach a icertaobility (the
temperature at which the transition occurs glagbeuis referred to TQg)
Listed below are some types of matrices for releametrolled bioactive
substances:
FILM: loaded with drugs, subcutaneous implantseriq@ontal.
HYDROGELS are materials characterized by high hgbieity, high
crosslinking density, discrete porosity. The drsigrapped in the polymer matrix or
is chemically bonded to a component of hydrogel.eWkhe system is in contact
with aqueous biological fluids the hydrogel swellsl the active substance diffuses
out of the polymer glass matrix.
MICROSPHERES (d = 1-100m): uploaded with drugs or proteins, for oral use o
injectable subcutaneously or intramuscularly.
NANOPARTICLES (MICELLES) (d = 10-100 nm) loaded witrugs or proteins
for aqueous solutions for intramuscular injectiamsintravenous (also in blood

vessels of reduced size).

1.6 Scope of research

This research is included in wider field of synikesnd characterization of
polymeric biomaterials for pharmaceutical applicas. In particular, has been
developed a general synthetic strategy based ok dfiemistry suitable for a very
large molecular weight range: from 1000 to 20008@och. The main advantages of
this strategy is to be found in the simplicity dietcharacterization of synthetic
intermediates, essentialti-NMR and FT-IR, and the possibility to make usefs
point of couplig any functional group generally gat in polymers such as —OH, -

NH, or -COOH. This ease of use has enabled to sofferelt problems related to
17
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heterogeneous areas and different molecular weggtge. In the first range, low
molecular weight (from 1000 to 20000 dalton), déwem in chapter 1, can be
inserted the synthesis and characterization of gvhpitc diblock copolymer of
hydrophobic polye-caprolactone (PCL) and hydrophilic poly(ethyleraglly (PEG)
block with non linear architecture. In aqueous smvinent amphiphilic
copolymers self assembly in core shell micelles laydrophilic and hydrophobic
blocks form the corona and the core of micellespeetively. Such systems have
been investigated as nanocarriers of lipophilicgdruThanks to click coupling
strategy has been possible to achieve copolymér difterent architecture and to
evaluate the influence of this parameter on copelytulk and self assembly
properties. Furthermore has been possible to ssm#hediblock and triblock
copolymer with functional molecules coupled ontortimal of both block such as
rhodamine, folic acid or cathechol. Function ofstmenolecules will be discussed
in chapter 1. Medium molecular weight range, disedsin chapter 2, (from 20000
to 50000 dalton) includes functionalization of pdgtic-co-glycolic acid)
copolymer with rhodamine used as polymeric matoxréalize microsphere for
drug controlled release and the modification of —@Hninal into azide group of
poly(ethyleneoxyde-polystyrene) diblock copolymesed in nano-technological
application. As regard high molecular weight rangggpter 3, (50000-200000) it
was possible to synthesize, in collaboration withug of professor Jean Cristophe
Leroux of ETH in Zurich, conjugates polymer-protaising a-chimotrypsin as
initiator in polymerization of PEG methacrylate aaridate monomer and focus
attention on the peculiar features of these systdinglso was possible to
synthesize chitosan chemical crosslinked by PEGs product has showed good

swelling properties useful in transdermal drugasé
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Chapter 2
Click chemistry strategy applied
In low molecular weight range

(from 1000 to 20000 dalton)
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2.1 Synthetic strategy description

As already mentioned, the synthetic strategy «f tegsearch work is based on
click chemistry, in particular on 1-3 Huisgen catiaition(HDC) between azide
and alkyne groups catalysed by Cu(l) showed inréiglil

cu() X
R—N; + =R ——= R—N "N

Fig. 2.1:1-3Huisgen cicloaddition between azide and alkyne gsotatalysed by Cu(l)

The success of this reaction with respect to ottiessribed in Introduction is
due to two additional reasons: azides and ternalgines are fairly easy installed
and they are extremely stable at standard condition
12 They both can tolerate oxygen, water, common degaynthesis conditions,
biological molecules, a large range of solvents attls, and the reaction
conditions of living systems (reducing environmdmygrolysis, etc.). Even though
the decomposition of aliphatic azides is thermodycally favored, a kinetic
barrier exists that allows them to be stable inafeeementioned conditiohsThey
will essentially remain “invisible” in solution uihta dipolarophile, such as an
alkyne, comes into contact. In general, cycloaddgiproceed through a concerted
mechanism. However, experimental kinetic 8atnd molecular modelifg
performed on the HDC reaction seem to favour avgepreaction pathway. Based
on experimental evidentéand the fact that Cu () can readily insert itdatb
terminal alkynes, it is envisioned that the firs¢ps of the reaction involves-
complexation of a Cu(l) dimer to the alkyne (1 ing.F2.2). Thereafter,
deprotonation of the terminal hydrogen occurs tonf@ Cu-acetylide. There are
actually several different kinds of Cu-acetylide mmexes that can form,
depending on the reaction conditions utilized; 2Fig 2.2 represents just one

possibility. Ther-complexation of Cu(l) lowers the pKa of the teralialkyne by
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as much as 9.8 pH units, allowing deprotonatiomdour in an aqueous solvent.
This step is obviously favoured by a base. In o@asolvent N,N-
diisopropylethylamine (DIPEA)is widely add&din the following step, N(1)
displaces one of the ligands from the second CihénCu-acetylide complex to
form 3. In turn, this “activates” the azide for hemphilic attack C(5)

- BR——HN CuZ “Cu
2CulL === Cul “Cu — | L
R—==—H
Cu Catalyst _ 1
A - B
Re=n o
- e .B-H
f/ H R
5
L.
B ._ R—— Cui_l:,.l:u
2
B-H
Ra-Ng
_ 5 -
F:11
Ra~N~ o N T TEN | 4
L AT -— -— 'N 5
Cu‘_chu R Metallocycle Ry C‘:uf::_;Cu
4
3

Fig. 2.2Proposed mechanism for the HDC reaction. Ligands mpresented by “L” and
symbolize a wide variety of possible compoundsemigipng on the catalyst used. As an example, if

CuBr was used as the catalyst then the ligand wbealdromideFigure adapted from reference 3

Due to proximity and electronic factors, N(3) caawneasily attack C(4) of
the alkyne, leading to a metallocycle (not shownsimplicity). The metallocycle

then contracts when the lone pair of electrons () Mittacks C(5) to form the
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respective triazole 4. Once 4 forms, the attachedi@er immediately complexes
to a second terminal alkyne. However, this secolkgna cannot undergo a
cycloaddition due to the unfavorable structure led tomplex, and it dissociates
upon protonation to reform 4. One final protonatieleases the Cu(l) catalyst from
the 1,2,3-triazole product 5, to undergo a secaaudlytic cycle with different
substrates. Both of these protonations are madylikhe result of interactions with
protonated external base and/or solvent, but furtsteidies are needed to
conclusively confirm. Recent studies have shown tiaalysts are not always
required for the cycloaddition to proceed. By usatgctron deficient alkynes, the
reaction can proceed readily at ambient conditioR®wever, electron deficient
alkynes are very reactive toward nucleophiles ardlead to side products , which
has kept these types of reactions estranged framfighd of click chemistry.
Concerning the catalyst, there are a number of odstto achieve the active copper
for the HDC reaction. Recently, Cu(l)-modified zéz8 were reported as catalysts
for the HDC reactiotf. “Zeolites” refers to a family of aluminosilicatinerals
that are highly porous and therefore have largdaserareas. Pending more
research, this approach could prove to be veryabddu Oxidizing copper metal
with an amine salt is another way to generate #talyst. There are a considerable
number of disadvantages with this strategy. Lomrgaction times are needed, as
well as larger amounts of copper, it is more expensand requires a slightly
acidic environment to dissolve the metal, whichlddue damaging to any acidic
sensitive functional groups present in the reasta®ne of the most common
techniques is to reduce Cu(ll) salts, such as GUBQ0O, in situ to form Cu(l)
salts. Sodium ascorbate is typically used as tdaaiag agent in a 3- to 10-fold
excess, but other reducing agents, including hydedz and tris(2-
carboxyethyl)phosphine (TCEB) have been used with reasonable success. The
advantages of this strategy are: it is cheap, @apdrsformed in water, does not
require deoxygenated atmospHér&lot only does an aqueous solvent remove the

need for a base, as previously explained, but sb aliminates the need for
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protecting groups (O—H and N—-H functional groupseesially remain “invisible”
in aqueous solutions) and it is environmentallyesdhe main disadvantage is that
the reducing agent might reduce Cu(ll) down to Gu{this can generally be
prevented, though, by using a proper ratio of redu@gent to catalyst and/or
adding a copper-stabilizing agent, such as trishi@yypropyltriazolylmethyl)
amine (THPTA). A second way to create the catal/$td directly add Cu(l)salts.
Many such compounds have been utilized over thefpasyears, including CuBr,
Cul, CuOTf-GHs (OTf= trifluoromethanesulfonate), [Cu(NCGI[PFd],
BrCu(P(Ph))s* This last catalyst is adopted in synthetic strateggause does not
require a reducing agent, but it has to be reaetdeoxygenated environment and
in an organic solvent (or a mixed solvent) evepa$phine ligands mildly protect

copper by oxydation.

It is quite usual to find an hydroxyl or amine asninal group or in side
chain of polymers and obtain a quantitative metioothirn them in azides or alkyne
became critical in preliminary synthesis set upfalet, the separation of unreacted
byproducts in polymer chemistry results extremetydnbecause of significant
similarity of the products that must be separat€de changing in only one
monomeric unit negligibly contributes to the prdms of the whole
macromolecule in terms of polarity, density or otphaysical-chemical properties
useful in most common separation, as for exam@ekimomatography.

Azidation is another distinctive feature of theattgy used in this research
work. Frequently is convenient to carry on the ati@h on the polymer having
hydroxyl groups. Azides can be prepared from altoho a two-step process
involving first the conversion to ulfonate or haidroups with subsequent azide
ion displacement, or by direct conversions. Teytialcohols can be converted
directly to azides by using hydrazoic acid and harifluoride as catalyst.Other
Lewis acids can be utilized and it was shown thhl/HiC1l,smoothly converts

benzylic, allylic, or tertiary alcohols to the cesponding azides in good yi&ld
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Primary alcohols are unaffected and stereochemistnot maintained, indicative
of a carbocation intermediate. The modified Mitdomo reaction (PiP,
diethylazocarboxylate, HNbenzene, 2 h, 20°C) converts alcohols to aziddéls wi
inversion of configuration. Thus, azido benzoatd apoxides and were prepared
from the appropriate alcohdl$® Activation of the alcohol function by formation of
a phosphonium salt has also been reported. Thotsegbed sugars with a free
anomeric OH can be directly converted to the glytamdes (with inversion of
configuration) under extremely mild conditidfisThe azidation route adopted
consists of a two step process with azide displacénfrom methanesulfonate

(mesylate) alcohols obtained by mesyl chloride ieaqFig 2.3)

I |
R—OH + CH;—s—¢c| —>» R—S—CH; + HcCI A

|
0] o
ﬁ o
R—ﬁ—CHa + NaN; —>» R—N; + Na 'Ll,—cm B
I
o

Fig. 2.3Two step process azidation: A) Hydroxyl ivadton by mesyl chloride B)

Nucleophilic substitution by sodium azide

Main advantages respect to halide process are tounel in milder reaction
condition, almost quantitative conversion and del#g because mesyl is an
excellent leaving group, avoiding byproduct probleeparation, and simplicity of
characterization. Methyl group of mesyl adductfaict, shows a clear singlet signal
in *H-NMR at around 3 ppm that is an area usually mowvded by other signals,
SO it is possible to evaluate the azidation reactitegree while subsequent
guantitative displacement of azide groups is eatghected by FTIR following the
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characteristic azide stretching band around 2100. dBrossing two evidences,
complete disappearing of 3 ppii-NMR singlet and appearing of 2100 ¢&TIR
stretching signal, can be minimized the error em¢haracterization.

On the other hand, is less complicated to obtaguantitative conversion
degree in alkyne functionalization, starting froiffedent group such as hydroxyl,
amine or carboxylic. Amine groups react with prapéchloroformate, in the
presence of a proton acceptor, to give propardgysraaté® as shown in Fig 2.4

R—NH, + CI

Wo\/\_, R—HWO\/\\ +HO A

0

R—OH + HO N\ —" R_ON + H,0 B
o) (o)

R—COOH + HO' M\ — > R—c—0" W\ + B0 ¢

o
Fig 2.4 Alkyne functionalization A) amine reactshwpropargylchloroformate, B) alcohol

reacts with 4-pentynoic acid, C) carboxylic acigees with 3-butynol

Alcohols react with 4-pentynoic acid using dicyaallcarbodiimide (DCC)
and dimethyamino-pyridine (DMAP), as a catalyst,give a propargyl ester
Carboxylic acids give with 3-butynol similar prodsidy the DCC-DMAP system.
All these products are easily characterizediNMR.

2.2 Polymersin drug controlled release

The traditional drugs are low molecular weight conpds that quickly find
access to the cells by passage through the celbnzer®s. For example, in the case

of intravenously administration, a high percentafjamjected drug is excreted after
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few minutes, while the remainder is evenly distrdgl in body, with little
concentration at the site where it is needed thereutic action. In the last decade
the research is strongly focused on the study bfnperic systems able to ensure
the controlled release of biologically active sabseé’. These systems therefore
exhibit particular properties for which they candmmsidered selective carriers for
the transport of biologically active substancesorporated in the vector to
damaged sites, allowing to improve its efficiencyhis is achieved by
modifications on the release and absorption of theig acting on the
pharmacokinetic and pharmacodynamic propertiessorgupolymers of different
chemical nature. In fact, the physico-chemical props of the biomaterial and the
architecture of the same, may allow a control of tirug release kinetics,
optimizing the activity profile as described in roduction. The fundamental
requirements of a polymeric biomaterial usefultfo preparation of a vector are:

» compatibility between the polymer and the phamkawetics of the active

principle, intended as physical and chemical charatics that determine the

release;

* mechanical strength to allow for the administmatand maintenance of the

integrity of the delivery system;

* biocompatibility, that is low toxicity for celland tissues

It is possible to identify different types of mats (Introduction 1.5) that
constitute an effective vehicle for drug releasechs as films, microspheres,
nanoparticles (micelles) and hydrogels, each otwis associated with a specific
use according to the structural characteristidsi@dictive molecul@. Research has
shown considerable interest in the micellar systamssisting of amphiphilic
copolymeré*#>?® which have proved, for the characteristics set matiously,
important use as carriers for the transport of d¢tiwa molecules. When these
copolymers are dissolved in a selective solvenparticular water, good solvent

for a block and bad solvent for the other, aboveecdain concentration, called
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Critical Micelle Concentration (CMC), the individuahains ("unimers") self-
assembly creating ordered "core-shell” structuresamoscopic dimensions and,
mainly, of spherical shape. The core is formed doyythe hydrophobic segment
and can be loaded with lipophilic drugs; the shallturn, is of hydrophilic nature
and has the double duty to protect and ensure iibjutf the nanoparticle core in

an aqueous environment and, therefore, the drugedg|

?@g

s
__H..-"".“‘\-r’

”‘.9\ )/ @5}
" .k*C ': 4 Sel-Assembly — >
"N\

organic phase

/9N

aqueous phase

hydmphgbii’___“ hydrophilic & hydrophobic drug

Fig. 2.5 Amphiphilic diblock copolymer self asseymtriocess

The key indicator of the polymeric micelles stdkilis CMC: typical
minimum values of CMC suitable for pharmaceutiggblecations are in the order
of 10°%107 M. The high thermodynamic stability of the polyicemicelles,
compared to those originated by conventional stafds, indicates that the former
have a low tendency to disassemble even at verctwentrations and, therefore,
the dissociation of micelles in unimers is gengralbw when the system is diluted
into the bloodstream too. One of the major advaegag the formation and then in
the use of micelles and nanoparticles is the poisgiho administer even in
bloodvases of small size thus potentially formuldteigs for direct injection.
Furthermore, the residence time of a copolymer itelies is of the order of hours
since these micelles particularly stableThe properties of a micellar system are
strongly related to the chemical nature of the tirisag polymer blocks and to the
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copolymer structure. The obtaining of well-defirstuctures requires the choice of
an appropriate strategy of synthesis with appropripolymerization reaction
(anionic, ring-opening (ROP) or radical).Many efforhave been directed to
understanding the dynamics of dissociation to ogegnstability and performance
of polymeric micelles in vivo. For example, it ieavn that in the amphiphilic
copolymers stability micellar is well correlatedtlwihe length of the hydrophobic
segment and higher percentages of hydrophobic coempo confer more
thermodynamic stability. Even the physical statepghous or crystalline, of the
polymer that forms the hydrophobic core influentlkee nanostructures kinetic
stability’®. Micelles composed of hydrophobic segments witglass transition
temperature (Tg) above 37 ° C, are said core "frze that the movements of the
molecular chains in the nucleus are forced, thiglies as a consequence a greater
retention of the drug, decreasing the rate of diffo of the same from the nucleus.
Most amphiphilic copolymers useful to form polyneemicelles employed for
drugs delivery, contains a polyester or derivatiokpoly (amino acid) (PAA) as a
hydrophobic segment. Among the polyesters, polgtiiaacid) (PLA), poly §-
caprolactone) (PCL), and poly (glycolic acid) (PGAye widely used as
biocompatible and biodegradable materials, apprdyethe FDA (Food and Drug
Administration) for biomedical applications in hunsa In particular PCL(Figure
2.6) combines high hydrophobicity, low melting teargtures and glass transition
temperature.

o

Fig 2.6 PCL repetitive unit

This polyester is usually prepared by ring-opendfig-caprolactone using

an alcohol as mono-, di-or poly-functional initigfbThe poly (oxyethylene) (PEO)
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(Figure 2.6), instead, is commonly used in the migj@f amphiphilic micelles, as

a hydrophilic segment for the formation of the §habk it is one of the few
synthetic polymers approved by the FDA for interngé for its biocompatibility

and lack of toxicity. In fact, when it comes intontact with body tissues or fluids,
it does not cause any response of the latter im@la reaction of an inflammatory
type or the activation of the coagulation systenthef blood that might determine
the formation of thrombi. The main feature of thEQPis therefore to make the
micelles biomimetic, i.e. invisible ("stealthy") the immune system. Moreover,
thanks to its high solubility in water, high mobjliand large volumes of exclusion,
the PEO imparts steric stability such as to minertize interfacial free energy of
the core and to hinder the hydrophobic intermicgllattractions avoiding

formation of macro-aggregates.

Fig 2.7 PEO repetitive unit

Currently, many drugs, analgesics, cardiovasculgents, antibiotics,
tranquilizers, and vitamins are administered byrm@&nd nano scale matrix. The
need to encapsulate the drugs, including anticaagents, (many of which are
bulky polycyclic compounds, such as camptotheciaglifaxel, docetaxel or
tamoxifen) arises from their poor solubility in watand high hydrophobicity. In
fact it has been estimated that 40% of the actiuvgsland candidates as potentially
useful were rejected already in the screening anck mever entered a phase of
development due to their poor solubility in watBolymeric micelles are able to
reach a specific target through a passive or actgehanism avoiding biological
side effects. Passive targeting depends on theigathys biophysical interactions

that take place between particles system and ngabsm. The particles with sizes
30



Chapter 2:click chemistry strategy applied in low molecular weight range_

in the range from 0.3 to @m, once taken into the body are recognized asdorei
bodies from the immune system and are quickly cejeted by reticulo-endothelial
(RES) cells. These occur mainly in liver and carabedvantage if the site of drug
action is represented by these cells. The partiolegtion at different target organs
can depend both from dimensions and the adminmtramethod used.
Nanospheres with diameter between 100 and 300 ndhttelocalize primarily in
the liver, spleen and bone marrow. Administratignirdiravenous or intra-arterial
microspheres with suitable dimensions generallpfawrientations of the passive
type, given the particular structure of the vascusystem in pathological
conditions. For example the intra-arterial admnmaisbn of microspheres of Lt
diameter can lead to the selective localizatiornth&f particle to the tumor cell
because to grow quickly these cells stimulate tmmétion of new blood vessels to
provide themselves with oxygen and nutrients. Theseor vessels, however,
show abnormalities in shape and architecture, &y tbxhibit the internal
endothelial wall with large windows of nanoscopiizes (below 200 nnif.
Diffusion and accumulation parameters are stromdlyenced by size of the cut of
the endothelium. This phenomenon is usually assatiith a defective lymphatic
drainage. As a result, the tumors show a dynamegudar transport of fluids and
molecules. The selective mechanism due to thisfawstors, fenestrate endothelium
and defective lymphatic drainage, has been ternfed: Eenhanced permeability
and retention effect ( Figure 2.8). As regardsdbtve targeting, it is possible to
use both the overexpression or exclusive expreseifodifferent receptors or
epitopes on the tumor cells wall, both of speciitysical characteristics. For
example antibodies represent one of the most stiage bioconjugates used to
obtain a targeted active transport of a therapeatiger, while a satisfactory active
targeting can also be achieved by exploiting thesmal properties of the
nanoparticles, for example magnetidnOther targeting approaches are based on
the fact that in many pathological processes tlseaeslight increase of temperature

or a decrease in pH. For example, contrary to tmmal pH of 7.4 of the blood, the
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values of the extracellular pH in tumor tissuesevdetermined around 6.8-7.0.
This is mainly attributed to the higher rate ofa®c and anaerobic glycolysis than
normal cells. Micelles formed by block copolymets-gensitive, able to dissociate
in response to a lowering of pH, were studied ttease drug molecules

incorporated allowing accumulation in tumor sites.
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Fig. 2.8 Tumor targeting by EPR effect

2.3 Sate of art and section aim

It well known from the literature that the paramsterhich can have greatest
influence on the micellization processes, the sfzganoparticles and on the CMC,
at constant chemical nature of the blocks, are:ctiraposition of the copolymer,
the length of the two blocks, hydrophilic and hyginobic, and the architecture of
the copolymer. Furthermore, the study of the refethip between architecture and

properties of biomaterials and biopolymers, is entlly one of the research topics
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of larger interest in the pharmaceutical field. Tiesearch team, in which was
developed this research work, has devoted signifiestention on synthesis and
characterization of amphiphilic block copolymers LR®)-PEO(A), with a
composition richer in hydrophobic segmer2/l) to be used as nanocarriers of
lipophilic drugs, for the sustained and targetieipase of the sarffe®>3? The
linear molecular structures, such as di-block antlock, are the most studied as
potential nanocarriers. In the case of linear capelrs of-block or tri-block
copolymers and of "star-shaped" copolymer, frontdistal conducted in research
work laboratories, has been shown excellent sajfegation properties in aqueous
systems with formation of very regular core-shallicture micelles, of small size
(Hydrodinamic Diameter <100 nm) and with low CMdues. In the literature, on
the contrary, are reported few works on the praparaf PCL-PEO copolymers
with a branched structure and their use as drugaaarniers.

The research team has also synthesized and chaedtestar block
copolymers (star shaped) with four arms (PCL-PE@phd branched copolymers
"miktoarm” (called in this way because from a singlenter spread blocks of
different nature) such as PEO-(Pgland PEO-(PCL-PEQ®)using innovative
procedures based on caprolactone polymerization &ppropriate macroinitiators.
The aim of this research work section was to devslmthetic strategies for PCL-
PEO poly(ether-ester)s, based on click chemistryplitain linear diblock PCL-
PEO and triblock PEO-PCL-PEO copolymeesd branched “miktoarm”
architectures: "Y" modified shape, such as (PEHEJL-PEO [ABA], and the “H”
shape , such as (PE€HCL-(PEO) [A,BA;]. The ester component is constituted
by segments of PCL having molecular weights vaesl{B.0-12.5.0 KDa), while
the ether component consists only of PEO segmeitts iv0 kDa molecular
weight. In this way it was possible to prepare dppers with different
architecture, maintaining constant the weight r&©L/PEO~ 3 and PEO block
molecular weight. These copolymers were compareth Wwiniktoarm” "Y"

shape,(PEQ)PCL [A;B] with the same PCL/PEO weight ratio already sgtited
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in this research laboratory to analyze the infléen€ copolymer architecture on
bulk and aggregation properties. As can be notdayure 2.9, in ideal copolymer
self-assembly model of copolymers withBA A.BA and ABA; architectures, to
equal both weight ratio PCL-PEO and of junctionnp®i have two chains of PEO
in the hydrophilic shell micelle, making the prdiee crown for hydrophobic core
more compact. This should improve the charactessif biomimetic nanovector,
making it invisible to the immune system of hosgaorism, justifying the interest
towards this type of architecture. Furthermorehvite same synthetic strategy
were obtained linear diblock and triblock copolyme&rith terminal amino group
on PEO segment. This is very useful point to bialicfacid as active targeting
agent for nanovectored antitumoral drug or Rhodandna fluorescent probe for
nanovectorsn vivo tracking by confocal microscopy. The molecular atrdctural
characterization of the copolymers was carriedbyutechniquesH-NMR, FT-IR,
DSC, SEC, and X-ray diffraction It has also beenried out an appropriate
evaluation of their potential as biomimetic nanoeas for targeted and sustained
release of bioactive substances by analyzing theackeristics of self-assembly in
agueous systems (in collaboration with researclhiggfoom the“Dipartimento di
ChimicaFarmaceutica e Tossicologica” directed bpid@aQuaglia), determining
the size (DLS), the critical micelle concentrati@MC), the morphology (TEM)

and the surface properties of the aggregates.
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A= Hydrophilic block (PEO) B=Hydrophobic block(PCL)

A-B

A-B-A

Fig. 2.9:Comparison between designed architecture r@lative ideal models of micellization
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2.4 Amphiphilic copolymer based on PCL and PEO

The core of synthetic strategy developed in théeaech work is 1-3 Huisgen
cycloaddition catalyzed by Cu(l). For this reasowas necessary to design in very
accurately way functionalization steps. As widelpaorted in literature, the
simplest technique used for the synthesis of lif@@L is the ring-opening bulk
polymerization (ROP) of CL initiated by an alcohgloup in the presence of
Sn(Oct). The molecular weight of the PCL depends on thewarhof monomer
introduced compared to initiafdr Recent studies agree that the Sn(Osthot the
real catalyst, but that this function is perfornigdan alkoxide bond formed by the
interchange reaction between ethylhexanoate grands-OH groups of alcohol.
The polymerization is carried out through insertadnCL molecules in the metal-
oxygen bond and has the typical characteristica diing polymerizatiof=’.
Follows a discussion of details concerning the tgpers synthesis starting from
the linear architectures, easier to obtain, andtimoimg with copolymers of a
higher synthesis complexity. Poly-ethylenoxyde(PE@h be named also poly-
ethyleneglycol (PEG). In literature the polymer lias first name above 2.0 kDa,
while below this value is named PEG. In the folleynthesis discussion will be
bear in mind this distinction

2.4.1 Synthesis of the linear diblock copolymer PEfgosPCL 3000

As already mentioned, molecular weight of PCL aledi by ROP is directly
linked to the initiator/monomer molar ratio and tfeaction can be initiated by
hydroxyl group; so the simplest way to obtain ae#in diblock is direct
polymerization of-CL initiated by mono hydroxyl PEG. The selectetiator was
a-metoxyw-hydroxyl-PEG1000 (M-PEGoorOH) (MN=1000, PI=1.1). Commercial
stocks of m-PEgorOH contain non negligible tracks of difunctiondt®, a-w-
di-hydroxyl-PEGgeo (HO-PEGporOH) about 5% in weight. The presence of

difunctional PEG can lead to the formation of coexpstructures and undesirable
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where the method of synthesis (coupling and ROR)etoplates the presence of a
single alcohol group. In order to remedy these nwemiences, it is developed a
purification procedure of m-PRgyOH through a silica column chromatography
(packed in CHCI with dry loading of the product) eluted with aixtore of
CH3CI/MeOH gradually increasing the percentage by nawf MeOH (3%, 6%,
9%, 12%). Fractions were analyzed by thin layeoctatography in CkCl/MeOH
(1.2/0.8 vl/v); the fraction containing purified nEB;000OH shows a value of
Rf=0.28 while the fraction containing HO-PEG-OH wlsoa Rf = 0.16. The
product was further purified by precipitation inkaee (yield 80%). As the purified
initiator is still a very hygroscopic materialwis necessary to purify it from water
by toluene azeotropic distillation before to stpalymerization. This reaction is

illustrated in the following scheme:
0]

0 Sn(Oct),

m-PEGlooo-OH + 26 —_— m-PEG] OOO'O'PCL26'OH
120°C
24 h

Fig. 2.10 ROP of-CL initiated by m-PEGporOH

The synthesis was carried out in mass for 24 h2ét °1C by reacting:-
caprolactone (CL) and m-PE§srOH in the presence of Sn(Ogtadded in a
solution of CL (Sn(Oct/OH molar ratio of 1:100). The molecular weighttb&
PCL depends on the molar raie€CL/(m-PEGooOH). An excess of CL by 5%
compared to the programmed molecular weight wabkzedi to balance the
incomplete conversion of the monomer. The prodwes purified by precipitation
in ether and obtained with a yield of 98%. Th&NMR analysis was used to
confirm the copolymer chemical structure and toesssthe number average
molecular weight (Mn) of polyester block. The CLesage number units was

evaluated comparing the integrations values of digmals related to the PCL
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protons-CH-O-CO-(d) ¢ = 4.0) and-CHCH,-O-(f) of PEG § = 3.6). It has been

found that the M value of PCL block is almost coincident, withinrethmits of

experimental error, with that designed (figure 2.11

r s o b I
TN 6\/E')/k\.;,()j\/\/\/ﬂ'}/\/\/ﬂ'H
g O r/, c a4/

Fig.2.11'H-NMR of Diblock copolymer m-PEGgrPClsoorOH with proton assignment

2.4.2 Synthesis of linear triblock copolymer PE&posPCL 0o PEG1000

The triblock copolymer was obtained from click cbog between two
precursorsi-metoxy<w-alkyne-PEGooy and m-PEGorPCLlsoorN3. Synthesis
steps of precursors and final click coupling algstrated in figure 2.12 scheme. In
step a) m-PEGosrOH, purified as described in diblock copolymer tbysis, was
reacted with 50% molar excess of 4-pentynoic aad dbtain complete
esterification of hydroxyl group catalyzed by DC@daDMAP. The reaction was
carried out at room temperature in dry CEl® avoid inactivation of DCC to
dicyclohexyl urea. After 48 hours, this latter camapd, due to reaction with
generated water, was filtered from reaction mixtame the solution containing the
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required product, m-PE@galkyne, was concentrated and precipitated in gieth

ether/methanol 5/2 v/v to purify the product fromreacted excess. THEl-NMR

analysis was used to confirm the product chemidaictire.Comparing the
integrations values of the signals related to tA& Protons ChO-CH,-CHa(d) (6
= 3.36) and-CHO-CO @ =4.26) (figure 2.13) it was evaluated that m-PEB-O

conversion degree is, within the limits of expenma error, higher than 90%. This

non quantitative conversion does not representi@noldor final triblock purity

because both m-PRgprOH and m-PE@osalkyne are very soluble in methanol

while copolymer precipitate in this solvent.

Step a)

DCC, DMAP

CHCl; dry Y

0
H,C o)
3 \OA/ )\/\OH HO N ——> H3C\ (,\/o )\/v
2 o] 7
0

22
25°C,48 h

Step b) 1. Mesyl chloride,
o DIPEA
Sn(Oct) THF, 24h, 0°C
0 2

m-PEG g9-OH+ 53 > m-PEG9-0-PCL5;-OH > m-PEG190-0-PCLs5-N;

120°C 2. NaN3

24h DMF, 12h,80°C
Step ¢)

Cu(l)

®  DIPEA

N=N
m-PEG 0-0-PCLs3N; + HsC\O(\/OMO 4 ——> W-PEG,pgq-0-PCLgg~N _J—~PEGgpgrm

THF,
35°C,
48h

22

Fig.2.12 Multistep triblock copolymer PEggsrPCLsgorPEGiogoSynthesis scheme

Step b) first shows the same polymerization of ed@itiated from m-

PEGorOH already described in diblock case, exceptridrator/monomer molar

ratio. In the second part of step b) is reportedtino-steps azidation process. The

first reaction of this process concerns m-RE&PClsoocrOH hydroxyl activation

by mesyl chloride in presence of DIPEA as HCI atmepTHE Reaction was
carried out in dry THF to avoid mesyl chloride holgsis. After diblock
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dissolution, reaction batch was dipped in ice batld a 600% molar excess of
mesyl chloride was slowly added. After 12h the tieacmixture, yellow as a result
of DIPEA-HCI adduct presence, was concentratederétl from DIPEA-HCI
adduct and precipitated in a mixture of diethylegtimethanol 5/2 v/v (yield 96%).

waler

48 46 44 42 40 3B 36 34 32 30 28 Z,Sﬂfj '2.2 20 18 16 14 12 10 08 06 04 02 0.0
ppm

Fig.2.12H-NMR of m-PEGuqcralkyne with proton assignment

'H-NMR analysis was used to confirm the product, BGRorPClsoor
mesyl,chemical structure. Comparing integrationisies of the signals related to
the PEG protons CHO-CH,-CH, (g) (6 = 3.36) and-ChOSO-CH of mesyl
residue (h) § =3.01) (figure 2.13) it was evaluated that m-Rg&P CLsoocOH
conversion degree is, within the limits of expennta error, higher than 95%. The
nucleophilic substitution was carried out reactnd’EG gog-P CLsoomesyl with a
large excess of sodium azide. Mesyl is an excellesing group, but reaction
needs a good solvent both for sodium azide and lateslycopolymer. Therefore,
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chosen refluxing DMF at 80°C. was selected. Afteh the reaction mixture was
centrifuged, to eliminate sodium azide excess,ddaed redissolved in CHEI
where residual traces of sodium azide are insoluble filtrated chloroform
mixture was concentrated and precipitated in dietktiyer. FT-IR analysis confirm
the presence of azide group as shown in figure Byldharacteristic stretching at
2100 cni. Quantitative analysis was carried out'bByNMR; the product chemical
structure, m-PEGorPCLsoorN3, was evidenced by disappearance of resonances
related to the mesyl residue -@BSO-CH (6=3.00) and by appearance of —H
N3 (h) peak § =3.27) (figure 2.14). Comparing integrations valwé this signals
with those related to the PEG protons &BHCH,-CHy(g) (6 = 3.36), it was
evaluated that m-PEgqsPCLsoocrmesyl conversion degree is, within the limits of

experimental error, higher than 95%.

0
f e 9 b b g h
HiC, 0 0 0-8—CH,
g o Y o
2 C 1 d iy

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Fig. 2.13'H-NMR of Diblock copolymer m-PEGqrPCLssormesy with proton assignment

41



Chapter 2:click chemistry strategy applied in low molecular weight range_
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Fig. 2.1'H-NMR of Diblock copolymer m-PEGqrPCLsgorNs With proton assignment
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Fig. 2.15 m-PEGrPCLeoorNsFT-IR spectrum. At 2100 cm-1 it can be noted charistic azide

stretching

In the step c¢) was shown the 1-3 Huisgencycloanditbetween m-PEfgs

PCLsoorN3 and m-PEGgralkyne catalyzed by Cu(l). Catalyst is quite statd
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oxidation by atmosphere, but to avoid formationGi(ll), BrCu(P(Phy); was
stored and manipulated under argon atmosphere glowebox in which is not
possible introduce organic solvent. For this reasane bottle apart was measured
catalyst while in other one were collocated DIPE#& @catalyst, m-PEfgo
PCLsoorN3, m-PEGoocalkyne in 20% molar excess respect diblock prexurs
ensure a complete coupling and dry THF. This batat submitted to three freeze-
thawing cycles in liquid nitrogen. This proceduréows to obtain a degassed
reaction mixture which was transferred under argon batch containing
BrCu(P(Phy)s. After 48 hours reaction mixture was purified frampper catalyst
by neutral alumina column, concentrated and pretgy in diethyl ether. Triblock
copolymer PEG@orPClsoorPEGiooo Was further washed with methanol to solve
unreacted m-PEfgoralkyne or eventual m-PEgyrOH residue. FT-IR analysis
indicates a complete coupling. It can be notedaat, the disappearance of azide

group characteristic stretching at 2100 cras shown in figure 2.16

r—r— 1 1 1 1 "~ T T " T " T T+ T 7
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Wavenumber (cm ™)

Fig. 2.16 PEGygPCLlsgorPEGioeo FT-IR spectrum. At 2100 cm-1 it can be noted total

disappearance of characteristic azide stretching
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Also 'H-NMR analysis was used to confirm the product deamstructure.

Comparing the integrations values of the signalated to the PEG protons O-
CH,-CHy(f) (6= 3.60) and-CHOCO-of PCL(d)§ =4.05) (figure 2.17) was
evaluated that the ratio between PEG and PCL tkjmihe limits of experimental

error, very close to expected value for a tribld€drhosPCLsoor PEGiooo

0
q f
HaC, L o\ & PR o9 NN o N
? P VAVAVA SAY
f 4, c a (/s h 7 r g op fi22 g
¢

f

0 75 70 65 60 55 50 45 40 35 0 25 20 15 1.0
1 (ppm)

0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0
1 (ppm)

Fig. 2.17'*H-NMR of Triblock copolymer m-PEGgyPCLggorPEGyo00 With proton assignment
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2.4.3 Synthesis of the miktoarm Y-shaped triblock @polymer (PEGio00)2-
PCL 6000

The triblock miktoarm “Y-shaped” copolymer was aldy synthetized in this

research laboratory using the procedure displaydidure 2.17

I H ’E\ oY -~ Br
ot T }1 GH B'AT/ v
+ OH
2 Hn\”,ﬂv . DALEBI°C | NaX,

Q ~, M,
ae- i M&[/ \/
130, 1A R e |_1 dr
50,14 h
Sl oo
L2070, 24 b

IH,C IP\ },-\ ,J-l\ \
THI dry §0}JJ\/‘\/A\ (\f\/

l (1)
PO A4S h | IIPEA N, m
IR
. ﬁ\ N—hl
H.& a3}
N

ot o 8 J/\f\ AA

G
i’
rt\'\,ﬂq\;"'h \.-’IIH\H.-N 4]

Fig. 2.17 Multistep triblock copolymer(PEggg).-PClgoossynthesis scheme

In brief:first 1,4(di-azido)-butane-2-ol, obtaindny azidation of 1,4(di-bromo)-
butane-2-ol, was used as the initiator in the (8 catalysed ROP of CL yielding
a bis-azido functionalized PCL with /M=5800 Da, (N)-PClsgeo , calculated by
'H-NMR from the integration ratio of —GHD-CO- protons in the repeat units at

4.07 ppm and —CHOH methylene protons of the terminal unit at 30@. In the
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second step, two alkynyl terminatedPEG 0 Ssegments, obtained reacting.
MPEG gooWith pentynoic acid, were linked to {§)¥-PCLsgoo by means of the Cu(l)
catalyzed Huisgen 1,3-cycloaddition leading to i shaped) (PCigoo)-(-
PEGuoog)2 copolymer. The disappearence in the (Y-shapedRFspectrum of the
absorption peak characteristic of the; #Mretching at 2100 cthsuggested that a
complete coupling was reached by the “click” remttas confirmed byH-NMR
analysis that revealed a PCL:PEG weight ratio &12.corresponding to that
expected for the (PGhoo)-(-PEGioog)2 Structure.

2.4.4 Synthesis of miktoarm copolymer PE&osPCL7200LYS-(PEG1000)2
The architecture designed provide two segmentskgk Rnd one PCL segment
originate from a single “center” and this is indexin the literature as “miktoarm
star-block”. The center point of branching was f@un L-Lysine which contains
functional groups of different nature which mayateim sequence. First two-NH
groups of the amino acid were properly functioredizusing propargyl

chloroformate (PCF), according to the following ecte

NaHCO; NaOH

o}
0°C, 1h
HOOCgNHZ + ZCITOV\\ - HOOCgNH)okO/\//
NH, ° NH}KO/\//

Fig 2.18 Synthesis of Lysine-di-alkyne from L-Lgsind propargy! chloroformate

A simple reaction procedure was employed; the L-igs dissolved in an
aqueous solution, consisting of NaHECQAN) and NaOH (4N). The solution was
cooled to 0°C, PCF was added dropwise and theioeastixture was stirred for
1h. It was allowed to come to room temperatureaas stirred for additional 3 h.
Then, the mixture was acidified to pH 2—3 to querediction by the slow addition

of 1 N KHSO4 and was extracted with ethyl acet&ex (25 mL). The organic
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layers, containing product of interest, were coratlimand washed with saturated
citric acid solution, water and then with brine.eTéolvent was removed and the
crude product was purified by silica gel (100-208sh) column chromatography
and eluted with 50-70% ethyl acetate in petroleuimereto get the desired
compound Lys-PCF as colorless oil. Yield: 92%. Weodlected two fractions,
showing the disappearance of the-Ngtoups of the L-lysine by TLC, (ethyl
acetate/hexane 7/3 v/v) and ninhydrin as€ayantitative analysis was carried out
by H-NMR to confirm the Lys-di-alkyne chemical strueu Comparing
integrations values of OCO-CH-NH (dy €4.34) signals with those of O-GH
C=CH (e) ¢ =4.68), the L-Lys conversion degree was evaluhtghber than 95%,

within the limits of experimental error.

O

HOOC NH O
gl) )k f

|I & Pi'

| d l. || a Ik
i LI (1 .
M || ‘ 4
/ 'j‘\ | | \ “ | II 1 IIIlf 1. ‘I I|I
S anpap— - -1 || G L \.J |, J'{ \_ |/ I‘-\__--—-'—"' w o N—
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f1 (ppm)

Fig. 2.19'H-NMR of Lys-di-alkyne with proton assignment
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Lys-di-alkyne was coupled to m-PEfgrPCL7200OH, obtained according 2.4.2
synthesis, by DCC and DMAP esterification as ilattd in following scheme:

0

DCC, o}
o}
NH/  DMAP 0
m-PEGlOO()-O-PCL(,3-OH + HOOCg ﬁ ) m'PEGIOOO'O'PCL63-O CgNAO{O/\//
Ny CHCl AY
NH © 48h, RT N"kko 7

Fig 2.20 Synthesis of m-PEG#r7,00Lys-di-alkyne

The reaction was carried out with a 30% Lys-di-alkymolar excess to ensure
complete diblock conversion. Unreacted Lys-di-akkyexcess was removed by
methanol washingH-NMR analysis was used to confirm the product, BEGRo¢
PCL72o0Lys-di-alkyne, chemical structure. Comparing imtgns values of the
signals related to the PEG protons 8B CH,-CH, (g) (6 = 3.36) with those of O-
CHx-C=CH (m) © =4.68) (figure 2.20) was evaluated m-RbfgPCL72000OH
conversion degree higher than 95%, within the Broitexperimental error.
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Fig. 2.21'H-NMR of Diblock copolymer m-PEggyrPCLy,orLys-di-alkyne with proton
assignment

Designed architecture can be completed throug j«€3oaddition between m-
PEGoorPCLlr2ogLys-di-alkyne and two m-PEfgeN3 segments. This latter
macromer was synthetized by two-step azidation ffMREG,-OH as shown in

following scheme:

1) Mes-Cl, 2) NaN3,
DIPEA DMF

HaC, )(\/OM 0°C,12h  HiC k\/o%/\ o 80°C,12h y,c k\/o
o) OH o) O0-S-CH; ——— > N
22 22 3 s

Fig 2.22 Synthesis of m-PEG-by two-step azidation
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'H-NMR and FTIR analysis was used to confirm thedpia, m-PEGgorNs,
chemical structure. For the first step, comparimggrations values of the signals
related to the PEG protons -O-&BH, (b) (6 = 3.60) and- -CHOSO-CH (c) (6
=3.38) (figure 2.21) it was evaluated that m-RgEOH conversion degree was,

within the limits of experimental error, higher th85%.

a b
H,C A/OM 0 ¢
\ 1
0 0-S-CHjs
h 22 o)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Fig. 2.23'H-NMR of m-PEGgermesy with proton assignment

For the second step was considered partial disapgeaf overlapped PEG signals
at 0 =3.38) and comparing integrations values of tlygmas related to the PEG
protons -O-CH-CH, (b) (6 = 3.60) with those of -CHO-CH; (¢) (6 =3.38) (figure
2.21) was evaluated that m-Pfgg-mesyl conversion degree was, within the limits

of experimental error, higher than 95%.
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-----------------------------------------------------------------

Fig. 2.24'H-NMR of m-PEGuogN; with proton assignment

FT-IR analysis (figure 2.25) confirm the present@xde group. showing, in fact,
the characteristic stretching peak at 2100'cRinally, m-PEGoorN3 was reacted,

in 220% molar excess, with m-PEfgrPCL72ogLys-di-alkyne in the Huisgen
cycloaddition catalyzed by Cu(l) according to thietpcol used for linear triblock
synthesis as illustrated in the figure 2.26 scheififee miktoarm copolymer m-
PEG 000 PCL7200Lys-(PEGoog2 Was washed with methanol to solve unreacted m-
PEGuoorNs. FT-IR analysis confirm complete coupling. It can be nptadact, in
figure 2.27 a total disappearance of azide grougrasteristic stretching at 2100

cm-1.
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I T T T T T T T T T T T T T T T T T T T T T T T T T 1
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000
Wavenumber (cm™)

Fig. 2.25 m-PEGysN; FT-IR spectrum. At 2100 cm-1 it can be noted cheréstic azide

stretching

MMKAN y(cm)s-o-é%ov/ VIS
CH3

NH O/\//

Cu (I) THF dry
DIPEA | 40°C,48h

i (/\/OW (CH2)5-O-‘§NHO o//%[ W/) CH,
NH s J\(\A% CHs

Fig 2.26 1-3Huisgen cycloaddition between m-Rf6P CL;orLys-di-alkyne and m-PEygNs
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Fig. 2.27 PEGyygPClsoorLys-(PEGoog. FT-IR spectrum. At 2100 cm-1 it can be noted total
disappearance of characteristic azide stretching

Also 'H-NMR analysis was used to confirm the product deamstructure.
Comparing the integrations values of the signalated to the protons O-CH
CHy(f) of PEG 6= 3.60) and-CHOCO-of PCL(d)§ =4.05) (figure 2.28) the ratio
between PEG and PCL was evaluated, within the diroit experimental error,
yielding a composition value very close to that datriblockPEGooorPCL7200LYS-
(PEGuog)2-

53



Chapter 2:click chemistry strategy applied in low molecular weight range_
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Fig. 2.28'H-NMR of miktoarm copolymer m-PEfgyPCLysogLys- (PEGroog), With proton

assignment
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2.4.5 Synthesis of the miktoarm copolymer (PE{gog2-Lys-PCL11s00LyS-

(PEG10002
The “H-shaped” miktoarm copolymer was synthetizedtgg from lineam—w-di-

hydroxyl-PCly1500 HO-PCli15000OH obtained bye-CL ROP initiated from 1-4-
butanediol Sn(Oct)catalyzed (scheme in fig.2.29). This macromer weected
with two Lys-di-alkyne by the DCC and DMAP protodol obtain a tetra-alkynyl
end-capped PCL, PGlsostetra-alkyne.

AN
HO

o

o Sn(Oct),,
‘OOC) l 120°C, 24 h °
i )k
Hfo o
(\/\/\)go/\/\/ W‘;“ + 2 HoOC NH 5 YO
50 le) 50

NH)j\O

<<

DCC, DMAP CHCI; dry
25°C, 48h

oy
PP °“"§W( vvJ"Q /\/\/’Q(\/wgugo o

+ 4 HaC
H3C_ /(\/O)\/\ o’e\/ );/\Ns
(o} ~ Cu (D l THF dry

N IL DIPEA 40°C,48 h )
\» :ﬁ 07 ‘CH,
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Fig. 2.29 Synthesis scheme for (Pkdg.>-Lys-PCly1s0q0LyS-(PEGoog):

'H-NMR analysis was used to confirm the product dieahstructure. Comparing
the integrations values of the signals relatedh RPCL protons O-CH(CH,),-
CH,-O (p) 0= 4.25) and O-CKHC=CH (f) (6 =4.68) (figure 2.30) it was evaluated
that HO-PCL-OH conversion degree, within the limag experimental error,
higher than 95%.
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Fig. 2.15 m-PEGrPCLeoorNsFT-IR spectrum. At 2100 cm-1 it can be noted charéstic azide

stretching
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Fig. 2.30'H-NMR of PCL-tetra-alkyne with proton assignment
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Fig. 2.31 PEGyygPClsoorLys-(PEGoog. FT-IR spectrum. At 2100 cm-1 it can be noted total

disappearance of characteristic azide stretching

After the coupling step of PGlsostetra-alkynyl-end capped with four azido
terminated methoxy-PEo segments, by the described click chemistry method,
the structure of the miktoarm copolymer (Pl§g2-Lys-PCLi1s505LYS-(PEGoog)2
was verified, comparing the integrations valueghef signals related to the PEG
protons O-CH-CHy(f) (6= 3.60) and-CHOCO-of PCL(d)§ =4.05) (figure 2.32),

very close to expected value.

NHO O o p 22
beo P bas A, —OW o_¢g
n <N ¢ o7 ‘e,
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Fig. 2.32'H-NMR of (PEGoog)2-Lys-PCli1sogLys-(PEGpog)2 With proton assignment
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Fig. 2.33 Zoom ofH-NMR of (PEGoog)2-Lys-PCli1sogLys-(PEGgog2 With proton assignment
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2.4.6 Viscometric and molecular characterization

Table 2.1 shows viscosity and molecular chara@®om data concerning
synthesized copolymers, such as the number avenatgeular weight determined
by 'H-NMR and SEC and the polydispersity index. Alsotedois the PCL

percentage in the copolymers calculated by NMR.data

Table 2.1. Characterization data of star-block Y- ad H-shaped and linear diblock and
triblock PCL-PEG copolymers. (A = PEGgo9, B = PCL).

Copolymer PCL M2 PD| P ik

W%) | (kDa) gt

(dLg")
A-Booc 75.0 4.0 1.18 0.267
A-Boo-A 75.0 8.0 1.29 0.316
(Y-I)  (A)-Bsso 74.3 7.8 1.44 0.345
(Y-1) (A)»-Brooc-A 70.6 10.2 1.46 0.452
(H)  (Ax-Biisoc-(A)2 74.2 15.5 1.36 0.475

®Number-average molecular weight evaluatedHyNMR. "Molecular weight polydispersity index
determined by SEClnherent viscosity at 25 °C in CHCE = 0.50 @L™.

The inherent viscosity values,n, are compatible with the chemical structure
and architecture of the copolymers synthesizedpadrticular there is a good
agreement between increasing trend of moleculaghise from ABspoo to H-
shaped copolymer and viscosity values. The googeagent between the values of
molecular weight designed and those determinedHbMR confirmed that the
length of segments PCL is almost equal to the peechéned value for the ROP
and that the coupling reactions have an almost tEimgonversion grade. PCL
weight percentage is included between 70.6 and 7bB8ts indicates that the

copolymers have very close hydrophobic/hydropHulack ratio.
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Fig 2.34 Size exclusion cromatography curves otymsors (solid line) and copolymers (dash
line):a) A-Bsoon b) A-BsoorOH and A-BoorA, €) HO-Bsgor(Ns)2 and (A)-Bsgoo d) A-BrooeOH and
A-Br205-(A)2, €) HO-Bi1500OH and (A)-Biisor(A)2

Solid and dash curves of molecular weight distrdyutobtained by SEC
(figure 2.34) show unimodal distributions, with aximum at values close to those
of designed molecular weight and low polydispersiijices in agreement with a
high copolymers structural regularity. Furthermdtegre is a shift toward lower
retention time (higher molecular weight) of copobms dash line respect to

precursors solid line to confirm the successfulptimg of PEG.
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2.4.7 Crystallization behaviour

DSC was used to investigate on self-organizati@ahaystallization from the
melt, under dynamic conditions, of star and linkelmck copolymers. After a first
melting run, a crystallization-melting cycle wasfpemed with a 80 °C/-20 °C/80
°C route. One or both blocks may crystallize defemaén composition and MW
of PEO and PCL chains.

Exothermic
o 1

Temperature (°C)

Fig 2.35 DSC curves of copolymers, in red was shiogating, while cooling in blue) A-Bzggo
b) A-BsoorA, €) (A)o-Bssoo d) A-Braog(A)z, €) (A)-Biisos(A)2

A low scanning rate (2 °C/min) was selected to mtamnthe microphase
separation in the cooling run. The thermogramgeperted in figure 2.35 and the
results are summarized in Table 2.2. As expectemsidering the relevant
asymmetry of composition and MW of the differenbdds, the PCL crystallize
first hindering the crystallization of the low MWERS segments that in the case of
(Y-II) and (H-) copolymers occurs at large overaogltemperatures, while is not
observable up to -20°C for (Y-I) and linear copogmn As all copolymers have
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almost coincident compositions, the different betiagan be ascribed to the (Y-II)
and (H-) architectures consisting of 2 or 4 PEGrsags joined to one or both PCL
chain ends, thus favouring the aggregation. of RB&ns in a preformed PCL
crystalline environment. All copolymers display aeltmg temperature and
apparent enthalpy of PCL coincident with thosehedirt respective homopolymers,

indicating that the PEG segments do not affecPt@ie crystallization.

Table 2.2. Thermal behavior and crystallinity of sar-block Y- and H-shaped and
linear diblock and triblock PCL-PEG copolymers. (A= PEG;qq, B = PCL).

Copolymer (O | AHEE )™ [T (O [ AHA(IEY) | Xor ()
A B A B A B A B | A B
A-Booo _ 36.4| _ 887 545 912 _ 653
A-BoorA ~ 387| _ 828 _ 505 _838| _ 60.(
(Y-) (A)Bssoo 382 _ 895 536 _944| _  67.7
(Y-1) (A) 2-B7aorA -1.9 35,5 80.9 76.2 30.8 549 7587.9 | 32.7 55.8
(H-) (A)»-Biisor(A), | -5.9 37.1| 100.6 62.9| 284 553 80.8 36B35.1 45.4

dCrystallization and melting temperatures determimg®SC. bApparent enthalpies,
corrected for the compositiofSecond heating rufi%e crystallinity calculated fromH,, .

Low temperature melting peaks attributed to PEG@selto that of PE{go
subjected to the same thermal cycle (36,2 °C)shosvn in the heating runs of (Y-
II) and (H-). Powder WAXS diagrams of all copolyrsedisplay diffraction
maxima of crystalline PCL at@ = 21.5°, 23.9°, whereas evidence of those related
to crystalline PEG, shown in figure 2.38, are noserved even in (Y-1l) and (H-)
diffractogram , shown as example in figure 2.36 ar8¥, because of the very low
PEG content and the partial overlapping of PEGR@H diffraction maxima.
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H-shaped sample

Hshaped
cooled to -20°C
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L W\ cooled to 10°C
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Fig. 2. 36 WAXS diffractogram of H-shaped copolyrf),-B;i500(A),, can be noted

absence of maximum relative to crystalline PEG
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Fig. 2. 37 WAXS diffractogram of H-shaped copoly(#és-B;,osA, can be noted absence of

maximum relative to crystalline PEG
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Fig. 2. 38 WAXS diffractogram of crystalline m-Pf4g

2.4.8 Self-assembly in aqueous environment

Core-shell nanoparticles (NP) prepared with thettstized copolymer
were obtained by the dialysis method in collaboratwith the research group
directed by Fabiana Quaglia at the DipartimentoC#limica Farmaceutica e
Tossicologica and were characterized in termsmkdsions, CAC and Z potential.

Self assembly minimizes free energy as descriptékd following equation

AG® = RTIn(Xcac)
where Xcac is the molar fraction of copolymers at the criticggregation
concentration, minimum value of concentration aiclht is possible to observe
the aggregation of individual macromolecules (unBhén nanoscopic structures;

this is the key indicator of the polymeric nanoagmte stability. Typical values of

65



Chapter 2:click chemistry strategy applied in low molecular weight range_

CAC suitable for pharmaceutical applications arehie 10°-107 mol@™ range.

The following table 2.3 resumes the propertieshiimed nanopatrticles.

Table 2.3. Properties of NPs obtained with star-blkek Y- and H-shaped and
linear diblock and triblock PCL-PEG copolymers. (A= PEGq0, B = PCL)

Copolymer CAC AGP P Mean ;¢ |Z Shell
(ugmL™) (moll™ | (kJmol) | (nm+SD) | potential | tickness
x 107) (mV) (nm )
(Y-I) 1.82 2.33 -47.8 | 142.1+0.48 | -33.7 0.37
(Y-1I) 1.85 1.81 -48.4 150.0+ 0.17 | -26.8 0.72
(H) 251 1.62 -48.7 67.8+ 0.05 | -24.3 1.13
A-B3000 0.803 | 2.001 | -481 72+0.52 | -26.3 1.20
A-BeoorA 0.63 0.787 | -50.4 86+0.36 | -13.4 1.75

& Critical aggregation concentratiohGibbs free energy of aggregatidiHydrodynamic
diameter obtained by DLS.

The linear triblock copolymer shows the lowest CAGd AG® while all other
copolymer are characterized from very similar valulm general self-assembly
tendency is associated with replacement of unfaldar interactions
water/hydrophobic block in dispersed state with ofaable hydrophobic
interactions following core formation. On the oth&nd the aggregate geometry
forces polymer chains to adopt restricted confoionat resulting in a loss of
conformational entropy and a higher interfacial rggecore-shell. Assuming

following ideal aggregation model, the triblock obpmer should be characterized
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by a lower self assembly tendency and a consedugimer CAC respect to diblock
and miktoarm copolymer because is provided of wwfion points between PCL
and PEO segments for macromolecule, while a sijgletion points is present in
the diblock. In addition, the folding of the hydragbic segment of PCL,
determined by triblock self-assembly, may consitain unfavourable energy
factor. CAC data found could be explained assumaidgfferent aggregation model
such as:

in which PCL segments are stretched and there lig @me junction point for
macromolecule between hydrophobic and hydrophilacks. This hypothesis
agrees with a very compact and shielding hydroplshiell as evidenced by zeta
potential data. The zeta potential of a particlthes overall charge that the particle
acquires in a particular medium. Knowledge of tkeéazpotential of nanopatrticle
preparations can help to predict the fate of nagagatesn vivo. Measurement of
the zeta potential of samples in the Zetasizer Nea® done using the technique of
laser Doppler velocimetry. In this technique, atagé is applied across a pair of
electrodes at either end of a cell containing tlaetigle dispersion. Charged
particles are attracted to the oppositely chardedtrede and their velocity is
measured and expressed in unit field strengtheisealectrophoretic mobility.

The core shell structure of aggregates was inwdstily by TEM images
experiments. H-shaped copolymer aggregates inaegphere, as shown in figure
2.39, with Hydrodynamic Diameter lower than 100 s confirmed by DLS

measurement.
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Fig. 2. 39 TEM image of aggregates obtained byydialwith H-shaped copolymer, §811505(A).

The regularity of spherical aggregates was evidgémaeH-shaped copolymer also
by a’H-NMR experiment carried out in D, reported in figure 2.40, where only
protons surrounded by deuterated solvent are obdeti/is possible to note only
O-CH,-CH,-O- PEG signald = 3.60) and no PCL signals, highlighting a compact

protective shell around hydrophobic core.

AN /oy
o P '\-,L_u\w MJA‘->WMW-WWWV‘. e

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Fig. 2. 40'H-NMR in DO of aggregates obtained by dialysis with H-shapegolymer(A}-B;1sox
(A)
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The TEM image of Y-II copolymer (figure 2.41) showseterogeneous
nanoaggregates with different hydrodynamic diameted a prevalent globular
morphology,.'H-NMR experiment in BO, reported in figure 2.42, reveals the
presence of different PCL broad signals —O-@HH,-CH,-CH,-CH,-O-CO @ = 1-
1.5), —O-CH-CH,-CH,-CH,-CH,-CO 6 = 2.20) and —O-CHCH,-CH,-CH,-CH,-
O-CO © =4.10) evidencing a less compact shell and anseg hydrophobic core

Fig. 2. 41 TEM image of aggregates obtained byydialwith Y-II copolymer, (AB72ocA

6.0 5.5 5.0 4.5 4.0 3.5 5 2.0 1.5 1.0 0.5 0.0

3.0 2.
f1 (ppm)

Fig. 2. 42'H-NMR in DO of aggregates obtained by dialysis with H-shapegblymer(A} B7oorA
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Y-l nanoaggregates, reported in figure 2.43, showam like” morphology with
a rather compact hydrophilic shell evidenced 'BiNMR experiment in BO
(figure 2.44) in which can be noted very weak P@nals O-CH-CH,-CH,-CH»-

CH,-O-CO ¢ =1-1.5) ), —O-CH-CH,-CH,-CH»-CH,-CO ( = 2.20).
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Fig. 2.43 TEM image of aggregates obtained by dialyith Y-I copolymer, (4Bsgoo
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Fig. 2. 44'H-NMR in DO of aggregates obtained by dialysis with H-shapegblymer(A)} Bssoo
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As expected, diblock and triblock copolymer assgnibkpherical aggregates with
a compact shell (data not shown).

Shell thickness, reported in table 2.3, (Fixed AmseLayer Thikness of the outer
PEG shef?®) was determined by measuring the Z-potential dsiration of
electrolyte molar concentration (c). The hydromhiPEG moisture shifts the
slipping plane away from the surface of the PClecamd this subsequently results
in a reduced z-potential. With an increase in iositength, Z was found to
decrease according to the Gouy-Chapmann theorylotAop In(z) against k (k =
3.3*c>°, where k™ is the Debye length, ¢ is molar concentration)egithe
thickness of the PEG polymer layer in nng,{gl as the slope of a linear regression.
An example for the diblock copolymer is shown igufie 2.45

1.40
X
I 4
T 120 X
T
2 4
2
N —
= 100 y = -1.1307x + 1.5005 X
= R? = 0.9647
0.80 . ! L I A | ) | |
0 0.1 02 03 0.4 05

k (3.33*c%5 NaCl)

Fig. 2. 45 FALT measurement for diblock copolymes;fy,

Total length of PEG segment in trans-planar conégiom trigonometrically

calculated is 4.71 nm, so can be argued that Ydl 4+l shells are practically
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collapsed on hydrophobic core, while diblock andgh#&ped show an intermediate
conformation and triblock tends to the chain tgtadtretched as schematically

shown in figure 2.44

{ Hydrophobic Hydrophobic T Hydrophobic

core core core

Fig. 2.44 Type of PEG shell: collapsed, intermegliand stretched

Analyzing self-assembly data, influence of copolyraechitecture on CAC is, as
expected, quite negligible; main factor result &Hhydrophobic/hydrophilic block
ratio. On the other hand this parameter plays gortant role in nanoaggregate
morphology and has a critical influence on hydréphishell shape and

compactness.

2.5 Decorated amphiphilic diblock copolymer

The systems so far described show a high poteintidrugs controlled release;
block copolymers synthesized form aggregates wisise (<150 nm) and the
presence of a hydrophilic shell allow to avoid Heeeclusion and recognition by
the RES, leading sufficient residence time to rgalelbes such as more permeable.
cancer cells Thanks to click chemistry synthetiategyy it is possible to easily
concept nanovector with additional features simfalgcoring” macromolecules
with functional ligands. Field of great interest anticancer drugs nanovector is
active targeting. The main obstacle that nanoasseirdystems encountered in

clinical applications, and in particular in chemaidpy treatments, is the poorly
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selective release of anticancer drugs in tumouéssvith consequent accumulation
of the drug in healthy cells. A new approach to iowe selectivity toward target
cells is the inclusion of molecules on the surfadethe nanocarriers specific
ligands, capable of being selectively recognizedsbme tissud&8*’ Were, then,
studied a series of molecules which, chemicallikdahto release systems, ensure
an extremely precise and effective direct drugoactfactive targeting). As an
example can be mentioned folic acid (FOL), alsovkm@s vitamin B9 or folacin.
Recently it has been discovered that the cellidaeptors of many cancer cells
specific for this acid are overexpressed comparedhealthy cells and this
phenomenon is accentuated in some types of canckras cancer of the kidriéy
This means that the cancer cells tend to engulfraethbolize a larger amount of
folic acid compared to the surrounding cells. Tieigture can be exploited to hit
preferably tumor cells functionalizing external og of anticancer drug release
devices with folic acid. Other approach providefunctionalize nanocarriers core
with molecule able to bind magnetic targeting agestich as catechol derivatives,
giving nanovector the ability to be directed thrbugn external magnetic field
suitably made. Functionalised catechol-derived (TAifands have enjoyed
success as agents for the masking of superparatiagona-oxide particles, often
SO as to render them biocompatible with mediunotaiterm colloidal stability in
the complex chemical environments of biological ienik. Catechol-derivative
anchor groups possess irreversible binding affimityiron oxide and thus can
optimally disperse super paramagnetic nanopartioheler physiologic conditions.
This not only leads to ultrastable iron oxide naartiples but also allows close
control over the hydrodynamic diameter and intealachemistry. The latter is a
crucial breakthrough to assemble functionalized metig nanoparticles, e.g., as
targeted magnetic resonance contrast agents

Effective delivery of bioactive agents within celdsexpected to have an enormous
impact in the future development of new therapeatid/or diagnostic strategies

based on single-cell-bioactive-agent interactidt@ymeric nanovector should be
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able to enter cells, escape from the complex enopathway, and efficiently
deliver actives within clinically relevant cells twout perturbing their metabolic
activity. To monitoringn vivo or in vitro nanovector track is widely used to label it
with some probe or dye. Rhodamine are normally ased dye and as a dye laser
gain medium;are often used as a tracer dye witlditemto determine the rate and
direction of flow and transport. In particular, Rlamine B (RHOD) is used
extensively in biotechnology applications becauss & fluorescent dyes and can
thus be detected easily and inexpensively by flonaters. fluorescence
microscopy, flow cytometry, fluorescence correlat@pectroscopy and ELISA®

On these bases, was developed click chemistry stmth strategy applied in
synthesis of diblock an triblock PCL-PEO  copolymerwith
hydrophobic/hydrophilic ratie: 2 useful to be decorated onto PEO segment with
folic acid or rhodamine B while onto PCL segmenthwcatechol derivatives.
Copolymers were characterized by NMR, FTIR and ogsoetry and were
analyzed self-assembly characteristics in aquegst®®s (in collaboration with
research group from the “Dipartimento di ChimicaRaceutica e Tossicologica”
directed by FabianaQuaglia), determining the sieS), the critical micelle

concentration (CMC) and zeta potential.

2.5.1Synthesis of diblock copolymer FOL-NH-PEQgorPCL 4000
Main drawback in the synthesis of this kind of dypter is to obtain a PEO
segment with two different reactive terminal: -Ntseful for folic acid bounding
and other functional group to PCL coupling. The bbean has been removed
reacting di-amine-PE£y with propargyl chloroformate to achieweaminow-

alkyne-PEQpos NH-PEQyogralkyne as shown in following scheme:
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NaHCO3
/\X\/O 0°C, 12h,
)\/\ dry CHCl, /\X\/o o
H,N o NH, + C|\[r0\/\\—> H,N M HN_n/ \/%\
(o]

(o]

Fig. 2.45 synthesis af-amino-walkyne-PEQqq, NH,-PEO,pogalkyne

The reaction was carried out with di amine-Bg@in 150% molar excess and
propargyl chloroformate was dropwise added to enpartial conversion of amino
groups. After 12 h the reaction mixture was filteréom bicarbonate and
concentred. In solution were unreacted di-amine-B&NH,-PEQyosalkyne and
di-alkyne-PEQpos To remove undesiderated product, PEO solution puasied
by silica gel flash cromatography using as elueethanol in CHG from 5 to 20%
in vol. *H-NMR analysis was used to confirm the product, ,NHEGyogalkyne,
chemical structure. Comparing integrations valueth® signals related to the PEO
protons O-CH-CH, (c) (6 = 3.60) and- O-CHC=CH (d) © =4.68) (figure 2.46)
was evaluated, within the limits of experimentabera purity degree higher than

95%. Ninhydrin assay was used to confirm presehé®ee -NH, group

b c
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HzN/\X\/ MN_H/ \/\\
f c 43 e d a
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d
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Fig.2.46"H-NMR of NH-PEO,sralkyne with proton assignment
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The PCL segment was obtainedhZL ROP initiated from hexanol catalyzed by
Sn(Oct). The terminal hydroxyl group was changed into ezildy two-step
azidation with mesyl chloride activation to obtamhexaner-azido-PClyooo

PCLluoorNs, as reported in figure 2.47.

(o]
O O
35 /V\/\jék/\/\/o OH 1) Mesyl-Cl, DIPEA
0°C, 24h
Hsc/\/\/\OH Sl AN \)3/4\/\,

Sn(Oct),, 2) l‘IﬂNs, DMF
120°C, 24 h 80°C, 12 h

(o]
A/\/\A/\/W)/\/\/"“
HsC
34

Fig. 2.47 Synthesis @-hexan«azido-PClygop

'H-NMR analysis was used to confirm,Mf PCL segment, comparing integrations
values of the signals related to the PCL innergmetCO-CH-CH; (d) (6 = 2.29)
and terminal CRHCH,-CH, (a) © = 0.88) (figure 2.48). The evaluated number
average molecular weight was, within the limitseaperimental error, very close
to that expected; then was used to confirm chenst@aicture of PClgorNs,
comparing integrations values of the signals rdlabethe PCL terminal CHCH,-
CH, (d) 0 = 0.88) and -ChktN3 (f) (6 = 3.27) (figure 2.50), taking in account the
complete disappearance of mesyl signal relatedteymediate (figure 2.49). The
evaluated conversion degreecshexane-mesyl-PClyggo Was, within the limits of
experimental error, higher than 95% . FT-IR analysinfirm presence of azide
group; can be noted, in fact, in figure 2.51 tharabteristic stretching at 2100 tcm
! Finally, NH-PEOQuocalkyne was reacted in 20% molar excess with &36iNs
with Huisgen cycloaddition catalyzed by Cu(l) actog to the protocol used for
linear triblock synthesis as illustrated in figu2eés2a scheme. Diblock resulting
copolymer PChoorPEGerNH, was washed with methanol to solve unreacted
NH2-PEQyogalkyne
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Fig.2.481H-NMR of PClygorOH with proton assignment
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Fig.2.49'H-NMR of PClg,rmesy with proton assignment
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Fig.2.501H-NMR of PClygorazido with proton assignment
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Fig. 2.51 PClypor N3 FT-IR spectrum. At 2100 chrean be noted characteristic azide stretching
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(o) (0]

43

Cu(l), DIPEA
35°C, 48h

Fig 2.52 a Synthesis afhexan-PClorPEO,qorNH, by click coupling

FT-IR analysis confirm complete coupling. It can be nptedact, in figure 2.52 b

total disappearance of azide group characterisgtching at 2100 cm-1.

A
T T T T T T T T T T T 1
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Wavenumber(cm ™)

Fig. 2.52 b PCL§gPEOyNH, FT-IR spectrum. At 2100 cm-1 it can be noted total

disappearance of characteristic azide stretching
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Fig.2.531H-NMR of PCL4yo-PEO,0orNH, with proton assignment

'H-NMR analysis was used to confirm the chemicalucttre of product,
comparing integrations values of the signals rdlatethe PCL protons CO-GH
CH(d) 6 = 2.29) and PEO O-GHCH; (f) (6 = 3.60) (figure 2.53). The evaluated
ratio between PCL and PEO is, within the limitsegperimental error, very close
to that expected. Ninhydrin assay was used to wurffiee amino group presence.
To complete the designed copolymer, folic acid \ka$ore activated with N-
hydroxysuccinimide by DCC and DMAP reaction andntimked to PCL4yoo
PEQyorNHy, as reported in figure 2.54
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Fig. 2.54 folic acid activation with N-hydroxysuethide and subsequent coupling with Pgis4
PEQz00NH,

As can be noted from figure 2.54 folic acid presewmb carboxylic groups, but
reactivity ofa group is negligible respect to th@ne, thus only-group is engaged
in coupling with PCL4or-PEGpo-NH2. Coupling reaction was carried out in 20%
activated folic acid molar excess. Traces of urteshéolic acid were removed by
dialysis in HO of the reaction product dissolved in DMS®-NMR analysis was
used to confirm chemical structure of product, carmg integrations values of the
signals related to the terminal PCL protonsz@HH,-CH, (a) ¢ = 0.88 ) and O-
NH-CO (m) ¢ = 7.67 ) (figure 2.55). It was evaluated that RégdPEQoorNH>
conversion degree to the folate derivative was rao80%, within the limits of

experimental error.
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Fig.2.55 Zoom oftH-NMR of PCL4ysPEOsorNH-Folate with proton assignment

The percentages of folic acid are acceptable fagrihstic purposes, since it is not
required a total coating of micelles hydrophilicaaa in order to be effective the

recognition folate-target cell.

2.5.2 Synthesis of triblock copolymer RHOD-NH-PEQqoorPCL7000

PEO2000
The synthesis of this copolymer followed almost ##ne protocol applied in

PCluoorPEGoorNH-Folate, except for the initiator ie-CL polymerization, in

which was used as initiatax-metoxy-w-hydroxyl-PEQgos M-PEQurOH and
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was changed the initiator/monomer molar ratio, ioltg a M-PEQyoocPCLyoor

OH diblock copolymer as illustrated in figure 2.56:

o)
{ S i 1) Mesyl-Cl, DIPEA
HC (A O esyl-Cl,
’ \O(\/  on 61 M5 NN MOVWOH 0°C, 24h
—_—
® Sn(Oct),, 0 43 60 2) NaN3;, DMF
120°C, 24 h 80°C, 12 h

(0}
A NRAAAAAM
° 43 60

Fig.2.56 Synthesis of diblock copolymer m-B§&P CL;goe OH

'H-NMR analysis was first used to confirm the bf PCL segment in diblock m-
PEQy00PCL7oorOH, comparing integrations values of the signalated to the
PCL protons CO-CHCH, (c) (6 = 2.29) and terminal PEO GHD-CH,-CH, (g) (6

= 3.36) (figure 2.57). It was evaluated that thenbar average molecular weight
was, within the limits of experimental error, veripse to that expected; then, was
used to confirm the chemical structure of m-B&@PCLyoorN3, comparing
integrations values of the signals related to tB® Rerminal CH-O-CH; (g) 0 =
3.36) and -CHN3 (h) (6 = 3.27) (figure 2.59), taking in account the coetel
disappearance of mesyl related peaks observedgiurefi2.58. The evaluated
conversion degree of mM-PkgyrPClyoocOH was, within the limits of

experimental error, higher than 95%.
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Fig.2.58"H-NMR of m-PEGys PCLygeemesy with proton assignment
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Fig.2.591H-NMR of m-PEQy¢ PClLygorazido with proton assignment
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Fig. 2.60 m-PEQys PClygograzido FT-IR spectrum. At 2100 cnean be noted characteristic

azide stretching
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FT-IR analysis confirms the presence of azide gsp@ghowing in the spectrum
reported in figure 2.60 the characteristic stretghat 2100 c. Finally NH,-
PEGyoralkyne was reacted in 20% molar excess with m-B®CL;ooOH in
Huisgen cycloaddition catalyzed by Cu(l) accordioghe protocol used for linear
triblock synthesis as illustrated in figure 2.6hame. Triblock resulting copolymer
M-PEQoorPCLroor PEG0orNH2 was washed with methanol to solve unreacted
NH2-PEQyogalkyne

G, (\,°>/\dék/\/\/ AN J'—N\/%o/\y\/ H,

Cu(l), DIPEA
35°C, 48h

e, (/\/0)/\oék/\/\/°9/\/» e SN

Fig 2.61 Synthesis of m-PEggyPCL;oorPEO,00rNH, by click coupling

FT-IR analysis confirm complete coupling. It can be nptadact, in figure 2.62
the total disappearance of azide group charagtesisetching at 2100 cm-1.

s

T 1T '+ T ‘+ T '+ T ‘+ T '+ T ‘+ T * T ‘*+ T + T *+ 1
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Wavenumber(cm ™)

Fig. 2.62 m-PEGyrPCL7gorPEG,00¢NH, FT-IR spectrum. At 2100 ch-can be noted total

disappearance of characteristic azide stretching

86



Chapter 2:click chemistry strategy applied in low molecular weight range_

g f foo ,N\=)N\/\ fl_h f
ARSI AT AP
° f %3/\ € a d 6o i P ° \/(o/\f{t}/n

7.4 7.0 6.6 6.2 5.8 5.4 5.0 4.6 4.2 3.8 3.4 3.0 2.6 22 1.8 1.4 1.0
1 (ppm)

Fig.2.63"H-NMR of m-PEGhos PCLyoorPEOs00eNH, with proton assignment

Rhodamine B was coupled with-PEQorPCL7oocPEGorNH, by DCC and
DMAP reaction without carboxylic group activatios idustrated in figure 2.64

H;C CH;

H;C._N O. N._CH;
o N=N fL \ O
#% A AAARAAR AN Ay s+ ooe
ALY A <@

DCC, DMAP
25°C, 48h

(CHs
N._CH;

ch\l
. . ) HsC_N O \o O
Hac\o(\/oy\oék/WX\/\/dWoﬂ N%/\%}*N—'E

Fig 2.64 coupling between rhodamine B and m-Rg&P CLoor PEOy000NH,

'H-NMR analysis was used to confirm the chemicalicitre of m-PEQoq
PCL700cPEGoorNH-ROD. Comparing integrations values of the sigmalated to
the terminal PEO protons GHD-CH, (9) (6 = 3.36 ) and O-NH-CO (kp(= 5.23)
(figure 2.65) it was evaluated that m-Plg§dPCL;000PEQoorNH2 conversion

degree was, within the limits of experimental erespund 80%.
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Fig.2.65"H-NMR of m-PEGhos PCLyoorPEOs00eNH, with proton assignment

2.5.3Synthesis of diblock copolymer m-PE@yogPCL 4000 CAT
The Cathehol derivative chosen for diblock funcaiimation was 3-hydroxy-
tyramine hydrobromide, well known as dopamine. Duehe amino group, this
compound was reacted with propargyl chloroformateltain a catechol-alkyne as
illustrated in figure 2.66.
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Na,CO;, DMF

HOD\/\ 12h, 0°C HO 0\/\\
NH, + CI_ O
. A0

o

Fig 2.66 Reaction of dopamine with propargyl chformate for catechol-alkyne, CAT-alkyne

The reaction was carried out in DMF with sodiumabimnate as heterogeneous
proton acceptor. After 48 h reaction mixture wagdirredissolved in chloroform,
filtered from bicarbonate, purified by flash silicgel cromatography with a
methanol/chloroform mixture 9/1 v/v as eluent. Aftleying, a sticky brown solid
was recovered with a quantitative yieftH-NMR analysis was used to confirm
chemical structure of product, CAT-alkyne, comparintegrations values of the
signals related to the terminal PEO protonsCHCH, (9) (6 = 3.36 ) and O-NH-
CO (k) © =5.23) (figure 2.67). The m-PE§rPCLyooc PEGoorNH2 conversion
degree was, within the limits of experimental ertogher than 95%. Ninhydrin

assay confirmed total functionalization of the amgnoup.
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Fig.2.67'"H-NMR of CAT-alkyne with proton assignment
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The azided diblock was obtained as described iagraph 2.5.2 from m-PEg)x
PCl4oocOH deriving from e-CL ROP initiated from m-PEfyOH. H-NMR
confirmed Mn of PCL segment and quantitative cosier of m-PEQyosPClsooo
OH into azided product FT-IR analysis confirmed finesence of azide group; as
shown in figure 2.68 by the characteristic stretghat 2100 cil

r T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm ™)

Fig. 2.68 m-PEGyPClugrazido FT-IR spectrum. At 2100 cnean be noted characteristic azide
stretching

Diblock m-PEQgor-PClugorN3 was reacted with CAT-alkyne in 20% molar excess
by the 1,3 Huisgen cycloaddition, as illustratediguire 2 following the descripted
protocol. Unreacted CAT-alkyne was removed by diletither washing.
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Fig 2.69 1,3 Huisgen cycloaddition between m-RE&P ClygorNsand CAT-alkyne
FT-IR analysis confirm complete coupling. It can be nptadact, in figure 2.62

total disappearance of azide group characterisgtching at 2100 cm-1.

v
T T T T T T T T T T T 1
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Wavenumber(cm ™)

Fig. 2. m-PEQyorPClugorCAT FT-IR spectrum. At 2100 cmean be noted total disappearance of

characteristic azide stretching

'H-NMR analysis was used to confirm the chemicalicgtire of product, m-
PEQu0cPCluoorCAT, comparing integrations values of the signelsted to the
terminal PEO protons GHD-CH, (g) (6 = 3.36 ) and O-NH-CO (k}(= 5.23)
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(figure 2.65). It was evaluated that m-Plg§aPClsoorN3 conversion degree was,

within the limits of experimental error, higher th@5%
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Fig.2.71"H-NMR of m-PEGhos PClugocCAT with proton assignment
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Chapter 3
Click chemistry stategy applied
iIn Medium molecular weight range

(from 20000 to 50000 daltons)
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3.1 Different block copolymer aggregation
As seen also in the course of Chapter 2, block lyopers (BCPs) show a

marked tendency to aggregation both in bulk anddlution because chemical
incompatibility between the blocks induces micragghaeparation (self-assembly)
with formation of chemically distinct nanodomairfigre 3.1)

LN —

g —

phase-separated

block copolymer block copolvmer

Fig. 3.1: Scheme of self-assembly in AB diblocloyapers.

The broad variety of self-organizing structuredloick copolymers is shown
in Figure 3.2.

Fosurface (Fadm)

‘ ' . P nurface (w3

MLAM

-

Fig. 3.2: Self-organization structures of block obpners: spherical micelles, cylindrical
micelles, vesicles, fcc- and bcec-packed sphere€(FRCC), hexagonally packed cylinders (HEX),
various minimal surfaces (gyroid, F surface, P aod), simple lamellae (LAM), as well as
modulated and perforated lamellae (MLAM, PLAM).
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The morphology of these self-organizing structuoesy be specifically
adjusted through the choice of block lengths arlgirper concentratioh Thus, it is
possible to prepare a large number of tailor-madestructured materials.

Micelle formation, as already described, is a sargoid well-known example
of the self-assembly of polymers. Not only PCL-PEKut a lot of block
copolymers were studied in formation of micelleshwdlefined size and shape in
dilute solution>*>%’ As a consequence of the chemical structure obtbeks,
BCPs form micelles not only in polar solutions, lswas water, but also in very
nonpolar media, such as fluorinated hydrocarbonsupercritical CQ The well-
defined micelles have a core consisting of thelide A blocks and a shell or

corona of the soluble B blocks (Figure 3.3).

Fig. 3.3: Formation of a micelle of AB block copolsrs as the simplest form of self-
organization.

The size of the micelle depends on the length efgblymer blocks. Some
organization of micelles into a core/shell struetwan be well observed in the
electron micrograph in Figure 3%ahe micelles have a total diameter of 30 nm,
with the core diameter being 10 nm. Block copolysneith large soluble B blocks
form spherical micelles preferably (Fig 3.4a), wdes cylindrical micelles or
vesicles result from smaller soluble blocks. Cwticdl micelles, for example, of
poly(butadiends-ethylenoxide (PB3-PEO; Figure 3.4b) may have lengths of

several micrometets Block copolymer vesicles were observed with diaree
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from 100 nm up to several micrometers. Polymer ckesi(polymersomes) are
mechanically and thermodynamically much more stdblthan the well
investigated lipid vesicles, and, as already diseds are well suited for the
encapsulation and the release of substances. FHgushows vesicles of poly(2-
vinylpyridine-b-ethylene oxide) (P2VB-PEO) with diameters of more than 10 um
(giant vesicles).

a)
fihe? e Gt

L b

c)

Q

Fig. 3.4: Electron micrographs (a, b) and opticailcnographs (c) of the three most frequent
forms of self organization of block copolymersspherical micelles (PS-b-PI/DMF) b) cylindrical
micelles (PB-b-PEO/water) and c) vesicles (P2VPHBRvater). Figure ¢ shows top right a single

vesicle in which the solution of a fluorescent dyges encapsulated

Block copolymers in a microphase-separated staeaklso present in bulk
and in high concentrations solutions. A varietycopolymer morphologies such as
lamellae (LAM), hexagonally ordered cylinders (HEXarrays of spherical
microdomains (BCC, FCC), modulated (MLAM) and peated layers (PLAM),
ordered bicontinuous structures such as the gyesdyell as the related inverse
structures have been documented (see figure 3I8). stability ranges of the
different structures can be represented in a peggam as shown in Figure 3.5
for the system poly-(styreneisoprene) (P$-PI)'''2. By using the phase
diagrams one can specifically adjust the morpholmigyese structures through the

choice of molecular mass and relative block lengths
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Fig. 3.5. Experimentally determined phase diagrdr®$-b-PI. The individual morphologies
can be specifically prepared by adjusting the vaumatio fPI of the block copolymers, the total
degree of polymerization N, and the temperatyre~{/T). y is the Flory-Huggins interaction
parameter and represents the strength of interacti@tween the blocks. The structures of the
individual phases are depicted in Figure 2.

The morphology mainly depends on the relative blecigth, parameterized
as the volume fraction of one of the constitueicks. For the simplest class of
block copolymers, linear AB diblocks, the followirsgructures are known to be
stable, as confirmed by thedfsnd experiment,*>: close-packed spherical,
hexagonal-packed cylinder, continuous network stings and lamellar. Examples
of these nanostructures are shown in Figure 3é;typical periodicity is in the
range 10-200 nm and, depending on the relative nveldraction of blocks,
different morphologies can be obtained. If, forrepde, there is one minority block
with a volume fraction of 21-33% a cylindrical mbgdogy is obtained. If the
blocks are of very similar length (volume fracti8n-50%) lamellar structures are

formed.
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Spheres Cylinders Double Double Lamellae
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Fig. 3.6: Nanostructures formed by self-assemblydidblock copolymers. The minority
component is segregated in spheres, cylinders,jragmis network or lamellae, depending on the
relative volume fraction.

The block copolymers ability to form a rich varied§y nanoscale periodic
patterns offers the potential to fabricate materibat have utility in a wide variety
of applications. The majority of applications prepd to date rely on the use of
BCPs thin film. In thin films, in addition to comgidion and molecular weight, the
domain structure is also dependent on the surfaeegies of the blocks and on
geometrical constraints introduced by confinememt a thin filnt®. Block
copolymer films are usually prepared by the spiatic technique, where drops of
a solution of the polymer in a volatile organic\sit are deposited on a spinning
solid substrate. The polymer film spreads by chrgdl forces, and the volatile
solvent is rapidly driven off. With care, the methoan give films with a low
surface roughness over areas of square millimetfHse film thickness can be
controlled through spin speed, concentration ofilleek copolymer solution or the
volatility of the solvent, which also influencesthurface roughneSsin figure 3.7
are reported examples of phase separated BCPsfililmis prepared by spin-

coating®°.
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Fig. 3.7: AFM phase contrast images of a cylinday &and a lamellar forming (b) block
copolymer thin films. The cylinder forming BCP isP&-b-PEO (PEO cylinders); the lamellar
forming BCP is a PS-b-PMMA. Two distinct phases banidentified on the samples surfaces
corresponding to the two phase separated blockiseo€opolymer.

During the last decade more and more advanced itpes of “living” or
controlled polymerization, such as ROP in the cake-CL, to prepare block
copolymers have become available. The differentth&tit routes to block
copolymers comprise living anionic, living cationicand living radical
polymerization. Combining different polymerizatidechniques provides a larger
variety of block copolymef&. It has become possible to prepare block copolymer
of various architectures, solubility, and functibtyg’. The solubilities vary from
polar solvents such as water to media with very tmhesion energies such as
silicon oil or fluorinated solvents. Control of BE€Hunctionality has become
important, motivated by the necessity to stabiliggallic, semiconductor, ceramic,
or biological systems; so block copolymers canusthér modified by subsequent
chemical reaction. The two most important demandsa BCP functionalization
reaction are to maintain the block copolymer asgdtiire and to achieve a selective
reaction, which should be as complete as possildereach the first goal, the

reaction conditions must be such that the chaifisneither be degraded nor cross-
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linked. To reach the second goal, reactive andciedereagents are necessary to
allow the reaction to be determined by their mo#dio. This is important because,
as remembered in Introduction chapter, polymerotesn hard to purify after such
reactions. A number of polymer-analogue reactioagehso far been carried out
with block copolymers. These comprise hydrogenatfti >4 ?°, epoxidation with
subsequent ring opening by nucleophiles and acid lorides®,
hydroboration/oxidation with subsequent esterifaat of the OH grouff®®
quaternizatiof?,  hydrolysis  of tert-butylmethacrylat®s sulfonatior,
fluorocarbene additich and the reaction of olefinic double bonds with N-
chlorosulfonyl isocyanate for the preparation ofoda-compatible heparin
analogue¥. By means of functionalization reactions the padyrblocks can be
transformed into blocks of desired solubility, flekty, and chemical
functionality. A chemical functionalization of ofdock can be used to selectively
introduce inorganic, organic, and biological molesuinto BCPs. In particular, if
the chemical functionalization does not destroy BEP ability to generate
nanostructures by self-assembly, functional naneriz$ very useful in
biomaterial science can be obtained. Most importenténtial application can be
found in material for protein and nucleic acid agsion and biosensors realization.
So precise control over the functionalities is adamental prerequisite to obtain

useful BCPs based nanomaterials that exhibit ufipka versatility.

3.2 Biodegradable random copolymer in drug controlled release:
PLA and PLGA

The possibility of developing new pharmaceuticalrnfe based on
biocompatible polymers, able to protect and releds® active ingredient in
prolonged times, has dramatically increased therest in biodegradable particles
such carriers for therapeutic peptides and protefig®. Among the more
biodegradable materials used in the preparatiorfCaftrolled Release System
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(CRS) for proteins and peptides, the polyesteredas lactic acid (PLA) and their
copolymers with glycolic acid (PLGA) (figure 3.8)ay a central role in virtue of
their proved biocompatibility and use saféff’. Food and Drug Administration
(FDA) approved these polymers for clinical applicas in humans, whose main
advantage is related to their complete biodegradati vivo. The bioerosion, in
fact, causes theolymer backbone demolition by chemical means, wtter-

soluble derivatives formation of low molecular wsigengaged in normal

metabolic organism pathways, in particular the Isreycle.

e
HO-(—|C|:—CH—O—)—H Poly (D,L -lactic) Acid - PLA
* n
o)

1"
HO-(—C—CH—O C—CHZO—)—H Poly (lactic -co-glycolic) Acid - PLGA
[| _)n:(g n
(0]

Fig. 3.8 PLA and PLGA chemical structure

Among the biodegradable polymers, therefore, PL&Asge been the subject
of numerous studies due to their high versatilityi®e. The vehiculated drug rate
of release, in fact, can be easily modulated byimgrthe composition of the
polymer (ie ratio lactic acid/glycolic acid), moldar weight and chemical
structure (ie carboxy-terminal capped or uncappedt)y particular reference to
biodegradation and hydrolysis rite The physico-chemical properties of the
polymer, as the molecular weight and the polydisipeindex, influence polymer
stability and the potential use in CRS formulatforiThe PLA presents more
pronounced hydrophobicity compared to PLGA, andagessive increase of the
hydrophilic component (ie, a reduction ratio oftiefglycolic) determines a most

attractive of water and a reduction in the degiadatimes®. For this reason,
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PLGAs characterized bin vivo degradation time from three weeks to reach a
maximum of one year, are currently commerciallyilabde.

The importance of PLA and PLGA copolymers is greaticreased as a
result of their use as building block for partidgstems in drug delivery. The
advantages of use of particle systems already skecliin Introduction chapter
include, in fact, the possibility to administer theig directly to the site of action
where the system forms a deposit from which thevaahgredient can be released
and act for a prolonged period of tifffe".

PLGA particle systems can be classified into twormeategories which
differ in size: nanoparticle and microparticle gyss. Usually, has been defined
microparticulate systems, particles with dimensibesveen 1 and 100Qm, even
if size of the most interesting microparticles gemerally in the range 1-2Q0m.
The bioactive molecule encapsulated in a micropalgte system can be located in
cavities within the system (ie, microcapsules)fioely dispersed in the polymer
matrix (eg microspheres), depending on the teclnigjuproduction and/othe

starting formulation (Figure 3.9) .

Polymer

Drug

Fig 3.9 Biodegradable drug loaded microsphere

The active principle release from biodegradableympers microspheres is
primarily regulated by the diffusion of the encdpsed active ingredient through

the polymer matrix and the biodegradation of théymer*”. In the mechanism
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coupled diffusion-erosion an important role is @dyhe activity of water in the
environment of release. Microsphere, in contachlie aqueous environment, is
hydrated (hydration phase) and penetrating watéubsaes the drug, which
begins to spread through the PLGA micropores wittmedisions comprised
between angstroms or nanometers, and through tleeopmaous structure of the
particles, which is a consequence of the prepargtrocess (ie, multiple emulsion
technique). Employing different preparation teclais, the PLGA can also be used
for nanometric systems production, characterizediffgrent properties compared
to microparticle¥’. Nanoparticles generally have dimensions betw@ant 1000
nm. Depending on preparation technique used,pbssible to obtain nanoparticle
systems with different structures (ie; nanocapsulasospheres, nanopatrticles). In
particular, nanocapsules are characterized by r@er icore consisting of the drug
surrounded by a polymer layer, while has been ddfimanoparticles and
nanospheres systems matrix in which the drug isenworless finely dispersed
(Figure 3.10).

™ '\ surface charge

Loaded molecule

Polymer matrix
Fig. 3.10 Biodegradable nanoparticle typical struet
As described above for the microparticles, also thaee of release of
polymeric nanoparticles encapsulated drug depends/o fundamental processes:
diffusion through the polymer matrix and its biogiom*®*
A considerable interest parameter in nanoparticlegracterization is the

surface charge, deductible by Z-potential meadaréhe case of PLGA polymeric
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nanoparticles surface charge will be negative dymésence of the acid carboxylic
groups. A huge non neutral value surface chargeesagtrong interactions with
biological fluids components, in particular plasmpaoteins. Such molecules
adsorbed on the nano particles surface can, byastieg with cellular proteins,
promote phagocytosis by cells such as macrophadesjomenon well note as
opsonizatioff. On the other hand it is possible to apply chartgethe particle
surface such as to minimize the phagocytosis dg oel on the contrary, direct the
carrier action targeted to a particular cellulaecps®.

Taking in account their many advantages systemedoas PLGA, both
micro and nanoparticles, have been widely useddémelopment of carriers for
unstable macromolecules, especially proteins amdiges. In particular, PLGA
microspheres for proteic molecules controlled mdeare now a reality in
pharmaceutical market (eg Lupron Depot ®, Nutrdpepot ®, Sandostatin LAR
®). On the other hand, PLGA nanopatrticles for pigstiand proteins delivery have
been the subject of numerous studies, because edf #bility to overcome
organism physical barriers, as demonstrated inietudbout mucosal, oral and
nasal vaccinatioll;®’. These studies suggest the possibility of encafiagl
peptides and proteins in nanoparticle systems witbompromising the structural
integrity, which is closely related to biologicalt&ity of these macromolecules. In
addition, the nanometer size of the nanoparticl®s epresent a fundamental
parameter for the delivery of drugs within c&¥, or in gene therap§. Several
techniques are developed to monitor nanocarriaaktma vitro andin vivo. A
widely used approach, already seen in chapter i;eras nanocarrriers labelling
with fluorescent probe such as rhodamine B encapediltogether with bioactive
molecule. Main drawback found, using this approashrelated to rhodamine

diffusion during nanovector route.
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3.3 Section aim

In this section of research work the synthetictegig developed has been
adapted in P®PEO block copolymers and PLGA random copolymer
functionalization. Both copolymer are characterizsd Mn higher than 40000
Dalton with only two terminal group for macromolémuchain. These features
increase synthesis difficult in terms of a complegmmde of reaction and in
characterization of final product. Moreover it i§ garamount importance that
reaction pathway does not negatively influence asfembly copolymer features.
In PSh-PEO case was set a method to functionalize PEGQ enth an azide
terminal group, in order to prepare BCPs to be usedsubstrates in coupling
reactions with different molecules and/or polymeositaining a CC triple bond,
exploiting the potential of azide-alkine Huisgerclogddition reactions. Indeed,
such kind of reactions can turn out useful in geavariety of nano-technological
pharmaceutical applications as for instance in bogpeactions with a different
polymer to prepare tri-block copolymers or a diéier BCP for drug controlled
release, or even with bioactive proteins and naceids. As concern PLGA case
was set a method to change hydroxyl terminal intadea and by this link
rhodamine-alkyne molecule through 1-3 Huisgen @atbtion. PLGA-rhodamine
was used in microparticles preparation and wassiigated their morphology by
confocal microscopy. Triazole bond fixes fluoredcprobe onto nanocarriers and
avoid diffusion problem, allowing a more accuratate monitoring. It is possible,
in fact, administer microparticulete preparation thee test animal and follow

fluorescence.

3.4 Polystyrene-PEO block copolymer functionalization

Diblock copolymer chosen for functionalization iscammercial sample.

Molecular characterization carried out by SEC ewadel a Mn for polystyrene
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block of 22.0 kDa and 21.5 kDa for PEO, a Polydispg index of 1.09. chemical

structure was illustrated in figure 3.11

H, H

2
C L b C OH
L~ \HA \\C/ \o//\/

- = 488

- - 211

Fig. 3.11 Commercial Polystyrene-b-PEO-OH chemstalcture

'H-NMR analysis does not evidences PEO terminal imzahemical shift is

the same of macromolecular backbone as illustiatédure 3.12

|
water

Fig. 3.12'H-NMR of commercial PS-b-PEO-OH with proton assigntn

To point out terminabi-hydroxyl methylene, (d) in figure 3.12, copolymer
was reacted with trifluoroacetic anhydride direcity NMR tube. In particular,
trifluoroacetic anhydride (TFAA) is the perfluorteal derivative of acetic

anhydride. Like many acid anhydrides, it may be dude introduce the
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corresponding trifluoroacetyl group. The correspogdrifluoroacetyl chloride, is
a gas, making it inconvenient to work with. Therefoeaction between copolymer
and TFAA (figure 3.13) gives as result trifluoroaceester, changing chemical
shift of terminal methylene from 3.6 to 5.20 (figu3.14)

H, H, H H F
c c on B F c: c: o\n/{—F
ch| e o + FINOY T Neitl T¢” o F
H, Fo of H, o]
@
211 48 - 488

Fig. 3.13 PS-b-PEO-OH reaction with trifluoroacetiohydride in NMR tube
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Fig. 3.14'H-NMR PS-b-PEO-TFFA with proton assignment

Reaction was carried out in large TFAA molar exc&&0 uL (1.4 mmol)
was added in 70QuL of 1 mg/10QuL copolymer in CDCsolution to ensure

terminal complete conversion. Once characterizadiisy material, it was possible
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to proceed with hydroxyl activation by mesyl chttai This compound is subject of
inactivation in water presence. For this reasonbFEE=0O-OH diblock copolymer

was dried at 50°C under vacuum angD§ overnight. After water purification

copolymer was reacted with a large mesyl chlorid#amexcess as illustrated in
figure 3.15

(o}
H, H, ] Hz (o]
C C OH CI—S—CH 1]
N VAN 0 3 \S,CH3

CH C [0} + 0 "

H, 0

@ 188 DIPEA, THF @
211 24h, 0°C 488

Fig.3.15 PS-b-PEO-OH hydroxyl activation by mesybdde

Unreacted mesyl chloride was removed from PS-b-RiESyl thanks to
precipitation in diethyl ether methanol 1/1 v/vg@n and subsequent washing
with methanol*H-NMR analysis was used to confirm product chemstaicture,
comparing integrations values of the signals rdlatethe PEO protons O-GH
CH, (c) (6 = 3.60) and terminal CGHOSO-CH (d) (6 = 3.00) (figure 3.16) was
evaluated that PS-b-PEO-OH conversion grade isjmwihe limits of experimental
error, higher than 95%. An evidence of completeveosion was non appearance

of trifluoroacetate ester-methylene after addiwdr200 uL of TFAA in NMR tube

containing PS-b-PEO-mesyl dissolved in CB@OQUL 1mg/10QuL). In fact, can
be noted in figure 3.16, the strong signal dueriftubroacetic acid at 10.0 ppm
while there are no signal in the zone between A0, so there are no residual
hydroxyl terminal group able to react with TFAA.
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Fig. 3.16'"H-NMR PS-b-PEO-mesyl after TFAA addition with proaissignment

Verified conversion grade for hydroxyl activatiotefs, it was possible to
achieve nuclueophilic substitution with sodium &zid@his reaction was carried out
as usual in large NalNmolar excess. Both copolymer and sodium azide were
dissolved in a mixture of DMF and water (20/1 vAnd stirred under reflux at
80°C. Water helps partial sodium azide dissolutidorcing thermodynamic
equilibrium to substitution. After 24 hours reactimixture, become darker, was
dried, redissolved in CHglfiltered from insoluble sodium azide excess and
precipitated in diethyl ether methanol mixture ¥/v to purify desired product
from eventual byproductH-NMR analysis was used to confirm product chemical
structure PS-b-PEO-N comparing integrations values of the signals eeldb the
PEO protons O-CHCH, (c) (3 = 3.60) and terminal CHN3 (d) ¢ = 3.57) (figure
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3.17) was evaluated that PS-b-PEO-mesyl convergiade is, within the limits of
experimental error, higher than 95%.
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Fig. 3.16'"H-NMR PS-b-PEO-Nwith proton assignment
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Fig. 3.17*C-NMR PS-b-PEO-Narrow indicates ChNs at 50 ppm
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To further confirm chemical structure was regisieadso**C-NMR;can be

noted, in fact, in figure3.1d-azide terminal carbon at 50 ppm

34 PLGA-Rhodamine B labeled random copolymer

microparticles

3.4.1 Synthesis of PLGA-Rhodamine labeled

PLGA or poly(lactic-co-glycolic acid) is a copolymehich is used in a host
of Food and Drug Administration (FDA) approved tqggutic devices, owing to its
biodegradability and biocompatibility; is synthesizby means of random ring-
opening co-polymerization of two different monometise cyclic dimers (1,4-
dioxane-2,5-diones) of glycolic acid and lactic dadffigure 3.18). Common
catalysts used in the preparation of this polynmmetuide tin(ll) 2-ethylhexanoate,
tin(Il) alkoxides, or aluminum isopropoxide. Duripglymerization, such as PCL
“living” reaction, successive monomeric units (dfaplic or lactic acid) are linked
together in PLGA by ester linkages, thus yieldinignaar, aliphatic polyester as a

product.

[0}
o . 0 Sn(Oct)2
0 O 130°C 24n
m 0] n

(o]

Fig. 3.18 Random ROP copolymerization of lactidd glycolide

Depending on the ratio of lactide to glycolide usedthe polymerization,
different forms of PLGA can be obtained: these wseally identified in regard to
the monomers' ratio used (e.g. PLGA 75:25 idemtifee copolymer whose
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composition is 75% lactic acid and 25% glycolicciAll PLGAs are amorphous
rather than crystalline and show a glass transteomperature in the range of 40-60
°C. Unlike the homopolymers of lactic acid (polyide) and glycolic acid
(polyglycolide) which show poor solubilities, PLG#an be dissolved by a wide
range of common solvents, including chlorinated/asots, tetrahydrofuran, acetone
or ethyl acetate. PLGA degrades by hydrolysis ©k#ter linkages in the presence
of water. It has been shown that the time requfoeddegradation of PLGA is
related to the monomers' ratio used in productitm higher the content of
glycolide units, the lower the time required forgdedation. An exception to this
rule is the copolymer with 50:50 monomers' ratioialhexhibits the faster
degradation (about two months).PLGA has been ssftdeas a biodegradable
polymer because it undergoes hydrolysis in the btmlyroduce the original
monomers, lactic acid and glycolic acid. These twonomers under normal
physiological conditions, are by-products of vasometabolic pathways in the
body. Since the body effectively deals with the tmonomers, there is minimal
systemic toxicity associated with using PLGA fowuglrdelivery or biomaterial
applications. As described above, the possibibtyailor the polymer degradation
time by altering the ratio of the monomers usedndusynthesis has made PLGA a
common choice in the production of a variety ofrbealical devices such as: grafts,
sutures, implants, prosthetic devices, micro anmbparticles. Copolymer chosen
for synthesis is aa-hydroxyl-w-carboxyl-50:50 PLGAgo0o (C-PLGAg0000OH)

commercial available with Mn of 30 kDA and Mw of &Da illustrated in figure

3.19
o
HOM }fu\/o
o H
230 0 230

Fig. 3.19a-hydroxyl-<carboxyl-50:50P LG Ayogo
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The most suitable part for copolymer functionai@atis the hydroxyl

terminal which can be changed into azide group Wwg-dtep protocol already
described. Therefore c-PLG#ocOH was characterized by-NMR analysis to

point out terminal signal. As illustrated in figuBe20,a-hydroxyl methylene (d) is
quite visible at 4.31 ppm and is possible ado $signal as diagnostic standard for

further reaction. Thus c-PLG#ycOH was reacted with mesyl chloride to activate

hydroxyl group as illustrated in fig. 3.21

d
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16 32 28 24 2.0 1.6 1.2

Fig.3.201H-NMR of a-hydroxylwcarboxyl-50:50 PLGAygoo (C-PLGAgoorOH) with proton

assignment
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Fig.3.21 c-PLGAgorOH hydroxyl activation with mesyl chloride
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After 24 hours reaction mixture was simply concat@d and precipitated in

diethyl ether methanol solution 1/1 v/v obtainingsponge like solid*H-NMR

analysis was used to confirm product chemical &ire¢ c-PLGAgp0crmesyl,

comparing integrations values of the signals rdlédethe protons CHCH-(a) 6 =
1.60) and terminal CHOSO (e) § = 3.21) (figure 3.22) was evaluated that c-

PLGAs0000OH conversion grade is, within the limits of exipegntal error, higher

than 95%. Other evidence of quantitative reactsotoial disappearance of signal at

4.31 ppm related ta-hydroxyl methylene

PO gt A e I gt ok

56 54 52 50 4B 46 44 42 40 38 36 34 32 30 28 26 24 22 28
1 (pom)

7.4 7.0 6.6 6.2 s.8 5.4 5.0 4.6

Fig.3.22'H-NMR of c-PLGAyssmesyl with proton assignment
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Nucleophilic substitution with sodium azide wasra out in DMF and
water solution (20/1 v/v) as described above, leatperature was set at 38°C.
PLGA, in fact, is amorphous copolymer and tempeeatof glass transition is
within 40-60°C. Once it reaches that temperaturesgence of water induces a rapid
hydrolysis completely and irreversibly degrading lypsteric chain. Thus
temperature must be high enough to help sodiumeatiskolution, but must not
exceed the Tg. Reaction mixture was dried, rediesbin CHC} and precipitated
in diethyl ether methanol solution 1/1 v/v obtaiia sponge like solidH-NMR
analysis was used to confirm product chemical #ire¢ c-PLGAgooooNs3,
comparing integrations values of the signals rdl&dethe protons CHCH-(a) 6 =
1.60) and terminal CHN3 (d) © = 4.30) (figure 3.23) was evaluated that c-
PLGAsz000cmesyl conversion grade is, within the limits ofpeximental error,
higher than 95%. Other evidence of quantitativetiea is total disappearance of

signal at 3.21 ppm related to mesyl

[ TER" /o
A J N e —

7.5 7.0 6.5 6.0 5.5 s.0 as 2.5 2.0 1.5 1.0 o.5 0.0

4.0 3.5
1 (e

Fig.3.231H-NMR of c-PLGAygogNs with proton assignment

Also FTIR analysis shows clearly diagnostic stratghsignal of azide at
2100 cnt* (Figure 3.24).
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Rhodamine B, already treated in chapter 2, wastedawith 3-Butynol in
presence of DCC and DMAP to give alkyne ester ugefuHuysgen cycloaddition
together with c-PLGAwoooN3 as illustrated in figure 3.25

T T T T T T T T T T T T 1
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig.3.24 FTIR spectrum of c-PLG#orNs, can be noted characteristic azide stretching at
2100 cnit

HaC CH HaC CH,
M (. HC \rlq 0 r'f CH
H;C N 0} N CH; NN O O ~ s
\ O DCC, DMAP N
COOH  HO \NZ 25°C, 48h ONY
<Rt y - Sk

CHCI, dry

3.25 reaction between Rhodamine B and 3-ButyngiM® Rhodamone-alkyne

After 48 hours reaction mixture was filtered fromcytlohexylurea,
concentrated and purified by silica gel chromatpgyawith CHCh/Methanol 9/1
viv as eluent’H-NMR analysis was used to confirm product chematalicture,
Rhodamine-alkynecomparing integrations values of the signals rela® the
protons CH-CH- (a) ¢ = 1.60) and terminal C#Ns (d) ¢ = 4.30) (figure 3.23)
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was evaluated that c-PLG#ogmesyl conversion grade is, within the limits of

experimental error, higher than 95%

b a
H3C f & CH3
HiC VCH3
b O O
O \/\//
o] g
h
b a
h e c+ water |
A,AJU!M-L._.MQL{L!AINM LL "“" N ke Jl H

T T T T T T T T T T T T T T T T
85 8.0 75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0
A1 (ppm)

Fig.3.26'H-NMR of Rhodamine-alkyméth proton assignment

Huysgen cycloaddition between Rhodamine-alkyne @RILG AgpoorN3 was
illustrated in figure 3.27. This reaction was cadriout in 30% Rhodamine-alkyne
molar excess. After 48 hours reaction mixture wascentrated, purified by Cu(l)
catalyst by neutral alumina column and precipitateddiethyl ether methanol
solution 1/1 v/v according to developed protocolIFE confirm quantitative
coupling; can be noted, in fact, complete disapp®ae of diagnostic stretching
signal of azide at 2100 ch{Figure 3.28)*H-NMR analysis was used to confirm
product chemical structure, c-PLGocRhodamine, comparing integrations
values of the signals related to the protons-CH- (a) 6 = 1.60) and terminal
CHx-N3 (d) 6 = 4.30) (figure 3.23) was evaluated that c-Plgéyrmesyl

conversion grade is, within the limits of experirta@rerror, higher than 95%
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Fig. 3.27 Huysgen cycloaddition between Rhodamikgaa and c-PLG#yoog N3
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Fig.3.28 FTIR spectrum of c-PLG#gRhodamine, can be noted complete disappearance of

characteristic azide stretching at 2100tm

3.4.2 PLGA-Rhodamine mcroparticles
Starting PLGA c¢c-PLGAwocOH without functionalization has already

successfully used with a lipid helper excipientnedy 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) in development of largepsiparticles (LPP) for local

and prolonged delivery of a decoy oligonucleotidenticlear factor-kB in the lung
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(dec-ODN). Among molecular targets, the nuclear tdiakB (NF-kB)
transcriptionally regulates the expression of saveflammatory mediators, such
as cytokines and chemokines (e.g., IL-6 and f>-8j particular, persistent NFkB
activation has been reported both in the presendeabsence of pathogens in the
airways of cystic fibrosis patients and in viftoIn addition, inflammatory
mediators contribute to the overproduction of msb&mucus, responsible for
airway obstruction and mucociliary function failure cystic fibrosis patient5.
Thus, NF-kB blockade by decoy ONs has recently eposed as a strategy to
limit the progression of chronic lung inflammatiom cystic fibrosis®.
Biodegradable PLGA-based LPP containing dec-ODNewmepared with good
yields by the double emulsion technique employimgrenium bicarbonate as
porogen. SEM analysis performed on a representaf®e sample showed that the
adopted formulation conditions allowed the achiesetnof a homogeneous
population of spherical and porous particles (FegBu28). As can be seen in figure
3.28A, surface pores appear small, regular, antbrumiy distributed throughout
the polymeric matrix. Confocal Laser Scanning Msoapy (CLSM) analysis of
fluorescent LPP confirmed the internal macroporetrscture of the developed

formulations, as illustrated in figure 3.28B

Fig. 3.28 PLGA-based LPP containing dec-ODN: A) SEMge B)Confocal Laser
Scanning Microscopy PLGA treated with green fluoesd dye
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Thus, to evaluate effect of Rhodamine functiondiira on the PLGA
template ability, porous microparticlegere prepared using the same protocol
described above and characterized by CLSM analgsiscan be noted in figure
3.29, PLGA-Rhodamine is characterized by a gooditgumage without other dye
treatment and internal macroporous structure issemed to highlight the

goodness of synthetic strategy adopted

Fig. 3.28 PLGA-Rhodamine Confocal Laser Scanningrddicopy. without fluorescent dye
treatment
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In High molecular weight range

(from 50000 to 200000 daltons)
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4.1 Chitosan-PEO based biomaterials

Chitosan is a linear polysaccharide composed adawany distributedp-(1-
4)-linked D-glucosamine (deacetylated unit) and ddtgl-D-glucosamine
(acetylated unit) (figure 4.1).

OH

Fig.4.1 Chitosan chemical structure

Chitosan is produced commercially by deacetylatbrehitin, which is the
structural element in the exoskeleton of crustaséamnch as crabs and shrimp) and
cell walls of fungiand second most abundant biopolymer after cellulodee T
degree of deacetylation (%DD) can be determinetNl\R spectroscopy, and the
%DD in commercial chitosans ranges from 60 to 100% average, the molecular
weight of commercially produced chitosan is betw8800 and 250,000 Daltons.
A common method for the synthesis of chitosan ésd@acetylation of chitin using
sodium hydroxide in excess as a reagent and watarsmlvent. It can be used in
agriculture as a seed treatment and biopesticielpjry plants to fight off fungal
infections.. In winemaking it can be used as a fining agelst helping to prevent
spoilagé, In industry, it can be used imater treatment catalysis and
biofabricatior! applications . More controversially, chitosan h&gn asserted to
have use in limiting fat absorption, which would keait useful for dieting, but
there is evidence against this. Other uses of shitahat have been researched
include use as a soluble dietary fiber. As regaaimbkdical use, thanks to its
biocompatibility and biodegradability finds a widange of applications from
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bandages to reduce bleeding and as an antibacgeat to use in controlled drug
delivery and transdermal formulatioeshancing the transport of polar drugs across
epithelial surfaces. The amino group in chitosas &gpKa value of ~6.5, which
leads to a protonation in acidic to neutral solutiath a charge density dependent
on pH and the %DA-value. This makes chitosan wsbéuble and a bioadhesive
which readily binds to negatively charged surfasesh as mucosal membranes
Lack of a positive charge means chitosan is indeluh neutral and basic
environments. However, in acidic environments, gnation of the amino groups
leads to an increase in solubility. The implicataof this are very important to
biomedical applications. This molecule will maimtaits structure in a neutral
environment, but will solubilize and degrade inammdic environment. This means
chitosan can be used to transport a drug to arnicaemvironment, where the
chitosan packaging will then degrade, releasing thrag to the desired
environment. One example of this drug delivery besn the transport of insufin
Chitosan and its derivatives, such as trimethybdaih (where the amino group has
been trimethylated), have been used in nonviraégialivery. Trimethylchitosan,
or quaternised chitosan, has been shown to tranbfeast cancer cells, with
increased degree of trimethylation increasing th®toxicity; at approximately
50% trimethylation, the derivative is the most @ént at gene delivery.
Oligomeric derivatives (3-6 kDa) are relatively taxic and have good gene
delivery properties Chitosan is hypoallergenic and has natural antiidt
properties, which further support its use in fiblandages, allowing it to rapidly
clot blood, and has recently gained approval inUing¢ed States and Europe for
use in bandages and other hemostatic agents. Wuogkdy an interaction between
the cell membrane of erythrocytes (negative chaagel) the protonated chitosan
(positive charge) leading to involvement of platelend rapid thrombus formation.
Chitosan hemostatic products have been showntingdsy the U.S. Marine Corps
to quickly stop bleeding and to reduce blood l@sg] result in 100% survival of

otherwise lethal arterial wounds in swin€hitosan hemostatic products reduce
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blood loss in comparison to gauze dressings andease patient survival
Chemical modification of native polysaccharidespr@requisite for access to
polysaccharide-based functional materials, is gtilublesome. The hydroxyl
groups of chitosan have similar reactivity towardectophiles, making
regioselective and quantitative reactions diffichltuch research effort has been
devoted to exploit chemical/enzymatic strategies dbtain polysaccharide
derivatives having various functionalities at dedirpositions. For example,
enzymatic polymerization of chemically modified negaccharides to afford the
corresponding polysaccharides (bottom-up appro&els) high potentidf-'? but
tedious synthetic routes for the modified monosaades and their lowered
affinity (especially, those having large substitis¢ntoward synthase enzymes
hinder their wide application. Convenient, genegalantitative, and regioselective
methods useful for direct modifications of nativelysaccharides are, therefore,
sought for obtaining suitable polysaccharide-basedterials. The numerous
reactions that were employed to obtain derivativils well-defined structures and
functionalities®* and complex macromolecular architectures, sucheasorks®
or graft copolymerS have played a key role in increasing the numbeshitbsan
and chitin application. Chitosan-based hydrogels particular are used in
widespread application such as devices for therclbed release of drugs and
proteins’, scaffolds for tissue engineerifig® and in materials for wastewater
treatmert®?> Moreover, N-Phthaloyl- Chitosan is regarded as of the most
useful precursors for subsequent modification dmeats solubility in common
aprotic polar solvents (DMSO, DMF, NMP) and it alsdlows the simple
deprotection of the amino groups by hydrazine mgdoité?. It has therefore
been extensively used for the regioselective fonetization and graft
copolymerization onto chitos&it* The covalent crosslinking of chitosan has been
largely performed with dialdehydes such as glyoX8 and in
particularglutaraldehydé?®?° by reaction with the amino groups of chitosan to

form covalent imine bond$ Other compounds, generally used for polysaccharid
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crosslinking, such as epichlorohydrin (EPffethylene glycol diglycidyl eth&t*
isocyanates, or the less toxic diethyl squaratxalic acid® or genipiri’ can also
be wused with chitosan. Crosslinking improves claitosstability against
solubilization and leaching but can reduce its &tdity, and absorption capacity.
EPI and genipin crosslinking are more advantagebas other methods because
they do not eliminate the cationic amine functidgyal which may interact
specifically with dyes, metals and plasmids sorthamce absorption efficienty
The swellability of crosslinked chitosan is invdyseproportional to the
crosslinking degree and rigidity of chain segmdresveen crosslinking poirits
The latter depends on the flexibility of the cradshg bridges formed and the
carbon atom of chitosan involved in the bondingleled, if the reaction involves
the C-6 rather than C-2 or C-3, the resulting nétws less rigid because of its
larger conformational freedom. Selective and reggatar methods must be
implemented so as to define structure propertikdioas of crosslinked chitosan,
more accurately. In this context, efficient and higielding “click type”
reaction8®* are useful and versatile tools. In particular, €gl)-catalyzed 1,3-
dipolar cycloaddition of terminal alkynes with aggdto give 1,4-regioselectively
substituted triazold&*® has attracted much attention for the synthesis posi-
polymerization modification of polymers. Indeed #sis of block and graft
copolymers, dendrimer synthesis/functionalizatiobjoconjugation, surface
immobilization/modification, and orthogonal funatalization of polymers were
successfully performéd*>“®In recent literature the interest has been shovthign
cycloaddition for the modification of polysaccharsd It was used for the
functionalization of curdldfi“® cellulosé®*® dextrar* and starc¥. This was
further used to prepare hydrogels from hyaluronitid a(HA)>®, for the
functionalization of  chitosan-grafted-PEO  nanosutes?, to  obtain
microparticles and block copolymers from dextrafi and to synthesizes graft

copolymers and crosslinked products from functizeal poly(ethylene oxyde)
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(PEO) and guar gutfor others dilkyne moietié% Click cycloaddition was
recently applied to the grafting of PEO onto N-arédi chitosan alsd

4.2 Protein stabilizing strategies: protein-PEG conjugates

Conjugate is an hybrid system polymer-protein whaains to hold together
the unique catalytic and functional properties abtpins and enzymes and
structural properties of synthetic molecules and@noraolecules. By far, the desire
to overcome the intrinsic limitations of proteinethpeutic agents has been the
driving force for the developments in this fieldyen that approximately 25% of
all new medicines approved by the American Food Rrney Administration are
protein-based.1 Initially, the philosophy for ovemting the immunogenicity of
therapeutic proteins, their renal elimination, #meir proteolysis while maintaining
therapeutic activity has been to modulate the nupthe length, and to a certain
extent the architecture (i.e., linear versus bradglof the polymer segments used
for preparing the conjugate. As result the phydiemcical properties of the
polymer is conveyed to the protein, thereby modidyithe biodistribution and
solubility. A first approach in this sense can basidered the "pharmacologically
active polymer” in which a bioactive molecule waskéd to a polymer backbone
decorated with a solubilizer group and transpostesyt®®! To accomplish this
role, polymer carrier can be metabolized or hydretyand ultimately is eliminated
from the body, so should be quite hydrophilic afdo@s molecular weight while
linkers should be biodegradable to release thesprdtom the polymer in a time
controlled manner or in response to certain phggichl conditions. Chemical
linkage thatcleave hydrolytically are amide linkers or basedthinl conjugation
chemistry. Otherwise chemical linkages that cleareymatically has to be
designed in relation of specific protease actiuityspecific parts of the body. The

conjugation studies for attaching polymers to ¢kgroup of lysine or carboxylic
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acid side chains of proteins sometimes leads toattexation in bioactivity. In
antibody conjugation, carbohydrate in the hingelaega site distant from the
antigen binding domain is utilized. Most used segtithroutes provide “Grafting
onto”, in which the polymers are covalently attatie the amino acid side chains
and ligand binding sites of the protein or “Graftitom” where the protein itself

acts as an initiator for the synthesis of the paym

Grafting onto can be divided in three subcategodegct functionalization,
in which polymer properly functionalized binds peiot directly, indirect
functionalization in which there is a binding spabetween protein and polymer
and, finally, functionalization via cofactor o ligas, in which polymer interact with
protein via opportune ligafil Very common direct functionalization concerns
NHS-activated carboxylic acid as illustrated inufig 4.2 and aldehyde addition in
figure 4.3

dN'OH 0 o PrmiryMNHz

JOL 9. qu-o’lLR

o]
PmtEi'}‘I\/\/\NHJL R

Fig.4.2 grafting onto route by NHS carboxylic aeictivation

Selectivity of the first reaction is low due to tpeesence of many Lysine
residues on the protein surface in addition to rofexposeda-N terminus.
Difference in reactivity towards activated carbocyhcids is related to pKa of
different amino groups; fog-amine group on Lysine pKa= 10, farN terminus
pKa= 7.8, resulting in practice however difficuln mains advantages regard
aldehyde addition can be included an overall chafgerotein preservation and a
good selectivity towardx-terminus which react at pH 5. Disadvantage can be

resumed in a more challenging two-step procedudeatdehyde synthesis.
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RJ‘O\/\OH Ac;0, DMSO 0\)]\ Protemr,.r‘_/v\//\NH2

H

Fig.4.3 grafting onto route by aldehyde addition

Monochlorotriazine was employed to functionalizeotpm amino groups
also: 2,4-bis(methoxy-poly(ethylene glycol)-6-cldes-triazine was conjugated to
asparaginase by direct reacfidtnThiols amino acid side chain represent an
excellent alternative for the functionalization. Ikienide end functional

polystyrené* as illustrated in figure 4.4, Vinyl sulfone-enchfitional polyme?t

0 Q o
n "OH n N / :?
0 —————

1. SOCl, -2 Protem Prcteln
2. maleimide

Et3;N, CHCI;

Fig.4.4 grafting onto route by thiols maleimide &uh

and o, o-Pyridyl disulfide activated Pluronievere successful attacH&d More
challenging is tyrosine residue functionalizatiog Hdiazonium salt, Mannich
reactiort’ or p-allyl palladium compléX. The methods discussed above for direct
specific functionalization of proteins can alsoused for indirect functionalization.
In this case the protein does not react directlgh wine polymer but rather gets
linked via a secondary non-natural functionalitattis introduced into the protein
structure named spacer. The heterobifunctional egspabelps in circumventing
problems associated with lack of reactivity whew targe molecules are brought
together. Careful consideration of the type of spatould be taken to avoid intra-
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or intermolecular cross-linking. Trough this roittés possible to introduce alkyne
or azide groups for Huisgen cicloaddition or Stagér ligatioi®”® Co-factors and
ligands for polymer functionalization should haweactive terminus modifiable
without any effect on the binding properties towgardteins such as biotin, heme,
NAD and FAD. Aminoethyl-appended NAD has been sssftdly modified with
both PEG and dextran without significant loss oftivaty with yeast
dehydrogenagé Modification with the low molecular weight cofacs and
ligands can be done using traditional synthetic podfication techniquesthe

reconstituted bioconjugate is purified by dialysisize exclusion chromatography.

As already mentioned, in “Grafting from” approaablypners are generated
from defined initiation sites on the proteifhe protein is first modified with an
initiator for a Control Radical PolymerizatiSn Atom Transfer Radical
Polymerization (ATRPY} or Reversible Addition Fragmentation Transfer (RAF
to form the protein macroinitiator and polymeripatioccurs from defined sites on
the protein. 2-Bromoisobutyryloromide was succdssfsed in macroinitiator
protein preparation with Lysozyrffe Bovin serum albumifi, streptavidin€, a-
chimotrypsin. In comparison with Grafting onto, @rafting from approach is
possible a pre-determination of precise number alfymer chains and their
placements and a simple purification of final cgajte, on the contrary became
very challenging post-polymerization modificationsnd protein-polymer
couplings. Early on, many natural polymers as w&slsynthetic polymers such as
poly(ethylene glycol) (PEG) have been evaluatedofotein-polymer preparation.
Possibly due to the fact that PEG was one of tte fion-immunogenic, well-
defined (hetero) telechelic polymers capable ofveging “stealth” properties to
proteins, it is not surprising that the PEGylatioe., the covalent attachment of
PEG chains) of therapeutic proteins has domindtisdield for many yearfé®and
that several therapeutic PEGylated proteins haeehexl the markéet:®® More

recently, the philosophy for overcoming the sharicws of therapeutic proteins
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with minimal detrimental effect on protein biologicactivity has changed to
controlling the site at which the polymer is attedho the proteifi® This has
become a possibility with the development of atabie (bio)chemical toolbox of
orthogonal coupling strategies for residue- or -sfgecific protein
modification®®*%°> Concurrently, access to well-defined (hetero)tedtic
polymers other than PEG has become possible dwatances in the field of
controlled/"living” polymerization®. These combined developments in addition
to already consolidated click chemistry technighese lead to a boom in the
number of studies implicating protein—polymer cagjtes, whether for therapeutic
purposes or ndt With these advances, many new possibilities aeslable for
adjusting the properties of the final conjugate.eCaspect which is of prime
importance in the field is that while proteins aiged to prepare many functional
constructs, they are sensitive biomolecules andt thieactivity can be either
positively or negatively influenced by many diffate aspects of polymer

modification.

4.3 Section aim

In this section of research work click chemistryastgy developed was
applied in Chitosan chemical modification in order study the possible
exploitation of click cycloaddition to the regiosetive crosslinking of chitosan
with PEO di-alkyne. Has been used the followingtstgy: (a) NH protection by
phthaloylation, (b) regioselective C-6 functionalibn with N; groups, (c)
crosslinking by cycloaddition with di-alkyne PEOyda(d) NH deprotection. In
particular, N-Phthaloyl-Chitosan was first seleely functionalized with azide
groups. The crosslinking of the azide-functionalizhitosan was then obtained by
Cu(l)-catalyzed azide—dialkynes [3+2] dipolar cyddition with a-w-dialkyne-
PEQoowe The obtained biomaterial crosslinked with diakynrPEO was
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characterized by swellability tests to explore pgussibility of its application as
hydrogel for pharmaceutical application. Last parsection regards 1-3 Huisgen
cycloaddition in aqueous environment. In particularas developed, in
collaboration with ETHZ research group directed fopfessor Jean Cristophe
Leroux, a synthetic strategy to obtain charged wgetiesa-chymotrypsin-PEG
methacrylate using Grafting from approach by CdnRadical Copolymerization
of azided monomer and different PEG methacrylatatad froma-chymotrypsin
macroinitiator. Azide groups present in polymer etigis were then coupled by 1-3
Huisgen cycloaddition catalysed by Cu(l) and DIP&4th different alkyne
ionisable molecules such as propargyl alcohol, gy amine and propiolic acid.
To evaluate influence of charged polymer coatingoschymotrypsin activity,

were carried out activity test with protein and amacid substrates.

4.4 Synthesis of PEO crosslinked Chitosan

4.4.1 Synthesis of azided Chitosan

Chitosan chosen for synthetic pathway is commeegsiallable with viscosity
molecular weight of 110-150 kDa and degree of de#ation estimated byH-
NMR around 90% (figure 4.5), for this reason in fedlure concerning synthesis
will be showed only deacetylated unit.

Fig.4.5 Chitosan chosen for synthesis chemicaktstine
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First step of strategy regarded amino group pratecby reaction with

phtalic anhydride as illustrated in figure 4.5

Fig. 4.6 Chitosan amino group protection by phtaithydride reaction

Protection increases chitosan solubility in polaroéic solvent such as DMF
and DMSO, avoids amino group interferences witlthierr reaction and aromatic
ring protons are a good internal standard for Na&lotyl-Chitosan*H-NMR
characterization because their signals can be faatdeen 7-8 ppm a zone not
crowded from others protons signals. N-Phthaloyit@dan was obtained by
reacting chitosan with phthalic anhydride under vemrional conditior® in
absence of moisture. To achieve this condition @3aim was dried under,®s
vacuum at 100°C overnight. Reaction was carrieduodier magnetic agitation for
6 hours then reaction mixture was precipitatedce water bath. Filtered product
was washed with ethanol and dridd-NMR analysis was used to confirm product
chemical structure, N-Phthaloyl-Chitosan, comparingggrations values of the
signals related to the phtalimide aromatic protdifisg) (6 = 7.39-7.78) and C1
proton (e) § = 5.20) (figure 4.7) was evaluated that Chitosamversion degree is,
within the limits of experimental error, around 90%s already mentioned, N-
Phthaloyl-Chitosan is more soluble in DMF respeattsg Chitosan. This feature

helps two-steps azidation process. First step gepvas usual, hydroxyl group
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activation by mesyl chloride. Was observed that thaction is extremely selective

toward primary hydroxyl group as illustrated inurg 4.8.

f+g 2 g l
\ = ’
|
| Jl\ N I |
I} f
l 1 I! c+d = / ‘I |
i\ [N /\/ \ | ‘ acetylated
"y 'w‘\ = /\/’ N \ | .A' | residue
/ — - VoA
e U o —— NN e
8.0 7.5 7.0 6.5 6.0 5.5 4.0 3.5 3.0 25 2.0 1.5

n=0

Cl—S—CH;

DIPEA, DMF,
10°C

Fig.4.8 activation of chitosan primary hidroxyl gne by mesyl chloride reaction

N-Phthaloyl-Chitosan was before solved in dry DMF88°C then cooled
under nitrogen at room temperature, observing amdgeneous solution.
Temperature was set to 10°C by thermostatic bathvtmd eventual Chitosan
precipitation and to dissipate heat of reactiondé&mmagnetic stirring were added
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DIPEA and dropwise mesyl chloride. After five miastreaction mixture viscosity
increase up to a gel formation. This phenomenon pvabably due to ionic an
hydrogen interactions between charged Chitosan BNE®. Reaction gelled

mixture was transferred in methanol, obtaining &tefogeneous powder. This
powder showegboor solubility in deuterated DMF at room temperailbut was

very soluble in basic fD. In this solvent was carried otii-NMR analysis to

define powder chemical structure which resultedbeo(figure 4.9). mesylated N-
Phthaloyl-Chitosan (N-Pht-Chitosan-mesy). Compaiinggrations values of the
signals related to the phtalimide aromatic prot¢irg) (6 = 7.39-7.78) and mesyl
protons, CH-OSO (k) ¢ = 3.20) (figure 4.9) was evaluated that N-Phthialoy
Chitosan conversion degree is, within the limitexperimental error, around 10%

residue

f+ b+c
"‘g ‘-\ a k acetyc:ated
N i n residue
o N ) resldee.
T T T T T T T T T T T T T T T T T T T T T T T T
10.5 95 90 85 80 7.5 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -1.0

1 (ppm)
Fig. 4.9'"H-NMR spectrum of N-phtaloil Chitosan- mesy withtpn assignment

N-Pht-Chitosan-mesy powder was dried under vacutu@0&C to remove
any methanol trace and redissolved in dry DMF. Reaavith mesyl chloride and

subsequent purification was repeated accordinghnéosame procedure described
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above. 'H-NMR in basic BO showed an increase of N-Phthaloyl-Chitosan

conversion degree

Il
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Fig. 4.10"H-NMR spectrum of N-phtaloil Chitosan- mesy afetand reaction with mesyl

chloride with proton assignment

Comparing integrations values of the signals rdlate the phtalimide
aromatic protongf+g) (6 = 7.39-7.78) and mesyl protons, €8SO0 (k) 6 = 3.20)
(figure 4.9) was evaluated that N-Phthaloyl-Chitosanversion degree is, within
the limits of experimental error, around 25%. Thmiting step of the hydroxyl
activation with Mesyl chloride seems to be DMF defmation. Therefore
repeating reaction and methanol washing cycle ipassible to suitably tune
functionalization degree. Nucleophilic substitutwwas carried out as usual in large
excess of sodium azide in a refluxing mixture of Blén water 20/1 v/v at 80°C
for 24 hours as illustrated in figure 4.11. Reattimixture was concentrated,

precipitated in cool water, filtered and washedcvethanol
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NaN3

e —
DMF, water
80°,24 h

Fig. 4.11 Nucleophilic substitution of N-phtaloihifosan- mesy with sodium azide

'H-NMR and FTIR analysis were used to confirm N-Rlall-Chitosan-N
chemical structure; in spectrum showed in figuré24can be noted complete
disappearance of signal related to mesyl group-G80 protons(k) (6 = 3.20).

FTIR spectrum shows azide characteristic stretchiagd at 2100 cih (figure

4.13)
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Fig. 4.12'H-NMR spectrum of N-phtaloil ChitosansWith proton assignment
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Fig.4.13 FTIR spectrum of N-phtaloil Chitosan-ldan be noted characteristic azide
stretching band at 2100 ci-

On these bases was estimated a quantitative comwveo$ N-Phthaloyl-
Chitosan-mesy toward azided product.

4.4.2 Synthesis ofi-w-dialkyne-PEOgo00

Synthetic pathway to achieve-w-dialkyne-PEQqqq illustrated in figure
413, started froma-w-dihydroxyl-PEQpe Terminal hydroxyl group were
changed into azide through two step process viglnaesivation and azide groups
were in their turn changed into amine groups thhow$y/Pd reduction. This
reaction was carried out in hydrogen flux bubblithgg gas through capillary
immersed in chloroform/ methanol solution contagnpalladium on carbon arw
w-di-azide-PEGyoe Was not tried esterification of 4-pentynoic acatalysed by
DCC and DMAP ontax-w-dihydroxyl-PEQqoo to avoid drawbacks deriving from
incomplete reagent conversion. All steps were datarized from conversion
degrees, calculated BY-NMR analysis, higher than 95%. In particular, @aring
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integrations values of the signals related to PE@ops CH-NH-CO(b) (6 = 4.0)
and mesyl protons, HE&-CH,-OCO- (c) 6 = 4.65) (figure 4.14) was evaluated a

guantitative conversion af-w-di-amine-PEGQyoo

° 136
1. Mesyl Chloride, DIPEA
2. NaN,, DMF
Na\/\$ /\%/\/'%
° 136

H,, Pd/C ,CHCI;/MeOH

HzN \/\$ /\%/\/N Hz
© 136
Propargyl chloroformate
NaHCO; CHCl,

%\/OTHWOWHTO\/\

Fig.4.13 Synthetic pathway for csdialkyne-PEQgy preparation

Fig. 4.14'H-NMR spectrum ofr- s dialkyne-PEQuwith proton assignment
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Ninhydrin assay confirmed quantitative couplingeaing no amine groups.

4.4.3 1-3 Huisgen cycloaddition between N-Phthalo@hitosan-N; and a-
w-dialkyne-PEOso00

The final coupling between N-Phthaloyl-Chitosagadda-w-dialkyne-
PEQyo00 to obtain cross-linked Chitosan was carried owoeting to the usual
protocol, as illustrated in figure 4.15.

Cu(l), DIPEA
DMF, 80°C, 72 h

Fig. 4.15 1-3 Huisgen cycloadditidretween N-Phthaloyl-ChitosansBnd a- codialkyne-PEQqq
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In a first bottle was solved-w-dialkyne-PEQyoo With a 10% molar excess
respect to azided Chitosan and DIPEA in dry DMHs®olution was subjected to
three freeze in liquid nitrogen and thawing undercuum cycle; then was
transferred under argon in a second bottle comgini-Phthaloyl-Chitosan-Nand
BrCu(P(Ph3)s. The reaction mixture was stirred for 72 hour8@tC. During the
reaction was observed a gradual chitosan desdlwatafThe final reaction
dispersion was precipitated in chloroform and dikd. FT-IR analysis shows the
the complete disappearance of the azide charaatesigetching peak at 2100 &ém
(figure 4.16)

4000 3600 3200 2600 2400 2000 1800 1600 1400 1200 1000 800 600 380
Wavenumber (cm-1)

Fig.4.16 FTIR spectrum of PEO-cross-linked-Chitosan be noted complete disappearance

of the characteristic azide stretching band at 260"

'H-NMR analysis carried out in basic,® was used to confirm the chemical

structure of PEO-cross-linked-Chitosan. Figure &h@ws characteristic signal of
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PEO protons O-CHCH, (6 = 3.60 ) and those of phtalimide aromatic prot@ns
7.30 ). Can be noted also the signal related talkygne proton ofx-w-dialkyne-
PEGs000(6 = 2.50 ),highlighting the presence of not crosdohPEO chains. This is

probably due to 10% PEO molar excess used.

PEO+Chitosan
protons

Phatalimide
aromatic
protons

AN
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PEO-alkyne  Acetylated
proton residue

—_—T A
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8.5 80 75 7.0 6.5 6.0 55 45 4.0 35 30 25 2.0 1.5

5.0
1 (ppm)

Fig. 4.17*"H-NMR spectrum of PEO-cross-linked-Chitosan witbtpn assignment

4.4.4 NH, deprotection of PEO-cross-linked-Chitosan

PEO-cross-linked-Chitosan was treated with hydentonohydrate in order
to restore the free amino groups, as illustratefiure 4.18. The fine dispersion of

PEO-cross-linked-Chitosan was stirred under nitnofge 15 hours at 80°C. After
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cooling, the mixture was diluted with water and mwated with a rotary
evaporator, recovering deprotected PEO-cross-lh@Hatbsan as an almost

colorless powdery material.

,HN-NH,*H,0
80°C, 15 h

Fig. 4.18 NH deprotection of PEO-cross-linked-Chitosan throlngdrazine idrate reaction

'H-NMR analysis carried out in basic® was used to confirm the chemical
structure of PEO-cross-linked-Chitosan-NH-igure 4.19 shows the complete

disappearance of signal related to phtalimide atiorpaotons § = 7.30 ).
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Fig. 4.19'H-NMR spectrum of PEO-cross-linked-Chitosan,N¥th proton assignment

4.4.5 Swelling behaviour preliminary study

As already described, the NHlieprotection product was almost colorless
powder. In order to explore possible applicatiorhyalrogel preparation the PEO-
cross-linked-Chitosan-NHpowder was extracted with water/acetic acid mixture
5/1 viv to purify cross-linked network from residluiee chain. No weight
decreasing was observed after acidic extractiorer&ibre were prepared two
tablets using PEO-cross-linked-Chitosan-NHhese two tablets were dropwise
hydrated, dried with absorbent paper and was m@uttheir weight during 10
hours. This survey showed a 940% mass average asgreconfirming the

potentials in hydrogel preparations
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4.5 1-3 Huisgen cycloaddition in aqueous environment: charged

a-chymotrypsin-PEG methacrylate conjugates

So far have been reported applications of syntisttategy developed in this
research work only for the synthesis of biomatsrial organic solvents. In
paragraph 4.2 of this chapter has been descrilgennghortance of polymer-protein
conjugates in mantaining the protein three-dimeraistructure and to avoid any
degradation or elimination phenomenon. In this pafrtresearch project was
developed a click chemistry strategy based on 143d¢n cycloaddition to modify
polymer moieties of conjugates-chymotrypsin-PEG methacrylate, inserting
ionisable groups, and to study the influence ofs¢henodification on final
conjugates activity. This work was carried out aflaboration with Jean Cristophe
Leroux research team, supervised by Dott. Marc Ai@lauthier from ETHZ

In professor Leroux laboratory has been alreadgistuthe influence of
comb-like PEG chain obtained polymerizing PEG metylate (PEG-MA) on
conjugates activity, usingi-chymotrypsin as ATRP initiator (Atom Transfer

Radical Polymerization) and taking in account ddfe parameters like:
* Number of polymer chain in the conjugate

* Different molecular weight monomer (PEG MA 188wa, 300 u.m.a, 475

u.m.a., 1100 u.m.a.)
* Degree of polymerization

These studies show that the polymer cannot be deregi as an inert entity,
on the contrary, can strongly influence conjugatiévey toward different substrate
such as a protein, an amino acid or a pepftide particular has been found that the
polymer moiety gives to conjugate a “molecular egvcapacity, in fact the
activity toward amino acid was found to be also temes higher than towards

150



Chapter 4:click chemistry strategy applied in High molecular weight range [kt

protein substrate and this effect is more pronodnice conjugates with four
polymer chains, using PE&@-MA as monomer with a degree of polymerization
between 25-40 monomer units. On these bases, itintasesting evaluate the
influence of a different parameter such as the gmes of charged group on
polymer moiety on conjugate activity. In particular-chymotrypsin-PEG
conjugates with azide “clickable” terminal were #gtized. These terminal are
useful for coupling of alkyne ionisable groups 8 IHuisgen cycloaddition
catalyzed by Copper(l). In particular-chymotrypsin has been functionalized by
ATRP initiator to give a macroinitiator for copolgmzation of PEG;sMA and
Azided triethylenglycol methacrylate properly syetihed. After copolymerization
was carried out click coupling in “one pot-two stéprocedure with propargyl
alcohol, propargyl amine and propiolic acid simptgpping monomer addition by
allyl alcohol, a substrate able to slow dramaticgblymerization rate. After
purification desired compounds were characterizetlMR, FT-IR, GPC and was
evaluated their activity toward amino acid and @it A synthetic pathway

overview was illustrated in figure 4.20

Azided triethyiengiycoi N /Avn\\/A\o/‘\_\/cYu\ ‘<_w
methacrylate I a
S
>
S
=)
’ gl
=t “ Click coupling of
PEG 475 MA 2 lonizable groups

: " : Azided monomer _ g
a-Chymatrypsin ATRP S|
activation Polymerization —_—
\\‘/\OH
Le]

\X/H\OH

Activity test Characterization of protein-polymer
conjugates

Fig. 4.20 Overview of conjugate synthesis
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4.5.1 Synthesis ofi-chimotripsin ATRP macroinitiator

Chymotrypsin is a digestive enzyme component otpaatic juice acting in
the duodenum where it performs proteolysis, theakmewn of proteins and
polypeptides. Chymotrypsin preferentially cleaveptme amide bonds where the
carboxyl side of the amide bond (the P1 positiengilarge hydrophobic amino
acid (tyrosine, tryptophan, and phenylalanine).

Fig.4.21 Bovine serurma-chymotrypsin crystal structure (RCSB Protein DBtmker)

These amino acids contain an aromatic ring in thiiechain that fits into a
'hydrophobic pocket' (the S1 position) of the enayihis activated in the presence
of trypsin. The hydrophobic and shape complemdntdretween the peptide
substrate P1 sidechain and the enzyme S1 bindinty @ccounts for the substrate
specificity of this enzyme. In vivo, chymotrypsiacilitates the cleavage of peptide
bonds by a hydrolysis reaction, which despite béegmodynamically favorable
occurs extremely slowly in the absence of a catalyee main substrates of
chymotrypsin include tryptophan, tyrosine, phergate, leucine, and methionine,
which are cleaved at the carboxyl termiakecondary hydrolysis will also occur

on the C-terminal side of methionine, isoleucineriree, threonine, valine,
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histidine, glycine, and alanine Like many proteaselsymotrypsin will also
hydrolyse amide bonds in vitro, a virtue that emedlthe use of substrate analogs
such as N-acetyl-L-phenylalanine p-nitrophenyl amidr enzyme assays. The
synthesis ofa-chymotrypsin macroinitiator was carried out stegtifrom native
protein and functionalizing Lysine amino groups ¥Bromo-2 methyl-propionyl
bromide according to a protocol already optimiZas illustrated in figure 4.22.
Have been adopted reaction condition useful toiolzt@erage four initiator points

for each protein macroinitiator.

Fig.4.22 Synthesis @f-chymotrypsin macroinitiator

IDAS -

FEE (8w
-
-

781 W p—
=

Gl d oA

Fig. 4.23 MALDI-TOF analysis af-chymotrypsin macroinitiator
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The average initiators attached to the protein esisnated by MALDI-TOF
analysis illustrated in figure 4.23 which evidencedpeak at the native protein m/z
(Molecular weight of native protein=25.6 kDa), whilfive peaks related to
functionalized protein. Taking in account that noollar weight of linked initiator
group was 150 Da, the distribution of m/z showsaximum at around 3-4 groups

initiators for each protein.

4.5.2Synthesis of Azided triethylenglycol methacrylate ARP monomer

The Azided monomer for ATRP copolymerization wittmamercial PEGs
MA was synthethized starting from Triethylenglycohonochloridine This
synthesis provides two steps: the first azidatiprSbdium azide followed by the
addition of the Methacrylate terminal step by Metiyboyl chloride, as illustrated
in figure 4.24

NaN;, KI, (it
H,0, 80°C, c . . CH,
24h 0 OH
AN H AN oL NS
TEA 0

CH,Cly, 4°C, 12h
Fig. 4.24 Two step synthesis of azided triethyljrgimethacrylate ATRP monomer

The first step was characterized by a quantitativeversion and yield. After
the Methacrylate addition reaction, the crude pobaias added to a cool (ice bath)
5% NaCQ solution and the resulting mixture was extractdth vethyl acetate.
Organic layer was dried on Sodium Sulphate anhygjrooncentrated and purified
by silica gel flash chromatography (ethyl acetardme 50% v/v). The reaction
yield was quite low (11%) probably due to liquidtraxtion from NaC@ solution
of crude product.*H-NMR analysis was used to confirm the final azided

triethylenglycol methacrylate (TEG-MA-azided) pyriand chemical structure. In
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particular, comparing integrations values of thgnals related to the protons &H
CH,-O (d) (6 = 3.70) with those related to -GHDCO protons (e)d(= 4.20) and
with those related to CHN3(b) 6 = 3.31) (figure 4.25) was evaluated a

guantitative conversion dle Triethylenglycol monochloridine

fg
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Fig.4.25 1H-NMR of azided triethylenglycol methdaty ATRP monomer with proton

assignment

4.5.3 ATRP Copolymerization and click coupling test

Obtained the azided monomer with a very high graflgurity, it was
possible to study copolymerization with PE&MA. ATRP has been successfully
mediated by a variety of metals, including thoserfrgroups 4 (Ti), 6 (Mo), 7 (Re),
8 (Fe, Ru, Os), 9 (Rh, Co), 10 (Ni, Pd) and 11 {€uomplexes of copper have
been found to be the most efficient catalysts i@ ATRP of a broad range of

monomers in diverse media. Similarly to other rabolymerization, a copper(l)
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complex is responsible for a homolytic cleavageawfalkyl halide bond (RX) to
generate a corresponding copper(ll) complex andrganic radical (figure 4.26).
The generated radical can then propagate with vimyhomer (k), terminate by
either coupling or disproportionation(kor be reversibly deactivateds{koy the
copper(ll) complex to generate halide-capped dotrmpalymer chain and copper(l)
complex. Radical concentration is diminished in ATHue to persistent radical
effect (PRE),18 and the ATRP equilibrium si&p = ki/kg) is strongly shifted
towards dormant species o(kK< ky). As a result, polymers with predictable
molecular weights, narrow molecular weight disttibn and high functionalities

have been synthesized.
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Fig. 4.26 Proposed mechanism for copper/2,2’-bigipie mediated ATRP.

In order to test feasibility of copolymerizatiojg reaction was carried out
in the same condition used farchymotrypsin-PEG-MA conjugates synthetized
before in the professor Leroux laboratory, optimigzthe amount of catalyst and of
monomer to achieve a degree of polymerization betm2b-40 monomer units for
each initiator group in a reasonable reaction tiB&sing on data achieved in a
monomer/catalyst screening, it was chosen a 1:26[rmatio protein initiator
groups/monomer and 1:8 molar ratio protein initiggooups/catalyst. The azided
monomer is quite hydrophobic and the copolymeriratieeds of aqueous buffer,
for this reason it was decided to add a large amotiPEG7sMA (20% azided
monomer 80% PEG-MA on total mol of monomer) to htip dissolution and
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avoid phase separation. PE&MA, was purified from inhibitor by celite/neutral
alumina column then was bubbled with argon and @duoheler argon in 5 mL flask
with TEG-MA-azided;a—chymotrypsin macroinitiator was solved in 2 mLRBS
buffer (0.1 M, pH 6.0) bubbled with argon and teadution added to the monomer
flask. Solution of monomers and macroinitiator weensferred under argon in
catalyst flask containing CuBr, CuBr2-2'-Bipyridil. After 4 hours of stirring in
cool room at 4°C, reaction mixture was exposedrtdeactivating the catalyst and
purified by ultracentrifugation (cutoff tubes merabe=30 kDa).'H-NMR in D,O
using the unpurifiedx-chimotrypsyn-PEGsTEG-azided conjugate was used to
estimate the Degree of polymerization (D.P.). Commgathe decrease of the
integrations values related to double bond monaiggrals CH=C- (f+g) (6 = 5,66
and 6.08) respect those of the PEG terminal meiigO-CH,- (b) 6 = 3.70) in
figure 4.28 D.P=40 monomer unit/initiator group was estimated. phesence of
azide monomer in polymer chains was verified by IRT-monitoring the
characteristic azide stretching peaks at 2100' dm conjugate purified by

monomer (figure 4.27)

T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm '1)

Fig. 4.27 FTIR spectrum of a-chimotrypsyn-PRE EG-azided conjugate

157



Chapter 4:click chemistry strategy applied in High molecular weight range

HaC, u.;c\_
o <3
&' Se e
== Mmi-’i . N o ;:D o =.—:O
e At
B o e
e
i<,
|

-

i

)
|

;
INAN \ g

B NI L Y VSV N

62 58 54 50 46 42 38 34 30 26 22 18 14 10 06
11 (ppm)

f

ﬂi j k

|
[
" 9 F\

ol
I AR N I

6.0 5.5 5.0 45 4.0 3.5 3.0 25 20 1.5 1.0 0.5
1 (ppm)

Fig.4.28 '"H-NMR spectrum of»-chimotrypsyn-PEGsTEG-azided conjugate with proton
assignment

A click coupling test was carried out with propdrgycohol in order to

optimize the 1-3 Huisgen cycloaddition reactionditions. Thusga-chimotrypsyn-
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PEG;7;5TEG-azided conjugate, propargyl alcohol, Di-isqpieethyl amine
(DIPEA), Sodium ascorbate, Copper sulphate, wede@adinder argon in 1.5 mL
of aqueous PBS (pH=6, 0.1 M). The mixture was eirfor 12 hours at room
temperature and then was purified by ultracentafiogn. Purified product was
freeze-dried and analysed by FT-IR. The figure 48%ws a complete
disappearance of the characteristic azide streyghiraks at 2100 ch evidencing

a gquantitative coupling.

Fig. 4.29 FTIR spectrum of a-chimotrypsyn-PREIEG conjugate after 1-3Huisgen

cycloaddition with propargyl alcohol

4.5.4 Smart synthesis of charged conjugates

Verified the successful of the two separated st&FRP copolymerization
and click coupling, was developed a protocol tryiagunify the reactions in one
pot two steps synthesis. Both the copolymerizasiod click coupling, in fact, are
catalysed by Cu(l) and other reagent in first rieactio not interfere with coupling.
The main problem was stopping the monomer addictifter achieving desired

degree of polymerization. To obviate this drawbaesks added allyl alcohol as
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monomer in polymerization batch. This alcohol caanghtically slow reaction rate
closer to total stof. Using this skill, the synthesis was carried autlascribed in
figure 4.30

Sodium ascorbate
DIPEA

Propargyl alcohol

ATRP

ATRP Polymerization

Polymerization

stop

Sodium ascorbate
DIPEA

Propargyl amine

Sodium ascorbate
DIPEA

C= == C=C=

Cu(1),Cu(l), Copper ligand Cu(1),Cu(N), Copper ligand Propiolic acid
Protein initiator Protein initiator
Azided monomer Azided monomer
PEG 475 MA PEG 475 MA
Buffer Buffer Air
Allyl alcohol (azided control)
\/\OH

Fig. 4.30 Schematic synthetic protocol for synteesfycharged conjugates

In the first bottle were added all reactive forypoérization, when desired
D.P. is achieved polymerization was “stopped” by #tlyl alcohol addition. Then
reaction mixture was divided in four portions: thrfer click coupling and another
one, exposed to air to deactivate the catalystotdrol the azidation grade. With
this smart protocol were synthetized and charadrcharged conjugates starting

from the protein macroinitiator with four initiatpoints. After 12 hours of stirring

at room temperature the three click coupling sampled the Azido control
were purified by ultracentrifugation (cutoff tubeembrane30 kDa).'H-NMR in
D,0O analysis on unpurified conjugate before and &tiyt alcohol addition was
used to estimate D.P. Comparing the decrease ahtbgrations values related to
double bond monomer signals &- (f+g) (6 = 5,66 and 6.08) respect those of
the PEG terminal methyl GHD-CH,- (b) @ = 3.70) both in the spectrum
illustrated in figure 4.31 and in that illustratedfigure 4.32 D.P~14 monomer
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161
unit/initiator group was estimated. The quantitatanalysis of the azide group

present in polymer chains was obtained from FT+iR MR data.

T T
6.0 5.5

5.0

ik
4.‘5 410

T T
25 2.0

T T
1.5 0.5

Fig.4.31 'H-NMR spectrum ofr-chimotrypsyn-PEGsTEG-azided conjugate before allyl
alcohol addition with proton assignment
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b
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Fig.4.32 'H-NMR spectrum ofa-chimotrypsyn-PEGsTEG-azided conjugate after allyl

alcohol addition with proton assignment
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Fig 4.33FTIR spectra obr-chimotrypsyn-PEGsTEG conjugates synthetized with one pot-
two steps protocol after monomers purification: a@ided control, b)propargy! alcohol sample,

c)propargyl amine sample, d) propiolic acid sample
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FT-IR analysis carried out after monomers purifamat confirmed the
presence of the characteristic azide stretchindkpea 2100 cm in the azided
control sample and complete disappearance of tgisals evidencing complete
conversion, in all three click coupling samplesofrgyl alcohol, propargyl
amine, propiolic acid) (figure 4.33). Starting frdhis evidence, more detailéd-
NMR analysis (512 scans) were carried out to qtetively define the azided and,
consequently after click coupling, charged chainsthe conjugates polymer
moiety. In particular, were checked integrationssigihals related to the-azide
methylene group in the spectra of azided controiea and the propargyl alcohol
clicked one before and after monomers purificatiéfter polymerization in
unpurified azided control conjugate spectrum thgnali related toa-azide
methylene group appear as showed in figure 4.3#: piossible to distinguish at
0=3.4-3.45 the triplet signal due to methylene arghaulder. In purified azided-
conjugate (figure 4.35) the triplet and the shouldecome a single collapsed
signal. Comparing the integrations related to tingls collapsed signal in azided
control ©=-3.47) with those related to same signal in theggargyl alcohol clicked
conjugate was found a significant decrease of ratem in the last sample. After
click coupling reaction in propargyl alcohol clickeonjugate the integration of
this single signal decrease becaosa&zide methylene reacted to give triazole. (the
signal atd= 8.00 in figure 4.36) The resulting decreasedgrggon value can be
considered as only contribution of the shoulderthe single collapsed signal,
taking in account FTIR data which no evidenced iopargyl alcohol clicked
conjugate the characteristic azide stretching sighabtracting the contribute of
the shoulder to the single collapsed signal wasiptesto quantify polymer moiety
azided chains as 25% of the total. This value ssprEs also the amount of charged
groups into conjugates, considering quantitativeaveossion degree of click

coupling reaction
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Fig.4.36 '"H-NMR spectrum (512 scans.)of tpeopargyl alcohol clicked conjugate after
monomers purification; a#=8.00 can be noted characteristic triazole protegns|
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4.5.5 GPC analysis of the synthetized conjugates

All the synthetized conjugates were analysed by GBEl Permeation
Cromatography) to check molecular weights distrdoutof polymer moiety as
illustrated in figures 4.37-4.40

Propargyl alcohol
clicked Conjugate
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Fig. 4.37 GPC analysis of the propargyl alcohotkkd conjugate

Propargyl amine
clicked Conjugate
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Fig. 4.38 GPC analysis of the propargyl amine didlconjugate
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Propiolic acid clicked
Conjugate
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Fig. 4.39 GPC analysis of the propiolic acid clidkeonjugate

Azided control
Conjugate
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Fig. 4.40 GPC analysis of the azided control coapeg

All synthetized conjugates GPC analysis evidenceticmomodal regular
distribution of molecular weights, confirming susstl outcome of ATRP

copolymerization.
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4.5.6 Charged Conjugates activity tests

The activity tests with the synthetized conjugatesre carried out by UV
measurements following a protocol optimized in proéroux laboratory. Was
tested the activity of all conjugates synthetizedard a protein (casein) and amino
acid(N-Benzoyl-L-tyrosine p-nitroanilide) and wa®ngpared with activity of

native protein taken as standard, as illustratdijures 4.41 and 4.42

Aminoacid Activity Test

Native Protein

control
1
Azided control
Conjugate
0.8
0.6
Propiolic Acid
Conjugate
0.4
Propargyl Alcohol Propargyl Amine
Conjugate Conjugate

0.2

. |

Fig. 4.41 Activity test with amino acid (N-Benzbytyrosine p-nitroanilide)

Protein Activity Test

Hatide Frotein
+  Caonirel
Azide d Contiol
Comjugate

Prapialic Acid
Conjugale

Paopargyl Alcohal Propargyl Amine
Camfiugate Caonjugats

Fig. 4.42 Activity test with protein (casein)
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As regard Benzoyl-I-tyrosin@-nitroanilide (BTpNA) test, to solutions of
aCT or aCT—polymer charged conjugates (0.1 mg.mprotein) in 200uL 100
mM Tris buffer (pH 8) in a 96-well plate was addsjuL of a solution of BpPNA
(1 mg.mL?) in DMF at room temperature or 37 °C. The evohutid absorbance at
412 nm was recorded over 3 minutes and the actoatgulated from the initial
slope. While in Milk casein test, to solutions @€T or aCT—polymer charged
conjugates (0.1 mg.mL protein) in 100pL 100 mM Tris buffer (pH 8) in
Eppendorf vials was added 1 mL of a casein suspend0 mg.mLCY) and the
mixture incubated at room temperature or 37 °CerARO min, the reaction was
stopped with 20QuL of 50% trichloroacetic acid in water. The pretape was
removed by centrifugation at 4 °C and the absobai@00uL of supernatant at
280 nm measured. All the synthetized conjugatesvsaadecreasing of protein
catalytic activity both toward amino acid and pnotd.oss of activity seems to be
less pronounced in the protein test, probably dudower charge density and
consequent ionic repulsion of the protein compaedminoacid. The azided
Control shows an higher catalytic activity respetitked conjugates both in
protein and aminoacid test. This phenomenon coal@plained considering tha
the polymer moiety intra-chains repulsion due tazwle formation can influence
the protein tridimensional structure, disturbing thteraction of the substrate with

the catalytic site.
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This research work can be included in the broadetext of synthesis and
characterization of polymeric biomaterials. In matfar, has been developed a
synthetic strategy based on click chemistry, in tipalar on 1-3
Huisgencicloaddition (HDC) between azide and alkgrneups catalysed by Cu(l).
The main advantages of this strategy is to be foundhe simplicity of the
characterization of synthetic intermediates, esantH-NMR and FT-IR, and the
possibility to make useful as point of couplig afunctional group generally
present in polymers such as —OH, -Nét -COOH. The azidation route adopted
concern two-step process with azide displacemenin frmethanesulfonate
(mesylate) alcohols obtained by mesyl chloride ieacThis process demonstrated
to be more performing in macromolecular functioration regardingmilder
reaction condition, almost quantitative conversamal selectivity because mesyl is
an excellent leaving group, avoiding byproduct peobseparation, and simplicity
of characterization. Alkyne functionalization walstained starting from different
polymer terminal groups such as hydroxyl, aminecarboxylic. The terminal
amine groups were reacted with propargyl chloroienin presence of an proton
acceptor, to give propargyl carbamate. The ternfigdroxyl were reacted with 4-
pentynoic acid by dimethyl amino pyridine (DMAP)dadicyclohexylcarbodiimide
(DCC) catalyst to give propargyl ester, while tamalicarboxylic groups, by same
catalyst, give alkyne-esters with 3-butynol. Allele products can be easily
characterized byH-NMR. The synthetic strategy developed is a veoyerful
tools employed in different molecular weight rangegh satisfying results. To
simplify the discussion, the results have been sanmed in three ranges of
molecular weights: low molecular weight from 10@20000 Da, medium from
20000 to 50000 Da and high from 50000 to 200000 Da.

As regard Low molecular weight range were syntleetiand characterized
amphiphilic diblock copolymer of hydrophobic pdayeaprolactone (PCL) and
hydrophilic poly(ethylenglycol) (PEG) block with ndinear architecture. Thanks

to click coupling strategy has been possible taeaghcopolymer with different
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architecture and to evaluate the influence of plaisameter on copolymer bulk and
self-assembly properties. In particular were syiitbd diblock PEGosPCLsooo
triblock PEGoorPClsoocPEGoos miktoarm Y-I-shaped (PEfgog2-PCLlssoo
miktoarm Y-ll-shaped (PEfgo)2-PCly200PEGoo0 and miktoarm H-shaped
(PEGL000)2-PCLi100c(PEG0og2. The molecular and structural characterization of
the copolymers were carried out by technigti¢NMR, FT-IR, DSC, SEC, and
X-ray diffraction It has also been carried out gprapriate evaluation of their
potential as biomimetic nanocarriers for targeted sustained release of bioactive
substances by analyzing the characteristics ofassémbly in aqueous systems (in
collaboration with research group from tt&ipartimento di ChimicaFarmaceutica
e Tossicologica” directed by FabianaQuaglia), deteing the size (DLS), the
critical aggregation concentration (CAC), the marplgy (TEM) and the surface
properties of the aggregates. In molecular chatizeteon was observed a very
high regularity in structure and composition wittomomodal distributions of the
products molecular weight. DSC and WAXS showed agehinfluence of PCL
segments on the PEG segment crystallization ithallcopolymers synthetized. In
particular was not possible to find crystalline PB$ WAXS analysis. The
analysis of water self-assembled nanoaggregateslexy CAC of in the order of
10 mol L, hydrodynamic diameter from 67 to 150 nm and digar negative
Z-potential from 13 to 33 mV. The copolymer arcbitee has a negligible
influence on these nanoaggregates properties, ekmepydrodynamic diameter.
Was tried an indirect estimation of the PEG shakness by Z-potential
measurement, evidencing a collapsed PEG shell fehaped copolymers and an
intermediate condition between collapsed and fslyetched PEG shell for all
other copolymers. The TEM analysis together withNMR in D,O on the
copolymer nanoaggregates evidenced globular mooglolvith a very compact
PEG shell for the H-shaped copolymer, quite globllat more heterogeneous
morphology with quite compact PEG shell for Y-llagled copolymer and worm

like aggregates for Y-I-shaped with non-compact REE&l
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Furthermore were synthetized folate diblock FOL-Rig&PClsooo and
rhodamine triblock ROD-PEfysPCLroocPEGo00 copolymer with a very high
regularity in structure and composition, obtaining reasonable PEO
functionalization degree. A cathechol derivativeblbck PEQoorPClyoocCAT
was also synthetized with quantitative PCL functiocration degree

Concerning medium molecular weight range, was obthithe quantitative
modification of hydroxyl terminal into azide groupf a poly(ethyleneoxyde-
polystyrene) diblock copolymer used in nano-tecbgimal application without
modifying the backbone molecular structure of thealf product. Was also
synthetized poly(lactic-co-glycolic acid)(PLGA) fetionalized with rhodamine
using hydroxyl terminal of polyester with an highupling yield. The microspheres
obtained with ROD-PLGA were characterized in terrh dimension and
morphology byConfocal Laser Scanning Microscopy. without flueesgt dye treatment,
showing intrinsic fluorescent due to rhodamine rnyiand the same properties of
microsphere constituted of only PLGA.

In high molecular weight rangine developed synthetic strategy was appled in
Chitosan chemical modification to obtain a PEO I|disae crosslinked chitosan.
Has been used the following strategy: NHkrotection by phthaloylation,
regioselective C-6 functionalization withsdroups by two-step process via mesyl
chloride with 25% of conversion degree, quanti@torosslinking of all azided
terminal by cycloaddition with di-alkyne PEO, angdhazine hydrate final N
deprotection. The obtained crosslinked material hwidialkyne PEO was
characterized by preliminary swellability tests wirg a water weight increase of
940% respect to the starting mass. Last part o mplecular weight section
regards 1-3 Huisgen cycloaddition in aqueous enw@nt. In particular was
developed, in collaboration with ETHZ research gralirected by professor Jean
Cristophe Leroux, a smart synthetic strategy ornetywo steps to obtain charged
conjugatesu-chymotrypsin-PEG methacrylate using “Grafting ffoapproach by

Atom Transfer Radical copolymerization of azided nmmer and PEGs
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methacrylate initiated from a-chymotrypsin macroinitiator obtaining a
polymerization degree of 14 monomer unit/initiagmoup estimated by NMR
analysis. After stopping copolymerization by alfltohol addition, azide groups
present in polymer moieties were then coupled ¥ Huisgen cycloaddition
catalysed by Cu(l) and DIPEA in PBS-water solutiming sodium ascorbate as
reducing agent with different alkyne ionisable nooles such as propargyl alcohol,
propargyl amine and propiolic acid. All the synthetl conjugates was
characterized by GPC showing very regular monomadalecular weight
distribution. To evaluate influence of charged pody coating ora-chymotrypsin
activity, were carried out activity test with proteand amino acid substrates. These
tests evidenced a sensible loss of catalytic agtvi the synthetized conjugates

respect to the native protein

The future perspectives related to this researctk aoe linked to a better
characterization of material obtained thanks totlsstic strategy developed, such
as, for example, more accurate swelling behavidudiss for Chitosan-PEO
material or an encapsulation/release hydrophobieg dstudy for PEO-PCL

materials, to implement an operative protocol fleagmaceutical applications.
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6.1 Materials.

Solvents, monomers and chemicals were purchased 8mgma-Aldrich
unless otherwise stated. poly(styrdnethylenoxide) poly(lactic-co-glycolic) acid,
4-Pentynoic acid, trichloroacetic acid, trifluoreic anhydride, 2,2'-bipyridine,
methacryloyl chloride, 2-bromoisobutyryl bromidepper(l) bromide, copper(ll)
bromide,a-chymotrypsin ¢CT) from bovine pancreas, milk casein (sodium salt)
N-Benzoyli-tyrosine p-nitroanilide (BTpNA), sodium azide (NaB, N,N-
diisopropylethylamine (DIPEA),N,N'-dicyclohexylcarbodiimide (DCC) (1 M
solution in methylene chloride), lysine (lys), 4r(gthylamino) pyridine (DMAP),
N,N-dimethylformamide (DMF anhydrous, inhibitor &g tetrahydrofuran (THF,
anhydrous, inhibitor free), propargyl chloroformgfCF) and methane sulfonyl
chloride (Mes-Cl), Rhodamine B, Folic acid, 3-hydydyramine hydrobromide,
Triethylenglycol monochloridine were used as reediv Tin(ll) (2-
ethylhexanoate) (Sn(oct) was distilled under vacuum and stored in inert
atmosphere. Bromotris(triphenylphosphine)Cu(l), @&rP(ph));, was stored
under argon in a glove-box. 1,4-Dibromo-2-buta@®%) was purified by column
chromatography on silica gel with chloroform/metbla@5/5 v/v as eluent (98%
purity checked by GC-MS¥-Caprolactone (CL, Fluka) was distilled from GaH
under vacuum and stored over molecular sievesern atimospherax-Metoxy, w-
hydroxy-poly(ethylene glycol)nG-PEGporOH, M, =1,0 kDam-PEQscOH M,
=2,0 kDa, from Cleriant)a-w-di-hydroxy-poly(ethylene-oxyde) (H®EQ;p0-OH,
M, =6,0 kDa from Fluka) were dehydrated by azeotragigtillation with dry
toluene in a Dean-Stark trap. Chloroform dry (C&ttba) was distilled from CgH

and stored over molecular sieves in iremosphere.

6.2 Characterization.
TLC analyses were performed on silica gel suppatkdMb0 F254 using UV

lamp, iodine and/or ninhydrin as detectots- and **C-NMR spectra were
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recorded at 25 °C on Varian Gemini VXR-200 (200 Nildnd Bruker DRX (400
MHz) spectrometers using chlorofordn(CDCl) as a solvent and TMS as internal
standard. FTIR spectra were obtained using a Jasd®-430 spectrometer. The
samples were analyzed as thin films obtained bytienl casting onto a NaCl plate.
Wide-angle X-ray diffraction patterns (WAXS) werallected at r.t. using a Bragg-
Brentano6/20 Philips diffractometer (Cu-& source,A = 1.5418 A), with a @
range 0-90° and a scanning spe@f/At of 0.04 degree/s). Differential Scanning
Calorimetry (DSC) analyses were carried out undeogen on a Mettler Toledo-
30 instrument; two heating runs (-20°C to 80°C) ane cooling run (80°C to -
20°C) were performed at a 2 °C/min rate. GC-MS spewere collected using
Agilent 6850 with capillary column Zebron Zb5 (Pbemex) and Mass Selector
5973 N quadrupole as mass analyzer. Size exclusltoomatografy (SEC)
measurements were performed at 25 °C on a Shim&{2i+-10DP system
equipped with three Phenogel columns connecteckiies and with a R.1.-10A
detector, using polystyrene standards as referandeTHF as the eluent. Critical
Aggregation Concentration (CAC) values were deteei by fluorescence
spectroscopy on a Shimadzu RF-1501 spectrofluoeimeting pyrene as a probe.
Inherent viscosity were measured at 25°C in chtorof (c=0,5g/dL) using a
Cannon-Ubbelhode viscometer. Transmission Eled#mnoscopy (TEM) pictures
were obtained using Tecnai G2 Spirit Twin with esios source LaB6 placing a
drop of a NP suspension on a copper grid coated avibrmvar film and dried at
r.t. Zeta potential was determined by analyzing R dNspersion in water on a
Zetasizer Nano Z (Malvern Instruments Ltd.). Resale reported as mean of three
separate measurements of three different batch} @ SD.Particle shape and
external morphology were analysed by Scanning EacMicroscopy (SEM)
(Leica S440, Germany). The internal microstructofe FITC labeled PLGA
microparticles was investigated by CLSM analysisied out on a LSM 510 Zeiss

confocal inverted microscope equipped with a Z6&4.25 oil objective lens (Carl
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Zeiss, Germany). An argon laser (excitation =541 emission = 572 nm) was

used.

6.3 Methods

Low molecular weight range

6.3.1 Synthesis of the linear diblock copolymer PEfgoe-PCL 3000

89 uL of a solution Sn(Oct) in €-CL (30mg/1 mL) was added under inert
atmosphere, avoiding water contamination,Mé’EGoocOH (1100.60 mg, 1.1
mmol) ande-CL (3.457 g, 30.33 mmol). The mixture was stirfed 24 hours at
120°C. The viscous liquid obtained was cooled tonratemperature, solved in
chloroform and precipitated in 300 mL of cold didtether. The obtained solid
was filtered on glass porous filter and dried fdr i®urs under vacuum at 35°C
(yield 96%; 4.378 g; 1.09 mmol}H-NMR (200 MHz): (PCL: 3=1.29-1.78,
158H, m;6=2.19-2.43, 52H, m)=3.92-4.21, 52H, ©=4.31,2H, t);(PEG; 6=3.38,
3H, s;0=3.64, 90H, s)

6.3.2 Synthesis of the linear triblock copolymer P&;000PCLs0orPEG1000

Synthesis ofa-metoxy-w-alkyne-PEG; 000

DCC 1M solution (4.5 mL, 4.5 mmol) was added toktson of m-PEG,00cOH (3

g, 3 mmol), DMAP (73.2 mg, 0.6 mmol) and 4-pentynacid (441,5 mg, 4.5
mmol) in dry chloroform (30 mL) under inert atmospd. The mixture was stirred
at 25°C for 48 hours. The mixture was filtered fraolid Dicyclohexylurea,
concentrated and precipitated in 300 mL of a dietkiyer/petroleum ether 3/2 (v/v)
cold mixture. The obtained solid, m-Pkgralkyne was filtered on glass porous
filter and dried for 24 hours under vacuum at 35%6&ld 89%; 2.932 g; 2.67
mmol). *H-NMR (200 MHz): 8=1.99 (1H, s)$=2.50-2.60 (4H, m)5=3.38 (3H,s):
.0=3.64 (90H, s)p=4.27 (2H, 1)
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Synthesis of mM-PEGgorPCLg00crOH

89 uL of a solution Sn(Oct) in e-CL (30mg/1 mL) was added under inert
atmosphere, avoiding water contaminatiomt®EG,0ocOH (550 mg, 0.55 mmol)
ande-CL (3.457 g, 30.33 mmol). The mixture was stirfed 24 hours at 120°C.
The viscous liquid obtained was cooled to room teraure, solved in chloroform
and precipitated in 300 mL of cold diethyl etheheTobtained solid was filtered on
glass porous filter and dried for 24 hours undeuumn at 35°C (yield 96%; 3.978
g; 0.992 mmol)*H-NMR (200 MHz): (PCL: 8=1.29-1.78, 306H, nd=2.19-2.43,
104H, m;5=3.92-4.21, 104H, ©=4.31,2H, t)(PEG; 6=3.38, 3H, s p=3.64, 90H,
s)

Activation of terminal hydroxyl group of m-PEG 100PCL 600OH
Methanesulfonyl-chloride (mes-Cl) (346 mg, 3.04 niyweas added to a solution
of M-PEGporPCLsoorOH ( 3.0 g, 0.43 mmol) and DIPEA (392 mg, 3.04 njnmo
dry chloroform at 0°C. The mixture was stirred fonhours. It was allowed to come
to room temperature and was stirred for additioRal h. The mixture was
concentrated and precipitated in 300 mL of a dietkiyer/petroleum ether 3/2 (v/v)
cold mixture. The obtained solid, m-PEgrPCLsoormes, was filtered on glass
porous filter and dried for 24 hours under vacuurB=C.( 2.987 g; 0.42 mmaol,
yield 97%}H-NMR (200 MHz); (PCL: 8=1.29-1.78, 306H, mp=2.19-2.43,
104H, m;5=3.00, 3H, sp=3.92-4.21, 104H, ©=4.31,2H, t);(PEG; 6=3.38, 3H, s

; 0=3.64, 90H, s)

Nucleophilic substitution with sodium azide of m-PE510oPCLgoormes

Sodium Azide (800 mg, 12.30 mmol) was added to latiso of m-PEGgox
PClsoocmes (1.645 g; 0.235 mmol) in DMF (25 mL). The mpa was heated at
80°C for 12 hours. The mixture was dried and sobkdidue was solved in

chloroform. Organic solution was filtered, concated and precipitated in 300 mL
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of a diethyl ether/petroleum ether 3/2 (v/v) colikiure. The obtained solid, m-
PEG000PCLsoor N3, was filtered on glass porous filter and dried g hours
under vacuum at 35°C. (1.481 g, 0.23 mmol yield R0¥-NMR (200 MHz);
(PCL: 6=1.29-1.78, 306H, m)=2.19-2.43, 104H, m)=3.20, 2H, t;6=3.92-4.21,
104H, t,6=4.31,2H, t)(PEG; 6=3.38, 3H, s $=3.64, 90H, s)

1-3 Huisgen cycloaddition between m-PE{gorPCL 00Nz and m-PEG; oo
alkyne

In a 50 mL bottle was added DIPEA (65.52 mg, 0.5t to a solution of m-
PEGo0PCLlsoorN3 (1.560 g, 0.26 mmol) and m-PEégralkyne (373.3 mg, 0.34
mmol) in dry THF (18 mL) under inert atmosphereisTmixture was freezed in
liquid nitrogen and thawed under vacuum for three$ and then transferred under
argon in other bottle in which was Bromotris(triplggphophine)Cu(l) (48.37 mg,
0.052 mmol). After catalyst dissolution, mixturesasgtirring for 48 hours at 35°C.
The mixture was filtered through neutral aluminduom to remove copper, then
concentrated and precipitated in 300 mL of coldhdieether. The obtained solid
was filtered on glass porous filter and dried fari®urs under 