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Abstract

Nanoparticles from biodegradable polymers are caned one of the most promising systems
for biomedical application as drug delivery systeiftserefore, the synthesis and characterization
of a new aliphatic biodegradable copolyester naf@B&/PBDL (poly(butylene succinate-
butylene dilinoleate)) intended to the applicataandrug delivery system is reported in the thesis.
Surfactant-free biodegradable and narrowly distatynanosized spherical particlds, (< 60
nm) have been produced from the biodegradable rakatéryy applying a single-step
nanoprecipitation protocollhe size of the generated polymer nanoparticlesP@Nould be
controlled by adjusting the polymer concentratithie, choice of organic solvent, mixing different
organic solvents or by changing temperature antt istnength. By optimizing such parameters
sub-100 nm uniform PNPs can be produced throughmntt@thodology including the advantage
and ability to scale-up production. The nanopaficktructure was characterized in detail by
employing a variety of scattering techniques arahdgmission electron microscopy (TEM).
Combined static light scattering (SLS) and dynarhght scattering (DLS) measurements
suggested that the nanoparticles comprise a pocowvs conferring them a non-compact
characteristic. Their porosity enables water to dmrapped which is responsible for their
pronounced stability and relatively fast degradatias followed by size exclusion
chromatography (SEC). The polymeric nanoparticlesldt be loaded with the hydrophobic
antitumoral drug paclitaxel (PTX) and doxorubic@X) with a drug loading content of ~ 6—
7% WarugdWpolymer @and ~ 5%WgrudWpoymer  respectively. The drug encapsulation and release
modifies the inner structure of the nanoparticlsich holds a large amount of entrapped water
in the drug-free condition. The controlled DOX ede is pH-dependent and faster under slightly
acidic conditions and the cell viability experimemiemonstrated that the drug-free NPs are non-
toxic, whereas the DOX-loaded NPs exertitro cytostatic efficacy on EL4 T cell lymphoma.
Finally, the successful coverage of the hydrophd®S/PBDL NPs by the non-immunogenic
and non-toxic hydrophilitN-(2- hydroxypropyl)methacrylamide (HPMA) copolynmaakes them

an alternative to the biodegradable FDA-approvdgegster and PEG-shielded nanoparticles for

biomedical application as drug delivery systems.

Keywords: paclitaxel, doxorubicin, biodegradable polyestimyg delivery systems, PHPMA,
light scattering
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Chapter 1

1.1 Introduction

Biomedical application of nanomaterials has emergeadne of the most significant
trends in the area of nanotechnoldg¥® The research interest in the field has recently
transferred from semiconductor chips to biomedaggdlications. Polymeric nanomaterials for
biomedical applications are of research interestesthe early 19905The nanometer size of
polymeric nanoparticles, which is much smaller thigat of blood cells, could readily move
in biological environments (Figure 1.1). Encapsaolatof drugs and imaging agents into
polymeric nanoparticles through physical or chenemmjugation was found to have great
potential in drug delivery and diagnostic applioat. Polymer-based nanoparticles are the
most extensively studied nano-sized drug carfiets.® 21011 Commonly, the present
nanoparticles used for drug delivery have a sizging between 1 nm and 1000 nm and
characterized by versatile structures and morpheddd

Natural materials

Low molecular . . .
Atom Drugs Proteins Viruses Bacteria Animal cells

|

I | | 1
1A 1nm 10 nm 100 nm 1 um 10 um

Nanoparticles

PonFner and
drugs conjugates

%E% &2
p Polymer Magnetic 3
Dendrimers micelles nanoparticles Hposoimes. Nanogels

Man-made materials
Figure 1.1. Schematic example of size comparistwd®n the man-made nanoparticles

intended to drug delivery applications and thedmaal system&?

Nanoparticles from biodegradable polymers are clamed one of the most promising
systems for biomedical application as drug deliveygtem&'>®*’Some examples of their
versatility include; (1) the ability to cross thslogical barriers to reach the target sites and
enter the cells due to their small sizes, thuseahg an improved therapeutic effect; (2) the

capability for protecting the drug from degradatamd for sustained release of the therapeutic
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drug in specific sites; (3) the tenability of theug release through modulating both drug
diffusion in nanoparticles and polymer degradatiqd) the possibility of polymer

modification, which incorporates targeting ligaradsl biological active components onto the
surface of the nanoparticles; (5) and the easyimdition of the drug carriers from the body

after polymer degradation.

1.2 Biodegradabl e polymer nanoparticles

As mentioned above, biodegradable nanoparticles baen intensely used as drug
delivery vehicles due to their good properties sashbioavailability, better encapsulation,
control release and lower toxicity.Various biodegradable nanoparticulate systems were
reported in the literature describing the encapmuiaprocess, controlled release and
improvement of therapeutic value of nanoencapslatgugs. Some examples of
biodegradable nanomedicines for treatment of désedike cancer, diabete&’, AIDS?,
malarig? and tuberculosfs are in different trial phases for testing and sovfichem are
already commercially availabfé?>2°

The most extensively studied biodegradable polymagoparticles are those based on
Food and Drug Administration (FDA) approved polymeSome examples of the most
commonly applied biodegradable polymer nanopagi@es poly(D,L-lactideo-glycolide)
(PLGA), poly(D,L-lactic acid) (PLA), poly-caprolactone) (PCL), poly(alkyl cyanoacrylates),
chitosan and gelatih®?"*®?°Shortly, a few examples related to their drug esatation and

therapeutic advantages are given.

1.2.1 PLGA nanoparticles

Until today, PLGA is one of the most successfubgd biodegradable nanoparticulate
system manly because it undergoes hydrolysis inbthey producing nontoxic metabolite
monomers, lactic acid and glycolic a¢fdPLGA nanoparticles have been used in the
development of several therapeutic nanosystemsékeer, immune diseases, inflammation,
diabetes, schizophrenia and otheté*'However, the effectiveness of anti-cancer agents

such as paclitaxéf****doxorubiciri®>***"and cisplatirf3**°

using PLGA nanoparticles were

by far the most studies drug delivery systems @literature. Although the performance of
these nanoparticles is not completely satisfactoing relative success of these loaded
nanocarriers is associated to their ability to @copoorly soluble and unstable payloads from

the biological milieu and to be small enough fopitary penetrations, cellular internalization
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and endosomal escapfe¢! Furthermore, PLGA-based nanoparticles can incréasefficacy

of treatments because of the sustained releasehefthierapeutic agent from stable
nanoparticles which improves the pharmacokinetid pharmacodynamic profilds2%:3242
Therefore in comparison to the others non-biodegjskdsystems, PLGA-based nanoparticles

are always in a good position for clinical tridls.

1.2.2 PLA nanoparticles

Unmistakably, PLA nanoparticles are one of the mesidied biodegradable
nanosystems for drug release applications in tmergé therapy? In the body, PLA-based
nanoparticles are biodegraded to monomeric unitslacfic acid which is a natural
intermediate by-product of anaerobic respirati@ted converted into glucose by the liver
during the Cori cyclé? In comparison to PLGA, the PLA nanoparticles amerhydrophobic
and have a slower degradation r&t& Nevertheless, in general they are able to loatehmig
amounts of hydrophobic drug in comparison to PLGéaparticle$!*® Similarly to PLGA,
the PLA-based nanoparticles were used for encaesysychotic drugé) hormones?
proteins> anti-cance’®*?and anti-inflammatory? agents, and othefs'>*The therapeutic
improvement of the drug loaded PLA-based nanopestiis related mainly to the sustained
release, prolonged blood circulation time, enharembuptake and bioavailabilify:>3>°°%°7
These above mentioned therapeutic benefits of Pageth nanoparticles make them
promising tools for drug release application in therapy of several diseases. Together with
PLGA, the PLA-based nanoparticles are a realitshencurrent clinical application and in the

market26:°8%9

1.2.3 PCL nanoparticles

In comparison to the amorphous PLGA and PLA, narimbes produced from the
semicrystalline PCL are the most hydrophobic, toeee their polymer matrix have the
slowest degradation rate allowing drug releaseougeteral month®°* Although the PLC-
based nanoparticles were extensively studied ineti@mpsulation of anticanc®r*>**anti-
diabetes? antidepressive®®’ antifungical agent® etc, the main application in the therapy is
related to their long term sustained release afddadrug$®®:®®"Therefore, the application
as injectable nanocarries in the therapy is limneginly because of the slow degradation

rates of the PCL-based nanoparticles in compats&1LGA and PLA.
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1.3 Drug loading in biodegradable nanoparticles

A successful nanoparticle system is characterize@ high loading capacity which
reduces the quantity of the carrier required fammmistration??” Higher drug loadings into
nanoparticles are achieved by incorporating the @tuthe time of nanoparticle production.
In general, the drug is dissolved with the polyrrera common solvent and the resulted
solution is exchanged against a bad solvent fdr bomponent&? In general, the result is the
encapsulation of the drug in the polymer matrix ahican be physically dissolved or
dispersed?

When discussing drug loading into the polymer matiti is assumed that the two
components are mixed homogeneously at the molefayal’® This important assumption is
directly related to the solubility (for the crystaé host molecules) and/or miscibility (for the
amorphous load) of the polymer matrix. The solipils defined by the thermodynamic
equilibrium parameted, at which the chemical potential of the solutéhia solid phase is the
same as that in the liquid (solution) ph&3& In general, the miscibility of a small drug
molecule in a polymer matrix is a complex equiliton, since the amorphous drug is usually
meta-stable in comparison to the crystalline statkshows an inclination to crystalliZ&.

The lattice-based Flory—Huggins theory of polyrselutions proposes an expression
for the calculation of overall free energy of disgimn per mole of lattice site and has been
successfully applied to predict the behavior ofypwr-solvent systems. It is expected that the
degree of dissolution will increase when the valtithe Flory-Huggins interaction parameter
(xap) decreases. The greatest degree of solubilizatoours when high compatibility exists

between the polymer matrix and the drug, accortbng

Sa—6p)v
Yap =22

whered,; anddg, are the Scatchard-Hildebrand solubility parametgfrgshe drug and the
polymer, respectivelyy, is the molar volume of the solubilized drugjjis the gas constant
andT the Kelvin temperature. As noticed, the highesnhpatibility is achieved wheé,; and
8, are every close.

Although the lack of studies focused on the infeeerof polymer crystallinity, glass
transition (1g) and morphology on the drug loading of nanopatiahakes difficult to have

conclusive assumptions, the evaluation of the maeti parameters should not be neglected.
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In some cases, a reduction in the loading of dnutihé¢ nanoparticles was observed with the
increase of the polymer crystallinity and, Twhereas in others no significant changes could
be observed’"®"*®Fyrthermore, several studies demonstrates thatrtigeloading capacity
of the nanoparticles can be significantly enharmalgt when the hydrophobic effect between
the polymer and drugs is combined with hydrogendbmy electrostatic interaction and
dipole—dipole interaction¥.%28%84

Other crucial parameter involved in the efficienal the drug entrapped in the
nanoparticles is the preparation techniu&ince our studies are focused on the solvent
displacement technique (nanoprecipitation), thendsg) entrapment efficiency is reached at
the lowest molecule solubility in the aqueous ph#se fastest rate of polymer precipitation,
the largest amorphous-state solubility of the makedn the polymer and the highest affinity

between the organic solvents and the aqueous ph&s&°

1.4 General methods of preparation of biodegradable nanoparticles

Nowadays, several methods for preparing submicrartiges from preformed
polymers are availablé>®®They can be divided into two groups depending lum steps
involved in their preparatiolf.Examples of the first group are emulsificatiorfulifon (also
called emulsification-solvent displacement), enfidation-evaporation and emulsification-
coacervation. In general they are based on twassiapwhich the first is characterized by
preparation of an emulsion while the second is dawse particle formation by polymer
precipitation or cross-linking. The second groupnuthods does not require the emulsion
preparation step in order to obtaining the parsiclehe nanoparticles preparation is based on
polymer precipitation under conditions of spontarsedispersiofi® Therefore, in this case the
particles are formed from a polymer solution or sleéf-assembly of macromolecules, or the
synthesis of polyelectrolyte complexes. One examgiethe most extensively applied
procedure of this type is the solvent displacen{atdo termed nanoprecipitation, solvent

diffusion or interfacial depositiorf§:2":%88°

1.4.1 Solvent displacement technique (nanopr ecipitation)

As mentioned above, the nanoprecipitation is aesgmtative example of one of the
most commonly used techniques for the preparatiggolymer nanopatrticles for biomedical
applications. It is characterized by proceduralpdiaity, high encapsulation efficiency, high

reproducibility, low possible contaminant contesg.(low amounts of stabilizing agents), low
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cost and easy up-scalifigf®89°-91-9%yrthermore, it uses preformed polymers as startin
materials rather than monomers and toxic solvertglwmakes clinical translation much
easier’>*

Since the production of nanoparticles by solveahaprecipitation technique is
characterized by a low-energy mixing process basedelf-diffusion, it requires miscibility
between the solvent and nonsolvent phd3&8e solvent phase consists of a solution of the
drug and the polymer. The nonsolvent phase is cepgpdy nonsolvent or a mixture of
nonsolvents for the polymer, which can be suppléeteror not with one or more
surfactant$®¥%°|n general, solvent and nonsolvent phases areccaliganic and aqueous
phases, respectively, because the solvent is amicrgnedium while water is mainly the
nonsolvent. One example of polymer nanoparticlepgrmation by nanoprecipitation is given
in figure 1.2. The organic phase is mixed with stired aqueous phase in one shot, stepwise,
dropwise or by controlled addition raf®. The polymer nanoparticles are formed
instantaneously and the solvent is removed fromsystem by using evaporation under

reduced pressure.

Organic phase Aqueous phase

Organic solution
added dropwise-
inaqueous phase

Syringe infusion Organic phase Magnetic
pump injection rate stirring

Fig. 1.2. Laboratory set-up for preparing polymer nanopbasi by nanoprecipiation.

The operating conditions involved in the nanopedimn technique are shown in

Figure 1.3.
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Operating variables
r 1
Organic phase/aqueous phase ratio

v .-} Aqueous phase
* Water
¢ Surfactant
Organic phase N ----- Organic phase addition rate
Polymer Slow addition I o Organic phase addition method
Water-miscible solvent : «

i~ System temperature

Moderate stirring i System stirring rate

| Colloidal suspension |4 Final system sirring

Figure 1.3. Schematic procedure and operating bl@sainvolved in the nanoprecipitation

technique.

The influence of some of these parameters sucthasepmixing method, the organic
phase addition rate, the organic/aqueous phase sétiring rate and temperature on the final
size distribution of the nanoparticles were exteslyi studied’>?" 8889 %However, as will be
discussed along the thesis, the mechanics involvedthe particles formation by
nanoprecipitation is still an open debate. Theeefstudies related to the physicochemical
parameters involved in the nanoprecipitation teghai are essential for the biomedical

applications.

10
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Chapter 2

2.1 Goals of the Thesis

The main objective of my Thesisis to prepare aliphatic polyester-based nanoparticles for drug
delivery applications. Taking into account the significance of the application strict request
such as biocompatibility, biodegradability, controlled size distribution and drug release are
basic concepts which must be fulfilled. Therefore, the work was divided into chapters which
contain the background with the detailed description of each particular goal and the resulting

achievements. The specific goals are listed below:

- Synthesis and characterization of poly(butylene succinate-co-butylene dilinoleate
(PBS/PBDL) copolyester as an alternative to FDA approved pol yesters.

- Evauation of the influence of the physicochemical parameters (eg. polymer
concentration, solvent nature and ratio, etc) on the particle size distribution of the
polyester nanoparticles prepared by nanoprecipitation technique.

- Loading the polyester nanoparticles using the hydrophobic paclitaxel as drug model

- Loading the PHPMA covered PBS/PBDL copolyester nanoparticles with doxorubicin

and testsitsin vitro cytotoxicity on cancer cells.
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3. General synthetic approaches and

characterization
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3.1 Introduction

This chapter describes the general methods utilizeflis thesis for the preparation
and characterization of the polymers and the natiofgs studied as well as the reasons
behind the selection of the applied methodologye Du the comprehensive description of
synthetic and characterization methodologies in phélications attached, the following
chapter only aims at introducing the reader tortten synthetic concepts behind polymer
design and nanoparticles preparation. Precise igasor of the methodologies of synthesis,

characterization and preparation can be foundarAjppendices attached.

3.2 Synthesis of the aliphatic polyesters

Aliphatic polyesters constitute one of the most am@nt classes of synthetic
biodegradable and biocompatible polymer intendecfomedical applications®® They are
commercially available in several types. Some examppf FDA-approved aliphatic
polyesters mentioned in the thesis are polycapimtec(PCL}"> poly(L-lactide) (PLAJ’ and
poly(lactic-co-glycolic acid) (PLGA) They have been extensively studied for their
biocompatibility*°***? biodegradability** and bioresorbability. It was found that they are
highly biocompatible materidi$ easily hydrolysable into human bddy?*° and therefore
they can be used for biomedical applications in pheduction of drug carrier devices for
controlled releagd?:%>%3* Among the FDA-approved polymers, polybutylene somis
(PBS) is also an important commercially availahledbgradable aliphatic polyester derived
from fatty C-4 compound¥:?>%°2' The absence of cytotoxic degradation products. [e.
succinic acid is an intermediate in the TCA cydteérboxylic acid cycle, citric acid cycle)]
makes PBS copolyesters prospective candidates @iatithe development of drug delivery
structure€®2%2%3Fyrthermore, the fatty acids (FA) such as dilifoéeid (DLA) are suitable
components for the preparation of biodegradableyrpeis since they are hydrophobic
naturally occurring body compourids® and they are able to bind encapsulated hydrophobic
drugs via hydrophobic interactions when used ag danocarrierd*3>3%37

According to Albertsson and Varifathe three major routes for the synthesis of
aliphatic polyesters are polycondensation, ringnapg polymerization (ROP) and enzymatic
polymerization. Polycondensation consist of a sispwpolymerization of difunctional
monomers of the AB type, ie. hydroxyl acids, oaafombination of AA and BB difunctioanl
monomers resulting in the formation of a small loguct, e.g. water®*® In general,

polycondensation of difunctional monomers inclutles esterification of diols and diacids,
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diols and diacid chlorides or the ester interchanggction of diols and diesters (Figure
3 l) 35,36,39,41

o 0
o )J\ )J\ ~ 0
I+

HO R TOH

HO—R Esterifiaction
(o] (o] o] o]
OH - HCI
/ + JJ\ )J\ > *\E AN )J\ )ﬁ
HO—R Cl R1 cl Schotten-Bauman reaction o o R1 *

o 0
OH - R,OH
/ R )J\ J—J\ R 2
—R T " R Yo~ ?

Transesterification

HO

Figure 3.1. Polyester preparation by stepwise poiglensation.

Carothers published pioneering studies on polycesation in the 19365 and
provided the fundamental analysis of step polynagion kinetics. His equation shows that
high molecular weight polymers (average polymerratdegree,x, > 50) can only be

achieved at very high degree of conversigns $8-99%)

= (3D
Likewise in the polymerization of PBS/PBBR*** the ester formation is characterized by an
equilibrium reaction (Fig 3.2) and at least two angjrerequisites must be fulfilled in order to
prepare high molecular weight polym&® First the equilibrium constant of
polycondensationK,) has to be high enough, and the second condisidhat according to
equation (3.2) the stoichiometry (1:1) must be cHiri obeyed in case of
heteropolycondensation (eg. dialcohols and dicafimacids).

K
MWW—C(O)OH =+ HO—wwww» _—;- WWW—C(0)0 —wWW* 4 H,0

Figure 3.2. Condensation equilibrium reaction aboaylic acids with alcohols.

In this case the number average degree of polyat@iz (X,) is related tok;, through the
derivation of equation (3.2) and for condensati@action of aliphatic alcohols with

carboxylic acidsk, values around 10 were generally fodfid.
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k= L=co-io)

p [-C(0)OH][HO-] (3-2)

Accordingly to equation 3.3, the resulting valugsx, around 4 forK,~ 10 drives the

polymerization reaction to the equilibrium.
Xn= K25 +1 (3.3)

Since polyesters with, > 50 are required for fulfilling the basic phydigmoperties of the
polymer, K, must be increased to values higher than 2400.efdrey, constant by-product

removal from the reaction (eg. water and glydolhigh temperature settings (180-250
°C)#4% and the use of cataly&f”*®are some of the usual strategies to drive thetiozac
equilibrium toward highK,values resulting in higher conversion rates. Howeeguation
(3.4) leads to one of the main drawbacks in thgqmidensation, which is the increase in the

polymer dispersity?W/Yn) with the increase in the conversigr).(At high conversionsp(>

98-99%) the polymer dispersityw /Yn has the tendency to approactf2®

|
Il
[N
|H
_TT

(3.4)
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+
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One of the options to circumvent the drawbacks ftbm polycondensation is using
ROP polymerization of cyclic glycolide, lactidesdaiactones (Fig 3.3). ROP possesses
several advantages compared to traditional contlenspolymerization eg. mild synthetic
conditions, shorter reaction times, high conversastinout necessity of removal of reaction
byproducts and the use of stoichiometric balanaa@fiomers and allows good control of the
polymer characteristics (predictable molecular Wweigand narrow molecular weight
distribution)3****°All these findings make ROP the method of choimetlie preparation of

high-molecular weight aliphatic homo and copolyeste
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O
(0]
) y = 1: B-propionolactone (BPL)

y = 3: &valerolactone (8VL)

y =4 : g-caprolactone (eCL)

\J)/TU\]).\.‘\\RL‘ R,=R,=R,=R,=H: glycolide
Rq

R,=R,=Hand R ;= R,= CH, : L-lactide (L-LA)
R,=R,= CH, and R;= R,= H: D-lactide (D-LA)
R,,= R,= CH; and R,= R,= CH, : meso-lactide (meso-LA)

D-LA/L-LA =50/50 : recemic LA (D,L-LA)

Figure 3.3. Cyclic lactides, lactones and glycoldenomers for ROP.

ROP is a flexible synthetic route where several hmadstic approaches such as
anionic, cationic and coordinative initiators ortatgst have been reportdt* In general,
ionic (non-bulky ion pairs and free ions) are mubre reactive leading to inter and intra-
molecular transesterification (in case of poly@stewering the molecular weight and
broadening the molecular weight distribution of feymer> Organometallic derivatives of
metals withd-orbitals (Al, Sn, Ti, Mg, etc) are more energdticéavorable providing control
to the polymerization unlike their anionic counpart. From the several mechanisms
involved in the ROP the two major ones proceedgusirganometallics that are acting as
catalysts or as initiators. In the cases wherguised as catalyst (Fig. 3.4a) the polymerization
is initiated by any nucleophile present in the podyization medium. When it is used as

initiator the polymerization proceeds through “irism-coordination” mechanism (Fig 3.4b).

a Ul
(0]

jo) (\/ n(c;/H [¢] Ti(‘_/lj
o m_ o—Z M oH—w___HoO Nu y o o Nu
= B B Ll e oy

b /M\ g
N - o}
o R—0_ o M M=9 0 OR
N/ | Mo ) o 0. . o O. OR
o RO-M o e} OR O OR (o} OR y y) Hx0, H Y]
ES—— Y| ——— v
) ) ) ) ) o o ) o
y y y y y n n

Figure 3.4. Mechanism of ROP of lactones using mogeetallics [M] as (a) catalyst in the
presence of nucleophiles (Nu) and (b) as initiaidhe “coordination-insertion” mechanism.
The third route to obtain polyester under mild dbods, avoiding the use of toxic

reagents and with the possibility to recycle th&algat is using enzymatic polymerization.
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Additionally, regional and stereo selectivity ofzgmes provides attractive possibilities for
the direct synthesis of functional polyesters avmdthe use of protected monomers and
block copolymers. However, the major drawback &f émzymatic synthesis of polyesters is

the relatively low molecular weight of the obtaingalymers.

3.3 Light scattering

Light scattering is one of the several phenomemailtiag from the interaction
between light and mattér It is important to realize that all photon emissimechanisms
resulting from the interaction of photons with reattarise from accelerating electrical
charges. In the particular case of light scatteringen the light interacts with an isolated
molecule, the oscillating electromagnetic wave oetua dipole in the molecule that oscillates
with the same frequency as the incident light. Witetracterizes an oscillating dipole is the
acceleration of charge. When a charge is accetkrateergy is emitted in all directions into a
plane perpendicular to the acceleration planes the energy emitted from the oscillating
dipole, induced by the interaction of the incidkgit with the molecule, which is referred to
as scattered light. The frequency of the scattered light is equivalentthe oscillation
frequency of the induced dipole, which is equivalenthe frequency of the incident light.
Hence the frequency of the scattered light is Hmesas that of the incident beam and is well
known as Rayleigh scattering.

For small particles and plane-polarized incideghtl the scattering intensity is equal
in all directions within the planes perpendicularthe polarization plane. The scattering
intensity is maximum in the perpendicular planetaonng the scattering center, but is zero
along the axis of oscillation of the induced dipdibe scattering profile can be visualized by
centering the origin on the scattering moleculéhwite X axis aligned with the direction of
propagation of the incident light, than rotatinguibund the axis of oscillation. An example is
given in Figure 3.5 where a small particle is ilinated by a vertically polarized incident
light, the scattering angl@)(is defined as the angle between the transmiitd &xis (X) and
the detector located between the XY plane. In ¢hse, when particles are 20 times smaller
than incident wavelengti/R0), the detected scattered intensity is indepandethe6 and
only dependent on the mass of the particle whigbragortional to the number of scattering

centers contained in the particle.
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Induced Oscillating
Dipole -

Scattering Angle (9)

Detector in XY Plane

Vertically Polarized
Scattered Light

Vertically Polarized
Incident Light

Scattering Profile with XY Plane
and Z Axis Symmefry

Figure 3.5. Light scattering intensity profile ohall particles (reproduced from Malvern
Instruments, FAQ).

When the particles are larger than 30 nm, sevesaillating dipoles are generated
simultaneously in the particle (Figure 3.6a). Asoasequence a significant phase difference
of the emitted light waves will occur due the vasascattering centers (Figure 3.6b). Thus a
non-isotropic angular dependency of the scattefiglgt intensity is observed for these
particles. The interference pattern of intrapatéiciscattered light is characteristic for the
particle size and shape providing quantitative nmi@tion of particles in very dilute solution
by light scattering.

Figure 3.6. &) the interference pattern of light scattered fremall particles (left) and from
larger particles (right) k) light scattered from different regions of a seadt with dimensions
bigger than the wavelength of the scattered ligist.an examples two scattering points, P
and B are shown. At plane A all the incident light is phhase. Plane B and C is drawn
perpendicular to the light which is scattered ajl@d, and#, from the incident beam. The
length difference ARC - APR,C at small angle#) is shorter than AIB — AP,B at larger
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angles ¢.). Therefore, larger the observation angle greaiébe the phase differences in the
light and the interference effect on the scattenmensity.

3.3.1. Satic light scattering

According to aforementioned, scattered light isduced from an oscillating electric
dipole due the interaction between electromagmnetices and matter. To describe the nature
of the intensity of the light detected in an expemt of light scattering some theoretical
background considerations are needed. Firstly, woeld start with the relation between the
electric dipole moment and the electric field timgiven by the equation 3.5. The electric
dipole momentumim depends on electric field vectd of the incident radiation and
polarizabilityoa according:

m= aF (3.5)

Whereasﬁ is defined as:

m = E,exp(i(2mvt — kx)) (3.6)

wherev = % is the frequency of light of wavelengthc is the speed of light in vacuum and

|E| = k = 2m/A the length of the wave vector. Assuming a veirycablarized incident light
propagating into-direction, the electrical field vector of the geagd light wave emitted by

the oscillating dipole is described by:

E, = (a;TT) rdlcz = _47;11;22@0 exp (i(vat — ErD)) (3.7)
where,r; is the distance vector from the scattering sartgptee detector. Finallj£|* that is
equal the scattering intensitly)(is detected.

For very dilute solutions of small particles (sizemaller thari/20), the scattering
intensity is independent of the scattering angle isronly dependent on the scattering power
of the dissolved particles, their mass concentratianand the osmotic pressukeaccording

to:

I~ b2kT (3.8)

(50
ac TN
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The scattering power df depends on the difference in polarizability of $eland solvent
that is related to the refractive index incremertoading to:

dn\ _ np-npyo
(Ge) == 39)
wherenp is the refractive index of the solute amsl, the refractive index of the solveti is

also called contrast fact&rand can be expressed as:

2
2,2 (dn
am?nd o(gz)

AgNA

b? = = K incnfg®Mol  (3.10)

whereN, is Avogadro numbets is the mathematical constant atads the wavelength of the
incident light. Since the scattering intensity quation 3.7 depends on the experimental setup
(eg. the sample-detector distance) the so-calledeRih ratioR, is used to normalize and
eliminate any scattering dependence derived fraadltonditions such as scattering volume
V or sample-detector distanggaccording to:

4"271%),0( ) cM T
Rg = b* = Ag—NAdC N_A = (Isolution - Isolvent)VD (3-11)

In the practiceRy is experimentally determined measuring the intgns the scattered light
by the solution lgyuwion) @and the pure solvents{vet) at a specific anglé in relation to the
absolute scattering intensity of a standard solNgpé.q (Usually toluene) and renormalize

this value by the Rayleigh scattering of the stathdRsandard :

Iso u ion_lso ven
RG = ( - l t) Rstandard (312)

! standard

dm

Equation 3.8 is derived from the fluctuation thec(r%"ci) = ?(dc
0

), whereu is the chemical

potential of the solvent in the solutiavip the molar mass of the solvent molecules @nithe
solvent density. According to van't Hoff, for reablutions the molar mas$1{) and the
second virial coefficient4;) can be calculated using the following equation:
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an 1
= kT (M—W +24,c+) (3.13)
Therefore, rewriting the equation 3.11 for realusiohs according to equation 3.13 gives the

basic equation for static light scattering of snpaltticles in solution:

Kc 1
R—g—M—W+2A2C+... (314)

However, for larger particles (sizes bigger th@20) the scattering intensity is no
longer independent of the scattering angle (seerdid.6b, in section 3.3). The angular
dependence of the measured scattered intensityeaddns the intraparticular interferences
from the several scattering centers gives risbéqarticle form factoP(q):

P(q) = 1 - (4Be)’ (3.15)

whereRg is the radius of gyration argfis the scattering vector defined by

q= %sin (2) (3.16)

No is the refraction index of the solution where tharticles are immersed aritlis the
scattering angle. Inserting ti&q) from equation 3.15 in equation 3.14 the very inbgat

Zimm equation is obtained:

Kc _ 1 q2R%
= (1+55) +24,c (3.17)

The Zimm equation provides information about thengle molar massM,), radius of
gyration Rs) and the second virial coefficierdd). A, provides important information related
to the type of interactions between the solute #edsolvent. WherA, presents positive
values the solute is immersed in a good solvehgratise, ifA;, assumes negative values the
solute interaction is preferential and the solisntonsidered to be a bad solvent. When no

preferential interactions occur between soluteswitdent theA, assumes values around zero.
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3.3.2. Dynamic Light scattering

Particles in solution are constantly moving undher éffect of the so-called Brownian
motion caused by the thermal density fluctuationtled solvent. The scattering intensity
resulted from the illumination of these moving paets fluctuates in function of time because

of a change in the interference pattern with chamgiterparticle position (Fig. 3.7).

&
&

Figure 3.7. Representation of the change in thefertence pattern of scattered intensity with

time caused by Brownian motion of two scatteringipes>°

Usually, to determine the particle mobility byHigscattering the intensity fluctuation
of the scattering light is expressed in terms ofalation functions. In the experimental setup
the number of photons that reach the detectorasrded and analyzed by digital correlator
and the signal is captured as time correlationtfanc

92() = limp_, [2 [T It + O)at'|  (3.18)
The subscript “2” in equation 3.18 indicates arelation function of second order
representing the scattering intensity proportiotlthe square of the electric field. The
function g»(t) can be related with the correlation functiontbé electric field through the

Siegert® relation:

92(6) =14 Blg: (D) (3.19)
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wheref is an instrumental parameter. The equation 3.1&lid for ergodic system at finite
concentration where the particles do not interact.

In several caseg;(t) is related to a simple exponential function:

g1(t) = exp(—Tt) (3.20)

whereT is the decay rate related to relaxation time & particle movement. However,
scattering from real systems consisting of polyeiisp objects fluctuates around an average
value. One easy method for analyzing the polydipersf such particle systems is the

cumulant method represented by a polynomial:
g1(t) = Aexp(—Tt) (1 + S Uptt ) (3.22)

whereA corresponds to the amplitude of the distributidig the average decay rate apglis
the second cumulant that corresponds to width efdistribution. Through this method is

possible to estimate the polydispersity indBRJ):
PDl = B2~ 2w/ (3.22)

The method is valid for the systems whé&®@/<0.3 otherwise nonlinear methods of
analysis must be employed and the correlation fonstare treated using the mathematical

operation inverse Laplace transformation accortingguation 3.23:

9:(t) =1 = B[ A(Dexp(-t/T)dr ]*  (3.23)

The inverse Laplace transformation is done by censral software such as
CONTIN®’ or REPES incorporated in the Gentfigtrogram. The result of the transformation
A(7) is a distribution of relaxation times(I’ = v™) which can present one or several peaks

representing one or more population of particletherxsample (Fig. 3.8).
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Figure 3.8. Time correlation function (left) andethistribution of relaxation times (right)
obtained with REPES software. The red curve inléfftepicture corresponds to the fit of the

correlation function using the method of cumulants.

From thel” value the diffusion coefficien)) of the particle can be determined using

the relation with the scattering vectoy:(
D=— (3.24)

Finally, from the diffusion coefficient value is ggible to determine the hydrodynamic radius
(Ry) of the particle, once the solvent viscosity &nd the temperatur@)(are known. In the
equation 3.25g is the Boltzmann constant (1.8810%° J K%).

__ kpT
- é6mnnD

u (3.25)

3.3.3 Thep-ratio
The so-callegh-ratio is an experimental quantity derived from &amng the particles
size characteristics determined from static andadyo light scattering measurements. It

provides indication of the scattering particle tmgy and is simply defined as:

p= 2_(; (3.26)

H
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Table 3.1 shows the theoretipadalues for the most important topologies.

Table 3.A-ratio for the most-typical particle morphologies

Topology p-ratio
Homogeneous sphere 0.775
Hollow sphere 1
Ellipsoid 0.775- 4
Random polymer coil 1.505
Cylinder of length 1, diameter D 1 i
E ‘In [— - O.SJ

3.4 Electrophoretic light scattering (ELS)

The ELS measurements were employed in order terméte the average zeta
potential {) of the nanoparticles, which was done by usingZéisizer Nano ZS instrument
(Malvern Instruments, UK). The equipment measuhesdlectrophoretic mobility (UE) and
converts the value td-potential (mV) through Henry's equation. Henrysné€tion was
calculated through the Smoluchowski approximatibime measurements were performed at
25 °C and the reportédpotential values are the average of 10 measurement

The fixed aqueous layer thickness (FALT) was dated according to the Guy-

Chapman theory’ Zeta potentials were measured in various NaCl eainations and plotted

againstk, with k* being the Debye-length, that B3+v/c + 0.0053 (c is the concentration of
NacCl). Therefore, by plotting 1§ vs. k, the slope gives the thickneds) (of the adsorbed
hydrophilic polymer layer.

3.5 Small angle X-ray scatteing (SAXS)

The SAXS technique is used to investigate strattetails in the order of 0.5 to 100
nm. Compared with SLS, the SAXS technique prestmte fundamental differences: they
differ in the electromagnetic radiation wavelentisible light present’s wavelength between
380-700 nm whereas X-ray is between 0.01 to 0.2 timy differ in the scattering geometry
(conventional SLS ranges from 20° to 150° whereasyXis from 0.5° to 4°); and in the
origin of the nature of the scattering from the plamn(once the light scattering in SLS is

related to the differences in the refractive indbetween the solvent and the solute whereas

30



Chapter 3

for X-ray the scattering intensity is related te tthifferences in the electron density in the

sample system).

incident X-ray

Fig. 3.9. Basic geometry of a SAXS experiment.

Figure 3.9 shows a classical geometry for a SAXBeement. A collimated and
monochromatic X-ray beam with variable wavelengtdtuses on the sample and the
generated scattering is collected by a two-dimeradidetector. During the experiment the
number of photons in function of the scatteringlang measured. For the calculationgjoh
a SAXS experiment we use the aforementioned equatis, usingp= 1.

The X-ray scattering intensity of a sample in fimre of q is given b{f%:
I5(g) = =2 = [,(WALT, (D s (55) (@) + BG (3.27)

wherely(q) is the quantity measured during an experimentamcesponds to the number of
photons Ks) of a given wavelength scattered through the a(@léhat arrive on a small area
of the detector per unit tim&) 1o(4) is the incident flux (in units of photons em?), A is the
area illuminated by the bea(} is the solid angle element defined by the siza détector
pixel, ¢ is the detector efficiencylg(4) is the transmission of the sampdeis the thickness of
the sample, andG is the scattering background. FinallygZ{oQ)is the differential
scattering cross section (in units Ynit is the quantity obtained from the absolutéhration
of the measured intensity.

For a specific system the X-ray scattering intgn@sults from the multiplication of

the formP(q) and structur&(q) factors according to the equation 338

I(q) = NP(q)S(q) (3.28)
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where N is the number of particles per unit voluffike form factorP(q) is related to the
scattering of a single isolated particle whereas dtructure factoi§q) is related to the
scattering originating from the arrangement ofggh#icles.

Generally, under the diluted regime the partidesiot interact and the total scattering
results from the sum of the scattering from thewviddial non-interacting particles. In this
case significant information related to the pagsckhape and size can be extracted. On the
other hand, when the system is composed of a laugeber of particles, the scattering
intensity results from the contributions &f(q) and §q). In this case, by applying
mathematical treatment that include the theorepealile of the contributions?(q) and §q)
can be separated in the scattering spectra.

Taking into account that all the nanoparticles glas were measured under dilute
regime, the structure factdP(q) was modelled geometrically as homogenous spheres
according to:

1(q) = V,?Ac?P(q,R)

_ (4 3 2 3[sin(qR)—qRcos(qR] 2
= (3nr%00) ( e ) (3.29)

and the samples polydispersity was estimated ubmdpg-normal distribution for which the

probability density function is given by:

1 In(R/p)?
fR1,8) = —=exp — =0 (3.30)

where R is the average radiug, is the location parameter a¥ is the variance. The
parametes is related to the standard deviation and giveggthentitative information about
the width of the distribution.

3.6 Nanoparticles preparation
The details of the procedures for the preparatioeach system are described in the

appendices. One example is given for the preparatidthe PBS/PBDL stealth nanoparticles
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by nanoprecipitation (Chapter 6). The PBS/PBDL dpgster (5.0 mg.mt) was firstly
solubilized in acetone at 40 °C. Subsequently,dttganic phase was drop-wise added (EW-
74900-00, Cole-Parmer®) into a pre-heated (40 ®@)vBs ethanol/water mixture (20 mL)
containing 0.00 mg.mtk (NPO), 0.25 mg.mt: (NP1:20Wxpma-cho/Weespeny), 0.50 mg.mL
(NP1:10Whpwa-cho/Weesipeoy), 0.75 mg.mL (NPOL:6.7Wrpwma-cho/Wessipeoy), 1.00 mg.mL:
(NP1:5Whpma-cho/Wess/pepl) OF 2.00 mg.mL (NP1:2.5Whpma-chofWess/peol) Of dissolved Ry

= 8.0 nm) PHPMA-chol free chains (Ultra-Turrax T2BA, Germany). The samples were
left at room temperature for 2 h to achieve equiiiim structures and the organic solvent was
further removed by evaporation under reduced pres3ine remaining free polymer chains
were removed by washing the NPs solution sevaragiusing an Amicon Ultra-4 centrifugal
filter with MWCO 30 kDa (Millipore, Czech Republic)The aqueous solutions were
concentrated to the desired final concentratiors ussed immediately or stored at 4 °C. The
DOX-loaded NPs were prepared by using essentiadlyshme procedure except that in such a
case 4.3umol of DOX.HCI and 12.9umol of triethylamine were dissolved in acetone glon
with the PBS/PBDL copolyester.

3.7 Paclitaxel (PTX) drug loading and loading efficiency

The total amount of the hydrophobic model drug ite@ctl (PTX) loaded into the NPs
(total drug feeding subtracted from the free-drugoant collect after the ultrafiltration—
centrifugation step described below) was measusedHBLC (Shimadzu, Japan) using a
reverse-phase column Chromolith Performance RP{18€ x 4.6 mm, eluent water—
acetonitrile with acetonitrile gradient 0-100 volfew rate = 1.0 mL mift). To start, 10QL
of the drug-loaded NPs was collected from the ksdknple and diluted to 900L with
acetonitrile. Afterwards, 2QL of the final sample was injected through a sanhpdg. PTX
was detected at 227 nm using ultraviolet (UV) diébec The retention time of PTX was
11.80 min in such experimental conditions. An atiedy curve with linear response in the
range (0.5-10Qig.mL™") was obtained and used to determined PTX cont@his.free-drug
was separated from the drug-loaded NPs by ultratidih—centrifugation (Ultrafree-MC 10
000 MW, Millipore) as detailed elsewhefeThe samples were centrifuged at 6000 rpm for
30 min. The amount of PTX in the nanoparticles wasasured in the filtrate after the
dissolution of NPs by using acetonitrile as desatilearlier. The drug-loading content (LC)

and the drug-loading efficiency (LE) were calcuthby using the following equations:
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0 __ drug amout in nanoparticles
Lc (/0) - mass of nanoparticles X100 (3'31)
LE (%) _ drug amout in nanoparticles % 100 (332)

drug feeding

3.8 Determination of nanoparticles density

The average density of the nanopartichsafas estimated according to:

= Hwave) (3.33)

 4mN4(Rp)3

Where M,,ypy is the molecular weight of the nanoparticle calted by equation 1%, is

Avogadro’s number anéty; is the nanoparticle hydrodynamic radius calculatecbrding to

the equation 25.

3.9 Cryo-Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM observations were performed to charactetie size and morphology of
the polymeric nanoparticles. Thin liquid films ofPNsuspensions (0.5 wt% solid content)
were prepared on NetMesh lacy carbon membranesgPELS.A.) and quench-frozen in
liquid ethane. Once mounted in a Gatan 626 cryddrotooled with liquid nitrogen, the
samples were transferred to the microscope andhasbat low temperature (-180 °C). The
images were recorded on Kodak SO163 films usingM2@ Philips “Cryo” electron
microscope operating at 80 kV. The negatives wiagitizkd and the diameter of 650 particles
was measured for each sample using the ImageJaeftwNumber-, weight- and Z-average
mean diametersy, D,, andD,, respectively), as well as a polydispersity indgxy, were

calculated as:

- _ ZiNiD; . TiNiD} | 7= _ ZiNiD}
D = YiN; ' Dw =ZiNiD-3’ Dz =ZiNiD-5 (3.34)
Dy
Prgm = = (3.35)
Dn
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4. Physicochemical aspects behind the size

distribution of biodegradable polymer nanoparticles
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4.1 Introduction

According to aforementioned, polymer nanopartic{Bd®) can provide a crucial
advantage to various drugs and therapeutic bickbgimlecules by improving their efficacy
and reducing potential toxic and side effects, bygtgrting the therapeutic agents against
degradation and by controlling their release. Amtrgparticles physicochemical properties
such as composition, morphology and surface prigserthe size of the nanoparticle is a
crucial parameter in systems designed for drugaseleapplications. In intravenous
administration the nanoparticle size strongly ieflues the biodistribution and
pharmacokinetics of the drugé>*>®It has been shown that the clearance of the smalle
particles (~80 nm) from the bloodstream was slotlvan that of bigger particles (~200 nm).
Moreover, filtration of nanoparticles by the splemmd trapping in the hepatic parenchyma
also depended on si2&Therefore, the size and the size distribution ariaparticles need to
be accurately controlled for efficient and safegddelivery.

There are several methodologies employed in theapation of polymer nanoparticles
intended to biomedical applicatioh$?1*1213141%50nyentionally, they are divided in two
general methods: (1) the polymerization and polgemsation of monomers, and (2) the
dispersion of preformed polymers. In the dispersibpreformed polymers, the choice of the
preparation method for nanocarriers mainly depesrdshe employed polymeric materials.
For the self-assembly of polymers or copolymersgueous solution, the emulsion-solvent
evaporation process and the nanoprecipitation tgabn(solvent shifting) are the more often
described®’*® They are characterized by procedural simplicityghh encapsulation
efficiency, high reproducibility, low possible camiinant content, low cost and easy up-
scaling®?0?1:2223242p 5 mentioned in the introduction, nanoprecipitatieas the technique
of choice to produce the nanocarriers describeithigithesis. The purpose of this approach,
e.g. easy tuning of particles size, and some pbydiemical findings are described and

discussed throughout this chapter.

4.2 The parameter s involved in the nanopr ecipitation of polymers

There are several physicochemical parametersvadoin the nanoprecipitation of
polymers that influence the final particles sizel aize-distributior’®?°?” Some of the most
relevant physicochemical parameters of nanopretipit were evaluated in detail using as a
model the well-known biocompatible and biodegradaidly(lactic-co-glycolic acid) PLGA

copolymer?® The influence of the physicochemical propertiesths aqueous and organic
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phase during the preparation of biodegradable NRgell as physicochemical aspects behind
the size and size-distribution of NPs have beeestigated and the results are summarized

below.

4.2.1 Theinfluence of the polymer concentration

The polymer concentration was tested from 1.4%ary.mL* and their influence in
the size, size-distribution an@potential of the prepared NPs at preset acetonerwatio
(0.4) is portrayed in Fig. 4.1. As previously ohset?**°332the increase in polymer
concentration resulted in increase in the meangmagize. The more widespread explanation
to the particles growth are related to the classigaleation and growth mechanism applied to
low molecular weight compound$3*3°® In this mechanism, a few critical nuclei of pure
solute are formed when the anti-solvent is addetheéasolvent solution causing solute super
saturation due to the fluctuations in the solvesricentration. These critical nuclei grow by
capturing solute molecules from the surroundingtsah. The signature of the nucleation and
growth mechanism is that the number of particlesaias equal to the number of nuclei (Fig.
4.2)% At the end of growth, the mass per particle eqtiaés solute mass concentration
divided by the number concentration of particlesnc® the number of nuclei varies
exponentially with the supersaturation, one shaetgect higher solute concentrations to

yield a much higher number of nuclei and theretmaller particles.
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Figure 4.1. Influence of the polymer concentration on the gtriad features of PLGA
nanoparticles prepared by nanoprecipitation: meaoparticle size (A), polydispersity index
(B) andl-potential (C). The acetone:water ratio was pres€4. (the read dashes expressed

the acceptable limits for drug release systems)
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Figure 4.2. Schematic description of nucleation and growth maesm (above), and

nucleation and aggregation mechanism (befSw).

In order to drive the nanoprecipitation processtlgh the nucleation and growth mechanism
homogenous supersaturation of the polymer solutimrst be achievetf. To obtain a
homogenous supersaturation the mixing process bettte aqueous and organic phases, and
the associated molecular diffusion of componentastnbe much faster than the rate of
nanoparticle nucleatioff. This can be achieved just by using special dewicasprovide fast
mixing conditions at very low polymer concentrasoand solvent to non-solvent ratids.
However, the very low volumes of NPs produced bpgisuch devices hinders the scale-up
from laboratory to industrial application.

Under average conditions the nanoprecipitation ggsausing pre-formed polymers
produce NPs in which the size grows linearly wiik polymer concentration (Fig. 4.78)
In these cases NPs grow manly through nucleatioreggregation mechanisthin addition
to the nuclei growth under supersaturation, unaaail nuclei aggregation due to the random
encounters between the growing nuclei is also drdeto occur (Fig. 4.2). Therefore, the
increase in the number of available copolymer ahdhligher concentration) leads to an
increase in the number of nuclei and consequentifné probability of nuclei encountets.
Each encounter causes aggregation of nuclei tharefigasing the nanoparticle size. The
NPs grow until the electrostatic repulsions stabtion quenches the aggregation
process>3**°Moreover, the increase in the organic solutiorasity by the increase of the

polymer concentration results in an increase inrtfass transfer resistance. This causes a
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reduction of the polymer-solvent diffusion into tbeternal agueous phase, larger nuclei are
formed and consequently larger NPs.

The NPs size-distribution was also influenced bg polymer concentration (Fig.
4.1b) as observed previouslyThe size-distribution became broad when biggetiqies
were obtained and it can be understood by consigléhie process of aggregation. At low
polymer concentration the viscosity of the orgasatution does not influence the mixing
process and the nuclei formed during supersaturaie small and homogenous to some
extent. When polymer concentration increases theosity starts to interfere in the mixing
process increasing the nuclei size and inhomogen@&ithe random aggregation of the
heterogeneous nuclei generates a polydispersédistn of NP sizes. Therefore, increase in
polymer concentration increases the heterogenatwden the nuclei and the number of
random aggregation steps resulting in bigger ancerpolydisperse NP$:* Furthermore,
the Oswald ripenin cannot be ruled out in polydisperse systems sinedncrease in the
polymer concentration enhances the difference letvlee growing nuclei.

Taking into account that the end-groups of the PLG@polyester used in the
production of the NPs is carboxylic acid terminatiée nature of the charge on the particles
surface is related to the presence of these deyat#d ionic end-groups at the polymer/water
interfaces'® Therefore, it is expected a negative zeta potemtiues of NPs prepared by
polymers containing such end-grodf$®*° The values of zeta potential in function of
polymer concentration are shown in Fig. 4.2a. hated that with the increase in the polymer
concentration the zeta potential is slightly displh towards smaller absolute values. We
speculate that this behavior might be related éontiixing process, once opposite trend for the
zeta potential were observed when high speed niXeaturrax’ T25 basic, IKA, Germany)
was used at same conditions (Fig. 4.3) or when hoRmicropipeting system for low
volumes was applied in the preparation of NP#levertheless, even for the highest
concentration, the zeta potential is still moreateg than —30 mV which is used as the limit

for nanoparticle stability?*°
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Figure 4.3. Influence of polymer concentration in the zetéeptial under high speed stirring
conditions; 3500 rpmm) and 12 000 rpme).

4.2.2 The influence of the solvent/water ratio

The solvent/water ratio was varied from 0.2 to 10D preset final polymer
concentration of 1.4 mg.mL (Fig. 4.4A). A small effect of the solvent/wateatio was
observed on the size of the produced particlesenrange from 0.4 to 1.0, although for 0.2
the manufactured NPs are substantially bigger. Riemntow solvent/water ratio region (0.2 to
0.8), the mean particle size decreases as thensbater ratio increases. The mean particle
size was reduced from 67.8 nm to 44.0 nm as theestiWater ratio increased from 0.2 to
0.8. Perevyazko et &tinvestigated the influence of the organic fraciiothe NPs size under
several conditions: at constant initial concentrati(1), at constant final polymer
concentration (2), and at constant amount of tHgnper in the final mixture (3). The results
(Fig. 4.5) show that the points are similar to gaabolic shape of the curve found in our

experiments (Fig. 4.4a).
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Figure 4.5. Dependence of the mean sizes of the formed featon the solvent/non-solvent
ratio where (1) the initial polymer concentratiormsvkept constant at 3.57 mg.hL(2)
polymer concentration in the final mixture was kephstant at 0.1 mg.rfl, and (3) amount
of the polymer in the final mixture was kept comstat 0.1 mg (reproduced from reference
31).

The interpretations of the results were based ocleation and aggregation and
nucleation and growth mechanism. At low solventérattios (< 0.2) the low amount of
organic solvent hampers the formation of nucleasites, thus the number of nuclei formed is
small and the particle size is bigger. The increagbe volume fraction of the organic phase
increases the number of nucleation sites, whiatisléa the formation of smaller particles. For
our experimental setup the maximum number of ntickeasites appears close to the
solvent/water ratio~0.6—0.8. Beyond this ratio the NPs growth is nogemgoverned by
nucleation and aggregation, since the supersta&imery low and the nucleation events are
rare. These nuclei are far apart from each otheitlair encounters are rare, therefore the few
nuclei grow by collecting the remaining polymer icisaby the nucleation and growth
mechanisni’

In our case the polydispersity seems not to bectdtl by the solvent/water ratio since
the produced PNPs are narrowly distributed in siggudged by the polydispersity index
values always below 0.15 (Fig. 4B). In a similaryyao significant changes were observed in
the zeta potential of the prepared PLGA NPs witheasolvent/water ratio range studied (Fig.
4.4c). The determined values ranged randomly iareow window from —=30.0 mV to—40.0
mV. The high surface charge of the NB%(—30.0 mV) suggests good dispersion stability of

the produced NPs and prevents their aggregationtalulee existence of electric repulsion
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forces. Consequently, the NPs prepared under tbesditions showed good stability for

months when stored at@.

4.2.3 The influence of the organic solvent

Many authors investigated the influence of the aarg solvent on particle
size??43444348They studied the influence of the physicochemiuatameters such as the
organic solvent dielectric constdfitsolvent/water interactiorf§, solvent/water solubility
parameter differenééand polymer—solvent interactiofrs’®

In order to investigate the influence of the orgasblvent the nanoprecipitation
procedures were performed by using the followindewaniscible solvents: DMSO, DMF,
acetone, acetonitrile and THF. The most relevangsigbchemical parameters of these
solvents are listed in Table 4.1. Fig. 4.6¢ depactsexample of the visual appearance of the
suspensions for several solvents. The suspensiensully transparent for DMF, weakly
opalescent for acetone and completely opalescenTitl-. As expected, the increase in
suspension opalescence correlates well with thee@se in the NPs size in function of the
solvent type (Fig. 4.6b). Furthermore, the cumulkexpansion fitted the curves reasonably
well suggesting a monomodal distribution of nantps (/7> < 0.15, Fig. 4.6a). The

values of NPs sizes, polydispersity index and petantial are shown in Fig. 4.7.

Table 4.1. Physicochemical properties of solvents (at’@% and polymers employed in the
nanoprecipitation protocolsy (viscosity),e (dielectric constant)) (solubility parameter) and

y (surface tension).

Entry 1 (nPa.s) € y(mNml) §Mpal?)
Water 0.891 80.20 72.0 47.9
DMSO 1.987 47.24 429 264
DMF 0.794 3825 364 247
Acetonitrile 0.369 36.64 28.7 243
Acetone 0.306 21.01 235 19.7
THF 0.456 7.52 27.1 18.5
PCL - - 20.4
PLGA - - 19.9
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The comparison between the experimental data hedsblvent physicochemical
parameters (table 4.1) reveals that there is neeledion between the viscosity of the solvent
and the final dimension of the NPs since by emplgyihe solvent of highest viscosity
(DMSO and DMF) the smallest NPs were produced (#ig). Likewise, we could not find
proper correlation between particle size and wstérent interfacial tension (Fig. 4.9).
Similar conclusions were described in a review bgréHuertas et df where several
experimental data from the literature related tlvest properties such as density, viscosity

and surface tension were compared with the parscte. On the other hand, for the
thermodynamic solvent-water interaction paramefesivéntwate the authors, in some cases,

could found correlation with the particle siZé€® Some explanation was given in terms of
total solvent-water miscibility which guaranteestfgphase mixing making the impact of

solvent diffusion irrelevant. Therefore, we evatththe solvent-water compatibility through

the Y sovent-wateParameter based on the Hildebrand solubility patang) (Table 4.1)

0,

water

—_ Vwater (5

Asolventwater — olvent ~
RT

)2 (4.1)

The paramete¥sonvent-waterdescribes the interaction between the moleculesatér and
the molecules of the organic solvent a¥igher Stands for the molar volume of water
(calculated based on its molar mass and dens$®yjeing the gas constani,the absolute
temperature andyaer and dowentthe solubility parameters of the water and orgauilvent
respectively. Fig. 4.7A shows the plot of meanipltsize as a function of the interaction
parameter. A consistent tendency was observedzefistrease as a function gfoent-water
where the lower th@sovent-waterthe smaller the NPs. The mean particle size iseeén the
order: DMSO < DMF < acetonitrile < acetone < THFgm the smallest towards the highest
Xsolvent-water 1€ high water-solvent affinity allows higher wasolvent mixing rate leading to
formation of smaller NPs. Since the diffusion-stliag phenomena between water-solvent
mixture is a key parameter in the nucleation prectse water-solvent miscibility expressed
by the Xsolvent-wateriS @ direct indication of the quality of the satvemixing involved in the
process. It seems that lower thgvent-waterthe smaller and faster are the formed nuclei durin
the nanoprecipitation. This confirms that watemsal miscibility is of chief importance in

the diffusion-stranding phenomenon and thus irfahmation of NPs by nanoprecipitation.
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Figure 4.6. Autocorrelation functions measured at 178nd 25.0°C (A), respective
distributions ofRy revealed by the REPES algorithm (B) and the vispglearance of PLGA
NPs produced from different organic solvents (CMMD(e), acetone ) and THF @). The
polymer concentration and the solvent/water rat@enpreset to 1.4 mg rtand 0.4. The
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Figure 4.7. Influence of the water-organic solvent interactmarameter Xater-solvent ON the
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nanoparticles prepared by nanoprecipitation. THgnper concentration and the solvent/water

ratio were preset to 1.4 mg.mland 0.4, respectively.
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Figure 4.9. Influence of Aywater-sovent ON the size of PLGA nanoparticles prepared by

nanoprecipitation.

When the polymeric NPs were manufactured using R@d PBS/PBDL polymers
(Fig. 4.10) at the same conditions using DMF, awet@nd THF the particles size increases in
the same order (DMF < acetone < THF, Table 4.2).cdfesider these results of fundamental
importance because they clearly confirm that sdiweater interaction is one of the main

factors affecting the mean NPs size independentiyeonature of the biodegradable polymer.
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Figure 4.10. Polymer strucuture of PLGA, PCL and PBS/PBDL.

Regarding the polydispersity (Fig. 4.7B) and theotential (Fig. 4.7C) of the
produced NPs no significative changes were obseasddnction of the nature of the organic
solvent. The average values were always below &ntl5>30 mV, respectively.

Although the correlation between intercation paeten ) and mean particle size not
linear, we have found that the size of the NPshbmarasily and precisely tuned in a linear way
by using mixtures of solvent. For example, by mixbMF and THF we were able to linearly
tune the size of PLGA NPs from ~ 30 nm to ~100 neeping constant the polymer
concentration. The same profile has been observedixtures of acetone and THF and the
results are given in Fig 4.11. The same behavia also evidenced in the manufacturing of
NPs starting from different biodegradable polymeide representative example for
PBS/PBDL NPs is given in Figure 4.11c. These expental evidences strongly suggest that
the mean particle size depends chiefly on solvetis@vent interactions rather than on the

other parameters, eg. solvent-polymer interactions.
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Table 4.2. Mean particle sizeRy), polydispersity index and-potential of a variety of
polymeric nanoparticles prepared by nanoprecipitatirom different starting organic
solvents (polymer concentration 1.4 mg.mkolvent/water 0.4).

Polymer Solvent Ry (nm) Polydispersity ¢ (mV)
DMF 25.1 0.23 36.8
PBS/PBDL Acetone 49.1 0.03 -33.9
THF 103.8 0.13 -37.4

DMF 29.9 0.27 -38.5
PLGA Acetone 52.1 0.12 -394
THF 109.7 0.05 -49.1

DMF 63.9 0.24 -28.7
PCL Acetone 88.6 0.10 -23.0
THF 212.1 0.28 -52.5
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4.3. Conclusion

Some of the most relevant physicochemical parasmetdated to NPs size produced
by nanoprecipitation process such as polymer cdret@n, solvent/anti-solvent ratio and the
nature of the organic solvent were investigateddétail. NPs with hydrodynamic radius
ranging from 28 to 128 nm were successfully produtierough nanoprecipitation by
manipulation of these parameters. Besides polymacentration and solvent/anti-solvent
ratio, the nature of the organic solvent seems dothe most relevant physicochemical
parameter, because the size of the NPs can begiyeand linearly tuned in a wide size range
by using solvent mixtures as organic phase wittedtegcting the polydispersity and tlie
potential.
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5. Biocompatible and biodegradable polymeric

nanoparticlesfor drug delivery
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5.1 Introduction

The search for new biomaterials intended for biacsdpplications has considerably
intensified in recent years. The most promisingliappons are the ones focused on the
development of controlled drug delivery systém&he use of biocompatible and
biodegradable polymers is very attractive becaoséralled drug release can be optimized by
suitable degradation strategies and it allows ale@e of the polymeric material from the
body, avoiding its accumulation and possible tdyit?

Among the FDA-approved polymers, polybutylene soat@ (PBS) is also an
important commercial available biodegradable aliighpolyester derived from fatty C-4
compound$:>®’ The absence of cytotoxic degradation products, sugcinic acid is an
intermediate in the TCA cycle (tricarboxylic acidcte, citric acid cycle) makes PBS
copolyesters prospective candidates aiming the ldeweent of drug delivery
structure$:*1%* Furthermore, the fatty acids (FA) such as dilifmokid (DLA) are suitable
components to the preparation of biodegradable npety since they are hydrophobic
naturally occurring body compourtds® and they are able to sustain encapsulated
hydrophobic drugs via hydrophobic interactions wheed as drug nanocarri¢fs>*¢*/

Some of the potentialities of the combination olyputylene succinate with fatty
acids in the development of new materials for ditelivery applications are explored in this
chapter. The aliphatic biodegradable copolyestarethPBS/PBDL (poly(butylene succinate-
co-butylene dilinoleate)) was synthesized by melygondensation and characterizedby
NMR, *C NMR, GPC, DSC and DL8.The surfactant-free PBS/PBDL nanoparticles (NPs)
were produced by using the single-step nanopretipit protocol (Chapter 4) and
characterized by employing SLS, DLS, SAXS and tmaasion electron microscopy (TEM).
The most relevant results related to the PBS/PBs ldre showed and discussed in this
chapter. Methodological description and detailedca$sion, when not mentioned in the

chapter can be found in the appendices.

5.2 Nanoparticles characterization
The molecular structure of PBS/PBDL copolyesteshiswn in Fig. 5.1. The detailed
information related to the copolyester synthests @maracterization is given in appendix II.
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Figure 5.1. Molecular structure of poly(butylene canateeo-butylene dilinoleate
(PBS/PBDL) copolyester.

After evaporation of the organic solvent the PBIMRBNPs were investigated by
using several scattering techniques (DLS, SLS a3 and TEM.

Fig. 5.2 shows DLS results of the PBS/PBDL NPspared at different polymer
concentrations. Fig. 5.2a shows the autocorrelafiomction measured at 90° and the

respective normalized distributions of relaxationeszA(z).
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Figure 5.2. (a) Autocorrelation functions(ty1 measured at scattering angle 90° and the
respective distributions of the relaxation time&(z) revealed by REPES analysis for
PBS/PBDL NPs at starting polymer concentrationsr@ggmL* (©), 5.0 mg.mL* (¢) and 10

mg.mL* (o). (b) Variation of the relaxation frequenty= 1k as a function o.

The diffusive behavior of the produced PBS/PBDLsN§’shown in Fig. 5.2b and was
confirmed by the lineay” dependence of the decay rate (Chapter 3, equatdd). Table 5.1
shows the hydrodynamic radir{) determined by the Stokes-Einstein equation (Girapt
equation 3.25). The distributions of relaxation @snexhibit an unimodal particle size
distribution with the sizes ranging from 34.5 to.5&m (i.e. mean diameters from 69.0 to
113.4 nm) as the polymer concentration increasas 2.5 to 10 mg.mt. The increase in
nanoparticle size as a function of the polymer eatration is explained by the nucleation-
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aggregation mechanism. An extensive and detailsdudsion related to the nucleation-
aggregation mechanism is presented in the chafsaction 4.2.1).

The transmission electron microscopy (TEM) wasdute confirm the formation of
spherical nanoparticles (Fig. 5.3a). The size iistion histogram resulting from the image
analysid® (Fig. 5.3b) gives a number average mean diamédqr équation 3.34) and
polydispersity indexRrem, equation 3.35) equal to 72.4 nm and 1.12, resdgt(polymer
concentration of 5 mg.mt). Usually the particle sizes measured by TEM presmaller size
values in comparison with those measured by EAL$his difference in the particle size
measurement was observed also here and is relatibe tsize-distribution reported in each
technique. DLS reports an intensity-average sigeibdution whereas TEM reports a number-

average size distribution. Therefore, TEM imagasegally give lower values relative to DLS
data.

Table5.1. Physico-chemical characteristics of the produeB&/PBDL nanoparticles.

Muw(np)
Cpolymer Ry Re d . . {
Entry mamby)  m)  (m) Re/ Ry (1081 (@.mLY) dispersity mv)
g.mol")
NP1 2.5 34.5 40.5 1.17 0.78 0.38 0.067 -36.0
NP2 5.0 46.7 52.6 1.13 1.03 0.39 0.083 -37.0
NP3 10.0 56.7 59.0 1.04 1.74 0.35 0.094 -35.0
T “Tt)
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Figure 5.3. (a) SAXS data (circles) and correspagaiurve fitting (red line) for PBS/PBDL
nanoparticles produced from starting polymer cotreéion of 5.0 mg.mL. The inset
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portrays the TEM image in the same conditions.Siag distribution histogram of the TEM
image of the PBS/PBDL nanoparticles.

SAXS measurements were also performed to probesithe of the PBS/PBDL
nanoparticles and Fig. 5.3a shows a representatiaple. The resultinifq) vs. g scattering
curves were fitted by using the form factor of h@®oeous spheres and log-normal
distribution for polydispersity. Detailed informati related to the fitting procedures is
described in the Chapter 3 (section 3.5) and thevare used is described in appendix Il. The
fitting procedure provides a value Bf= 2R = 79.8 nm and polydispersity)(of 0.144, which
is in well agreement with the experimental dat#és Hlso important to emphasize that the high
quality of the fitting, particularly at the logw-range of the SAXS profile, indicates the
absence of aggregating nanoparticles due to tHeatrestatic stabilization as discussed
below.

SLS measurements were performed in order to irgagstidetailed information related
to the physicochemical properties of PBS/PBDL NHse partial Zimm plot (appendix I,
equation 2) results are reported in Fig. 5.4a @#&bhl) and one example of the full Zimm plot
(Chapter 3, equation 3.17) of NP3 PBS/PBDL NPshma®d in Fig. 5.4b. The very similar
results allow the use of the partial Zimm plot vensin which only one single concentration
is used to perform the experiments. The partiali@ianalysis is only valid for very dilute
solutions of strong scattering intensityThe dvdc value of the copolyester nanoparticles in

water was experimentally measured (appendix I)fandd to be equal to 0.153 m[.g
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Figure 5.4. (a) Partial Zimm plot of static lightastering (K/Ry vs. g°) for PBS/PBDL

nanoparticles prepared at 2.5 mg:n(®), 5.0 mg.mL* (e) and 10 mg.mt* (o) polymer

concentrations. (b) Zimm plot of the sample NP3ymer concentration = 10 mg.r). For
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the partial Zimm analysis the concentration of podyic nanopatrticles in all the samples was
fixed at 0.1 mg mL and for Zimm plot were 0.05, 0.1, 0.15 and 0.2rmig".

Considering the reasons involved in the nucleataoml aggregation mechanism
(section 4.2.1, Chapter 3) thd,, of the PBS/PBDL NPs increases as a function of the
polymer concentration (Table 5.1).

As previously mentioned in Chapter 3 (Section 3,3tBe p-ratio (Rs/R4) is an
experimental quantity derived from the particleeszharacteristics determined from static
(Rs, equation 3.17, Chapter 3) and dynamic light scaiy measurements. It provides
indication of the scattering particle conformatiam solution. Regarding the polymer
concentrationRs/Ry values found for PBS/PBDL NPs within 0.977-1.1Zalfle 5.1), is in
the range for spherical nanoparticles made fronulaegbranched polymer or statistical
random polycondensatés?*%* These values suggest that the particle structnitewfs the
soft sphere mod&?* and the assemblies contain high amounts of wargragped
inside?*?>**The average density)(of the NPs could also be determined using equaid3
(Chapter 3, section 3.8). The calculatedalues of PBS/PBDL NPs within the range of 0.37-
0.39 g.mL* (Table 5.1) are also a strong indication that plaeticles are water swollen.
Furthermore, the water entrapment inside the PBBIPBIPs could explain the particle
stability without addition of stabilizers. The watentrapment reduces the particles density
and increases the surface charge. The particlestined-potential (Table 5.1) was attributed
to the presence of negative charges related tadhsonyl group in the ester bounds and to

the remaining carbolxyl terminal groups in the aoef of copolymer nanoparticlés?’ 23

5.3 Drug-loading and efficiency

The capacity of a nanocarrier to load a specifigds given by the loading content
(LC) and it is related to its mass (Chapter 3, éqna3.31) whereas the drug-loading
efficiency (LE) is related to the total drug feeglifChapter 3, equation 3.32). Therefore, an
ideal nanoparticulate system should present highin@rder to reduce the quantity of
polymer material for administration and a high ldeatvoid drug losses during the therapy. In
order to investigate the LC and LE of PBS/PBDL raarders, paclitaxel (PTX) was used as
the hydrophobic drug model and loaded to the cagster NPs. The loading of the
copolyester NPs with the drug was done using theomcipitation procedure previously

described except that in such a case known amdUi ¥ was dissolved in acetone with the
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PBS/PBDL copolyester. The LC of the PBS/PBDL NPs weestigated in the range 1-10%
WarugWpolymer @aNd the stability of the drug-loaded PBS/PBDL N#as limited to ~ 6-7%
WarugWpolymer drug feeding. In order to compare the LE and LCP&S/PBDL, two well-
known FDA-approved polyesters (PLGA and PLA) wesedito prepare PTX-loaded NPs.
The drug feeding for all polyester NPs was pres&. $%wgmgdWpoymer LC and LE found for
PBS/PBDL were 2.5%/grugWpolymer @and 100 %, respectively. However, PLGA NPs present
a PTX LC of ~ 0.90%WgrugWpolymer @and LE of ~89 % and for PLA NPs the LC and LE were
0.73% and ~70%, respectively. The higher LC andviakies for PBS/PBDL copolyester
suggest that this polymer presents stronger hydtmphinteractions with the PTX drug in
comparison to PLGA and PLA polyesters. This is caméd by the enthalpy values of the
interaction parametery{;) between the PTX and the polyesters given by eémuat.1
(Chapter 1). The values gfy, for PLA, PLGA and PBS/PBDL were calculated frone th
respective solubility parameter of the polyestesg) (and PTX (64). The solubility
parameters for PLA, PLGA and PTX were taken fraerdituré®3°**and for PBS/PBDL was
estimated by using the group contribution methodfivan Krevelen and Hoftyzé?.The)(dp
values found were 0.983, 1.328 and 0.0000287 fa, ILGA and PBS/PBDL, respectively.
Therefore, these results indicate that PBS/PBDLloly@ster nanoparticles are an interesting
alternative for the encapsulation of hydrophobiagdr intended to biomedical and drug

delivery applications.

5.4 Drug release experiments

In order to act on their target the drug moleculesd to be dissolved in the aqueous
environment in the body of the patiéit* Therefore, it is expected that the nanocarrier
releases the drug in a temporal controlled marmméne biological media. The temporal drug
release in polyester nanoparticles is controlledth®y drug diffusion from the polymeric
matrix and from the polymer degradatiri® The controlled diffusion release is dependent
on the effective diffusion coefficient throughotietpolymer matrix, which is related to the
porosity and tortuosity®>’

According to the stability of the drug-loaded PBBIR. NPs the release experiments
were done by setting the loading content at LCG&®wWyrugWpoymer At this loading content
the LE shows constant values of approximately 95k drug release as a function of time

was monitored by HPLC and light scattering (DLS &1d5) and the results are shown in
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Figure 5.5. It was found that approximately 40 %hw& encapsulated PTX is released within
the first 24 h whereas only 10% remains entrappetea particles core after 120 h (Fig. 5.5a).
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Figure 5.5. Drug release profile from PTX-loadedSABBDL NPs prepared usingogmer =
5.0 mg mL* (a) Rs andRy (b) andRs/Ry and nanoparticle density (c) vs. time during PTX

release.

The relative slow PTX release regime observedHerRBS/PBDL NPs might indicate that in
this case the drug release is controlled by tHesidn of the drug through the polymer matrix
and by the hydrolysis of the PBS/PBDL copolyestoth parameters are related to the
polymer hydrophobicity. It was observed that PLGRINoaded with PTX release more than
60% of the drug in 24 hour8. Taking into account the higher hydrophobicity diet
PBS/PBDL copolymer in comparison to PLGA a slowadease is expected of the PTX from
the NPs prepared with the former copolyester. Magecthe slower release of PTX in 24 h
indicates that PBS\PBDL can sustain higher amooht®aded drug in the circulation in
comparison to PLGA. This increases the amountethlrapeutic drug in the target sites.

In order to follow the particles behavior duritgetdrug release process DLS and SLS
measurements were applied to the PBS\PBDL NPs doatte PTX under release conditions
(Fig. 5.5a and b). Additionally, besides DLS/SL® ttrug encapsulation was also followed
by SAXS measurements (Fig. 5.6). DLS/SLS and SAX&arty indicate that the drug
encapsulation reduces the dimensions of the NPs fdduction observed in the
hydrodynamic dimensioR. was from 46.7 (drug-free NPs, Table 5.&yger= 5.0 mg.mL)
to 44.0 nm (drug-loaded NPs) whereas their radfugymation Rs) has been reduced from
52.6 to 35.0 nm. The observed reduction is mooaqunced irRg than inRy. This reduction
is reflected in the value which decreases from 1.13 (drug-free NP<).7® (drug-laded
NPs). Similar behavior was observed for SAXS of tiMoaded and PTX-loaded NPs with
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fitting the data using the form factor of homoges@pheres (Fig. 5.6). The reduction of the
of the NPs the average radiu® change from 39.9 (drug-free NPs) to 35.2 nm (doagled
NPs) confirms the results observed by light scauger

1(q)

0.01 L 01 ' 1

a (hm’)
Figure 5.6. SAXS data (circles) and correspondimye fitting (red line) for unladedaj and
5.0 %WgrugdWpoymer PTX-loaded ¢) PBS/PBDL nanoparticles produced from starting/par
concentration of 5.0 mg.mi

Another interesting feature observed by DLS/SLS wwsincrease in the particles density
from 0.39 to 0.51 g.mt after the loading of PTX into the PBS/PBDL NPseTihcrease in
the NPs density associated with the reduction @pthatio (from soft to hard sphere) clearly
reflects the transition of the inner particle stame from a water-swollen condition (drug free
NPs) to a higher degree of compactness (drug-loddled). The process involving the
particles swelling-collapse induced by the PTX dsugchematically depicted in Fig. 5.7.

PTX

®
Drug Loading
—

—
DrugRelease

R, =46.7nm; R; = 52.6 nm R, =44.0nm; R; =35.0nm
RJ/Ry =113 R/Ry~0.79
d=0.39g.mL" d=0.51g.mL"

Figure 5.7. Schematic representation of the PTXilua effect. Unloaded (a) and PTX-
loaded PBS/PBDL NPs (b). The PTX drug is represkatefilled circles and the islands of
water are represented in blue.
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However, in comparison to PBS/PBDL NPs loaded VAThX the PLA and PLGA
nanoparticles loaded with 2%g..dWpoymer Presented an opposite behavior as reported in the
table 5.2. It was observed an increas&imandRy as PTX is loaded in the PLA and PLGA
NPs. The increase was also confirmed by fittingS$i#e&XS data of such systems (Figure 5.8)
by using the form factor of homogeneous spherethofigh the NPs are more polydisperse,
the shift towards the right-hand side of g{e maximum as PTX is present fully confirms the
size increase of the supramolecular aggregates $/8b and d). Furthermore, no changes in
the PLA and PLGA NPs density could be detectedr aftag loading (Table 5.2). These
differences observed between PLA and PLGA in comparto PBS/PBDL NPs under the
presence of PTX might be related to the hydrophgbaf the PBDL monomer units in the
copolyester (Appendix Ill). The PBDL monomer unwhich is basically a branched
hydrocarbon chain and therefore it is extremelyrbgtobic, provides to the PBS/PBDL
copolyester a much higher hydrophobic characteristi comparison to PLA and PLGA
polyesters. As aforementioned, under gest freeitond this is reflected in a much more
compact and dense PBS/PBDL NPs in comparison to A PLGA NPs (table 5.2). The
interaction between the PBS/PBDL copolyester chailusing the particle formation
(nucleation-aggregation) might be stronger in comspa to PLA and PLGA polyester thus
much more densely packed NPs are observed for BB®&/PTaking into account that PTX is
highly hydrophobic (water solubility ~ 04/mL)*® it is expected that its presence favors the
interactions between PTX and PBS/PBDL chains lgatbnwvater draining out of the particles
during the aggregation-nucleation process. Sineeptiimary nuclei are more hydrophobic
under the presence of PTX, larger amounts of wareedraining out of the particle and their
overall density increases. In the case of PLA ah&GA NPs the absence of a highly
hydrophobic and flexible monomeric unit limits teiength of the hydrophobic interactions
between the polymer chains as well as between ahgner and paclitaxel. This structural
difference between the polyesters is reflected lasa densely packed and highly hydrated
PLA and PLGA nanoparticles in comparison to the PB®L nanoparticles. Therefore, the
addition of PTX to the PLA or PLGA nanoparticless®m causes only an increase in the

particles sizes (Table 5.2).
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Table 5.2. Physicochemical characteristics ofginest-loaded NPs

Entry (r?r':]) dispersity (mZV) (10Mév.(Nr;)orl) (rlfr%) Ro/R (g(.jgr?3) Sojér?%
PLGA 31.3 0.10 -37.0 1.7 26.7 0.85 0.06 1.34
PLGA 2.0% 38.2 0.12 -30.0 3.2 32.1084 005

PLA 32.1 0.10 -35.0 4.7 26.0 0.81  0.06 1.32
PLA2.0% 347 0.11 -32.0 10.7 31.30.90  0.05

PBSBDL  46.7 0.10 -37.0 10.3 526 1.13 039 108

3estimated by using the Cumulant methtglcm®
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Figure 5.8. SAXS patterns of guest-frex) @nd 2.0 %vprx/WpLa guest-loaded NP (A)

and respective(r) vs. r (B). Analogous data for PLGA NPs (C and D).
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The result of the drug release from PBS/PBDLA nanmtigdes followed by DLS/SLS
is characterized by a continuous increasB#Ry and decrease of nanoparticles density (Fig
5.5c). The increase in th&/Ry is mainly related to the reduction in tRg sinceRs remains
nearly constant during the first half of the expent. We observed a reductionRyf within
the first 96 h followed by a slight increase aftédl h (Fig. 5.5b). The initial reduction Ry
might be related to the PTX diffusion from the cafethe PBS/PBDL NPs toward their
surface. When PTX diffuses from the core in dii@ttio the shell the water remaining drains
towards the surface of the particle. This causesarase in the hydrophobicity along the
particles and to the shrinking of the polymer matrhich is experimentally observed by the
reduction of the hydrodynamic dimension of the FEEIL NPs during the first 96 h. In this
case the PTX diffusion and water draining towatds gurface of the particle are faster than
water draining towards the core. Near the end ®fettperiment (after 192 h) tiRg increases
and approaches the initial values (Fig. 5.5b) wéetbe particles density decreases to ~ 0.41
g.mL* (Fig 5.5c). The overall results suggest that thetiges acquire their initial soft
characteristics when the hydrophobic PTX is tota#leased once the inner core is again
water-swollen due the reduction in its hydrophdicgaused by the drug release. These
results show that the release of the PTX from PBBIPNPs is mainly governed by drug
diffusion and water draining through the polymermmxa

5.5 Degradation behavior of the copolyester nanoparticles

An important prerequisite for a potential biomedliegplication of hydrophobic
biodegradable polymers is the knowledge of thewdegradation behavior. Two main
degradation mechanism can be involved, dependinglative rates of water diffusion into
the polymer matrix and degradation of the polyA1éf When the rate of polymer degradation
is faster than the rate of water diffusion into fh@ymer matrix the mechanism is called
surface degradation. On the contrary, when diffusb water into the matrix is faster than
polymer degradation and the whole matrix is affédig degradation and erosion, the process
is called bulk degradation. Under biological cormmhis (n vitro andin vivo) the degradation
of polyesters proceeds by random hydrolytic cleavafgester linkage®*® It was previously
shown that PLA and PLGA nanoparticles degrade bik Imechanisni**® Therefore is
expected that for the PBS/PBDL nanoparticles theemdiffusion into the polymer matrix
would be faster than the cleavage of ester bondstla@ most probable mechanism will

involve bulk degradation.
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Figure 5.9 shows the results for the degradatioRBS/PBDL NPs when followed by
SEC and DLS during 8 weeks. A constant decrease obaerved of the weight-average
molar mass during the first week followed by a mnamced reduction in the second week (Fig
5.9 a). During this period only slight changeshe hanoparticle size were observed by DLS
(Fig 5.9 b). Starting after the second week a stosegradation profile was observed with
smaller reductions in the molecular weight whichsg until the end of the experiment. DLS
measurements during this period show that at tlik afrthe third week the nanoparticles
collapsed and only aggregates were detected (Bigop. Similar degradation profile was
observed also for PLGA nanoparticles (~ 100 nmpa@red by double emulsion-solvent
evaporatior’? The authors claim that the initial fast loss ie tholecular weight during the
first weeks is related to the autocatalysis causethe degradation products generated from
the hydrolysis of the copolymer. The initial dere@d compact structure of the polymer
nanoparticles hinders and slows the outward dibfusif the degradation products, which can
catalyze the degradation of the remaining polyntesgnt in the particles. When the patrticles
become more porous the diffusion of the degradapimduct is easier and the effect of
autocatalysis vanishes. This might be the explanator the fast degradation of the
PBS\PBDL NPs since the particle density is higimecomparison to the PLGA NPs. In this
case the outward diffusion of degradation prodigexpected to be even more hindered and
therefore the autocatalysis effect is stronger.

The complete degradation process of the PBS/PBDioperticles was followed by
SEC (Fig. 5.9¢). It was observed that the SEC cgiviéis towards longer elution time as
degradation proceeds. At the second week it wasreed that the monomodal main peak
starts to decompose into a bimodal distributionkpedh is shifted to higher elution times
(lower molecular weight) and the molar mass distitn becomes broader. These are clear
indications of the presence of the degradation ywtsd with lower molecular weight

(oligomers and monomers) derived from the hydrolgteavage of ester bontfs.
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5.6 In vitro cytotoxicity

The determination afell viability in vitro is a crucial experiment in order to evaluate
the cellular toxicity of a compourid.A toxic compound may initiate two distinct events:
apoptosis or necrosis, two forms of cell death wigarly distinguishing morphological and
biochemical feature® Therefore, the measure of thevitro proliferation of the cells under
the contact with the compound to be analyzed irctian of time is a good indicator of its
toxicity.

The in vitro cell proliferation was determined i@ incubation of the PBS/PBDL
nanoparticles in mice splenocytes cell lines C5&n@ Balb/c. The results show an increase
in the cell proliferation which was concentratioepeéndent for the NPs with both types of
mice splenocytes cells evaluated (Fig. 5.10).
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Fig. 5.10.In vitro effect of PBS/PBDL NPs (mg.nil) on mice Balb/c and B6 splenocytes
cell proliferation.

Similar dependence on the concentration in the melliferation was observed on
surfactant-containing systems at low surfactantceatrations ref. However in this case,
disruption of the cell membrane and high levelsytbtoxicity were observed at surfactant
concentrations higher than 0.1 mg.lin the current case, the enhanced in-cell pratifen
was observed at much higher polymer concentrationomparison to those described for
polymer surfactants. The most probable explandtothe increase in the cell proliferation is
related to the metabolization of the fatty acidsnfrthe copolyester chains by the céils.
Weiss et al. observed similan vitro behavior when steraoyl-poly(glycerol adipate) was

incubated with human hepatoblastoma cells (Hep&Zhe cell proliferation was observed
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only when steraoyl was present in the poly(glycadipate) backbone. In this case the stearic
acid fractions were primarily metabolized by thédsce

5.7 Conclusion

Novel biocompatible and biodegradable PBS\PBDLotygster nanoparticles based
on monomers derived from renewable sources wereessfully produced. General
characterization by TEM and SAXS reveals that thetiges are spherical in shape and
narrowly distributed. DLS measurements showingigad sizes around 120 nm indicates
favorable conditions for drug delivery applicatiohgformation related to the particle density
and inner structure revealed by the combinatioBldd and DLS measuremenis< Rs/Ry)
suggest that they are water-swollen with a softabe. The water entrapped in the NPs
seems to be crucial for the particle stability with surfactant. PBS/PBDL NPs were able to
encapsulate between 3 to 5 times more hydrophatig BTX in comparison to the very
well-known standard FDA approved polyester nanaogag of PLA and PGLA. The drug
encapsulation and release was followed by HPCL fandhe first time by light scattering
measurements (DLS and SLS). The drug encapsulaimdifies the inner structure of the
NPs leading to the shrinking and to higher degreecampactness due to hydrophobic
interaction between the polymer and the drug. Atfiter release of the drug the particles are
swollen by water returning to their initial sofa. The degradability (about 8 weeks) and the
absence of cell toxicity make PBS/PBDL NPs an gggng polyester alternative for

biomedical applications in nanomedicine.
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