UNIVERSITA DEGLI STUDI DI MILANO

FACOLTA DI SCIENZE E TECNOLOGIE
PhD SCHOOL in INDUSTRIAL
CHEMISTRY
XXIX Cycle

Amphiphilic, biodegradable and
biocompatible polymers for industrial
applications

Coordinator: PROF. MADDALENA PIZZOTTI
Tutor: PROF. ELISABETTA RANUCCI

PhD student: CAPUANO GIOVANNA
R10587



INDEX

AIM OF THE PhD THESIS 7

CHAPTER1 9

INTRODUCTION TO BIOMATERIALS 9
1.1 BIOMATERIALS: DEFINITION 9

1.1.1 Generations of biomaterials 10

1.1.2 Biocompatibility 10

1.2 MATERIALS USED AS BIOMATERIALS 13

1.2.1 Polymeric biomaterials 14

1.2.2 Degradation and erosion of polymers in biological environment 15

1.2.3 Hydrolitically degradable polymers 15

1.2.4 Enzimatically degradable polymers 16

1.2.3.1 Poly (a-esters) 17

1.2.3.2 Polyamidoamines 19

1.3 BIOMATERIALS: APPLICATIONS 21

1.3.1 Tissue engineering and regenerative medicine 22

1.3.1.1 Types of scaffolds 24

1.3.2 Drug delivery systems 27

1.3.2.1 Type of delivery systems 27

1.3.2.2 Drugloading 29

1.3.2.3 Time control 30

1.3.2.4 Spatial control 31

1.4 BBOMATERIALS: PROPERTIES 31
1.4.1 Size and shape 32

1.4.2 Mechanical properties 34

1.4.3 Surface properties 36
BIBLIOGRAPHY 39

CHAPTER 2 48

SYNTHESIS AND CHARACTERIZATION OF PLGA-g-PVP COPOLYMER
48

1



2.1 POLY (LACTIC-CO-GLYCOLIC) ACID 48

2.2POLY(VYNILPYRROLIDONE) 51
2.3 PVP-POLYESTERS COPOLYMERS AND BLENDS 52
2.4 EXPERIMENTAL PART 54
2.4.1 Materials 54
2.4.2 Instruments and methods 55
2.4.3 Synthetic procedures 56
2.4.3.1 Synthesis of PLGA-g-PVP10.1 56
2.4.3.2 Saponification of PLGA-g-PVP MP samples (typical procedure) 57
2.4.3.3 Fractionation of PLGA-g-PVP (MP samples) 57
2.4.3.4 Preparation and fractionation of PLGA/PVPKA40 blends 58
2.4.3.5 Synthesis of low molecular weight PVP in DMF solution (PVPpmr) 58
2.4.3.6 Preparation of PLGA/PVP blends (PLGA/PVPpr 10:1) 58
2.4.3.7 Fractionation of PLGA /PVPpur blends 58
2.4.3.8 Synthesis of PVP in water 59
2.4.3.9 Determination of IR calibration curve relevant to the ester/amide C=0O
stretching 59
2.4.3.10 PLGA-g-PVP based aqueous nanodispersions 59
2.5RESULTS AND DISCUSSIONS 60
2.5.1 Synthesis 60
2.5.2 Thermal analysis 64
2.5.3 Estimante of the average Chain Transfer Costant of PLGA repeating
units 65
2.5.4 MALDI-TOF analysis of PVP side chains 67
2.5.5 Fractionation of PLGA-g-PVP copolymers 71
2.5.6 PLGA-g-PVP based aqueous nanodispersions 75
2.6 CONCLUSIONS 80
BIBLIOGRAPHY 82
CHAPTER 3 86

FORMULATIONS OF DRUG-LOADED PLGA-g-PVP NANOCARRIERS 86

2



3.1 NANOPARTICLES 86

3.2NP PREPARATION METHODS 87
3.3 ANTITUMOUR DRUGS 88
3.3.1 Doxotubicin 89
3.3.2 Aim of research 89
3.4 ANTIMALARIAL DRUGS 90
3.4.1 Artemisinin as antimalarial drug 91
3.4.2 Curcumin 92
3.4.3 Aim of research 92
3.5 ANTITUMORAL PROJECTS: EXPERIMENTAL PART 93
3.5.1 METHODS 93
3.5.1.1 Materials 93
3.5.1.2 Preparation of doxorubicin base 94
3.5.1.3 Preparation of PLGA-PVP1¢.1, PLGA-PVP1¢.2 blank NPs and Dox- or
Doxp-loaded NPs 94
3.5.1.4 Assay of doxorubicin loaded into NPs 95
3.5.1.6 Invitrorelease of doxorubicin from nanoparticles 96

3.5.1.7 Determination of bovine serum albumin (BSA) adsorption on NP surface

97
3.5.1.8 Cell and culture conditions 97
3.5.1.9 Cell proliferation tests 97
3.5.1.10 Data analysis 97
3.5.1.11 Spheroids culture 98

3.5.2RESULTS AND DISCUSSIONS:DOXORUBICIN LOADED NPs 98

3.5.2.1 Blank nanoparticle preparation 98
3.5.2.2 Drugloaded nanoparticles preparation and drug assay 102
3.5.2.3 Characterization of PLGA-PVP NPs 105
3.5.2.4 Invitro drug release 108
3.5.2.5 Plasma protein adsorption 113
3.5.2.6 Proliferation cell inhibition 7z vitro 114



3.5.2.7 Viability of PLGA-PVP10.2 NPs on spheroid cultures 117

3.5.3. CONCLUSION: DOXORUBICIN LOADED NPs 118
3.6 ANTIMALARIAL PROJECTS: EXPERIMENTAL PART 120
3.6.1 METHODS 120
3.6.1.1 Materials and Instruments 120
3.6.1.2 Formulation of drug loaded and blank nanocapsules 121
3.6.1.3 Artemisinin assay 121
3.6.1.4 Curcumin assay 122
3.6.1.5 Stability studies 123
3.6.1.6 Growth inhibition assay 123
3.6.2RESULTS AND DISCUSSION: ARTEMISININ AND CURCUMIN
LOADED NANOCAPSULES 123
3.6.2.1 Polymeric lipid nanocapsules preparation 123
3.6.2.2 Drugencapsulation 126
3.6.2.3 Drug-loaded PLGA-PVP NCaps characterization 128
3.6.2.4 Stability studies 131
3.6.2.5 Invitrobiological studies 132
3.6.3 CONCLUSIONS: ARTEMISININ AND CURCUMIN LOADED
NANOCAPSULES 136
BIBLIOGRAPHY 138
CHAPTER 4 145
NANOFIBRE FORMATION OF PLGA-g-PVP /PLGA BY
ELECTROSPINNING 145
4.1 ELECTROSPINNING TECHNIQUE 145
4.2 ELECTROSPINNING APPARATUS 146
4.3 PARAMETERS OF ELECTROSPINNING PROCESS 147
4.4 MODIFICATION OF BASIC ELECTROSPINNING PROCESS: COAXIAL
ELECTROSPINNING 152
4.5 AIM OF RESEARCH 153

4.6 EXPERIMENTAL PART 154



4.6.1 Materials
4.6.2 Film formation by spin coating
4.6.3 Scaffold preparation by singles electrospinning
4.6.4 Scaffol preparation by coaxial electrospinning
4.6.5 Characterization of polymeric films and electrospun fibers
4.7 RESULTS AND DISCUSSIONS
4.7.1 Thermal characterization of native polymers
4.7.2 Electrospinningand characterization of PLGA fibres
4.7.3 Electrospinningand characterization of PLGA-g-PVP fibres
4.7.4 Electrospinning and characterization of PLGA/PLGA-g-PVP fibres
4.8 CONCLUSION
BIBLIOGRAPHY
CHAPTER 5

154
154
154
155
155
157
157
160
162
163
170
172
175

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC

ACID, GELATIN AND AGMA1
5.1 HYDROGELS
5.2 HYLARONIC ACID
5.3 GELATIN
5.4 AGMAL1
5.5 CHEMICAL DESIGN OF HYDROGELS
5.6 EXPERIMENTAL SECTION
5.6.1 Materials
5.6.2 Methods
5.6.3 Synthesis of AGMA10 and AGMA20
5.6.4 Synthesis of HA-Gel-AGMA, HA-AGMA and HA-Gel hydrogels
5.6.5 Synthesis of Serotonin containing hydrogels
5.6.6 Water uptake measurement
5.6.7 Flory-Rehner calculations

5.6.8 Degradation studies

175
175
176
177
179
180
182
182
182
183
184
184
185
185
186



5.6.9 Stress strain tests
5.6.10 Biocompatibility test

5.7 RESULTS AND DISCUSSIONS
5.7.1 Synthesis and characterization of soluble NH2-end-capped AGMA1
oligomers
5.7.2 Synthesis of hydrogels and reaction parameter optimization
5.7.3 FTIR characterization
5.7.4 Water uptake measurements and Flory-Rehner calculations
5.7.5 Thermal characterization
5.7.6 Rheological experiments
5.7.7 Degradation test
5.7.8 Morphological studies by AFM
5.7.9 Cell biocompatibility

5.8 CONCLUSIONS

BIBLIOGRAPHY

List of pubblications

List of attended congresses and schools

187
187
188

188
189
191
193
194
198
202
203
205
206
208
213
213



CHAPTER 1

INTRODUCTION TO BIOMATERIALS

AIM OF THE PhD THESIS

The aim of this PhD work was to establish the synthetic procedures for new families of
biocompatible and biodegradable and/ or bioeliminable biomaterials that can be differenth

processed to obtain nanoparticles, core-shell nanofibres and hydrogel slabs or conduits,

respectively. Depending on composition, size and morphology, these biomaterials may be

intended for applications as drug delivery systems and/ or tissue regeneration.

Specifically, the research project has been developed along tno main lines:

Synthesis of poly(lactic-glycolic acid)-g-poly(1-vinylpyrrolidin-2-one) (PLG.Ag-P1P)
copolymers whose architecture consisted of a long PLGA backbone with oligomeric PL'P
pendants. These were obtained by the radical polymerisation of 1-vinylpyrrolidin-2-one
in molten PLGA 50:50, acting as chain transfer agent. The procedure was a single pot
- single step one. Copolymers were characterized by FTIR, "H- and "C-NMR and
thermal analyses. They nere saponified giving, besides PLGA degradation products,
also un-degraded PV'P. This nas isolated and analysed by size exclusion
chromatography, to evalnate the molecular weights of grafted PV'P chains. MALDI-
TOF analysis alloned identifying the chemical structure of PVP terminals and
unambignously establishing that PV'P chains had been graftedonto PLGA backbone
PLGAg-PVP with different PVP content nere formulated as drug nanocarriers by
different procedures. Doxorubicin-loaded nanoparticles were prepared by the solvent
diffusion method and fully characterised. In vitro drug release kinetics nere studied and
in vitro biological activity evaluated on several antitumoral cell lines.

PLGAg-PVP nere also used as coatings of lipid nanocapsules for the delivery of
curcumin and artemisinin as antimalarials. Drug loaded-lipid micro-dispersions nere
[first prepared by oil in water emmnision. The lipid drops nere converted into nanometric
ones by high pressure homogenization and finally surface coated by adding a
DMSO/ acetone PLGA-g-PVP solution. Growth inhibition assay were conducted on
plasmodinm falciparum (3D7) cultures. Haemoltic assays were conducted on healthy
red blood cells.

PLGAg-PVP- and PLGA-based scaffolds consisting of nanofibrons mats nere
produced by electrospinning. Starting materials nere electrospun and their morphology
was  evaluated by scanning electron microscopy and wettability by contact angl
measurements. Coaxial electrospinning of two materials, in which PLGA formed the
core and PLGAg-PVP the shell of fibres, were also conducted and compared with those

obtained by mixed solutions of staritng materials. Chemical composition was evaluated
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by TGA, morphology by scanning electron microscopy and nettability by contact angle
measurements. Nanofabric scaffoldproduced will be evalnated for drug release and tissue
engineering applications.

o Synthesis of a new classes of poly (saccharide)-poly (aminoamine)s 3D-network intended
as scaffolds for the regeneration of liver.
In  particular,  hyaluronic —acid-polyamidoamine — and  hyaluronic  acid-gelatin-
polyamidoamine hydrogels nere synthesised by amidation reaction between the carboxylic
acid group of hyaluronic acid and amine groups of gelatin and or an NHo-functionalized
PAA, promoted by 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholininm
chloride (DMTMM) as coupling agent. Chemical-physical characterization sere carried
out on hydrogels. In order to promote hepatic cell proliferation serotonin was bonded to
both hydrogels, adding it to the initial recipe, exploiting the above reaction betneen
carboxylic acid group of hyaluronic acid and amine group of serotonin. Serotonin-loadkd
hydrogels were testedin vitro to evalnate biological efficacy.

In “Introduction” the broad definitions, classification and roles of biomaterials have been
discussed. In the following chapters, chapter is launched with a brief and more narrow
introduction on the chapter matter.
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1.1 BIOMATERIALS: DEFINITION

“A biomaterial is a nonviable material used in a medical device, intendedto interact with

biological systems.”
David Franklyn Williams, 1987

The increase in global average life expectancy, particularly in industrialised
countries, a more active lifestyle and the onset of a large number of diseases,
have generated a rising demand of medical devices, allowing to return the
recovery of functionality of compromised body parts resulting in patient's
survival. In order to build effective medical devices apable to perform these
functions, the constituting materials must have the ability to interact with
biological systems. These materials are named biomaterials. A number of
definitions has been developed for this term.

At Consensus Conference of the European Sodety for Biomaterials (1987,
Chester, England), D.F. Williams gave the most famous and used definition,
reported at the begin of this paragraphs. These definition do not indude
materials for controlled drug and biological active molecules deliveries, as much
as, all material-cell combinations.iiitivThe currently accepted broader definition
of biomaterial, always defined by D.F. William in 1991, is:!

“A biomaterial is a man-made or man-modified viable or non-viable material intendedto
interface with biological systems to evalnate, treat, augment, or replace any tissue, organ, or
Sfunction of the body.”
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1.1.1 Generations of biomaterials

As for the definition of biomaterials, also their purpose has changed over time,
leading to three different generations. These three generations are not only a
chronological sequence, but, mainly a conceptual evolution arrying change of
requirements and properties of the materials involved. A first generation of
biomaterials was developed starting from 1960-1970s, with the goal of “achieve a
suitable combination of physical properties to match those of the replaced tissue with a min imal
toxic response in the host”.¥ They consisted in implanted prostheses that must be
biological inert or have a minimal interaction with its surrounding tissue once
putted in the body. By the mid-1980s, a second generation of biomaterials was
reported with the peauliarity to be bioactive, meant as the ability to interact with
the biological environment through the establishment of tissue-biomaterial
surface bondingin order to enhance a spedfic biological response. During those
years various compositions of bioactive glasses, ceramics, glass-ceramics and
composites underwent dinical trials. The third generation biomaterials
combined bioactivity with progressive and controlled chemical breakdown and
resorption. This generation was created to aid both regeneration or restoration,
and not simply replacement, of injured or lost tissues or body functions and
delivery of biochemicl factors and drugs. Thus, temporary structures that
stimulate cellular invasion, attachment and proliferation fall in this area.vivilvill

Itis important to underline that new generation biomaterials do not necessarily
override the use of those of a previous generation, but have only a different
“modern” application. For example, bioinert materials are used to build
temporary urinary catheter, bottles or body fluid containers and needles;
bioactive materials for body implants and grafts; bioresorbable one are used in

drug delivery and tissue engineering.
1.1.2 Biocompatibility

Bioinertness, bioactivity and bioresorbability are features desaibing how the
host tissue interacts with an implanted or injected biomaterial, and how it
impacts the biomaterial. Host response and how the host response impact

biomaterials ate two subjects of a single matter: biocom patibility.iv:ixx

10
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Biocompatibility is the most important property of a biomaterial and also the
essential one to define a material as biomaterial. It is defined as “%he ability of a
material to perform with an appropriate host response in a specific application”.

For alay person this definition is very general and so self-evident that it is not
of any real help in advandng knowledge of biocompatibility concept, but it is
the only one always true and that takes in acount all spedfic and different

mechanisms involved in the interaction between biomaterials and tissues.

Table 1.1. Host response and host variables influence host response

Major characteristic of the generic M ostmaterial variables that could influence
response to biomaterials the hostresponse

Bulk material composition, micro-(or nano)-

Protein adsorption and desorption
structure, morphology

characteristics
Generalized cytotoxic effects
Neutrophil activation

Crystallinity and ctystallography
Elastic constants
Water content, hydrophobic-hydrophilic
balance
Macro-micro-, nano-porosity
Surface chemical composition, chemical

Macrophage activation, foreign body giant
cell production, granulation tissue formation
Fibroblast behaviourand fibrosis

Tissue?i:;:;:}s)j;hﬁrccc}z?f::ponses gradients, surface molecular mobility
Surface topography
Surface energy

Sutface electrical/ electronic properties

Activation of clottingcascade
Platelet adhesion, activation, aggregation

Complement activation R K
Corrosion parameters,ion release profile, metal

ion toxicity (for metallic materials)
Degradation profile, degradation product form
and toxicity (for polymeric materials)

Antibody production, immune cell responses
Acute hypersensitivity/anaphylaxis
Delayed hypersensitivity

Mutagenic responses, genotoxicity .. .
8 pOnses, g ’ Leachable, additives, catalysts, contaminants

and their toxicity (for ceramic materials)
Wear debris release profile

Reproductive toxicity
Tumour formation

These spedfic mechanisms and the consequent host response depend on the
general application and spedfic context. As an example, for long term bone
implants, where the goal is bone integration of biomaterials, biocom patibility
needs to take in account the rate of release of corrosion or degradation products
and the tissue response to them, the rate of wear debris release and the tissue
response to this debris. For systems injected in the bloodstream, host response
may be aaute, sub-acute and chronic inflaimmation, partially due to the

mechanical injury of injection, but mainly to the presence of foreign substances

11
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in blood that activate immunological response, leading high concentration of
monogtes and macophages in dralation. In the above dted examples, the
main requirements of biomaterials is that they do not generate negative effects,
that is, do not generate release of chemial substance, debris formation,
inflaimmation phenomena and immune response, or that these phenomena are
minimised. Major generic host response and major biomaterial variable
influendng the host response are listed in Table 1.1 (A and B) and some test to
evaluate biocompatibility depending on body tissue contact and contact
duration, regulated by ISO 109931, are listed in Table 1.2.xiixiii

Table 2. ISO 10993-1. Biocompatibility testing selection ditetia.

Medical device categorization by Biological effect ®
Nature of body contact £ B . o
AP E 2 [zl &
e | £ 5 g B | eles| = [gf=E
Contact § ] 5 - u 3 5 5 g g §c
duration 2 2 2 B i ‘g E g E a0 g
Category Contact £ z e 2 2 g i 2 g &
S| &| EE | & 5| &|E|E|z2|¢
g E ] - 2T v
g o = 25
8 <
A X X X
Skin B X X X
& X X X
A X X X
Surface Mucosal -
device Membrane B XX X Sl il
C X X X o X X o o
Breached or L X X X °
compromised B X X X 0 0
T c x | x X o | X [ x [ o o
A X X X X X
31 7
I .H()L-] path, B < x x x o
indirect
€ X X o X X X o X o
External A X X X o
communi- Tissue/ - - " - "
cating bone/dentin B X X X X X L. X
device C X X X X X X o o
A X X X X o X
Ci a r
“irculating B X X < x X X X
blood
C X X X X X X o o
A X X X o
Tissue/bone B X X X x X X x
Implant C X X X X X X X o o
device A X X X X X X
Blood B X X X X X X X
C X X X X X X X o o

12



CHAPTER 1

INTRODUCTION TO BIOMATERIALS

a) The “X” indicates data endpoint that can be necessaty for a biological safety
evaluation, based on a risk analysis. The “o” indicates data endpoint that can be
advisable for a biological safety evaluation. Where existing data are adequate,
additional testing is not required. b) A= limited (< 24h); B= prolonged (from >
24h to 30d); C= permanent (> 30d).

1.2 MATERIALS USED AS BIOMATERIALS

The majority of biomaterials are dassifiable into three main dasses: metals,
cramics and polymers. All others are composites and biologially-derived
materials.

25,000 .
: Metals . Ceramics Polymers . Others
20,000

15,000

10,000

Revenue ($ million)

2007 2009 2014

Figure 1.1. Biomaterial market by composition. Figure adapted from
reference. v

The worldwide biomaterials market is poised to reach USD 130.57 Billion by
2020, growing at a CAGR (Compounded Average Growth Rate) of 16% during
the foreast period between 2015 and 2020.xv As shown in Figure 1.1, the
metallic segment acounted for the largest share of the market in 2014. The
growth of this segment is driven by the benefits of metal biomaterials, such as
strength and resistance to breakage, which makes them suitable for usage in
various medical appliations requiring strength and toughness. However,
polymeric biomaterials form the fastest-growing segment in the coming years

13
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owing to continuous research and advancements for highly biocompatible

polymers and the inareasing application areas of these biomaterials.

1.2.1 Polymeric biomaterials

Strong points of polymeric biomaterials compared to metal or ceramic materials
are ease of manufacturability to produce various shapes (latex, film, sheet, fibres,
etc), reasonable cost and availability with desired mechanical and physical
properties. These benefits have been evident since the dawn of polymer sdence.
Virtually every new synthetic polymer found its way into biomedicl
experimental studies soon after its invention. =i Nylon sutures were reported
in the early 1940s, after only 5 years from the invention, by Wallace Hume
Carothers.xvill

Polymers are macomoleaules composed of a combination of many small units
that repeat themselves along the long chain. The small starting moleaules are
alled monomers, and unit, which repeats itself along the chain is called the
repeating unit. Polymeric biomaterials can be produced by polymerization of
one or more monomers, used to impart desirable chemical, physical, and
biological properties to biomaterials. It is possible to produce polymers
oontaining spedfic hydrophilic or hydrophobic entities, biodegradable repeating
units, or multifunctional structures that can become points for three-
dimensional 3D network. Moreover, many properties the chemical structure of
the bulk polymer is unable to impart can be reached by chemical or physical
modification of polymer surface.xxxxxd

Considering the multitude of available polymers and of their applications, it may
be useful to dassify them into categories that highlight important aspects for
their practical application.

In this section, polymers will be dassified based on the presence or absence of
degradation phenomena in a biological environment, that is, depending on their

belonging to the second or third generation biomaterials (see section 1.1.2).

Non-degradable polymers have been extensively used in medidne as fillers,
orthopaedic implants, ocular lens, heart valves, bone cements, vascular grafts,

and tissue engineering saffolds for long term devices.xiixxii  Degradable

14
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polymeric biomaterials are preferred cndidates for developing therapeutic
temporaty devices such as prostheses, resotbable three-dimensional porous
structures as saffolds for tissue engineering and as drug delivery vehides with
controlled/sustained release, xv-xxiilxxiv,xxv

1.2.2 Degradation and erosion of polymers in biological environment

Acording to the International Union of Pure and Applied Chemistry (IUPAC),
polymer degradation is defined as “changes in the values of in-use properties of the
material becanse of macromolecule cleavage and molar mass decrease”. In contrast, erosion
refers to “degradation that occurs at the surface and progresses from it into the bulk”. Vi
Prefix bio- is added to both terms when degradation is due to cell-mediated or
bactetia-mediated phenom ena.xxvilxviiixxix

In biological environment, hydrolysis is the most ommon chemial process by
which polymers degrade, but degradation @n also ocur via oxidative,
photodegradative, and enzymatic mechanisms.i Hydrolytically degradable
polymers are generally preferred because they are not affected by site-to-site and
patient-to-patient variations, compared to enzymatically degradable ones.™x

1.2.3 Hydrolically degradable polymers

Hydrolytic deavage is dictated by the nature of the chemical bonds that make
up the polymer backbone. In general, a aarbon-carbon bond is chemically and
biological inert. The C-C bond inertia can be deaeased by oxidation of the
arbon backbone. Therefore, an ester and urethane bond is easier to degrade
than a ketone or a sulfone bond, which is easier to degrade than an ether bond.
Other important factors are molecular weight, porosity and morphology
(aystalline, amorphous forms). In particular, degradation phenomena slow
down increasing the molecaular weight and aystallinity of polymer and

decreasing its porosity (a low ratio of exposed surface area to volume).¥ixxd

In extracellular fluids hydrolysis are promoted by the presence of ions, such as,
H*, Na*, K*, Mg?*, Ca2*, OH~, Cl=, HCO3~, PO4~, and SO4+~. It has been
shown that certain ions are effective hydrolysis catalysts, enhandng, for
example, reaction rates of polyesters by several orders of magnitude. i Jon
atalysis can be enhanced inceasing hydrophilidty percentage of the polymer.

15
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Very hydrophobic polymers absorb negligible concentrations of ions. Whereas
hydrogels, absorbing large amounts of water, act as ions sieves with consequent
bulk hydrolysis via add, base or salt catalysis. i

1.2.4 Enzymatically degradable polymers

Enzymatically degradable polymers are materials possessing bonds that are
hydrolytically ~ sensitive, but require ctalysis to degrade in physiological
onditions. Most of the naturally ocurring polymers undergo enzymatic
degradation, like protein (e.g. silk, cllagen, gelatin, fibrinogen), polyaminoadds
(e.g. poly-y-glutamic add) and polysaccharides (cellulose, hyaluronic add,
dextran, alginate). Most of these polymers contain ether, amide or glycosidic
bonds, which have hydrolytic degradation rates much lower than the polymers
disaussed before. il As an instance, polyurethanes biodegradation degree in the
presence of cholesterol esterase enzyme is about 10 times higher than in the
presence of buffer alone. ¥ Hydrolytic reactions may be atalysed by enzymes
known as hydrolases. These indude proteases, esterases, glycosidases, and

phosphatases, among others.

Enzymatically induced hydrolysis is a heterogeneous process, affected by the
modeby which enzymes and polymetic chains interact. It typically involves four
steps: (1) diffusion of the enzyme from the bulk solution to the polymeric
surface, (2) adsorption of the enzyme on the surface with the following
formation of the enzyme-polymer complex, (3) ocurrence of the hydrolysis
reaction, and (4) diffusion of the soluble degradation producs from the solid

surface to the solution.®The slowest step controls the reaction rate.

In order to affect the enzymatic degradation rate, chemical modifiations of
polymers (aosslinking, removal, or introduction of chemical groups in the
polymer chain) are wusually done. Practically these modifications may
compromise the ability of the enzyme to recognize the modified substrate. For
instance, lysozyme (enzyme responsible for the degradation of peptidoglycan
and also chitin materials) exhibited low activity toward chitosans with high

degrees of deacetylation or acrosslinked chitosan.xovhxevilxovili

The hydrolitically and enzimatically degradable polymers employed in this PhD
work are briefly desaibed below.

16
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1.2.3.1 Poly(x-esters)

Due to the relative ease of their synthesis (via ring-opening or condensation
polymerization)»xxx and commerdal availability, poly(x- esters)Xixli have been
the most researched degradable polymers. They contain aliphatic bonds in their
badkbone. Only polymer having short aliphatic chains cn be utilized as
degradable polymers for biomedical applications.

Poly(glycolic add)¥iixliv(PGA), poly(lactic add)xvalvixbii (PTA), poly(lactic-co -
glyoolic add)viixlixl (PLGA) and poly (aprolactone)blilii (PCL) are the most
common poly(a- esters) used (Figure 1.2).

PGA’s rapid degradation and insolubility in many common solvents limited
research for drug delivery devices. Typical application field that involving PGA
is the short-term tissue engineering, in which it acts as filler material coupled
with other degradable polymer networks. 'V The additional methyl group in PLA
cuses polymer to be much motre hydrophobicand stable against hydrolysis than
PGA. PLA is extensively utilized in drug delivery and in tissue engineering
applications ranging from saffolds for bone, crtilage, tendon, neural, and
vasaular regeneration."M PLGA is the mostinvestigated degradable polymer for
biomedical applications and has been used in sutures, drug delivery devices and
tissue engineeting saaffolds.ViMilixlx PCL has vety low 7z vivo degradation rate
and high drug permeability, it has found favour as a long-term implant delivery

device s
PLA PGA PLGA PeL
o) o o) o)
HO H
HO O}H o} HO o ol {,ov\/\)q\
m n m O n n

Figure 1.2. Structure of the mostcommon poly(a-esters) used as biomaterials.

1.2.3.2 Polysaccharides

The term polysaccharides refers to a dass of compounds consisting of

17



CHAPTER 1
INTRODUCTION TO BIOMATERIALS

normally obtained by biosynthesis in plants (induding algae) or in
miaoorganisms. Therefore, they are produced by extraction and purification
from renewable sources.xv A great share of polysaccharides constitutes a source
of biomaterials for the most varied applications, espedally in the domain of
tissue engineering,’vwi drug delivery,wilkviii visco-supplementation, The list
of polysaccharides cmmonly used for biomedical appliations indude
cellulose,x  chitin/chitosan,  starch,=i  alginatesii  hyaluronic add,biv
pullulan™vand glycosaminoglycanvi (Figure 1.3). Many natural polymers are
found in the extracellular matrix components of organisms, induding humans,
and partidpate in inter and intracellular cell signalling, contributing to cell
growth.lvii Thanks to these features, polysaccharides are often used to impart
materials biological recognition ability, biocompatibility, and bioactivity. In spite
of many benefits, they suffer from several drawbacks, induding variation in
material properties based on soutce, micobial contamination, uncontrolled
water uptake, poor mechanical strength, and unpredictable degradation
pattern.vii Many polysaccharides have been chemially modified to achieve
onsistent  physicochemical  properties  induding mechanical  stability,
degradation, and bioactivity and processed into micropartides, hydrogels, and
3D porous structures for tissue regeneration applications. hxixbox
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Figure 1.3. Structure ofthe most ommon polysaccharides used as biomaterials.

1.2.3.3 Polyamidoamines

PAAs are a family of biodegradable and biocompatible polymers with
recognised potential in the pharmaceutical field.bossibodiboxiiiboxiv, PAAs  are
obtained by stepwise Michael type polyaddition reaction of primary or bis-
secondary amines to bisaarylamids (Figure 1.4). The polymer obtained presents
tert-amino and amido groups regularly arranged along the main chain.
Polymerization reaction takes place in protonated solvents, such as water and
aloohols, without catalysts. Amphoteric PAAs can be prepared using starting
monomers, atboxyl groups not influendng the polyaddition reaction. boevbovi
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Figure 1.4. Reaction scheme of linear PAAs. Reaction was conducted in inert
atmosphere to avoid radical polymerization of aaylamides.

It is possible to obtain cross-linked PAAs using polyfunctional monomers, such
as bis-primary amine, by totally or partly replace the bis-functional amine
monomer during the reaction (Figure 1.5). An alternative cosslinking method
oonsists of triggering the radical polymerization of vinylic terminated PAA by
UV irradiation, water soluble diazocompounds, or redox systems. In both cases
aosslinked scaffolds were obtained, mostly used as inorganic pollutants
adsotbents for water purifiation,ovitkeaviileaix a5 optical dyes for metals
detection,*c for the release of bioactive moleculex and as saffold for cell
proliferation in tissue engineering application.xcixciixciv Conversely, linear PAAs
were used as DNA,*V protein*ev aarriets, in drug delivety for antiancersevii and
antimalarial’vii  treatments, and also as macomolealar drug for
antimetastatic™ and antiviral applications¢. Linear PAAs showed complex

forming properties versus metallic ions dissolved in aqueous solutions.

(o] (o] H H

R
N N -Rs
\)LN’Rﬁ)v + R{ "R 'Ry * H,N NH,
)
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Figure 1.5. Reaction scheme of aosslinked PAAs. Reaction was conducted in

inert atmosphere to avoid radical polymerization of aarylamides.
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All PAAs are degradable in aqueous solution. The mechanism seems to be
purely hydrolytic as no vinyl groups, such as those which would have derived
from a $-elimination reaction, could be determined. Degradation rate in aqueous
mediais strongly influenced by pH and temperature. Degradation seems not to
be affected by the presence of isolated lysosomal enzymes at pH 5.5.cheiicii

1.3 BIOMATERIALS: APPLICATIONS

The main applications of biomaterials can be dassified into the ategories,
depending on the tissue or organ that they repair or, more generally, with which
they come in contact. Fach ategory has a different weight on global market
(Figure 1.0). In particular, cardiovascular and orthopaedic application segments
are the mostrevenue-bearing fields. The first dominates the global biomaterials
market in terms of share due to the high prevalence rates of ardiovasalar
diseases, above all in rich countries like USA. The orthopaedic segment is the
second largest market thank to health problems due to advancement of
population average age.xlixli

8%

I orthopedic
7] cardiovascular
Il vwound care
[ | plastic surgery
I urological
| gastrointestinal
B others

Figure 1.6. Biomaterials matket by applications.

Typical applications in these fields are related to substitution, saffolding or
splinting of tissues that are not able to self-renew. In this way, a great number
of implants and grafts have been produced.cv-cv<vi Examples are heart valves,

endovascular stents, vascular grafts, stent grafts, reconstructive implants,
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fracture management producs, arthroscopy products, electrical —stimulation

products for cardiovascular and orthopaedic application ateas. cvihevilicixex

Adhesive and sealant biomaterials are used to fill a space, repladng some patt of
3 g p

lost natural tissue, as bone cements in orthopaedics, or to protect surfaces or

prevent leakage, as pit and fissure sealants in dentistry. exhexiiexi

Biomaterials are not only intended for internal body applications but also as
device constituents for external body applications. They are used for drugs,
organs and blood padkaging, butalso for many disposable medical devices, such
as syringes, injection pipes, surgical gloves, lancets, ctton pads, and # vitro
biological devices, such as pipette, micropipette, well-plates, test tubes.xiv

A broad dass of biomaterials is used to provide bioelectrodes and
biosensors.cxv.exviexvii Bipelectrodes are sensors used to transmitinformation into
or out of the body. Surface or transcutaneous electrodes used to monitor or
measure electrical events that ocur in the body, like in electrocardiography,
electroenaephalography, and electromyography. A biosensor is a sensor that
uses biological moleaules, tissues, organisms or prindples to measure chemical
or biochemical concentrations. Biosensors caan work by changes in pH, ions,

blood gases (O2, CO2 and etc), drugs, hormones, proteins, viruses, bacteria.

1.3.1 Tissue engineering and regenerative medicine

When tissues and/or organs fail, their replacement is usually the only solution.
Regrettably, the number of compatible donors and the conseautive number of
organs is really limited. For these reason, artifidal prostheses are essential to save
and improve lives of millions of patients.

At first, implants were made of materials well known in the technological field,
but not in origin thought for biomedical applications. Stainless steel, alloys and
high-density polyethylene were used for bone implant, methaaylate polymers as
bone ement in dental medidne, polyethylene tetraphthalate fibres for the
production of grafts for blood vessel reconstructions. These materials had initial
problem with integration of host tissues, by triggering a host immune response
compromising the healthy tissue around the implant, exviii
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By modifying the chemical composition of either the bulk or the surface of
implants, tissue-implant interactions are improved with a remarkable reduction
of inflammations,immune responses, systemic toxidty and imminentinfection.

On the other hand, due to the normal cellular and tissue activity, materials are
subject to continue stress that over time produces damage in the implant,
eventually leading to its failure. Fatigue fracture and wear combined with the
formation of debris, have been identified as some of the major problems
assodated with implant failure in long term. These events foree patients to
frequent substitution of implanted prostheses, resulting in a great bother.

A solution for this problem may be developing procedures that do not replace

the damaged tissue/organ but favour their regeneration.

The goal of regenerative medidne is the healing (or at least partially restoring)
of damaged tissue, supporting the regeneration of diseased or injured organs.
Regenerative medidne usually takes advantage of tissue engineering

materials .cxix,cxx,cxxi,cxxji

Tissue engineering is defined as: ‘?he creation (or formation) of new tissue for the
therapentic reconstruction of the human body, by the deliberate and controlled stimmnlation of
selected target cells through a systematic combination of molecular and mechanical signals”

Tissue engineering takes advantage of 3D structures, named saffolds, that
provide a template for cells to attach, proliferate, maintain their differentiated
function and organize in order to restore structure and funcion to damaged
tissues. Essentially, scaffolds act as a synthetic analogue of the natural

extracellular matrix, exii

Two main strategies have been used in tissue engineering: transplantation of a
in vitro grown tissue, and in situ tissue regeneration. The first consists of 7 witro
ailtured cells on an artifidal saffold in presence of growth factors until forming
a natural tissue followed by transplantation. The second is a combination of an
artifidal saffold and growth factors used as a template to induce host cll
regeneration of the tissue 7z zwo. In this case the host’s body works as a

bioreactor to construct new tissues.
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In general, an ideal saffold should have: i) three-dimensional highly porous
structure with an interconnected pore network to fadlitate cell/tissue growth
and diffusion of nutrients, metabolic waste, and paraaine factors; ii) a
biodegradable or bioresorbable network with degradation and resorption rates
that match tissue growth both in vitro and in vivo; iii) a suitable surface
chemistry for cell attachment, proliferation, and differentiation; iv) mechanical
properties similar to those of tissues at the site of implantation; v) easy
manufacturing, in order to be able to produce a variety of shapes and

sizes, cxdv,exw
1.3.1.1 Types of scaffolds

Large numbers of saffolds from different biomaterials are available for dinical
use with the aim of repair and regenerate lost or damaged tissue and organs.
These saffolds indude porous saffold, fibrous saffold, hydrogel saffold and
solid free form one. The fabrication technique for saffolds depends almost
entirely on the bulk and surface properties of the biomaterial and the proposed
function of the saffold (Figure 1.7).

As before mentioned, the formation of a highly porous structure is the main
goal of saffold fabrication. Most usual methods used to made porous saffolds,
induding particulate leaching, i freeze drying,vii gas infusion,ii and phase
separation.e* Porous are developed by introdudng partides or gas bubbles
when the saffold is in a fluid form and are later removed by solvent action
(organic one, water) or under vaauum after saffold solidification, leading an
interconnected netwotk of pores. The porosity and pore structure is dependent
on the amountof porogen the size of porogen dissolved in the material, and the
diffusion rate of it through the material.®** Phase separation is based on
thermodynamic demixing of a homogeneous polymer-solvent solution into a
polymer-rich phase and a polymer-poor phase, by exposure to an immisdble
solvent or by cooling the solution below a binodal solubility curve. Solvents are
removed by freeze-drying, leaving behind the polymer as a foam. These
techniques are relatively simple but suffering of uncontrolled pore size and

connedtivity, poor mechanical strength, and residual solvent/porogens. exxxi
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Figure 1.7. Snapshot of techniques for preparing porous polymer saffolds for
tissue engineering. Figure from reference.cxxi

Fibre-based saaffold are highly studied due to the possibility to have high surface
area to volume ratio, leading to a miaoporous structure that favours cell
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adhesion, proliferation, migration, and differentiation. All of these features are
highly desired ones for tissue engineering applications.xiii Three techniques are
mostly used for them synthesis: electrospinningev, self-assembly,e>>v and
phase separation®i. Of these, electrospinning is the most widely studied
technique, at contrary, nanofibres synthesized by self-assembly and phase
separation have had relatively limited studies. By electrospinning of polymers,
continuous mico- or nanosale diameter fibres can be generated. In addition, it
is possible to control orientation of fibres. However, it is difficult to control the
distance between fibres and impossible to produce scaffold with volume and

usually mechanical properties of wllected saffolds are poor.cxxvil

Solid free form fabrication techniques are based on computerized modelling to
produce highly complex three-dimensional physical objects.cxxviil The result is a
porous saffold with enhanced control over its three-dimensional organization.
Spedfically, a two-dimensional image of a target spedmen was acquired by a
non-destructive imaging, then was later developed in a three-dimensional
architecture with software and finally fabrication of the three-dimensional
matrix with highly predse and automated layer-by-layer SFEF processes. cxix
Typical processes indude laser-based, ink-jet type printing-based, and nozzle-
based approaches. These methods offer predse control of the three-dimensional
structure of the saaffolds; however, they are assodated with higher costs and

require more complex equipment compared to dassical methods.

Hydrogels are hydrophilic polymer networks which may absorb up to thousands
of times their dry weight in water. Hydrogels are formed when the network is
ovalently aosslinked.! In general, polymers with reactive moieties are
polymerized into three-dimensional networks in the presence of coss-linkers.
Photo-aosslinkable or thermo-crosslinkable hydrogels are the most frequently
used.xi Hydrogel properties can be tuned in order to satisfy a range of
application needed by controlling the structure with defined coss-linking
density, mechanical properties, mass transport, and degradation characteristics.
In particular the degradation rates of hydrogel scaffolds mustbe matched to the
rate of various cellular processes in order to optimize tissue regeneration. exli, exlii
Hydrogels are appealing saffold because they are structurally similar to the
extracellular matrix of manytissues, can often be processed under relatively mild
onditions, and may be delivered in a minimally invasive mannersiv
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Furthermore, hydrogels can be chemiclly modified to improve cell adhesion
and proliferation on the gel matrices through indusion of adhesion peptides.
However, major problems with using hydrogels indude structural instability and
overall inferior mechanicaal properties for placement within dynamic

environments.Xv

1.3.2 Drug delivery systems

Delivery systems are mainly intended to achieve ecither a temporal or spatial
ontrolled delivery of some pharmacmlogical interesting moleaules, such as
drugs, proteins, DNA, RNA, growth factors and hormones. Delivery systems
offer numerous advantages compared to conventional dosage forms, in
particular when they have a “sustained” or “prolonged” moleaule release.

1.3.2.1 Type of delivery systems

Different types of drug delivery systems have been developed with a wide range
of sizes from tens of micomettes to tens or hundreds of nanometres. cxiviexlvil
Drug arriers can be divided in three categories by its composition: lipid carriers,
polymeric catriers and inorganic ones as also depicted in Figure 1.8. Lipid and

polymeric catriers are below examined.

Liposomes, mico/nano-emulsions, solid lipids nanopattides are the most
frequently used lipid carriers. Liposomes are spherical structures composed of a
phospholipid bilayer surrounding an aqueous reservoir. Liposome vesides are
composed of unilamellar or multilamellar lipid bilayers which alternate aqueous.
In general, hydrophobic compounds are well entrapped in liposomes compared
to hydrophilic compounds.evii Micro/nano-emulsions consist in oily drops
dispersed in an aqueous surfactants solution, leading to a milky suspensions. exlix
Solid lipid nanopartides (SLN) are similar to liposome, but they have only a
single membrane and are based on solid lipids stabilized by surfactants. SLN
have a mean partide size of 50-1000 nm. Different types of solid lipids such as
glycerides, waxes, and fatty adds have been used in the fabtication of SLN.¢!

Polymeric cartiers count several types of mico or nanosized partides with
different  structures. Nanocristals  (nanotized partides), drug-polymer
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onjugates, solid mico or nanopartides, micelles, layer by layer conjugates,

dendrimers and polymersomes are the most famous.

Nano-aystals consist in large insoluble drug crystals are milled to form nano-
sized partides with less than 2 um. To prevent partide aggregation, surfactants
such as surface active agents and polymers are normally required for
stabilization.< Polymer-drug conjugates are based on drug molecules linked on
hydrophilic polymers. The drugs remain attached to the polymer and are not
activated until the enzymes assodated with the diseased tissue are present.cli
Nanopartides consist in polymetic aggregates in a solid state suspended in water
solution, in presence or notof surfactants. Two kind of nanopartides are usually
desaibed: nanosphere and nanoapsules. Nanospheres have a homogeneous
structure in the whole partide, in which the drug is dissolved. Nanoapsules are
nano-vesicular systems that exhibit a typical core-shell structure; the drug is
onfined to a reservoir or a cavity.ii Micelle are organized self-assembled
aggregates composed of amphiphilicmaadomolecaules, in general amphiphilic di-
or tri-block copolymers made of hydrophilic and hydrophobic blocks. Micelles
are characterized by aitical micellar concentration, (CMC), that is the minimum
oncentration of polymer in solution to reach micelle structure. Therefore,
micelle formation and stability are concentration-dependent.c™ Dendrimers are
monodispersed macomoleailes with highly branched structures around an
inner core. The terminal groups of dendrimers mostly control the dendrimer
interactions with the molecular environment. The interior of a dendrimer can
show hydrophilic characteristics while the exterior surface of a dendrimer is
hydrophobic or vice versa.cv Polymersomes are made using amphiphilic block
opolymers to form the veside membrane, with radii ranging from 50 nm to 5
pm or more. Most reported polymersomes contain an aqueous solution in their
oore and are useful for enaapsulating and protecting sensitive hydrophilic drugs.

They are the polymeric alternative to liposomes.cVi
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Figure 1.8. Nanosized arrier mainly used in drug delivery. Figure take from

reference.cxlvi

A signifiant technological and medical breakthrough in the evolution of drug
arriers is the shift in size from tens of micometres to tens or hundreds of
nanometres. Thanks to their sub-cellular and sub-micron size, nanocarriers can
penetrate deep into tissues through fine apillaries, cross the fenestration present
in the epithelial lining and are generally taken up effidently by the cells. clvil.clviii
For instance, nanopartides 100 nm in size showed 2.5-fold higher uptake in
Ca-2 cells compared to 1 um partides and 6-fold higher compared to 10 um
partides.clix

1.3.2.2 Drug loading

A sucessful arrier should have a high drug-loading capadty in order to reduce
the number of administrations. Drug can be loaded or be cnjugated into the
arrier. Drug cnjugation allows high degree of incorporation. Physicl
incorporation of drugs may take place on nanopartide preparation obtained by

inarbating them with a concentrated drug solution; ¢ by chemical conjugation
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of drug into crriers. It is evident that a larger amount of drug is entrapped
passing from method to incotporation one to conjugation one.chcliclxi

Drug loading depends on the solid-state drug solubility in polymeric matrix
(solid dissolution or dispersion), which is trelated to polymer composition,
moleaular weight, drug polymer interacion (hydrophobic/hydrophilic
interaction and ionic interaction)hiiciv and presence of end-functional
groups. clxv,clxvi,clxvii

1.3.2.3 Time control

These systems ate related to all devices able to maintain a desired tissue (blood)
coneentration within the molecule therapeutics index (TT) for long periods of
time. Foausing upon drugs, TT is the ratio of two concentrations limits: the
higher one, above which the drug produces undesirable (e.g., toxic) side-effects,
and the lower one, below whidh it is not therapeutically effective. Drug delivery
systems with prolonged release are able to release drugs for long periods of time
without reaching a toxic level or dropping below the minimum effective level
(Figure 1.9).choviibclxix

Therapeutic
concentration

Drug concentrationin plasma

Dose administrations

Figure 1.9. Kinetic profiles of standard dose forms (green line), sustained
release systems (purple line).

Drug solubility and diffusion and biodegradation of the matrix materials govern

the release process. <xIn the ase of nanosphetes, where the drug is uniformly
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distributed, the release occurs by diffusion or erosion of matrix under biological
onditions. If the diffusion of the drug is faster than erosion, the release
mechanism is largely controlled by diffusion. The rapid initial release or ‘burst’
is mainly attributed to weakly bound or adsorbed drug to the large surface of
nanopartides.

1.3.2.4 Spatial control

Spatial controlled release is achieved thanks to two targeting mechanisms, i.e.
passive and active. Passive targeting is dependent on the physicochemical
properties of the drug-carrier system. Tailoring delivery system properties, it is
possible to profit of physiologicl properties of target tissues, minimizing uptake
into undesired tissues. Surface charge, hydrophobidty, size and shape of the
arrier system are usually take in account.c For instance, large macromolecule-
drug wnjugates and nanopartides take advantage of the enhanced permeability
and retention (EPR) effect, usually present in solid tumours. EPR is due to the
presence in blood vessels of poorly aligned defective endothelial cells with wide
fenestrations and the absence of effedtive lymphatic drainage that allow
accumulation of drug arrier in the tumour tissue much more than in normal
tissues. clsi,cliii

Active targeting is achieved by conjugating a tissue- or cell-spedfic ligand to the
arrier.chxivieloy The ideal active tatgeting is attained when the target receptor is
not expressed in signifiant quantities anywhere else in the body or is over-
expressed in diseased cells. Targeting ligands are either monodonal antibodies
(mAbs) and antibody fragments or non-antibody ligands (such as peptidic
one).cwvi Usually after internalization, nanocatriers esape the endo-lysosomes
and enter the gytoplasm. Other organuli can be reached adding spedfic ligand,
as, for example, by conjugating NLS (nudear loalization signal) for nudear
compartment cell. clxvii

1.4 BIOMATERIALS: PROPERTIES

Properties (physical, mechanical and surface properties) of biomaterial are
designed and modelled as a function of the application and of the host tissue.
Examples of biomaterial properties affecting their performance in drug delivery
and tissue engineering are reported in Figure 10.
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Size, Shape, Density, Thermal properties (conductivity, expansion),
Electrical properties (resistance, piezoelectricity), Acoustic properties,
Optical properties (colour, refractive index, trasparency)

Mechanical Elasticity, Yield stress, Young’s modulus, Ductility, Toughness, Ultimate
| properties | strength, Fatigue strength, Compressive strenght, Hardness, Porosity
Wertability, Roughness, Wear resistance, Patterns, Topography, Corrosion
Surface properties resistance, Chemical composition, Cristallinity, Heterogeneity, Surface
mobility, Eletrical charge, Coatings , Surface treatment

Physical properties

L

Requirements

Figure 10. Physical, mechanical and surface requirements.

1.4.1 Size and shape

In the field of drug delivery, size and shape of carriers are fundamental for
several zn vivo functions. These indude drailation times, extravasation, targeting,
immunogenidty, internalization, intracellular trafficking, degradation, flow
properties, dearance and uptake mechanisms (Figure 1.11, panel
A).chewviiielxsixchax,choxi A problem usually observed duringintravenous injection of
some kind of drug arriers is the phagogytosis by macophages of the reticulo-
endoplasmatic system (RES). Phagogytosis represents an immunological
response of body that recognises as foreign these carriers and eliminate them
from the bloodstream. To promote long persistence in the blood, phagocytosis
must be avoided. Some arrier properties are modified to reach this target.
Phagogytosis mechanism is influenced by partides size instead of partide shape
influences phagogytosis outcomes and kinetic. Partides greater than 500 nm can
be phagogytised by macrophages. Instead, smaller partides can be endocytosed
by phagogttic or non-phagogytic cells.choitclxii Encounteting a fully pointed
end of an elliptical partide, macaophage internalizes the partide in a few
minutes, while if it hits the flat region of the same elliptical partide, phagocytosis
does notoccur forover 12 hrs. As shown in Figure 1.11-panel B, the local shape
of the partide, characterized by an Q angle, influences the start of phagogytosis
(Figure 1.11-panel C).<xv In particular, phagogytosis velodty deaeased with
increasing €.
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Figure 1.11. A) In viw functions influenced by partide size. B) A schematic
diagram illustrating how membrane progresses tangentially around an elliptical
pattide. T tepresents the average of tangential angles from 0 =0 to 0 = n/2. Q
is the angle between T and membrane normal at the site of attachment, N. (C)
Membrane velodty (distance traveled by the membrane divided by time to
internalize, n 23; error bars represent SD) deareases with increasing € for a
variety of shapes and sizes of partides. Figure adapted from reference.choxiv
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1.4.2 Mechanical properties

In tissue engineering, mechanical properties tepresent important features. e,
To help in selecting biomaterials, mechanical property maps, known as Ashby
maps, are used to compare a large amount of physical properties from various
material groups and compared with those of biologicl systems (Figure 1.12, A
and B panels).cheoviclssii Human tissues have a wide range of modulus values,
from soft matetials (brain, about 0.5 kPa), to moderately stiff (skin and musdes,
around 10 kPa) to stiff ones (precaldfied bone, >30 kPa). Saffolds for
regenerative medidne should ideally have the same strength and Youngs
modulus of the tissue they will restore.chxviiiclxix This general law is valid for all
the kinds of mechanical moduli. As shown in Figure 1.13, the saffold elastidty
drives lineage spedfication of mesenchymal stem cells (MSCs).cx¢
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Young's modulus (GPa)
Figure 1.12. A) Young’s modulusand tensile strength of engineering material;
B) Young’s modulus and tensile strength of natural material on exactly the same

axes of panel A. Figure take from reference.choxvi
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Figure 1.13. (A) Solid tissues exhibit a range of stiffness, as measured by the
elastic modulus, E. B) Naive MSCs of a standard expression phenotype are
initially small and round but develop increasingly branched, spindle, or
polygonal shapes when grown on matrices respectively in the range typical of
Ebrain(0.1-1 kPa), Emuscle(8—17 kPa), or stiff crosslinked-collagen matrices (25—
40 kPa). Scale bar is 20 mm. Figure adapted from reference.cx

1.4.3 Surface properties

Surface is the biomaterial section in contact with neighbouring tissues and,
subsequently, it greatly influences biological responses in all applications. cxciexcii
Therefore, the evaluation of surface properties of biomaterials is of paramount
important. Surfaces have free energy assodated with the discontinuity and
asymmetry of the interface that tends to actively minimize through continual
processes of moleaule adsorption, restructuring, and chemical reactions. When
an object is inserted in a biological environment, the first molecule it comes in
contact is water with. Wetting is the ability of water (or in general of a liquid) to
maintain contact with a solid surface. The balancee between adhesive and
whesive forees determines the degree of wetting (wettability). Adhesive forces
compel a water drop to spread acoss the surface (hydrophilic surfaces).
Cohesive forces compel the drop to ball up and avoid contact with the surface
(hydrophobic surfaces). Wettability influences interaction with biological

materials .cxciii,cxciv,cxcv

In tissue engineering, wettability influences the interaction between surface
saffold and cell adhesion protein (transmembrane glycoproteins) that are the
first to attach the surface and promote cell adhesion. Adhesion proteins indude
selectins, integrins, syndecans, and adherins. In Figure 1.14 Panel A, the
influence of siloxane-coated polystyrene wettability on osteosarcoma cells
(MG63) is reported. Incaeasing hydrophobidty of the surface (increasing
ontact angle) cell adhesion decreases. cxevi
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Figure 1.14. Influence of siloxane-coated rough surface PS water contact angle
on MGG63 cll adhesion. B) Attachment of Enteromorpha zoospores on
patterned CH3/OH SAMs of vatying wettabilities (OAW) Figures take from

referenoes . cxevi,exevil

Wettability influences also bacteria adhesion (Figute 1.14, Panel B), butin this
ase inaeasing hydrophobidty of surfaces adhesion is favoured.<xevii If bacteria
spread on saffold surface, an infection is developed with the consequent
rejection of the saffold from the hosttissue. For this reason, bacteria adhesion
and proliferation must be avoided (Figure 1.15).cxviii Also other properties are
tuned to obtain antifouling activity, such as roughness, topography, surface
tension, surface charge etc. For example, bacterial membranes are generally
negatively charged and so, in general, a negatively charged biomaterial surface
oould reduce adhesion, due to repulsion forces.cxcix

37



CHAPTER 1
INTRODUCTION TO BIOMATERIALS

Attachment Formation of microcolonies Mature biofilm Dispersion of bacteria

Figure 1.15. Main stages of bacteria biofilm formation.

Wettability influences the in vivo fate of micro- and nanopartides. Hydrophobic
partides are normally recognized by the host immune system (RES). To
minimize opsonization, hydrophobic partides are coated with hydrophilic
polymers/sutfactants ot bonded to them, obtaining am phiphilic copolymers.
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF PLGA-g-PVP
COPOLYMERS

“The purpose of this research is to establish the synthetic procedures to obtain a new family of
amphiphilic biodegradable and bioeliminable biomaterials for the construction of drug
nanocarriers, core-shell nanofibres for tissue regeneration. These new biomaterials are based on
PLGA-g-PV'P copolymers, where PLGA forms a linear backbone on which short arms of
PVP are randomly distributed. PLGA-g-PV'P copolymers were synthesised by the one-step
one-pot radical polymerization of 1-vinylpyrrolidin-2-one (1'P) in molten PLGA that acted
as chain transfer agent. Modulating the initial VP/ PLGA ratio different grafting degrees of
PVP chains having different molecular weights nere obtained. Saponification of PL.G.A-g-
PVP gave, besides PLLGA degradation products, also un-degraded PVP. This was isolated
and analysed by size exclusion chromatography (SEC), to evaluate the molecular neights of
grafted PVP. MALDI-TOF analysis allowed identifying the chemical structure of P1/P
terminals and unambignonsly establishing that PVP chains were originally grafted onto
PLGA backbone. PLGA-g-PVP spontaneously formed nanoparticles when dispersed in
water, irrespective of P1'P content.

2.1 POLY(LACTIC-CO-GLYCOLIC) ACID

In the last twenty years aliphatic polyester-based polymeric structuresbibii have
been recciving spedal attention because they are sensitive to hydrolytic
degradation and their physical and mechanical properties can be tailor-made by
tuning the chemial structure of the repeating unit. Among polyesters, the most
extensively studied one in the biomedicl field is the copolymer poly(lactic-co-
glyolig add (PLGA). Different copolymers have been commerdally developed
and are usually identified in regard to the monomer ratio (for instance PLGA
75:25 identifies a copolymer containing 75% lactic add and 25% glycolic add).
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Two general reaction mechanisms are used to synthesize PLGA and all other
poly (x-hydroxyesters): condensation polymerization and ring opening
polymerization. The condensation of hydroxyl-adds monomers or mixtures of
diadds and diols is usually conducted at high temperatures for long reaction

times, usually leading limited molecular weight chains of few tens of thousands

(M., 30 kDa) and often subjected to side reactions, such as racemization.iv

High-moleaular weight aliphatic polyesters can be prepared by ring opening
polymerization (ROP) (in melt or in solution, emulsion or dispersion) of
lactones of different ring-size, with or without (protected) functional groups.
Reactions are aarried outin presence of a atalyst or a initiator. Depending on
the initiator, the polymerization proceeds acording to three different major
reaction mechanisms, i.e ationic anionic or ootrdination-insertion

medhanisms.v

PLGA’s propetties depend on lactic/ glycolic adds monomer ratio. For instance,
PLGA 75:25 is amorphous, PLGA 80:20 semi-aystalline. The degree of
aystallinity and melting point of PLGA copolymers are also related to their
moleaular weight. In addition, unlike poly(lacti) add and poly(glywlic add
homopolymers, PLGAs are soluble in wide range of solvents induding
chlotinated solvents, tetrahydofuran, acctone and ethyl acetate.if

PLGAs degrade by hydrolysis of its ester linkages, through bulk erosion, in
aqueous environments. Lactic add rich PLGAs are more hydrophobic than
glyoolic add reach ones and absorb lower amounts of water and degrade more
slowly, also due to the superior steric hindrance effect. As a rule, higher glyoolic
add contents lead to faster degradation rates with the exception of PLGA 50:50,
which exhibits the fastest degradation, due to a less aystallinity present in the
wpolymer.¥

PLGA is approved by Food and Drug Administration and is mainly proposed

and as structural material for hard tissue reparation.X PLGA has been used for
preparing nano- or microsized partides as carriers of hydrophobic drugs, but
also DNA, RNA, vitamins, and proteins, in different parts of the bodyand for
different applications. i
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As already desaibed in Chapter 1 Paragraph 1.4.3, hydrophobic nanopartides.
are deared by phagogytes from the draulation, PLGA nanopartides exhibit the
same behaviour. They are usually be taken up by the liver, followed by the spleen
and lungs.xii Coating strategies with hydrophilic polymers and amphiphilic
opolymers are extensively present in literature. In particular the synthesis of
linear PEG-PLGA*Y di-block and PEG-PLGA-PEG* tri-block cpolymers
have been widely used in drug delivery. In both kinds of copolymers PEG is
oriented to the external aqueous phase, instead PLGA is in the internal part of
a micelle. PEG layer acts as a barrier and do not allow the interactions with
foreign moleaules by steric and hydrated repulsion, resulting in an enhanced
shelf stability.xvi. Faster release kinetics from formulations of di-block
opolymers have been observed in compatison to PLGA alone. Various
mechanisms of targeted delivery of drugs from di-blodk PEG-PLGA-

nanopartides have also been reportedxvii xviil xix

Despite of abundance of studies that demonstrate the positive effects of PEG
on biocompatibility of hydrophobic nanopartides, PEG leads to some adverse
reactions. Indeed PEG induced blood dotting and dumping of clls, leading to
embolism.x It is also reported to activate complement (C),* leading to
hypersensitivity reactions and ultimately to anaphylactic —shock.xibxiixdv
Pegylated surfaces exhibited also the acelerated blood dearance (ABC)
phenomenon.®¥ Monomethyl-PEG liposome concentration in rats was
drastically decreased after a second injection performed after 4h the first injected
dose (from 52.6% to 0.6% after thesecond injection).*i ABC phenomenon also
ocarred when the second injection was administered after five days.vil These
results indicated that a recurring injection of Pegylated liposomes can alter the
dranlation time, affecting bioavailability of the drug. Also passive targeting is
decreased, in fact the second dose was shown to preferentially accumulate in
Kupffer cells of the liver, due to the action of immunologial system. In liver
accumulation could cause severe liver damage, particularly in the ase of highly

toxic therapeutics.

A study on the ABC phenomenon induced by different hydrophilic cwating on
PLA nanopartides showed that ABC phenomenon was not induced upon
repeated injection of PVP-coated nanopartides at various time intervals,
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dosages, or frequendes, whereas it was elidted by PEG-mated nanopartides

(Figure 2.1).xxviil

e PEG PVP
i injection [ §
* — ‘.. N
-g 10 = ) 1 \\1 st injection
% ABC phenomenon .
c S
- 2nd injection——-
o 1 (T o ) :
g 2nd injection 1
0.1
0 5 10 15 20 0 5 10 15 20

Time after administration (h)

Figure 2.1. Inducdion of the ABC phenomenon upon injections of
prostaglandin  (PGE1)-loaded PEG/PLA NPs and PVP/PLA-NPs. A)
PEG/PLA NPs: blueline, first dose; red line second dose administered 7 d after
the first injection. B) PVP/PLA NPs: blue line, first dose; red line second dose
administered 7 d after the first injection

2.2 POLY(VINYLPYRROLIDONE)

Poly(vinylpyrrolidone) (PVP) have been used in this work to modulate the
hydrophobidty of PLGA.

PVP was first reported in 1938 by Reppe.sx® PVP has excellent physiological
compatibility, low chemicl toxidty, and good solubility in water and most
organic solvents.®* PVP forms complexes with numerouslow molecular weight
compounds as well as with many polymers, acting as solubilizer.»ixxii Tt has
adhesion properties of pharmaceutical materials, i and in general it is used as
glue on glass, metal and plastics, paper, fabric surface and as pressure-sensitive
adhesive v It is not biodegradable and for this reason the parenteral
administration of high molecular weight PVP is not practiced. Only PVP chains,
able to be eliminated by renal dearance, can be used. In particular PVP having
moleaular weights below 30 000, has diameter below 7 nm, the same of
apillaries of human kidney, and is able to pass through the kidney and to be
excareted. ™ In low moleailar weight form is widely used in many industries
such as pharmaceuticals, cosmetics, beverages, adhesives, detergents, paints,
electronics, and biological engineering materials. vixsxvii il xodx
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PVP having molealar weights from 2500 to about 1 million is mainly obtained
by radical polymerization of 1-vinyl-2-pirrolidone (VP) in aqueous solution.
Obtained polymers have hydroxyl and arbonyl end groups. Mote stable end
groups can be obtained by polymerization in solvents, which may act as chain
transfer agents and which produce low moleaular weight products.¥ Different
techniques allow synthesizing PVP in a controlled manner, tuning predsely
number-average molar mass, dispersity, end-groups, and architecture. Organo-
wbalt-mediated radical polymerization (OCMRP)¥i  organo-heteroatom-
mediated  radical  polymerization = (OHMRP)¥i  reversible  addition—
fragmentation chain transfer polymerization  using  xanthates
(RAFT/MADIX)™ii, and atom transfer radical polymerization (ATRP)xiv
allowed cntrolled radical polymerization of VP.

2.3 PVP-POLYESTERS COPOLYMERS AND BLENDS

PVP was bonded to other polyesters by different reaction mechanisms. Linear
PVP block copolymers with polyesters such as poly-e-aprolactone (PCL) or
PLA have been extensively reported.svalvixbvibxbviixliclliliiiNost  of these
wpolymers were prepared by ROP of e-aprolacone or lactides with end-
hydroxylated PVP oligomers, which are obtained by conventional radical
polymerization of N-VP in the presence of hydroxylated compounds, as for
instance 2-isopropoxyethanol(Figure 2.2-A)."Vige-versa, starting from end-
funcionalized PCL and PLA oligomers that were respectively employed as
ATRP or RAFT macoinitiators for PVP polymerization (Figure 2.2-B). PLA-
b-PVP cpolymers were also synthesised by polymerization of N-VP in the
presence of merapto-terminated PLA (Figure 2.2-C).v Sutface-grafted PVP
chains onto PLLA films were obtained by physical methodsor by radical
wpolymerization of NVP with w-methaayloxy-PLLA I

Nevertheless the ability to obtain well-tuned copolymers, reactions listed above
have a number of flaws that limit their use, in particular in industrial field. The
use of very complex and expensive macroinitiators, requiring very long synthetic
procedures, at least of 3,4 steps, with a reduction of the final yield, and the use
of heavy metal derivates, really difficult to isolate and expensive to dispose of,
are some examples on this issue.
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Figure 2.2. A) Synthesis of PVP-b-PLA by ring opening polymerization stating
from hydroxylate- terminated PVP, obtained by radical polimerization of N-VP
in the presence of 2-isopropoxyethanol, followed by KH treatment; B) Synthesis
of PCL-b-PVP by RAFT polymerization starting from a PLA macoinitiator; C)
Synthesis of PLA-b-PVP by radical polimerization of N-VP in presence of
merapto-terminated PLA; D)PLGA-b-PVP synthesis by dick reaction between
azide-terminated PVP and alkyne-terminated PLGA.

In literature one example of linear di-block PLGA-b-PVP copolymer was
reported, obtained by dick reaction between alkyne-terminated PLGA and
azide-terminated PVP (Figure 2.2- D).Vl Synthetic procedure consisted in three
steps, one of which use a metallic ompound as catalyst, and each step needed
purification of product from the initial monomers and by-products, using a great
amount of solvents. As result a really expensive process is obtained with the

unlikelihood of easy industrial scale-up.

Several examples of blends (PLGA/PVP) are also reported to form fibres and
partides. PLGA/PVP fibres were prepared by axial electrospinning of PLGA
and PVP.Ix PLGA/PVP miaopattides and nanopartides were formed when
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PVP acts as sutfactant of PLGA partides™ or by spray-dtied. s These systems,
providing the only physical interaction, have a narrow stability over time, due to
separation of the two blocks in aqueous matrix.

Previous researches conducted by this group have disaussed on ester-terminated
PVP oligomers prepared by radical polymerization of N-VP in the presence of

aliphatic esters, acting in the meantime as solvents and chain transfer

agents i, Ixiid, v, v, v, v, Ixevid, Ixix

The purpose of this thesis research is to use, not aliphatic ester molecules, but
polymeric esters, as instance PLGA, as chain transfer agents. By using of
initiator, radicals are generated in o to the ester function on the PLGA main
badkbone, and consequently, VP monomers are radiaally polymerized on. This
provides a simple and direct one-step synthesis of PLGA-g-PVP comb like
opolymers.x>* PVP side chain moleaular weight can be modulated modulating
the initial ratio of monomer and chain transfer agents. The great benefit of this
procedure is the easy sale up of the synthesis, thank you the absence of solvents
and of really expensive reagents and the quantitative yield of product, that make
useless any further purifiation steps. The aim of this research is to report on
this issue, with a foausing on properties and application in drug delivery and

tissue engineering.
2.4 EXPERIMENTAL PART

2.4.1 Materials

1-Vinylpyrrolidin-2-one (VP) (99%, Sigma Aldrich) was purified by vacuum
distillation ~ (bp100 °C/15 tof) just before use. 2,2’-Azobis(2-
methylpropionitrile) (AIBN) (98%, Sigma Aldrich) was reaystallized from
methanol justbefore use. Ester-terminated poly(lactic-co-glycolic) add (PLGA)
50:50 M,= 45000-55000 was purchased from PolySdTech (Indiana, USA) and
used as reccived. NMR analysis showed that the lactide/glycolide ratio was
actually 52:48, meaning that the average moleaular weight of the repeating units
was 65:35. Poly(1-vinylpyrrolidin-2-one) (PVPK40, M,, = 40000), anhydrous
N,N-dimethylformamide (DMF, 99.9%) (obtained in sealed glass bottles over
moleaular sieves), diethyl ether, chloroform, deuterium oxide (D20, 99.9 atom
D%), hydrochlotic add (HCl, 37% w/w), sodium hydroxide (NaOH, 98.5%),
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dithranol MALDI-MS >98%, dichloromethane (99.9%) CHROMASOLV Plus
and methanol (99.9 %) CHROMASOLV Plus were purchased from Sigma
Aldrich and used as received.

2.4.2 Instruments and methods

H and 3C NMR spectra and 2D Heteronudear Single-Quantum Cortelation
(HSQC) experiments wete run at 25 °C on a Briker Avance 400 spectrometer
operating at 400.132 and 100.623 MHz, respectively.

Size exdusion chromatography (SEC) traces of PVP samples were obtained
using a Knauer Pump 1000 equipped with a Knauer Autosampler 3800, TKS
gel G4000 PW and G3000 PW Toso Haas cwlumns conneced in seties, light
sattering/viscometer Visootek 270 Dual Detector and refractive-index detector
Waters 2410. The combination of these detectors gave a triple low-angle light
sattering, right-angle light scattering and refractive index detector. The mobile
phase was a 0.1 M Tris buffer pH = 8.1 £ 0.05 with 0.2 M sodium chloride. The

sample coneentration was 2% (w/v) and the flow rate 1 mL min~L

IR spectra wete obtained with an FT-IR 4100 Jasco spectrometer on films cast

from dichloromethane solutions onto KBr plates.

MALDI-TOF mass analyses were obtained with a MALDI TOF-TOF
AUTOFLEX III Britker Daltonics instrumenton samples prepared as follows:
a 10 mgmI-1dithranol chloroform solution (20 mL) was mixed with a7 mgmIL-
I chloroform solution (20 mI) of the polymer sample. Aliquots of the final

solution (20 uL) were cast onto stainless steel targets and dried.

Differential scanning calorimetric (DSC) analyses were carried outwith a Mettler
Toledo DSC823 (Mettler Toledo, Italy) equipped with the STAR Software and
the FRS5 Mettler Toledo ceramic sensor. The instrument was calibrated with
indium for melting point and heat of fusion. Tests were performed using
standard aluminium pans with an empty pan as reference. Samples (5-10 mg)
underwent a fout-step thermal ¢yde: a) heating from 0 °C to 100 °C at 10 °C
min~!; b) 10 min isocratic step at 100 °C; ¢ woling from 100 °C to 0 °C at 10
°C min~1; d) heating from 0 °C to 250 °C at 10 °C min~". All tests were carried

under 20 mL min-! nitrogen flow.
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TGA analyses were performed with a Perkin Elmer TGA 4000 on 10 mg
samples in the range 30 — 600 °C, with 30 °C min-! heating rate and under 50
mL min! nitrogen flow.

Dynamic light scattering (DLS) and {-potential analyses were carried out using
a Malvern NanoZS instrument (Malvern Instruments, Worcestershire UK) with
a laser fitted at 532 nm and fixed 173° sattering angle.

2.4.3 Synthetic procedures
2.4.3.1 Synthesis of PLGA-g-PVP191

PLGA (2.012 g) and VP (0.203 g, 1.83 mol) were added to dichloromethane (30
mL) in a two-necked 100 mL flask equipped with a stir bar. The resultant
solution was purged 5 min with nitrogen and AIBN (2.1 mg, 0.013 mmol) was
added. Dichloromethane was then eliminated at room temperature and 0.2 tor.
After three nitrogen-vacuum cydes, the reaction mixtute was heated to 100 °C,
maintained at this temperature under nitrogen for 2.5 h, woled to room
temperature and dissolved in dichloromethane (100 mL). The solution was
poured drop-wise in diethyl ether (1 L) under vigorous stirring and the resultant
slurry stirred for further 2 h. The predpitated product was finally retrieved by
filtration, washed with fresh ether (200 mL) and dried under vacuum. Yield:
96.4%. This product was identified as the “main product” (MP), according to
the fractionation scheme (Fig. 13) reported below in “Results and discussion”.
The mother liquors were evaporated to dryness 7z vacuo and the small residue,
identified as “unidentified by-products and imputities” (UBPI), analyzed by FT'-
IR and NMR. It contained a little residual VP, lactic add, glyoolic add and some
residual tin catalyst present in the starting PLGA.

PLGA-g-PVPi02 and PLGA-g-PVPi03 were prepared by the same procedure.
The amounts of PLGA, VP and AIBN used were 2.013 g, 0.408 g, 4.2 mg and
2.016 g, 0.6134 g, 6.1 mg, respectively. Yield: 93.0% for PLGA-g-PVPip2 and
95.2% for PLGA-g-PVP1ps3.

2.4.3.2 Saponification of PLGA-g-PVP MP samples (typical procedure)
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PLGA-g-PVPi01 (0.999 g) was suspendedin a 1 M NaOH solution (22 mL) and
stitted 30 days at room temperature. The polymer gradually dissolved. The
resultant solution was neutralized with 1 M HCI solution and then ultrafiltered
through a membrane with nominal moleaular weight cut-off 500. The retained
fraction was freeze-dried giving PVP as a yellowish solid. Yield: 0.093 g; M,, =
2700, M,,= 5600, PD = 2.07. PLGA-g-PVPip2 and PLGA-g-PVPio3 were
similarly treated yielding 0.176 g and 0.234 g PVP of M,= 12100,M,, = 31000,
PD 2.56 andM,, = 28000, M,,,= 49500, PD 1.77, respectively.

2.4.3.3 Fractionation of PLGA-g-PVP (MP samples)

PLGA-g-PVP (2 g) was dissolved indichloromethane (20 mL) and added drop-
wiseto a stirred 1:1 methanol/water mixture (200mL). The resultant white
suspension wascentrifuged at 7500 rpm for 20 min and the insoluble fraction
(F2) retrieved, re-suspended in the same solvent mixture (10 mL), centrifuged
and retrieved again, and finally dried to constant weight at 0.2 tor. The soluble
fraction (F1) was filtered througha 0.2 pm HPLC filter, the solvent evaporated
and the residue dried as above. Two equal aliquots of F2 fraction were extracted
with methanol (50 mIL) and ethyl acetate (50 mL), respectively. The obtained
suspensions wete vigorously stirred for 2 h and then eentrifuged at 7500 rpm
for 30 min. The insoluble fractions (F4 and F6, respectively) were retrieved,
extracted with fresh solvent (25 mL) and dried to constant weight. The methanol
and ethyl acetate phases (F3 and F5, respectively) were separately evaporated to
dryness and the resultant solids retrieved.

2.4.3.4 Preparation and fractionation of PLGA/PVPK40 blends

Measured volumes of chloroform PLGA and PVP solutions containing 0.2 g
polymer in 6 mL solvent were mixed and poured in 50 volumes diethyl ether.
After drying to constant weight, the predpitate was extracted either with ethyl
acctate or methanol, leaving an insoluble portion that, in turn, was completely
soluble cither in methanol orin ethyl acetate, respectively.
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2.4.3.5 Synthesis of low molecular weight PVP in DMF solution (PVPpwmr)

A 500 mL two-nedked flask, equipped with a stir bar and a thermometer, was
charged with VP (5.713 g, 0.052 mol) and DMF (136.78 g, 1.871 mol). The
solution was purged with nitrogen for 5 minat 75 °C, then AIBN (57.1 mg) was
added and the reaction mixture allowed reacting for 2 days. After coling to
room temperature, the mixture was added drop-wise to diethyl ether (1 L) under
vigorous stirring and left under stirring for 2 h. The reaction product was
recovered by filtration, extracted overnight with fresh ether (150 mL) and dtied
to constant weight at room temperature and 0.2 tor. Yield: 5.35 g.M,, = 4500,

M,,= 7300, PD = 1.62.

2.4.3.6 Preparation of PLGA/PVP blends (PLGA/PVPpwmr 10:1)

PLGA (1.016 g) and PVPpwmr (0.103 g) were dissolved in dichloromethane (2
mL), predpitated in diethyl ether (30 mL), centrifuged 5 min at 7500 rpm, the
supernatant discarded, the predpitate extracted with a fresh portion of diethyl
ether, centrifuged again, retrieved and dried to constant weight under vacuum.
PLGA/PVPpumr 10:2 and 10:3 w/w blends wete prepared following the same
procedure and the amounts of PLGA and PVPpmr were 1.020 g and 0.200 g,
1.103 g and 0.334 g, respectively.

2.4.3.7 Fractionation of PLGA /PVPpmr blends

PLGA/PVPpumr blends (0.12 g) were dissolved in dichloromethane (2 mL) and
predpitated in a 1:1 methanol/water mixture (30 mL), obtaining white
suspensions that were centrifuged 10 min at 7500 rpm. The insoluble portion
was extracted with the same methanol/water mixture, centrifuged again,
retrieved and dried to constant weight at 0.2 tor. The remaining solutions were
filtered through a 0.2 um HPLC filter, evaporated to dryness in vacio and the

residues broughtto constant weight at 0.2 tor.

2.4.3.8 Synthesis of PVP in water

Ina round bottom flask VP (3.000 g, 0.027 mol) was dissolved in water (10 mL).
The solution was purged 3 min with nitrogen, then AIBN (20.0 mg, 0.122 mmol)
was added. The solution was then immersed in an oil bath pre-heated to 100 °C
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and allowed to polymerize 2 h. The product was finally recovered by
liophilization: Mn =128200, Mw =197000, PD 1.54.

2.4.39 Determination of the IR calibration curve relevant to the
ester/amide C=O stretching

The FT-IR spectra of PLGA/PVP blends with compositions ranging from 9:1
to 0.5:1 w/w wete obtained by casting onto KBr plates 300 uL aliquots of mixed
PLGA/PVP dichloromethane solutions prepared by dissolving the relevant
amounts of PLGA50:50 and PVPK40 in 4 mL solvent (Table 1). These spectra
were analyzed in the absorption mode, and the areas of the C=OprLca and
C=Opvp bands, centered at 1760 an-'and 1660 an-! respectively, obtained using
the valley-to-valley method to determine the peak baselines. (Figure 2-A). All
band area measurements were performed in triplicate on spectra obtained from
at least two distinae PLGA/PVP films. The alibration atve (Figute 2-B) was
obtained by plotting the PLGA/PVP weight ratio against the cotresponding
C=0Op1Ga/C=Opvp band atea ratio.

2.4.3.10 PLGA-g-PVP-based aqueous nanodispersions

All fractions of PLGA-g-PVP cpolymer were tested to form nanopartides in
water, without using of stabilizers or surfactants. In details, 3 mg of each
fractions were dissolved in acetone (1% w/v) and diluted with 10 volumes of
water. Later, acetone was removed by flashing for 30 min at room temperature.
Obtained nanodispersions (NDS) were stored at room temperature (about
22°C) or 4°C.

The same procedute was followed with native PLGA, 10:1, 10:2 and 10:3 w/w
native PLGA/PVPpar blends, and 8:2 w/w PLGA/PLGA-g-PVP101, PLGA-
g-PVPio2 and PLGA-g-PVPio3 blends. Partide size, {-potential, stability on time
(1h, 24h, 7d) and re-dispersion in water after lyophylization of the resultant NDS

were assessed.
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2.5 RESULTS AND DISCUSSIONS

2.5.1 Synthesis

End-functionalized PVP oligomers were previously prepared by radical
polymerization of VP in presence of aliphatic esters acting as both solvents and
chain transfer agents. In the present study, it was found that running the reaction
at 100 °C and substituting PLGA for the esters provided a one-step procedure
to PLGA-g-PVP wpolymers. At that temperature, the reaction mixture was in
the fluid state. The reaction scheme is reported in Figure 2.3. Three batches were
petformed with 10:1, 10:2 and 10:3 w/w PLGA/ VP ratios and 1% w/w (based
on VP) AIBN as initiator. As the AIBN decomposition rate at 100 °C is kd=
1.5 x 10-3 sl with less than 10 min half-life, the reaction was considered
completed within 2.5 hours. All reaction mixtures were homogeneous, highly
viscous liquids that solidified on woling. After cwoling, they were dissolved in
dichloromethane and re-predpitated with ether for eliminating residual VP. No
dichloromethane-insoluble fractions were noticed, indicating absence of cross-

linked byproducts.

| S °
) ~ WY

e I

Or° M T O
o < Pt M@ — %cw}
& M% & tre

Figure 2.3. Synthesis of PLGA—g—PVP cpolymers by radical polymerization of
NVP in molten PLGA.

Evaporating to dryness the mother liquors and drying the residue at room
temperature and 0.1 tor yielded small amounts of unidentified by-products and
impurities (UBPI) that were no further processed.
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The predpitate main products, henceforth ollectively named PLGA-g-PVP MP
or individually PLGA-g-PVP101, PLGA-g-PVPi02 and PLGA-g-PVPio3, were
extracted several times with ether and dried to constant weight at room
temperature and 0.1 tor. Their FT-IR spectra, reported in Figure 2.4, dearly
showed both ester and amide C=O bands. The composition of all PLGA-g-PVP
samples were determined after these band ratio using a alibration airve
obtained from PLGA/PVP blends of known composition as repotrted in Table
2.1 and Figures 2.5 (A and B). The found values for PLGA-g-PVP101, PLGA-g-
PVPi0.2 and PLGA-g-PVPi03 expressed as PVP wt % were, respectively, 6.7, 18.8
and 23.5.

The 'H and BC NMR spectra of the MP samples were consistent with the
ptesence of both PLGA and PVP pottions. The NMR spectra of PLGA-g-
PVPi03 MP samples are shown in Figure 2.6.

PLGA-g-PVP1o;1

PLG A-g-PVPm;z

——

PLG A-g- PVP10:3

Transmittance (a.y)

4000 3000 2000 1000 600

Wavenumber (cm!)

Figure 2.4. Infrared spectra of PLGA-g-PVP MP samples.
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Table 2.1. PLGA50:50/PVPK40 blends for IR alibration.

PLGA50:50 PVPK40 PLGA/PVP  C=Oprca/C=Opvr

(mg) (mg) (w/w) band area ratio
22.0 44.0 0.50 0.54
36.6 41.1 0.89 1.07
46.6 20.0 233 2.38
82.0 220 373 374
100.0 19.8 5.05 5.10
140.0 21.0 6.67 6.87
1544 18.0 8.33 8.65
]
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Figure 2.5. A) FT-IR spectra of PLGA/PVP blends with different w/w ratios
in the 2000 - 1500 an-! range.(~-) PLGA/PVP 0.50; (--) PLGA/PVP 0.89;(-)
PLGA/PVP 2.33;(-) PLGA/PVP 3.73; () PLGA/PVP 5.05; () PLGA/PVP
6.67; (--) PLGA/PVP 8.33. B) FT-IR alibration airve.
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a) PLGA-g-PVP copolymers
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Figure 2.6. (2)PLGA-g-PVP copolymer’s structure and assessments.(b) H-
NMR and (¢ BC-NMR spectra of PLGA-g-PVPjp1in CDCl3. (d) 'H-NMR and
() BC-NMR spectra of PLGA-g-PVPip2in CDCls. (f) 'H-NMR and (g) 1*C-
NMR spectra of PLGA-g-PVPio3in CDCls.

63



CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF PLGA-g-PVP COPOLYMERS

2.5.2 Thermal analysis

The DSC thermograms of PLGA-g-PVPip1, PLGA-g-PVPi02 and PLGA-g-
PVP103 MP samples were compared with those of virgin PLGA and PVPKA40
(Figures 2.7a and 2.7b, respectively). The glass transition temperatures, Tg, of
the PLGA and PVP portions of PLGA-g-PVP MP and of virgin PLGA and
PVP are teported in Table 2.2. It may be noticed that the Tg of the PLGA
portion was higher than that of virgin PLGA and steadily increased with the
PVP wntent following the same trend of PLGA/PVP mixtutes, as previously
observed and attributed to pattial phase misdbility of the two components.

001 texo (a) — A g 901 texo (b) P
0,11 — PLGA-g-PVP, 011 — PVP
% — PLGA-g-PVP, "
o 02 10:3 -0.24
= =S
g -0,34 g -0.34
; -0,41 ‘:_-r'.! -0.4
o -0,54 @ -0.54
T =
-0,64 -0.64
-0,7 T T T v -0.7 T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C)

Figure 2.7.(a) DSC traces of PLGA-g-PVP MP samples and (b) of PLGA 50:50
and PVPK40. Second heating cyde, heating rate: 10 °C min-L

The Tg of the PVP portions were hardly detectable in the spectra of PLGA-g-
PVPi01 and PLGA-g-PVP103, whereas the spectrum of PLGA-g-PVP1o2 showed
a barely detectable inflection roughly wrresponding to the Tgof pure PVPK40.
The TGA thermograms of PLGA-g-PVP101, PLGA-g- PVPio2 and PLGA-g-
PVPi0.3 (MP samples) are reported in Figure 2.8. All thermograms showed two
distinct zones, asaribed to the degradation ofthe PLGA and PVP portions, with
a decomposition temperatures at 5% weight loss of 308 °C and 387 °C,
respedively, in line with the values normally reported for the virgin
polym ers, il

Passing from PLGA-g-PVPio1 to PLGA-g-PVPip2 and PLGA-g-PVPip3 the
thermograms showed the expected incease of the PVP-related portions. The
TGA estimates of the wt% PVP, namely 5.0, 13.2 and 21.9 were fairly consistent
with the IR assessments.

64



CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF PLGA-g-PVP COPOLYMERS

100 e PLGA-g-PVPml
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Figure 2.8. TGA thermograms of PLGA-g-PVPip1, PLGA-g-PVPio2 and
PLGA-g-PVP103 (MP samples).

Table 2.2. Glass transition temperatures, Tg, of the PLGA and PVP portions
of PLGA-g-PVP101, PLGA-g-PVPip2 and PLGA-g-PVPip3 (MP samples) as
well as those of virgin PLGA and PVP

Sample TgrLca? (°C) TgrveP) (°C)
onset offset onset offset
PLGA-g-PVP101 38.3 58.3 nd© ndo©

PLGA-g-PVP1o2 45.0 58.3 ~180.0  ~190.0

PLGA-2-PVPio3 49.2 55.0 nd® ndo
PLGA 50:50 33.0 50.0 - -
PVPK40 - - 162.4 185.6

3 Tgrra = Tg of the PLGA portion. ») Ty pyp = Tg of the PVP portion. 9nd =
not detected.

2.5.3 Estimate of the average Chain Transfer Constant of PLGA repeating
units

The PLGA main chains of PLGA-g-PVP MP samples were saponified with

dilute aqueous sodium hydroxide at room temperatute (~20 °C) and the side
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PVP chains isolated by addifying the reaction mixture to pH ~ 3, ultrafiltering
the resultant dear solution through a membrane with nominal moleaular weight
art-off 500 and lyophilizing the retained portion. The moleaular weights of the
PVP side chains were then determined by SEC-LALS (Table 2.3).

The average chain transfer constant (Cr) of the PLGA units under the adopted
onditions was estimated by means of Eq. 2.1, previously developed and
suaxssfully employed for determining the Crvalues of low molealar weight
aliphatic esters employed as both solvents and chain transfer agents in VP
polymetizations aimed at obtaining end-functionalized PVP oligomers.1xxiv

10g<1 _ M)

[T1oXn,¢

S S LA Eq.2.1
™= Tlog(1 - Y,) 1

Where )?n‘t: aimulative number average polymerization degree at 7 time; [M]o
and [T]o = initial monomer and chain transfer agent concentrations; Y=
monomer conversion at #time. Eq. 2.1 was obtained from the well-known Lewis
and Mayo equation (Eq. 2.2) by a mathematical elaboration of its simplified
version reported in Eq. 2.3:

[T]

1
= — 4 Eq.2.2
Xn XTL,O ’ [M]

X, = —— Eq.2.3

where X,is the instantaneous number averagepolymetization degree and X, ,is
theinstantaneous number average polymerizationdegree in the absence of the

chain transfer agent.

Eq. 2.3 is valid if 1/)?,1’0 is negligible compared with 1/X, , that is, if a
suffidently high [T]o/[M]o ratio (which depends on i) tenders chain
termination much less frequent than chain transfer. Bulk VP polymerization was
ruled out as a mean to estimate the X, ,value of PVP under the same
polymerization conditions, since at medium-high conversions the so-called

“gel” effect was likely to occur and, in the meanwhile, it was difficult to stop the
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reaction at low conversions. A PVP sample prepared by polymerizing N-VP at
100 °C as 30% aqueous solution had X, = 1200. This was considered as a
reasonable approximation of X, ,. By comparing this value with the X, values
of the PVP side chains of the three PLGA-g- PVP MP samples (Table 3), it
appeared that the validity condition of Eq. 2.1 was fulfilled for PLGA-g-PVP10.1,
wheteas PLGA-g-PVP10.2 was bordetline and PLGA-g-PVP10:3 was off limits. All
oonsidered, it was reasonably conduded that the average Crof the PLGA units
at 100 °C was approximately 1 x 10-3 that is, fell in the 1 x 10-2+ 5 x 10 range
of the Crvalues of low moleaular weight esters previously determined at 70 -
80°C.xv The grafting degtee, that is, the average numberof PVP side chains per
PLGA main chain of PLGA-g-PVP MP samples (calaulated from the number
average moleaular weight of the PLGA main dhain, the number average of the
PVP pendants and the PLGA/PVP w/w ratio) were 1.5, 1.1 and 1.0. The
grafting degree was proportional to the [T]/[M] ratio, therefore decreased by
increasing the VP content in the feed. By contrast, the molecular weight of the
PVP side chains was inversely proportional to the [T]/[M] ratio, hence the
PVP/PLGA w/wratio in the resultant PLGA-g-PVP increased.

Table 2.3. Moleaular weights of the PVP side chains and average Crof the
PLGA repeating units

PLGA
P P PVP afti
Sample RU/VP VP VP 2 Yo Crx  Grafting
n M,, X, 103 degree?d
(mol/mol) "
PLGA-g-PVPio.1 17.0 2700 5600 24 0.88 1.02 15
PLGA-g-PVPy 8.5 12100 31000 109 0.69 0.64 1.1
PLGA-2-PVPy;3 5.7 28000 49500 252 0.79 0.36 1.0

9YPLGA repeating units. ® Number average polymetization degree. © Monomer
conversion, see Table 2.4. 9 Average number of PVP side chains per PLGA
main chain.

2.5.4 MALDI-TOF analysis of PVP side chains

The PVP samples obtained by saponification of the PLGA-g-PVP MP samples
were analyzed by MALDI-TOF mass spectrometry. This allowed gaining
unquestionable evidence of grafting ocurrence by determining the nature of the
PVP terminal groups. The spectra of the saponification producs of all samples
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were much similar notwithstanding the different PVP content and the different
average moleaular weight of the PVP portions. This reflected the identity of all
fractions in the same /g range as well as the obvious flying limits of the
polydisperse PVP under the adopted conditions. The whole spectrum of PLGA-
g-PVPio.1 saponifiation product in the 800-5000 72/ 7 range is reported in Figure
2.9, together with its expanded 1420-1530 /g spectral range. The
orresponding spectral regions of the saponifiation products of PLGA-g-
PVPio2 and PLGA-g-PVPio:3 are shownin Figures 2.10 and 2.11.
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Figure 2.9.(a) MALDI-TOF specttum of the saponifiation products of
PLGA-g-PVPi0.1 MP. (b) Expanded 1420-1530 /% spectral range.

Figure 2.10. MALDI-TOF spectra of the saponification producs of PLGA-g-
PVPio2 in the ranges (a) 800 — 5000 72/ z and (b)1400 — 1800 7/ 3.
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Figure 2.11. MALDI-TOF spectra of the saponification producs of PLGA-g-
PVPio3 in the ranges (a) 800 — 5000 72/ z and (b)1400 — 1800 7/ 3.

The whole spectra of all samples consisted of a sucession of ten-peak motifs
of four moderately intense peaks followed by a single peak of paramount
intensity and five weakly intense peaks. The 7/ g difference of the corresponding
peaks belonging to conseautive motifs was constantly 111.1, that is, the mass of
the VP unit.

The /% values of the recovered PVP, induding terminals, was expressed by Eq.
4:

M op = LXK, pyp+ My, + Megrion  Eq.4

whete 111.1 is the mass of the VP unit, My and My, are the masses of the chain
terminals, and M g0, 1s the mass of the ation(s), mainly H* or Na*. It may be
noticed that Tyis hydrogen, as the abstraction of a different PLGA atom by the
propagating PVP radical could hardly be imagined. The consequent peak
assignments are reported in Table 2.4. They were consistent with the presence
at one chain end of residues from lactic add (L), and glywlic add (G), all their
dimers (I.G), the lactic-lactic-glyolic trimer (LLG), and the lactic-lactic-glycolic-
glyoolic tetramer (LLGG). No PVP homopolymer and PLGA-PVP-PLGA
traces in MALDI-TOF spectra were highlighted.

Table 24. Terminal groups of PLGA-g-PVPio1 saponifiation produd,

corresponding to X, = 12.
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Terminals | m/z
Peak | T; T, Cation | Experimental | Expected
i
1 | H wo H+ 1425.1 1424.8
—
I§
2 | H N P Na+ 1432.1 1431.7
Pl T
3 | H| re OW “~on H+ 1443.3 1443.7
5 [o]
J CH;,
4 | H wo” M Na+ 1447.0 1445.7
[¢]
I
5 | H N Na+ 1455.1 1453.7
5 H
I
6 | H o N H+ 1469.0 1468.8
i o
i CHs
7 | H N Y om H+ 1482.0 1482.8
] E ©
H\ CHs Gt
8 |H Ho” \J:/D\W/ ~oH H+ 1497.0 1496.8
[o] : £
o, j
9 | H .Na.of\./O\T’ oM Na+ 1511.0 1511.7
[+] : e
CHy :
10 | H |w ml/\o/”\:L/"‘Tf\m Na+ 1522.0 1522.7
a) ForX, =11.
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2.5.5. Fractionation of PLGA-g-PVP copolymers

The PLGA-g-PVP MP samples were fractionated to assess their compositional
dispersion. To this purpose, preliminary tests were performed on PLGA and
both low - and high -molecular weight PVP (the former purposely prepared by
polymerizing VP in DMF solution). It was found that ethyl acetate and methanol
were selective extraction solvents from blends (the IR spectra of the recovered
solids were superimposable to those of PLGA and PVP, respectively, Figure
2.12, while the 1:1 (v/v) water-methanol mixture was a selective predpitation
medium from mixed dichloromethane solutions (Figure 2.13). In both cases, the
original PLGA and PVP components were quantitatively recovered.

Transmittance

3200 2400 1800 1400 1000 600

Wavenumber (cm!)

Figure 2.12. IR specra of the fractions retrieved from the extraction
fractionation of PLGA/PVP blends with ethyl acetate and methanol. a)
PLGA/PVP blend; b) ethyl acctate soluble fraction; ¢ methanol soluble

fraction.
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Tow

2000 1800 1600 1400 1200 1000
Wavelenght (nm)

Trasmittance (arbitrary unit)

Figure 2.13. IR specra of the products of PLGA/PVPpumF predpitation from
DCM into a 1:1 methanol/water mixture. 2) Methanol/water insoluble portion;

>

b) methanol/water soluble pottion.

The same treatments were adopted for fractionating the PLGA-g-PVP MP
samples. The whole fractionation scheme adopted for each PLGA-g-PVP
wpolymer is reported in Figure 2.14, which encompasses the previously
mentioned predpitation from dichloromethane with ether of the aude reaction
mixture, leading to the main product (MP) and leaving unidentified impurities
and byproduas (UBPI) in the mother liquors.

‘_.;,: uble in F3
CH H
Irsctuble in 3
CH O
Crude | Insebuble in . Ingedubsle in
product Et,0 CH;0H/H0 1:1
Main Prosgdisct F2 Solub
oduble in
[(N1d]
¥ ' eoac | B2
Saluble in
Ex,0 )
F&
Lrmidentified By-Products Fl

snd Impurithes (UBPI)

Figure 2.14. Fractionation scheme of PLGA-g-PVP copolymers.
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All PLGA-g-PVP MP samples were dissolved in dichloromethane and re-
predpitated with 1:1 water-methanol. The mother liquors contained a small
soluble fraction (F1). The insoluble fraction (F2) was further fractionated by
selective extractions with ethyl acetate and methanol. On the whole, each
PLGA-g-PVP wpolymer was subdivided in two intermediate (MP and F2) and
six terminal (UBPI, F1, F3, F4, F5, F6) fractions. Their compositions are
evaluated by FTIR (Figure 2.15) reported in Table 2.5. The grafting degrees of
the terminal fractions, defined as the number of PVP chains per PLGA chain,
are reported in Table 6. The above results demonstrate that the fractionation
process effectively separated PLGA-rich and PVP-rich fractions, but failed to
isolate either PLGA or PVP. As reported in Table 2.3, the grafting degrees of
PLGA-g-PVPi0.1, PLGA-g- PVP102 and PLGA-g-PVP103 were 1.5, 1.1 and 1.0,
respectively.

PLGA-g-PVP10:1 PLGA-g-PVP102 PLGA-g-PVP103
6
T e [
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Figure 2.15. IR spectra of I'3-F6 fractions of PLGA-g-PVP cpolymers.
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Table 2.5. Weight and composition of PLGA-g-PVP fractions

PLGA-g-PVP1p1 PLGA-g-PVPy; PLGA-g-PVPy,
(O%I;g Ig) o1 359 | O%Ei) 660 340 (o[.il;i) 706 294
(ng I 2.;\/9[5 y B2 188 (2.22)) , o8 a2
(0‘0216 g 08 o2 01?9 o 22 sl 0213 g B5 T
a 91222 g M P (2.112326 g (2.413 g S
(0.0539 A I 023 g M2 s (0.1[;‘2 g B o
" Egg g M ]y OI;; s 2 sl 01;‘; L
(0‘81:6i g s el 91;53 R 01;;? 5 96 84
(0.01;(; g 20 o] OI;Z g ™ w2l 21;62 g 5 @

-Recovery 973 477 I-{ecovery 979 685 -Recovery 1003 85
Q) (%) %)

9Not determined. ») Regarded as the VP conversion. Probably, most wanting
VP in respect of the feed was unreaced monomer remaining in the
dichloromethane mother liquors of the main products (MP) predpitation and
subsequently lost while retrieving the UBPI fraction by high vacuum solvent
elimination.

As shown in Table 2.6, the PVP chains were notevenly distributed. All PLGA-
g-PVP MP samples contained minority PVP-rich fractions (F1, F3,F6) with
grafting degrees ranging from 13 to 28 (PLGA-g-PVPio0.1), 6.5 to 7.5 (PLGA-g-
PVPi02) and 3 to 6 (PLGA-g-PVP10:3), together with major PLGA-rich fractions
(F2, F4, I5) with grafting degrees ranging from 0.3 to 1.1 (PLGA-g- PVP1o.1),
0.2-to 0.4 (PLGA-g-PVP102) and 0.1 to 0.2 (PLGA-g-PVP103). It is apparent that
the fractions of the latter group contained significant amounts of virgin PLGA.
A possible explanation of this uneven distribution is that PVP grafting on a
PLGA chain fadlitated further grafting on the same chain. The first step of the
chain transfer reaction was hydrogen abstraction from a PLGA chain by a PVP
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macroradical, which preferentially approached an already PVP-grafted PLGA
for whidh it had greater affinity than for virgin PLGA.

Table 2.6. Grafting degree of PLGA-g-PVP fractions

Grafting degree 2
Code PLGA-g-PVPio1 PLGA-g-PVPi2 PLGA-g-PVPio3

UBPI 11.6 2.4 0.8
F1 13.4 6.3 5.8
F2 ndb) ndb) ndb)
F3 28.5 6.6 3.6
F4 1.1 0.4 0.1
F5 0.3 0.2 0.2
F6 28.6 7.4 3.3

a) Average number of PVP side chains per PLGA main chain.
b) Not determined.

2.5.6 PLGA-g-PVP-based aqueous nanodispersions

In preliminary experiments, all PLGA-g-PVP MP samples gave nanodispersions
(NDS) by diluting their 1% acetone solutions with 10 volumes water and then
getting rid of acetone by nitrogen flushing at room temperature. For comparison
purposes, the same procedure was followed with native PLGA, 10:1, 10:2 and
10:3 w/w native PLGA/PVPpueE blends, and 8:2 w/w PLGA/PLGA-g-PVPio.1,
PLGA-g-PVP102 and PLGA-g-PVP13 blends. Partide size, {-potential, stability
on time and re-dispersion in water after lyophylization of the resultant NDS

were assessed.

The properties of native PLGA NDS were recorded as formed and after 1 and
2 days standing at room temperature. As formed, PLGA NDS had large
dimensions (>250 nm) and highly negative surfaces (-40 mV). Their size rapidly
increased and sediments were produced within after 1-2 days (data notshown).

They were no further considered.

In all other cases, the NDS size and {- potential were recorded after standing 1
h, 24 h and 7 days at room temperature. The results are shown in Figure 2.16.
The PLGA-g-PVP MP NDS were smaller (150 - 180 nm) than those of PLGA,
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their size did not strictly depend on PVP content, remained constant and formed
no sediments throughout the observation time. Moreover, in the absence of
added ayoprotectors they could be lyophilized and subsequently re-dispersed
in water with a moderate incaease of size to 300-400 nm and a significant
reduction of their negative surface charge, possibly due to structural
rearrangement (Figure 2.17). PLGA-PVP blends gave somewhat larger NDS
(220-350 nm) that within 48 h produced sediments and if treated with water
after lyophilization gave a solid cake (Figure 2.18).
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Figure 2.16.Partide size and {-potential of nanodispersions from (a,b) MP
fractions; (¢d) PLGA/PVP; (e,f) PLGA/MP blends.
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Figure 2.17. (a) Partide
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Figure 2.18. PLGA/PVP 10:3 blend and PLGA-g-PVPio3 MP sample re-
dispersed in water after lyophilization of the pristine nanodispersions.

Interestingly, NDS of 8:2 PLGA/PLGA-g-PVPi03 blends behaved exactly as
those of PLGA-g-PVP, apart from the formation of little sediment by re-
dispersing after lyophilization. These results suggest that in all NDS PVP
protruded in the aqueous phase. However, it was only loosely bound to- and
easily extracted from PLGA/PVP blends, but stably bound to- and hardly
extractable from both PLGA-g-PVP and PLGA/PLGA-¢-PVP blends.

The {-potentials of both PLGA-g-PVP and PLGA/PLGA-g-PVP blend NDS
were the same as those of native PLGA, that is ~ - 40 mV. They did not depend

from the PVP content and remained constant throughout the observation
petiod. The {-potential of PLGA/PVP blend NDS was also negative, ranging
from - 30 to - 40 mV, but depended on the PVP content and did not remain
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constant with time, but within the observation period halved to -15- -20 mV,
possibly owing to the gradual PVP migration to the surface.

Size and {-potential of fractions F3-F6 NDS are shownin Figure 2.19 (a and b).
Confirming the above observation, higher PVP cntents did notlead to better
performances under the experimental conditions adopted, notwithstanding
most of the F4 and F5 fractions grafting degrees ranged in the range 0.1 - 0.4.
Therefore, they contained significant amounts of virgin PLGA and were, in fact,
PLGA/PLGA-g-PVP intimate blends similar to the purposely prepared ones
reported above. Logiaally, they performed similarly.
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Figure 2.19. (a) Partide size and (b) {-potential of nanodispersions from F3-F6
fractions.

For all ases, partide size and {-potential wete cllected after standingat 1h, 24h
and 7 days at 4°C (Figure 2.20). Generally, partide sizes are smaller and less
sensitive to spending time than those of room temperature. Also in this
oondition, NDS obtained from MP are the smallest (less of 160 nm) and
independent on PVP content, only {-potential changed, in particular moduli
decrease increasing PVP portion. PLGA/PVP NDS presented sizes of about
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200 nm and as {-potentialmoduli of about -35 - -40 mV. These values did not
vary during the observation time and respect to PVP content, on the contrary
of room temperature standing NDS. Probably the lower temperature slows
down agreement mechanisms in which PVP covers PLGA surface of NDS.F3-
F6 NDS confirmed the trend and values observed at room temperature.
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Figure 2.20. Partide size and -potential of nanodispersions from (a,b)
PLGA/PVP; (¢d) MP fractions; (e,f) from F3-F6 fractions at 4°C.
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2.6 CONCLUSIONS

The results reported in this paper demonstrate that the radical polymetization
of VP dissolved in commerdal medical grade PLGA at 100 8C provides a one-
step straightforward preparation of hitherto undesaibed PLGA-g-PVP
opolymers by a dchain-transfer mechanism. The saponifiation of the PLGA
portion allowed determining the moleaular weight of the PVP side chains as a
function of the PLGA/VP ratio in the reaction feed. This allowed estimating
the chain-transfer constant (Cr) of PLGA repeating units to be 1 x 10-3, that is,
within the range of those previously determined for non-polymeric aliphatic
esters, notwithstanding the PLGA high molealar weight. The resultant
wpolymers cnsisted of a long PLGA main chain and PVP pendants whose
moleaular mass could be kept well below the renal elimination threshold by
adjusting the PLGA/VP ratio in the feed. Thus, they are entirely bioeliminable
if employed as injectable drug delivery systems.

The MALDI-TOF spectra of the PVP obtained by saponification of the PLGA-
¢-PVP main producs were consistent with oligomeric PVP chains terminated
at one end by hydrogen and at the opposite end by L-, G-, LG-, LLG, and
LLGG residues. This unequivoclly demonstrated the ocwurrence of PVP
grafting onto PLGA. On average, PLGA-g-PVPi01, PLGA-g-PVPi02, and
PLGA-g-PVPi03 crtied, respectively, 1.5, 1.1, and 1.0 PVP side chains per
PLGA main dhain. The fractionation by the orthogonal solvent pair ethyl-
acetate/ methanol, wheteas able to quantitatively separate in a pure state the
PLGA and PVP cmponents of PLGA/PVP intimate blends, if used to
fractionate aude PLGA-g-PVP failed to isolate either pure PLGA or pure PVP.
However, it separated PLGA- and PVP-rich fractions with widely different
compositions, demonstrating that the PVP grafting was unevenly distributed.

The mass balance of the fractions showed that one or motre PVP chains grafted
onto a PLGA chains probably fadlitated further grafting on the same chain.
Moreover, the PLGA-rich fractions probably contained some native PLGA. All
main PLGA-g-PVP produds and single fractions gave stable nanodispersions
in water by the solvent evaporation technique, irrespective of the PVP content.
Similar results were obtained with PLGA/PLGA-g-PVP intimate blends, but
not with PLGA/PVP blends. Admittedly, these preliminaty results need to be
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substantiated by further, spedfically addressed research. However, they suggest
that the new PLGA-g-PVP wpolymers reported in this artide, notwithstanding
the uneven distribution of PVP grafting among the PLGA chains, have a

potential as bioeliminable nanodispersed drug delivery systems.
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CHAPTER 3

FORMULATIONS OF PLGA-g-PVP COPOLYMERS

“The purpose of this piece of work is to establish the best formulation technologies to
transform PLL.GA-g-PV'P copolymers into nanosized carriers, namely nanoparticles and lipid
nanocapsules, for the delivery of anticancer and antimalarial drugs”

3.1 NANOPARTICLES

Polymeric nanoparticles (NPs) are colloidal structures composed of natural,
synthetic or semi-synthetic polymers with sizes generally around 5-1000 nm,
more centred on 100-500 nm. Depending on the process used for NP
preparation, nanospheres or nanocapsules can be obtained (Figure 3.1).
Nanospheres have a homogeneous structure in the whole particle, the drug is
dissolved, entrapped, encapsulated or uniformly attached to polymer matrix.i
Nanocapsules are nano-vesicular systems that exhibit a typical core-shell
structure where the drug is confined to a reservoir or within a cavity
surrounded by a polymer membrane or coating. The reservoir can be a liquid
oily core ot in a solid form.i

P Drug
/yv /

Nanospheres Nanocapsules Nanocapsules
with oily reservoir with solid reservoir

Figure 3.1. Nanosphere and nanocapsule structures.
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3.2 NP PREPARATION METHODS

NPs are usually prepared by bottom-up procedure, mainly based on two
methods: solvent evaporation and solvent displacement. All the other
methods proposed in the literature are derived from them, with little
difference.

Solvent evaporation method: the polymer and drug are dissolved in an organic
solvent such as dichloromethane, chloroform and ethyl acetate, and then
emulsified into an aqueous solution to make oil (O) in water (W) (O/W
emulsion) by using a surfactant or an emulsifying agent. After the formation of
a stable emulsion, the organic solvent is evaporated either by increasing the
temperature under pressure or by continuous stirring. A similar procedure is
adopted for (W/O)/W method, usually used for prepating water-soluble drug-
loaded NPs. This approach consists in two consecutive emulsions: the former
useful to solubilise the drug in the polymer solution, and the latter to form the
NPs.¥

Solvent  displacement ~ method/  nanoprecipitation: a water-soluble solvent with
intermediate polarity, such as acetone, ethanol or methanol, is used to initially
solubilise both polymer and drug. This phase is thus injected into a stirred
aqueous solution in the presence or not of surfactants. Polymer deposition on
water/organic solvent intetface, caused by the fast diffusion of solvent, leads to
the instantaneous formation of a colloidal suspension. The solvent
displacement technique allows for preparing nanocapsules when a small
volume of nontoxic oil is incorporated in the organic phase.

Emulsification/ solvent diffusion  method: this is a modified version of solvent
evaporation method. The encapsulating polymer is dissolved in a partially
water-soluble solvent, such as propylene carbonate and saturated with water.
The polymer-water saturated solvent phase is emulsified in an aqueous
solution, already containing a stabilizer, leading to solvent diffusion to the
external phase and the formation of nanospheres or nanocapsules, according to
the oil-to-polymer ratio. Finally, the solvent is eliminated by evaporation.
Salting out method: it is a modification of the solvent displacement method, in
which the separation of a water miscible solvent from aqueous solution is via a
salting out effect. Polymer and drug ate initially dissolved in a solvent such as

acetone, which is subsequently emulsified into an aqueous gel containing the
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salting-out agent (electrolytes, such as magnesium chloride, calcium chloride,
and magnesium acetate, or non-electrolytes such as sucrose) and a colloidal
stabilizer such as polyvinylpytrolidone or hydroxyethylcellulose. This oil/watet
emulsion is diluted with a sufficient volume of water or aqueous solution to
enhance the diffusion of acetone into the aqueous phase, thus inducing the
formation of nanospheres.

Dialysis: polymer is dissolved in a water miscible solvent and placed inside a
dialysis tube with proper molecular weight cut off. The displacement of the
solvent inside the membrane is followed by the progressive aggregation of
polymer, due to a loss of solubility and the formation of homogeneous
suspensions of nanoparticles. The solvent used in the preparation of the
polymer solution affects the morphology and particle size distribution of the
nanoparticles obtained.

Supercritical fluid technology: polymer is dissolved in a supercritical fluid to form a
solution, followed by the rapid expansion of the solution across an orifice or a
capillary nozzle into ambient air or in an aqueous solution. The high degree of
super saturation, accompanied by the rapid pressure reduction in the
expansion, results in homogenous nucleation and, thereby, the formation of
well-dispersed particles.

Even top-down methods have been developed taking advantage of instruments
such as desktop or high-pressure homogenizers or ball-milling equipment able

to reduce the particle size from micrometres to nanometres."

3.3 ANTITUMOUR DRUGS

Cancers are a large family of diseases that involve abnormal cell growth with
the potential to invade and/or spread to other parts of the body. All tumour
cells show the five hallmarks: a) cell growth and division in absence of the
proper signals or in presence of contrary ones; b) avoidance of programmed
cell death; ¢) limitless number of cell divisions; d) promoting blood vessel
construction; and ¢) tissue invasion and metastasis formation.*t

Cancers figure among the leading causes of morbidity and mortality worldwide,
with approximately 14.0 million new cases and 8.2 million cancer related deaths
in 2012.vi
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Research aims at developing ever more potent treatments, able to get definitive
ablation of the disease.

3.3.1 Doxorubicin

Doxotubicin hydrochloride (Adriamycin®)™ is one of the most potent
antineoplastic agents approved by the Food and Drug Administration, effective
against a wide range of cancers, including breast cancer™, myeloma*i, lung
cancer¥i, glioma*, leukaemia*, and lymphomax*i,

Its cytotoxic role is explicated in nuclear compartment of cells, by binding
DNA associated enzymes®i and intercalating the base pairs of the DNA’s
double helix with consequently inhibition of both DNA replication and RNA
transcription. xviixix

Doxorubicin in form of hydrochloride salt (Dox) achieves a high degree of
solubility in water; conversely, doxorubicin in the free base form (Doxs) is
hydrophobic. Dox has a high biodistribution, it is quickly accumulated into
many tissues (like liver, kidney, bone marrow), leading to a rapid extinction in
the blood stream.*>**i It is not selective against tumour cells, therefore it results
toxic for the healthy cells, in particular is considered cardiotoxic. i
Modification of biodistribution and reducing of toxicity toward healthy cells
can be achieved by entrapping the drug in carriers.

Dox-loaded PLGA carriers are intensively studied in the literature. These
systems include PLGA microparticles, v, v v oovii PLGA
NPS,XXViii i i ii i, xxxiv PLGA_PEG micelleS’XXXV,xxxVi,xxxvii,xxxviii COValCﬂtly
bounded PLGA-Dox NPsx PLGA-Dextran micelles,d [P(NIPAAm-co-
DMAAm)-PLGA micelleX hyaluronic acid NPs coated with PLGA-PEI,li-lii
magnetic NPs coated with PLGAvxvxvi PLGA-Vitamin E TPGS NPs, i
PLGA-laponite-F68 nanocomposite (PNC) vesicles, il magnetic NPs coated
with PLGA-PEG,¥x PEG-PLGA-porphirin NPsl.

3.3.3 Aim of research

In this research work PLGA-g-PVP NPs are prepared by solvent displacement
method to be used in antitumor treatment.

Despite great benefits obtained by using above catriers in Dox delivery, they
suffer of some drawbacks in term of efficacy and stability over time, as already
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mentioned. Microparticles cannot reach tumour and need to be 7n situ
implanted. Micelles are prone to dilution phenomenon that occurred when
intravenous injected, leading to premature drug release.! Hydrophobic NPs
coated by hydrophilic had poor affinity, sometimes leading to separation of the
two blocks over time. NPs based on amphiphilic copolymers, like those
obtained from PLGA-g-PVP copolymers, should not be prone to these pitfalls.
Modulating PVP content in the initial PLGA-g-PVP copolymer, it was possible
to vary the hydrophobicity degree of NPs matrix and, thus, affinity of
nanocarrier with drugs with different lipophilicity. Drugs used to study NPs
properties were Dox and its basic analogue doxorubicin base (Doxg).

Chemical-physical characterizations of NPs were conducted by evaluation of
sizes, morphologies, {-potentials, pH and osmolarities. Over time stability and
drug release kinetics were studied. To highlight efficacy against tumour cells
Dox-loaded NPs and Doxg-loaded-NPs, 2D and 3D iz wvitro studies were

carried out.

3.4 ANTIMALARIAL DRUGS

Malaria is the most prevalent parasitic disease in the world. By 2015, it was
estimated that the worldwide number of malaria cases is 214 million and the
number of deaths to 438 000.1 It is caused by the apicomplex protozoan of the
Plasmodium genus and transmitted to humans by the bites of the female
mosquito vector of the Angpheles genus v P. faleiparum is the most dangerous
of the four malarial parasites that can infect humans and is most prevalent on
the African continent. P. faliparum resists to rigorous climate and has
developed resistance to several drugs.v

Nanosized carriers have been receiving special attention with the aim of
minimizing the side effects of drug therapy, poor bioavailability and drug
resistance. Particularly lipid-based cartiers (e.g., liposomes,Viilvivix solid lipid
nanoparticles¥i and nano or microemulsions®ikvi) and  polymeric
nanocarriers Mikvivibikix haye been already studied. All these nanocarriers are

currently used to fight the disease with good results.
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3.4.1 Artemisinin as antimalarial drug

Artemisinin (Art) is a sesquiterpene lactone peroxide, extracted from the
wormwood Artemesia annua Ionga. Usually used as anti-malarial drug, anticancer
activity of Art was discovered by Woerdenbag et al in 1990. Art and its
derivatives (dihydroartemisinin, arthemeter, and artesunate) are the most used
antimalarial drugs together with quinine derivatives (chloroquine, primaquine
and mefloquine). Artemisinin has a very fast action and parasite clearance times
are shorter when compared with other malarial drugs. Cytotoxicity of Art is
explicated by the endoperoxide moiety present in its structure that reacts with
Fe?* ions present in haem (Figure 3.2).h

HAEM (Fe?*)

_

HAEM (Fe?*)

) Alkylation of proteins

o Formation of metabolites

Figure 3.2. Mechanism of interaction of Art with Fe?* present in haem,
leading to radicals.

The malaria parasite is rich in haem-iron, derived from the proteolysis of host
cell haemoglobin. This could explain why artemisinin is selectively toxic to
parasites.®d In parasite cultures treated with Art, adducts of haem and Art have
been isolated.ii Free radicals formed by the reaction alkylate protein and
damage the microorganelles and membranes of the parasites. Drawbacks of
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Art are low water and oil solubility, poor bioavailability, and a short half-life in
vivo (~2.5h).evivi For these reasons, it is usually loaded in several drug
delivery systems, such as nanoparticles™ii and liposomeshvithix, Liposomal
formulation of Art for antimalarial treatments is reported.ieesh
Cyclodextrinstodibesiitoaiv and - albumin-Art conjugated™ are other typical
nanocarriers. Only one formulation study of Art-loaded PLGA NPs was
described in the literaturevi Art derivatives loaded in PLGA carriers are
reported, eg artesunate-loaded and chitosan-coated PLGA NPs,beovi
dihydroartemisinin-loaded and PLGA-coated phospholipidic NPstexvii,

3.4.2 Curcumin

Curcumin (Cur) is a polyphenolic compound derived from turmetic, Curcuma
Longa thizomes, possesses diverse pharmacologic effects including anti-
inflammatory,*xx antioxidant and anticancer activitiess*<i In addition,
curcumin possesses activities against bacteria, i fungi v v and protozoa*evi.
Cytotoxic effects of Cur on protozoan parasites have been demonstrated in
cultures against Leishmania > Trypanosoma > and Giardia<™. Cur antimalarial
effects was demonstrated against Plasmodinm falciparune< and  Plasmodinm
Bergheri (the latter in combination with Art). Parasitical effect is due to the
generation of reactive oxygen species and histone acetylation.dii An excellent
property of Cur is its safety even at very high doses when administrated to
various animal models and humans<-<i. In spite of its efficacy and safety, Cur
has not yet been approved as a therapeutic agent, due to its low solubility and
low bioavailability.«"i To overcome these problems several carriers have been
developed, among which nanotized Cur,*"ii liposomal carrier,* chitosan NPs, e
nanoemulsion,™ lipid based systems,># sodium dodecyl sulphate (SDS)
micelles, i PMMA-PHEMA  nanospherese®, PLGA-coated magnetic
microspheres™ and PLGA NPsexviexviiexvii,

3.4.3 Aim of research

Even if a current decrease of mortality and morbidity due to malaria is reached,
improvements are always requested, especially in formulations of monodose,

not expensive treatments with prolonged permanence in bloodstream and
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sustained release of drugs. This route is possible only developing carrier with
real high drug entrapping degree and modified surface.

Lipid nanocapsules consisting of an oily core and PLGA-g-PVP surface were
used as delivery systems of Cur and Art. The oily core chose to dissolve great
amounts of drug was prepared by oil in water emulsion leading to microdrops
in aqueous solution. Nanometric sizes were reached by using of high-pressure
homogenizer. PLGA-g-PVP copolymers with two different PVP contents were
deposited on, employing solvent displacement method. Modified surfaces were
useful to modulate interactions between nanocapsules and cellular membranes
of infected red blood cells in order to favour endocytosis inside. Chemical and
physical characterizations of Art-loaded nanocapsules and Cur-loaded
nanocapsules were carried out. Growth inhibition assay were conducted on
plasmodinm faleiparum (3D7T) culture.

3.5 ANTITUMORAL PROJECTS EXPERIMENTAL PART

3.5.1 METHODS

3.5.1.1 Materials

PLGA-PVPig1 and PLGA-PVPjo2 were prepared according to the procedure
reported in Chapter 2, Paragraphs 2.3.4.1. Poly(lactic-co-glycolic) acid (PLGA)
50:50 (M= 45000-55000) was purchased from PolySciTech (Indiana, USA)
and used as received. Doxorubicin hydrochloride salt (Dox) was purchased
from Pharmacia & Upjohn; doxorubicin base (Doxp) was prepared as
following described and used without further purification. Pluronics F68 (Plu),
Tween 20, Tween 80, poly(vinyl alcohol) (PVA), mucin from porcine stomach,
bovine serum albumin (BSA) and other chemicals and solvents were supplied
by Sigma- Aldrich (Italy) at reagent grade and used without further purification.
For in vitro tests:

4T1 (mouse breast cancer), MDA-MB231 and CRL-2335 (human breast
cancer) cells were obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). Human HCC1806 Breast Carcinoma cell line
was purchased from LGC Standards, Sesto San Giovanni, Italy. Dulbecco's
Modified Eagle Medium (DMEM), penicillin-streptomycin and foetal calf
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serum were purchased by Invitrogen, Burlington, ON, Canada. MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5diphenyltetrazolium  bromide,  thiazolyl  blue
tetrazolium bromide, RPMI medium and ultra-low attachment (ULA) 96-wells
flat-bottom plates were supplied by Sigma- Aldrich St Louis, MA, USA.
Colorimetric WST-1 test was obtained from Dojindo Europe, Germany.

3.5.1.2 Preparation of doxorubicin base

A saturated solution of Na,COj; (1.4 g/mL) was added in deionized water Dox
solution drop by drop. The precipitate was recovered by filtration and washed
several times with cold deionised water. After drying, Doxp was stored at room
temperature in the dark.

3.5.1.3 Preparation of PLGA-PVPy.1, PLGA-PVPjy, blank NPs and Dox-
or Doxg-loaded NPs

Doxorubicin-loaded and blank nanoparticles were prepared using a solvent
displacement method. Briefly, different amount of Dox or Doxs (1, 2 or 3 mg)
wete dissolved in benzyl alcohol (15 mg/mlL) and added to a solution of 21 mg
of PLGA-PVPyg1 (or PLGA-PVPyg2) in 800 pL 85:15 v/v acetone DMSO
solution. This solution was drop-wise added to 7 mL of a 0.1 % (w/v)
Pluronics F68 aqueous solution heated at 40°C under vigorous magnetic
stirring. Following acetone was removed by 30 min of magnetic stirring and the
suspension was kept under stirring overnight. Then the suspension was
dialyzed against water using a dialysis tube with MW cut-off of 3500 for 1 h to
remove any not encapsulated drug, benzyl alcohol and DMSO and lastly
lyophilized.

Blank nanoparticles were similatly prepared. A 70:30 v/v acetone/DMSO
polymertic solution (21 mg in 400 pL) was dripped in a 0.1 % (w/v) Pluronics
F68 aqueous solution under vigorous magnetic stirring at 40°C. The latter was
stirred for 30 min to remove acetone and kept under stirring overnight to form
nanoparticles and eventually lyophilized.
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3.5.1.4 Physical-chemical characterization of NPs

Particle size and polydispersion index (PDI) were determined by photon
correlation spectroscopy (PCS), employing a 90 PLUS Particle Size Analyzer at
a fixed angle of 90° and a temperature of 25 °C. The laser light (He/Ne)
wavelength was 678 nm. Two drops of sample were diluted directly into the
cuvette sample holder with previously filtered water. All determinations were
carried out in triplicate and the results were expressed as the average diameter
(expressed in nm) and PDI as measure of the distribution width.

Differential scanning calorimetric (DSC) analyses were performed by a Mettler
Toledo DSC823 (Mettler Toledo, Italy), equipped with the STAR Software and
the FRS5 Mettler Toledo ceramic sensor. The instrument was calibrated with
indium for melting point and heat of fusion. Tests were performed using
standard aluminium pans with an empty pan as reference. Samples (5-10 mg)
underwent a single heating step from 0 °C to 100 °C at 10 °C min™' under 50
mL min nitrogen flow.

Zeta potential measurements were determined using 90 PLUS Particle Size
Analyzer. Nanoparticle solution was diluted with few drops of a 1 mM KCI
solution. A minimum of five runs was obtained per sample.

Transmission electron microscopy (TEM) analysis was performed using a
Philips CM10 instrument. Nanoparticle solution was stained with a 2%
solution of osmium tetraoxide.

Optical microscopy analysis was carried out using a Motic AE 3linverted
microscope equipped with Motic MHG — 100B using Ex D350/50x, DM
400DCLP and BA D460/50m. Magnification LWD 600x.

Osmolarity was measured using Semi-micro osmometer K-7400 with
measuring head for glass vessels. 300 mOsmol solution of sodium chloride
used for reference standard.

The pH was determined at 25°C by a calibrated pH meter 420 A (Otion).

3.5.1.5 Assay of doxorubicin loaded into NPs

The doxorubicin loading within NPs was determined by HPLC. HPLC system
consists of a Shimadzu LC-9A pump C equipped with a Cromopack
fluorescence detector and a Kinetex® 5 um EVO C 18 100 A column (250
X4.6 mm?). Methanol-acetonitrile-phosphate buffer solution (10:25:65 v/v/v)
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was used as eluent, in which buffer was a 0.01 M pH=1.4 phosphate aqueous
solution. The flow rate was 1.0 mL min'!. The column effluent was monitored
at excitation and emission wavelengths of 480 and 560 nm, respectively.

A known amount of freeze-dried nanoparticles was completely dissolved in
DMSO solution and after diluted in HPLC eluent. Drug concentration was
calculated from the area using a calibration curve previously established.

For the calibration curve Dox was dissolved directly in HPLC eluent, Doxs
was firstly dissolved in DMSO and after diluted with HPLC eluent. The
experiment was performed in triplicate for both types of drugs.

Drug loading (DL) was calculated on the percentage amount of drug present

per mg of nanoparticles, as follows:

(Concentration of drug (mg/mL) X Solution volume (mL))

D.L.% =
(Equation 1)

X 100%

Nanoparticles mass (mg)

Encapsulation efficiency (EE) was calculated based on the percentage ratio of
the amount of doxorubicin incorporated into nanoparticles with respect to the

initial amount used, as follows:

Encapsulated drug mass (mg)

E.E.% =

X 100% (Equation 2)

Initial drug mass (mg)
3.5.1.6 In vitro release of doxorubicin from nanoparticles

In vitro drug release studies were performed at two different pHs by using a
physiological solution (0.9% NaCl, pH = 5.55) and phosphate buffer solution
0.1 M, pH = 7.40). 1 mL of Dox-loaded and Doxg-loaded nanoparticle
suspensions (donor solutions) were kept in contact with 1 mL of physiological
solution or buffer solution (receiver solutions) by a dialysis membrane with
MW cut-off 12-14K. At specific time, the receiver solution was collected for
analysis and replaced with fresh one. The amount of released doxorubicin was
evaluated by HPLC as previously described.
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3.5.1.7 Determination of bovine serum albumin (BSA) adsorption on NP
surface

Interactions of BSA with selected NPs were monitored using a UV visible
spectrophotometer. Lyophilized blank NPs were suspended in water (1.6
mg/mL) and diluted with a 10 mg/mL phosphate buffer BSA solution (0.1 M,
pH = 7.4) in 20:80 volume ratio. Solution was stirred for 90 min, centrifuged
(7500 rpm, 10 min) and then the supernatant was collected. The amount of
BSA adsorbed on nanoparticles surface was evaluated using Uv-visible analysis
at 278 nm taking into account the difference between BSA concentration
present in the supernatant and a blank BSA solution at the same dilution. Each
sample was assayed in triplicate.

3.5.1.8 Cell and culture conditions

4T1 (murine breast cancer), MDA-MB231 (human breast adenocarcinoma) and
CRL-2335 (basal-like human breast carcinoma) cell lines were grown in culture
dishes as a monolayer in DMEM supplemented with 10% penicillin-
streptomycin and 10% foetal calf serum in a humidified atmosphere with 5%
CO..

3.5.1.9 Cell proliferation test

MTT analysis was performed in 96-well plates incubated at 37 °C, 5% CO», for
72 h. Briefly, 1000 cells/well were seeded in 100 pL of complete medium and
treated with different concentrations of Dox-loaded NPs (0.002-0.2 mM) and
compared to those treated with blank NPs and free drug solutions at the same
dilution. Subsequently, cells were supplemented with 11 pl of 5mg/ml thiazolyl
blue tetrazolium bromide for 2 h. Later, the medium was removed and cells
were lysed with 100 ul of DMSO. Absorbance was recorded at 570 nm by a 96-
well-plate reader (PerkinElmer, Waltham, MA, USA).

3.5.1.10 Data analysis

Data concerning inhibition percentage as function of drug concentration are
reported as average * experimental error. A statistical analysis was performed
with GraphPad Prism 3.0 software (San Diego, CA, USA) using the one-way
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ANOVA and Dunnett test. ICsq (half maximal inhibitoty concentration) has
been investigated using the two tailed unpaired T test with Welch correction.
The significance cut-off was p-value below 0.05.

3.5.1.11 Spheroids cultures

The human HCC1806 Breast Carcinoma cell line was grown in RPMI medium
supplemented with 10% foetal bovine serum (FBS), 1% L-glutamine and 1%
penicillin-streptomycin.

For spheroids formulation, at ~80% confluence, monolayer cells were
dissociated with trypsin-EDTA (Ethylenediaminetetraacetic acid) into single-
cell suspensions. The cells were then seeded on ultra-low attachment (ULA)
96-wells flat-bottom plates, at different initial concentrations, starting from
2500 to 50000 cells per well. Optimal seeding density was established such that
HCC1806 spheroids fell within a size range of 200 to 500 um in diameter on
day 5. The initial concentration of 7500 cells/well was then considered
appropriate for experimental studies.

After treatments with the different drug formulations, morphology was
analysed under light microscope and cell viability by colorimetric WST-1 test.

3.5.2 RESULTS AND DISCUSSIONS: DOXORUBICIN LOADED
NPs

3.5.2.1 Blank nanoparticle preparation

PLGA-PVP blank nanoparticles (PLGA-PVP Blk NPs) were successfully
prepared using an solvent displacement method by dissolving copolymer (26
mg/ml) in organic solvent mixture (85:15 %v/v acetone:DMSO) and
precipitating it as nanoparticles in an aqueous phase, having 0.1% w/v
Pluronics F68 as a stabilizer, at 40°C (Figure 3.3). PLGA blank nanoparticles
were similarly prepared.

This procedure was the result of a study performed for correlating the
relationship between formulation parameters (namely, solvent composition,
surfactant type and concentration, copolymer concentration, pH of aqueous
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solution and temperature) and NP diameters. The collected data corresponding
to PLGA-PVPio.1 and PLGA-PVPio2 NPs are summarized in Tables 1 and 2.
As results, NP size was highly influenced by solvent composition with a
reduction of about 30 and 200 nm for PLGA-PVPjp; and PLGA-PVPjy.,
respectively, passing from pure acetone (DMC in Tables 3.1 and 3.2) to
85:15%v/v acetone:DMSO solution. This reduction can be asctibed to the
higher solubilisation of PVP portion copolymer in DMSO. Poly(vinylalcohol)
(PVA), glycerol, glucose and Pluronics F68 (Plu) were chosen as preferred
surfactants; among them, Plu gave the smallest NPs with both copolymers in
comparison with those prepared with the other surfactants in the same
experimental condition. In addition, Plu concentration in water has proven to
slightly affect the size distribution of PLGA-PVPo2 NPs, but highly influence
those of PLGA-PVPjo.1 NPs. In particular, PLGA-PVPq.1 precipitated in total
absence of surfactant and formed particles of about 1 um in presence of
0.5%w/v Plu solution, instead of 166 nm using 0.1%w/v one. PLGA-PVPy42
was able to form NPs even in absence of surfactants with formation of a thin
film close adherent to vial walls and 134 nm particles in presence of the more
concentrated Plu solution, minimum (131 nm) was also in this case fulfilled in
0.1%w/v solution. Finally, temperature of aqueous Plu solution influenced the
rate of displacement and evaporation of solvents, resulting in a decreased NP
diameter at 40°C instead of those obtained at room temperature, but 60°C
heated solution favoured precipitation for both copolymeric compositions.
High-pressure homogenizer was not able to a further reduction of NPs,
conversely 426 and 335 nm were the final diameters of PLGA-PVP1p1 and
PLGA-PVPio2 NPs, respectively, after 30 min of treatment.
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Figure 3.3.

Preparation of PLGA-PVP Blk NPs and Doxp loaded and Dox

loaded NPs by solvent displacement method. Chemical structure of Dox and

Doxg.

Table 3.1. Formulation parameters affecting PLGA-PVPip1 NPs size

distribution.

PLGE:‘Z;]P"“ Solvent /(L) S“rfai;zr(trf:ﬁ;’v/ v/ Size (nm) PDI
10 DMC/ 200 Plu0.1/5 2022414 0.043 £0.013
10 DMC/ 200 Glycerol 2.4 / 5 280.6 + 6.9 0.061 +0.029
108 DMC/ 400 Plu0.1/7 107.8 0.9 0.153 £ 0.017
106 DMC/ 400 Plu0.1/7 1093+ 1.8 0.148 +0.021
21 DMC/ 800 Plu0.1/7 210.4 + 2.1 0.125 £ 0.016
21 DMC/ 800 PVA03 /7 2160 £33 0.064 +0.013
21 DMSO:DMC 1:2/800 Plu0.1/7 184.1 £ 59 0.061 +0.028
21¢ DMSO:DMC 1:2/800 Plu0.1/7 4264 +15.7 0.194 +0.031
214 DMSO:DMC 1:10/800 Plu0.1/7 181.4 % 6.1 0,105 + 0,024
214 DMSO:DMC 15:85/800 Plu0.1/7 166.7+0.8 0.115 +0.028
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214 DMSO:DMC 15:85/800 only water/ 7 precipitate -

214 DMSO:DMC 15:85/800 Glucose 5/ 7 260.4 9,7 0.142 £ 0.043

a) Dialysis against water milliQ; b) dialysis against 0.01M PBS buffer solution at
pH=7.4; ¢) after 30 minutes of high pressure homogenization; d) temperatute=
40°C; e) temperature= 60°C.

Table 3.2. Formulation parameters affecting PLGA-PVPip2 NPs size
distribution.

PLGA-PVPio:2 Surfactant

(mg) Solvent /(pL) (ow/v)/Vol(mL) Size (nm) PDI

10 DMC/200 Glycerol 2.4 / 5 348.4 +10.7 0.238 £ 0.032

100 DMC/ 400 Plu0.1/7 2395125 0.274 £0.001

21 DMC/ 400 PVA03/7 3292169 0.152 £ 0.022

21¢ DMSO:DMC 1:1/400 Plu0.1/7 3356+3.2 0.098 £ 0.047

DMSO:DMC 3:7/400 Plu0.1/7 161.7 £ 0.6 0.064 £ 0.008

214 DMSO:DMC 3:7/400 only water/ 7 166.2 £ 1.0 0.046 £ 0.023

214 DMSO:DMC 3:7/400 Glucose 5/ 7 2044 £ 6.8 0.068 £0.019

a) Dialysis against water MilliQ; b) dialysis against 0.01M PBS buffer solution at
pH=7.4; ¢) after 30 minutes of high pressure homogenization; d) temperature=
40°C; e) temperature= 60°C.
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3.5.2.2 Drug loaded nanoparticle preparation and drug assay

Next step was the preparation of PLGA-PVP NPs loaded with doxorubicin
hydrochloride salt (Dox) and doxorubicin free base (Doxg). Several water
miscible solvents (namely, acetone, methanol, ethanol, N-methylpyrrolidone,
and benzyl alcohol) were tested to solubilise drugs. In detail, both forms of
doxorubicin have proven to be practically insoluble in acetone. Methanol and
ethanol were not compatible with copolymers causing their partial
precipitation. When drugs ate solubilised in N-methylpyrrolidone and
subsequently added to copolymer, a clear solution was obtained. Unfortunately,
this solution became a microemulsion when dripped in water. At the end,
benzyl alcohol has proven as the best drug solvent; indeed, 15 mg/mL Dox
and Doxp solutions in benzyl alcohol were prepared and separately added to
copolymeric acetone/DMSO ones giving a transparent orange and red
solutions, respectively. These recipes were slowly added to a 0.1% Plu aqueous
solution in order to formulate drug-loaded NPs.

In order to assess the drug loading percentage (D.L.%) and encapsulation
efficiency percentage (E.E. %), three drug loadings (1, 2 or 3 mg) were tested
for each copolymer composition and drug. To this aim, samples were dialyzed,
lyophilised and analysed by HPLC.

As reported in Table 3.3, D.L. % of Dox was found to be between 0.73 and
3.32% w/w depending on copolymer type, resulting in a E.E. % ranged
between 21.16 and 55.89% w/w. PLGA-PVPyy; always showed at least one
percentage point more than PLGA-PVPio. regardless of initial Dox amount.
This finding can be attributed to the enhanced hydrophilicity of the PLGA-
PVPi02 copolymer, resulting to a higher affinity with hydrophilic Dox. On the
other hand, in the case of Doxg, D.L. % varied from 0.11 to 3.20 % w/w and
E.E% from 19.11 to 36.24 % w/w. Save for Img case, in all other ones,
PLGA-PVPyp; showed a better affinity with Doxg than PLGA-PVPg..

For comparison, Dox- and Doxs- loaded PLGA NPs and blank PLGA NPs

were similarly prepared as control. 3 mg of initial amounts of drugs were used.
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Really low D.L. % and E.E.% were obtained for Dox-loaded PLGA NPs,
instead of Doxp loaded PLGA NPs that showed the greater D.IL.% value
(3.69%) among others.

Table 3.3. Drug loading percentage and encapsulation efficacy varying
doxorubicin amount initially added in solution.

Doxorubicin

Sample initial amount (mg) D.L. % (w/w) E.E %(w/w)

1 0.73 21.2

Dox-PLGA-PVPip.1 NPs 2 1.67 22.6
3 2.55 21.3

1 1.93 55.9

Dox-PLGA-PVPi2 NPs 2 2.76 38.7
3 3.32 30.9

1 1.14 33.0

Doxs-PLGA-PVPip1 NPs 2 1.30 21.5
3 2.27 24.2

1 0.65 19.1

Dox-PLGA-PVPi2 NPs 2 1.36 21.2
3 3.20 36.2

Dox-PLGA NPs 3 0.06 413
Doxp-PLGA NPs 3 3.69 24.0

Physical state of the drug in PLGA-PVP NPs were investigated by DSC.
Thermograms of Dox, Doxs, copolymers alone, Plu, black NPs, and drug-
loaded NPs were depicted in Figure 3.4 (Panel A-C). In blank NP
thermograms an endothermic peak is present at 40-55°C corresponding to Plu
melting point that partially covered PLGA glass transition temperature ranged
at 45-53°C in copolymer thermograms. In all, PVP glass transition temperature
was not visible. Dox exhibited a single endothermic melting peak at 236°C with
onset at 180°C. Doxs showed an exothermic peak at 220°C with onset at
170°C, due to its degradation.
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Figure 3.4. DSC thermograms of A) copolymers alone, pluronics, black
PLGA-PVP NPs B) Doxs free and Doxg-loaded PLGA-PVP NPs and C) Dox
free and Dox-loaded NPs.
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In DSC thermograms of Dox-loaded and Doxg-loaded PLGA-PVP NPs, Dox
melting peak disappeared, as well as the degradation one of Doxs, regardless to
them initial loading. In addition, Plu melting point was always present. This
indicated the absence of drug free in the delivery system and, thus, it was
totally incorporated inside nanoparticles. Therefore, 3 mg of Dox and Doxp

were subsequently used as the standard concentration to prepare drug-loaded
NPs.

3.5.2.3 Characterization of PLGA-PVP NPs

The physicochemical properties of NPs, in terms of their average diameter,
polydispersity index, { potential, morphology, pH and osmolarity were
evaluated and listed in Table 3.4 and Figure 3.5 and 3.6. The effect drug
incorporation on such properties was also studied by comparing the results
obtained with those for blank NPs, whose size and polydispersity index are
also reported in order to facilitate result interpretation.

With respect to particle size analysis, all prepared PLGA-PVP systems were
nanometric (average diameter <500 nm) and exhibited a narrow size
distribution  (polydispersity index <0.2). Freshly prepared blank NP
suspensions showed unimodal size distribution having the average values in the
range of 160 - 170 nm (Figure 3.6). PLGA Blk NPs similatly prepared had
greater dimensions than PLGA-PVP ones and showed an aggregate at 5 pm.
Thus, a downtrend in the particle size was observed as PVP content in
copolymer increased. Lyophilized PLGA-PVP blank NP formulations showed
larger particle size in the range of 300-450 nm compared to freshly prepared
particles; lyophilisation process might induced particle aggregation. NP size
after freeze-dry indicates that either a cryoprotectant or sonication is needed
for maintaining the original size of the particle suspension. Sonicating for 10
min of a suspension of lyophilized NPs in MilliQ water was successfully able to
break the aggregate and reduce the size of the particles to almost its original
size before lyophilisation. PLGA Blk NPs were not able to be resuspendable.
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Table 3.4. Physiochemical characterisation of PLGA-PVP NP and PLGA NP
suspensions.

] Zeta potential Osmolarity
NPs Size *o (nm) PDIto +5 (mV) pH (mOsmol)

After

450.3 £ 10.2
lyophilisation

0.136 + 0.026 N.E. N.E. N.E.

PLGA-PVPy1Dox 406.2 + 2.09 0.053 + 0.037 -12.33 £ 2.77 4.76 302

PLGA-PVPy2 Blk 161.7 £ 0.6 0.064 + 0.008 -17.03 £ 2.50 4.10 318

After sonication 172.0+ 2.3 0.103 £ 0.056 N.E. N.E. N.E.

PLGA-PVPi:2

196.4 £ 9.4 0.121 £ 0.027 -12.56 £ 2.30 4.69 347

Doxs

PLGA Dox 860.9 £162.4 0.005 + 0.003 -37.26 £ 2.61 5.82 365

Blk = Blank; N.E. Not evaluated

Size Distribution by Intensity

20
= PLGA-PVP,,, Blk NPs

15 = After Son.PLGA-PVP,,, Blk NPs
== PLGA-PVP,;,, Blk NPs

— Alfter Son. PLGA-PVP,,, Bk NPs
— PLGA Blk NPs

10

Intensity (Percent)

1 10 100 1000 10000
Size (d.nm)

Figure 3.5. Size distribution by DLS of NPs before and after lyophilisation.
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The drug addition to the formulations caused an increase of polymer particle
size; despite this, such inctease is considered acceptable for parenteral use. Its
extent was affected by copolymer composition and drug form. With both
drugs, PLGA-PVPjg1 copolymer formed nanoparticles in solution always
greater than those obtained using PLGA-PVPipo. This finding may be
explained taking into account that a higher copolymer amount and relative
higher PVP density are requited by the system in order to completely cover all
nanoparticles. PLGA-PVP copolymers formed NPs having different size in
relation to the PVP content and drug form: indeed, PLGA-PVPip.1 generated
smaller NPs with the Doxp, while the PLGA-PVPjp, with the Dox,
accordingly to the drug hydrophilicity. The significant increment occurred in
the case of Dox-loaded PLGA-PVPio1 NPs (three times respect to the
reference, blank NPs), is likely due to a substantial change in their form, not
observed elsewhere. In order to confirm this hypothesis, DLS data were
supplemented with TEM observations (Figure 3.7). Dox-loaded PLGA-PVP0.
NPs showed rod-like morphologies with diagonals of 510 and 70 nm,
respectively. Conversely, the other NPs exhibited approximately spherical
morphologies with diameters consistent to those assessed by DLS.

TE :
: A

200 nm

Figure 3.6. TEM images of a) Blk-PLGA- PVPip; NPs; b) Dox-loaded
PLGA- PVPio1 NPs; ¢) Doxg-loaded PLGA- PVPjoq NPs; d) Blk-PLGA-
PVPio2 NPs; e) Dox-loaded PLGA- PVPyjp2 NPs; f) Doxg-loaded PLGA-
PVPip2 NPs.

For a suspension system, zeta potential is an important index that reflects the
intensity of repulsive forces among particles and the dispersion stability. Higher
zeta potential modulus corresponds to higher repulsive forces.
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Zeta potential of nanoparticles was negative due to the presence of terminal
carboxylic groups in copolymers. Blank PLGA-PVP NPs zeta potential values
ranged between —29 and —17 mV (PLGA-PVPip1 and PLGA-PVPio.,
respectively) and were less negative than PLGA ones, namely, -39.9 mV.
Probably, the lower negative value was due to the higher PVP density of
copolymers, absent in PLGA NPs. The possibility that Plu chains on NP
surface can also played a role in masking the surface charge of PLGA was also
evaluated. No significant differences in the zeta potential values of PLGA NPs
found in this work and typical ones reported in the literature (-40 mV) were
observed. This showed that the residual Plu on the NP surface did not affect
the real contribution of PVP density to surface charge reduction, hence surface
properties of particles were only due to copolymer composition. The presence
of Dox and Doxp in NPs always reduced the negative zeta potential value;
probably, there was an additional masking effect of the superficial carboxylic
groups by the drug in proximity of surface. This effect was intensified in the
case of Dox due to the positive charge of quaternary ammonium group.

In order to determine whether nanoparticle suspensions may be incubated in
cell cultures, pH and osmolarity were measured. The pH values of all
suspensions were acidic, probably due to PVP protonation in water, ranging
from 4.1 to 5.8. The osmolarity of PLGA-PVP suspensions were close to the
isotonicity value (300 mOsmol), instead of PLGA suspensions that resulted
ipertonic and, thus, requiring dilution. In conclusion, PLGA-PVP NP
suspensions could be injected and kept in contact with cell cultures without
further modifications. By this way, these systems were proven suitable for in-

vitro tests.
3.5.2.4 In vitro drug release

It is well documented that the extracellular pH of tumours is slightly more
acidic than the blood and normal tissue.®* In addition, hypothesizing that
nanoparticles are taken up by cells via an endocytosis process, pH drops to 5.5-
6.0 in endosomes and approaches pH 4.5-5.0 in lysosomes.

Therefore, i vitro release studies were performed in PBS (0.01 M, pH 7.4) and
in physiological solutions (NaCl 0.9 %, pH 5.5) in order to evaluate the release
kinetic of Dox or Doxg loaded NPs at the two different pHs. The cumulative
release of drugs is shown in Figure 3.7. In Figure 3.8, release over 6 hours of
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both drugs from Dox- and Doxg-loaded PLGA NPs is reported. For all kinds
of nanoparticles, the drug release followed a two-phase kinetics. In the first
phase, the amount of drug released rapidly increases (burst effect). The second
phase corresponds to a pseudo steady-state for which the release rate is
constant and very slow.

100

- PLGA-g-PVP, -Dox pH 5.5 —#— PLGA-g-PVP_ -Dox pH 7.4

904 o PLGA-g-PVP, -Dox pH 5.5 —8— PLGA-g-PVP,_-Dox pH 7.4

--#:- PLGA-g-PVP,_ -Dox, pH 5.5 —&— PLGA-g-PVP,_ -Dox, pH 7.4
PLGA-g-PVP, -Dox, pH 5.5 —— PLGA-g-PVP_-Dox, pH 7.4

80 -

704

Drug release %

Time (h)
Figure 3.7. In vitro release profile of drug loaded in PLGA-PVP nanoparticles
at different pHs.

100

90 A —@—PLGA-Doxg pH=5.5 —#—PLGA-Dox, pH=7.4
80 PLGA-Dox pH= 5.5 —o—PLGA-Dox pH=7.4
70 4
60 4
50
40

Drug release %

30
20
10

Time (h)

Figure 3.8. In vitro release profile of drug loaded in PLGA nanoparticles at
different pHs.
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At pH 7.4 both drugs were released in a lesser extent from different PLGA-
PVP and PLGA NPs compared to those studied at pH 5.5. Specifically, within
6 h only about 10 - 20% of the doxorubicin was released; after 24 h the release
rose to 25% as maximum, in the case of PLGA-PVP NPs. Lower amounts of
drug released were detected, increasing PVP grating densities onto PLGA. PVP
chains are easily oriented towards the NP surface, leading to effective surface
coverage in the case of PLGA-PVP NPs, thus reducing the premature
diffusion of drug towards the buffer aqueous phase. This might indicate the
ability of the PLGA-PVP NP formulation to efficiently entrap and control
Dox and Doxp release over a prolonged period of circulation time, enough to
reach tumour cells.

At pH 5.5, release percentage ranged between 30 and 65 % after 6 h for
PLGA-PVP NPs, instead of 15-55 % in the case of PLGA NPs. The high
extent of drug release was obtained in the case of Doxp-loaded PLGA-PVP.
NPs, in opposition to Doxp-loaded PLGA NPs that released only the 15% of
total amount of encapsulated drug. Other drug-loaded NPs had intermediate
trend.

In literature, several mathematical models were developed in order to
investigate the mechanism of drug release from
nanoparticles/microparticles.~~ The drug telease depends on: i) adsorption or
diffusion through the NP matrix, ii) particle erosion, iif) a combined erosion
and diffusion process and iv) polymer degradation (chemical or enzymatic
hydrolysis). The application of the correct mathematical model allowed for
having informations about the release rate and mechanisms of drug

release. cxdiexxi

To study the mechanism of doxorubicin release from PLGA-PVP NPs, five
mathematical models were taken in consideration: zero-order (F=kt)e¥, first-
otder (In(1-F)= -kt)>v, Higuchi’s model (F=kt!/2)e=vi, Hixon-Crowell’s model
(1-A-F)13= koo and Korsmeyer-Peppas model, or “the power law”,
(F=kt)eviii, The squared correlation coefficients (R?) and slope (rate constant,
k) obtained after linear regression by mathematical models considering drug

release fraction (F) and time (t), as respectively y and x variables, are listed in
Table 3.5.
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In zero-order model, drug release would be directly proportional at time and
totally independent of drug concentration; this means that release proceeds
until the drug is totally consumed. Zero order release is typical of several types
of delivery systems loaded with drugs with low solubility in water.Vlii In a first-
order process, the rate of diffusion is directly proportional to concentration of
the drug. First-order model describes the release profile from the delivery
systems containing hydrophilic drugs dispersed in porous matrices.>i* Hixon-
Crowell model can be applied to the delivery systems whose drug release rate is
proportional to the surface area of the system such as the erosion-dependent
release systems. This model is used to describe the release profile keeping in
mind the surface of the drug particles is diminished during the drug
dissolution.

Using these three models to fit release curve of doxorubicin from PLGA-PVP
NPs, the obtained squared correlation coefficients, that indicates how much
the regression equation truly represent the set of data, is low. In particular, R?
obtained with the zero-order model was ranged between 0.6 and 0.7. First-
order kinetics gave a R? of 0.6-0.8. Hixson-Crowell’s cube root model provided
a R? of 0.6-0.8. Hence, these models cannot be used for describing the release
from PLGA-PVP systems. A possible explanation was that Doxg solubility in
water is higher than the released amounts from NPs, thus it not represents the
only threshold to diffusion of drug. In addition, PLGA-PVP NPs had not a
porous matrix and this matrix were not prone to erosion, at least in the time

interval of analysis.

Table 3.5. Squared correlation coefficient (R?) and coefficients obtained after

linear regression of the release data utilizing mathematical models for all drug-
loaded PLGA-PVP NPs.
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Mathematical model (Part A)

= - =] = 172
Sample F=kt In(1-F)=-kt F=kt
k R k R k R
Value | St.Error Value | St.Error Value | St.Error
PLGA-g-PVPjps- Dox pH 5.5 0.028 0.004 0.776 0.040 0.005 0.841 0.130 0.007 0.957

PLGA-g-PVPy2-Dox pH 5.5 | 0.021 0.003 0.799 0.027 0.003 0.849 0.099 0.004 0.974

PLGA-g-PVPjp;- DoxB pH 5.5 | 0.033 0.007 0.618 0.051 0.009 0.706 0.166 0.016 0.887

PLGA-g-PVPyp2-DoxB pH 5.5 | 0.037 0.007 0.639 0.062 0.010 0.735 0.182 0.016 0.898

PLGA-g-PVPyp;- Dox pH 7.4 | 0.013 0.002 0.659 0.015 0.003 0.685 0.065 0.005 0.911

PLGA-g-PVP12-Dox pH 7.4 0.010 0.002 0.670 0.011 0.002 0.688 0.047 0.004 0.917

PLGA-g-PVPyp;- DoxB pH 7.4 | 0.010 0.002 0.686 0.011 0.002 0.705 0.050 0.004 0.925

PLGA-g-PVPyp2-DoxB pH 7.4 | 0.008 0.001 0.711 0.009 0.001 0.725 0.038 0.003 0.935

Mathematical model (Part B)
1-(1-F)"=kt F=kt"

2 k 2 k n 2
R Value | St.Error R Value | St.Error | Value | St.Error R

Sample

PLGA-g-PVPyps- Dox pH 5.5 | 0.957 0.012 0.001 0.820 0.168 0.906 0.402 0.046 0.906

PLGA-g-PVP12-Dox pH 5.5 0.974 0.008 0.001 0.833 0.128 0.955 0.400 0.030 0.955

PLGA-g-PVPjp;- DoxB pH 5.5 | 0.887 0.015 0.003 0.676 0.309 0.874 0.254 0.031 0.874

PLGA-g-PVPp2-DoxB pH 5.5 | 0.898 0.017 0.003 0.701 0.319 0.859 0.280 0.037 0.859

PLGA-g-PVPyp1- Dox pH 7.4 | 0911 0.005 0.001 0.676 0.113 0.903 0.281 0.030 0.903

PLGA-g-PVPy2-Dox pH 7.4 | 0.917 0.003 0.001 0.682 0.080 0.895 0.294 0.033 0.895

PLGA-g-PVPjpq- DoxB pH 7.4 | 0.925 0.004 0.001 0.699 0.081 0.900 0.308 0.034 0.900

PLGA-g-PVPyp2-DoxB pH 7.4 | 0.935 0.003 0.000 0.720 0.058 0.895 0.335 0.039 0.895

St.Error =Standard error

Higuchi’s model provided the highest values of R? (0.8 to 0.97). Higuchi’s
model has been based on the Fick’s Law, where the release occurs by the
diffusion of drugs within the delivery system. In this case, the cumulative
released amount of the drug is proportional at square root of time. Under some
experimental conditions, the release mechanism can deviate from Fickian

diffusion, following an anomalous transport (no-Fickian release). In these
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cases, Korsmeier-Peppas model based on a more genetic equation can be used.
This mathematical model relates the exponential drug release versus the elapsed
time. The model used the release exponent (n) in order to characterize
different release mechanism. If the n value is 0.5 or less, as in PLGA-PVP NPs
cases, the release mechanism follow Fickian diffusion (Higuchi model), and
higher values 0.5 < n < 1 for mass transfer follow a non-Fickian model
denominates anomalous transport. <l

Thus results obtained with the Korsmeyer-Peppas model corroborated the data
obtained with the Higuchi model. The result suggests that the release of
doxorubicin from PLGA-PVP NPs is controlled only by diffusion.

3.5.2.5 Plasma protein adsorption

Phagocytosis is mainly initiated by the attachment of the foreign nanoparticles
to the surface receptors of the phagocytic cells.** This phenomenon, leading
to nanoparticle elimination, is facilitated by the adsorption of plasma proteins
to the particle surface.> Therefore, possibility of plasma protein adsorption
onto the NP surface was investigated and also the influence of different
copolymeric matrix on it. Bovine serum albumin (BSA) is the most abundant
protein in serum and for this reason was chosen for plasma protein adsorption
study.

To estimate the potential interaction of BSA with nanoparticles, blank NPs
were incubated with BSA (10 mg/ml. in PBS) under physiological conditions
for 1 hour, subsequently centrifuged at 7500 rpm for 10 min and supernatant
recovered. UV-visible spectroscopy at 500 nm was used to determine percent
adsorbed BSA on PLGA-PVP blank NPs. PLGA blank NPs was also included
for comparison. Collected data are reported in Table 3.6. As expected, the level
of protein adsorption gradually reduced along with the density of PVP chain in
the copolymers. PLGA-PVPig2 blank NPs did not practically interact with
BSA molecules. While PLGA showed a clear BSA adsorption tendency with

average value of about 80%.

Table 6: Percentage of bovine serum albumin (BSA) adsorbed on PLGA-PVP
blank NPs and PLGA blank NPs after incubation with BSA physiological

solution.
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Sample Percentage of BSA adsorbed
PLGA Blk NPs 81.6 £ 2.5
PLGA-PVPy.1 Blk NPs 25024
PLGA-PVPy.2 Blk NPs 387 % 1.6

3.5.2.6 Proliferation cell inhibition in vitro.

To test the response of cells to both Dox and Doxp loaded NPs, cell viability
was assessed by MTT assay, after an exposure of 72 h, and compared with
blank NPs and free drugs. Figure 3.9, 3.10 and 3.11 show the inhibition of
MDA-MB-231 cells induced by drug loaded PLGA-PVP and PLGA
formulations. In general, Dox was more ablative against tumour cell respect of
Doxg. This trend was confirmed in drug loaded NPs. Analyses revealed for all
that inhibition trend was dose dependent. Inhibition of 30-35% was reached in
cases of Doxp-loaded PLGA and PLGA-PVP NPs, in contrast with the only
7% of free drug, at 0.2 M concentration. A maximum of activity was reached
by Doxg-loaded PLGA NPs.
A significant difference in inhibition between Dox-loaded PLGA-PVPio2 NPs
and drug in free form was evident at all concentrations used. In particular in
the case of 0.02 pM, Dox-loaded PLGA-PVPjo.2 NPs showed a high inhibition
of vitality, more than 75%, instead of Dox free showed a moderate inhibition
of vitality, less than 45%. At same concentration, Dox-loaded PLGA-PVPg2
NPs was significantly more ablative also respect to Dox-loaded PLGA-PVP1.
NPs and Dox-loaded PLGA NPs that showed an inhibition trend and values
similar to those explicated by Dox in free form. The blank NPs did not show
any toxicity even at highest doses, and the MTT values were similar to those
obtained in untreated cells (data not shown).
To confirm efficacy of Dox-loaded PLGA-PVP NPs against tumour cells,
human breast cancer cell line, namely 4T1 and CRL-2335 cell lines, were
incubated with NPs and viability by MTT test evaluated (Figure 3.12 and 3.13).
As previously reported, blank NPs did not explicated toxicity against cells at
any concentrations. The inhibition effect was concentration dependent with
some differences between the two cell lines and substances. Dox free form
presented a percent inhibition of 70 and 65 % respectively against 4T1 and
CRL-2335 cells at 0.2 pM. Similarly, Dox-loaded PLGA-PVPjo.1 NPs showed
an inhibition percentage respectively of 50 and 70 %, while PLGA-PVP1g2
ones had an inhibition values of 85 and 80 %. At a dose 10 time lower,
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inhibition by Dox free form turned down to 30 and 10 % and by Dox- loaded
PLGA-PVPip1 NPs to 15 and 20 %, instead of Dox-loaded PLGA-PVPj2
NPs that kept at high level inhibition, 65 and 70 %.

Antiproliferative effects of Doxpg-loaded PLGA-PVP NPs on MDA-MB-231 cell line (MTT:72h; n=5)
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Figure 3.9. Inhibition percentage of Doxp free and loaded in PLGA-PVP NPs
on MDA-MB-231 cell line.

Antiproliferative effects of free Dox and Doxp, Dox-loaded NPs Doxp-loaded PLGA NPs on
MDA-MB-231 cell line (MTT:72h; n=5)
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Figure 3.10. Inhibition percentage of Dox and Doxg free and loaded in PLGA
NPs on MDA-MB-231 cell line.
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Antiproliferative effects of Dox and Dox-loaded NPs on MDA-MB-231 cell line (MTT:72h; n=5)
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Figure 3.11. Inhibition percentage of Dox free and loaded in PLGA-PVP NPs
on MDA-MB-231 cell line.

Antiproliferative effects of Dox and Dox-loaded NPs on 4T1 cell line (MTT:72h; n=5)
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Figure 3.12. Inhibition percentage of Dox free and loaded in PLGA-PVP NPs
on 4T1 cell line.
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Antiproliferative effects of Dox and Dox-loaded PLGA-PVP NPs on CRL-2335 cell line (MTT:72h; n=5)

[ Dox
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Drug concentration (uM)
§§ p < 0.01 vs Dox-loaded PLGA-PVP,,,
** p< 0.01vs Dox

Figure 3.13. Inhibition percentage of Dox free and loaded in PLGA-PVP NPs
on CRL-2335 cell line.

3.5.2.7 Viability of PLGA-PVPyy., NPs on spheroid cultures

3D cell culture spheroids, present a powerful alternative to standard 2D cell
culture for in vitro studies.®i The 3D spheroid model is particulatly useful to
mimic solid-tumours from a physiologically relevant architectural perspective.
For this reason, spheroid cultures of human breast cancer (HCC1906) cells
were used to test viability of PLGA-PVP1o.2 NPs, that gave in 2D in vitro tests
the best performance when loaded with Dox. HCC1906 was treated with blank
PLGA-PVPi2 NPs, at different dilution, at day 5 from the seeding in ULA
plates. After 72h of treatment, morphology was checked (Figure 3.14). No
significant changes were observed even in the spheroid cultures treated with
the highest quantity of blank PLGA-PVP102 NPs.
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Figure 3.14. Spheroid cultures of HCC1906 cells treated with blank PLGA-
PVPio2 NPs, at different dilution a) Control; b) dilution 1:100; ¢) dilution
1:1000; d) dilution 1:10000.

3.5.3 CONCLUSION: DOXORUBICIN

In conclusion, results obtained in the present study showed that PLGA-PVP
copolymers could be used to prepare stable nanoparticles loaded with
doxorubicin in base and salt forms, using a solvent displacement technique.
Blank NPs had small dimension, 160 - 170 nm and spheroidal shape as
evidenced by DLS and TEM respectively. Drug encapsulation led to an
increase of size and in the case PLGA-PVPjo.1 a change in morphology, which
showed a rod-like particles. Increasing initial amount of drug, in all prepared
formulation an increase of drug loading was evidenced reaching values higher
than 3 %. All particles presented a negative charged surface, probably due to
carboxylic acid end-group of PLGA. Increasing PVP amount in copolymers,
zeta potential values increase, leading to less negative surface; similar trend was
evidenced also in the case of drug-loaded NPs. In particular Dox-loaded NPs
had always lower negative surface than Doxg-loaded ones. pH and osmolarity
measurements confirmed the presence cell compatible solutions. BSA
adsorption on PLGA-PVP NP surface was meaningfully reduced respect of
PLGA NP one, indicating that were stealth nanoparticles. Data cleatly
indicated a lower inclination of PLGA-PVP NPs for opsonization
phenomenon, ensuring a prolonged in circulation half-life compared to PLGA
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NPs one. Release studies of both drugs at pH 7.4 showed a doxorubicin
retention by PLGA-PVP NPs during 24 h. An initial burst release and then
sustained release phase were conversely typical trend at pH 5.5. At both pHs
and for all studied systems, Higuchi kinetic model well-fitted release data
indicating that diffusion was the principle mechanism involved. The
cytotoxicity against MDA-MB 231 cell line of Doxp-loaded NPs was slightly
lower than that of Dox ones and for this reason they were not further
investigated. MT'T assays on MDA-MB 231 together with 4T1 and CRL-2335
cell lines evidenced that Dox-loaded PLGA-PVPio.2 NPs highly affected cancer
cell proliferation, allowed an inhibition activity of about 65-95 % at 0.02M. At
the same concentration, Dox free inhibited proliferation of only 25% of treated
cells. Thus, it can be concluded that Dox-loaded PLGA-PVPip2 NPs were
capable of providing an efficient anticancer activity. In addition, in all
considered cases blank PLGA-PVP NPs were safe and this result was
confirmed by incubation with 3D spheroid cultures.
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3.6 ANTIMALARIAL PROJECTS EXPERIMENTAL PART

3.6.1 METHODS

3.6.1.1 Materials and Instruments

PLGA-PVPip.1 and PLGA-PVP2, were prepared according to the procedure
reported in Chapter 2, Paragraphs 2.3.4.1. Epikuron® 200 (soya
phosphatidylcholine 95%) was purchased by Degussa GmbH, Hamburg,
Germany. Mygliol® 812 (medium-chain triglycerides containing 57% captylic
acid (C8), 41.4% capric acid (C10) and 0.6% lauric acid (C12))was purchased
from Cremer Oleo division (Hamburg, Germany). Pluronics F68, Tween 80,
isopropyl myristate, dioctyl sulfosuccinate sodium salt (DOSS) and other
chemicals and solvents were supplied by Sigma- Aldrich (Italy) at reagent grade
and used without further purifications. Artemisinin (Art) was purchased from
Toctis Bioscience (United Kingdom) and Curcumin (Cur) from Sigma-Aldrich
(Spain). Ultra-Turrax SG215 homogenizer was from IKA Staufen, Germany.
High pressure homogenizer was Emulsiflex C5 by Avestin, Canada. For
biological tests, 96 well plates and Gibco™ RPMI 1640 Complete Medium
were bought from Thermo Fisher Scientific, 0.2 M L-glutamine solution,
phosphate buffered saline (PBS) powder and Triton™ X-100 from Sigma-
Aldrich (Spain), SYTO® 11 Gteen Fluorescent Nucleic Acid Stain from Life
Technologies by Thermo Fisher Scientific.

Particle size and polydispersion index (PDI) were determined by photon
correlation spectroscopy (PCS), employing a 90 PLUS Particle Size Analyzer at
a fixed angle of 90° and a temperature of 25 °C. The laser light (He/Ne)
wavelength was 678 nm. Two drops of sample were diluted directly into the
cuvette sample holder with previously filtered water. All determinations were
carried out in triplicate and the results were expressed as the average diameter
(expressed in nm) and PDI as measure of the distribution width.

Zeta potential measurements were determined using 90 PLUS Particle Size
Analyzer. Nanoparticle solution was diluted with few drops of a 1 mM KCl

solution. A minimum of five runs was obtained per sample.
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Transmission electron microscopy (TEM) analysis was petformed using a
Philips CM10 instrument. Nanoparticle solution was stained with a 2%
solution of osmium tetraoxide.

Optical microscopy analysis was carried out using a Motic AE 3linverted
microscope equipped with Motic MHG - 100B using Ex D350/50x, DM
400DCLP and BA D460/50m. Magnification LWD 600x.

Osmolarity was measured using Semi-micro osmometer K-7400 with
measuring head for glass vessels. 300 mOsmol solution of sodium chloride
used for reference standard.

3.6.1.2 Formulation of drug loaded and blank nanocapsules

7.0 mg of artemisinin or curcumin and 70.0 mg of Epikuron 200 were
dissolved in 220.0 mg di Tween 80 in presence of 300 pL. of decanol and 300
ulL isopropyl miristate under stirring at room temperature. Ultrafiltered water
(10 mL) was added under vigorous stirring allowing to a milky mixture. This
emulsion was dispersed for 5 minutes by Ultra-Turrax at 30000 rpm and for 1
hour by a high pressure homogenizer. 3.5 mL of each emulsion were putted in
a 10 mL flask at 40°C and under vigorous magnetic stirring 400 uL of 15
mg/mL (1575 v/v) DMSO/Acetone PLGA-PVPi; ot PLGA-PVPio2
solution was drop-wise added into. After 3 hours, drug loaded nanocapsules
were collected and stored in fridge.

Blank nanocapsules were prepared by the same method in absence of drug.

3.6.1.3 Artemisinin assay

The quantitative determination of artemisinin was performed by reverse-phase
high performance liquid chromatography using a Binary LC 250 pump (Perkin
Elmer). Stationary phase was a Ultrasphere ODS (C18) 5-pm HPLC Columns
(250%4.6 mm, Beckman). Mobile phase was acetonitrile/0.1% v/v acetic acid
at a ratio 70:30 v/v; the flow rate was fixed at 1.0 ml/min and the detector UV
(L.C 95 UV/Visible detector, Perkin Elmer) at A=254 nm.

Experimental conditions for standard preparation was rearranged from a
procedure previously described in literature.oxii Briefly, 1 mg/mL of
artemisinin solution in acetone was prepared was placed in a 10 mL measuring
flask. Three dilutions of the stock solution were prepared adding in a 10 mL
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measuring flask as follows: a) 0.2 mL of artemisinin solution and 0.8 ml of
acetone; b) 0.5 ml of artemisinin solution and 0.5 ml of acetone; ¢) 1 ml of
artemisinin solution alone without acetone. This was followed by the addition
of 4 ml of 0.2 % NaOH solution to the three flasks respectively, and then,
allowed to react at 50 °C for 30 min. After that, 0.08 mol/L acetic acid solution
was used to reach the final volume.

In Art-loaded PLGA-PVP NCaps, Art content was evaluated preparing
samples as follows: nanocapsules were dissolved 200 pL in 1.8 mL of acetone
into a 5 mL measuring flask. 1 ml of 0.2 % NaOH solution was added to the
flask and allowed to react at 50 °C for 30 min after which 0.08 mol/L acetic
acid solution was added to fill up to the mark. All solutions were applied to
HPLC-UV in order to evaluate Art encapsulation efficiency % (E.E. %) using
Equation 3:

EEo%= | LAtEw (mM)/[ Are] ) | x 100% Equation 3

Theor (mM

where [Art]ry, was Art concentration found experimentally by and [Art|theor
was theoretical concentration of Art present in NCaps if all the amount of drug

was totally encapsulated, both concentrations were expressed in mM.
3.6.1.4 Curcumin assay

Cur loading of NCaps was evaluated using a Beckman Coulter DU® UV/Vis
spectrophotometer. A standard solution 0.1 mg/ml. of Cur in acetone was
prepared dissolving 1 mg was accurately weighed and transferred in a 100ml
volumetric flask. 5, 2.5, 1.25, 0.75, 0.375 ml. of Cur standard solution were
transferred in 10 ml. measuring flasks and diluted to mark with acetone. 200
pL. Cur-loaded PLGA-PVP NCaps was dissolved in acetone in a 10mL
measuring flask. All solutions were analysed at wavelength of 425 nm in
triplicate. Entrapment efficacy was evaluated by equation 4:

E.E.% = ([ Curlezy (mM)/[ Cur] \| X 100% Equation 4

Theor (MM)
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where [Cur]ryg, was Cur concentration found experimentally by and [Cut]rheor
was theoretical concentration of Cur present in NCaps if all the amount of
drug was totally encapsulated, both concentrations were expressed in mM.

3.6.1.5 Stability studies

Blank, Art-loaded and Cur-loaded NCaps were stored at room temperature
(about 27°C) for thirty days. Stability was evaluated by comparing the initial
particle size, PdI (polydispersity index) with those obtained from samples
withdrawn after 1, 7, 14, 21, and 28 days of storage.

3.6.1.6 Growth Inhibition Assay

In order to perform a growth inhibition assay, Plasmodium falciparum (3D7)
culture was synchronize by 5% sorbitol lysis before the experiment. Seventy-
five uL. of P. falciparum were plated in 96-well plate at 1.5% parasitemia and
3% haematocrit. Samples (2x) were added to the culture dissolved in 75 uL of
RPMI complete medium as the culture. After 48h parasitemia was analysed by
fluorescent-assisted cell sorting (FACS).

3.6.1.7 Haemolysis Assay

Human blood collected in citrate-phosphate-dextrose (CPD) buffer was
washed and diluted in PBS to make a solution with 3% haematocrit. 100 pl. of
RBCs were placed into 96-well plate and 100 pl. of each PLGA-g-PVP in
different concentrations (2x) were added. Same amount of PLGA-g-PVP than
in the GIA’s was here tested. As controls, 1% Triton X-100, for the positive
one, and PBS for the negative one were used. After incubating with the
samples for 3h and 24h at 37°C, plates were centrifuge at 1500 rpm during 5

min and supernatants were measured at 541nm.

3.6.2 RESULTS AND DISCUSSIONS: ARTEMISIMIN AND
CURCUMIN LOADED NANOCAPSULES.

3.6.2.1 Polymeric lipid nanocapsules preparation
Polymeric nanocapsules (NCaps) are submicronic cartiers consisted of an oily

cote surrounded by a polymeric shell with lipophilic and/or hydrophilic
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surfactants assembled at the interface.*" The main advantages of polymeric
NCaps are the possibility of loading high amount of water insoluble drug
molecules into the oil core, their physicochemical stability, and protection
against enzymatic degradation due to the presence of the polymeric
wall.essveswi For these reasons NCaps were chosen as delivery system of
artemisinin and curcumin, hydrophobic drugs, for antimalarial activity. PLGA-
PVP copolymers were used as polymeric shell of NCaps, thank to their stealth
properties, long term stability and drug retention as demonstrated in a previous

work.

PLGA-PVP copolymers due to ester groups along PLGA chain and, in
particular way, to the carboxylic acid as one terminal, present a negative zeta
potential when used to form nanoparticles. This negative surface charge was
here used to form stable shell on oily core of a nanocapsules, by ionic
interactions. Oily core was thus prepared in order to have a positive surface
charge. Epikuron 200 consisted in purified phosphatidylcholine was used as
hydrophobic surfactant of mygliol 812, a triglyceride of the fractionated plant
fatty acids with alkyl chains of C8 and C10, in presence of hydrophilic
surfactants such as dioctylsulfosuccinate (DOSS), Pluronics F68 or Tween 80.
Solids were firstly solubilised in mygliol and after the whole solution diluted
with water under stirring. Microemulsion was obtained homogenizing for 5
min at 30000 rpm by Ultra-Turrax, and nanosized droplets after 1 hour
treatment by high pressure homogenizer. Particle sizes and zeta potentials of
obtained emulsions were evaluated and listed in Table 7. The smallest oily
droplets (93 nm) with the most positive surface charge (+24 mV) was reached
by using Tween 80 as surfactant. A further trials were attempted changing the
oil and using ones with a longer alkyl chain, i.e. isopropyl-myristate (i-pr-myr,
C14+C3), and oleic acid (C18). I-pr-myr in presence of Tween 80 and
Epikuron 200 gave drop size of 94 nm and comparable zeta potential value of
those obtained using mygliol 812. Probably size reduction was due to a more
affinity between isopropyl groups and apolar chains in the hydrophilic head of
both surfactants. Instead of oleic acid had similar behaviour of mygliol 812.
Therefore, isopropyl-myristate was successively used to form nanocapsules.
Amount of Tween 80 in recipe was adjusted. Both lower and higher amounts
of surfactant caused droplet aggregation, but decreasing Tween 80 zeta
potential increased. Despite last findings, 200 mg of Tween 80 was chosen.
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Table 7. Zeta potentials and size of lipid core of nanoparticles varying
emulsifier and lipid.

¢ Potential

Sample s (mV) Size * o (nm) PDIt o
Epik3, DOSSY, Mygliol® +20.04 £ 3.93 133.1 £ 16.1 0.30 £ 0.04
Epik, Plud), Mygliol +18.12 £ 1.00 160.9 £ 12.2 0.301 + 0.003
Epik, Tween 80, Mygliol +20.18 £ 1.50 1285 1.4 0.280 = 0.005
Epik, Tween 80, oleic acid +21.89 £ 3.65 113.8+£ 27 0.304 + 0.022
Epik, (200 mg) Tween 80, i-pr-myre)  +23.57 £ 1.19 94.7 £ 4.0 0.210 = 0.02

Epik, (100 mg) Tween 80, i-pr-myre +24.75 £ 1.85 1182+ 22 0.340 £ 0.008
Epik, (400 mg)Tween 80, i-pr-myr9)  +16.89 + 2.42 1152+ 1.2 0.299 + 0.015

9 Epikuron 200; » DOSS= dioctylsulfosuccinate; 9Mygliol 810; 9 Pluronic F68;
9 isopropyl-mytistate.

Influence of different alcohols on droplet size was evaluated. Butanol was
knew to influence arrangements in lipid monolayervii and it was
hypothesised that could contribute also in rearrangement in oily droplet.
Butanol like ethanol and other short chain alcohols (up to C6), by hydrogen
bonds to carbonyl groups in the lipid headgroups, leads reducing intetlipid van
der Waals attraction, and increasing membrane elasticity.coxvitbessix When used
with mixture of satured and unsatured lipids, it reduced the tail mismatch
between the two lipids.

In droplets, it was hypothesised that butanol and other alcohols act similatly,
reducing tail mismatch between surfactant and i-pr-myristate, leading to size
reduction. Results are depicted in Table 8.

In this study methanol, ethanol and propanol was not used, because they are
incompatible with PLGA-PVP copolymers, leading to their precipitation. Thus,
the first alcohol tested was butanol by using different volume to dissolve oil
and surfactants. In all three tests a reducing of size was obtained, but the
smallest dimension (39.9 nm) was reached using 300 pL. of butanol. Using the

same volume, hexanol, heptanol, decanol and benzyl alcohol were evaluated as
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lipid compatibilizer. Benzyl alcohol did not affect droplet size, confirming that
a long alkyl chain in alcohol structure was fundamental. 1-decanol gave the best
result, reaching droplet size of 28.9 nm, instead of 94.7 nm of original recipe.

Table 8. Size dependence by kind and amount of alcohol used to dissolve oil
and surfactants.

Alcohol Volume (uL)  Particles size o (nm) PDI to
No alcohol - 94.7 + 4.0 0.210 £ 0.02
1-Butanol 500 57.9 + 3.0 0.295 £ 0.015
1-Butanol 300 39.9 + 3.0 0.308 £ 0.017
1-Butanol 200 66.8 + 2.4 0.258 £ 0.013
1-Hexanol 300 432133 0.211 £ 0.024
1-Heptanol 300 53.8+22 0.237 £ 0.014
1-Decanol 300 289 £ 0.5 0.231 £ 0.012
Benzyl alcohol 300 84.7 £ 3.9 0.344 £ 0.005

3.6.2.2 Drug encapsulation

Once optimized formulation parameters for obtaining empty oily nanodroplets

having small dimensions, anti-malarial drugs encapsulation was studied.

Three different concentrations of artemisinin and curcumin were prepared, 0.4,
0.7 and 1.0 mg/mL of each drug, and resulting droplet size and morphology
were evaluated by DLS and optical microscopy. Results are listed in Table 9
and depicted in Figure 15.

In all cases a slight increase in size was observed. Focusing on Art
encapsulation, it was possible to appreciate a droplet size decreasing, when
drug concentration in recipe was increased. Nevertheless, in 1.0 mg/mL Art-
loaded droplet, several crystals of not encapsulated Art were visible at optical
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microscope and thus 0.7 mg/mL solution was chosen for nanocapsule
formation. On the other hand, Cur behaved differently with a minimum in size
at 0.7 mg/mlL. No crystals were detected when analysed by optical microscope
(Figure 15).

Art-loaded droplets
0.4 mg/mL 0.7 mg/mL 1.0mg/mL o

‘e o

5um 5um " ‘Sum
— — —

Cur-loaded droplets
0.4 mg/mL 0.7 mg/mL 1.0mg/mL

5 um 5um 5 um
T == {—]

Figure 15. Optical microscopy pictures of Art-loaded droplets and Cur-loaded
droplets with three different drug loading.

Table 9. Droplet sizes by DLS after encapsulation of different amounts of

drugs.
. Artemisinin Curcumin
Concentration P e T P e E
cles s1ze T articles size *©
(mg/mL) a ° PDI +o ° PDI +o
(nm) (nm)
0.4 59.6 + 0.3 0.19 £ 0.01 548 £ 0.7 0.21 £ 0.01
0.7 33.2+0.5 0.19 £ 0.01 341 +0.2 0.13 £ 0.03
1.0 31.7+ 0.5 0.22+ 0.01 425+ 0.5 0.20 £ 0.001

Final concentration of Art and Cur were evaluated by HPLC-UV and UV-
Visible spectroscopy respectively, using calibration curve previously prepared
(Figure 16 and 17). Drug concentration and encapsulation efficiency were listed
in Table 10. Artemisinin was closely total encapsulated with an E.E.% of 99 %,
instead of Cur that presented an E.E.% of 74%, confirming that in both case
drugs and i-pr-myristate have a good compatibility.
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Figure 16. Calibration curve of curcumin by UV-Visible spectroscopy.
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Figure 17. Calibration curve of artemisinin by HPLC-UV-Vis.

Table 10. Concentration of encapsulated drug in oily droplets and
encapsulation efficacy percentage (E.E.%).

Anti-malarial drug  Concentration (mM) E.E.%
Curcumin 1.42 74
Artemisinin 2.46 99

3.6.2.3 Drug-loaded PLGA-PVP NCaps characterization

Droplets were coated with PLGA-PVP copolymers by depositing of a layer of
on oily droplet, dropping 400 uL a 30:70 DMSO/acetone copolymeric solution
(15 mg/mL) under vigorous stitring. Schematic portrait of whole NCaps
preparation was depicted in Figure 18 together with inserts of optical and TEM
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image of oily droplets and final formulation of Art-loaded PLGA-PVPip2
NCaps.

PLGA-PVPig1 and PLGA-PVPyg2 wete used as copolymers, in order to study
the dependence of drug-loaded NCap properties with PVP content in
copolymers. As greatly described in Chapter 2, PVP weight content % in
copolymers was 6.7 and 18.8, respectively for PLGA-PVPip; and PLGA-
PVPioo.

A thick copolymeric shell was obtained for all nanocapsules as demonstrated
by the increase in patticle size by DLS analysis and the vatiation of surface
charge in negative sign from positive one, characteristic of nude oily droplets
(Table 11 and 12), as showed by zeta potential analysis. In details, for PLGA-
PVPi0.1 NCaps, diameters ranged between 57 to 75 nm with an increase in size
of about 30 nm respect of the only oily droplets. For PLGA-PVPjo.2 NCaps,
diameters ranged between 55 to 95 nm, and usually greater those obtained
from PLGA-PVPi01 NCaps. In regard of kind of drug, passing from Cur- to
Art-loaded NCaps a diameter increase was detected.

Artemisinin
CHy

,7" T n
© Sample -
L 1-4 um
| HPH §
High pressure l !

1200 psi Impact
Collected sample

30-40 nm

.
1
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Figure 18. Schematic portrayal of drug-loaded PLGA-PVP nanocapsules, with
insert of image of oily droplets (a) by optical microscope and Art-loaded
PLGA-PVPi.1 NCaps after at high pressure homogenization (HPH) treatment
(b) by TEM.

Zeta potentials were more dependent from the kind of copolymer used to
coated oily droplets and in particular PLGA-PVPj0.2 NCaps always showed less
negative surface charges than PLGA-PVPjo1 NCaps. No significant
dissimilarities were observed changing kind of drug used. In Table 12
osmolarity values of PLGA-PVP NCaps were also listed.

It is essential to maintain isotonicity for the intravenous application of
formulations. Osmolarity values varied from 130 to 240 mOsmol, indicated
that all formulation were ipotonic. Thus, non-ionic substances such as glycerol
or carbohydrate were recommended for use to reach isotonicity, before

biological tests 7z vitro will be performed.

Table 11. Particle sizes by DLS of empty, Cur-loaded and Art-loaded
nanocapsules with the two different copolymeric shells.

PLGA-PVPio1 PLGA-PVPi
NCaps Particles size +o (nm) PDI o Particles size *o (nm) PDI o
Empty 57.1%£0.8 0.27 £ 0.01 69.5% 1.0 0.30 £ 0.01
Cur-loaded 67.6 £ 0.6 0.17 + 0.03 547+ 0.1 0.20 £ 0.01
Art-loaded 747 £0.7 0.20 £ 0.02 94.6 £ 0.7 0.26 £ 0.01

Table 12. Zeta potentials and osmolarity of empty, Cur-loaded and Art-loaded
nanocapsules with the two different copolymeric shells.

PLGA-PVPiu PLGA-PVPy2
NCaps Zeta potential Osmolarity Zeta potential Osmolarity
*o (mV) (mOsmol) o (mV) (mOsmol)
Empty -11.54 £ 4.05 145 -7.56 £ 1.82 130
Cur-loaded -12.37 £ 4.66 241 -10.78 £ 4.93 204
Art-loaded -14.07 £ 2.94 200 -13.03 £ 2.39 160
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3.6.2.4 Stability studies

Stability studies of empty and drug-loaded PLGA-PVP NCaps were performed
in order to assess the influence of ingredients on the stability of the colloidal
suspensions. For this purpose, mean diameter and PDI of PLGA-PVP NCaps
dispersions were determined after different storage times (1, 7, 14, 21, 28 days)
at room temperature (~27°C). Stability data ate shown as average values and
errors in Figure 19. After thirty days, PLGA-PVP NCaps dispersions were
apparently homogeneous, without any visible precipitates, phase separation or
flocculation. Furthermore, PLGA-PVP NCaps did not exhibit significant
alterations in particle size, save at the end of experiment, slightly increase in
size could be observed. PDI values were ranged between 0.10 and 0.30,
indicating that a narrow distribution of particle size was present.

Size NCaps (nm)
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Figure 19. Stability study of blank and drug-loaded PLGA-PVP NCaps after 1,
7, 14, 21, 28 days, regarding of A) dimensional diameter (size in nm) and B)
polydispersity (PDI) with their error bars.

3.6.2.5 In vitro biological studies

In an attempt to verify if PLGA-PVP NCaps could increase Art and Cur
cytotoxicity, iz vitro cytotoxicity studies were performed with FACS assay and
Plasmodium Faleiparum infected red blood cells (p-RBC) (3D7 culture lines).
Nine different concentrations of free Cur (0.780-200 uM) and free Art (0.195-
50 nM) were added to the cell culture, which was incubated for 48 h. From
growth inhibition curve depicted in Figure 20, it was possible to infer the ICso
values for both free drugs, that were 7.93 pM and 29.7 nM, for Cur and Art
respectively.
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Figure 20. Growth inhibition % of pRGB in function of log of drug
concentration: A) free curcumin; B) free artemisinin.

Similar experiments were conducted on Cur-loaded PLGA-PVP NCaps and
emply ones. Tested drug amounts and the corresponding NCap concentrations
were reported in Table 13. From preliminary results, after 48h of co-
incubation, examination of p-RBC untreated group showed 100 % parasitemia,
whereas a reduction of parasitemia was explicated after that pRBCs were
treated with Cur-loaded PLGA-PVP NCaps (Figure 21). Also empty PLGA-
PVP NCaps caused reduction of parasitemia, but in a lower extent respect of
drug-loaded NCaps. ICsy of Cur loaded PLGA-PVPj0.; NCaps was found to be
0.5 pM, instead of Cur-loaded PLGA-PVPip.2 NCaps was 0.4 pM. Both ICso

values are significantly lower than ICso of free curcumin (~8.0 microM).

By microscopic examinations, some p-RBCs were lysed when kept in contact
with the formulation at highest concentration (1.56 uM). Nevertheless, more
diluted formulations resulted not-toxic against p-RBCs, even if parasitemia was

maintained.

Table 13. Cur concentrations tested during growth inhibition assay of Cur-
loaded PLGA-PVP NCaps and corresponding NCap concentrations herein

present.
Cur loaded in Cur loaded in
PLGA-PVPyo4 N?:;/Srszl)lc PLGA-PVPy N(((i agl;::l(j;l ¢
(M) (M)
1.56 8.47 1.17 6.34
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0.78 4.24 0.58 3.17
0.39 2.12 0.29 1.58
0.20 1.06 0.15 0.79

—a— Free Cur
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Figure 21. Growth inhibition curve of the free curcumin (black line), Cur-

loaded PLGA-PVPi0.1 NCaps (red line) Cur-loaded PLGA-PVP102 NCaps (blue

line) and empty PLGA-PVPj0.1 NCaps (purple line) and empty PLGA-PVPyo2

NCaps (green line).

Figure 22 reported the effect of Art-loaded formulations on pRBCs after 48h
of incubation. At tested concentrations listed in Table 14, only PLGA-PVPio.2
NCaps resulted efficient in p-RBC ablation, but the ICso value (38.8 nM) was
greater than free Art (29.7 nM), indicating that Art was not easily released, but
almost all retained inside the core of the particles. Empty NCaps did not
inhibit p-RBC growth. No lysis of p-RBCs was evidenced during the

experiment.

Table 14. Art concentrations tested during growth inhibition assay of Art-
loaded PLGA-PVP NCaps and corresponding NCap concentrations herein

ptCSCﬂt.
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Art loaded in

C
PLGA-PVP NCaps ai’ C;“C
D) (ng/mL)
50.0 165
25.0 82.3
12.5 41.1
6.25 20.6
3.13 10.3
1.56 5.14
0.78 2.57
0.39 1.29
0.20 0.64
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Figure 22. Growth inhibition curve of the free artemisinin, Art-loaded PLGA-
PVP NCaps and empty PLGA-PVP NCaps.

To clarify if the lysis of pRBCs could contribute to inhibition of parasitemia, a
haemolysis assay was performed with healthy red blood cells (RBCs) and blank
PLGA-PVP NCaps. Seven dilution of empty PLGA-PVP NCaps were tested,
covering all dilution range used in growth inhibition assays of drug-loaded
NCaps (Table 15). After 3 h, no haemolysis properties was noted. After 24 h,
only D1 caused slightly haemolysis, but further dilutions resulting totally safe.
D1 dilution corresponded to double of first concentration used in growth
inhibition assay. Thus, tested solutions resulted safe for healthy RBC cultures.

Further experiments are planned to confirm all data.
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Table 15. Dilutions of empty PLGA-PVP NCaps tested in haemolysis assay
with healthy red blood cells.

Dilution  NCap concentration

code (pg/mL)
D1 17.0
D2 8.47
D3 4.24
D4 2.12
D5 1.06
Do 0.164
D7 6.43104
120 3h W PLGA-PVP10:1 NCaps e 24h m PLGA-PVP10:1 NCaps
100 - m PLGA-PVP10:2 NCaps 100 m PLGA-PVP10:2 NCaps
2 80 g 5
E 60 E 60
: 40 ; 40

N

S
~
S

=

¢c DI D2 D3 DA DS D6 D7 ¢c DI D2 D3

Figure 23. Haemolysis of RBCs at different concentration of empty PLGA-
PVP NCaps after 3 and 24 h of incubation.

3.6.3 CONCLUSIONS: ARTEMISIMIN AND CURCUMIN LOADED
NANOCAPSULES

In conclusion, results obtained in the present study showed that PLGA-PVP
copolymers could be used as shell to prepare stable oily nanocapsules loaded
with artemisinin and curcumin. Empty PLGA-PVP NCaps had small
dimensions, about 50-60 nm as measured by DLS. Drug-loaded NCaps
presented increased diameters, leading to 70-90 nm. High encapsulation
efficacy was reached for all formulations, in particular in the case of
artemisinin-loaded NCaps. Charactetization of nanocapsules was conducted
evaluating zeta potentials. All particles presented a negative charged surface,
after PLGA-PVP deposition as shell. Increasing PVP amount in copolymers,
zeta potential values increase, leading to less negative surface. No significantly
difference between the two different drugs was evidenced. Stability studies of
empty and drug-loaded PLGA-PVP NCaps were performed. After thirty days,
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PLGA-PVP NCaps dispersions were apparently homogeneous, without any
visible precipitates, phase separation or flocculation. Furthermore, PLGA-PVP
NCaps did not exhibit significant alterations in particle size.

Growth inhibition assay were evaluated after 48 h of incubation with
Plasmodinm Faleiparum infected red blood cells of empty PLGA-PVP NCaps,
drug-loaded PLGA-PVP NCaps and free drugs. Cur-loaded PLGA-PVP
NCaps presented an ICso ten times lower than one of free curcumin. In the
case of Art-loaded NCaps, only PLGA-PVPip one resulted efficient in p-RBC
ablation, but the ICso value was greater than free Art, indicating that Art was
not easily released, but almost all retained inside the core of the particles.
Haemolysis assay of empty NCaps evidenced only a slight activity at higher
concentrations than ones tested in growth inhibition assay.

This preliminary results indicated that both Cur-loaded PLGA-PVP NCaps
were effective as antimalarial treatment. Art-loaded PLGA-PVP NCaps have to
be perfect in order to promote drug release. Target could be reached by
reducing PLGA-PVP shell or reducing stabiliser amounts at the start of
preparation. Further experiments will be conducted.
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CHAPTER 4

NANOFIBRE FORMATION OF PLGA-g-PVP /PLGA BY
ELECTROSPINNING

“The purpose of this piece of work is fo produce nanofibre based scaffolds of PLLGA, having
a modulable wettability, by incorporating PLGA-PV'P copolymer in the fibre structure.
Single and coaxial electrospinning techniques were employed for this aim.”

4.1 ELECTROSPINNING TECHNIQUE

Electrospinning technique was derived by modification the electrospraying
phenomenon. Indeed, both processes are based on the same physical and
electrical mechanisms, but differ in the geometry of final products, small
droplets by electrospraying, whereas continuous fibres by electrospinning are
formed. The electrospray phenomenon was firstly described by Lord Rayleigh
in 1882, discovering that a highly-charged droplet was unstable when passed
through a voltage gradient with the consequence break down into smaller
droplets. Following experiment electrosprays of dilute polymer solutions were
performed by Dole.it In 1934, Formhals granted a series of U.S. patents on
electrospun fine fibres from a cellulose acetate. In 1966, Simons found that
more viscous solutions favoured the formation of longer fibres.” Baumgarten
designed an apparatus with an infusion pump to electrospun acrylic fibres, and
discovered that the diameter of fibres could be controlled by the polymer feed
rate from the infusion pump.¥ Finally, Larrondo and Manley electrospun
polypropylene and produced polyethylene nanofibres in 1981 .vibviiix
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4.2 ELECTROSPINNING APPARATUS

The electrospinning apparatus consists of only three major components: a high
voltage power supply, a polymer solution reservoir (usually a syringe, with a
small diameter needle, named spinneret) with or without a flow control pump,
and a metal collecting screen (Figure 4.1).

Ohmic Flow Convective Flow = «
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from liquidto  {
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Figure 4.1. Schematic portrayal of a electrospinning apparatus. Figure adapted

1013|100

from reference.

A syringe pump is typically used to force the polymeric solution through a
small-diameter capillary, but also gravitational forces, or pressurized gas can be
used for this aim. As consequence of this pressure, a hemispherical droplet of
polymer solution is formed at the tip of the needle. Successively, an electrode
from the high voltage source is immersed in the solution (or can be directly
attached to the capillary if a metal needle is used) and when the voltage source
is turned on, the electrode charges the polymeric solution. ¥ With increasing
voltage, the polymer droplet elongates to form a conical shape, known as the
Taylor cone, causing a raising of surface charge on droplet over time. ¥ Once
the surface charge overcomes the surface tension of the polymer droplet, a
polymer jet is initiated. If the molecular cohesion of the liquid is low, jet
breakup occurs and polymer is electrosprayed and not electrospinned.
During travel to reach the collecting screen, the solvent in the polymer jet
evaporates, increasing the surface charge that induces instability in the polymer
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jet when it passes through the electric field. To compensate this instability, the
polymer jet divides geometrically, first into two jets, and then into many more
as the process repeats itself. Eventually, fibre jet arrived by a helical motion
(Figure 4.2) and deposited layer-by-layer on the metal collecting screen,

forming a non-woven nanofibrous mat.xv-xv

Figure 2. Particular of Taylor cone and helicoidally motion of fibre jet. Figure

take from reference.™i

Depending on the application a number of collector configurations can be
used, including a stationary plate, rotating mandrel, solvent (e.g. water), etc.
Typically the use of a stationary collector will result in the formation of a
randomly oriented fibre mat. A rotating collector can be used to generate mats
with aligned fibres, with the rotation speed playing an important role in
determining the degree of anisotropy.®i This technique allows for the
production of polymer fibres with diameters varying from 3 nm to greater than
5 pm.xvii

4.3 PARAMETERS OF ELECTROSPINNING PROCESS

Electrospinning is a relatively simple and versatile method for forming non-
woven fibrous mats, but a number of processing parameters must be tuned to
adjust the properties of the generated fibres. Both extrinsic parameters, such as
humidity and temperature, and intrinsic parameters, namely applied voltage,
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conductivity and viscosity of the polymer solution, need to be optimized to

produce uniform nanofibres* Generally, the intrinsic parameters ate more
critical in determining the nanofibre structure.

Polymer Solution Viscosity. Polymer solution viscosity is the most critical
factor in controlling the structural morphology of the nanofibrous structure. It
is directly proportional to the concentration of the polymer solution and to
molecular weight of polymer. The polymer concentration determines the
spinnability of a solution, namely whether a fibre forms or not.xi For the
formation of uniform and dimensionally narrow fibres, polymer viscosity
should be in a specific range, depending on the type of polymer and solvent
used. If the solution is too dilute, then, the polymer fibre will break up into
droplets before reaching the collector, due to the effects of surface tension.
With increasing polymer concentration and thus viscosity, spherical beads
become elongated into spindle-shaped ones, and number of beads in the
structure is reduced. In some cases, increasing the concentration of a
polymer solution can also affect its surface tension.™i For solutions that are
too concentrated (and therefore too viscous), the droplet dries out at the tip
before jets could be initiated, preventing electrospinning. il An example of
how polymer concentration and viscosity influence morphology and diameter
of fibres is showed in Figure 4.3.
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Figure 4.3. SEM Image. Effect of polymer concentration on fibre diameter.

Fibres were electrospun from solutions containing varying concentrations of
poly(ethylene- co -vinyl alcohol) in 70:30 (v/v) 2-propanol: DI water. Top left
to bottom left: 5.5% (g/mL), 8.5% (g/mL) and 11.5% (g/mL) solutions.
Bottom right plot of average fibre diameter against polymer concentration.
Figure adapted from reference. i

Applied Charge Density. Charge density is defined as the amount of charge
per unit surface area of the polymer droplet. It is the sum of different
contribute, namely the applied voltage, the distance between needle and
collector of apparatus, and the conductivity of the polymer solution. The
distance between capillary tip and collector can also influence fibre size by 1-2
orders of magnitude. Additionally, this distance can dictate whether the end
result is electrospinning or electrospraying. i Applied voltage ( i.e. strength of
electric field) alters shape of surface at which Taylor cone and fibre jet are
formed. > In particular, at relatively low applied voltages, a polymeric pendant
drop is formed at the tip of the capillaty, having Taylor cone at the tip of the
pendant drop. This configuration can lead to bead defects in the fibres or at
lower values even failure in jet formation with the subsequently formation of
only beads (Figure 4.4, a-b)»vi Increasing the electric field strength decreases
bead density, leading the formation of uniform fibres (Figure 4.4, c e d). High
voltage conditions also creates a rougher fibre structure and the jet eventually
moves around the edge of the tip, with no visible Taylor cone; at these
conditions, the presence of many beads can be observed i

Low Voltage High Voltage

Figure 4.4. Schematic illustration of a jet spinning model of electrospinning
from low to high voltages (from a to ¢). Figure take from reference.xi
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Polymer Solution Conductivity. The conductivity of a polymer solution is
mainly determined by the polymer type, solvent used, and the availability of
ionisable salts. A more conductive polymer solution carries mote electric
charge during the electrospinning process, with the as-spun fibres generating a
stronger repulsive force, which facilitates the formation of bead-free, uniform
fibres (Figure 4.5).xx In case of non-conductive polymer choice of solvent
plays an important role. Usually solvents with high dipole moment or dielectric
constant are preferable, such as dimethylformamide, methanol, ethanol and so
on.xbxsxibeaiit Also the productivity (number of fibres produced per unit time)
of spinning polystyrene fibres is found to correlate with the dipole moment
and dielectric constant. ¥

Figure 4.5. Representative SEM images (~10,000x) of 393 kDa poly SBMA
electrospun nanofibres from solutions with varying concentrations of NaCl: (a)
1M, (b) 0.5M, (c) 0.25 M, (d) 0.17 M NaCl. Figure take from reference. ¥

Flow rate. Flow rate was poorly investigated in literature, but the few present
studies report that flow rate influences the homogeneity of nanofibres. In
particular, too high flow rates result in rich bead defected mats since fibre jet
have not a chance to dry prior to reaching the collector.xvixxvii As well as, if
the flow of solution through the capillary is insufficient to replace the solution
ejected as the fibre jet, the cone shape at the tip of the capillary cannot be
maintained.xesviiuix
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Solvent volatility. Choice of solvent is also critical as to whether fibres are
capable of forming, as well as influencing fibre porosity. In order for sufficient
solvent evaporation to occur between the capillary tip and the collector a
volatile solvent must be used. As the fibre jet travels through the atmosphere
toward the collector a phase separation occurs before the solid polymer fibres
are deposited, a process that is greatly influenced by the volatility of the
solvent.*i Highly volatile solvents give fibres with a high density of pores,
resulting in an increase of surface area. Less volatile solvent leads to a
complete loss of microtexture with the formation of smooth fibres. Example
of this behaviour is shown in Figure 4.6, where diffetent ratio of DMF (less
volatile solvent; b.p.= 154°C) and THF (more volatile solvent; b.p. = 66°C)
solutions were used to electrospun poly(styrene).*i

fiber surface fiber surface

Figure 4.6. SEM pictures of fibres and their surfaces fabricated by
electrospinning 20% (w/v) PS solutions with various THF/DMF ratios. (A, B)
6:0, (C, D) 51, (B, F) 4:1, (G, H) 3:1, (I, J) 2:1, (K, L) 0:6, (M, N) 1:5, (O, P)
1:4, (Q, R) 1:3, and (S, T) 1:2, v/v. RH 60%, collecting distance 15 cm, feeding
rate 1.5 ml/h, and applied voltage 12 kV. Figure take from reference. ki
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Ambient parameters. Temperature and humidity are classified as ambient

patameters of the electrospinning process, and they have some influence of
the appearance of fibrous mats. In particular, temperature influences viscosity
of polymeric solution, leading to a decrease of this parameter when
temperature increases. i As a results, a decteased fibre diameter is usually
observed. Humidity influences porous morphology of fibrous surfaces.
Increasing the humidity leads to the appearance of small circular pores on the
surface of the fibres, with further increase pores have the tendency to
coalescing phenomenon. ¥ Figure 4.7 illustrates the effects of both parameters
on poly(caprolactone) fibres by keeping all other parameters constant.

Relative humidity

Temperature

\\" "‘\\
Figure 4.7. SEM micrographs of PCL fibres spun from a 15 % w/w solution
in CHCl; at the different temperatures and relative humidities. Figure take

from reference. v

4.4 MODIFICATION OF BASIC ELECTROSPINNING PROCESS:
COAXIAL ELECTROSPINNING

Modification of the spinneret and/or the type of solution can allow for the
creation of fibres with unique structures and properties. One such
modification that has gained much attention and holds great promise in a
variety of applications is preparation nanofibres using “co-axial
electrospinning” are also called “two-fluid electrospinning’ xivixlviviii
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As deducible by the name, in this process, two dissimilar materials are

delivered independently through a co-axial capillaty and drawn to generate
nanofibres in core-sheath configuration. This opens up the possibility of
creating composite fibres which can have a wide range of uses: for instance, a)
to isolate and/or protect an unstable component and minimizing its chances
of decomposition under a highly reactive environment; b) to release with time
a substance to a particular receptor; c) to reinforce a material improving its
mechanical properties; d) to serve as scaffold for engineering tissues in which a
less biocompatible polymer is surrounded by a more biocompatible
material XLl

The general set up adopted is quite similar to that used for electrospinning
described before (Figure 4.8). A modification is made in the spinneret by
inserting a smaller (inner) capillary that fits concentrically inside the bigger
(outer) capillary to make co-axial configuration. Since the process of co-axial
electrospinning is similar to that of the conventional electrospinning, all
variables that govern the quality of the process and the morphology of the
fibres in the latter also affects the behaviour in the former.

Outer fluid

Inner fluid

Compound Taylor cone

=

Coaxial jet

High voltage
power supply

N /" Collector

Figure 4.8. Schematic portrayal of Coaxial electrospinning apparatus, with a

magnification of Taylor cone.
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4.5 AIM OF RESEARCH

In this work, PLGA-based scaffolds were produced by electrospinning for
biomedical applications. PLGA is a hydrophobic copolymer, as extensively
described in chapter 2. To improve biocompatibility and cell attachment on
PLGA-based scaffold, its hydrophobic must be reduced. Wettability of the
PLGA-basesd scaffolds was thus modulated by the use of a new synthetic
copolymer consisting of a main chain of PLGA with grafts lateral chains
constituted by highly hydrophilic units of poly(vinylpyrrolidone), named
(PLGA-g-PVP). Different strategies were followed for the production of
highly wettable fibres. In particular, fibres of blend solutions of both
copolymers and coaxial fibres, in which PLGA formed the core and PLGA-g-
PVP formed the shell of coaxial fibres, were produced and analysed.

4.6 EXPERIMENTAL PART
4.6.1 Materials

PLGA-g-PVPio1 (named PLGA-g-PVP in this work) was synthesised
following procedure reported in Chapter 2, Paragraph 2.2.3. Poly (lactide-
glycolide) 50:50 (PLGA) was purchased from Evonik Industries AG (Essen).
Polyvinylpyrrolidone (PVP) M,, 360000 g/mol was obtained by Sigma-Aldrich
(Italy). Solvents were purchased from Sigma-Aldrich and used without any
further purification steps.

4.6.2 Film formation by spin coating

A Laurell WS-650MZ-23NPP/LITE spin coater was used for 60 s at 1000
rpm with initial acceleration of 300 tpm/sec to spin-coat the polymetic
solutions on 24 x 24 mm glass. Spin-coating was used to make a uniform
distribution of 0.5 mL of 5 % w/v copolymetic solution (PLGA or PLGA-g-
PVP) in chloroform.
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4.6.3 Scaffold preparation by single electrospinning

The electrospinning apparatus was composed of a high voltage power supply
(Spellman, SL 50 P 10/CE/230), a sytinge pump (KD Scientific 200 seties), a
glass syringe, a stainless-steel blunt-ended needle (inner diameter 0.51 mm)
connected with the power supply electrode and a grounded aluminium plate-
type collector. The polymer solution was dispensed through a teflon tube to
the needle that was vertically placed on the collecting plate. Distance between
needle and collector was in all cases of 20 cm.

Electrospinning parameters for all compositions are listed in Table 4.1.

PLGA solution was prepated at room temperature by dissolving the
copolymer in DCM:DMF = 70:30 v/v at a concentration of 22 % and 26 %
w/v, named respectively PLGA2; and PLGA.

PLGA-g-PVP scaffolds were fabricated from a solution of PLGA-g-PVP in
DCM:DMF = 70:30 v/v, at a concentration of 30 and 37% w/v. The two
solutions were identified as PLGA-g-PVP3p and PLGA-g-PVP37, respectively.

PLGA/PLGA-g-PVP blend scaffolds wete fabricated by using solution at
two different concentration of PLGA-g-PVP, 13% w/w and 37% w/w, named
Blendis and Blends; respectively. Blend solutions were prepared at room
temperature dissolving both copolymers in DCM:DMF = 70:30 v/v, obtaining
a total polymeric concentration of 25% w/v.

Obtained electrospun mats were kept under vacuum over P2Os at room

temperature overnight in order to remove residual solvents.

4.6.4 Scaffold preparation by coaxial electrospinning

The home-made electrospinning apparatus is composed of a high voltage
power supply (Spellman SL 50 P 10/CE/230), two syringe pumps (KD
Scientific 200 series), a glass syringe, a stainless steel coaxial needle connected
to the power supply electrode and a grounded aluminium collector (10 cm X10
cm). The coaxial needle used in the present work is constituted by an inner
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needle (internal diameter = 0.55 mm) positioned concentrically to the outer
needle (internal diameter = 1.5 mm).

Cote solution is constituted by 26 % w/v PLGA in 70:30 DCM:DMF
solution. Sheath solution is formed by PLGA-g-PVP in 70:30 DCM:DMF
solution. Three different copolymer concentrations, 13 %, 25% and 37% w/v,
was used, giving three different mats, named Coaxis, Coaxzs and Coaxsy.
Electrospinning parameters for all coaxial fibres were listed in the following
Table 1. Electrospun fibres were kept under vacuum over P>Os at room

temperature overnight in order to remove residual solvents.

4.6.5 Characterization of polymeric films and electrospun fibres

Scanning FElectron Microscope (SEM) were performed SEM Philips 515
operating at 15 kV. Samples were fixed on aluminium stubs by double-sided
carbon adhesive tape and sputter-coated with gold prior to examination. The
distribution of electrospun fibre diameters was determined through the
measurement of fibres by means of an acquisition and image analysis software
(EDAX Genesis) and the results were given as the average diameter T
standard deviation.

Thermogravimetric analysis (TGA) measurements were performed with a TA
Instruments TGA2950 Thermograms were recorded on 10-15 mg of samples
from RT to 700°C by heating rate of 10 °C/min, using gas nitrogen to purge
furnace (75 ml./min) and balance (55 mL/min).

Differential scanning calorimetry (DSC) was carried out using a TA
Instruments Q100 DSC equipped with the LNCS (Liquid Nitrogen Cooling
System) accessory. DSC scans were performed in helium atmosphere from -
50° to 210°C. A rate of 20°C/min was used during heating scans whereas the

cooling scans were petformed at a rate of 10°C/min.

Static water contact angle measurements were performed at room temperature
under ambient conditions by using an optical contact angle and surface tension
meter KSV's CAM 100 (KSV, Espoo, Finland). Milli-Q water was used for

measurements. The water drop profile images were collected in a time range of
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0-30s, every 1s. Optical contact angle and pendant drop surface tension
software was used for image processing. Results were averaged on at 10-12
measurements obtained at different areas of the sample.

Table 4.1. Electrospinning parameter used to prepare polymeric fibres at
different composition.

Syri Applied Fl t FI. ¢
yringe pplie ow rate ow rate Temperature Humidity

Samples diameter voltage core sol. sheath sol. ©C) %
(mm) kV) (mL/h) (mL/h)

PLGA2 11.8 15.2 7 - 25 60

PLGA2 11.5 15.1 0.9 - 22 58

PLGA-g-PVP3 /

PLGA-g-PVPy, 12.2 18 0.9 - 21 82
Blendis 12.2 17.0 0.9 - 26 76
Blends; 12.2 16 0.9 - 21 65
Coaxis 12.2 17.0 1.0 0.10 27 63
Coaxzs 12.2 18.5 0.97 0.23 27 62
Coaxyy 12.2 17.0 0.85 0.35 26 64

4.7 RESULTS AND DISCUSSIONS
4.7.1 Thermal characterization of native polymers.

Starting materials, namely the PLGA copolymer, the PVP homopolymer and
PLGA-g-PVP copolymer, were characterized in their thermal properties by
means of thermogravimetry (TGA) and differential scanning calorimetry

DSC).

The thermogravimetric analysis measuring the sample weight loss in function
of temperature, due to substances volatilization or deriving from the thermal
degradation. This technique allows to have information relating to the
composition of samples. Figure 4.9 shows thermogravimetric curves of three
starting polymers. In Table 4.2 degradation temperature and the corresponding

weight losses of each sample are collected.
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Figure 4.9. Overlapping of PVP (red curve), PLGA (black curve), PLGA-g-
PVP (blue curve) TGA. For each sample is reported of the weight loss
percentage as a function of temperature (continuous line) and the
corresponding derivative (dashed line).

Table 4.2. Percentage of weight loss (Am) and temperatures of the maximum
degradation rate of starting polymers.

Am (%) Am (%) Am (%) PLGA PVP
Sample RT - 150°C - 340°C - Taegradai Tacgradati
150°C 340°C 500°C (°C) o)
PLGA 0.051 96 0 293 E
PVP 2.8 0 94 - 427
PLGA-g-PVPio1 11 83 9.3 274 404

PLGA degraded essentially through a single degradation step, which
corresponds to a weight loss of about 96%, with a maximum degradation rate
at 293 °C. Both PVP and PLGA-g-PVP, both have a small loss of weight at
low temperatures (T <150 °C) respectively of 2.9% and 1.1% due to the
evaporation of adsorbed water from samples. In fact, the presence of
vinylpyrrolidone units makes these very hygroscopic polymers and, despite the
samples are maintained under anhydrous conditions prior to analysis, in a few
minutes in contact with atmospheric humidity absorb significant amounts of
water. Following the loss of water, PVP degraded via a single step with a
maximum degradation rate at 427 °C, accomplishing by a weight loss of 94%.
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PLGA-g-PVP instead presented two weight losses, at 274 °C equal to 83% and
a 404 °C of about 9%. By comparing the TGA curves of the PLGA-g-PVP
with those of the PVP and the PLGA is noted that the two weight losses
shown by the PLGA-g-PVP are respectively attributable to thermal
degradation of PLGA backbone (T = 274 °C) and PVP side chains (T = 404

°C). From PVP weight loss % is possible to define PVP content in
copolymers, i.e. approximately 10%.

The differential scanning calorimetry (DSC) was used to detect the chemical-
physical transformations taking place in the polymers and involving enthalpy

ot heat capacity changes. The DSC measurements were showed in Figure 4.10
and DSC data listed in Table 4.3.
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Figure 4.10. Overlapping of PVP, PLGA and PLGA-g-PVP DSC. Second
scan from -50°C to 210°C with a temperature ramp of 20°C/min.

Table 4.3. Glass transition temperatures and variation of the heat capacity of
the starting polymers.

Sampl. PLGA Tg (°C) PVP Tg (°C) PLGA AG, PVP AG,
amp c g g
J/(g°C)) J/(g°C))
PLGA 46 E 0.60 2
PVP - 178 - 0.33
PLGA-g-PVPio1 46 ND- 0.52 ND-
aND = not detected
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Thermogram corresponding to PLGA analysis showed a glass transition
temperature (Tg) at 46 °C associated to a variation of heat capacity (AC;) equal
to 0.60 J/g°C. While, the PVP has Tg at 178 °C with a AC,, equal to 0.33 J /g’
°C. PVP and PLGA homopolymers ate reported to be pootly miscible.lii In
DSC thermograms, the presence of two separated not miscible phases are
represented in two glass transitions in correspondence of those of the
individual component. Each glass transition is associated to AC,, proportional
to weight amount of each component. Thus, for PLGA-g-PVP copolymer,
two different glass transitions were expected, with two AC; wvalues
proportional to PLGA and PVP amounts present herein. However, PLGA-g-
PVP showed only a single transition at 46 °C with a AC, equal to 0.52 J/g°C,
corresponding to PLGA Tg. The associated AC;, was lower than that of not-
grafted PLGA (052 J/g°C vs 0.60 J/g°C). Taking advantage of
proportionality law that correlate AC, to material weight and applying the
Equation 1, it is possible to calculate the PLGA weight amount in the
copolymer PLGA-PVP (x), amounting to 87%:

ACPHe4 1100 = ACFHCA-PVP : x Equation 4.1

TGA analysis described above provided PLGA weight content of 90%. Within
experimental error associated with the two techniques (£ 5%), the two
characterizations provide comparable results. The absence of a glass transition
in correspondence of the PVP Tg can be attributed to the low PVP content.

4.7.2 Electrospinning and characterization of PLGA fibres

Non-woven fabric was spun starting from a PLGA solution in 70:30 v/v
DCM:DMF. Preliminary observations by optical microscopy evidenced fibres
of micrometric dimensions. Several experimental observationsi™ M have
reported the influence of solution concentration on fibre morphology. In
particular, at low concentrations, the polymer was spun in form of micro and
nanobeads, increasing concentration very rich of beads thin fibres are
obtained, further increasing allow to electrospun fibres of larger diameter
devoid of defects. This behaviour is closely related to the number of physical

linkages between chains in solutionM In consideration of the above, to
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decrease fibre sizes under submicron diameters, polymer concentration was
decreased to 22% w/v using the same solvent mixture, obtaining PLGA.
This solution was electrospun and analysed by scanning electron microscope
and SEM images at both polymer concentration ate reported in Figure 4.11.

SEM images of Figure 4.11a and Figure 4.11b of PLGA fibres showed no
beads but diameters between 0.9 and 1.9 pm. While, scaffold obtained instead
from the solution at a lower concentration, PLGA2, presented fibres with an
average size between 0.1 and 0.5 pum. However, having a less stable
concentrated jet, fibrous structure possessed high number of beads and
irregular diameter distribution. Probably, the spinning of a PLGA solution at
an intermediate concentration would have allowed to obtain sub-micrometre
fibres devoid of beads with homogeneous diameter distribution. But this
optimization was not carried out, because unnecessary for the purposes of the
work.

Figure 4.11. SEM images. a) 1000x PLGA26, b) 4000x PLGAzs, C) 1000x
PLGAzz, d) 4000)( PLGAQQ.

Nonwoven fabric were further characterized by measuring contact angle of a
drop of water deposited on the sample surface, providing informations on the
wettability of the material (for more in deep information on wettability see
chapter 1 paragraph 1.4.3).
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Table 4.4 compares the average contact angles obtained for the two nonwoven
fabrics PLGA and for a film of the same copolymer.

Table 4.4. Contact angle of a water drop deposited on PLGA-based materials.

Average water

1
Sample contact angle *o (°)
e 99 + 4
(diameter: 0.9-1.9 um)
| PLGA» 132+6
(diameter: 0.1-0.5 pm)
Film 69 £ 1

Contact angle measurements provided different values, despite the same
chemical composition of materials. In particular, wettability was greater in the
case of the film and smaller in the case of nonwoven fabrics, probably due to
the different surface roughness. A smooth surface, as in the case of the PLGA
film, had a contact angle lesser than a porous material, as the case of
electrospinned fibres. Furthermore, for the same reason, the two scaffolds had
two different contact angle. The presence of beads and thin fibres, in the case
PLGA2, made its surface less uniform and more wrinkled, giving greater angle
of contact, compared to a more homogeneous surface of PLGAzs. Similar
results have been reported in the literature in the case of non-woven-fabrics of

other polymeric materials.Iviillix
4.7.3 Electrospinning and characterization of PLGA-g-PVP fibres

Preliminary electrospinning tests of PLGA-g-PVP were conducted using a
solution of 30% w/v in 70:30 DCM:DMF. Results indicated that very thin and
full of beads fibres were obtained (Figure 4.12a). Instead, in the case of PLGA-
g-PVP37, homogenous fibres with few imperfections were electrospinned
(Figure 4.12b, Figure 4.12c). PLGA-g-PVP3; fibres had an average diameter
between 0.2 and 1 um.
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Figure 4.12. SEM images. a) 1000x PLGA-g-PVP3, b) 1000x PLGA-g-PVP37,
¢) 4000x PLGA-g-PVP3;.

Wettability of scaffolds were evaluated by contact angle measurements. Trend
over time is reported in Figure 4.13. Graph is representative of a single drop
on the non-woven PLGA-g-PVP fabric and a single drop on a film of the
same composition.
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Figure 4.13. Contact angle results as a function of time for a PLGA-g-PVP3;
non-woven fabric and for a PLGA-g-PVP films (representative 2 drops).

The trend of angle of contact of fibrous scaffold was not constant over time
and decreased rapidly within 2 seconds, after which the droplet was completely
absorbed by the porous structure of the sample. Furthermore, the initial
contact angle (approximately 58°) was significantly lower than the contact
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angle values of PLGA fibres, a consequence of PVP grafts on the main
backbone of PLGA that increased copolymer hydrophilicity.

The PLGA-g-PVP3; films instead presented an contact angle practically
constant over time with a mean value of 57° & 6°. The addition of PVP chains
on PLGA significantly increases the wettability. Indeed, comparing its contact
angle value with those obtained from PLGA, a greater wettability was
highlighted for PLGA-g-PVP compared to PLGA, also in the case of films. It
is noted that the PVP is a water-soluble polymer and had not been therefore

conducted contact measurements on this polymer.

4.7.3 Electrospinning and characterization of PLGA/PLGA-g-PVP
fibres

Above described contact angle measurements have shown that the non-woven
fabric of PLGA was strongly hydrophobic and a drop of water did not
penetrate inside the porous structure. The scaffold of PLGA was therefore not
wettable by water. In contrast, the PLGA-g-PVP was wet in a few seconds due
to the addition of PVP chains grafted on PLGA chains. To modulate the
wettability of the scaffolds, minimizing the use of non-commercial PLGA-g-
PVP, fibres of PLGA containing small amounts of PLGA-g-PVP were
produced.

PLGA-g-PVP was introduced into the fibres by adopting two strategies: 1)
Electrospinning of mixtures. Copolymers were solubilised in the same solvent
system and the obtained solution was electrospun leading to scaffolds with
different content of PLGA-g-PVP depending on the concentration in the
starting solution; 2) Coaxial electrospinning: were prepared two separate
solutions of PLGA and PLGA-g-PVP and electrospunned simultaneously by
two needles arranged in a coaxial configuration. The PLGA-g-PVP solution
was kept in the outside needle while that of PLGA in the inner needle. The
PLGA-g-PVP content in the fibres depended both from concentration and

flow rate of the two solutions.

164



CHAPTER 4

NANOFIBRE FORMATION OF PLGA-g-PVP COPOLYMER BY
ELECTROSPINNING
4.7.3.1 Electrospinning of blends

SEM images in Figure 4.14 show in both cases, fibres with only a few beads.
Blends;s fibre diameter was between 0.4 and 0.9 um, while those of Blends;
wete thicker fibres with a diameter between 0.6 and 1.5 pm.

Figure 4.14. SEM images. a) 1000x of Blendis b) of 4000x Blendss c) of 1000x
Blends7 d) of 4000x Blendsy.
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Figure 4.15. TGA overlapping of non-woven fabrics of Blend13, Blend37 and
the starting polymer (PLGA, PLGA-g-PVP). temperature ramp of 10 °C/min.
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To assess the composition of produced nonwoven fabrics, thermogravimettic
analysis was carried out. In Figure 4.15, TGA thermograms of the blend along
with that of the two components for comparison were depicted. Both blend
fabrics had a small weight loss at a low temperature due to adsorbed water and
two degradation step, one at a lower temperature (T ~ 290 °C) and one at a
higher temperature (T ~ 400 °C). As desctibed in paragraph 4.5.3, the second
weight loss is attributable to the PVP degradation. PVP weight loss was of
2.3% for the Blendi; and of 4.0% for the Blendss, index that a greater PVP

content was present Blends.

The overall wettability of the non-woven fabric was evaluated by contact angle
measurements for both samples. In both cases, contact angle values were
constant over time. Results are collected in Table 4.5, data relating to PLGA
scaffold were also reported for comparison. It was noted that the contact
angles of PLGA/PLGA-g-PVP blend wete independent of the PLGA-g-PVP
content. In addition, sample wettability did not increase; contact angle values
were similar to that of PLGA2 and PLGAs fabrics.

Table 4.5. Compatison of the mean contact angle of blends based on PLGA /
PLGA-g-PVP and non-PLGA-woven fabrics.

Sample Average contact angle (°)
. Blends 12046
(fibre diameter: 0.4-0.9 um)
Blends;
122£3
(fibre diameter: 0.6-1.5 um)
. PLGA2 99 + 4
(fibre diameter: 0.9-1.9 pm)
PLGA;
N 132+ 6

(fibre diameter: 0.1-0.5 um)

Results evidenced that fibre surface of Blendis and Blends is not enough rich
of PVP units to significantly decrease the hydrophobicity of the fabric when
compared to those of only PLGA. The strategy of mixing the copolymers was
not so effective, at least up to concentrations of PLGA-g-PVP equal to 37%.
Evidently, the total amount of PVP in Blends; (4.0%) was homogenously
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distributed along the section of the fibre and was not enough to influence
surface property.

4.7.3.2 Coaxial electrospinning of copolymers

In order to increase the wettability of the fibres of PLGA, without using too
high concentrations of PLGA-g-PVP, the latter was introduced into the fibres
by adopting a different strategy to that described in the previous paragraph.
The electrospinning was therefore conducted using two coaxial needles, the
outer one containing the PLGA-g-PVP solution and the internal one
containing the PLGA solution. In this configuration, it is expected that the
surface of so produced fibres is richer PLGA-g-PVP compared to fibres
obtained by electrospinning of mixtures, at equal copolymer content in the
fibre.

The global composition of fibres was modulated by varying the flow rate of
the two starting solutions. Three scaffolds with three PLGA-g-PVP percentage
in the fibre (13%, 25% and 37% w/w) wete electrospun and named Coaxis,
Coaxzs, Coaxs; respectively. Figure 4.16 showed SEM images of fabrics
obtained by coaxial electrospinning. All samples have sub-micrometre fibres.
Morphology was not perfectly smooth, but some beads very elongated were
present, particularly in low-PLGA-g-PVP content samples (i.e. Coaxi3 and

Coaxos).

Composition of the nonwoven fabrics produced was evaluated by
thermogravimetric analysis. Figure 4.17 shows the thermograms of the samples
by coaxial electrospinning together with that of the two pure components for

comparison.

The TGA curves of Coax samples show similar trends of PLGA-g-PVP
sample. A first weight loss at low temperature (T <150 °C) due to the loss of
adsorbed water, a second weight loss after 200 °C, given by the degradation of
PLGA chains, and the last weight loss around 400 °C, attributable to the
degradation of grafted PVP chains. The last weight loss can provide

informations on the composition of samples in terms of PVP weight amount.
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Table 4.6 shows these values of weight loss for samples Coax and for
compatison the values for the samples Blend.

X
X

1907apedo 150KV ¥1000 10pm —— 1l ! 1907trapezio 15.0kV x4000 2um ——

Figure 4.16. SEM images) of 1000x Coax13, b) of 4000x Coax13, c) of 1000x
Coax25, d) of 4000x Coax25, ¢) of 1000x Coax37, f) of 4000x Coax37.
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Figure 4.17. TGA overlapping tissue-non-tissue of Coaxis, Coaxzs and Coaxs;

and of the starting polymers PLGA and PLGA-g-PVP. Temperature ramp of
10 °C/min.

Table 4.6. PVP weight loss% of Coax and Blend samples from TGA analysis.

Am (%)
Sample  5500¢ - 500°C
Coax13 2.1
Coaxas 2.7
Coax3s7 3.9
Blends 2.1
Blends; 3.7

Coaxis, Coaxzs, Coaxsy presented increasing weight amount of PVP in fibres,
as expected by increasing flow rate of external solution. Comparing the values
obtained from Coaxi; and Coaxs; and the respective Blendis Blends,, PVP
content was comparable.

Contact angle values of Coax samples and for comparison also those Blend
were reported in Table 4.7. In this case fibre diameters were not shown
because all samples had sub-micrometre dimension and similar morphology.
Coaxi3 and Coaxzs samples were still hydrophobic, while Coaxs7 was wettable.
In contrast, the blend with the same composition, ie. Blends;, was
hydrophobic. Therefore, coaxial needle favoured PLGA-g-PVP location on
fibre surface and a quantity of 37% by weight appears to be sufficient to wet
the scaffold. It is noted that the drop of water is absorbed by the Coaxs;
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sample in about 25 seconds, time significantly greater than that of the pure
PLGA-g-PVP non-woven fabric, about 2 sec.

Table 4.7. Compatrison of the mean contact angle of samples Blend and Coax
samples.

Sample  Average contact angle (°)

Coaxy 126 £ 7

Coaxzs 1216

Coaxsy Decreasing trend over time
Drop was adsorbed after 25 s

Blend;; 122+ 6

Blend;; 122+3

4.8 CONCLUSIONS

In this work, PLGA-based scaffolds were produced by electrospinning for
biomedical applications. In order to modulate the wettability of the scaffolds
PLGA, which is a hydrophobic copolymer, has been used in combination to a
synthetic copolymer consisting of a main chain of PLGA with grafts lateral
chains constituted by highly hydrophilic units of poly(vinylpyrrolidone), named
(PLGA-g-PVP).

Measurements of contact angle conducted on only PLGA film and only
PLGA-g-PVP has confirmed the increased wettability of the latter with respect
to the only PLGA. Comparing the wettability of the corresponding non-
woven-fabrics for the difference in wettability is even more obvious: the
scaffold is PLGA is highly hydrophobic, while the scaffold is PLGA-g-PVP
absorbs water drops in a few seconds. Then, comparing contact angle values
obtained from the same materials but with different surface roughness, it was
found that a film with a smooth surface by the use of a spin coater, had
smaller contact angles and was therefore more wettable with respect to the
fibrous scaffolds, that it is a porous material with a highly corrugated surface at
micrometre level.

To modulate the wettability of the scaffolds, minimizing the amount of
synthetic PLGA-g-PVP, PLGA fibres containing small amounts of PLGA-g-
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PVP were electrospinned adopting two different strategies: (1) by
electrospinning of mixtures of PLGA and PLGA-g-PVP to obtain fibres with
different content of copolymers depending on their concentration in the
starting solution; (2) by coaxial electrospinning, in which PLGA-g-PVP
solution fed the external needle and PLGA solution fed the internal one.
PLGA-g-PVP content in the fibres depends by solution concentrations and
flow rates.
The composition of the scaffolds products was verified by TGA measures and
the wettability by contact angle measurements.
From contact angle measurements on scaffolds produced by electrospinning
of blends, it was concluded that the addition of PLGA-g-PVP to PLGA
solution with w/w petcentage of 37%, did not vary significantly the wettability
of the material. Most likely, having PLGA-g-PVP a low amount of PVP (10%
w/w , as valuated by TGA analysis), it was assumed that the few PVP chains
were homogeneously distributed along the fibre section, and thus, did not lead
to a significant increase of material hydrophilicity.
Therefore, PLGA-g-PVP was tried to locate on fibre surface in order to better
exploit the hydrophilicity of this copolymer to modify scaffold wettability, by
using coaxial electrospinning. Analysing three products containing increasing
percentages of PLGA-g-PVP, only the sample having 37% w/w appeared to
be well wettable: indeed, a water drop was absorbed by the porous structure in
approximately 25 seconds. In addition, this scaffold was more wettable than
that of one produced by electrospinning of the mixture having similar
composition. Therefore, it can be concluded that coaxial electrospinning was
useful to prepare wettable PLGA-based non-woven fabric. It was also
demonstrated that wettability of nonwoven fabrics was influenced both by the
morphology of the same fabric, both on the chemical composition of the
fibres.
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HYALURONIC ACID, GELATIN AND AGMA1

“Aim of this piece of work was the synthesis of a new classes of poly(saccharide-co-
amidoamine) and poly(saccharide-protein-amidoamine) 3-D-networks intended as scaffolds
Jor tissue regeneration. In particular, hyaluronan-polyamidoamine and hyaluronan-gelatin-
polyamidoamine hydrogels were synthesised by amidation reaction between the carboxylate
groups of hyaluronan and the amine groups of gelatin and of an NH y-functionalized PAA,
promoted by 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium  chloride
(DMTMM) as conpling agent. In order to promote hepatic cell proliferation serotonin was
covalently linked to hydrogels, by adding it to the reaction mixture, exploiting the same
coupling reaction.”

5.1 HYDROGELS

Hydrogels are made up of cross-linked polymer networks and may be
classified as: (i) chemical hydrogels and (ii) physical hydrogels. In (i), the
polymer network is obtained by chemical cross-linking, whereas in physical
hydrogels (ii), chains are held together by ionic, hydrogen bonding and or
dipolar interactions. Linear homopolymers, linear copolymers, and block or
graft copolymers having cross-linkable functional groups are usually used to
form chemical cross-linked hydrogel, on the other hand, polyion-, polyion—
polyion or H-bonded complexes as physical cross-linked matrix.! In both
cases, cross-link density is crucial in determining the properties and
applications of the gels, as it is responsible for the swelling behaviour and
therefore for the combined solid-like and liquid-like characteristics.

Main property of hydrogels is the ability to absorb huge amounts of water, up
to several thousand percentages, without dissolvingi Equilibrium state is
reached when osmotic driving forces, which encourage water to come into the
hydrogel matrix, and cohesive ones exerted by hydrogel macromolecules are
balanced. Cohesive forces depend primarily on hydrogel crosslinking
density. i In general, the higher the cross-linking extent, the lower the gel
swelling. Equally, the more hydrophilic the polymer matrix, the higher the
amount of water absorbed by the hydrogel.v In the swollen state, hydrogels are
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soft and rubbery, resembling to a great extent living tissues. For this reason,
hydrogels have become attractive to the new field of ‘tissue engineering’ as
matrices used for cell/tdssue regenerating,viviviiiixxai

In order to be used as biomaterials, hydrogels must be biocompatible.
Inflammatory response to a hydrogel can affect the immune response toward

of or have macromolecular properties similar to the natural extracellular matrix

(ECM) .xiv,xv,xvi
5.2 HYALURONIC ACID

Hyaluronic acidwibxviibxix s a  naturally occurring, biocompatible, and
biodegradable polysaccharide composed of repeating disaccharide units of D-
glucuronic acid and N-acetyl-d-glucosamine linked by alternating 3(1—4) and
B(1—3) linkages. Catboxyl groups in the glucuronic acid residues are
negatively charged at physiological pH and ionic strength, giving as result a
polyanions sodium hyaluronate, referred as hyaluronan (HA). x> It is the
simplest glycosaminoglycan (GAG) and an important component of ECM, it
is ubiquitously present in many biological fluids and tissues, such as eyes,
joints, and cartilage i It is naturally synthesized by a class of integral
membrane proteins called hyaluronan synthases, ™ and degraded by a family
of enzymes called hyaluronidases.»" Degradation products, i.e. oligomeric HA
(M,;<100 000), are usually found as inflammatory, immuno-stimulatory and
angiogenic.™ These chains are then fractionated in monosaccharide units by
B-d-glucuronidase, and B-N-acetylhexosaminidase.

Its function in the body is, among others, to bind water and lubricate movable
parts of the body, such as joints and muscles. HA is highly hygroscopic and
this property is believed to be important for modulating tissue hydration and
osmotic balance. ! In addition to its function as a passive structural molecule,
HA also acts as a signalling molecule by interacting with cell surface receptors

to these favourable properties, HA has been intensively used as component of
scaffolds for tissue engineering xsixxesxe

A pitfall of HA-based materials is the fast HA iz vivo degradation. HA half-life
after injection into skin and joints is lower than 24 hxixii This time is not
enough to allow restoring of tissues and lost functionalities. Modifications of
HA chemical structure are needed, in order to camouflage HA chains to

enzymes. v

176



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

HA can be chemically modified by two different ways: cross-linking or
conjugation. HA conjugation and HA cross-linking can be in principle based
on the same chemical reactions and only differ in that, in the first case, a
compound is grafted onto one HA chain by a single bond only, whereas in the
second case, different HA chains are linked together by two bonds or more, as
depicted in Figure 5.1. Some methods are performed in water while others,
need to be performed in organic solvents, such as dimethylformamide (DMF)
or dimethylsulfoxide (DMSO).x>v> In the latter case, native HA sodium salt
first needs to be converted into its acidic form. Since HA is soluble in water,
the easiest method is to perform the reaction in water. However, treatments in
alkaline or acidic aqueous conditions induce hydrolysis of HA chains xssvixsxil

Chemical conjugation Chemical cross-linking

HA

HA S

+

Qo =L
J L L
L L
Figure 5.1. Schematic representation of chemical conjugation and cross-
linking.

Typical partners in cross-link/conjugation products ate polysaccharides
(alginatexvii chitosan™x, agarose¥, etc), proteins or oligopeptide
(fibronectin®i, fibrin ¥i gelatini, collagen*™, etc) and also synthetic polymers,
such as PLA PLGAW PGAxvi PHEMAVii and so on.Xix In addition to
reduce degradation rate, improvement in cell adhesion onto HA-based
scaffolds is reached when carboxylic acid groups are involved in reactions. It is
due to a reduction of repulsive force between cell membranes (negative

charged by presence of lipids) and carboxylic acid of HA!

5.3 GELATIN

Gelatin is a soluble protein obtained by partial hydrolysis of collagen, the main
fibrous protein constituent in bones, cartilages and skins; therefore, the source,
age of the animal, and type of collagen, are all intrinsic factors influencing
properties of the produced gelatini The acid-extracted gelatin is designated
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“Type A” , whereas the product of the alkaline method is referred to as “Type
B”. Traditionally, hydrogen chloride and lime or sodium hydroxide are used
for the types A and B methods, respectively.

Compared to its precursor, gelatin is economical and low-antigenic, and it has
been presumed to retain some of the information signals, such as the RGD
sequence of collagen,lii also if its biological activity of gelatin should be zero,
due to the absence of the essential amino acid, i.e. tryptophan.!v The tripeptide
arginyl-glycyl-aspartic acid (RGD) is an oligopeptide capable of reproducing
the receptorial sites of proteins, such as fibronectin, vitronectin, and others
playing a fundamental role in cell adhesion.

Gelatin is reported to contain 18 amino acids linked together in a partially
ordered fashion. The various amino acids obtainable from some gelatins by
complete hydrolysis, in grams per 100 grams of dry gelatin, are listed in Table
5.1.Miikii No significant differences in the value of N-terminal residues as well
as in the amino acid composition have been mentioned relating to the origin of
gelatin. Type A gelatin has been reported to have an isoionic point of 7 to 9,
and the isoionic point for lime (alkali) processed gelatin falls in the range of 4.8
to 5.1.[x Isoionic points are important values, determining the reactivity of
gelatin, especially in pH-dependent coupling reaction.

Table 5.1. Amino acid composition of different type and source of gelatin.

Amino Acid Type A  (Porkskin) TypeB (Calfskin) TypeB (Bone)

Alanine 8.6 10.7 9.3 11.0 10.1 14.2
Arginine 8.3 9.1 8.55 8.8 5.0 9.0
Aspartic acid 6.2 6.7 6.6 6.9 4.6 6.7
Cystine 0.1 Trace Trace
Glutamic acid 11.3 11.7 11.1 11.4 8.5 11.6
Glcine 26.4 30.5 26.9 27.5 24.5 28.8
Histidine 0.9 1.0 0.74 0.8 0.4 0.7
Hydroxlysine 1.0 0.91 1.2 0.7 0.9
Hydroxyproline 13.5 14.0 14.5 11.9 13.4
Isoleucine 1.4 1.7 1.8 1.3 1.5
Leucine 3.1 3.3 3.1 3.4 2.8 3.5
Lysine 4.1 5.2 4.5 4.6 2.1 4.4
Methionine 0.8 0.9 0.8 0.9 0.0 0.6
Phenylalanine 2.1 2.6 2.2 2.5 1.3 2.5
Proline 16.2 18.0 14.8 16.4 135 15.5
Setine 2.9 4.1 3.2 4.2 3.4 3.8
Threonine 2.2 2.2 2.0 2.4
Tyrosine 0.4 0.9 0.2 1.0 0.0 0.2
Valine 2.5 2.8 2.6 3.4 2.4 3.0
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Since gelatin has a sol-gel transition temperature around 30 °C, it should be
chemically cross-linked in order to avoid dissolution at body temperature.
Thanks to the fact that gelatin is composed of a large variety of side chains, a
wide variety of chemical modification methods, introducing cross-linkable
groups, have been proposed.’> ™ The choice of potential reagents is limited to
water-stable ones because gelatin only dissolves in water and in a number of
alcohols In most cases, bifunctional reagents including glutaraldehyde i
diisocyanates,* v carbodiimides,* genipin,*i polyepoxy-compounds,*ii and
acyl azides™* have been applied. When gelatin is combined with sugars (e.g.,
agarose), 1,1-carbonyldiimidazole can be applied as cross-linker.*

5.4 AGMA1

The linear amphoteric poly(amidoamine) nicknamed AGMAT1 is prepared by
the Michael-type polyaddition of monoprotonated 4-aminobutylguanidine
(agmatine) and 2,2-bis(acrylamido)acetic acid (BAC).» Agmatine belongs to
the family of biogenic amines and is involved in many physiological functions.
Agmatine derives from the arginine decarboxylase-mediated decarboxylation
of L-arginine, a semi-essential amino acid with interesting properties mostly
attributed to its guanidine group. Agmatine and arginine play an important role
in cell growth and proliferation, as well as in the synthesis of proteins and
nucleic acids.bif

Table 5.2. Compatison of Some Structural Features of AGMA1 Repeating
Unit and RGD Sequence

Structural features AGMA 1 unit RGD sequence
no. of guanidine groups 1 1
no. of carboxyl groups 1 1
no. of amidic groups 2 2

distance between
guanidine and carboxyl

groups

sequence of 10 atoms sequence of 11 atoms
including 2 amidic groups  including 2 amidic groups

AGMAL1 repeating unit carries both guanidine- and carboxyl groups and,
therefore, shows a strong structural resemblance to the RGD sequence (Table
5.2). It was reported that AGMA1 is nontoxic and non-haemolytic 7 vitro
within all pH ranges tested (4-7.5). Haemolysis is usually a function of the
overall charge, reaching low value at physiological and neutral pHs. High
toxicity was usually associated with the polycationic character of other studied
PAAsIii - As revealed from speciation curves (Figure 5.2), AGMAT’s
isoelectric point is at pH 10, corresponding to the intersection of the curves
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relative to LH* and L. Charge distribution profiles show that this polymer is
prevailingly cationic at all physiological pH values, the net average charge per
unit varying from about 0.5 at pH 7.4, to about 1.0 at pH 5. Probably, the
RGD-like repeating units exert a stabilizing action on cell membranes,
overshadowing the membranolytic effect of the excess positive charges.

Grafted on a material’s surface, RGD is capable of promoting a strong cell
adhesion even at very low surface densities.**V Similatrly, AGMA1 hydrogels
have exhibited good cell proliferation ability. In particular, AGMA1 hydrogel
layers exhibited towards epithelial cells (Madin-Darby Canine Kidney epithelial
cell line) a level of cell adhesion comparable to that of commercial plastic
substrates for tissue culturing even in the presence of only 0.1% of fetal
bovine serum.» AGMA1 hydrogels were successfully used as scaffold for
tissue engineering.vi In particular, hydrogels with tubular shape proved to
facilitate nerve regeneration, achieving good surgical outcomes with no signs
of inflammation or neuromalvi In addition, AGMAIl—-montmorillonite
composites with tunable stiffness were used as scaffolds for bone tissue-
engineering applications. il

a (dissociation constant)

Figure 5.2. AGMAI ionic speciation as a function of pH. Figure adapted
from reference. i

5.5 Chemical design of hydrogels

Aim of this work was the production of chemical cross-linked hydrogels with
potential as scaffolds for the regeneration of liver tissue. Sodium hyaluronate
and gelatin (HA-Gel) were selected as scaffolding material to mimic the crucial
components of ECM, in order to enhance cell proliferation, migration, and
differentiation of liver tissue.

180



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

HA-Gel scaffolds for tissue engineering were already described in literature. i
Leaving apart studies in which HA-Gel physical blends were used, st b g]]
other works reported 3-4 step long synthetic schemes, consisting firstly in
functionalization step of one terminus or pendant groups of both reagents
followed by coupling reaction, bowiibssiv o, ooy oosvi ooy
In one instance, the use of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) as cross-linker agent in order to obtain hydrogels with a one-step
process is reported.ix In this work, HA-Gel scaffolds were fabricated by
freeze-drying of blend solution and then immersed for 24h in EDC solution.
In the resulting hydrogels, EDC efficacy was observed as gelatin cross-linker,
but not for HA one. HA was only physical dispersed in the hydrogel structure,
and gradually released when immersed in an aqueous solution. Furthermore,
proliferation of 1.929 fibroblasts on the surfaces of these scaffolds after cell
culturing showed a lower activity compared with control plate.
In this work, introducing AGMAT1 in HA-Gel hydrogels was expected bring
many benefits: on one side it will allow forming macroscopically homogeneous
hydrogels with HA and gelatin, thanks to its easy coupling with both polymers.
In addition, the RGD-mimic cationic AGMAT1 units and their counteracting
HA polyanionic nature, responsible for repulsive interactions with cell
membranes, may improve cell adhesion and proliferation. As a further
modification, serotonin (Ser) was introduced in the hydrogel structure to
improve liver cell adhesion and proliferation. Serotonin is a biogenic
monoamine neurotransmitter with variable effects on many different target
organs.¢ It is derived from the L-tryptophan, which is hydroxylated to 5-
hydroxy-L-tryptophan (5-HTP) by tryptophane hydroxylase (Tph). Recent
scientific studies highlighted the involvement of serotonin in the induction of
hepatocyte DNA synthesis after a hepatectomy in the rat and human.xcxci
Serotonin can be potentially associated with either beneficial or detrimental
effects on liver regeneration and these actions are mediated through many
different receptor subtypes located either centrally or peripherally. i
In this work, hydrogels were synthesised by a one-pot coupling reaction
between the carboxylate groups of HA and the amine groups of Gel, AGMA1
and Ser, using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4- methylmorpholinium
chloride (DMTMM) as coupling agent. DMTMM is a water-soluble cross-
linker used for the amide bond formation of amines in presence of carboxylic
group, without taking part in linkages.x According to literature reports,
DMTMM efficacy is supetior to that of EDC/NHS (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide / N-Hydroxysuccinimide)>> PyBOP
((Benzotriazol-1-yloxy)tripyrrolidinophosphonium  hexafluorophosphate)vi
for ligation of amines to carboxylate anions. Furthermore, it does not require
accurate pH control or pH shift during the reaction to be effective.xvi
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5.6 EXPERIMENTAL SECTION

5.6.1 Materials

Sodium hyaluronate (HA) with a Mn 260 000 (evaluated by Size Exclusion
Cromatography, SEC) was obtained from Bioiberica, Gelatin powder from
bovine skin (type B with bloom ~225 g) was purchased from Sigma Aldrich
(Spain). 2,2-Bis(acrylamido)acetic acid (BAC) were synthesized as previously
described and purity determined by Nuclear Magnetic Resonance (NMR) and
titration.xVit 4-Aminobutylguanidine sulphate (agmatine), lithium hydroxide
monohydrate, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM), N-Boc-ethylenediamine, 37% hydrochloridic acid,
serotonin, sodium nitrate, sodium phosphate monobasic were purchased from
Sigma-Aldrich. Phosphate buffer solution (PBS) was prepared using Sigma
Aldrich dry powder. All these reagents were used without further purification.

5.6.2 Methods

H-, 1BC-, HSQC-, and COSY- NMR spectra were recorded using a Bruker
NMR spectrometer operating at 400 and 133.3 MHz. Spectra were recorded
on samples dissolved in deuterium oxide (D:0).

SEC analyses were obtained using a Shimadzu system comprising a DGU-
20A3 solvent degasser, an LC-20AD pump, a CTO-20A column oven, an SIL-
20A HT autosampler, an RID- 10A refractive index and an SPD-20A
Shimadzu UV-VIS detector (flow rate: 1 mL min", temperature: 40°C). The
instrument was equipped with three columns (300 mm x 7.5 mm, 8 mm): PL-
aquagel-OH 30 ™, PL-aquagel-OH 40™ and PLaquagel- OH 50™, protected
with a guard column (50 mm x 7.5 mm, 8 mm) (Polymer Laboratories).
Calibration was performed with polysaccharide standards (Pullulan
Polysaccharide, PL2090-0100 VARIAN) ranging from 180 to 708 000. The
eluent was a pH 7 0.2 M NaNOs; and 0.01 M NaHPO, buffer solution
prepared using milli-Q water. Samples concentration 2 mg/ml..

Fourier Transformed Infrared (FTIR) spectra in Attenuated Total Reflection
mode (ATR-FTIR) were obtained using a Perkin Elmer Spectrum One
instrument. Spectra of reagents and dried hydrogels were recorded in the 4000
to 650 cm™! range after 4 scans and with a resolution of 4 cm™1

Thermogravimetric analysis (TGA) was performed on 10 mg dry hydrogels
with a TGA Q500 (TA Instruments) working from 25 to 600°C at 10°C/min
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heating rate and under 50 mL/min nitrogen flow. Tests wetre tepeated two
times and data obtained as media of these measurements.

Differential scanning calorimetric (DSC) analyses were carried out with a
Mettler Toledo DSC823 (Mettler Toledo, Italy) equipped with the STAR
Software and the FRS5 Mettler Toledo ceramic sensor. The instrument was
calibrated with indium for melting point and heat of fusion. The dry samples
(5-10 mg) were placed in aluminium pans and heated from 0 to 200°C at a
constant rate of 10°C min'l. Empty pan was taken as reference. Tg was taken
as the midpoint of the heat capacity transition.

Atomic force microscopy (AFM) experiments were performed in tapping
mode using a Multimode AFM (Veeco Instruments, Santa Barbara, CA)
equipped with a Nanoscope IVa control system (software version 6.1411).
Silicon tapping probes (RTESP, Veeco) were used with a resonance frequency
of 300 kHz and a scan rate of 0.5 Hz. 3 um? AFM images were taken for each
sample. Topography was examined by topographical AFM, whereas
composition was explored using phase imaging AFM.

5.6.3 Synthesis of AGMAjand AGMAy

In a 200 mL flask, BAC (purity: 97%, 10.0 g, 0.049 mol) and lithium hydroxide
monohydrate (2.04 g, 0.049 mol) were dissolved under stirring in distilled
water (17 mlL) and degassed with nitrogen. After complete dissolution, 4-
Aminobutylguanidine sulphate (10.056 g, 0.044 mol) and lithium hydroxide
monohydrate (1.88 g, 0.044 mol) were added. The clear reaction mixture was
allowed to react for 5 days at room temperatutre in the dark. Mono-N-BOC-
ethylenediamine (1.88 g, 0.012 mol) was then added under stirring and mixture
allowed reacting for 1 day in the dark. After this time, the solution was
acidified to pH 5 with few drops of a 3 M HCI aqueous solution and
maintained under stirring for 15 min. The final product was purified by
ultrafiltration with a membrane with nominal molecular weight cut-off 1000
and recovered by freeze-drying. Yield = 12.7 g (63.4%).

AGMA2 was synthesized as described for AGMAjp using the following
reagent amounts: BAC (10.0 g, 0.049 mol), LiOH-H>O (2.04 g, 0.049 mol), 4-
Aminobutylguanidine sulphate (9.11 g, 0.039mol), LiOH-H>O (1.66 g, 0.039),
N-BOC-ethylenediamine (3.24 g, 0.020 mol). Yield = 2.97 g (15.5%). The
NMR spectra were as reported for AGMAj.
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IH-NMR 400.132 MHz (D,0, 8, ppm): 1.52-1.70 (m, NCH,CH,CH,CH,NH),
1.70-1.92 (br, NCH,CH,CH,CH,NH), 2.32-2.52 (br, NHCH,CH,NH,), 2.69-
2.88 (br, CH,CONH), 2.88-2.95 (br, NHCH,CH,NH,), 3.13-329 (m,
NCH,CH,CO), 3.40-3.62 (br, NCH,CH,CH,CH,NH), 5.52 (s, CH-COO").

3C NMR 100 MHz (D,O, ¢ , ppm ) 20.5 (NHCH,CH,CH,), 25.1
(NHCH,CH,), 29.1 (NHCOCH,CH,), 358 (NHCH,CH,NH,) 40.5
(CH,NCH,), 44.4 (NHCH,CH,NH,) 49.3 (NHCOCH,), 52.2 (NHCH,), 56.0
(COOHCH), 155.1 (NH,CNNH), 171.3 (NHCO), 173.5 (CHCOOH).

5.6.4 Synthesis of HA-Gel-AGMA, HA-AGMA and HA-Gel hydrogels

HA (0.500 g) and Gel (1.00 g) were dissolved in bidistilled water (10 mL) at
50°C under vigorous stirring for 15 min. After complete dissolution, AGMA g
(0.100 g) was added to the solution, followed by DMTMM (0.150 g). The
resultant clear solution was poured in the wells (I cm diameter, 0.2 cm
thickness) of 12-well plate using a 10 mL syringe. The reacting mixtures were
allowed reacting for totally 48 h at 37.5°C in a humid atmosphere, even though
the observed setting time was 5 min. The hydrogels were retrieved and freeze-
dried.All hydrogels were prepared by following the general procedure
described for the HA-Gel-AGMAjo hydrogel and using the amounts of
reagents reported in Table 5.3.

Table 5.3. Experimental parameters for hydrogel synthesis.

HA Gel Agmaig Agmay) DMTMM Vol H:0

Sample ® ® ® ® ® (mL)
HA-Gel 0.500  1.00 - - 0.150 10
HA-Gel-
Agma20% 0.500  1.00 - 0.100 0.150 10
HA-Agmay 0.500 - 0.100 - 0.150 10
HA-Agmaz 0.500 - - 0.100 0.150 10

5.6.5 Synthesis of Serotonin containing hydrogels

HA (0.300 g), Gel (0.600 g) were dissolved in bidistilled water (6 mL) at 50°C
under vigorous stirring for 15 minutes. AGMA1 (0.060 g) and Serotonin
(0.015 g, % w/w tegards to HA) wete added into the solution followed by
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DMTMM (0.090 g). Reagents were mixed, transfetred in a 12 well-plate and
allowed to proceed for 48h at 37.5°C in a humid atmosphere. The hydrogels
were retrieved and freeze-dried. Xerogels were sterilised by UV irradiation.

5.6.6 Water uptake measurement

Water uptake measutements were performed in 0.01 M pH 7.4 PBS at 37.5°C.
Dry discs with 1 cm base diameter and 0.2 cm thickness were soaked in 25 mL
buffer solution and maintained statically until maximum swelling for 24 h.
After this time, discs were retrieved, wiped with filter paper to remove excess
water and then weighed. The percentage water uptake was calculated as:

Water uptake % = % X 100 Equation 5.1
where W, is the initial hydrogel weight and W the wet hydrogel weight after
24h. Tests were performed in triplicate. Final values were expressed as the
means T standard error.

5.6.7 Flory-Rehner calculations

The hydrogel swelling ratio based on mass (Qur) was calculated by dividing the
hydrogel mass after swelling (W) by the xerogel mass (W,). Flory-Rehner
calculations were used to determine the crosslink density and mesh size of

hydrogels.

The average molecular weight between crosslinks, M., was calculated using a
simplification of the Flory-Rehner equation:xcixc

5/3 » DMc (l _ ) ;
Q)" = 3 X Equation 5.2
where Qy is the volumetric swelling ratio, 0 is the specific volume of the dry
polymer, M, is the average molecular weight between crosslinks, Vi is the
molar volume of the solvent (18 mol/cm? for water), and y is the Flory
polymer-solvent interaction parameter. Q, was determined from the degree of
mass swelling, Qe

Qv=1+ ’;_Z Qu-1 Equation 5.3

where p,, is the density of the dry polymer (1.229 g/cm3) and p; is the density
of the solvent (1 g/cm? for water). The value of y for HA was estimated to be
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0.473, based on several assumptions. First, it was assumed that y for HA is
comparable to that for dextran, a well-studied polysaccharide, because HA and
dextran have similar chemical structures. Finally, differences between soluble,
unmodified polysaccharides and cross-linked polymers were assumed to be
negligible.

The effective cross-link density, V., was calculated as follows:c

Ve = e Equation 5.4
Mc

The swollen hydrogel mesh size, & was determined with the following

equation:d“ﬁi"

§= Q, 3,2 Equation 5.5

where /7,2 is the root-mean square distance between crosslinks and depends
on the molecular weight between cross-links. For HA, the following root-
mean-square end-to-end distance value was previously reported:e

7271/2
(2)" =24nm Equation 5.6
2n

where n is the number of disaccharide repeat units for HA with a given
molecular weight. i

5.6.8 Degradation studies

Hydrogel degradation was studied by monitoring the residual mass of
hydrogels discs with 1 cm base diameter and 0.2 cm thickness soaked in 0.01
M pH 7.4 PBS at 37.5°C at different time points (1, 2, 7, 14, 21, 28 days).
Residual mass measurements were obtained after freeze-drying, as:

Residual mass % = % X 100 Equation 5.7

where W, represents the weight of dried hydrogel at time t and W, is the initial
weight of hydrogel. Tests were performed in triplicate. Final values were
expressed as the means & standard error.
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5.6.9 Stress strain tests

Rheological measurements were carried out using a stress-controlled
oscillatory rheometer ARG2 TA Instruments using parallel plate geometry.
The test geometry was a 20 mm diameter standard steel parallel-plate. A
dynamic mechanical analysis (stress—strain tests) was carried out to determine
the viscoelastic properties of the HG, to obtain their storage (G’) (elastic
behaviour) and loss (G”) (viscous behaviour) moduli. Hydrogel were prepared
putting the reaction mixture in teflon moulds (diameter 20 mm, 0.2 mm thick).
The reaction were conducted in a humid atmosphete at 37°C. The test
methods employed were stress sweep, temperature ramp and frequency sweep.
The stress sweep was set up by holding the temperatute (37°C) and frequency
(1 Hz) constant while increasing the oscillation torque from 0.1 to 10000 pN
m. At this fixed oscillation torque (30 uN m) in the linear viscoelastic region
and temperatute (37°C), the oscillatory frequency was increased from 0.01 to
100 Hz. In the temperature ramp test, the evolution of G* and G* in the range
of 25-100°C was measured at a heating rate of 5°C/min, with the same
oscillation torque previously decided and frequency of 1Hz. Tests were
performed in triplicate.

5.6.10 Biocompatibility test

Cell viability (CV) of hydrogels and starting reagents was assessed by a 3-(4,5-
dimethylthiazol-2-y)-2,5 diphenyltetrazolium bromide (MTT) assay. To
evaluate the possibility of cytotoxic product formation, the samples were
immerged (or solubilized) in 5 mL of FBS-free supplemented DMEM
(Dulbecco’s Modified Eagle’s Medium with 4500mg L glucose) and placed on
a shaker at 37°C. The conditioned medium was collected and filtered at days 1,
2,3,7,10, 15, 21 and stored at -20°C until required. BALB/3T3 Fibroblasts
were seeded at a density of 8X104 cells'mL" in complete medium into a sterile
96-well plate and incubated to confluence. After 24 hours, the medium was
replaced with the eluted extracts (100 pL /well) for each composite, the
control sample and the Triton X-100 (positive control), and incubated at 37°C
in humidified air with 5% CO> for 24 hours. An MTT solution (0.5 mg-mL-1)
was prepared in warm FBS-free supplemented DMEM and plates were
incubated at 37°C for 4 hours. Excess medium and MTT were removed and
dimethyl sulfoxide (100 uL) was added to all wells in order to dissolve MTT
taken up by the cells. Finally, the absorbance was measured with a BioTek
Synergy HT detector using a test wavelength of 570 nm. CV (%) was
calculated with the following equation:
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CV(%) = 100 X [(ODs — ODg)/(OD¢ — ODg)] Equation 5.8

ODs, ODs, and ODc are defined as the optical density for sample (S), blank
(B) (culture medium without cells), and control (C), respectively.

5.7 RESULTS AND DISCUSSIONS

5.7.1 Synthesis and characterization of soluble NH;-end-capped AGMA1
oligomers

As previously pointed out, hydrogels were synthesised by a one-pot reaction
between the carboxylate groups of HA and the amine groups present in Gel
and AGMAT1 and Ser, using DMTMM as coupling agent. AGMA1 precursors
were NHz-end-capped oligomers, in turn obtained from amide-end-capped
oligomers prepated using non-stoichiomettic actylamide/amide ratios in the
recipe (Figure 5.3). Different excess of BAC (namely 10% and 20%) were
used. LiOH was used to neutralize the primary amine group of agmatine the
carboxylic acid of BAC. The acrylamide-end-capped AGMA1 was finally
converted to the NHj-end-capped one by reaction with mono-N-BOC-
ethylenediamine (added in excess), followed by strongly acidic treatment in
order to remove the protecting group. The final AGMA1 products were
nicknamed AGMAp and AGMA;, respectively.
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8 H
/W I 0.9 eq LiOH, )
ool ot I I AR
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* NH
5 days 0.9) HN
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N >\— N%I— >

Agmatine, 0.9 eq
1) mono-N-BOC-EDA in excess
24h

2)HCI3M, 12h
(o} OH
HzN\/\H/\)LH HJ\%N/\)LH H%N u/\/NHZ

0.9%
HN

\ HN>:

NH NH

HN H,N
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Figure 5.3. Synthesis of AGMA1o product. AGMAx was prepared similarly by
using a 1:0.8 BAC:agmatine ratio.
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TH-NMR and BC-NMR confirmed AGMAp and AGMAy structures and are
depicted in Figure 5.4 together with assighments. The percentages of amine
end-terminated groups observed by NMR were 8 and 19% for respectively
AGMA o and AGMAy, in agreement with the theoretical data. By 'H-NMR
spectrum of products was possible calculate also number average molecular
weight of AGMA1p and AGMAg, that was 2680 and 1370 respectevely.
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Figure 5.4. Nuclear magnetic resonance characterization of AGMAjo and
AGMAy with assignments: A) amine end-terminated AGMA1 structure;
B)!H-NMR and C) BC-NMR spectra of AGMA1p; D) 'H-NMR and E) 3C-
NMR spectra of AGMAo.
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5.7.2 Synthesis of hydrogels and reaction parameter optimization

Hyaluronan-gelatin-AGMA1 (HA-Gel-AGMA) hydrogels were prepared by
chemical cross-linking of a mixture using DMTMM as a coupling agent (Figure
5.5). For comparison purpose, also HA-AGMA and HA-Gel hydrogel were
prepared. Serotonin (Ser) was added to hydrogel recipes only for biological
tests, considering that its presence did not influenced chemical and physical
properties of hydrogels.

ONa
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o \/_ Mg o OO o0 %% 0 %01
o o0 | T
L\.\/ k_x,,—N\ + H;N\/.Hz.vﬁku N L. N"‘vﬂ‘-’ A n A A I NHy
EEN 4 { R
- Y HN ™ S HN
n [ =" =T
—NH SoNH
NH,
~ < /N (\ ’N DMTMM
HO._~ or

b
Gelatin

37 C 48h

Figure 5.5. Synthesis of HA-Gel-AGMA1-Ser hydrogels.

The reaction mechanism implies the addition of a carboxylate anion to
DMTMM to give an activated ester, which subsequently undergoes
nucleophilic substitution by an amine group to give the corresponding amide.
It should be observed that, together with chemical cross-linking, the hydrogel
structure is stabilized by hydrogen bonds and Van der Waals interactions. i

In order to produce a ready-to-use hydrogels, avoiding any purification steps,
DMTMM initial amount was adjusted until reaching biocompatible
concentration. This choice was further dictated by the need to not use for its
trace removal organic solvents (such as THF, methanol, acetonitrile), that even
if present only in traces could lead to toxic effects too. Considering cell
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viability test further reported in Figure 5.15A, selected DMTMM
concentraton was 15 mg/mL. Similatly, cell viability tests gave 10 mg/mL
aqueous concentration of AGMAjgp and AGMA2 as maximum exploitable
concentrations. More detailed information on cell viability tests were further
reported in paragraph 5.7.9.

As regard the best gelatin concentration to be used in hydrogel recipe, three
HA-Gel hydrogels with different composition (HA:Gel 1:1, 1:2 and 1:3) were
synthesised using the previously described (15mg/ml) DMTMM
concentration. The reaction was allowed to proceed for 24 h and stopped
loweting the temperature to -20°C and following freeze-dried.
Biocompatibility and rheological properties were evaluated and described in
paragraph 5.7.9 and 5.7.6. As consequence of these results, HA-Gel 1:2 was
chosen as final optimal hydrogel composition.

5.7.3 FTIR characterization

FTIR hydrogels spectra were compared with those of reagent confirming the
presence of all components (Figure 5.6). In particular, characteristic absorption
bands of HA, gelatin and AGMA1 were following reported and found in
hydrogel spectra. Hyaluronate spectrum contained five important bands: C-O
stretching vibrational band (950-1200 cm), symmetric stretching of COO-
(1400 cm!), an intense group of bands due to superposition of amides and of
various carbonyl and carboxyl bands (1500-1700 cm); symmetric and
asymmetric stretching C-H band (2900 cm) and a broad and intense band of
N-H and O-H stretching bands engaged in hydrogen bonds (2500-3600 cm™).
The FTIR spectrum of gelatin showed the characteristic absorption bands of a
protein structure, e.g. C-O stretching band (1230 cm!), amide I vibrational
band (1530-1580 c¢m), asymmetric C=O stretching of carbonyl and carboxyl
groups (1640-1650 cm™), HoC-H and HC-H stretching vibration (2860 cm!
and 2920 cm!, respectively) and, lastly, N-H and O-H vibrational bands (3200-
3450 cm1). AGMAjo and AGMAy had similar FTIR spectra, with typical
bands of AGMA1 polyamidoamine: C—H and HC-H stretching bands (2960—
2860 cm), asymmetric C=0O stretching (1619 cm™) and symmetric COO-
stretching (1379 cm?), as well as the amide I band (1523 cm).

In hydrogels, a decrease of band intensities of the characteristic functional
groups involved in the cross-link reaction was highlighted (Vyy, at 3350 cm,
Veo at 1620 cm!, Vepp- at 1410 cm!). Simultaneously, a new amide band at
1680 was observed, which can be assigned to the new covalent amide bond
formed between hyaluronan and gelatin or AGMAI, different to original
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carbonyl band. Monitoring these signals, over 3 days of reaction, was possible
to establish the end of cross-link reaction. Results indicated that after 2 days,
no further modifications occurred in both FTIR spectra for the analysed
hydrogels. Trend over time was reported of the only HA-AGMA» in Figure
5.7, highlighting the formation of a new amide band at 1680 cm™ and
disappearing of carboxylate one at 1410 cm!.
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Figure 5.6. FTIR spectra of reagents and hydrogels at different compositions.
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Figure 7. FTIR spectra of HA-AGMAZ20 hydrogels varying time reaction.

5.7.4 Water uptake measurements and Flory-Rehner calculations

Water uptake of hydrogels was measured at 37 °C after 24 h of immersion in
PBS buffered solution at pH 7.4. Figure 5.8 shows the water uptake of
hydrogels at different composition. Initially the system was in a solid state
(xerogel), forming a rigid network. When the system started to hydrate the
polymer chains swelled and became more flexible, allowing the diffusion of
water molecules in the network. When the chain relaxation reached a
minimum energy state, equilibrium between chain relaxation and contraction
of the polymeric network was reached, getting a stable swelled state. Water
uptake was affected noticeably by the composition due to a change of
crosslinking density. The level of water uptake changed from 2500% for the
HA-AGMA o hydrogel, to 1300% for HA-Gel-AGMAx.

These data allowed determination of the crosslinking density and the average
molecular weight and distance between nodes, parameters that define the
three-dimensional network structure of chemical cross-linked hydrogel. These
parameters determine the mechanical properties, stiffness, and elastic
behaviour of the hydrogels. Flory—Rehner equation reported in the
experimental section, gave these important parameters, which are reported in
Table 5.4. The Flory—Rehner model was applied to hydrogels considering the
only HA contribute, as in the case of monocomponent matrix, without
considering gelatin and AGMAT1 influences. This coarse simplification lead to
approximated values of MC, V¢, € Notwithstanding, these values were useful
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for making order-of-magnitude comparisons of the hydrogel chemistries in
biologically relevant features in this work.

In general, a low crosslinking density gives rise to a more open network, and a
higher degree of hydration and higher distance between nodes. However, a
high crosslinking density implies a lower degree of hydration and a less
deformable hydrogel. v,% ranged between 104 to 10-3, with a maximum in the
case of HA-Gel-AGMA2. Regarding to mesh size, in all cases a nanometric
pattern was calculated, in the range of 250 nm. Considering M, and the M,, of
native HA, number of cross-links per HA chain was calculated. Results
indicated that at least one node per chain was present. Data confirming
rheological results in which no physical interaction was detected, in the
temperature ramp. Values increased passing from HA-AGMA1 to HA-Gel
(1.8) and then to HA-Gel-AGMA1, with a maximum of 3.48 cross-link nodes
per chain for HA-Gel-AGMAy.
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Figure 5.8. Water uptake after 24 h of immersion in PBS solution of
hydrogels at different composition.

Table 5.4. Flory-Rehner calculation results, average MW between crosslinks,

M ¢ crosslinking density %, 0. %, number of cross-links per HA chain, swollen
state mesh size, € (nm) of all hydrogels.

Number
Average MW Crosslinking of cross- I\.’IESh
Samples between_ density %, 0 % |inks per size, §
crosslinks, M, ¢ HA chain (nm)
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HA-Gel 143228 8.5810" 1.88 243
HA-Gel-AGMA | 102021 12010° 2.55 227
HA-Gel-AGMA | 74786 1.6410° 3.48 213

HA-AGMA | 232874 5.2810" 1.12 267
HA-AGMA | 170291 7.2210" 1.53 251

5.7.5 Thermal characterization

The thermal behaviour of hydrogels was assessed by means of
thermogravimetric analysis, TGA, and differential scanning calorimetry, DSC.
TGA traces (Figure 5.9 and Table 5.5) showed in all cases moisture loss at
80°C in different amounts, ranging from 5 to 15%. Table 5.5 reports the onset
decomposition temperatures, obtained by the intersection of tangent lines to
curves, and the relevant maximum weight loss rate temperatures, obtained by
the first derivative of TGA curves. HA and gelatin degraded by a single step
with maximum degradation rates, Tma, at 242 and 309°C, tespectively.
AGMA1p and AGMA2 showed a multi-step degradation with T at 245, 326
and 463°C.

By comparing the hydrogel degradation curves with those of each single
component, it is apparent that AGMA1 and Gel had a different influence on
thermal stability of HA. In particular, in the case of HA-Gel, the onset
decomposition temperatures were 5°C and 23°C lower than those of native
HA and Gel, respectively; similatrly, the Tma decreased of 10°C and 8°C
respectively.

Conversely, HA-AGMA o and HA-AGMAyg exhibited higher thermal stability
than single component. The onset degradation temperatures of HA in
hydrogels was higher of 18°C and 11°C than native HA, in the cases of HA-
AGMA10 and HA-AGMAo, respectively. The maximum degradation rates
increased of 8°C and 10°C, respectively. AGMA1o, AGMAy in HA-AGMA1
hydrogels and native ones started to degrade at similar temperatures, (212 and

207°C vs. 210°C, tespectively), but maximum degradation rate were lower of
22 and 21°C fOt HA—AGMAm and HA—AGMAZ(].

In the cases of HA-Gel-AGMA1 hydrogels, all components started to degrade
early than native ones. In particular, HA presented an onset temperature lower
of 15 and 22°C, in the cases of HA-Gel-AGMA;y and HA-Gel-AGMAy
respectively and, similatly, considering Tmas, a decrease of 18 and 28°C. Gel
showed an onset temperatute variation of 32 and 39°C and Ta dectease of 60
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and 23°C for HA-Gel-AGMA 1y and HA-Gel-AGMAy respectively. AGMA1g
and AGMAy degradation steps were not detected.

Notwithstanding temperature trends, the presence of Gel and AGMA1 onto
HA chains slowed down the overall degradation of hydrogels as evidenced by
a less steep slope of TGA curve. Residual mass at 600°C did not significantly
varied passing from native components to hydrogels.
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Figure 5.9. Thermogravimetric analyses of precursors and hydrogels.

Table 5.5. Hydration water loss temperature (Thy) and degradation
temperature (I'pegr) of reagents and hydrogels, derived by TGA. Maximum

degradation rate temperatures (Tma) and onset temperatures (Tonser) are
reported for each component.

Tpeg: (°C)
Samples Thyar (°C) 1t step 2nd step 3 step
Tonset  Tmax | Tonset  Tmax | Tonset  Tomax
HA 83 228 242
Gelatin 82 274 316
AGMA, /AGMA = 210 245 | 304 326 | 432 463
HA-Gel 83 223 232 | 297 308
HA-AGMA | 82 140 142 | 212 224 | 246 250
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HA-AGMA | 82 144 150 | 207 223 | 239 252
HA-Gel-AGMA | 82 213 224 | 242 256
HA-Gel-AGMA | 83 144 150 206 214 235 293
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Figure 5.10. Differential scanning calorimetry thermograms of reagents and
hydrogels.
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The DSC traces (Figure 5.10 and Table 5.6) resulting from the first heating
cycle of all polymers were characterized by broad endothermic peaks centred
around 80°C associated with the loss of residual water, in agreement with
TGA results. The second heating cycle lead invariably to flat curves, not
reported below for seek of simplicity. HA-AGMA o and HA-AGMA, showed
a degradation step centred at about 130°C, also obsetved in TGA cutves, not
present in AGMA1 and HA-Gel-AGMA1 thermograms. In the same region,
the endothermic peak present in AGMA1 trace at 130 - 138°C does not
correspond to any mass loss in the TGA curve.

Table 5.6. Glass transition temperature (Tg) and hydraton water loss
temperature (Thyar) and peak temperature (Tpea) Of reagents and hydrogels,
derived by DSC.
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T, (°C) Tayd: (°C) Tpeax (°C)
Samples Max  Onset Max Onset Max Onset
HA — - 90 47 - -
Gel -- - 97 40 - -
AGMAy 50 40 130 120
AGMA -- - 138 127
HA-Gel - - 84 32 - -

HA-Gel-AGMA 50 40 79 41 - -

HA-Gel-AGMA2 57 38 104 38 - -
HA-AGMAy = = 74 26 152 141
HA-AGMA2 - - 74 24 156 143

5.7.6 Rheological experiments

The cross-linked nature (chemical or physical one) of HA-Gel hydrogels was
evaluated by rotational rheometer in oscillatory mode (Figure 5.11). Three
experiments were carried out, evaluating G” and G” moduli trend variation
with oscillation torque, oscillation frequency and temperature, respectively.

In a first experiment, G” and G” were obtained operating at a fixed oscillation
frequency, namely 1 Hz, vatrying oscillation torque from 0.1 to 10000 pN-m.
All sample showed G” values lower than those of G’, highlighting a prevailing
elastic behaviour rather than a viscous one. The linear viscoelastic regions
ended only for oscillation torque values higher than 2000 uN'm, indicating a
high stability in a wide range of torque values. G’ was not significantly sensitive
to the gelatin content, and was 510, 570, 550 Pa for HA:Gel 1:1, 1:2, 1:3,
respectively.
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Figure 5.11. Rheological analyses of HA-Gel with different weight ratio (@1:1,
o1:2, 01:3). A) oscillation stress dependency of the modulus values G” and G”,
B) oscillation frequency dependency of the modulus values G' and G", C)
temperature ramp.

In frequency sweep tests, G' and G” were obtained operating at a fixed
oscillation torque in the linear viscoelastic region, 30 uN'm, varying oscillatory
frequency from 0.01 to 100 Hz (Figure 5.11, panel B). For frequencies <30 Hz
samples showed a solid response (both sinusoidal stress and deformation) and
G’ and the G” were constant for a wide frequency range. At frequencies >30
Hz, samples began to have liquid-like behaviour (sinusoidal stress and
cosinusoidal deformation trends) in response to stress. No differences were
observed among hydrogels with different gelatin content.

199



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

The temperature ramp tests allowed understanding the stability of samples at
high temperatures (Figure 5.11, panel C). Tests were conducted fixing
oscillation torque to 30 uN'm and frequency of 1Hz. In general, for chemical
cross-linked hydrogels, increasing temperature, water tends to evaporate,
leading the G’ increased with temperature. This trend was observed almost for
all studied samples. The only exception was HA-Gel 1:3 that showed a
decreasing G’ with temperature, in particular in the 10 to 35°C range, meaning
that physical interactions, such as Van der Waals interactions, were present.
This temperature range was typical of uncross-linked gelatin,*iicx indicating
that HA:Gel 1:3 contains too high gelatin content inside. For this reason, a 1:2
weight ratio was chosen as final composition of HA-Gel hydrogels.

All hydrogels were analysed by using the same experimental conditions
adopted for HA-Gel hydrogel. The viscoelastic behaviour was evaluated by
determining G’ and G” wvalues vatying oscillation torque, frequency of
oscillation and temperature (Figure 5.12 panel A to C).

In the first experiment (Figure 5.12, panel A), G’ and G” value were evaluated
at fixed oscillation frequency 1 Hz varying oscillation torque from 0.01 to
10000 puN'm. Hydrogels presented an extended linear viscoelastic region
ending only after 100 Pa, thus indicating a great stability also at medium — high
stress. In particular, HA-AGMA o and HA-AGMAy, presented the longest
linear viscoelastic region, more than 1000 uN'm. The G’ modulus were higher
for all gelatin-based hydrogels (4, 4, 6 KPa for HA-Gel, HA-Gel-AGMAq,
HA-Gel-AGMAy respectively) than of HA-AGMA1p and HA-AGMAy (0.7
and 2.3 KPa respectively). In panel B, a magnification of stress sweep is
reported, highlighting the breakpoint of each hydrogel. HA-Gel-AGMA2
presented the higher value, followed by HA-Gel, HA-Gel-AGMA o, HA-
AGMA2 and HA-AGMA . Similar trend replicated the cross-link density one,
reported before.

Oscillation frequency dependence was evaluated fixing oscillation torque of 30
uN'm (Figure 5.12, panel B). Hydrogels’ behaviour did not significantly depend
on frequency within a wide frequency range. For frequencies <15 Hz samples
showed a solid response (both sinusoidal stress and deformation) and G’ and
the G” were constant for a wide frequency range. Only at really high frequency
(15-100 Hz) samples involved liquid behaviour to the stress.

Temperatute ramp from 25 to 100°C was performed fixing oscillation torque
at 30 uN'm and frequency at 1 Hz (Figure 5.12, panel C). All hydrogels

resulted stable to temperature increase. Water loss was slowed down, indeed
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only slight increase of G” modulus was recorded. No physical interactions were
detected. Same G’ value trend of was present. Resuming all tests, the best
petformance was reached by HA-Gel-AGMAy, due to its highest G’ modulus
and breakpoint in stress sweep, highest stability to heating in temperature ramp
analysis.
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Figure 5.12. Rheological characterization of hydrogels via: (A) oscillation
torque dependency of the modulus values G’ (red), G” (blue) and delta (black);
(B) oscillation frequency dependency of the modulus values G’ (red), G” (blue)
and delta (black); (C) temperature dependency of G’ (red), G” (blue) and delta
(black). [|[= HA-Gel, OZHA-Gel-AGMA1 o, » O=HA-Gel-lAGMA, |, o=HA-
AGMA, , 6=HA-AGMA |

10°

It is important to underline that almost all synthesised hydrogels presented
rheological properties comparable to those of human and bovine liver. In
literature, it was reported G” and G” dependency by frequency, measured by
oscillation rheology and multifrequency magnetic resonance elastography.
Reported modulus values ranged between 1 and 3 KPa and between 0.4 and
1.5 KPa for respectively G” and G”, varying frequency from 2 to 100 Hz.«
Similar values were obtained in the cases of HA-Gel-AGMA,), HA-Gel-
AGMA o, HA-Gel and HA-AGMAy, lower ones in the case HA-AGMA .
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5.7.7 Degradation test

Figure 5.13 shows the residual mass of hydrogels as a function of incubation
time in PBS at 37 °C. For compatison 1:2 weight ratio HA/gel blend wete
similatly immersed in PBS, but at 37°C they are totally soluble. After one
week, HA/Gel blend started to smell bad, probably due to their
decomposition, but pH solution did not change. For all hydrogels, the extent
of degradation regularly and slowly increased with time. No smells or pH
variation were spotted during time experiment. After 1 week, only 5-10 % of
weight loss was recorded, after 4 week 25-35%. It may be noted that the
highest weight loss percentage occurred for HA-Gel, the lowest for HA-Gel-
AGMA2. These results corroborated the water uptake studies and cross-linked
degrees. In particular, hydrogels presented a high degradation degree were the
same showing low cross-linked density. As well as, HA-Gel-AGMA2y showed
the lowest degradation degree possessed the highest cross-linked density.
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100 ®— HA-Gel-AGMA
—A— HA-Gel- AGMA,
90+ —¥— HA-AGMA
® —9— HA-AGMA,
R 2
@ 80
£
s
3
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Q
14
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50 T - - - -
0 5 10 20 25 30

Time1(5days)
Figure 5.13. Residual mass % of hydrogels after immersion in PBS solution
for 28 days at 37°C.

5.7.8 Morphological studies by AFM

Morphology of hydrogels was examined by AFM. Images of xerogels are
shown in Figure 5.14 with a size bar of 3 pm. The topographical image of HA-
AGMA1 and HA-Gel-AGMAT1 revealed a rough surface. However, the
topographical image of HA-Gel was characterized by a smooth surface
without any indication of the presence of orientated polymer chains or
aggregates or organized systems domains. The surface characteristics of
xerogels were composition and cross-ling degree dependent. Roughness was
higher for xerogels presented lower values of cross-link degree, as showed in
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the case of HA-AGMAy and more in HA-AGMA 1. Analysis of phase images
revealed an absence of phase separaton in the microdomains at all
compositions, what can be attributed to the total miscibility of reagents.
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Figure 5.14. AFM images of hydrogels (3 pm bar).
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5.7.9 Cell biocompatibility

One of the most popular and convenient ways to determine cell viability is the
rapid colorimetric tetrazolium dye procedure commonly referred to as the
MTT assay. This assay is based on the cleavage of the yellow-coloured
tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide,
into a blue-coloured formazan by the mitochondrial enzyme succinate-
dehydrogenase. In order to distegard any cytotoxic product’s influence on
fibroblast proliferation, an MTT assay was carried out for reagents and final
hydrogels, staying in contact with the culture medium for determined time
periods. Cell viability of DMTMM, AGMA o and AGMAzy PBS solutions was
monitored for maximum 24h, incubating them with fibroblast cells dispersed
in DMEM matrix.

Results indicated that 15 mg/ml. was the maximum concentration of
DMTMM after 2 h of incubation, but it resulted toxic after 18 h (Figure 5.15,
panel A). Notwithstanding, this concentration was chosen in consideration
that the major extent of coupler agent was consumed in the first part of
reaction.

In the case of NHz-end-capped AGMAT1 products, 10 mg/mL concentration
as maximum biocompatible concentration for both oligomers (Figure 5.15,
panel B).

0 ) DMTMM biocompatibility B AGMA1 biocompatibility
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Figure 5.15. MTT tests with BALB/3T3 fibroblast cell line in presence of A)
DMTMM and B) AGMAL1 at different concentrations.
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Biocompatibility of HA-Gel hydrogels and final hydrogels were studied (Figure
5.16 and 5.17), evaluating cell viability over 21 days on fibroblast cells and
compared to PBS solution as control. The cell viability was approximately or
higher than 80% in all cases. Thus, under the experimental conditions,
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biocompatibility was not compromised and the samples did not produce
cytotoxic products.

Proliferation tests on containing serotonin hydrogels are actually in progress
with hepatocytes in order to evaluate the adhesion, proliferation and
morphologies of cells.

120

100
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80
m2DAYS
& »7DAYS
40 =14 DAYS
20 =21 DAYS
0

Control * HA-Gel(1:1) HA-Gel (1:2) HA:Gel (1:3) )
Figure 5.16. Ceu viapuity 7o or HA-el nyarogels over 21 days with

BALB/3T3 fibroblast cell line.
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Figure 5.17. Cell viability of hydrogels evaluated by MTT test at determined
times.

5.8 CONCLUSIONS

In this work, chemical cross-linked hydrogels intended as scaffolds for tissue
regeneration, in particular of liver tissue, were produced. Sodium hyaluronate
and gelatin (HA-Gel) were selected as scaffolding material to mimic the crucial
components of ECM, in order to enhance cell proliferation, migration, and
differentiation of liver tissue. Two different NH-end-capped AGMAL1
oligomers were opportunely synthesised and used as co-reagent in hydrogel
synthesis. AGMA 1 was used to favour cell adhesion on hydrogel surface by
RGD sequence enrichment in the porous hydrogel structure. Thanks to its
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efficacy without control pH solution, DMTMM was chosen as coupler agent
in the cross-link reaction between hyaluronate, gelatin and AGMA1. Reaction
parameters were finely tuned in order to increase cross-link degree at body
temperature. FTIR spectra of final products confirmed the presence of all
initial components and, in particular, after 48 h of reaction, the formation of
new amides groups and a reduction of carboxylate groups of HA. These
results confirmed the presence of chemical cross-linked hydrogels.

Thermal analysis showed lower onset temperatures and maximum rate ones of
HA-Gel-AGMA1 component compared to native ones. In contrast, onset
temperatures and maximum rate ones of HA-AGMA1 were higher of equal to
native ones. Huge amount of moisture was retained in hydrogel structure.

Swelling analysis performed in PBS solution for 24 h allowed evaluating cross-
link degrees by using of Flory-Rehner equation. Cross-link density degrees and
the other mesh properties depended on composition. At least one cross-link
node was present in all hydrogels, but, among others, HA-Gel-AGMAy
hydrogel showed the highest cross-link density, number of nodes per HA
chain, and the smallest distance between two cross-links nodes. Results found
explanation considering the amine content in AGMAgy higher than AGMAj,
and gelatin. Flory-Rehner results indicated that HA-Gel-AGMAyy should be
the most stable hydrogel; hypothesis confirmed by degradation tests, where, it
presented the slowest degradation rate compared to the others.
Notwithstanding, all hydrogel presented an high stability in water, indeed a
maximum of 35 % weight loss was recorded after 28 days in PBS solution.

Rheological tests revealed that synthesised hydrogels presented good
rheological properties for liver regeneration. In particular, HA-Gel-AGMA2o
gave the best performance under oscillation stress and temperature heating,
presenting the highest G’ modulus and highest water retention when heated.

The in vitro results revealed that the scaffolds did not induce cytotoxic effects
and were suitable for cell growth. Biocompatibility was not compromised and
the samples did not produce cytotoxic products over time. On the other hand,
the cell adhesion and proliferation tests on hydrogels are actually in progress.
In particular, these tests will be conducted with hydrogels contained also
serotonin, a neurotransmitter also involved in DNA synthesis activation of
liver cells after hepatectomy in rats and humans.
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In conclusion, HA-Gel-AGMA1 hydrogels, combining the advantages of
hyaluronan, gelatin and AGMA1, might be a suitable candidate for use in soft
tissue engineering.

Acknowledgements

This work research was conducted in collaboration with Prof Julio San Roman
Del Barrio, Prof Blanca Vazquez Lasa and PhD Luis Garcia Fernandez of
Grupo de Biomateriales, CSIC Consejo Superior de Investigaciones
Cientificas, Madrid, Spain.

208



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

Bibliography

iK.Y. Lee, D. J. Mooney, Chenical Reviews, 2001, 101, 1869-1879

i E. M. Ahmed, Journal of Advanced Research, 2015, 6, 105-121

i J M. Guenet, Thermoreversible gelation of polymers and biopolymers, New York:
Academic Press, 1992

v M.L. Markey, M.L. Bowman, M.Y. Bergamini, Chitin and chitosan. London:
Elsevier Applied Science, 1989

v .M. El-Sherbiny, M. H. Yacoub, Global Cardiology Science and Practice, 2013, 38,
316-342

vi O. Wichtetle, D. Lim, Nature, 1960, 185, 117

vii: S. Woetly, Porous Materials for Tissue Engineering, 1997, 250, 53-68

vi. M. Borkenhagen, J.F. Clemence, H. Sigrist, P. Aebischer, Joumal of Biomedical
Materials Research, 1998, 40, 392-400

ix V.F. Sechriest, Y.J. Miao, C. Niyibizi, A. Westerhausen-Larson, H.W. Matthew,
C.H. Evans, F.H. Fu, ] K. Suh, Journal of Biomedical Materials Research, 1999, 49, 534-
541

xE. Calo, V. V. Khutotyanskiy, Ewuropean Polymer Journal, 2015, 65, 252-267

si R. Singhal, K. Gupta, Polymer-Plastics Technology and Engineering, 2016, 55, 54-70

sii .E. Babensee, J.M. Anderson, L.V. Mclntire, A.G. Mikos, Advanced Drug Delivery
Reviews, 1998, 33, 111

siit B, Rihova, Advanced Drug Delivery Reviews, 2000, 42, 65

v Y. Lee, D.J. Mooney, Chemical Reviews, 2001, 101, 1869-1877

wv P, B. Malafaya, G.A. Silva, R. L. Reis, Advanced Drug Delivery Reviews, 2007, 59,
207-233

wi X.D. Guo, Q.X. Zheng, J.Y. Du, S.H. Yang, H. Wang, Z.W. Shao, E.]. Sun,
Journal of Wuban University of Technology, 2002, 17, 30-34

wii ], Necas, L. Bartosikova, P. Brauner, J. Kolar, Veterinary Medicina, 2008, 53, 397-
411

wviiit M. N. Collins, C. Bitkinshaw, Carbobydrate Polymers, 2013, 92, 1262— 1279

six H. S. Yoo, E.A. Lee, J. ].Yoon, T. G.Park, Biomaterials, 2005, 26, 1925-1933

= [.Hargittai, M. Hargittai, Structural Chemistry, 2008, 19, 697-717

wi U.B.G. Laurent, RK. Reed, Advanced Drug Delivery Reviews, 1991, 7, 237-256.

=it B.P. Toole, Journal of Internal Medicine, 1997, 242, 35-40

=il ['Y, Lee, A.P. Spicer, Current Opinion in Cell Biology, 2000, 12, 581-586

wiv JB. Leach, C.E. Schmidt CE., Eunyclopedia of Biomaterials and Biomedical
Engineering: Hyaluronan, Marcel Dekker, New York, 2004

=v K. Mio, R. Stern, Matrix Biology, 2002, 21, 31-37

wwi T.A. Dechert, A.E. Ducale, S.I. Ward, D.R. Yager, Wound Repair and Regeneration,
2006, 14, 252-258

=i K R. Taylor, J.M. Trowbridge, J.A. Rudisill, C.C. Termeer, J.C. Simon, R.L.
Gallo, Journal of Biological Chemistry, 2004, 279, 17079-17084

209



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

swiit B A, Turley, P.W. Noble, LY. Bourguignon, Journal of Biological Chemistry, 2002,
277, 4589-4592

wix | Leach, K.A. Bivens, C.W. Patrick, J.C. Schmidt, Biotechnology and Bivengineering,
2003, 82, 578-589

wx Y, Lei, M. Rahim, Q. Ng, T. Segura, Journal of Controlled Release, 2011, 153, 255-
261

wxi Y D, Park, N. Tirelli, J.A. Hubbell, Biomaterials, 2003, 24, 893-900

it T, Brown, U.B. Laurent, J.R. Fraser, Experimental Physiology, 1991, 76, 125-134
swiiit T.C., Laurent, J.R.E. Fraser FASEB Journal, 1992, 6, 2397-2404

ssiv. CE. Schanté, G. Zuber, C. Hetlin, T. F. Vandamme, Carbohydrate Polymers,
2001, 85, 469—489

v MUH.M. Oudshoorn, R. Rissmann, J.A. Bouwstra, W.E. Hennink, Polymer,
2007, 48, 1915-1920

xvi §, Ghosh, 1. Kobal, D. Zanette, W.F. Reed, Macromolecules, 1993, 26, 4685-4693
wowii: A Maleki, AL, Kjoniksen, B. Nystrom, Macromolecular Symposia, 2008, 274,
131-140

wowiit H.S, Nam, J. An, D.J. Chung, J.H. Kim, C.P. Chung, Macromolecnlar Research,
2006, 14, 530-538

xaix H P, Tan, C.R. Chu, K.A. Payne, K.G. Marta, Biomaterials, 2009, 30, 2499-2506
s L.M. Zhang, C.X. Wu, ].Y. Huang, X.H. Peng, P. Chen, S.Q. Tang, Carbohydrate
Polymers, 2012, 88, 1445-1452

si SK. Seidlits, C.T. Drinnan, R.R. Petersen, J.B. Shear, L.J. Suggs, C.E. Schmidyt,
Acta Biomaterialia, 2011, 7, 2401-2409

si Y, Lei, M. Rahim, Q. Ng, T. Segura, Journal of Controlled Release, 2011, 153, 255-
261

i F. Zhang, C. He, L. Cao, W. Feng, H. Wang, X. Mo, International Journal of
Biological Macromolecules, 2011, 48, 474-481

v X, Wang, H. Jin, Y. Wang, F.Z. Cui, Interface Focus, 2012, 2, 278-291

v I.J. Nesti, W.J. Li, RM. Shanti, Y.J. Jiang, W. Jackson, B.A. Freedman, Tissue
Engineering:Part A, 2008, 14, 15271537

svi JK. Park, J.H. Shim, K.S. Kang, J. Yeom, H.S. Jung, J.Y. Kim, Advanced
Functional Materials, 2011, 21, 2906-2912

svii U, Freymann, M. Endres, K. Neumann, H.J. Scholman, L. Morawietz, C. Kaps,
Acta Biomaterialia, 2011, 8, 677-685

st C, Radhakumary, A.M. Nandkumar, P.D. Nair, Carbohydrate Polymers, 2011, 85,
439-445

six S, Van Vlierberghe, P. Dubruel, E. Schacht, Biomacromolecules, 2011, 12, 1387-
1408

1].V. Forrester, J. M. Lackie, Journal of Cell Science, 1980, 50, 329-344

i F.A. Johnston-Banks, P. Harris, Food gels: Gelatin. Elsevier Applied Food Science
Seties, London, 1990

210



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

li JC.B. Djagny, Z. Wang, S. Xu, Critical Reviews in Food Science and Nutrition, 2001, 41,
481-492

li B, Hoch ,C. Schuh, T. Hirth, G.E.M. Tovar, K. Borchers, Journal of Materials
Science: Materials in Medicine, 2012, 23, 2607-2617

liv J.R. Loofbourow, B.S. Gould, L.W. Sizer, Archives of Biochenistry and Biophysics,
1949, 22, 406

W S 1. Bellis, Biomaterials, 2011, 32, 4205-4210

Vi |.E. Eastoe, Biochensical Journal, 1955, 61, 589-900

i R.E. Newman,. Archives of Biochemistry and Biophysics, 1949, 24, 289-298

Wi M. De Clerq, E. Quanten, Awino Acid Composition of Gelatins, International
Congtess of Photographic Science, KOIn, Germany, 1986

lix T, Kobayashi, Foods Food Ingredients Journal, Jpn., 1996, 170, 82—88

5 A.G. Ward, A. Coutts, The Science and Technology of Gelatin, Academic Press, New
York, 1977

ki AJ. Kuijpers, G.H.M. Engbers, J. Krijgsveld, S.A.].Zaat, J. Dankert, J. Feijen,
Journal of Biomaterials Science: Polymer Edition, 2000, 11, 225-243

ki S, Van Vlierberghe, P. Dubruel, E. Schacht, Biomacromolecnles, 2011, 12, 1387-
1408

Wi A, Jayakrishnan, S.R. Jameela, Biomaterials, 1996, 17, 471-484

kv T.H. Olde Damink, P.J. Dijkstra, M.]. Van Luyn, P.B. Van Wachem, P.
Nieuwenhuis, J. Feijen, Journal of Materials Science: Materials in Medicine, 1995, 6, 429-
434

v S, Bozzini, P. Petrini, L. Altomare, M.C. Tanzi, Journal of Applied Biomaterials &
Biomechanices, 2009, 7, 194-199

i C.M. Ofner, W.A. Bubnis, Pharmacentical Research, 1996, 13, 1821-1827

it § M. Lien, 1.Y. Ko, T. Huang, Aca Biomaterials, 2009, 5, 670-679

Iwviit . Sung, H.L.. Hsu, C.C. Shih, D.S. Lin, Biomaterials, 1996, 17, 1405-1410

kix H. Petite, I. Rault, A. Huc, P. Mesnache, D. Herbage, Journal of Biomedical
Materials Research, 1990, 24, 179-188

s S, Sakai, 1. Hashimoto, K. Kawakami, Journal of Bioscience and Bivengineering, 2007,
103, 22-26

ki ], Franchini, E. Ranucci, P.Ferruti, M. Rossi, R. Cavalli, Biomacromolecules, 2006,
7,1215-1222

i C. Moinarda, L. Cynobera, J.P. de Bandta, Clinical Nutrition, 2005, 24, 184-197
i P, Ferruti, S. Manzoni, S.C.W. Richatdson, R. Duncan, N.G. Pattrick, R.
Mendichi, M. Casolaro, Macromolecntes, 2000, 33, 7793-7800

kiv J, Hersel, C. Dahmen, H. Kesslet, Biomaterials, 2003, 24, 4385-4415

v E. Jacchetti, E. Emilitri; S.Rodighiero, M. Indrieri, A. Gianfelice, C. Lenardi, A.
Podesta, E. Ranucci, P. Ferruti, P. Milani, Journal of Nanobiotechnology, 2008, 6, 14

ki P, Ferruti, S. Bianchi, E. Ranucci, F. Chiellini, A.M. Piras, Biomacromolecules
2005, 6, 2229-2235

211



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

kit V. Magnaghi, V. Conte, P. Procacci, G. Pivato, P. Cortese, E. Cavalli, G.
Pajardi, E. Ranucci, F. Fenili, A. Manfredi, P. Ferruti, Journal of Biomedical Materials
Research: Part A, 2011, 98 A, 19-30

ki N, Mauro, F. Chiellini, C. Bartoli, M. Gazzarri, M. Laus, D. Antonioli, P.
Griffiths, A. Manfredi, E. Ranucci, P. Ferruti, Journal of Tissue Engineering and
Regenerative Medicine, 2016, On line available, DOI:10.1002/term.2115

ix B Zhang, C. He, L. Cao, W. Feng, H. Wang, X. Mo, J. Wang, International
Journal of Biological Macromolecnles, 2011, 48, 474-481

xS, Xu, J. Li, A. He, W. Liu, X. Jiang, J. Zheng, C.C. Han, B.S. Hsiao, B. Chu, D.
Fang, Polymer, 2009, 50, 3762-3769

i B, Demirdégen, A.E. El¢in, Y.M. Elcin, Journal Growth Factors, 2010, 28, 426-
436

il NUT.B. Linh, L. Byong-Taek, Tissue Engineering Part A, 2014, 20, 1993-2004

keodit X, Hu, D. Li, F. Zhou, C. Gao, Acta Biomaterialia, 2011, 7, 1618-1626

aiv X Zheng Shu, Y. Liu, F. Palumbo, G. D Prestwich, Biomaterials, 2003, 24,
3825-3834

ov PA, Levett, F.P.W. Melchels, K. Schrobback, D.W. Hutmacher, J. Malda, T'J.
Klein, Acta Biomaterialia, 2014, 10, 214-223

oovi ] P.Chen, Y.IL. Leu, CL. Fang, C.H. Chen, ].Y. Fang, Journal of pharmacentical
sciences, 2011, 100, 655666

keewii | Kim), LS. Kim, T.H. Cho, K.B. Lee, S.J. Hwang, G. Tae, I. Noh, S.H. Lee,
Y. Park, K. Sun, Biomaterials, 2007, 28, 18301837

Wit 1Y, Lai, Colloids and Surfaces B: Biointerfaces, 2014, 122, 277-286

ooix Y. C. Chen, W.Y. Su, S.H. Yang, A. Gefen, F.H. Lin, .Acta Biomaterialia, 2013, 9,
5181-5193

s LEM. Zadeh, L. Moses, SM.G. Brant, Jourmal of Veterinary Pharmacology and
Therapentics, 2008, 31, 187-199

s M. Lesurtel, R. Graf, B. Aleil, D.J. Walther, Y. Tia, W. Jochum, C. Gachet, M.
Bader, P.A. Clavien, Science, 2006, 312, 104-107

sl P, Starlinger, A. Assinger, S. Haegele, D. Wanek, S. Zikeli, D. Schauer, P. Birner,
E. Fleischmann, B. Gruenberger, C. Brostjan, T. Gruenberger, Hepatology, 2014, 60,
257-266

sdii G K. Papadimas, K.N. Tzirogiannis, M.G. Mykoniatis, A.D. Grypioti, G.A.
Manta, G.I. Panoutsopoulos, Swiss Medical Weekly, 2012, 142, 13548

seiv M. Kunishima, C. Kawachi, J. Morita, K. Terao, F. Iwasaki, S. Tani, Tetrabedron,
1999, 55, 13159-13170

v M. D’Este, D. Eglin, M. Alini, Carbohydrate Polymers, 2014, 108, 239—246

sevi A, Falchi, G. Giacomelli, A. Porcheddu, M. Taddei, Syntezt, 2000, 2, 275-277

~evii P Farkas, S. Bystricky, Carbohydrate Polymers, 2007, 68, 187-190

seviit P, Ferruti, E. Ranucci, F. Trotta, E. Gianasi, E. G. Evagorou, Mohammed

six P J. Flory, Principles of polymer chemistry, Ithaca, New York Cornell
University Press, 1953

212



CHAPTER 5

HYDROGELS FOR TISSUE ENGINEERING BASED ON HYALURONIC
ACID, GELATIN AND AGMA1

¢ A'T. Metters, K.S. Anseth, CN. Bowman, Biomedical sciences instrumentation Journal,
1999, 35, 33-38

< E. Marsano, S. Gagliardi, F. Ghioni, E. Bianchi, Po/ymer, 2000, 41, 7691-7698

cit M.B. Huglin, M.M. Rehab, M.B. Zakaria, Macromolecules, 1986, 19, 2986-2991

di §.J. de Jong, B. van Eerdenbrugh, C.F. van Nostrum, J.J. Kettenes-van den
Bosch, W.E. Hennink, Journal of Controlled Release, 2001, 71, 261-275

av A.M. Lowman, N.A Peppas, E. Mathiowitz, Encyclopedia of controlled drug delivery,
New York, Wiley, 1999

o R.L. Cleland, Bigpolymers, 1970, 9, 811-824

oi J. Baier Leach, K.A. Bivens, C.W. Patrick, C.E. Schmidt, Biotechnology and
Bigengineering, 2003, 82, 578-589

evii M. Kunishima, C. Kawachi, J. Morita, K. Terao, F. Iwasaki, S. Tani, Tetrabedron,
1999, 55, 13159-13170

oiit M. Djabourov, ]. Leblond, P. Papon, Journal de Physigue France, 1988, 49,
319-332

cx §.M. Tosh, A.G. Marangoni Applied Physics Letters, 2004, 84(21):4242 - 4244
e D. Klatt, C. Friedrich, Y. Korth, R. Vogt, J. Braun, 1. Sack, Biorbeology, 2010, 47,
133-141

ot Sylvester PW. Optimization of the tetrazolium dye (MTT) colorimetric assay for cellular
growth and viability, Drug Design and Discovery. Methods and Protocols, 1.os Angeles,
Humana Press, 2011

213



List of pubblications

“One-Step Synthesis of Poly(lactic-co-glycolic acid)- g-Poly-1-Vinylpyrrolidin-
2-One Copolymers”, E. Ranucci, G. Capuano, A.Manfredi, P. Ferruti, Journal of
Polymer Science, Part A: Polymer Chemistry, 2016, 54, 1919-1928

“Preparation and characterization of poly (lactic-glycolic acid)—g-poly (1-
vinylpyrrolidin-2-one) (PLGA-g-PVP) nanoparticles for controlled release of

doxorubicin”, In preparation

“PLGA-g-PVP -based nanocapsules for the controlled delivery of

antimalarials”, In preparation

“Enhanced stability and proliferation properties of hyaluronan-gelatin-
AGMA1-serotonin hydrogels for liver tissue engineering”, In preparation

List of attended conferences and schools

G. Capuano, P. Ferruti, A. Manfredi, E. Ranucci, L. Paltrinieri, C. Gualandi,
M. L. Focarete. “The use of novel PLGA-g-PVP amphiphilic copolymers for
fabrication of nanostructured materials.” (Poster), Nanomedicine Congress
2014, September 17%-19t 2014, University of Viterbo, VT, Italy.

E. Ranucci, G. Capuano, A. Manfredi, P. Ferruti. “PLGA-g-PVP amphiphilic
bioactive and biocompatible copolymers for fabrication of nanostructured
materials” (Oral) Biotechnology 2014, June 24t-27t 2014, China.

G. Capuano, P. Ferruti, A. Manfredi, E. Ranucci, L. Paltrinieri, C. Gualandi,
M. L. Focarete. “The use of novel PLGA-g-PVP amphiphilic copolymers for
fabrication of nanostructured materials.” (Poster), XIX congresso nazionale
divisione di chimica industriale della societa chimica italiana” Salerno,
September 14t-17t% 2015

XXXVII Convegno-Scuola AIM "Mario Farina" — Caratterizzazione di
materiali polimerici: tecniche per polimeri fusi e allo stato solido, Gargnano,
May 116t 2016



G. Capuano, |. Alongi, A. Manfredi, R. Cavalli, E. Marti, X. Fernandez-
Busquets, P. Ferruti, E. Ranucci. “Copolimeri ad innesto PLGA-g-PVP per la
veicolazione e il rilascio controllato di farmaci antimalatiali” (Poster), XXII
Convegno nazionale dell’associazione italiana di scienza e tecnologia delle
macromolecole-AIM, Genova, September 11t-14t 2016

J. Alongi, G. Capuano, A. Manfredi, R. Cavalli, X. Fernandez-Busquets, E.
Marti, P. Ferruti, E. Ranucci. “PLGA-g-PVP -based nanocapsules for the
controlled delivery of antimalarials” (Poster), Nanomedicine, Viterbo,
September 21%-23t% 2016



