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Introduction 1

Introduction

Since “nanotechnology” was presented by Nobel laureate Richard P. Feynman during his well
famous 1959 lecture “There’s Plenty of Room at the Bottom”, there have been made various
revolutionary developments in the field of nanotechnology. However, nanotechnology has emerged
in the last decade as an exciting new research field. Nanotechnology represents the design,
production, and application of materials at atomic, molecular and macromolecular scales, in order to
produce new nanosized structures where at least one dimension is of roughly 1 to 100 nm, i.e., less
than 0.1 um. However, materials below or next to 1 pum (1000 nm) can be also commonly referred
as nanomaterials or, more correctly, ultrathin materials. According to this, specifically within fiber
science related literature, fibers with diameters below 1 um are broadly accepted as nanofibers.

Nanotechnology and nanoscience studies have emerged rapidly during the past years in a
broad range of product domains. Today, nanoscience represents one of the rapidly growing
scientific disciplines due to its enormous potential and impact in many different technological and
engineering applications, which includes the development of new materials with novel and
advanced performances.

Recently, the nano-scaled materials have attracted extensive research interests due to their
high anisotropy and huge specific surface area. Furthermore, the continuously increasing interest in
the nanostructure materials results from their numerous potential applications in various areas,
particularly in biomedical sciences. Today, nanofibers and nanoparticles are at the forefront of
nanotechnology because of their unique properties such as low density, extremely high surface area
to volume ratio, flexibility in surface functionalities, superior mechanical performance (e.g.
stiffness and tensile strength), and high pore volume and controllable pore size that cannot be found
in other structures.

In this context, our researches have been concentrated on the production and modification of
polymeric nanofibers and nanoparticles as drug delivery and environment applications.

To this purpose, selected materials for the nanofibers development (polyhedral oligomeric
silsesquioxanes, modified poly(amido-amine) dendrimers, and modified hyperbranched
polyglycerol) were combined with biopolymers, namely (poly(L-lactide) (PLLA) and poly(e-
caprolactone) (PCL) which enable us to overcome typical shortcomings of the above polymer
matrices. As well, poly(styrene-co-maleic anhydride) (PSMA) amphiphilic copolymer was used for
production of nanoparticles.

In the following paragraph, a quick overview of the whole thesis structure is provided.

Outline of the thesis

Chapter 1 is dedicated to the polymer and composite nanofibers. Fabrication methods,
influence of parameters, drawbacks and applications of polymer and composite nanofibers are
described.

Chapter 2 is focused on polymer and composite nanoparticles. Preparation methods from
dispersion of preformed polymer and application as carriers for therapeutic agents are presented.
Particular emphasize is given to electrospray and nanoprecipitation method along with organic-
organic composite nanoparticles.

Chapter 3 is the review of various polymers that are used in this thesis. Their structures,
synthesis, properties and drawbacks are described.

Chapter 4 describes the application of ad-hoc-synthesized star polymers as novel additives for
tuning poly(L-lactide) and poly(e-caprolactone) electrospun fiber properties. Indeed, a novel drug
delivery system consisting of poly(e-caprolactone) electrospun fibers containing an ad-hoc-

Nanoparticles and nanofibers: drug delivery and environmental applications



2 Introduction

synthesized star polymer made up of a poly(amido-amine) (PAMAM) core and PCL branches
(PAMAM-PCL) was developed. The preparation of electrospun fibers starting from solutions
containing the neat PCL as well as the mixture PCL/PAMAM-PCL and applying optimized
electrospinning conditions to obtain defect free fibers is described. The drug delivery system was
built up by directly introducing doxorubicin (DOXO) into the electrospinning solutions. In vitro
cytotoxicity tests were carried out by putting in contact DOXO-loaded and DOXO-free PCL and
PCL/PAMAM-PCL electrospun fibers with different kind of cancer cell lines.

In Chapter 5 a new strategy for the functionalization of sc-PLA nanofibers (prepared by
electrospinning of equimolar solutions of high-molecular-weight PLLA and PDLA) is presented.
This nanofibers modification consisted in the introduction of functionalized amino polyhedral
oligomeric silsesquioxanes (POSS-NH>) directly into the electrospinning solutions. This was
possible by employing as a solvent system a 2:1 mixture of chloroform (CHCls) and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) which proved suitable for both polymer-pair and POSS molecules
solubilization, while simultaneously enabling to obtain homogeneous and bead-free fibers once the
electrospinning conditions are properly optimized. Indeed, the specific effect of the single
components of the solvent mixture, CHCIz and HFIP, on fiber structuration and morphology was
evaluated. The sc-PLA/POSS-NH> fibers, characterized by a submicrometric dispersion of the
silsesquioxanes underwent a grafting reaction with B-cyclodextrin molecules, activated to
nucleophilic substitution via monotosylation (CD-O-Ts). The reaction was first investigated on neat
POSS-NH;2 and optimized conditions were then applied for sc-PLA/POSS-NH; fibers. IR and XPS
measurements demonstrated the formation of a novel hybrid molecule, characterized by the linkage
of the cyclodextrin to the silsesquioxane siliceous cage (POSS-NH-CD). Concerning the fibers,
SEM measurements was used for studying the modification of fibers morphology, while by
applying TGA analysis it was possible to evaluate the amount of the grafted cyclodextrin. Finally,
UV measurements demonstrated the capacity of the novel synthesized hybrid molecule, based on
POSS and cyclodextrin, to absorb water pollutants, by having chosen, as model compounds, alizarin
red and 2-chlorophenol.

Lastly, Chapter 6 describes the application of poly(styrene-co-maleic anhydride)(PSMA)
nanoparticles as protein carrier. To this purpose, PSMA nanoparticles were produced by combining
precipitation and electrospray technique. Different experimental conditions were tested in order to
optimize the nanoparticle dimensions and production yield. The nanoparticles were characterized by
IR, FE-SEM, and DLS. Then obtained nanoparticles were used for the conjugation of a functional
protein to their surface. The proteolytic enzyme papain was chosen as model protein. The successful
papain-nanoparticle conjugation was demonstrated by zeta potential, IR and FE-SEM
measurements. The residual catalytic activity of the conjugated enzyme molecules was studied and
found to be around 79% respect to the same amount of free enzyme.

Mahdi Forouharshad, Ph.D. Thesis in Chemical Sciences and Technologies
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CHAPTER 1. Polymer and composite nanofibers: preparation
and application

1.1 Polymer Nanofibers

With the rapid growth of nanoscience in recent years, nanofibers technology has been greatly
accelerated to create nanoscale fibers from a broad range of polymeric materials.

As previuosly underlined, nanofibes are fibers with a diameter of less than one micron.
Nanofibers possess unique properties that distinguish them from other structures, like extraordinary
high surface area per unit mass, high porosity, layer thinness, high permeability, low basis weight,
cost effectiveness, superior directional strength, etc. The unique properties of nanofibers make
them promising materials for a variety of applications from medical to consumer products and
industrial to high-tech applications. They can be used in several fields such as high-performance
filtration, aerospace, capacitors, transistors, drug delivery systems, battery separators, energy
storage, fuel cells, information technology, wound dressing, vascular grafts, enzyme
immobilization, electrochemical sensing, composite materials, reinforcements, blood vessel
engineering and tissue engineering.>* The existing fibers spinning technologies cannot produce
robust fibers with a diameter smaller than 2 pm due to limitations in the process. The process
widely used for the fabrication of nanofibers is electrospinning, because of its simplicity and
suitability for a variety of polymers, ceramics, and metals. Other processes include melt blowing,>®
template synthesize,”® flash-spinning,® phase-separation,’® drawing,'! and self-assembly.'?>%3 In
most of these processes, the fibers are collected as nonwoven random fibers mats known as
nanoweb, consisting of fibers having diameters from several nanometers to hundreds of nanometers.

1.1.1 Meltblowing

Melt blowing is a conventional fabrication method of micro- and nanofibers where a polymer
melt is extruded through small nozzles surrounded by high speed blowing gas (Figure 1.1). The
technology of melt blowing was first developed in the 1950s at the Naval Research Laboratory of
United States. In the melt blowing process, a molten polymer is extruded through the orifice of a
die. The fibers are formed by the elongation of the polymer streams coming out of the orifice by air-
drag and are collected on the surface of a suitable collector in the form of a web. The average fibers
diameter mainly depends on the throughput rate, melt viscosity, melt temperature, air temperature,
and air velocity. The substantial benefits of melt blowing are simplicity, high specific productivity,
and solvent-free operation. The difficulty in fabricating nanofibers in melt blowing is due to the
inability to design sufficiently small orifice in the die and the high viscosity of the polymeric melt.
Recently, nanofibres have been fabricated by special die designs with a small orifice, reducing the
viscosity of the polymeric melt and suitable modification of the melt blowing setup.® Polymers with
thermoplastic behavior are applicable for melt blowing. The process was suitable for many melt-
spinnable commercial polymers, copolymers and their blends such as polyesters, polyolefins (PE
and PP), PA, nylons, PU, PVC, PVA and ethylene vinyl acetate.'*

Nanoparticles and nanofibers: drug delivery and environmental applications



4 Chapter 1: Polymer and composite nanofibers: preparation and application
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Figure 1.1. Meltblowing setup.

1.1.2 Template synthesize

This method entails synthesizing the desired material within the pores of a nanoporous
membrane. The membranes employed have cylindrical pores of uniform diameter. They view each
of these pores as a beaker in which a particle of the desired material is synthesized. Because of the
cylindrical shape of these pores, a nanocylinder of the desired material is obtained in each pore.
Depending on the material and the chemistry of the pore wall, this nanocylinder may be solid (a
fibril) or hollow (a tubule) (Figure 1.2).

The template method has a number of interesting and useful features. First, it is very general,
we have used this method to prepare tubules and fibrils composed of electronically conductive
polymers, metals, semiconductors, carbons, and other materials. Furthermore, nanostructures with
extraordinarily small diameters can be prepared.®®

Li et al. combined the extrusion technology with the template method for the production of
polymeric nanofibres of thermoplastic polymers. In this process, the molten polymer was forced
through the pores of an anodic aluminum oxide membrane (AAOM) and then subsequently cooled
down to room temperature. A special stainless steel appliance was designed to support the thin
AAOM, to bear the pressure and to restrict the molten polymer movement along the direction of the
pores. The appliance containing the polymer was placed on the hot plate of a compressor (with
temperature controlled functions) followed by the forcing of the polymeric melt (indicated by the
arrow). The hot plate was stopped after two hours of heating and the pressure was maintained until
the system cooled to room temperature. Isolated nanofibres of PE were obtained by the removal of
the AAOM with sodium hydroxide/ethanol (20 wt%). Finally, the nanofibres were broken down
from the bulk feeding film by ultrasound (in ethanol for 5 min.) to form isolated fibres. The
diameter of the PE fibres ranges from 150 to 400nm (diameter of AAOM pores ¥4 200 nm) and the
length of fibres correspond to the length of the pores in AAOM (i.e. 60 um).*®

Mahdi Forouharshad, Ph.D. Thesis in Chemical Sciences and Technologies
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Figure 1.2. Template synthesis scheme.

1.1.3 Flash-spinning

In the flash-spinning process, a solution of fibers forming a polymer in a liquid spin agent is
spun into a zone of lower temperature and substantially lower pressure to generate Plexi-
filamentary film-fibril strands (Figure 1.3). A spin agent is required for flash-spinning which: (1)
should be a non-solvent to the polymer below its normal boiling point, (2) can form a solution with
the polymer at high pressure, (3) can form a desired two-phase dispersion with the polymer when
the solution pressure is reduced slightly, and (4) should vaporize when the flash is released into a
substantially low-pressure zone. The flash-spinning process was described by Blades and White of
DuPont in 1963 and since then several patents have been filed. Weinberg et al. produced nanofibres
of polyolefins with fibers length of 3-10 mm and at a production rate which is at least two orders of
magnitude higher than the conventional electrospinning using flash-spinning.® The nonwoven
fibrous webs produced had significantly different morphology (i.e. complex interconnecting
networks or webs of large and small polyolefin filaments or fibers similar to spider webs) than those
produced by other technologies. Flash-spinning is more suitable for difficult-to-dissolve polymers
such as polyolefins and high molecular weight polymers. The spinning temperature should be
higher than the melting point of the polymer and the boiling point of the solvent in order to effect
solvent evaporation prior to the collection of the polymer. The flash-spinning process does not
produce fibrous webs consisting completely of nanofibres.

Figure 1.3. Flash-spinning setup.®

Nanoparticles and nanofibers: drug delivery and environmental applications



6 Chapter 1: Polymer and composite nanofibers: preparation and application

1.1.4 Phase Separation

The phase separation consists of dissolution, gelation, extraction using a different solvent,
freezing, and drying resulting in nanoscale porous foam (Figure 1.4). The process takes a relatively
long period of time to transfer the solid polymer into the nano-porous foam. In phase-separation, the
gel of a polymer is prepared by storing the homogeneous solution of the polymer at the required
concentration in a refrigerator set at the gelation temperature. The gel is then immersed in distilled
water for solvent exchange, followed by the removal from the distilled water, blotting with filter
paper and finally transferring to a freeze-drying vessel leading to a nanofiber matrix.'° The phase-
separation process was used for the fabrication of nanofibers matrices of poly-L-lactic acid and
blends of poly-L-lactic acid and polycaprolactone.l’!® Although the phase-separation process is
very simple, it is only limited to the laboratory scale.

Polymer | ™

“W
. o = Solvemt
Polvmer _GQ]__E'_“":_:'_“ ‘%hfﬁ_é, exchange F3%
solution T G e T
P o Mf a‘r}‘”, ;
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Solvent r Phase separation Manofibers

Figure 1.4. Schematic diagram of the phase separation process.8

1.1.5 Self-assembly

The self-assembly is a process in which individual, pre-existing components organize
themselves into desired patterns and functions (Figure 1.5). However, similarly to the phase
separation, the self-assembly is time-consuming in processing continuous polymer nanofibers. In
general, self-assembly of nanofibers refers to the build-up of nanoscale fibers using smaller
molecules as basic building blocks.'® The small molecules are arranged in a concentric manner
which upon extension in a normal plane produces the longitudinal axes of the nanofibres. In self-
assembly, the final (desired) structure is ‘encoded’ in the shape of the small blocks, as compared to
traditional techniques (such as lithography) where the desired structure must be carved out from a
large block of matter. Self-assembly is thus referred to as a ‘bottom-up’ manufacturing technique,
whereas lithography is a ‘top-down’ technique. The synthesis of molecules for self-assembly often
involves a chemical process called convergent synthesis. This process requires standard laboratory
equipment and is limited to specific polymers. In self-assembly, the shape and properties of
nanofibres depend on the molecules and the intermolecular forces that bring the molecules together.
Nanofibres of various polymeric configurations such as diblock copolymers; triblock copolymers;
triblock polymers (of peptide amphiphilic and dendrimers); and bold form (of glucosamide and its
deacetylated derivatives) can be assembled by this process. Nanofibres from diblock copolymers
and triblock polymers were prepared by Liu et al. and Yan et al. respectively by self-assembly.?%:2

Mahdi Forouharshad, Ph.D. Thesis in Chemical Sciences and Technologies
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Figure 1.5. Schematic illustration of the molecular self-assembly process @) The molecular
structure of a typical peptide amphiphilic molecule. (b) Formation of a micelle at the initial phase
of the self-assembly process. (c) A cylindrical micelle formed by the self-assembly of peptide
amphiphilic molecules. (d) SEM image of the peptide amphiphilic nanofibers by self-assembly.?2

1.1.6 Drawing

The drawing is a process similar to dry spinning in fiber industry, which can make one-by-one
very long single nanofibers. However, only a viscoelastic material that can undergo strong
deformations while being cohesive enough to support the stresses developed during pulling can be
made into nanofibers through drawing. In the drawing process, a millimetric droplet of a solution is
allowed to evaporate after it is deposited on a silicon dioxide (SiO) surface. The droplet becomes
more concentrated at the edge because of evaporation due to capillary flow. A micropipette is
dipped into the droplet near the contact line with the surface and then withdrawn at a speed of 100
mm/s, resulting in a nanofiber being pulled out. The pulled fiber is then deposited on another
surface by touching it with the end of the micropipette (Figure 1.6). From each droplet, nanofibres
can be drawn for several times. Nanofibres of sodium citrate were formed by dissolving it in
chloroauric acid through the drawing process.!! This process is simple but limited to laboratory
scale as nanofibers are formed one by one.?%

Micropipette

. . withdrawn to
Micropipette moves produce
towards the contact S —

line and touches it

DrawingI
Approaching l Nanofiber

Millimetric
droplet /

(a) (b) (c) (d)

Figure 1.6. Schematic illustration of nanofibers fabrication by direct drawing process from
molten or solution droplet. (a) An iron or silica rod is approaching the droplet. (b) The rod end is
immersed into the droplet. (c) The rod conglutinated polymer is being drawn out. (d) A polymer

nanofiber is formed.?®

Nanoparticles and nanofibers: drug delivery and environmental applications



8 Chapter 1: Polymer and composite nanofibers: preparation and application

1.1.7 Electrospinning

Unlike several different processing techniques that can be used for fabrication of nanofibers,
an additional unique synthetic method, electrostatic spinning (electrospinning), has received much
attention in recent years. The process of electrospinning has been known for almost 80 years and
the first patent was issued to Formhals in 1934.2% Reneker and Chun, who revived interest in this
technology in the early 1990s, has shown the possibility to electrospin a wide range of polymer
solutions in 1996.2¢ Electrospinning is a novel process for forming superfine fibers with diameters
ranging from 10 pm down to 5 nm by forcing a polymer melt or solution through a spinneret with
an electric field.?"?8 It is currently the most widely used method for the production of polymeric
nanofibers, due to its simplicity, cost effective, and suitability to yield very long fibers from various
polymers. The apparatus that is used for electrospinning, is made up of a syringe pump to control
the flow rate of the polymer solution, high voltage power to supply positive or negative polarity and
a conducting flat plate or rotating drum which acting as a ground collector (Figure 1.7). In
electrospinning, a high voltage is applied to a polymer fluid such that charges are induced within
the fluid. When charges within the fluid reached a critical amount, a fluid jet will erupt from the
droplet at the tip of the needle resulting in the formation of a Taylor cone. The electrospinning jet
will travel towards the region of lower potential, which in most cases, is a grounded collector. There
are many parameters that can influence on the morphology, average fibers diameter, porosity,
uniformity and mechanical properties of the resultant electrospun fibers. These parameters include
(1) the solution parameters such as viscosity, concentration, conductivity, dielectric constant and
surface tension, (2) systemic parameters such as polymer type, molecular weight, and solvent used,
(3) process parameters such as voltage, flow rate, distance, and collection plate, and (4) ambient
parameters such as temperature, humidity, and air velocity in the electrospinning chamber.?® With
the understanding of these parameters, it is possible to come out with setups to yield fibrous
structures of various forms and arrangements. It is also possible to create nanofiber with different
morphology and properties by varying the parameters.

e e e
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Figure 1.7. Schematic depicting electrospinning setup and phenomenon of electrospinning.?’
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1.1.7.1 Solution parameters

Some solution parameters play an important role in fiber formation and structure. In relative
order of their impact on the electrospinning process, these include polymer concentration, solvent
volatility, and solvent conductivity.

1.1.7.1.1 Concentration

The concentration of the polymer solution has the most significant influence in the
electrospinning process and the resultant fiber morphology. The solution must have a high enough
polymer concentration for chain entanglements to occur; however, the solution cannot be either too
dilute or too concentrated.?® At very low concentration, polymer fiber will break up into droplets
before reaching the collector due to the effects of surface tension and polymeric micro or
nanoparticles will be obtained and electrospray occurs instead of electrospinning due to the low
viscosity and high surface tensions of the solution. With increasing concentration, a mixture of
beads and fibers will be obtained. As the concentration increases, the shape of the bead changes
from spherical to spindle-like. Finally, when the solution concentration to be optimum, uniform and
smooth nanofibers can be produced (Figure 1.8). However, if polymer solution is too concentrated
not only nanofibers cannot be formed but also helix-shaped microribbons will be observed.3%-32

'Sr'"
<
‘b

Increasing Concentration

Figure 1.8. Concentration effect on the morphology of the electrospun nanofibers.
1.1.7.1.2 Molecular weight and solution viscosity
One of the factors that affect the viscosity of the solution is the molecular weight of the
polymer. In principle, molecular weight reflects the entanglement of polymer chains in solutions,

namely the solution viscosity. Generally, when a polymer of higher molecular weight is dissolved in
a solvent, its viscosity will be higher than the solution of the same polymer but of a lower molecular

Nanoparticles and nanofibers: drug delivery and environmental applications
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weight.®® One of the conditions necessary for electrospinning to occur where fibers are formed is
that the solution must consist of a polymer of sufficient molecular weight and the solution must be
of sufficient viscosity. As the jet leaves the needle tip during electrospinning, the polymer solution
IS stretched as it travels towards the collection plate. During the stretching of the polymer solution,
it is the entanglement of the molecule chains that prevents the electrically driven jet from breaking
up thus maintaining a continuous solution jet. As a result, monomeric polymer solution does not
form fibers when electrospun. Keeping the concentration fixed, using a polymer with too low
molecular weight leads to the formation of beads rather than fibers, increasing the molecular weight
will give smooth fibers, whereas a very high molecular weight results in electrospun fibers having
very large diameters.343°

1.1.7.1.3 Viscosity

Solution viscosity is the critical key in determining the fiber morphology. It has been proven
that continuous and smooth fibers cannot be obtained in very low viscosity, whereas very high
viscosity results in the hard ejection of jets from solution, namely there is a requirement of suitable
viscosity for electrospinning. Generally, the solution viscosity can be tuned by adjusting the
polymer concentration of the solution; thus, different products can be obtained. The viscosity range
of a different polymer or oligomer solution at which electrospinning is done is different. It is
important to note that viscosity, polymer concentration, and polymeric molecular weight are related
to each other. For the solution of low viscosity, surface tension is the dominant factor and just beads
or beaded fiber formed. If the solution is of suitable viscosity, continuous fibers can be obtained
(Figure 1.9).3336

Droplet shape Elongated droplet ‘atntLhLd droplet Nanofibers

Increasing \'iscusil\

Figure 1.9. Viscosity effect on the morphology of the electrospun nanofibers.®
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1.1.7.1.4 Surface tension

Surface tension, more likely to be a function of solvent compositions of the solution, plays a
critical role in the electrospinning process and by reducing the surface tension of a nanofiber
solution, fibers can be obtained without beads. The initiation of electrospinning requires the charged
solution to overcome its surface tension. However, as the jet travels towards the collection plate, the
surface tension may cause the formation of beads along with the jet. Surface tension has the effect
of decreasing the surface area per unit mass of a fluid. In this case, when there is a high
concentration of free solvent molecules, there is a greater tendency for the solvent molecules to
congregate and adopt a spherical shape due to surface tension. A higher viscosity will mean that
there is greater interaction between the solvent and polymer molecules thus when the solution is
stretched under the influence of the charges, the solvent molecules will tend to spread over the
entangled polymer molecules thus reducing the tendency for the solvent molecules to come together
under the influence of surface tension.3"*

1.1.7.1.5 Solution conductivity

Electrospinning involves stretching of the solution caused by repulsion of the charges at its
surface. Therefore if the conductivity of the solution is increased, more charges can be carried by
the electrospinning jet. Solutions with high conductivity will have a greater charge carrying
capacity than solutions with low conductivity. Thus, the fiber jet of highly conductive solutions will
be subjected to a greater tensile force in the presence of an electric field than a fiber jet from a
solution with a low conductivity. As a result, smooth fibers are formed which may otherwise yield
beaded fibers. The increased in the stretching of the solution also will tend to yield fibers of smaller.
However, there is a limit to the reduction in the fiber diameter.30:3%40

1.1.7.1.6 Dielectric effect of solvent

The dielectric constant of a solvent has a significant influence on electrospinning. Generally, a
solution with a greater dielectric property reduces the beads formation and the diameter of the
resultant electrospun fiber.®? Solvents such as N, N-Dimethylformamide (DMF) may add to a
solution to increase its dielectric property to improve the fiber morphology.** The bending
instability of the electrospinning jet also increases with higher dielectric constant. This is shown by
increased deposition area of the fibers.*?

1.1.7.1.7 Solvent volatility

Choice of solvent is also critical as to whether fibers are capable of forming, as well as
influencing fiber porosity. In order for sufficient solvent evaporation to occur between the capillary
tip and the collector, a volatile solvent must be used. As the fiber jet travels through the atmosphere
toward the collector a phase separation occurs before the solid polymer fibers are deposited, a
process that is greatly influenced by the volatility of the solvent.*

1.1.7.2 Processing parameters
In addition to the solution parameters, a number of processing parameters (external factors)

play an important role in fiber formation and morphology. This includes the voltage supplied, the
feed rate, temperature of the solution, type of collector, and distance between the needle tip and
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collector. These parameters have a certain influence in the fiber morphology although they are less
significant than the solution parameters.

1.1.7.2.1 Voltage

Within the electrospinning process, applied voltage is the crucial factor. The high voltage will
induce the necessary charges on the solution and together with the external electric field, will
initiate the electrospinning process when the electrostatic force in the solution overcomes the
surface tension of the solution. Generally, both high negative or positive voltage of more than 6kV
is able to cause the solution drop at the tip of the needle to distort into the shape of a Taylor Cone
during jet initiation (Figure 1.10). Depending on the feed rate of the solution, a higher voltage may
be required so that the Taylor Cone is stable. The columbic repulsive force in the jet will then
stretch the viscoelastic solution. If the applied voltage is higher, the greater amount of charges will
cause the jet to accelerate faster and more volume of solution will be drawn from the tip of the
needle. This may result in a smaller and less stable Taylor Cone. When the drawing of the solution
to the collection plate is faster than the supply from the source, the Taylor Cone may recede into the
needle. As both the voltage supplied and the resultant electric field have an influence in the
stretching and the acceleration of the jet, they will have an influence on the morphology of the
fibers obtained. In most cases, a higher voltage will lead to greater stretching of the solution due to
the greater columbic forces in the jet as well as the stronger electric field. These have the effect of
reducing the diameter of the fibers and also encourage faster solvent evaporation to yield drier
fibers. 4344

Increasing Applied Voltage

Figure 1.10. Digital images showing the three stage deformation of the polyvinylpyrrolidone
droplet under the influence of increasing electric field. The cartoon shows the mechanism of the
effect of charges on the polymeric droplets.?’
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1.1.7.2.2 Flow rate

The flow rate of the polymer solution within the syringe is another important process
parameter. Generally, the lower flow rate is more recommended as the polymer solution will get
enough time for polarization. If the flow rate is very high, bead fibers with thick diameter are
formed rather than the smooth fibers with thin diameter owing to the short drying time prior to
reaching the collector and low stretching forces. Polymer flow rate also has an impact on fibers size
and additionally can influence fiber porosity as well as fiber shape.* Increasing the flow rate above
the critical value could lead to the formation of beads. For example, in case of polystyrene, when
the flow rate was increased to 0.10 pL/min, bead formation was observed. However, when the flow
rate was reduced to 0.07 pL/min, bead-free nanofibers were formed. Increasing the flow rate
beyond a critical value not only leads to increase in the pore size and fiber diameter but also to bead
formation (due to incomplete drying of the nanofiber jet during the flight between the needle tip and
metallic collector).*® Because increases and decreases in the flow rate affect the nanofiber formation
and diameter, a minimum flow rate is preferred to maintain a balance between the leaving
polymeric solution and replacement of that solution with a new one during jet formation.*>4¢

1.1.7.2.3 Temperature

The temperature of the solution has both the effect of increasing its evaporation rate and
reducing the viscosity of the polymer solution. The increase in the evaporation of the solvent and
the decrease in the viscosity of the solution work by two apposite mechanisms, however, both lead
to decrease in the mean fiber diameter. When polyurethane is electrospun at a higher temperature,
the fibers produced have a more uniform diameter. This may be due to the lower viscosity of the
solution and greater solubility of the polymer in the solvent which allows more even stretching of
the solution. With a lower viscosity, the Columbic forces are able to exert a greater stretching force
on the solution thus resulting in fibers of smaller diameter. Increased polymer molecules mobility
due to increased temperature also allows the Columbic force to stretch the solution further.
However, in cases where biological substances such as enzymes and proteins are added to the
solution for electrospinning, the use of high temperature may cause the substance to lose its
functionality.*’

1.1.7.2.4 Distance between tip and collector

In several cases, the flight time, as well as the electric field strength, will affect the
electrospinning process and the resultant fibers. Varying the distance between the tip and the
collector will have a direct influence in both the flight time and the electric field strength. To form
independent fibers, sufficient time must be given to the electrospinning jet to allow most of the
solvents to be evaporated. When the distance between the tip and the collector is reduced, the jet
will have a shorter distance to travel before it reaches the collector plate. Moreover, the electric
field strength will also increase at the same time and this will increase the acceleration of the jet to
the collector. As a result, there may not have enough time for the solvents to evaporate when it hits
the collector. When the distance is too low, excess solvent may cause the fibers to merge where
they contact to form junctions resulting in inter and intra-layer bonding.*®4°
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1.1.7.3 Ambient parameters

The effect of the electrospinning jet surrounding is one area which is still poorly investigated.
Any interaction between the surrounding and the polymer solution may have an effect on the
electrospun fiber morphology. High humidity, for example, was found to cause the formation of
pores on the surface of the fibers. Since electrospinning is influenced by external electric field, any
changes in the electrospinning environment will also affect the electrospinning process.

1.1.7.3.1 Humidity

The humidity of the electrospinning environment may have an influence in the polymer
solution during electrospinning. At high humidity, it is likely that water condenses on the surface of
the fiber when electrospinning is carried out under normal atmosphere. As a result, this may have an
influence on the fiber morphology especially polymer dissolved in volatile solvents. Experiments
using polysulfone (PS) dissolved in Dichloromethane (DMF) shows that at a humidity of less than
50%, the fiber surfaces are smooth. However, an increased in the humidity during electrospinning
will cause circular pores to form on the fiber surfaces.*

As for the humidity, low humidity may dry the solvent totally and increase the velocity of the
solvent evaporation. On the contrary, high humidity will lead to the thick fiber diameter owing to
the charges on the jet can be neutralized and the stretching forces become small.>

1.2 Composite nanofibers

At the nanoscale, these nanomaterials provide abundant opportunities to create unique
material combinations by accessing new properties through the exploitation of the unique synergy
between these materials. Nanocomposites are considered as one of the most highly researched areas
in nanomaterials by the virtue of their improved mechanical properties, dimensional stability,
thermal/chemical stability, and electrical conductivity. Polymer nanocomposites are the result of
combination between polymers and organic or inorganic fillers at the nanometer scale. The filler
can be one-dimensional (e.g., nanotubes and fibres), two-dimensional (e.g., clay), or three-
dimensional (e.g., spherical particles).  These nanocomposites, due to their improved
physical/chemical properties, establish applications ranging from energy, sensors, biotechnology,
smart materials, filtration, and regenerative medicine. These nanocomposites contribute to
producing light/efficient batteries,>> fuel cells,>¢-® fabricating structural components with high
strength-to-weight ratio,®®® lightweight sensors,®® as well as magnetic and fluorescent
nanocomposites for efficient viewing/removing of the tumors.%262
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Figure 1.11. Fabrication and characterization of electrospun nanocomposites on the basis of their
applications.®*

The categorization in figure 1.11 is designed to cover future/ongoing research/industrial
trends pertaining to nanofiber based nanocomposites. Comprehensive study of properties in
nanoscale dimensions relating to their respective large scale counterparts were performed to achieve
a clear understanding of the synergistic advantage of nanoscale dimensions. It is well-known that
understanding the change in properties as the fiber dimensions decrease to the nanoscale is
important to optimize the resultant properties of nanocomposites. As one/both of the components of
the composites are electrospun nanofibers, emphasis is given to compare/summarize the
enhancement or shortcomings of the nanofiber based nanocomposites with respect to the
nanoparticle based nanocomposites. Nanofibrous scaffolds are ideal for the purpose of tissue
regeneration because their dimensions are similar to the components of the extra cellular matrix
(ECM) and mimic its fibrillar structure, providing essential signals for cellular assembly and
proliferation. There are several scaffold fabrication techniques namely, electrospinning (random,
aligned, core shell and vertical nanofibers), self-assembly, phase separation, melt-blown and
template synthesis. Electrospinning is one of the most promising techniques for designing
natural/polymer nanofibrous scaffolds for tissue engineering applications.

ECM is a complex arrangement of proteins and polysaccharides such as collagen, gelatin,
chitosan, hyaluronic acid, proteoglycans, glycosaminoglycans and elastin, fabricated
nanocomposites are also possess such adhesion factors, chemical functionalities and mechanical
properties. Though drug molecules have significant potency against the disease for their release or
the delivery of drugs at the desired site, without loss of their activity makes the difference. Thus
drug delivery finds its importance and the use of biodegradable polymers for this purpose is
inevitable.%

Recently, the synthesis and design of composite materials by blending nano-sized
inorganic/organic and organic materials have generated great interests in the fields of material
sciences due to their improved and enhanced properties and applicability.®*

Nanoparticles and nanofibers: drug delivery and environmental applications



16 Chapter 1: Polymer and composite nanofibers: preparation and application

Simple technique used for the production of these composites, due to their distinction from
the conventional polymer nanocomposites (film or bulky fiber) in the physical size of host polymer
matrix and embedded particles of these hybrid materials and details of
electrospinning/electrospraying set-up presented before. The electrospun composite nanofibers are
found to possess both the advantages of organic polymers such as lightweight, flexibility and
molding capability, and special functionality of inorganic/organic species such as high strength and
thermal stability. Through electrospinning, the nanocomposite can be fabricated by any of the
below methodologies:

1) Employing two or more precursor solution for the electrospinning to achieve multi-
component nanofibers such as bi-component and core/shell nanofibers.5>

2) Electrospinning of polymer solutions with dispersed inorganic/organic nanoparticles.®”

3) Surface treatment of the electrospun nanofibers to achieve composite nanofibers.%®"°

1.2.1 Composite nanofibers with inorganic additives

Organic—inorganic hybrid nanofibers can be easily obtained by electrospinning polymer
solutions containing inorganic fillers, such as metal salts or metal and metalloid oxide
nanoparticles, minerals etc., on condition that the inorganic phase is soluble or well dispersed in the
initial polymer solution. Therefore, the preparation of the starting dispersion to be electrospun
requires great attention and is a relevant issue in the production of hybrid fibers. A homogeneous
inorganic filler dispersion, the absence of nanoparticle aggregation, and a narrow particle size
distribution represent key challenges since these conditions are required to achieve optimal
interaction between the nanofiller and the polymer phase.” Several metal (such as silver, gold or
cobalt NPs), metal oxide (such as silicon, titanium, magnesium, aluminum, iron, zinc, and other
mixed metal oxides), and metal chloride (such as cobalt chloride) nanoparticles were successfully
incorporated into polymer fibers via direct dispersion electrospinning to obtain organic—inorganic
nanofibers.’”>"

Silver is typically incorporated within polymer fibers to confer antibacterial properties to the
final fabric, for filtering applications or wound healing in the biomedical sector. In an interesting
paper by He et al., Ag NPs were directly dispersed in a poly(vinyl alcohol) (PVA) solution, and
assembled in an ordered linear chain-like structure along the fiber axis during the fiber stretching
and thinning that occurs in the electrospinning process.’®

Silica nanoparticles were electrospun with synthetic polymers such as polyacrylonitrile
(PAN),” poly(vinylidene difluoride) (PVDF),2° poly(methyl methacylate) (PMMA),® and PVA
SiO2 NPs were often embedded within electrospun polymer fibers to improve the mechanical
properties of the obtained membranes, enhancing the tensile strength and Young’s modulus and
thus causing a reinforcing effect.®

Titanium oxide nanoparticles are typically used as inorganic fillers capable of improving
mechanical and thermal properties of the polymer, as bactericide additives, and as nanocomponents
with photocatalytic activity. Depending on the type of crystalline phase (anatase, rutile, or
brookite), TiO2 can be used as photocatalyst (anatase), or as white pigment (rutile) in industry. TiO2
NPs were electrospun in combination with both hydrophobic (such as polysulfone (PSU),%
PVDF,®* and poly(e-caprolactone) (PCL)%) and hydrophilic (PVA)™ polymers. In particular, TiO
NPs incorporation increased the tensile strength of PSU membranes and their air permeability
through the formation of micro- and nanoscale roughness on the fiber surface.®
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Among metal chloride nanoparticles, CoCl. is used for applications in humidity sensing, as
well as catalysis, e.g., for hydrogen production. CoCl, was successfully electrospun by direct
dispersion into nanofibers of PVDF and PEOQ.86#7

The most straightforward methodology for incorporating inorganic nanoparticles into polymer
fibers is to directly disperse them in the polymer solution before electrospinning. The simplest
approach involves the addition of the inorganic nanoparticles to the polymer solution, followed by
stirring or sonication to obtain a homogeneous suspension/mixture that is directly electrospun.
Alternatively, the suspension containing the inorganic nanoparticles is prepared by ultrasonication
or vigorous stirring and the polymer solution is subsequently added dropwise to obtain a hybrid
organic—inorganic suspension that is then electrospun. The simple direct dispersion strategy is,
however, quite problematic when a high loading of nanoparticles is desired, due to the high
viscosity of the resulting dispersion that eventually prevents fiber formation and to the tendency of
the nanoparticles to agglomerate. Particle aggregation might cause formation of bead defects along
the fiber axis, heterogeneity in the final composite fiber and, therefore, poor quality of the obtained
nanofibrous mat, with adverse effects on its properties. In order to facilitate uniform dispersion of
the inorganic nanoparticles in polymer nanofibers, a modified nanoparticles is sometimes used.”
Surface modification of inorganic nanoparticles has attracted a great deal of attention because it
produces excellent integration and an improved interface between nanoparticles and polymer
matrices.%® To improve the dispersion stability of nanoparticles in aqueous media or polymer
matrices, it is essential that the particle surface modification, involving polymer surfactant
molecules or other modifiers, generates a strong repulsion between nanoparticles and increases
compatibility of nanoparticles with matrices.

In the recent report by Hashem et al. surface of titanium oxide nanoparticles were modified
with biodegradable nanocellolose and the surface modified TiO> were easily embedded in the
polyimide matrix to fabricate membrane. Consequently, uniformly dispersion of surface modified
TiO, with average diameter of around 50nm and a narrow size distribution was successfully
achieved in polyimide matrix.®

1.2.2 Composite nanofibers with organic additives

Polymer blends are physical mixtures of at least two structurally different polymers, which
adhere together with no covalent bonding between them. Each constituent can be a polymer or a
copolymer, with a linear, branched or crosslinked structure. When one of the mixed polymers is the
minor component, it can be considered simply as an additive. In the search for new polymeric
materials, the composite with organic additives is a promising method for obtaining desirable
properties using already known polymers. Organic additives same as polymer nanoparticles
dendritic hyperbranched polymers (HBP) and dendrimers, have a high potential as additives and
modifiers in engineering materials. The chemical and physical structure of star polymers induce
unique properties that can solve the problems related to processability, property compromises, and
compatibility, which are found with commercial additives and modifiers. As far as the addition of
inorganic additives is concerned, various types of nanofillers were used such as metal NPs, metal
oxide NPs, carbon nanotubes, and graphene, they are capable to modify properties of polymer
nanofibers. Nevertheless, some issues have to be considered, which are mainly related to the
dispersion of the inorganic phase into the polymer matrix, the material final properties depending
on the quality of the dispersion, and the filler biocompatibility. The simple direct dispersion strategy
is quite problematic when a high loading of nanoparticles is desired, due to the high viscosity of the
resulting dispersion that eventually prevents fiber formation and to the tendency of the
nanoparticles to agglomerate. Particle aggregation might cause formation of bead defects along the
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fiber axis, heterogeneity in the final composite fiber and, therefore, poor quality of the obtained
nanofibrous mat, with adverse effects on its properties.”* An additional problem found in organic-
inorganic nanocomposites is lower impact strength than that found in the organic precursor alone
due to the stiffness of the inorganic material, leading to the use of elastomeric additives to increase
the toughness of the composites.2 On the other hand, even though organic additives, usually
characterized by a better compatibility with organic matrix and capable of modifying the polymer
properties, but are often found to decrease its mechanical properties. In general, among the organic
additives that can be used to change linear polymer features, star polymers represent ideal fillers
because of their compact shape and elevated concentration of functional end groups.®®® The
specific advantages of the star polymer molecules are that (a) their chemistry can readily be tailored
to have suitable mechanical properties, (b) they are reactive, and (c) they can readily be made
compatible with the surrounding matrix material. However, as the above macromolecules are
characterized by a higher solubility than their linear homologous, their leaching from the polymer
matrix can limit the application of the related composite material.

Donald et al. reported for the first time the fabrication of electrospun nanocomposite fibers
composed of dendrimer derivatives, namely PEGylated PAMAM dendrimers, blended with a small
amount of high-molecular-weight polyethylene oxide (PEO). The dendrimer fibrous mats show
weak mechanical properties that can be improved by adding more stable copolymers such as PLGA
without compromising the functionality of dendrimers. In addition, dendrimer surface groups may
be chemically functionalized to form a cross-linked network following electrospinning to further
enhance structural stability and mechanical properties of dendrimer fibrous mats. Further
improvements in the mat’s mechanical properties can make it a potential platform for drug delivery
and tissue engineering applications.®

1.3 Composite nanofibers application

As demonstrated in previous sections, electrospinning is a remarkably simple and powerful
technique for generating composite nanomaterials. Because of the multifunctional properties of the
composite materials, they are expected to be applied in many fields, such as energy, filters, sensors,
and biomedical fields.

1.3.1 Energy applications

Energy is one of the most important global problems facing society in the 21st century. At
present, fossil fuels including coal, oil, and natural gas supply most of the energy we purchase and
makes what we do possible. However, fossil fuels pose a dilemma for human society. Fossil fuels
are not renewable; once they are gone they are gone. Furthermore, pollutants emitted during the
burning of fossil fuels degrade the environment and greenhouse gases lead to the global-warming
problem. Therefore, developing technology and devices for highly efficient and clean energy is a
meaningful challenge. Efficient use of energy is often connected with energy-conservation devices,
such as solar cells, fuel cells, and energy-storage devices such as supercapacitors.®®

1.3.1.1 Catalysis
The degradation of organic pollutants such as dyes and pesticides in aqueous solution by
photocatalysis, using semiconductor metal oxides such as titanium oxide, zinc oxide, tin oxide and

copper oxide (TiO2, ZnO, SnO., CuO) has been the subject of great research due to their size-
tunable physicochemical properties, high activities, durability and low cost. However, the fast
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recombination rate of photo-generated electron/hole pairs in the bulk semiconductor materials
lowers their photo-catalytic efficiency. To overcome these drawbacks, composite materials are
being fabricated in order to extend the light absorption spectrum as well as suppressing the
recombination of photo-generated electrons by virtue of the different Fermi levels of the ingredients
in the composite materials. Due to their very large aspect ratios, photo-catalyst materials with
fibrous morphology are superior to particles as far as the recycling and aggregation are concerned.
In principle, composite catalysts based on the electrospun polymeric or ceramic nanofibers mats can
be synthesized in two ways. The first method is to electrospin the mixed solution of polymer or
ceramic precursors with the metal salt to yield mats of composite fibers. Subsequently, the metal
salts in the composite nanofibers need to be reduced, either by heating at high temperature or in the
presence of a reducing agent, yielding polymer/metal or ceramic/metal composite nanofibers. The
other method is posttreatment of the electrospun nanofibers mats to deposit metal nanoparticles on
the surface of the fibers.%*

1.3.1.2 Batteries

Among various energy storage devices available, rechargeable lithium-ion batteries with their
high-energy density, long cycle lives, and flexible design, are considered as the effective solution to
the ever- increasing demand for high-energy density electrochemical power sources. This demand
has promoted research efforts towards the developing high-capacity alternative electrode materials
with long life cycle, improved safety, reduced carbon-footprint, and low cost. In this regard, Ji et al.
fabricated a variety of composite materials through electrospinning and observed improved
performance with regard to their pure counterparts. The composite material included nickel
particles dispersed in carbon nanofibers, copper/carbon composite and polyacrylonitrile/polypyrrole
composite nanofibers. They observed that the anode performance improved from the incorporation
of a Li-inactive nickel.®® Recently, Chen and co-workers have synthesized carbon/cobalt composite
nanofibers via electrospinning and a subsequent heating treatment. The asprepared carbon/cobalt
composite nanofibers have a high conductivity, a large reversible capacity of more than 800mAh g
! and good cycling performance.

1.3.1.3 Fuel cells

The fuel cells work on the same principle as batteries for converting chemical energy into
electricity with the difference that the batteries are standalone devices whereas chemicals are
constantly supplied into the fuel cell. The majority of fuel cells used hydrogen and oxygen as the
main fuel source for producing electricity. Fuel cells are usually classified based on the operating
temperature or the type of electrolyte used. On the basis of operating temperatures, the fuel cells can
be classified as polymer exchange membrane fuel cell (low temperature 60 to 80°C i.e. low warm-
up time), solid oxide fuel cell (high temperature 700 to 1000°C , low reliability with high stability
in continuous use) and molten-carbonate fuel cell (600°C). The proton exchange membrane fuel
cell converts chemical energy into electrical energy with high efficiency and low pollutants and thus
making it one of the most promising power sources for portable and automotive applications. The
focus is on developing membranes that are able to achieve appreciably high proton conductivity,
low gas permeability into the fuel and oxidant, high thermal stability, and durability.®* Among
different kinds of fuel cell, the direct methanol fuel cells (DMFCs) have been widely studied
recently for their room-temperature operation and potential high energy density. In DMFCs,
supporting materials are necessary to load catalysts of platinum nanoparticles or its alloy. It has
been proved that the supporting materials have a great effect on the catalytic activity of platinum
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nanoparticles. To improve the anode catalyst performance, the supporting materials should be
stable, a good electron conductor, and have a large surface area. Therefore, various carbon materials
such as mesocarbon, carbon fibers, and carbon nanotubes have been widely used as catalyst
supports for DMFCs. Through the electrospinning technique, continuous nanoscale carbon fibers
and nanoporous carbon fibers have been synthesized, which are good candidates for catalyst
supports.®* Han and co-workers have synthesized Pt-cluster-supported carbon fibrous mats
(CFMs/Pt) by the electrospinning and electrodepositing methods for DMFCs. In contrast to the
commercial catalyst, the catalytic peak current on optimum CFMs/Pt electrode has increased.’

1.3.1.4 Solar cells

Gratzel was the first person to fabricate dye-sensitized solar cells (DSSCs) in 1991.% Within
the past decade, DSSCs have gained considerable attention as a potential technique for harnessing
sunlight, a largely abundant renewable-energy source. For dye-sensitized solar cells, it is believed
that metal oxide nanostructures with one-dimension morphology have a better charge conduction
for increasing energy conversion efficiency. Electrospun TiO2 nanofibers or nanorods are most
widely studied as an electrode for DSSCs for their high surface area and large pores for the
increased adsorption of dye sensitizers. In order to improve the adhesion between one-dimension
TiO2 nanomaterials and the conductive substrates, many methods have been investigated, such as
hot press pretreatment, solvent vapor, mechanical grinding, use of an ultrathin surface treatment
layer on conductive substrates, and so on.** After the anchoring of ruthenium dyes onto the
electrospun TiO2 nanomaterials to form composites for DSSCs, the best-performing DSSC gives a
current density of 13.6mA cm, an open-circuit voltage of 0.8 V, a fill factor of 51%, and an
energy-conversion efficiency of 5.8%.%°

1.3.2 Filters

Air filtration technologies have traditionally found numerous applications such as in
semiconductor and the health-care industry. One of the key elements for effective air filtration is the
filter media, usually made of nonwoven fabrics, such as glass fibers, electrospun fibers, etc. The
usual criteria for high performance air filters are high filtration efficiency with low pressure drop.
Kim et al. fabricated poly(acrylonitrile) nano-web on a commercial melt-blown poly(propylene)
(PP) filter medium to generate composite filter media.'®? Structural characterization performed on
the composite filter showed that a thin layer of electrospun nano-web can improve the overall
performance by increasing filtration efficiency without significantly increasing the pressure drop of
the composite membrane.%

1.3.3 Sensors

In recent years, the development of composite based gas sensor technology has received
considerable attention in many areas such as agriculture, medicine, meteorology, aerospace
application on board space vehicles and other industrial facilities. Polymer and metal oxide
composites have been extensively investigated as sensitive materials, which exhibited better sensing
properties, such as shorter response time, smaller hysteresis, higher sensitivity and improved
stability. Many strategies have been developed to fabricate composite sensors with high sensitivity
and excellent reproducibility. Enhancement of sensor performance can be achieve through (1) an
accurate control of the morphology in the nanometre range of composition and of the surface state
of the sensing materials, (2) the integration of the sensor components (3) the optimization of the
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working temperature of sensitive layer, the operating mode, and the signal processing, and (4) the
use of filters exhibiting selective gas retention or conversion properties. All these rely on new,
highly sensitive materials and good fabrication technology.

Many researchers expect to obtain composite nanofiber sensors with high sensitivity, rapid
response, reversibility at room temperature and convenient operation. Among all methods,
electrospinning is one of the simplest and most cost effective techniques to produce
organic/inorganic nanofibers for sensor applicaton.®*

1.3.4 Biomedical applications

From a biological viewpoint, electrospun nanofibers are the most promising material that can
be applicable in medicine and pharmacy because almost all human tissues and organs, including
bone, dentin, collagen, cartilage, and skin, have dimensions on this order. During the past few years,
the field of application for electrospun polymeric nanofibers has developed very quickly; a series of
natural polymers, such as proteins, polysaccharides, DNAs and lipids and synthetic polymers such
as polyurethane, polyvinyl alcohol, polyethylene oxide, polycaprolactone, polylactic acid,
polyglycolide, polydioxanone, polyphosphazene derivatives, and synthetic copolymers have been
electrospun into nanofibers. Such electrospun materials can be applied for tissue engineering,
immobilized enzymes, wound healing, artificial blood vessels, drug delivery, and so on.** However,
the limited properties of electrospun polymer nanofibers with only one component restrict their
application in biomedical engineering. Therefore, electrospun composite nanofibrous scaffolds are
an appealing option. In the following, there are a few examples of applications of one-dimension
electrospun composite nanomaterials for drug delivery, tissue engineering, and wound dressing.

1.3.4.1 Tissue engineering

Electrospun nanofiber scaffolds have high surface area and high porosity, which is a good
candidate for use in tissue engineering. Various biocompatible and biodegradable polymers have
been electrospun to form fiber scaffolds.®* However, there are not many reports on the fabrication
of electrospun scaffolds based on polymer/polymer and polymer/inorganic composites, which can
enhance both the physical properties and biological functionality.

Zhang and co-workers demonstrated that PCL/gelatin composite fibers could be prepared by
electrospinning their mixed solutions in 2,2,2-trifluoroehtanol solvent. Compared to either PCL or
gelatin fibers alone, the mechanical properties and wettability were both improved. Moreover, as a
promising scaffolds for bone-marrow stromal cell (BMSC) culture, the PCL/gelatin composite
fibers were more favorable for BMSC growth and migration than PCL scaffold alone. This was due
to the good hydrophilicity, cellular affinity, and dissolution of PCL/gelatin composite nanofibers
during cell culture, as well as the elongation and deformation properties of the composite
scaffold.1%

Kohand co-workers successfully prepared PLLA/laminin composite nanofibers through three
different methods: covalent binding, physical adsorption, and blended electrospinning. The results
showed that blended electrospinning affords a useful and easy method to modify polymer
nanofibers to produce composite biomimetic scaffolds for enhancing neurite outgrowth compared to
the other two methods, which have potential applications in neural tissue repair.%*

Composite nanofibers with a core/sheath structure can also be used for tissue-engineering
applications. Zhang and coworkers prepared collagen-coated PCL nanofibers by a coaxial
electrospinning technique. The authors used the synthetic polymer (PCL) with better mechanical
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performance as the core and natural polymer (collagen) for functional purposes. The results showed
that coatings of collagen on electrospun PCL nanofibers favored cell proliferation.%

In addition to polymer/polymer or polymer/biological composite nanofibers, inorganic
nanocomponents were also incorporated into polymer nanofibers for the application of tissue
engineering. For example, the incorporation of calcium carbonate, calcium phosphate, and
hydroxyl-apatite (HA), with similar crystallographic structure to inorganic materials found in
natural bones, into the electrospun polymer scaffold made of a synthetic biodegradable or natural
polymer was able to assist the bone cell regeneration. Fujihara and co-workers demonstrated the
incorporation of calcium carbonate in the electrospun PCL scaffold by electrospinning the mixture
of PCL and calcium carbonate at different compositions on the surface of electrospun PCL
nanofibrous mats. Therefore, the mats consist of both functional layer (PCL/calcium carbonate) and
mechanical support layer (PCL). The results showed that both composite mats with different
PCL/calcium carbonate compositions exhibit good cell attachment and proliferation.’%® Similar
results have also been observed for betatertiary calcium phosphate incorporated into electrospun
PLA scaffolds.1%4

1.3.4.2 Drug delivery

A drug-delivery system consists of a formulation or a device that enables introduction of a
therapeutic agent in the body and enhances its efficacy and safety by controlling the rate, time, and
site of release within the body. This system is aimed at delivering and retaining a sufficient amount
of drug for an adequate period of time, and it is also expected to avoid degradation of non-released
drugs within the body.%®

Electrospun nanofibers for drug delivery have many advantages, such as easy implementation,
little influence on the drug activity, well-controlled release rate, and so on.%* In most cases, the
release of water-soluble drugs incorporated into a water-soluble polymer will exhibit an early stage
burst. Therefore, the emulsion electrospinning method and composite nanofibers was proposed.
Emulsion electrospinning of polymer/drug system encapsulates drugs inside the polymer
nanofibers.1% Hsiao and co-workers demonstrated that using electrospun composite nanofibers
(PLGA/PLA/PEG-b-PLA) showed a sustained release profile after the initial burst compared to
PLGA scaffold. This was because the drug could be trapped in electrospun nanofibers as a complex
with the hydrophilic block of PEG-b-PLA, resulting in the sustained release behavior. However,
such a method could not avoid the initial burst.” Similar to emulsion electrospinning, coaxial
electrospinning could also encapsulate drugs in the PCL fibers, forming a core/sheath structure. The
degradation and drug release rates of the composite nanofibers were related to the hydrophilicity of
the drugs. The drug release was smooth and no burst release occurred.*®

Another promising way to control the release profile of drugs is by coating a thin layer of
polymer on the surface of drug encapsulated electrospun nanofibers. Greiner and co-workers
prepared bovine serum albumin (BSA)-loaded PVA nanofibers by electrospinning. By modifying a
layer of Poly(p-xylylene) (PPX) using a CVD method, they obtained BSA-loaded PPX/PVA
composite fibers. In contrast with PVA fibers, no burst release for PPX/PVA composite fibers was
observed.1%

1.3.4.3 Wound dressing
Effective wound dressings are highly desired in various areas, such as promoting wound

healing, hemostasis, skin regeneration, diabetic ulcers, and tissue engineering. A good wound
dressing can maintain a moist environment at the interface, provide mechanical protection, prevent
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bacterial penetration, and allow gas-fluid exchange. In addition, it is non-adhesive to the wound and
easily removed without trauma. However, the dressings used in specific fields may have their
unique properties and requirements.

A variety of nanofibers prepared with renewable materials including chitosan, fibrinogen, silk
fibrin, bacterial cellulose, gelatin, and collagen and composites of these materials can promote
wound healing and show antibacterial activity, good adhesion, good absorption, and nontoxicity and
sufficient gas-exchange properties.*'® The mats prepared with the nanofibers have unique porous
structures and high surface areas, which are beneficial to cell regeneration and the wetness of the
wound. In addition, the mats can protect the wound from the harmful external environments.*'° The
bioactive molecules or drugs can be easily incorporated in the fibers by electrospinning to provide
additional functions such as anti-inflammatory activity and tissue growth-promoting activity.!*%11?

As well, polymer/Ag composite nanofibers have been widely studied for the application of
wound dressing because elemental Ag and Ag salts have been used as antimicrobial agents for
decades. Hong and co-workers demonstrated that PVA/Ag composite nanofibers could be prepared
by electrospinning PVA/AgNOs aqueous solution, followed by heat treatment or UV radiation.
TEM images of the obtained PVA/Ag composite nanofibers showed that Ag nanoparticles were
generated and well dispersed in the near surface of the electrospun nanofibers, indicating Ag ions
have been reduced to Ag nanoparticles either by heat treatment or UV radiation. Electrospun
PVA/Ag composite nanofibers showed excellent antibacterial activity; however, the disadvantage
was the gray-blue discoloration on the skin.!*® In order to reduce the discoloration, silver-loaded
zirconium phosphate nanoparticles have also been investigated as wound-dressing materials. The
results showed that the composite fibers maintained the strong killing abilities against the tested
bacteria strains, although Ag existed in the zirconium phosphate nanoparticles. Moreover,
discoloration has not been observed in the nanofibers.!** Recently, Youngs and co-workers
demonstrated that the encapsulation of silver-imidazole cyclophane gem-diol complex into
hydrophilic Tecophilic nanofibers also showed excellent bactericidal activity. The composite fibers
released silver nanoparticles in a sustained profile over a long time. Therefore, the rate of
bactericidal activity of the silver complex was significantly improved, and the amount of silver used
was much reduced. The composite fibers as scaffold were found to be effective against E. coli, P.
aeruginosa, S. aureus, C. albicans, A. niger,and S. cerevisiae.'®
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CHAPTER 2. Polymer and composite nanoparticles: preparation
and application

2.1 Polymer nanoparticles

Nanosized particles have attractive characteristics, which have received considerable attention
in the last decade. Nanoparticles are solid particles or particulate dispersions (colloids) with size in
the range of 10-1000 nm that are produced by mechanical or chemical means.! Nanoparticles are
assemblies of atoms or molecules at nanometer scale with unique and useful technical properties,
different from those of the bulk material, attributable to their small size. With the size reduction, the
surface/volume ratio is enlarged providing a larger reactive area of the interface, which is expected
to have extensive applications in various fields such as drug delivery systems, biotechnology,
biosensors, electronics, photonics, conducting materials, catalysts, nanocomposites, agriculture and
environment.?®

Polymer-based NP (PNP) is a collective term which is given to any kind of polymer NP but
specifically, is applied for nanospheres and nanocapsules. The difference between these two forms
lies in their morphology and body architecture. Nanospheres are formed by a dense polymeric
matrix, whereas nanocapsules are composed of a hollow or oil core surrounded by a polymeric
membrane.®

The historical development of PNPs was created by Paul Ehrlich with the first experimental
efforts by Ursula Scheffel. Extensive works were conducted by the group of Peter Speiser at ETH
Zurich in the late 1960s and early 1970s.’

The field of PNPs is quickly growing and playing a key role in the extensive fields ranging
from photonics, electronics, sensors, medicine, pollution control and environmental technology.
PNPs have long been used as main components in established everyday coatings, paints and
adhesives products. More recently, they have found applications in biomedical fields such as bio-
imaging, drug delivery, and diagnostics. PNP-based materials with unique physical and chemical
characteristics might become future commands for the progress of new nanomaterials.*®

2.1.1 Methods for preparation of nanoparticles from dispersion of preformed polymer
2.1.1.1 Solvent evaporation

Solvent evaporation was the first method developed to prepare PNPs from preformed
polymers. These methods include the elimination of the organic solvents, where the polymer is
dissolved, which can be achieved by evaporation or by extraction. Methods consist of oil-in-water
(o/w), water-in-oil-in-water (w/o/w), solid-in-oil-in-water (s/o/w), oil-in-oil-in-water (o/o/w), and
oil in oil (0/0), etc. emulsion solvent evaporation method.

In single emulsion method, initially, the polymeric supporting material is dissolved in a
volatile organic solvent. In the next stage, the organic phase should be emulsified under high-energy
source such as ultrasonicator or homogenizer into an external aqueous or oil phase consisting of a
nonsolvent of the polymers which is immiscible with the organic solvent that contains an
appropriate amount of surface active agent (stabilizer) (Figure 2.1). Exposing to a high-energy
source, the emulsion is worn out into nanodroplets since it is the key point in attaining
nanoparticles. Once the emulsion is stabilized, continuous magnetic stirring at room temperature or

Nanoparticles and nanofibers: drug delivery and environmental applications



32 Chapter 2: Polymer and composite nanoparticles: preparation and application

under reduced pressure should be continued to evaporate the organic solvent. Afterward, the
solidified nanoparticles can be collected by ultracentrifugation and washed with distilled water to
remove additives such as surfactants. Finally, the product is lyophilized.*®

(a)
)

Water +0il + \W/O Emulsgon Water + W/ONV Emulson
Lipophilic surfactant Hydrophilic surfactant

Figure 2.1. Preparation of w/o/w double emulsion: (a) high-shear emulsification and (b) low-
shear emulsification.?

2.1.1.2 Nanoprecipitation

Nanoprecipitation is the spontaneous precipitation of the polymer in non-solvent phase by
solvent displacement. The nanoprecipitation method was first introduced by Fessi and co-workers
in 1989.° This one-step preparation method immediately attracted wide attention due to its
simplicity, speed, and economic feasibility. It involves the precipitation of a preformed polymer
from an organic solution and the diffusion of the organic solvent in the aqueous medium in the
presence or absence of surfactant.’®'® Nanoprecipitation systems encompass three parts: polymer,
polymer solvent, and non-solvent of the polymer. The polymer is initially dissolved in the
intermediate polarity water-miscible organic solvent, and then the organic solution is added into the
non-solvent with magnetic stirring under ambient conditions (Figure 2.2). Nanoparticles are formed
by precipitation simultaneously with the polymer diffused into the non-solvent and particle size can
be regulated by the concentration of polymer, speed of stirring, rate of injection of two phases and
solvent/non-solvent solubility and proportion.

In the nanoprecipitation process, the selection of solvent and non-solvent has a crucial impact
on nanoparticle formation. The solvent should have a high solubility of the polymer of interest; be
miscible in the non-solvent, and be facile to removable from the product following precipitation.
Acetone and ethanol are two frequently used organic solvents in the nanoprecipitation process. If
the polymer is not very soluble in organic solvents, multiple solvent blends could be used to
improve the polymer solubility. Some of the advantages associated with this method are: (1) large
amounts of toxic solvents are the avoided and (2) submicron particle sizes with narrow size
distribution are the obtained (3) without the use of external energy sources. In spite of this, the
principal limitation is related to the drug solubility. Since nanoprecipitation was proven to be
inappropriate for the entrapment of water-soluble molecules, most of the drug incorporation studies
focused on poorly water-soluble and amphiphilic compounds highly soluble in water-miscible
organic solvents,3141°
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Figure 2.2. Scheme for the fabrication of PNPs by nanoprecipitation method.
2.1.1.3 Emulsification/solvent diffusion (ESD)

Emulsion solvent diffusion (ESD) is a modified version of solvent evaporation method that is
among the most continually employed methods for the fabrication of PNPs from polymers. The
origin of the process lies in the efforts of Quintanar-Guerrero et al.!® This technique is the
combination of two steps, i.e., emulsification and diffusion process. Polymer waterlogged solvent
system is emulsified into an aqueous phase under homogenization. The solvent diffuses from the
globules to the extramural phase. Then, it is allowed to diffuse into the non-solvent by adding an
excess amount of non-solvent phase. The diffusion of the solvent takes molecules in the external
phase and forms regions of supersaturation, from which polymer chain aggregates or globules are
formed. Consequently, nanoparticles are formulated due to the physicochemical imbalance caused
by solvent transfer. Particle size was found affected by water-logging and polymer concentration.
This technique presents several advantages, such as high encapsulation efficiencies, no need for
homogenization, high batch-to-batch reproducibility, ease of scale-up, simplicity, and narrow size
distribution. Disadvantages are the high volumes of water to be eliminated from the suspension and
the leakage of the water-soluble drug into the saturated-aqueous external phase during
emulsification, reducing encapsulation efficiency.5¢

2.1.1.4 Salting out

One alternative to the widely applied emulsion and nanoprecipitation procedures is the
salting-out method. Salting out is based on the separation of a water miscible solvent from aqueous
solution via a salting out effect. The solution is emulsified under vigorous stirring in an aqueous gel
containing the salting-out agent and, if required, a stabilizer. The addition of a high amount of water
to the o/w emulsion allows the formation of nanospheres that can be purified and recovered by
cross-flow filtration (Figure 2.3). The compounds commonly employed as salting-out agents are
electrolytes such as magnesium chloride, sodium chloride or magnesium acetate and non-
electrolytes such as sucrose. This method is especially suitable when high quantities of polymer and
drug are required. The need of intensive purification of the resulted nanospheres, as well as the
incompatibility of most of the salts employed with the bioactive compounds, are the principal
limitations associated with this technique.***
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Figure 2.3. Scheme for the fabrication of PNPs by salting-out method.*
2.1.1.5 Dialysis

Dialysis offers a simple and effective method for the preparation of small, narrow-distributed
polymer nanoparticles.'”*® The polymer is dissolved in an organic solvent and placed inside a
dialysis tube with the proper molecular weight cut off. Dialysis is performed against a non-solvent
miscible with the former miscible. The displacement of the solvent inside the membrane is followed
by the progressive aggregation of the polymer due to a loss of solubility and the formation of
homogeneous suspensions of nanoparticles (Figure 2.4). The mechanism of PNP formation by
dialysis method is not fully understood at present. It is thought that it may be based on a mechanism
similar to that of nanoprecipitation proposed by the Fessi et al.® A number of polymer and
copolymer nanoparticles were obtained by this technique. Poly(benzyl-I-glutamate)-b-poly(ethylene
oxide), poly(lactide)-b-poly(ethylene oxide) nanoparticles were prepared using DMF as the
solvent.?®20 The solvent used in the preparation of the polymer solution affects the morphology and
particle size distribution of the nanoparticles.

Stirrer bar

Figure 2.4. Schematic representation of osmosis based method for preparation of polymer
nanoparticles.®®
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2.1.1.6 Spray drying

Spray-drying is a rapid, continuous, cost-effective, reproducible and scalable process for
producing a dry powder from a liquid phase. This is done by removing the solvent from the solution
containing solvent and polymer as a solute. The spray-drying process consists of four fundamental
steps: (1) atomization of the liquid feed, (2) drying of spray into drying gas, (3) formation of dry
particles and (4) separation and collection of the dry product from the drying gas.?* First, the fluid is
fed into the drying chamber by a peristaltic pump through an atomizer or nozzle that can be a rotary
atomizer, a pressure nozzle or a two-fluid nozzle and the atomization occurs by centrifugal, pressure
or kinetic energy, respectively. The small droplets generated by the solution come in contact with
the hot air, the solvent content of each droplet is instantaneously evaporated and dried nano and
microparticles are finally formed that are separated from the drying gas by means of a cyclone that
deposes them in a glass collector situated in the bottom of the device (Figure 2.5). The particle
sizes obtained are at submicron-to-micron scale and could be administered by different routes. One
particle is usually formed from one droplet. The polymer precipitation on the surface of droplets
leads to the formation of particles if the solute concentration at the center of the droplet is lesser
than the equilibrium saturation.

The variables that affect the characteristics of the product and that can be tuned are (1)
process parameters, (2) properties of the liquid feed and (3) equipment design. Spray drying was
explored a favorable and fairly reproducible method, having improved therapeutic efficacy.?>%

Drying Atomizer
oo <> o
00e° Liquid feed
Drying | %
chamber
=> Exhaust
gas
t:’ o
3 Cyclone
Dry particles
collector

Figure 2.5. Diagram of the equipment and process of conventional spray-drying.23
2.1.1.7 Supercritical fluid technology (SCF)

SCF propound an attractive and exciting opportunity for the fabrication of PNPs due to its
low operating conditions and potential applications for pharmaceutical research. The prescribed
treatment allows the fabrication of formulations without subsidiary agents and organic solvents.
Under ambient conditions, the polymer is mixed in a befitted supercritical fluid. Then the solution is
sent to a pre-expansion tank through a syringe pump where it is heated isobarically to the pre-
expansion temperature under pre-expansion pressure. Through nozzle, the solution is then permitted
to expand into the air. The solution posed by expansion endures from rapid pressure reduction and
exhibit a high degree supersaturation, resulting in fabrication and nucleation of nicely discrete
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particles (Figure 2.6). At alternative fact, the solution that is pre-heated is permissible to inflate
across the orifice of a nozzle into aqueous.®*°

e ‘..': . PolymerNanoparticles

.2 .
- T
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Figure 2.6. Experimental set-up for the preparation of polymer nanoparticles by rapid expansion
of supercritical fluid solution.’®

2.1.1.8 Electrospray

Electrospraying is a one-step technique which has potential to generate narrow size
distributions of submicrometric particles, with limited agglomeration of particles and high yields.?*
Vonnegut and Neubauer (1952) were pioneers applying voltage to produce micrometer-sized
spherical particles for application as sprays.® Today this technology is extending to other areas
where it is booming in medicine and food technologies, because it is simple and uses low-cost
equipment.?® The principle of the electrospray is based on the ability of an electric field to deform
the interface of the droplet and get droplets in the range of a micrometer or nanometer depending on
the parameters to control. According to the way of collecting the droplets, there are two variants of
the electrospray technique: electrospray in plates and electrospray in solution.

(1) Electrospray in plates consists of collecting charged droplets in a grounded plate, and
collection can be of two forms. The first one, charged droplet, is deposited individually or can be
deposited as an agglomerate of droplets on the plate (2) Electrospray in solution is based on
collection of charged droplets in a cross-linking solution into a precipitate glass to facilitate the
formation of micro- and nanospheres (Figure 2.7 ).%’

Y
? Holes for
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Support
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Figure 2.7. Method of electrospray (a) in plates (b) in solution.?’
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The experimental set up has a syringe pump with polymer solution connected to the high
voltage power supply that constitutes the functional electrode. A metal foil collector placed opposite
functions as the ground electrode. The flow rate and the applied voltage were optimized depend on
the type of the solution used for electrospraying. The liquid emerging from the nozzle into the
electric field forms tailor cone because of the surface tension. By increasing the electric field the
Taylor cone breaks into highly charged droplets, selecting the suitable conditions leads those
droplets close to micro or nano size level. Solid particles can be produced by solvent evaporation.
Needle gauge diameter, applied voltage, flow rate, concentration and working distance are variables
that influence on the final products. The principle of electrospraying is to apply a high voltage to a
polymeric solution to force the polymer to come out from the syringe in the form of nanoparticles.
Electrospraying has emerged as a similar technique as the electrospinning which uses the analogous
technology for the production of nanostructures. The nanoparticles can be useful for numerous
biological, medicinal or pharmaceutical applications because of their zero dimensional nature,
whereas the nanofibers can be only useful for their two dimensional applications. The advantages of
the electrospraying include increased scalable synthesis, reproducibility and high encapsulation
efficiency. This method is not only convenient for the synthesis of synthetic polymer nanoparticles
but also for natural polymer nanoparticles either protein or carbohydrate and was found to produce
stable nanoparticles without any loss of their bioactivity of either the drug or encapsulating
biomolecules.?®

Electrosprayed nanoparticles can encapsulate drugs and can be specific drug carriers because
of their active surface absorption, binding or complexation with drug.?® In the other hand, the nano
particle size plays an important role in the therapeutic treatment, the particle size is one of the
factors to decide the drug carrier velocity, specificity towards binding or adhesion and reactivity.°
Thus the electrosprayed nanoparticle technology opens a new domain for drug delivery applications
and therapeutic use. The advantages of electrospraying technique are: (1) It can produce lowest and
uniform particle size as possible. (2) Easy to control the operation parameters. (3) Fast preparation
and one step technique. (4) This involves simple ideology. (5) This technique can be able to extend
for bulk production. On other hand, this technique may induce some macromolecule degradation
due to the stress involved in the operation parameters (ex: thermal stress in drying, shear stress in
the nozzle).?8

2.2 Composite nanoparticles

Composite nanoparticles showing multiple discrete functionalities integrated into a single
nano-unit have recently been the subject of intense research because they could have widespread
uses in advanced medical and other technological applications. While the properties of single-phase
nanoparticles depend primarily on the intrinsic properties of the material they are made of, on their
size and shape, the properties of composite nanoparticles can be modified on the basis of
interactions between the different properties in the materials being coupled. This coupling of the
properties of different functional materials inside composite nanoparticles can lead to greatly
improved or even completely new properties.

In recent years, the emergence of multifunctional nanomaterials has yielded substantial
advances in the design and application of NP architectures for quantitative measurements. Of these
NP architectures, at least three geometries substantially enhance NP utility for quantitative
applications: (1) core—shell materials that are layered concentrically over one another, (2) composite
materials comprising distinct, interspersed domains of different materials, and (3) hybrid materials
comprising interspersed domains that are indistinguishable above the molecular/macromolecular
level (Figure 2.8).3!
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Figure 2.8. Different multifunctional nanoparticle geometries: a) core-shell, b) composite, and
¢) hybrid NP morphologies.®

The combination of multiple materials often minimizes or masks the disadvantageous
properties, e.g., solubility, drug retention, and degradation, of the individual component materials to
yield an optimal geometry, a clear case of the whole being greater than the sum of the parts. For
example, aggregation of hydrophobic polymer or metal NPs in aqueous solutions is prevented by
addition of hydrophilic silica or polymer shells, whereas drug leakage from hydrophilic
architectures can be minimized by inclusion of a hydrophobic core. Additionally, mechanically
fragile materials such as alginate can be reinforced by more robust polymers or silica.*?
Furthermore, compartmentalization of differing materials within distinct domains of composite NPs
allows multiple, sometimes incongruous, components to be combined within one particle by
providing suitable environments for each individual component. Thus, the design of composite,
hybrid, and core—shell NP represents a bright future for quantitative applications of NPs.

2.2.1 Organic-Inorganic composite nanoparticles

Composite nanoparticles as core/shell nanoparticles or surface modified nanoparticles may be
considered as a special type of nanocomposites. When these nanoparticles contain an inorganic core
and an organic shell one may speak about hybrid nanoparticles. In this case the inorganic core may
be a metal or a metal oxide, and the organic shell either a polymerized monomer, a chromophore, a
detergent or surfactant, carbon, or some organic molecule. Particles of this type, consisting of a
metal oxide core and a polymerizable organic shell, were reported in the mid and late-90s by
Vollath,333 synthesized in a microwave plasma reactor by gas phase synthesis. This concept allows
the design of new functional materials with novel or modified magnetic, optical, electronic or
biological properties. In the last decade, a broad portfolio of nanocomposite particles with different
functional properties have been developed depending on the inorganic core and the organic shell.
Many research groups worldwide are involved in this field. Chen and Somasundaran, for example
described the preparation of Al.O3z/PAA core/shell nanocomposites by a controlled polymer
bridging, using commercial Al.O3 nanoparticles.®® A polystyrene-based coating was used for SiO
nanoparticles® and TiO2 nanoparticles,®’ respectively. Acrylate-based nanoparticle composites were
reported from Zn0O,*® Ti02,% and Si0..*° Al,O3 nanoparticles were coated with pyrrole,** or in situ
with polyethylene.*? He et al. reported about ZrO, nanoparticles, coated with quasi-polyethylene.*®
Various oxide nanoparticles were coated with acrylic based monomers and with fluoropolymers.**
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Schmidt developed magnetic core/shell nanoparticles based on FesOs and e-caprolactone®® by
surface initiated ring-opening polymerization, whereas Nan et al.*® synthesized a similar type of
nanocomposite using microwave assisted graft polymerization. Gravano et al. described the surface
functionalization of Fe,O3 with ligands and polymers.*’

2.2.2 Organic-Organic composite nanoparticles

Organic-organic composite nanoparticles have received increased scientific interest in terms
of basic research as well as commercial applications, promising a variety of uses for nanostructures
in fields including bionanotechnology and medicine. Composite nanoparticles as core/shell
nanoparticles or surface modified nanoparticles may be considered as a special type of
nanocomposites. A number of important synthesis methods of hybrid nanoparticles/nanostructure
have been discussed yet. Recently Cory et al. fabricated uniform double-walled composite
nanoparticles by using dual coaxial jets.*® As well Yang et al, developed sequentially-controlled
drug release for cancer combination chemotherapy treatment by fabrication of PVP/PLGA and
PCL/PLGA nanoparticles with a distinct core—shell structure by coaxial electrospray.*® Wen et al.
developed PDVB/porous PDVB composite nanoparticles by precipitation polymerization.®® Layer
by layer deposition was employed for preparation of PLA/PEI composite nanoparticles by Trimaille
et al.>! Gulnaz et al. reported about production of stereocomplex polylactide hybrid nanoparticles by
supercritical fluid technology with higher mechanical and thermal properties.>? The other method
uses for making composite nanoparticles is grafting. PLGA/chitosan hybrid nanoparticles have been
demonstrated by Shailesh et al. which grafting of chitosan on PLGA surface was carried out via
amide bond.>®

2.3 Polymer nanoparticles applications

The researchers are scrutinizing materials accompanied by enhanced physicochemical
features that have dimensionally better suitability in nanoscience and technology applications. In
this regard, polymeric nanoparticles-based material is an important addition in the area of
nanoscience, for playing a key role in modern science and technology. Among the various
nanostructures, same as quantum dots, graphene, carbon nanotubes, metallic and metal oxide
nanoparticles, polymeric nanoparticles, characterized by satisfying biocompatibility, have aroused
great interest as the carriers for various biologically active substances such as drugs, proteins,
monoclonal antibodies, biological extracts, nucleic acids, and others. polymer nanoparticles have
already been reported as efficient vehicles for therapeutic agents in many disease entities. They can
be delivered to the body via different administration routes.>*

One of the most important biomedical applications of biodegradable polymeric nanomaterials
can be found in the field of drug delivery. Polymeric nanomaterials offer several advantages, such
as (1) provide a controlled release fashion from the matrix structure into a targeted part of the body;
(2) encapsulate labile molecules (e.g., DNA, RNA, and proteins) and prevent degradation; (3)
option to modify surfaces with ligands; and (4) provide excellent in vitro and in vivo stability.>*

2.3.1 Polymeric nanoparticles as carriers for therapeutic agents
Polymer-based nanoparticles have been successfully used as carriers for antimicrobial agents.
For instance, Intriguingly, Chaudhary and Kumar have demonstrated the antibacterial activity of

Cefixime-loaded PLGA nanoparticles against the intracellular multidrug resistance (MDR) of
Salmonella typhimurium. The results revealed a sustained release of the antibiotic from the
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prepared formulation and its better permeation across rat intestines as compared to the free drug.>®
A curious instance has been explored by Hill and co-workers, who demonstrated that PLGA
nanoparticles loaded with the natural antimicrobial cinnamon bark extract, are effective inhibitors
of Salmonella typhimurium and Listeria monocytogenes. The authors highlighted the potential of
the as-prepared system for the food industry to help prevent foodborne diseases.®

Polymeric nanoparticles have also been used successfully as carriers for antihypertensive
drugs. As an example, pulmonary delivery of the antihypertensive drug carvedilol was the subject
of studies performed by Varshosaz and co-workers. The authors prepared drug-loaded
poly(ethyleneco-vinyl acetate) (PEVA) nanoparticles coated with chitosan. The system revealed
mucoadhesive properties and provided prolonged drug release up to 8 h.%’

In the anticancer therapy, one of the worst problems is the low tumor answer to treatment,
because of the non-specific bioavailability of the administered anticancer agent. By using
nanoparticles it is possible to achieve the bioaccumulation of the drug in the target tissue. In the
most cases, the EPR (enhanced permeation and retention) effect is responsible for the accumulation
of drug in the tumor tissue. Hapca et al. synthesized PLA nanoparticles on which they have grafted
monoclonal antibodies with a high specificity for the treatment of ovarian cancer and lymphomas.®®

Another field where nanoparticles are very important is gene delivery. By encapsulating the
genes into nanoparticles it is possible to protect them from degradation in the presence of certain
factors (pH, bile, proteolytic enzymes). The entrapment of genes into nanoparticles has encountered
some problems regarding the stability of the synthesized structures during the preparation as well as
after administration. One method to ensure the stability is to bind the genes to the surface of
nanoparticles or nanocapsules. The binding must be reversible in order to allow the cleavage of the
complex once the target has been reached.®® A method to obtain nanoparticles without using a
surfactant was proposed by Castadello et al. who obtained nanoparticles able to bind DNA without
using a surfactant. The nanoparticles have a PMMA core and a shell of PEG and positively charged
groups. The PEG chains are both biocompatible and biodegradable and provide steric stability while
the positively charged groups bind DNA. By using these complex structures, the risk of physical
desorption is greatly decreased.°
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CHAPTER 3. Used materials

3.1 Poly (lactic acid) (PLA)

Poly(lactic acid) (PLA) belongs to the family of aliphatic polyesters, a compostable,
biodegradable thermoplastic made from renewable sources. Poly(lactide) was discovered in 1932 by
Carothers (at DuPont). He was only able to produce a low molecular weight PLA by heating lactic
acid under vacuum while removing the condensed water. The problem at that time was to increase
the molecular weight of the products; and, finally, by ring-opening polymerization of the lactide,
high-molecular weight PLA was synthesized. As early as the 1970’s, PLA products have been
approved by the US Food and Drug Administration (FDA) for direct contact with biological fluids.
PLA was first used in combination with polyglycolic acid (PGA) as suture material and sold under
the name Vicryl in the U.S.A. in 1974. Four of its most attractive advantages are renewability,
biocompatibility, processability, and energy saving. First of all, PLA is derived from renewable and
degradable resources such as corn and rice, which can help alleviate the energy crisis as well as
reduce the dependence on fossil fuels of our society; PLA and its degradation products, namely H20
and COg, are neither toxic nor carcinogenic to the human body, hence making it an excellent
material for biomedical applications including sutures, clips, and drug delivery systems (DDS).
Moreover, contributing to its processability, PLA can be formed into any desired shape, including
film, board, pellets, and fibers, by extrusion, injection molding, thermoforming, hot drawing,
electrospinning and solvent casting due to high thermal processibility. These thermal properties
contribute to the application of PLA in industry in fields such as textiles and food packaging. Due to
the ease of synthesizing and processing, PLA is less energy consuming than other polymers,
consequently reducing air and water pollution. This feature surely can relieve the global warming
effect and the over-consumption of fossil energy.*?

The monomer of PLA is lactic acid (2-hydroxy propionic acid), which can be taken from milk
or similar dairy product. Lactic acid is the simplest hydroxy acid with an asymmetric carbon atom
that has two isomers with two optically active configurations, L-lactic acid and D-lactic acid, which
are shown in figure 3.1.1

L-lactide D-lactide

Figure 3.1. The configuration of two lactic acid isomers.®

With L-lactic acid and D-lactic acid isomers, four different polymers can be produced: Semi-
crystalline poly (L-lactic acid) (PLLA), regular chain structure polymer synthesized solely with L-
lactic; Crystalline poly (D-lactic acid) (PDLA), regular chain structure polymer synthesized solely
with D-lactic; and amorphous polymer poly (D, L-lactic acid) (PDLLA). Moreover, with meso-
lactide as a monomer, polymerized meso-PLA can be prepared. Figure 3.2 shows the chemical
structure of PLA.3
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O

O

CH3 n
Figure 3.2. Chemical structure of PLA.2

In addition to the great degradability and processability, PLA also possesses another valuable
physical, chemical, and mechanical properties. However, the thermal and mechanical properties of
PLA primarly depend on polymer structure. PLA homopolymer has glass transition temperature
(Tg) around 55 °C, and melting temperature (Tm) around 175 °C. The differences in molecular
weight, crystalline structure (i.e. crystalline, semi crystalline, amorphous) and tacticity lead to
differences in properties.*

Even though PLA can be considered as a good renewable substitute for petroleum based
materials but in comparison with traditional polymer materials some properties of PLA are still
inferior. For instance, PLA is brittle, showing low elongation strain at breaking point. Unless
modified, it cannot be used as a proper substitute for applications requiring good elongation. In
addition, the heat distortion temperature is around 55-65 °C for most pure PLA homopolymers,
narrowing and limiting their utilization range.®

To improve their general performance, a considerable amount of research has been conducted.
Perego et al. developed impact resistance of PLLA by increasing molecular weight and crystallinity.
In their study, PLLA samples were prepared by injection molding method.®

Jonoobi et al. improved tensile strength of PLA by blending the PLA matrix with well-
dispersed cellulose nanofibers via twin screw extrusion method. The tensile strength increased with
nanofiber content.’

To modify high rigidity and brittleness of PLA at room temperature, Hassouna et al. studied
the plasticizing effect on PLA of grafting by hydroxyl-functionalized using reactive extrusion.
Results demonstrated an overall improvement on PLA’s yield stress when plasticized with 10wt%
PEG and 10wt% maleic anhydride-grafted PLA copolymer. However, the plasticizer steeply
reduced the glass transition temperature, melting temperature and degree of crystallinity. Therefore
the heat distortion temperature cannot be improved by this route.®

The modification of PLA has been considered as a practical way to enhance certain of its
properties. However, improving thermal and mechanical properties without balancing
compromising renewability and degradability is not a trivial task. Typically, improved
thermomechanical properties are at the expense of renewability/ biodegradability. Hence,
reconsideration of the approaches to improve the overall PLA performance is required.

3.1.1 Stereocomplex poly (lactic acid) (sc-PLA)

When the interaction between polymers having different tacticities or configurations prevails
over that one between polymers with the same tacticity or configuration, a stereoselective
association of the former polymer pair takes place. PLA stereocomplex consists of both
enantiomeric poly (L-lactic acid) and poly (D-lactic acid). PLA stereocomplexation due to the
peculiarly strong interaction between L-lactyl unit sequences and D-lactyl unit sequences is
expected to improve PLA thermal and mechanical properties when compared to the pure form of
either enantiomer. The melting temperature of stereocomplex is 50 °C higher (230°C) than that of
pure PLLA or PDLA (180°C). The stereocomplex crystal has PLLA and PDLA chains packed side
by side with a triclinic 31 helix.® Ikada et al. indicated that mixing ratio and molecular weight of
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PLLA and PDLA are critical among many parameters affecting stereocomplexation.’® Indeed, to
achieve the stereocomplexation, polymers with relatively low molecular weight are required, while
polymers with high molecular weights tend to hinder its formation, due to their very low
macromolecular mobility.}! As Auras et al. described, Strong shear can induce stereocomplexation,
by rotating and extending macromolecular chains of PLA and facilitating the enantiomeric
sequences.’

Considering the previous study which revealed that in the unit cell, the number of L-units and
D- units should be equal, the PLLA and PDLA stereocomplex are presumed to possess a 31 helix in
its crystal.!? Using the conformational parameter equation for polymer helices composed by
Miyazawa, the existence of the 31 helix has been proved.!?

A PLLA chain is left-handed, while a PDLA chain is right-handed, both making up the helical
system. When the mixing ratio of left-handed structure and right-handed structure is 1:1, the two
forms the most densely packed structure. Thus when they are mixed by 1:1 ratio, the stereocomplex
formed by rotating both PLLA and PDLA polymer backbones, results in a side-by-side, highly
ordered stable 31 helix structure. The strong interaction between PLLA and PDLA explains why the
stereocomplex has a high melting temperature, as well as better mechanical properties.*

To prepare PLA stereocomplex, the various methods such as compression, orientation, melt
crystallization, solution casting, and precipitation were utilized which have been listed below.

a. Crystallization from Melt

Crystallization at a fixed temperature directly from the melt is the most prevalent way to
obtain PLA stereocomplex crystal from the melt, and it requires an equimolar mixture of PLLA and
PDLA with low molecular weights.*®

b. Compression

Using twin screw extruder and squeezing molecular chains, PLA stereocomplex formed with
following temperature profile: 200-230°C for extruder barrel; die for 220°C. The screw speed was
200 rpm.*6

c. Orientation

By hot drawing, a large molecular surface area can be created. This increases the possibility
of the interaction between PLLA and PDLA polymer chain segments. This method also increases
the tensile strength.’

d. Solution casting

Solution casting method can be used for with higher molecular weight PLLA and PDLA, but
the time given for PLA stereocomplex crystallization must be long enough, otherwise, PLLA or
PDLA homocrystallites may form.*

e. Precipitation

By adding PLLA and PDLA mixture solution into a non-solvent, rapid crystallization of PLA
stereocomplex takes place. The low concentration of polymer and the introduction of the high shear
rate in the non-solvent can induce the formation of PLA stereocomplex over PLLA or PDLA homo-
crystallization.*
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3.2 Polycaprolactone (PCL)

Polycaprolactone (PCL) is aliphatic polyester composed of hexanoate repeat units which is
produced from crude oil. It is a hydrophobic, semicrystalline (50%), biocompatible, and relatively
slow degrading polymer, which has been widely used in the biomedical field for the last few
decades. PCL biodegrades within several months to several years depending on the molecular
weight, the degree of crystallinity of the polymer, and the conditions of degradation. PCL is not
degraded by enzymes within human or animal bodies because of the lack of suitable enzymes, but it
can be degraded by microorganisms (bacteria and fungi) as the polymer backbone has ester linkages
that are hydrolysable. PCL is a thermoplastic polymer with glass transition temperature (Tg) of -
60°C and melting point ranging between 59-64°C, that grant it several desirable features, including
good stability under ambient conditions, ease of processaibility (thermal and solution), and has
already been approved for use in a few products by the U.S. Food and Drug Administration. PCL
has a wide range of application area, such as packaging, medical implant, and controlled drug
delivery system, so the crystallization and the morphologic properties of PCL are very important.
The mechanical and degradation properties of pure PCL are not adequate with the requirement for
some kind of medical applications, such as scaffold. So, PCL can be used as one of the component
of blend materials or as a copolymer. Incorporation of nanostructured filler material into the PCL
material could be an important strategy to improve and modulate the mechanical and degradation
properties of PCL-based materials.'82°

Polycaprolactone is mainly synthesized by ring opening polymerization (ROP) of e-
caprolactone and many efficient catalysts have been used for the polymerization (Figure 3.3).%
ROP of e-caprolactone proceeds according to the four different major mechanisms: cationic,
anionic, monomeractivated, and coordination-insertion ring opening polymerization.'® Stannous (11)
2-ethylhexanoate (or tin octoate) is a representative catalyst with high efficacy and low toxicity,
which has been frequently used in ring opening polymerization of e-caprolactone.?

PCL is suitable for controlled drug delivery due to a high permeability to many drugs and
excellent biocompatibility. Due to the fact that PCL degrades at a slower rate than other
biopolymers such as PLA, poly(glycolic acid) (PGA), poly(lactic acid-co-glycolic acid) (PLGA)
and its copolymers, it is therefore originally used in drug-delivery devices.?? PCL also has the
ability to form compatible blends with other polymers, which can affect the degradation kinetics,
facilitating tailoring to fulfill its applications. The advantages of PCL for these applications include
tailorable degradation kinetics and mechanical properties, ease of shaping and manufacture enabling
appropriate pore sizes conducive to tissue in-growth, and the controlled delivery of drugs contained
within their matrix.?® Functional groups could also be added to make the polymer more hydrophilic,
adhesive, or biocompatible which enabled favorable cell responses. The applications of PCL in
medical devices include sutures, wound dressings as well as in dentistry.?4-2°
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Figure 3.3. Synthesis of polycaprolactone (PCL) by ring opening polymerization.?°
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3.3 Poly styrene maleic anhydride copolymer (PSMA)

In the past few decades, chemical modifications of polymers to achieve desirable
characteristics have been put into practice. This practice has led to the synthesis of polymers in
which more than one monomer is used to form copolymers. A good example of a copolymer is poly
(styrene-co-maleic anhydride) (PSMA).?’

The PSMA copolymers are composed of styrene (hydrophobic) and maleic anhydride
(hydrophilic) monomer units, synthesized by radical polymerization of a mixture of styrene and
maleic anhydride, which largely determine their amphiphilic nature.?

Styrene-maleic anhydride copolymer is also regarded as a functional or reactive polymer. The
functionality is brought about by the maleic anhydride in the backbone of the copolymer which is
reactive towards nucleophilic reagents (H-O, alcohols, thiols, ammonia, amines, etc). Introduction
of nucleophilic compounds enables the synthesis of new materials. Figure 3.4 shows the preparation
of PSMA derivatives.?8
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Figure 3.4. Preparation of PSMA derivatives (half-esters and amide conjugates).?®

The physicochemical properties of PSMA copolymers are determined mainly by three factors:
1) the molecular mass distribution; 2) the molar ratio of styrene to maleic acid monomer units; and
3) the relative order of monomer units in the polymer molecule (c.a. whether it is a random,
alternating or block copolymer). There are also chiral centers in the copolymer molecules and
therefore a possibility for various tacticity of the molecules. The alternating copolymers with equi-
molar ratio of styrene to maleic acid monomer units are usually soluble in water at pH > 5.2

PSMA is known to be a biocompatible polymeric material that employed within medical and
pharmaceutical applications. It has been used in many applications such as drug and protein
delivery vehicles to the biological environments of different pH. Yordanov et al. prepared PSMA
nanoparticles as colloidal career for the anticancer drug epirubicin by nanoprecipitation method.
They showed that the nanoparticles were stable in phosphate buffered saline within the pH interval
from 4.5 to 9.3 and forming precipitates at lower pH and being disintegrated at higher pH.2°

The first PSMA-drug conjugate has been reported by Maeda et al. in 1985.% The conjugate
contained on average about two molecules of PSMA and one molecule of neocarzinostatin (an anti-
cancer protein). The conjugation has been performed via amide linkage obtained after reaction
between amino-groups from the protein and non-hydrolyzed anhydride groups from the
copolymer.®® Khazaei et al. studied Grafting amino drugs to poly(styrene-alt-maleic anhydride) as a
potential method for drug release.! Maeda and coworkers demonstrated low release by doxorubicin
conjugated PSMA as a new polymeric micellar drug.®?
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3.4 Other used materials

For the preparation of PAMAM-PCL: e-caprolactone (97%), purchased from Sigma-Aldrich,
was distilled under reduced pressure; second generation PAMAM dendrimer containing 16
amidoethanol surface groups, commercialized from Sigma-Aldrich as a 20 wt.% solution in
methanol, was evaporated under vacuum at 50 °C for 24 h prior to use, to completely remove the
solvent. Tin(ll) 2-ethylhexanoate (Sn(Oct)2) (95%; from Sigma-Aldrich) was used without further
treatments. Anhydrous toluene (>99.7%), chloroform and methanol were purchased from Sigma-
Aldrich and used as received.

For the preparation of HBPG-PDLA: D-lactide (D-la) (purity >98%) was kindly supplied by
Purac Biochem (The Netherlands). Before polymerization, the monomer was purified by three
successive recrystallizations from 100% (w/v) solution in anhydrous toluene and dried under
vacuum at room temperature. Fully-OH-functionalized hyperbranched polyglycerol (HPG), with
number average molecular weight (Mn) of 25-10° g/mol and polydispersity of 1.7, was purchased
from Nanopartica GmbH (Germany). For the sake of easy transfer, a 10% (w/v) solution of HPG in
methanol was prepared. Once fed into reactor, the solution was evaporated under vacuum at 50 °C
for 24 h prior to use, to completely remove methanol as well as the ~12.5 wt.% of water present in
the pristine HPG. Anhydrous toluene (>99.7%), chloroform and methanol were purchased from
Sigma-Aldrich and used as received.

For the preparation of the PCL (DOXO) and PCL/PAMAM-PCL (DOXO) fibers: PCL with
an average molecular weight of 80.000, N,N-dimethylformamide (DMF), dichloromethane (DCM)
and doxorubicin hydrochloride (DOXO) were purchased from Sigma-Aldrich.

For the preparation of the PLLA and PLLA/HBPG-PDLA fibers: poly(L-lactide) (PLLA),
with average molecular weight of 1-10° g/mol, was obtained from Purac (Synterra PLLA 1010) in
pellet form, DCM and DMF were purchased from Sigma-Aldrich and used as received.

For preparation of sc-PLA/POSS/cyclodextrin fibers: Poly(L-lactide) (PLLA), PLLA 1010
Synterra (average molecular weight 1-10°), and poly(D-lactide) (PDLA), PDLA 1010 Synterra
(average molecular weight 1-10°), purchased from Purac (The Netherland) in powder form, were
used as received. Aminopropyl heptaisobutyl POSS (from now on referred as POSS-NH3) (Figure
3.5) was purchased from Hybrid Plastics (USA) as crystalline powders and used as received.

The following solvents and reagents, all from Aldrich, were used as received: 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), chloroform (CHCIs), acetonitrile, p-toluenesulfonyl chloride (TsCl),
B-cyclodextrin (CD), methanol, alizarin red and 2-chlorophenol.
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Figure 3.5. Aminopropyl heptaisobutyl POSS (POSS-NH>).
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For preparation of PSMA nanoparticles: Polystyrene-co-maleic anhydride (PSMA) (Dylark
332), kindly supplied by Nova Chemicals, was characterized by a concentration of maleic
anhydride of 14 mol %, verified by NMR measurements. Dimethylfuran (DMF) and ethanol were
purchased from Sigma-Aldrich and used as received. Papain (>3 u/g, 23400 Da) from Carica
papaya, casein (from bovine milk), L-cysteine, Ethylenediaminetetraacetic Acid (EDTA),
trichloroacetic acid (TCA), sodium carbonate (Na2COs), sodium hydroxide (NaOH), Folin &
Ciocalteu’s phenol reagent, dextran (DEX, Mw 9000-12000) and Poly (L) arginine (PAR, Mw
15000-70000) were purchased from Sigma-Aldrich. Calcium Chloride (CaCl2) was purchased from
Riedel-de Haén. All solutions were prepared with deionized ultrapure Milli-Q (18.2 MQ) water.
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CHAPTER 4. ad-hoc-synthesized star polymers as novel additives
for tuning PLLA and PCL electrospun fiber properties

In this chapter two different research projects have been presented. They are focused on the
development of novel ad-hoc-synthesized polymeric additives suitable to modifying the properties
of electrospun fibers based on bio-polymers, namely poly(e-caprolactone) (PCL) and poly(L-
lactide) PLLA (Figure 5.1). Indeed, the synthesis of two different dendritic macromolecules was set
up: a star-like polymer, made up of a PAMAM core and PCL arms (PAMAM-PCL) and an
hyperbranched polymer made up of a high molecular mass hyperbranched polyglicerol (HBPG)
core and poly(D-lactide) PDLA arms (HBPG-PDLA). The above molecules were designed by
taking into account both the features of the polymer matrix and the specific applications of the final
materials. In particular, in order to enhance their dispersion, the dendritic molecules were
characterized by arms whose chemical nature was identical to that of the polymer matrix. Moreover,
in the case of the dispersion of HBPG-PDLA, the arms might promote the stereocomplexation with
the polymer matrix, consisting of PLLA. Concerning the core of the dendritic structures, for
PAMAM-PCL-based systems the hydrophilic dendrimer core may promote specific interactions
with hydrophilic molecules, such the drug used in our work, namely doxorubicin (DOXO), which is
a clinically used anticancer drug. In the case of the fibers based on HBPG, the hyperbranched core
may modify the hydrophilicity of the polymer, increasing its tendency to absorb water or
hydrophilic molecules as well as change the enzymatic degradation rate.

Indeed, new materials offer many advantages related to the employment of dendritic-based
systems: i) the lower solubility in water or organic solvent with respect to the pristine dendritic
core, which limit their leaching in the used medium, ii) their immobilization onto an insoluble solid
support and iii) the easy processability of the support as a polymer, with some resistential
characteristics, and having a “bio” nature.

In detail, the preparation of electrospun fibers was set up by mixing in solution the high
molecular mass commercially available PCL and PLLA with the here-synthesized dendritic
polymers (Figure 4.1).

In the case of the fibers containing PAMAM-PCL, DOXO was directly introduced in the
electrospinning solution and the obtained fibers were characterized in terms of morphology, thermal
properties and water absorption. The cytotoxicity tests, performed at I1T(Genova), were carried out
on tumor cells for a period of 9 days. For the fibers based on HBPG-PDLA, we explored the
influence of the dendritic polymer on the features of the electrospun PLLA fibers in terms of
morphology, thermal and mechanical properties, water uptake and enzymatic degradation.

A)
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Figure 4.1. Scheme of the preparation of: (a) PCL/PAMAM-PCL and (b) PLLA/HBPG-PDLA
electrospun fibers.
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4.1 Introduction

Polymer nanofibers and nanoparticles have gained increasing interest in the biomedical field
as carriers of drugs and enzyme, for their high surface area-to-volume ratio, flexibility, easy
processability, tuneable size and porosity, modifiable chemical structure and in the case of the
application of bio-polymers for their biodegradability and biocompatibility.! Although the
potentialities of these materials, in relation to their specific applications, some issues have to be
taken into account mainly connected to their interactions with the drugs as well as to their
mechanical, thermal and degradation properties. Some of these aspects were considered during my
Ph.D. work, by modifying the properties of electrospun fibers using ad-hoc-synthesized additives.
In general, in the case of application of nanofibers as controlled/localized delivery of anticancer
drugs, which was the field considered in this Ph.D. project, the peculiar architecture of the support,
characterized by a highest surface/contact area, and its robust drug loading capability favors from
one side the killing of the tumor cells and from the other, promotes tissue reconstruction of
damaged areas.>® Moreover, the delivery of the drugs can be controlled by tuning the fiber
morphology, porosity and composition. Electrospun polymer fibers have been widely applied as
delivery devices of several anticancer drugs such as carmustine,* paclitaxel,® cisplatin,* and DOXO?®
(that is the drug selected in the present work). Despite the potentialities of these systems, the simple
electrospinning of the drug and the polymer mixture leads to an undesirable initial burst release of
the drug, which is frequently inevitable. In order to overcome this limitation and attain a slow,
sustainable release, several inorganic nanocarriers were inserted into the electrospun nanofibers. In
particular, composite nanofibers were developed by combining the polymer with silica based
nanoparticles,® - in systems where the drug was either loaded into the pre-formed nanocarriers or
introduced into the nanoparticles during their growth under controlled conditions - hydroxyapatite,’
as well as a combination of silica and hydroxyapatite.® Even though such nanofillers can be
considered as ideal drug carriers, mainly due to their high surface area and good biocompatibility,
their application in designing composite nanofibers for the drug delivery implies facing some
drawbacks. Indeed, the weak interactions between the drug molecules and the inorganic
nanoparticles as well as the not always easy dispersibility of the nanofillers into the polymer matrix
and their slow bio-absorption capacity are important issues to be taken into account. Clearly, the
development of nanofibrous scaffold containing more specific drug carriers, as an alternative to the
classical inorganic nanofillers, characterized by a good affinity with both the drug molecules and
the polymer matrix, represents an ideal target in the development of materials to be applied as local
drug delivery system. With this in mind, we have developed a novel drug delivery system,
consisting of fibers, based on a biocompatible and re-absorbable polymer, namely PCL, and
containing as a drug carrier an ad-hoc-synthesized star polymer, designed taking into account the
specific characteristics of the polymer matrix, and the chosen drug, that is DOXO (Figure 4.1A).

Another specific aspect which was considered during my work was the modification of the
bio-polymer degradation feature. Indeed, the investigation and the tuning of the degradation of
biodegradable and biocompatible polymers, represent important issues for their exploitation.® In
particular, in the case of PLA, one of the most promising bio-polymers and object of the present
study, the decomposition, which can be mainly induced by thermal activation,® hydrolysis and
biological activity,'! has been regulated by applying different approaches. Indeed, from one side the
degradation turns out to depend on the intrinsic features of the polymer such the chemical
composition (homo and copolymers), tacticity and physical properties (molecular weight,
crystallinity, ect.).® Moreover, the introduction into the polymer matrix of proper additives, both
organic (molecules or macromolecules) and inorganic, was found to be a valid method to modify
the properties and, in particular, the degradation of PLA.*? Indeed, as far as the latter approach is
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concerned, various types of fillers/nanofillers were used, such as layered silicates, carbon
nanotubes, graphite/graphene, which were capable of increasing or reducing thermal- or bio-
degradation.'? Nevertheless, some issues have to be considered, which are mainly related to the
dispersion of the inorganic phase into the polymer matrix, whose quality depends the material final
properties, and the filler biocompatibility. On the other hand, organic molecules/macromolecules,
characterized by a better compatibility with PLA and capable of modifying the polymer
degradation, generally decrease its mechanical properties. Among the organic additives, which can
be used to change linear polymer features, star polymers represent ideal fillers because of their
compact shape and elevated concentration of functional end groups.’* However, as the above
macromolecules are characterized by a higher solubility than the linear homologous their leaching
from the polymer matrix can limit the application of the related composite material. On this basis, in
this work a novel dendritic polymer has been designed and synthesized, which was made up of a
high molecular mass hyperbranched polyglicerol (HBPG) core and PDLA arms (HBPG-PDLA)
(Figure 4.1B). Then, the preparation of electrospun fibers, based on a high molecular mass
commercial PLLA and containing the synthesized star polymer, was set up by mixing both the
components in a solution. We explored the influence of HBPG-PDLA on the electrospun PLLA
fibers in terms of morphology, thermal and mechanical properties, water uptake and enzymatic
degradation.

4.2 Experimental section

For the preparation of PAMAM-PCL: g-caprolactone (97%), purchased from Sigma-Aldrich,
was distilled under reduced pressure; second generation PAMAM dendrimer containing 16
amidoethanol surface groups, commercialized from Sigma-Aldrich as a 20 wt.% solution in
methanol, was evaporated under vacuum at 50 °C for 24 h prior to use, to completely remove the
solvent. Tin(ll) 2-ethylhexanoate (Sn(Oct)z2) (95%; from Sigma-Aldrich) was used without further
treatments. Anhydrous toluene (>99.7%), chloroform and methanol were purchased from Sigma-
Aldrich and used as received.

For the preparation of HBPG-PDLA: D-lactide (D-la) (purity >98%) was kindly supplied by
Purac Biochem (The Netherlands). Before polymerization, the monomer was purified by three
successive recrystallizations from 100% (w/v) solution in anhydrous toluene and dried under
vacuum at room temperature. Fully-OH-functionalized hyperbranched polyglycerol (HPG), with
number average molecular weight (Mn) of 25-103 g/mol and polydispersity of 1.7, was purchased
from Nanopartica GmbH (Germany). For the sake of easy transfer, a 10% (w/v) solution of HPG in
methanol was prepared. Once fed into reactor, the solution was evaporated under vacuum at 50 °C
for 24 h prior to use, to completely remove methanol as well as the ~12.5 wt.% of water present in
the pristine HPG. Anhydrous toluene (>99.7%), chloroform and methanol were purchased from
Sigma-Aldrich and used as received.

For the preparation of the PCL (DOXO) and PCL/PAMAM-PCL (DOXO) fibers: PCL with
an average molecular weight of 80.000, N,N-dimethylformamide (DMF), dichloromethane (DCM)
and doxorubicin hydrochloride (DOXO) were purchased from Sigma-Aldrich.

For the preparation of the PLLA and PLLA/HBPG-PDLA fibers: poly(L-lactide) (PLLA),
with average molecular weight of 1-105 g/mol, was obtained from Purac (Synterra PLLA 1010) in
pellet form, DCM and DMF were purchased from Sigma-Aldrich and used as received.
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Synthesis of PAMAM-PCL

Star-like PCL was synthesized by ring-opening polymerization of e-caprolactone, at 120 °C,
using the hydroxyl-terminated PAMAM dendrimer as macroinitiator and Sn(Oct) as a catalyst. In
detail, 1.14 ml of PAMAM solution (corresponding to 0.2 g of PAMAM) were introduced into a
50-ml two-neck round-bottomed flask equipped with a magnetic stirrer and in-situ dried; then, 3 g
of e-caprolactone (previously distilled) were charged into the flask under argon flow. The reaction
vessel was immersed into a thermostatically controlled oil bath (initially set at 140 °C, in order to
favour the solubilisation of the dendrimer in the monomer), under vigorous stirring: as soon as the
mixture was completely homogenized, about 0.3 ml of a freshly prepared solution of Sn(Oct) in
toluene ([e-caprolactone]/[Sn(Oct)2] = 5.103) was added through a micropipette. The reaction was
then allowed to proceed for 24 hours at 120 °C, always under inert atmosphere. After this time, the
polymerization was stopped by cooling down the reaction mixture, which was subsequently
dissolved in chloroform and poured into an excess of cold methanol. The as-purified polymer
(PAMAM-PCL) was recovered as white fine powder by filtration and dried in vacuum at 40 °C till
constant weight.

Synthesis of HBPG-PDLA

Dendritic poly(D-lactide) (HBPG-PDLA) was synthesized by ring-opening polymerization
(ROP) of D-lactide using HBPG polyol as a multifunctional macroinitiator and Sn(Oct), as a
catalyst, in bulk at 120 °C. In detail, about 3 g of D-la (previously recrystallized and dried) were
charged under argon flow into the reactor (i.e., a 50-ml two-neck round-bottomed flask equipped
with a magnetic stirrer) containing a predetermined amount of accurately weighed and in-situ dried
HPG. The feeding ratio of the D-la monomer to the HPG initiator was adjusted to about 1500 to 1.
After the introduction of D-la, the flask was evacuated for 15 minutes and purged with argon, and
the exhausting/refilling process repeated three times in order to fully dry the reaction environment.
The reaction vessel was then immersed into a thermostatically controlled oil bath set at 120 °C,
under vigorous stirring: as soon as the mixture was completely molten and homogenized, about
0.15 ml of a freshly prepared solution of Sn(Oct)2 in toluene ([D-la}/[Sn(Oct).] = 103) were added
under argon through a micro-pipette, and the reaction allowed to proceed for 24 hours under inert
atmosphere, before cooling it down. The crude product was dissolved in chloroform and poured into
an excess of cold methanol: after filtering and drying in vacuum at 40 °C to constant weight, the as-
purified polymer (designated as HBPG-PDLA) was obtained as a fine, white powder, with a
gravimetric yield of ~80%.

Electrospun fiber preparation

Electrospinning solutions for PCL-based fibers were prepared by dissolving 15 wt.-% of PCL
or PCL containing 10 wt.-% of PAMAM-PCL (PCL/PAMAM-PCL fibers) in the solvent mixture
DMF and DCM with a 30:70 v/v ratio. In the case of the preparation of fibers containing the drug,
the concentration of DOXO in the polymer solution was 0.015 mg/ml to have a final total amount in
the electrospun mats, used per each of the well in the cytotoxicity tests, of 0.5 ug.

Electrospinning solutions for PLLA-based fibers were prepared by dissolving 14 wt.-% of
PLLA in the solvent mixture DMF and DCM with a 30:70 v/v ratio. In the case of the fibers based
on the dendritic polymer, the concentration of PLLA and HBPG-PDLA were 11.25 wt-% and 3.75
wt.-%, respectively.
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The fibers were electrospun using a conventional electrospinning system. The solutions were
loaded in a syringe (model Z314544, diameter d=11.6 mm, Aldrich Fortuna Optima) placed in the
horizontal direction. A Gamma high-voltage research power supply (Model ES30P-5W) was used
to charge the solution in the syringe with a positive DC voltage. The positive electrode was
connected to the needle (diameter d=0.45mm) of the syringe and the negative electrode was
attached to the grounded collector, an aluminium sheet wrapped on a glass cylinder (height 4 cm,
diameter 14.5 cm). The distance between the tip and the collector was 20cm. A syringe pump
(Harvard Apparatus Model 44 Programmable Syringe Pump) was used to feed the needle. The
needle tip and the ground electrode were contained in a hollow plastic cylinder (height 30.5 cm,
inner diameter 24 cm, and thickness 3.5 mm), internally coated with a polytetrafluoroethylene sheet
(thickness 1 mm). A glass Brooks rotameter was used to keep constant the air flow in the enclosed
electrospinning space. The air flow was fed in the chamber at atmospheric pressure from an inlet
placed behind the collector.

The established conditions for producing PCL-based fibers were: voltage tension = 15 kV,
tip-collector distance = 20 c¢cm, air flow = 2 I/min and temperature =21 °C, while in the case of
PLLA-based fibers the following conditions were applied: voltage tension = 20 kV, tip-collector
distance = 20 cm, air flow = 2 I/min and temperature =21 °C. In addition, the PLLA-based fibers
underwent an annealing treatment at 80°C for 4 hours.

Characterization

FTIR spectra were recorded on a Bruker IFS66 spectrometer in the spectral range 400-4000
cm™. IH NMR spectra were collected with a Varian NMR Mercury Plus instrument, at a frequency
of 300 MHz, in CDCls solutions containing tetramethylsilane as internal standard.

Differential scanning calorimetry (DSC) measurements were performed with a Mettler-
Toledo TC10A calorimeter calibrated with high purity indium and operating under flow of nitrogen.
The sample weight was about 5 mg and a scanning rate of 10 °C/min was employed in all the runs.
The samples were heated from 25 °C to 100 °C, at which temperature the melt was allowed to relax
for 1 minute, then cooled down to -100 °C, and finally heated up again to 100 °C (second heating
scan). The degree of crystallinity (Xc) was calculated by using an enthalpy of fusion for a 100%
crystalline PCL of 136 J/g, PLLA of 93 J/g and stereocomplex PLA of 143 J/g.

Thermal gravimetrical analysis (TGA) was performed with a Mettler-Toledo TGA 1
thermogravimetric analyzer, under a flow of nitrogen of 80 ml/min. The weight loss of the samples
(having initial masses of ca. 10 mg) was measured in isothermal mode at a holding temperature of
230 °C.

Wide-angle X-ray diffraction (WAXD) measurements were performed in reflection mode
using a Philips PW 1830 powder diffractometer equipped with a nickel-filtered Cu-Ka source (A =
0.1542 nm) in a 20 angle range of 5-30°. The crystalline phase content was calculated after
deconvolution of the WAXD patterns (using the software package Peak-Fit) as the ratio between the
areas of the crystalline peaks to the total area under the curve.

The tensile properties of the electrospun mats, based on PLLA and PLLA/HBPG-PDLA, were
determined at room temperature by an Instron Mechanical Tester (Instron 5565), at a crosshead
speed of 5 mm/min, using rectangular specimens with dimension of 10x25x0.5 mm. The values
reported represent an average of the results for tests run on six specimens, along with experimental
deviation.

The water absorption was measured by immersing electrospun mat specimens having area of
1.5x 1.5 cm? in distilled water at room temperature for 24 h, and expressed as increase in weight
percent according to the formula:
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water adsorption (%) =[(W,, — Wy, )/W,, 1x100 (4.1)

where Wwet is the wet weight measured (immediately — to avoid evaporative losses) after
withdrawing the films from water and gently wiping off the surface water with a tissue, and Wdry0
is the initial weight of the specimens, measured after vacuum-drying the films for 24 h at 40 °C. For
each sample, at least five replicates were analyzed

To study the sample surface morphology, a Zeiss Supra 40 VP field emission scanning
electron microscope (FE-SEM) was used to examine the fiber morphologies. All samples were
thinly sputter-coated with carbon using a Polaron E5100 sputter coater. The fiber diameters and
their distribution were measured using an image analyzer, with ImageJ 1.41 software.

Confocal analysis was performed to check the presence of DOXO in the PCL and
PCL/PAMAM-PCL mats. The DOXO-loaded-PCL and DOXO-loaded-PCL/PAMAM-PCL mats
were cut into 1x1 cm? pieces. Each piece was then mounted on a flat sample holder and viewed
under confocal microscope Nikon Eclipse Ti microscope equipped with an argon laser source with
excitation and emission wavelength of 488 and 530 nm, respectively, to view the doxorubicin
loading in the electrospun mats.

The tensile properties of the electrospun mats, based on PLLA and PLLA/HBPG-PDLA, were
determined by an Instron Mechanical Tester (Instron 5565) at a crosshead speed of 10 mm/min at
room temperature using rectangular specimens with dimension of 10x25x0.5 mm. Property values
reported represent an average of the results for tests run on six specimens, along with experimental
deviation.

Degradation test

To test their resistance to hydrolysis by the enzyme proteinase K, small pieces of PLLA and
PLLA/HBPG-PDLA nanofiber mats (previously dried overnight) having area of 1x1 cm? were
immersed into 2 ml of enzyme solution (containing 0.2 mg/ml of proteinase K in 0.1 M phosphate
buffer solution at pH = 7.4) at 37 °C. At intervals of 1, 3, 6, 24, 48 and 120 hours, the mats (two
replicates per each incubation period) were removed from the enzyme solution and washed with
water and ethanol, and then vacuum dried. It is worth underlining that, to avoid loss in enzyme
activity with the progress of the reaction, the enzyme solution was replaced with a freshly prepared
one each day. The (dry) sample weights were determined both before and after the immersion and
washing and the extent of degradation was measured as percentage weight loss of the nanofiber mat
as:

Weight loss (%) = [(Waryo — Wary)/ Waryo] X 100 (4.2)

where Waryo is the initial weight of the specimens and Wary is the dry weight of the specimens
as measured after the treatment with the proteinase K enzyme solution for a given time lapse.

In-vitro viability assay for testing of toxicity caused by pristine and DOXO-loaded PCL or
PCL/PCL-PAMAM electrospun mats

Three different cancer cell lines - A431 epidermoid carcinoma cells (ATCC® CRL-1555™),
HeLa-WT cervical cancer cells (ATCC® CCL-2™) and MCF-7 breast cancer cells (ATCC® HTB-
22™) were used. All these cell lines were cultured using DMEM media supplemented with 10%
Fetal Bovine Serum, 2% Penicillin-streptavidin and 1% L-Glutamine (Gibco™) under 37°C, 5%
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CO2 and 95% relative humidity. These cells were then harvested and plated in 24 multi-well-plate at
a cell number of 100,000 cells in 1 mL cell media per well and allowed to adhere overnight. Given
the interference of phenol-red in the optical read out of the cytotoxicity assay, prior to performing
the viability assays applied in this work, the media in the well plates was replaced with 1 mL of
freshly prepared Phenol-Red free DMEM media supplemented with 10% Fetal Bovine Serum, 2%
Penicillin-streptavidin and 1% L-Glutamine. Meanwhile the electrospun mats, pristine PCL, pristine
PCL/PAMAM-PCL, DOXO-loaded-PCL and DOXO-loaded-PCL/PAMAM-PCL were cut into 1x1
cm? pieces (each single piece of scaffold was manipulated to contain 0.5 pg DOXO during
electrospinning process). These 1x1 cm? scaffold pieces were peeled off from their aluminum
substrate and dropped on top of the media in 24 multi-well-plate containing the cells and incubated
for 1, 3, 5, 7 and 9 days. After the respective incubation periods, PrestoBlue® and AlamarBlue®
Cell Viability Reagents (Molecular Probes™) were used to access the viability of the cancer cells.
For each condition, the assays were performed in triplicate.

PrestoBlue® Viability Assay

The 24 multi-well-plates containing the cells incubated with the scaffolds floating in their
media, after their incubation periods were washed with Phosphate Buffer Saline (PBS) and
incubated with fresh Phenol-Red free media containing 10% PrestoBlue reagent for 30-40 minutes
at 37 °C. Then 100 pL of supernatants from each well were transferred in a new 96 multi-well-plate
and absorbance was read using a Multiskan™ GO Microplate Spectrophotometer (ThermoFisher
Scientific™) at 570 and 600nm. The viability of each experimental condition was normalized to the
viability of the control untreated cells considering them to be 100% viable.

AlamarBlue® Viability Assay

After the respective incubation periods as mentioned earlier, 100pL of AlamarBlue reagent
(10% AlamarBlue reagent in media) was added to each of the 24 multi well-plate containing the
cells incubated with the floating scaffolds. The well plates were then incubated at 37°C for 4h.
Next, 100 pL of supernatants from each well were collected in a new 96 multi well-plate and
absorbance was read using a Multiskan™ GO Microplate Spectrophotometer (ThermoFisher
Scientific™) at 570 and 600nm (Ab570-Ab600). The viability of each experimental condition was
normalized to the viability of the control untreated cells considering them to be 100% viable.

Confocal Microscopy characterization to study the attachment and proliferation of adult human
dermal fibroblasts (HDFa) on PCL/PAMAM-PCL electrospun scaffolds

The HDFa Adult human dermal fibroblasts (ThermoFisher ScientificTM CO0135C) were
grown in special fibroblast media, Medium 106 (M106500) supplemented with 10 mL low serum
growth supplement (LSGS_S00310). The cells were maintained in culture at 37°C in a sterile
incubator and 5% CO, and 95% relative humidity. These cells were then harvested using 0.1%
trypsin-EDTA, counted and plated in 24 MW-plate containing the PCL/PAMAM-PCL scaffolds at
density of 10,000 cells/well in ImL complete media to check for the ability of this normal and
healthy cell line to attach and proliferate on the drug free-PCL/PAMAM-PCL scaffolds. In order for
the scaffolds to remain at the bottom of the well, soft PDMS ring prepared by us was placed over
the scaffold. These cells after 24h, were washed carefully with PBS and fixed using 4% sterile
formaldehyde (Sigma) for 10min, washed thoroughly and permeated with 0.1% Triton X-100 for 2-
3min. Followed by fixation and permeation, the scaffold containing the cells were washed 3X with

Mahdi Forouharshad, Ph.D. Thesis in Chemical Sciences and Technologies



Chapter 4: ad-hoc-synthesized star polymers as novel
additives for tuning PLLA and PCL electrospun fiber properties 61

PBS. They were the incubated with 1% bovine serum albumin (BSA) for 30-40min; this step
provides a blocking step for the upcoming F-actin staining. Then they were stained using Alexa
Fluor® 488 phalloidin (InvitrogenTM A12379) for 30min, washed with PBS 3X and stained using
NucBlu® Fixed Cell ReadyProbes® Reagent (InvitrogenTM R37606) for 15min. Then the
scaffolds containing cells were washed and carefully inverted in the same 24 MW-plate and filled
with 1mL fresh PBS for the purpose of imaging using Confocal Microscope (Nikon) at excitation
and emission wavelength of 495/518nm for F-actin phalloidin and 360/460nm for nuclei DAPI. The
same was repeated after 48 and 72h. The analysis was done in triplicate.

4.3 Results and discussions
Synthesis and characterization of PAMAM-PCL

At first, the star-like polymer, made up of a PAMAM core and PCL arms, was synthesized
via ROP of e-caprolactone using as macro-initiator the generation 2 PAMAM (fitted with 16
hydroxyl end groups). The dendrimer-graft architecture of the obtained product was established
through spectroscopic measurements. Figure 4.2(a) shows the FTIR spectrum of PAMAM-PCL.:
together with the intense absorption band for the stretching of the ester carbonyl at 1720 cm™,
characteristic of PCL, two new peaks of lower intensity can be observed at 1650 and 1545 cm™
(corresponding to amide carbonyl stretching and amide N-H bending, respectively), to be related to
the poly-(amidoamine) structure of the PAMAM molecule. Since the sample was purified by
precipitation in methanol, which is a good solvent for PAMAM, the presence of these peaks is
indicative of the successful incorporation of PAMAM as the core onto which the PCL arms were
grown.

This was further confirmed by means of *H NMR spectroscopy (Figure 4.2(b)), where the
characteristic peaks of PCL (at 6 1.40, 1.65, 2.31, 3.64 and 4.06 ppm — assigned to CH>-CH,-CHa-
CH,-CH2, CH2-CH2-CH2-CH2-CH2, CO-CH., terminal CH2-OH, and CH.-O-CO protons,
respectively) are accompanied by several signals in the region at 6 2.60-3.60 ppm, ascribable to the
presence of the PAMAM units. Furthermore, the triplet at 6 3.60 ppm for the terminal methylene
protons of unbound PAMAM becomes hardly discernible, while a signal appears at & ~4.12 ppm
(see the insets of Figure 4.2 (b)), which is consistent with the resonance shift upon formation of
ester linkages. This confirms the formation of the desired star-like PCL with the ROP started from
the hydroxyl end groups of PAMAM, and also indicates that all of these groups were active
initiators, thus giving rise to a dendritic star-like PCL having on average 16 polyester arms. Finally,
H NMR spectroscopy was exploited to calculate the mean degree of polymerization of the PCL
arms, by comparing the peak integral of the methylene protons in the PCL chain with those at the
chain end (at 8 2.31 and & 3.64 ppm, respectively), ascertaining it is about 18. Thus, spectroscopic
measurements enabled assessing the successful preparation of a dendritic PCL star product, having
16 arms, each one with an average length of about 2000 g/mol, and thence an overall number
average molecular weight of about 35000 g/mol — corresponding to a PAMAM content of about 9
wt.%.
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Figure 4.2. (a) FTIR spectra of the sample PAMAM-PCL in the spectral region 1900-900 cm™ and
(b) *H NMR spectrum of PAMAM-PCL (region at 6 4.5-1.0 ppm) with enlargement insets (at 6 3.7-
3.5 and 4.2-4.0 ppm).
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The thermal behaviour of PAMAM-PCL, together with that of the linear high-molecular-
weight PCL employed for electrospinning, were studied by means of the DSC (results not shown).
In spite of the branched nature of PAMAM-PCL, which would be expected to disturb ordering, its
crystallizability is enhanced with respect to PCL, while the melt-crystallization is anticipated, as
well as the final crystallinity is found higher (Xc ~55% against ~37%) than for the linear polymer.
This suggest that the improved chain mobility is promoted in the short-armed star system, as
compared to high-molecular-weight PCL and prevails over the hindering effect caused by
branching. Contrariwise, the temperature of melting is lower for PAMAM-PCL than for linear PCL
(Tm ~51 °C against ~56 °C) — that is a general observation for star polymers, and it would be
imputed to the short arm length and branched architecture of PAMAM-PCL, both of which factors
negatively affect crystal thickness and perfection.

Synthesis and characterization of HBPG-PDLA

The Sn(Oct).-catalyzed ROP of D-la employing HBPG as the macroinitiator was carried out
as described in the Experimental Section. The FTIR spectrum of the crude reaction product (not
shown) was recorded to verify that the conversion of D-la was close to completion.

After purification, the polymerization product was characterized by means of H NMR
spectroscopy (see Figure 4.3(a)) and the signals identified according to the literature.’4 % In
addition to the peaks characteristics of PLA (at & 1.50-1.58 ppm, 4.35 ppm and 5.16 ppm — assigned
as methyl protons, methine protons at the chain ends and methine protons in the chain, respectively)
the spectrum exhibits a broad, featureless signal in the range 3.2-3.8 ppm for the methylene and
methine core protons of HBPG,>* while the peak at about 2.7 ppm may be assigned to the free
(unreacted) hydroxyl groups of HBPG.* As the sample had been purified with methanol, so as to
remove eventual residues of unbound HBPG (aside from unreacted D-la), this result seems
substantiating the successful linkage of the PDLA arms and the HBPG core. Indeed, a closer look to
the spectrum (see the inset) reveals the presence of a small signal around 4.17 ppm, partially
overlapping with the PDLA resonance at 4.35 ppm and belonging to the esterified
hydroxymethylene protons of HBPG. This evidence definitively allows assessing the successful
preparation of the dendritic HBPG-PDLA, with the ROP of D-la effectively induced from the
hydroxyl groups of the HBPG initiator. The mean degree of polymerization (DP) of the PDLA
arms, based on *H NMR spectroscopy, was calculated by comparison of the peak integral of the
methine protons in the polylactide chain with those at the chain end (at 6 5.16 and & 4.35 ppm,

Mahdi Forouharshad, Ph.D. Thesis in Chemical Sciences and Technologies



Chapter 4: ad-hoc-synthesized star polymers as novel
additives for tuning PLLA and PCL electrospun fiber properties 63

respectively): the number average molecular weight (Mn) per arm was estimated to be about 1100
g/mol (see Table 4.1).
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Figure 4.3. () *H NMR spectrum (region at  5.5-0.5 ppm) of purified HPG-PDLA with
enlargement inset (at 0 4.6-4.0 ppm) and (b) DSC thermograms of HPG-PDLA both as-prepared
(first heating scan) and after melt-cooling (second heating scan)(A), and its TGA curve recorded on
isothermal holding at 230 °C (B).

In order to derive the average number of arms of HBPG-PDLA (n), the information from H
NMR was combined with that from thermal gravimetric analysis. Indeed, since the two structural
parts (the polyester branches and the HBPG core) have very different thermal stabilities (with
HBPG being more thermally resistant), by isothermal holding at 230 °C it was possible to degrade
selectively only the PDLA component. Figure 4.3(B) shows the TGA curve of the HPG-PDLA
sample during the isothermal measurement: the mass loss corresponds to the degradation of the
PDLA arms, while the remaining weight (dashed lines drawn to guide the eyes) belongs to the
HBPG core, thus allowing quantifying its mass percentage in the sample, that is, about 7% (see
Table 4.1). From this value, the overall M, of HBPG-PDLA was obtained (about 350-10% g/mol, see
Table 4.1), and, on the basis of the arm length calculated from *H NMR spectroscopy, it was
estimated that HPG-PDLA has an average number of polylactide arms of about 300. Unfortunately,
as we did not know the exact degree of hydroxyl functionalization of the HBPG core, we could not
to estimate how many of them effectively took part in the polymerization.

The molecular characteristics of the synthesized product are summarized in Table 4.1: by
means of ROP of D-la with HBPG initiator, a core-shell structure, that is, a multi-arm star PDLA
with hyperbranched polyglycerol core (“dendritic PDLA”), was obtained.

Table 4.1. Molecular characteristics of the synthesized dendritic PDLA.

Sample DPNMR(@arm)? MnNNMRarm)° wt% HPGTGA® MnTcad neé
[g/mol] [102 g/mol]
HBPG-PDLA 8 1100 7 357 300

2 Average degree of polymerization of D-la (per arm) evaluated from *H NMR spectroscopy [by comparing the peak integral of the
methine protons in the chain (at § 5.16 ppm) with that of the methine protons at the chain end (at § 4.35 ppm)]. ® Numeric average
molecular weight of each PDLA arm calculated as: Mnnmr@rm) = DPNMRre@m) X 144.13, where 144.13 is the molecular mass of D-la. ©
Measured by TGA analysis. ¢ Numeric average molecular weight of HPG-PDLA calculated as: Mntea = (25000 x 100)/wt%
HPGrca, where 25000 is the Mn of HPG. ® Average number of PDLA arms calculated as: n = (Mntca - 25000)/DPnmR@rm), Where
25000 is the Mn of HPG.

The thermal properties of the synthesized dendritic PDLA have been characterized by means
of DSC. Figure 4.3(A) shows the DSC thermograms during both the first and the second heating
scans (that is, on heating the as-prepared sample and following cooling from the relaxed melt to -10
°C). While during the first heating scan there is trace of some crystalline order (as signaled by the
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small melting peak at about 106 °C, corresponding to a crystallinity of ~ 7%), only PDLA glass
transition at about 41 °C can be detected in the second heating run, without any sign of cold
crystallization nor melting phenomena. Indeed, this was expected based on the well-known fact that
star-like topology makes regular packing challenging, the more the greater the number of arms.

Preparation, characterization and properties of PCL, PCL/PAMAM-PCL, PCL/PAMAM-
PCL/DOXO0 and PCL/PAMAM-PCL/DOXO fibers

The electrospinning conditions were tailored in order to obtain defect-free and homogeneous
fibers. Indeed, in Figure 4.4(a) the micrograph of a PCL mat, prepared by applied the optimized
electrospinning conditions, is shown. The fibers, which result to be defect-free, are characterized by
an average diameter of 1.5 um. Indeed, the addition of PAMAM-PCL (10 wt.-%) turned out not to
modify the fibers morphology, as by applying the same conditions used in the preparation of the
neat PCL fibers, those based on the star polymer were found to be homogeneous with an average
diameter similar to that reported for the PCL fibers (Figure 4.4(b)).

Concerning the morphology of the mats containing the drug, as shown in Figure 4.4(c) and
4.4(d), the above fiber morphology does not change by adding DOXO into the electrospinning
solution, both in the case of PCL/DOXO and PCL/PAMAM-PCL/DOXO fibers.

To incorporate the standard chemotherapeutic agent, DOXO was mixed with the
electrospinning solutions containing PCL and the mixture PCL and PCL-PAMAM. The dispersion
of the drug into the fibers was investigated by confocal microscopy. Considering the confocal
microscopy images, shown in Figure 4.5, the DOXO-loaded-PCL/PAMAM-PCL fibers result to be
characterized by a more uniform red fluorescence than the DOXO-loaded-PCL fibers. This result
may be correlated with the good distribution of the star PCL-based molecule inside the PCL fibers,
which dispersion promotes also the homogeneous distribution of DOXO, thanks to the specific
interactions occurring between the drug and the PAMAM core.

Indeed, the incorporation of the hydrophilic PAMAM moieties into the hydrophobic PCL
fibers is expected to enhance the hydrophilicity of the resulting materials, which should be reflected
in their capability to absorb water and, at the same time, interact with hydrophilic drug molecules
like DOXO. The percentage of water absorbed by the mats containing PAMAM-PCL resulted to be
30 %, while the neat PCL fibers do not show any tendency to uptake water. This finding points out
to the capacity of the star PAMAM-PCL polymer to modify the performances of the fibers,
increasing their affinity for hydrophylic molecules, which feature turns out to be relevant for the
formulation of the novel drug delivery system based on the hydrophylic DOXO.
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Figure 4.4. FE-SEM micrographs of: (a) PCL, (b) PCL/PAMAM-PCL, (c) PCL/DOXO and (d)
PCL/PAMAM-PCL/DOXO fibers. Scale bar represents 5 pum.
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Figure 4.5. Confocal microscopy images of PCL/DOXO electrospun mats red (a) and transmission
+ red channel (b) and PCL/PCL-PAMAM/DOXO electrospun mats, red (c) and transmission + red
channel (d). Scale bars in all figures represent 50um.

To test the drug release from the various mats, an indirect cell viability study was performed
on different cancer cell lines (A431 adenocarcinoma, HeLa-WT cervical cancer and MCF-7 breast
cancer cells). The cytotoxicity effects of the DOXO was tested by using two sensitive resazurin
based-viability assay Kits (PrestoBlue® and AlamarBlue®), that assess the mitochondrial activity of
cells exposed to the scaffolds at different time points post-incubation (1, 3, 5, 7 and 9 days). To
demonstrate that the toxicity was caused by the release of DOXO and not by the materials
constituting the electrospun mat itself, the pristine PCL and PCL/PAMAM-PCL fibers were tested
in parallel with the corresponding DOXO-loaded fibers (PCL/DOXO and PCL/PCL-
PAMAM/DOXO). From Figure 4.6, PCL and PCL/PAMAM-PCL showed good biocompatibility
with all the cancer cells lines studied, up to 9 days of incubation. The HeLa-WT cells showed
abrupt reduction in viability from day 1 to 9 when treated with PCL/DOXO fibers whereas the same
cell-line treated with PCL/PAMAM-PCL/DOXO showed a subtler profile in the reduction of
viability over days (Figure 4.6(b) and 4.6(c)). Controls were untreated cells grown in cell media and
kept under the same culture conditions. In case of A431 cancer cells, also a similar trend was
observed (Figure 4.7). The prolonged and slow release of the new fibers could be due to the fact
that the amphiphilic nature of the PAMAM-PCL, contained in the mats, increases the interactions
and good mixing of the hydrophilic drug that in turn, was released in a more controlled manner over
days, with respect to the most hydrophobic PCL mats. Indeed, the latter released DOXO at a much
higher rate causing such sudden decrease in viability. We also tested the scaffolds on DOXO
resistant MCF-7 cell line and when compared to the other two cell lines studied, the MCF-7 cells
showed much more resistance to toxicity caused by the release of DOXO, but a gradual reduction in
viability was also observed following the same comparative trends as for the other two cell lines
(Figure 4.6(d) and 4.6(e)). Overall the cytotoxicity study suggests that the PCL/PCL-PAMAM
scaffolds enable a slower release of the drug with respect to the PCL mats thus allowing a
prolonged drug treatment. When considering the drug release profile with other hydrid-based fibers
prepared by electro-spun techniques, we could assess that in our study we had a look at longer
period of drug release (up 9 days) than the case of polyethylene oxide/chitosan/graphene oxide
fibers (up to 48 hours)!’ and to the polymeric-based fibers (72 h)*®. The drug release profile of our
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hybrid system was more in line with that of multiwall carbon nanotubes/poly(lactic-co-glycolic
acid) polymer fibers in which several days of release have been considered (up to 42 days)'® This
prolonged release feature makes the system appealing as implantable post-surgical drug delivery
scaffold.
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Figure 4.6. Scheme representing the drug release assay when using the mats as drug scaffolds and
typical confocal imaging of a red fluorescent DOXO loaded PCL/PAMAM-PCL fibers ((a) - scale
bar corresponds to 50um). AlamarBlue® Viability assay on HeLa-WT (b) and MCF-7 (d) tumor
cells treated with pristine and DOXO-loaded PCL or PCL/PCL-PAMAM mats. PrestoBlue®
Viability assay on HeLa-WT (c) and MCF-7 (e) tumor cells treated with pristine and DOXO-
loaded PCL or PCL/PCL-PAMAM mats.

A431EpidermoidXarcinomalxells?

(b)& El Dayl

100- Il Day3
3 2 ] Day5
§ 5 [ Day7
S 8 Day 9
& >° 504 | ] y
= =

0-
& he & he

sy v,

Figure 4.7. AlamarBlue® Viability assay (a) and PrestoBlue® Viability assay (b) on A431
epidermoid carcinoma cells treated with pristine and DOXO-loaded PCL or PCL/PCL-PAMAM
mats, showing similar trend as that of the other cell lines studied. The PCL/PAMAM-PCL scaffold
loaded with DOXO showed a gradual cancer cell kill when compared to the abrupt toxicity
behavior shown by PCL/DOXO.
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The drug-free PCL/PCL-PAMAM scaffolds did not show any toxicity towards all the tumor
cell lines. This prompted us to investigate the biocompatibility of the mats with healthy cells in the
view to apply such mats as tissue scaffolds. To this aim adult human dermal fibroblasts (HDFa)
were grown directly on PCL/PAMAM-PCL scaffolds. Confocal imaging characterization was done
to study the attachment and growth of these cells (Figure 4.8 and Figure 4.9). It was evident that
HDFa cells attached firmly already after day 1 of incubation, being characterized by the multiple
finger-like projection (F-actin stained in green by Alexa Fluor® 488 phalloidin, Figure 4.8(b)). By
day 3 these cells were proliferating rapidly and by day 5, they spread well and formed their typical
bipolar shape. An interesting note is that, these cells were able to penetrate deep into the scaffold, as
shown in zeta-stack analysis of the fibers (Figure 4.10).

(a) PCL/PAMAM-PCL Scaffolds- Biocompatibility Study
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Figure 4.8. Scheme representing the culturing of healthy dermal fibroblast (HDFa) cells on
PCL/PAMAM-PCL scaffold (a). Confocal images showing the attachment and growth of HDFa
cells on PCL/IPAMAM-PCL scaffold between 1 and 5 days (b). Scale bar represents 100um (50um
in the inserts). F-Actin stained using Alexa Fluor® 488 Phalloidin (green) and nuclei stained with
DAPI (blue).
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Figure 4.9. Confocal microscopic image showing the attachment and proliferation of adult human
dermal fibroblasts (HDFa) on PCL/PAMAM-PCL scaffolds on day 1, 3 and 5 post cell seeding.
Panel 1: DAPI nuclear stain (blue), Panel 2: Alexa Fluor 488 Phalloidin for F-actin filaments
(green), Panel 3: Merge of DAPI and Phalloidin, Panel 4: Merge of panel 3 and transmission
image showing the PCL/PAMAM-PCL scaffold. Scale bar represents 50um.
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Figure 4.10. Maximum intensity projection image achieve rom Z-stalking using confocal
microscopy techniques showing the growth of HDFa cells in different planes of the scaffold, which
suggest the penetration of these cells throughout the PCL/PAMAM-PCL scaffold.
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Preparation, characterization and properties of PLLA and PLLA/HBPG-PDLA fibers

FE-SEM micrograph of the PLLA (Figure 4.11(a)) mat, prepared by applying the conditions
already reported, evidenced the formation of defect-free fibers characterized by an average
dimension of ca. 700 nm. Moreover, the thermal treatment (4 hours at 80 °C), accomplished to
allow the polymer structuration, was found not to alter significantly the morphology (Figure

4.11(b)).
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Figure 4.11. FE- SEM mlcrographs of: (a) PLLA, (b) PLLA after annealing, (c) PLLA/HBPG-
PLLA and (d) PLLA/HBPG-PDLA after annealing fibers. Scale bar represents 2 pum.

FE-SEM micrographs of the fibers based on HBPG-PDLA, with and without thermal
treatment, are shown in Figure 4.11(c) and 4.11(d). The morphology and the dimensions of the
above fibers turn out to be similar to those of the PLLA mats. Moreover, they do not present
micrometer aggregates, thus it demonstrating the fine dispersion of the polymer additive. It is worth
underling that in the case of the system containing the dendritic polymer, in order to obtain defect-
free fibers, the polymer concentration was modified. Indeed, as widely reported, hyperbranched
polymers are capable to changing the viscosity of the polymer solution, which parameter can
strongly influence the final morphology of the fibers.?°

The thermal properties of the prepared fibers were studied by means of DSC and the results,
shown in Figure 4.12, are summarized in Table 4.2. The thermogram of the neat PLLA fibers shows
an enthalpic relaxation peak, followed by a cold crystallization exotherm around 80°C and an
endotherm of fusion at about 180 °C.

The crystallinity data, reported in Table 4.2, demonstrate that the extent of crystallinity in the
electrospun PLLA fibers before annealing is lower than that of the mat which underwent a thermal
treatment. The above results indicate that the fast evaporation of the solvent during the
electrospinning process hampers the macromolecules crystallization. Conversely, in the
thermogram of the PLLA fibers, subjected to the annealing treatment, no cold crystallization events
can be detected on heating and as reported in Table 4.2, the maximum crystallinity is ca. 54 %.

The thermograms of the mats containing the dendritic additive are similar to those of the neat
PLLA fibers. Moreover, the crystallinity of PLLA, calculated considering its content in the
composite fibers, results to be the same as that found in the case of the neat PLLA fibers. On the
basis of these findings, it is possible to infer that the presence of the dendritic molecules does not
limit the structuring of the polymer matrix. Moreover, in both the above thermograms, it is possible
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to notice the presence of a very small and broad signal at around 190 °C, which can be ascribed to a
limited amount of stereocomplex crystals, whose formation may occur thanks to the arrangement of
the PLLA chains of the polymer matrix with the PDLA-type arms of the dendritic additive.?

A @
e —

©

El
S, _
5
3 s
E —/\ﬁ 2
2 5
B (b) £
N
©
£ (a) o
5 J\ﬁ
=2
30 80 130 180 5 15 25 35 45

Temperature [°C] 2007

Figure 4.12. (a) DSC of the neat PLLA and of PLLA/HBPG-PDLA fibers and (b) WAXD profile of
the PLLA/HBPG-PDLA annealed fibers.

Table 4.2. Thermal properties of the neat and annealed PLLA and PLLA/HBPG-PDLA fibers.

TCC AHCC Tm AHma XC

Sample rcl | el | el | el | o)

PLLA 76 16 177 50 36

PLLA (annealed) - - 177 50 54

PLLA/HBPG-PDLA 80 15 175 50 38

PLLA/HBPG-PDLA ] | 177100 | 45 50
(annealed) ’

The subscripts m and cc indicate the values measured during melting and cold-crystallization, respectively. 2 AH is the enthalpy,
normalized to the PLLA content.

In order to validate the above finding, the crystallinity structure of the HBPG-PDLA-based
fibers was studied by means of WAXD measurements (Figure 4.12(b)). The pattern of the annealed
mat based on HBPG-PDLA, together with an intense peak at 26 of 17° and a smaller one at 26 of
19° belonging to homocrystal PLLA, exhibits a signal at 20 of 12° characteristic of the
stereocomplex crystallites.?! Indeed, in the light of the above results, it is possible to infer that the
stereocomplexation promote PLLA crystallization.

The electrospun mats, which underwent an annealing treatment, were also characterized by
mechanical tests and the results are given in Table 4.3 and in Figure 4.13. PLLA mats show a
relatively high modulus (30 MPa) associated with a low deformation at break, namely about 20%.

Table 4.3. Mechanical properties of neat PLLA and PLLA/HB-PDLA fibers which underwent an
annealing treatment

E Ebreak

Sample [MPa] [%]

PLLA (annealed) 24+3 2414

PLLA/HBPG-PDLA 44+4 2045
(annealed) - B
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Figure 4.13. Stress-strain curves of: (a) PLLA (annealed) and (b) PLLA/HBPG-PDLA (annealed)

fibers.

The fibers containing the dendritic additive exhibit a modulus which is even higher than that
of the neat mat and a similar deformation at break. This finding can be related to the crystallinity of
the polymer matrix, which is not altered by the addition of the dendritic additive and to the
stereocomplexation, which is known to increase PLA mechanical properties.?! It is relevant to
underline that these results point out the benefits of having a partial stereocomplex material as most
of the organic additives, used as modifier of PLLA, produce a reduction of the polymer
crystallization and a decrease of its mechanical properties.

Taking into the account the chemical nature of the synthesized dendritic molecules, HBPG-
PDLA, also in the case of the fibers containing the above additive it was analysed the capacity of
this material to absorb water. Unlike the neat PLLA fibers, whose tendency to absorb water is
negligible, the mats based on HBPG-PDLA show an intrinsic absorbency capacity, up to 30 %. As
for the fibers containing PAMAM, this result can be ascribed to the hydrophilicity of the
hyperbranched core of the dendritic additive, whose dispersion in the polymer matrix modifies its
water absorption capacity.
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Figure. 4.14. Weight loss as a function of time during enzymatic degradation tests: o neat PLLA

fibers, A PLLA/HBPG-PDLA.

In order to verify the influence of the synthesized additive on the polymer matrix degradation
properties, enzymatic degradation tests were carried out on both the neat PLLA fibers and on those
containing HBPG-PDLA by using proteinase K as enzyme. Figure 4.14 shows the weight loss of
the analyzed samples as a function of time during these tests. The curves indicate that at low contact
time (tc) the weight loss is similar for both the samples, while increasing tc the degradation of the
sample containing the dendritic additive results to be faster. This finding is supported by FE-SEM
analysis of the samples which were put in contact with proteinase K for ca. 8000 min. Indeed, while
the surface of the neat PLLA fibers (Figure 4.15(a)) have a perfectly smooth surface, those based on
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HBPG-PDLA (Figure 4.15(b)) are characterized by a considerable rough surface, which
phenomenon can be related to a more pronounced degradation in the latter sample. Moreover, as
shown in the histograms of the diameter distribution (calculated based on the SEM micrographs of
the PLLA and PLLA/HBPG-PDLA mats that underwent the degradation test) the average
dimension of the fibers based on the dendritic additive was lower than that of the PLLA fibers.
Indeed, in the case of the latter sample the calculated average diameter was ca. 500 nm, while for
the PLLA/HBPG-PDLA fibers it was ca. 300 nm, this result supporting the trend of the weight loss.
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Figure 4.15. FE-SEM micrographs of: (a) neat PLLA fibers which underwent an enzymatic
degradation test (tc = 120 h) and the relative diameter distribution, (b) PLLA/HBPG-PDLA fibers
which underwent an enzymatic degradation test (tc = 120 h) and the relative diameter distribution.

Scale bar represents 300nm.

This behaviour can be explained by considering the higher hydrophilicity of the composite
fibers, as demonstrating by the water absorption analysis. Indeed, the relation between the
hydrophilicity and the enzymatic degradation rate was already demonstrated in the literature. As an
example, Tsuji et al. verified that the surface hydrophilicity is crucial to determine the enzymatic
hydrolyzability, as the enzymatic hydrolysis rates of PLLA films was found to increase by

enhancing the surface hydrophilicity, through an alkaline treatment, irrespective of the
crystallinity.?
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CHAPTER 5. On a new bio-based system composed of
electrospun sc-PLA/POSS/cyclodextrin fibers to remove water
pollutants

This chapter deals with the development of novel bio-based system, characterized by specific
features suitable for the removal of water pollutants. Indeed, the system consists of electrospun
stereocomplex polylactide (sc-PLA)-based fibers, prepared from solutions containing equimolar
amounts of high-molecular-weight poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA),
functionalized by the presence of an amino polyhedral oligomeric silsesquioxanes (POSS-NH>),
which was added directly into the electrospinning solution. The sc-PLA/POSS-NH: fibers,
characterized by a submicrometric dispersion of the silsesquioxanes underwent a grafting reaction
with B-cyclodextrin molecules, activated to nucleophilic substitution via monotosylation (CD-O-
Ts). The surface reaction was investigated by IR and *H-NMR and obtained B-CD-grafted fibers
were characterized in terms of grafting reaction and morphology by IR, XPS, TGA and SEM
analysis. Moreover, the surface wettability and absorb capacity of water pollutants were measured.

5.1 Introduction

As previously mentioned, nanofibers mainly fabricated by electrospinning, have a great
potential, but so far largely unrealized, for many emerging environmental applications.! One of the
most important features of the above engineered nanomaterials, is the large surface area-to-volume
ratio, which potentially could allow greater surface absorption of contaminants from air and water.!
Moreover, unlike inorganic nanofibers - those based on ZnO?® and TiO,*® being the most
extensively applied for water or air treatment - polymer nanofibers are flexible. Since the above
characteristic is highly appealing for the practical exploitation of these systems, the inorganic phase
is generally combined with polymer nanofibers in order to take advantage simultaneously of both
the organic and inorganic materials, the latter having in general a catalytic effect on the pollutant
molecules. Indeed, in the field of water remediation, TiO> nanoparticles, immobilized using layer
by layer electrostatic assembly onto porous dimethylsiloxane-block-etherimide (PSEI) nanofibers
exhibited a high degree of bisphenol A decomposition.” Nanofibrous mat of poly (L-lactic acid) was
used as substrate for the growth of radially oriented ZnO nanowires by chemical bath deposition
and the PLLA/ZnO systems were applied for decomposition of several organic contaminants.® ZnO,
in the form of nanocrystals were also grown on cellulose acetate butyrate (CAB) nanofibers and the
photocatalytic activity of the CAB-ZnO system was proved.® Another method applied to obtain
ZnO-based systems was the atomic layer deposition, used by Kayaci et al.'° to prepare ZnO/nylon
6,6 nanofibes, which allowed to obtain a layer of the oxide of about 90 nm.

Despite the potentialities of the above systems, their application is limited because of some
specific drawbacks, such as the tricky inorganic phase dispersion/deposition, the accessibility of the
catalytic sites, the possible inorganic phase leaching and the need to activate the process by UV
radiation.

Another potential and effective approach for the removal of pollutants, in view of the high
surface area of the electrospun nanofibers, is that based on the adsorption of contaminants. In
general, this method consists in the dispersion of particular adsorbing systems, both inorganic***?
and organic*> species in the polymer nanofibers. As for the former described organic/inorganic
nanofibers, also in this case the possible leaching of the absorption molecules and the incomplete
accessibility of the absorption sites are limiting factors for the application of the process. In this
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light, the development of nanofibers based on polymer systems enabling surface grafting of active
species that is molecules with a high tendency to interact with/absorb contaminants, represents a
significant current research issue.

Among the molecules applicable as absorber of contaminants, cyclodextrins (CD) - natural
cyclic oligosaccharides derived from starch'®’- show suitable features as they are characterized by
a significant capacity of forming inclusion complexes with several molecules through non-covalent
host-guest interactions, thanks to their peculiar toriodal-shape.’®'® So far, in the field of water
treatment, they have been mainly applied in powder form or crossliked granules,*®% while in the
case of CD/nanofibers systems, they were physically blended with the polymer matrices.?!+?

It is worth underlining that the few attempts performed in the literature to graft CD on the
surface of polymer nanofibers!*? implied the laborious and not always feasible chemical
modification of the nanofiber surface, as the polymer matrices, generally used to prepare the
nanofiber mats, do not hold reactive functionalities.

Our system, which is alternative to the conventional materials applied for environmental
applications and possesses properties potentially exploitable in the field of water treatment, takes
advantage of the capability of cyclodextrin molecules, covalently linked to the surface of nanofibers
based on stereocomplex polylactide (sc-PLA) and polyhedral oligomeric silsesquioxanes (POSS), to
absorb/complexate organic molecules. It is worth underlining that sc-PLA nanofibers combine the
properties of the peculiar polymer matrix with those of POSS molecules. Indeed, as reported in the
introduction, stereocomplex PLA, formed by mixing poly(L-lactide) (PLLA) and poly(D-lactide)
(PDLA), has a melting temperature 50 °C higher than that of PLLA and PDLA homo-crystals, a
higher stability and crystallization rate as well as lower solubility in solvents and resistance to
hydrolysis enhanced compared with the two single polymers.?*?® Moreover, it was recently
reported on a method to improve the performances of the above nanofibers by introducing
functionalized POSS - in our case POSS bearing an amino group attached to the siliceous cage
(POSS-NH,)?" - into the electrospinning solution.?® Indeed, the electrospinning process turned out
to allow a nanometric dispersion of the silsesquioxane?*-? and, consequently, in the case of the
exploitation of functionalized POSS, an homogenous distribution on the polymer nanofiber surface
of the reactive groups, which were found to be accessible but simultaneously strongly linked to the
polymer matrix.?

The developed system shows peculiar and functional properties connected to both the
chemical and structural features of the components, that is: i) the bio-based and bio-degradable
polymer matrix, ii) the stereocomplexation of PLA, which gives the polymer support higher
thermal/chemical resistance with respect to the tradition used PLLA or PDLA single polymers, iii)
the high surface area-to-volume ratio, characteristic of the nanofibers and iv) the high accessibility
of the cyclodextrin molecules, which should not undergo any leaching process, they being
covalently linked to the nanofiber surface. Indeed, in this work, the novel system consisted of
electrospun sc-PLA-based fibers, prepared from solutions containing equimolar amounts of high-
molecular-weight poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA), functionalized by the
dispersion of POSS-NH> which underwent a grafting reaction with ad hoc functionalized CD. The
reaction between the CD and POSS-NH: as well as the characteristics of the sc-PLA/POSS-NH-CD
fibers, were studied in detail. The capacity of the novel hybrid molecule POSS-NH-CD and that of
the prepared fibers to absorb water pollutants was evaluated.
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5.2 Experimental section

Nanofiber preparation

As previously reported,?® PLLA/PDLA-based POSS solutions were prepared by using a
mixture HFIP/CHCl3 (1/2), equal amounts of PLLA and PDLA to a final polymer concentration of
12 w/v and 5 wt.-% of POSS-NH,. The nanofibers were electrospun using a conventional
electrospinning system. The solutions were loaded in a syringe (model Z314544, diameter d=11.6
mm, Aldrich Fortuna Optima) placed in the horizontal direction. A Gamma high-voltage research
power supply (Model ES30P-5W) was used to charge the solution in the syringe with a positive DC
voltage. The positive electrode was connected to the needle (diameter d=0.45mm) of the syringe
and the negative electrode was attached to the grounded collector, an aluminium sheet wrapped on a
glass cylinder (height 4 cm, diameter 14.5 cm). The distance between the tip and the collector was
20 cm. A syringe pump (Harvard Apparatus Model 44 Programmable Syringe Pump) was used to
feed the needle. The needle tip and the ground electrode were contained in a hollow plastic cylinder
(height 30.5 cm, inner diameter 24 cm, and thickness 3.5 mm), internally coated with a
polytetrafluoroethylene sheet (thickness 1 mm), which was supplied with a XS Instruments digital
thermohygrometer (model UR100, accuracy £3% RH and 0.8 °C) as humidity and temperature
sensor to monitor and control the ambient parameters (temperature around 21 °C). A glass Brooks
rotameter was used to keep constant the air flow in the enclosed electrospinning space. The air flow
was fed in the chamber at atmospheric pressure from an inlet placed behind the collector.

The established conditions are: solution flow rate 0.004 mL/min, tip-collector distance 20 cm,
air flow rate 3.5 I/min and temperature 21 °C. The fibers were subjected to an annealing treatment
at 100°C for 4 hours.

Synthesis of mono-6-deoxy-(p-tolylsulfonyl)-g-cyclodextrin (CD-O-Ts)

Mono-6-deoxy-(p-tolylsulfonyl)-B-cyclodextrin  (CD-O-Ts) was prepared following the
procedure reported elsewhere.®3* The typical procedure was carried out as follows: 2 g of CD were
suspended in 17 mL of water and 0.2 g of NaOH in 0.7 mL of water were added dropwise. The
solution was immersed into an ice-water bath and 0.5 g of TsCl in 1 mL of acetonitrile were dripped
slowly with the formation of a white precipitate. After further stirring for 2 h at room temperature,
the suspension was refrigerated at 4 °C. The precipitate was recovered by filtration and
recrystallized from hot water three times. The product was dried under vacuum at 50 °C.

Synthesis of POSS-NH-CD

0.1 g of POSS-NH> was dispersed in 10 mL of methanol and 0.1 g of CD-O-Ts dissolved in
10 mL of methanol was added dropwise. The reaction was conducted for 24 hours under stirring at
60 °C. Then, the product was recovered by centrifugation and washed several times with hot
methanol. The product was dried under vacuum at 50 °C.

Preparation of sc-PLA/POSS-NH-CD nanofibers
2.9 mg of sc-PLA/POSS-NH: nanofibers were immersed in 10 mL of methanol and 2.9 mg of
CD-O-Ts dissolved in 10 mL of methanol was added dropwise. The reaction was conducted for 24

hours at 60 °C. Finally, the fibers were recovered, washed several times with hot methanol and
dried under vacuum at 50 °C.
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Characterization

To study the sample surface morphology, a Leica Stereoscan 440 scanning electron
microscope was used. All the samples were thinly sputter-coated with carbon using a Polaron
E5100 sputter coater. The fiber diameters and their distribution were measured using an image
analyzer, with ImageJ 1.41 software.

TGA measurements were performed using a Star® System Mettler thermobalance, under
nitrogen flow, at a heating rate of 10°C/min.

XPS characterization was performed with a Kratos Axis Ultra spectrometer using a
monochromatic Al Ka source (10mA, 15kV). High resolution analyses were carried out with pass
energy of 40 eV. Binding energy scale has been charge corrected to have the well resolved C 1s
peak of carboxylic groups (C=00) of sc-PLA at 289 eV.

FTIR spectra were recorded on a Bruker IFS66 spectrometer in the range 400-4000 cm™.

'H NMR spectra were collected with a Varian NMR Mercury Plus instrument at a frequency
of 300 MHz in CDCls solutions containing tetramethylsilane as internal standard.

Contact angle measurements were performed at room temperature with an Erma G-1 contact
angle meter using pure distilled water as probe liquid. The average static water contact angles were
obtained by measuring at least three droplets on each film specimen (two films for sample).

To perform absorption experiments, stock solutions (10 mg/L) of alizarin red and 2-
chlorophenol in ultra-pure water were prepared. The experiments were carried out by adding ca.
0.020 g of POSS-based powder (POSS-NH2 or POSS-NH-CD) and 0.001 g of fibers (sc-
PLA/POSS-NH; fibers or sc-PLA/POSS-NH-CD) in contact with 10 mL of the above solution at
room temperature for a predetermined time interval. After a specific time, the adsorbent systems
were separated from the solutions and the residual concentration were determined by a by UV-vis
spectrophotometer (Varian Cary 100 spectrometer). The equilibrium sorption capacity, namely the
sorption value constant with time, was determined using equation (1):

qe — (CO Ce)v
m

Where ge is the equilibrium amount of absorbed material per unit mass of adsorbent (mg/g),
Co and C. are the initial and equilibrium absorbate concentration, respectively, in mg/L, V is the
sample volume and m is the adsorbent mass in mg. The absorption was also calculated as mole of
absorbate per unit mass of absorbent. In the case of alizarin red, the absorbance intensity was
calculated using the reading at 521 nm (molar absorption coefficient = 2328 L-mol™*.cm™), while in
the case of 2-chlorophenol at 272 nm (molar absorption coefficient = 1920 L-mol-cm™).

(5.1)

5.3 Results and discussion

The work has been preliminary focused on the activation of the cyclodextrin by the reaction
with p-toluenesulfonyl chloride (p-TsCl). The FTIR results for the B-CD and mono-6-deoxy-(p-
tolylsulfonyl)-p-cyclodextrin (CD-O-Ts) are shown in figure 5.1 (c)(d). For the spectrum of B-CD
(Figure 5.1(c)), the O-H stretching and bending are observed at 3307 cm™ and 1651 cm®,
respectively. The absorption around 2925 cm™ indicates the presence of —CH. group, and the band
at 1021 cm™ is the characteristic absorption of C-O-C asymmetric stretching. In the spectrum of
CD-O-Ts (Figure 5.1(d)), the peaks at 3343 cm™and 1659 cm™ are attributable to stretching and the
bending, respectively, of the O-H groups of B-CD. The peaks at 2927 cm™ and 1029 cm? are,
respectively, ascribed to the —CHz> stretching and the C-O-C asymmetric stretching. In addition, the
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characteristic peaks of 0=S=0 at 1364 cm™ and 1156 cm™ can be also observed. All the significant
absorption bands of B-CD and CD-O-Ts indicate that p-TsCl was successfully reacted with 3-CD.

This was further confirmed by means of *H NMR spectroscopy (Figure 5.1(a)(b)), where the
characteristic peaks of B-CD (at 6 4.82, 3.25, 2.32, 3.55, 3.60, 3.64, 4.45, and 5.56- 5.80 ppm —
assigned to OCHO-CH, CH-CHOH-CH, CH-CHOH-CH, CH-CHO-CH, CH-CHO-CH>, CH,-OH,
CH»2-OH, CH-OH respectively) are accompanied by several signals in the region at 6 2.47 and 7.30-
7.80 ppm, ascribable to the presence of the CH3-CH and CH-CH>-CH. units of tosyl.
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Figure 5.1. 'H-NMR and FTIR spectra of: (a) f-cyclodextrin (CD), (b) mono-6-deoxy-(p-
tolylsulfonyl)-g-cyclodextrin (CD-O-Ts) (c) p-cyclodextrin (CD) and (d) mono-6-deoxy-(p-
tolylsulfonyl)-g-cyclodextrin (CD-O-Ts).

In order to verify the specific reactivity of the above molecule towards the -NH> group of the
amino POSS, the silsesquioxane was reacted with CD-O-Ts. After various attempts, methanol was
used as the solvent of choice due to its ability to solubilize only B-cyclodextrin at high temperature -
POSS is insoluble-, and 60 °C was found optimal to drive the substitution to completion after 24
hrs. In figure 5.2, the FTIR spectrum of POSS-NH-CD is compared with those of CD-O-Ts and
POSS-NHo.
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Figure 5.2. IR spectra of: (a) POSS-NHz, (b) CD-O-Ts and (c) POSS-NH-CD.

The neat POSS (Figure 5.2a) shows a strong Si-O-Si stretching absorption band at ca. 1100
cm, which is the typical absorption peak of the silsesquioxane inorganic framework. CD-O-Ts
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holds two characteristic absorption peaks at 3343 and 1659 cm, due to stretching and the bending,
respectively, of the O-H groups of B-CD, as well as a peak at 2927 attributed to the -CH and at
1029 cm™ due to the C-O-C asymmetric stretching. Moreover, the characteristic peaks of 0=S=0 at
1364 cm™ and 1156 cm™ can be also observed.

In the spectrum of POSS-NH-CD systems, together with the peaks characteristics of the neat
silsesquioxane, two new bands at ca. 3240 and 1030 cm™ appear, which should originate from the
O-H groups and C-O-C bond of B-CD moieties of POSS-NH-CD. Indeed, as the excess of CD-O-Ts
was eliminated by washing, the above finding suggests the effective reaction of POSS-NH with
CD-O-Ts, which is illustrated in Figure 5.3. Indeed, it is of utmost relevance that the developed
reaction allows to produce a new POSS-based molecule, characterized by the direct linkage of the
cyclodextrin to the siliceous cage, which combines the features of the silsesquioxane (high thermal
and chemical resistance) with those of cyclodextrin that is the capacity to absorb/complexate
organic molecules. Clearly, the peculiar properties of the above hybrid molecule could be exploited
in different fields, such as that of nanocomposite materials and for biomedical applications.
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Figure 5.3. Reaction between POSS-NH; and CD-O-Ts.

To further prove the reaction between the cyclodextrin and POSS-NH2, XPS experiments
were run on both the neat silsesquioxane and CD-NH-POSS, focusing on the chemical environment
of N atoms. As we already shown,?® POSS-NH, is characterized by the presence of a single N 1s
peak centered at (399.7 £ 0.2) eV, indicative of the presence of —-NH> functionalities. In the case of
CD-NH-POSS, the N 1s XP-spectrum is clearly characterized by two N species: one, centered at
(399.8 £ 0.2) eV, while the second, centered at (401.6 = 0.2) eV and accounting for approx. one
third of the total N content, suggests the change of N chemical environment, which is likely due to
the reaction between the POSS-NHz and CD-O-Ts (Figure 5.4).

In order to verify the tendency of the hybrid molecule to absorb organic water contaminants,
the powder of POSS-NH-CD was contacted with a water solution of Alizarin red, namely a dye
which can be considered a pollutant model molecule. A preliminary observation concerns the
change of color of the solution, which passes from pink pale in the neat solution to yellow pale in
that containing alizarin red (Figure 5.5). This behaviour can be related to specific interactions
occurring between the hybrid molecule and the dye. Indeed, this effect was already reported with
other dyes systems, capable of interacting with CD molecules. In particular, it was demonstrated
that, as the result of inclusion complexes formation, the guest molecule is surrounded by the
hydrophobic microenvironment of the CD cavity.>> This environmental change causes some
modification of the chemical and physical properties of the guest molecule, such as equilibria and
kinetic parameters and absorption coefficient. As an example, it was found that upon binding of
phenolphthalein to f-CD cavity in aqueous solution at pH 10.5, the red-colored dianion form is
rapidly transformed into a colorless lactonoid form.3® This effect and some other similar spectral
changes were ascribed to the altered polarity of the cavity microenvironment and preferential or
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specific guest—host interactions and stabilization of the preferred form and suppression of the other
forms in equilibrium.

N 1s

XPS Intensity (a.u.)

408I4(IJG 404 402 400 3£|)8I3£'96'3é4
Binding Energy (eV)
Figure 5.4. XPS spectra collected on POSS-NH; and CD-NH-POSS powders. The data are
shown in the energy region typical for N 1s photoelectrons after subtraction of Shirley-type
background. Data are shown after normalization.

Considering our system, besides the modification of the solution color, the extend of alizarin
red absorption was evaluated by means of UV measurements (Figure 5.5B). As reported in table
5.1, unlike POSS-NH2, which showed no tendency to retain the dye, the modification of the
silsesquioxane with CD turned out to promote specific interactions between the hybrid molecule
and the alizarin red, increasing, in this way, its absorption capacity. Indeed, the quantity of alizarin
absorbed by POSS-NH-CD, was found to be constant after 4 hours.
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Figure 5.5. (A) Photos of: (a) alizarin red solution at the initial time and (b) alizarin red
solution with POSS-NH-CD after 4 hours. (B) UV spectra of: (a) alizarin red solution at the
initial time and (b) alizarin red solution with POSS-NH-CD after 4 hours.
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Table 5.1. Absorption capacity of the different studied systems

Absorption capacity Absorption capacity
System Pollutant mol pollutant/g mg pollutant/g system
system
POSS-NH> (powder) Alizarin red - -
POSS-NH-CD (powder) Alizarin red 1.15.10° 2.8
POSS-NH> (powder) 2-cholorophenol - -
POSS-NH-CD (powder) 2-chlorophenol 3.27-10° 4.2
sc-PLA/POSS-NH: fibers Alizarin red - -
sc-PLA/POSS-NH-CD fibers Alizarin red 4.83-10° 12
sc-PLA/POSS-NH fibers 2-cholorophenol - -
sc-PLA/POSS-NH-CD fibers |  2-chlorophenol 32.5-10° 42
sc-PLA/POSS-NH; fibers 2-chlorophenol - -

Besides alizarin red, it was evaluated the capacity of POSS-NH-CD to absorb another typical
organic pollutant, that is 2-chlorophenol. By comparing the results reported in Table 5.1, the
capacity of the POSS-NH-CD powder to absorb the above molecule, which became constant after
24 hours, turns out to be higher than that found for alizarin red. This finding can be related to the
chemical-physical characteristics of the two studied contaminants and in particular to their different
steric hindrance, which being higher for alizarin red, might limit its absorption inside the CD cages.

Although these results demonstrate a good capacity of the hybrid POSS-based molecule to
absorb water pollutants, which in the case of phenol is of the same order of magnitude as that of
other types of absorbent, such as bentonite,® coal®® and wood,** clearly the dispersion of the
molecule on a support characterized by a high surface area, such as polymer nanofibers, could
increase the efficiency of its absorption.

On this basis, it was attempted to graft CD molecules on the surface of electrospun
stereocomplex polylactide (sc-PLA)-based fibers, prepared from solutions containing equimolar
amount of high-molecular-weight poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) and
functionalized by the dispersion of a POSS-NH2, added directly into the electrospinning solution.
The reaction between sc-PLA/POSS-NH; and CD-OTs was carried out under the same conditions
previously optimized, the fibers were then recovered, washed several times with hot methanol, dried
under vacuum at 50 °C and analyzed.

FE-SEM micrograph of the sc-PLA/POSS-NH: (Figure 5.6(a)) mat, prepared by applying the
conditions already reported,?® evidences the formation of defect-free fibers characterized by an
average dimension of 1 pum. Moreover, no POSS aggregates are present, the submicrometer
dispersion of the silsesquioxane being favored, as already highlighted,?®3? by the fast solvent
evaporation occurring during the electrospinning process. The morphology and the average
diameter of the treated fibers (Figure 5.6(b)) are similar to those of the neat sc-PLA/POSS-NH>
fibers, this finding highlighting that the treatment process does not alter the fibrous structure.
Nevertheless, considering the high magnification micrographs, reported in figure 5.6(c) and figure
5.6(d), the surface of the fibers completely changed. Indeed, while the neat fibers have a perfectly
smooth surface, those treated are characterized by a considerable rough surface. It is worth
underlining that the modification of the polymer surface caused by the introduction of CD was
observed with other systems, such as cotton fabric grafted with glycidyl methacrylate-CD*?# or
monochlorotriazinyl-CD/butylacrylate and hydroxypropyl-CD grafted woven polyethylene
terephthalate (PET) vascular prosthesis.***> Moreover, the increase of surface roughness was also
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observed in PET fiber grafted with cyclodextrin polymer.'* Indeed, the rough surface of the treated
nanofiibers can be consider an indication of the CD attachment to the polymer surface.

1um

40nm

Figure 5.6. FE-SEM micrographs of: (a) sc-PLA/POSS-NH: fibers, (b) sc-PLA/POSS-NH-CD
fibers, (c) high magnification FE-SEM micrographs of: (c) sc-PLA/POSS-NH: fibers, (d) sc-
PLA/POSS-NH-CD fibers.

The fiber thermal degradation was studied by means of TGA analysis, by comparing the
thermal degradation curves of the neat sc-PLA/POSS-NH: (Figure 5.7(a)) mat with that of the
treated fibers (Figure 5.7(b)). As already reported,?® the degradation of PLA occurs in one step in a
temperature range between 300 and 400 °C.
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Figure 5.7. TG curve of (a) sc-PLA/POSS-NH: fibers and (b) sc-PLA/POSS-NH-CD fibers.
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Indeed, the TGA curve of the treated fibers overlaps that of the neat mat in the range of
decomposition of the PLA, thus demonstrating that the process does not alter significantly the
structure of the polymer. Nevertheless, in the curve of sc-PLA/POSS-NH-CD fibers, a degradation
step was observed in the temperature range between 250-270 °C (see insert of Figure 5.7 (b)),
which might be attributed to the degradation of CD moieties, which typically occurs between 220-
300 °C.*54" Based on TGA data, the grafting percentage of CD results to be 3 wt.-%, quantity which
can be related with the amount of silsesquioxane dispersed in the fiber, that is 5 wt.-%.

In order to evaluate the electrospun mat wettability and study the influence of the cyclodextrin
grafting on this feature, water contact angle measurements were carried out. These measurements
are considered to be important to assess the surface properties, or the wettability of the solid
surface, governed by both the surface chemical composition and by its geometrical microstructure.*®
Indeed, while the contact angle of sc-PLA/POSS-NH: fibers is 130°+2°, that of the electrospun sc-
PLA/POSS-NH-CD mats is lower, 120+2°. Although the variation is small, the increase of the
surface hydrophilicity of the treated mat can be ascribed to the grafting reaction and in particular to
the hydrophilicity of the molecules of cyclodextrin.

The capacity of the fibers to absorb water pollutants was studied by examining the same
molecules already considered in the case of POSS-NH-CD, namely alizarin red and 2-
cholorophenol. The results, summarized in Table 5.1, show, as underlined for the absorbent in the
powder form, that the treatment of the fibers with CD, promotes their ability to retain the
contaminants and that the specific capacity of the sc-PLA/POSS-NH-CD fibers to absorb the
phenol-based molecule is higher than that to retain alizarin red. Furthermore, it is of utmost
relevance that the absorption capacity of the fibers towards both the contaminant molecules is much
higher for the mats than for the powder, the absorption capacity passing from 2.8 to 12 mg/g for
alizarin red (from 1.15-10° mol/g to 4.83-10° mol/g) and from 4.2 to 42 mg/g (from 3.27-10°
mol/g to 32.5 -10®° mol/g) for 2-chlorophenol, in the case of POSS-NH-CD powder and sc-
PLA/POSS-NH-CD fibers, respectively. The above finding can be related to the availability of the
absorption sites, which are clearly more accessible in the case of CD grafting on the surface of the
fibers with respect to the direct exploitation of POSS-NH-CD in the powder form.
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CHAPTER 6. Poly(styrene-co-maleic anhydride) nanoparticles:
Microencapsulation and protein conjugation

This chapter describes the preparation, characterization and application of a novel protein
carrier. Indeed, papain-conjugated poly(styrene-co-maleic anhydride) (PSMA) nanoparticles were
prepared by combining nanoprecipitation and electrospray technique. Different experimental
conditions were tested in order to optimize nanoparticles dimensions and production yields. The
nanoparticles were characterized by Infrared Spectroscopy (IR), Field Emission Scanning Electron
Microscopy (FE-SEM) and Dynamic Light Scattering (DLS). The obtained nanoparticles were then
used for the conjugation of a functional protein to their surface. The proteolytic enzyme papain was
chosen as model protein. The successful papain-nanoparticle conjugation was demonstrated by zeta
potential, IR and FE-SEM measurements.

6.1 Introduction

The search for new approaches for the immobilization of proteins on solid matrices is a highly
active field of research, having perspective impact on different areas. In this respect, immobilized
functional proteins, such as enzymes, are required for their use in industrial processes in order to
permit the re-use of the expensive enzyme molecules and to improve many enzyme properties, such
as stability, resistance to inhibitors and selectivity.? A number of biotechnological products are
based on immobilized proteins with applications in diagnostics, bioaffinity chromatography, and
biosensors.>* Moreover, proteins, due to their high specificity, have emerged as promising
therapeutics for the prevention and treatment of various diseases ranging from cancer, diabetes,
cystic fibrosis, autoimmunity, protein deficiencies and infectious diseases.>” Again the in vivo
delivery of proteins requires their immobilization onto a carrier in order to overcome problems
related to protein susceptibility to denaturation and poor bioavailability.2° In this framework,
polymeric nanoparticles are seen as ideal protein nanocarriers due to high surface area to volume
ratios, to their stability and versatility, which give the possibility of incorporating functional groups
reactive, as an example, towards primary amines on lysine residues, so that proteins can be either
entrapped inside or conjugated to their surface.!*14

In this work, we proposed the design and fabrication of polymeric nanoparticles based on
poly(styrene-co-maleic anhydride) (PSMA), namely a synthetic copolymer with amphiphilic
properties. Generally, the above polymer, which is characterized by a good biocompatibility, has
been used as a support for the covalent immobilization of proteins and drugs in the biomedical filed
in the acid form, poly(styrene-co-maleic acid), as colloidal carrier of various type of drugs.'® The
possibility to covalently conjugate proteins with the PSMA functional groups was firstly
investigated in 1990%° and its use was proposed for hepatoma treatment in 1993 in Japan.t” PSMA
is soluble in organic solvent, and its characteristic of low toxicity, together with good mechanical
stability make it an ideal candidate for the fabrication of nanoparticles.®°

Here, the electrospray technique, which is a simple and widely used method for the
fabrication of uniform samples with high yield, was chosen for the fabrication of PSMA
nanoparticles.?

The PSMA nanoparticles were then characterized by Scanning Electron Microscopy (SEM),
Fourier Transform Infrared spectroscopy (FTIR) and Dynamic Light Scattering (DLS).

The model protein papain was then conjugated to PSMA nanoparticles.
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Papain is a proteolytic enzyme (EC 3.4.22.2) present in the latex of Carica papaya, and it is
one of the most important industrial proteases, used in protein hydrolysate, juice and beer
clarification, bakery and dairy products.? Moreover, papain has been demonstrated to have
antibacterial, anti-inflammatory and mucolytic properties. In this respect, papain conjugation with
nanoparticles has been proposed as a strategy for overcoming the mucus barrier in oral and
pulmonary delivery, increasing drug permeation,16-18:22-24

Papain was conjugated with the surface of the PSMA nanoparticles by a one-step procedure
and the modified PSMA nanoparticles were characterized by zeta potential measurements and by
uv-vis spectroscopy in terms of efficiency of enzyme immobilization and of residual catalytic
activity.

Finally, we preliminarily evaluated the possibility of microencapsulating PSMA
nanoparticles. This study was carried out in the view of a perspective application of PSMA
nanoparticles in processes based on enzymatic cascade reactions, where reactions should be carried
out in confined environments,? or in protein delivery applications, where microencapsulation is
required to control drug release profiles in oral or pulmonary delivery.??° To this purpose,
nanostructured polyelectrolyte capsules (NPCs) were selected as ideal microcarriers, due to their
versatility and wide applicability.3°> NPCs are fabricated, with nanometer precision, through the
electrostatic layer-by-layer (LbL) self-assembly of a multilayered shell * onto a sacrificial micro-
core.®3 In this work, polyarginine and dextran were used, as polycation and polyaninion
respectively, for the formation of the shell,® while calcium carbonate microparticles (CaCOs), co-
precipitated with PSMA nanoparticles, were used as sacrificial cores.®” Scanning electron
microscopy was used to characterize the morphology of PSMA/CaCO3z microparticles while optical
microscopy was used to visualize the formation the NPCs.

6.2 Experimental section
PSMA nanoparticle preparation by electrospray nanoprecipitation

Solutions were prepared by dissolving different amounts of PSMA in DMF. The polymer
solution was introduced to a nozzle, at a constant flow rate of 2 mL/h using a syringe pump. The
nozzle was connected to the positive electrode of a high-voltage supply. Ethanol, a non-solvent of
PSMA but miscible with DMF, was used as the collection medium. Electrosprayed droplets were
collected in a beaker containing 80 mL of ethanol stirred by a magnetic stirrer at a constant rotary
speed. The beaker was placed on a grounded aluminium foil with a deposition distance of 5 cm
between the charged nozzle exit and the collecting ethanol surface. Experiments were conducted at
room temperature. The applied voltage, that is 20 kV, was optimized to maintain a stable cone-jet
over the duration of particle collection (Figure 6.1).
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Figure 6.1. Schematic of electrospray nanoprecipitation process.

Conjugation of enzyme with PSMA nanopatrticles

The conjugation of the enzyme with PSMA nanoparticles was obtained by exploiting the
covalent bonding between the amino groups of the enzyme molecules and the maleic units of the
polymeric chain. Specifically, Papain was used at the concentration of 0,1mg/ml in water.

PSMA nanoparticles were dispersed in the enzymatic solution and stirred for 24 hours at
room temperature. Three washings at 14000 rpm for 5 minutes in water were carried out in order to
remove the unbound enzyme molecules.

The enzymatic activities of the starting enzymatic solution and the residual enzymatic
solution, after the removal of the nanoparticles by centrifugation, were measured, in order to
evaluate the amount of conjugated enzyme (Eq. 6.1).

Conjugated enzyme [ug] = Starting enzymatic solution [ug] — Residual enzymatic solution [ug] (6.1)

To this purpose, the catalytic activity of the free enzyme solution at different concentrations
was determined, and the masses were calculated from the respective calibration curve (R2 = 0.9914,
data non-reported).

The immobilization yield was defined as the percentage of the ratio of the previously
calculated conjugated enzyme to the starting enzymatic solution (Eg. 6.2).

Conjugated Enzyme [ug]

x 100 (6.2)

Immobilization yield (%) = - _ _
Starting enzymatic solution [ug]
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Enzymatic activity tests

The enzymatic activity of free and immobilized papain was determined using casein assay,
without addition of L-cystein as activator.?* Specifically, either 100 ul of free papain solution or
PSMA-papain nanoparticle suspension were incubated with 200 pl of 3 mM EDTA as reducing
agent at 37° for 30 minutes. The mixture was added to 500 pl of 2% (w/v) casein solution in PBS
pH 7.4, and the reaction was carried out for 15 minutes at 37° C. Afterward, the reaction was
stopped by addition of 2 ml of 10% (w/v) TCA acid solution. After centrifugation for 5 min at
14000 rpm, the supernatant was removed and added to 1 ml of 0.5 M Na2COs and 200 ul of Folin’s
reagent, and the absorbance was measured at 660 nm. Since the L-cystein was found to react with
Folin’s reagent, it wasn’t added to the reaction mixture. Briefly, when casein is digested, the amino
acid tyrosine is liberated along with other amino acids and peptide fragments. Folin’s reagent reacts
with free tyrosine to produce a blue coloured chromophore, which is quantifiable as an absorbance
value on the spectrophotometer. The more tyrosine is released from casein, the more the
chromophores are generated and the stronger the activity of the protease. In order, not to overstate
the specific papain catalytic activity, the addition of L-cysteine was avoided, without significantly
affecting the enzyme efficiency.3® Finally, the residual enzymatic activity for the immobilized
enzyme was calculated as percentage (Eqg. 6.3), in terms of resulting conjugated enzyme, due to the
possible partial loss of activity after immobilization,®*° with respect to the expected conjugated
enzyme (previously calculated with Eq. 6.1), used as 100% value.

Resulting Conjugated Enzyme [ug]
) = gronity yme 19 % 100 (6.3)
Conjugated Enzyme [ug]

Residual activity (%

PSMA nanoparticles encapsulation in polyelectrolyte microcapsules

The PSMA nanoparticles were encapsulated in CaCOs microparticles following a two-step
procedure, based on the combination of complexation and mineralization processes.*'*? The first
step consisted in the complexation between 2 ml of 0.66 M CaCl; solution and 2 ml 20 mg/ml
nanoparticle dispersion, which were initially mixed together by ultrasounds for 5 minutes, to
homogeneously disperse the nanoparticles in the CaCl> solution. Secondly, 4 ml of 0.33 M Na.CO3
were added to the obtained complexes, leading to their mineralization and resulting in micro-sized
PSMA loaded-CaCOs microparticles. Finally, the microparticles were washed three times with
water and coated by a polyelectrolyte multi-layered shell. Briefly, the microparticles were
alternatively immersed in 0.5 mg/ml negatively charged DEX solution and 0.5 mg/ml positively
charged PAR solution, with 0.15 M NaCl. Three washings with water followed each adsorption
step, in order to remove the excess of not adsorbed polyelectrolyte. Once the final (DEX/PAR)a
multilayered structure was obtained, the coated microparticles were immersed in 0.2 M EDTA
solution for 30 minutes, and CaCO3 was dissolved, in order to obtain empty capsules. Three
washings with water followed, and the empty capsules were kept in fridge until their further use.

Characterization

FTIR spectra were recorded on a Bruker IFS66 spectrometer in the spectral range 400-4000
cm™,
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The morphology of PSMA and sc-PLA nanoparticles were analyzed by a Zeiss Supra 40 VP
Field Emission Scanning Electron Microscope (FE-SEM) was used. All samples were thinly
sputter-coated with carbon using a Polaron E5100 sputter coater.

Nanoparticle size distribution was further investigated by DLS using a Malvern Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, U.K). This instrument was also used to measure
the Zeta Potential of PSMA and enzyme-conjugated PSMA nanoparticles. An inverted IX-51
Olympus optical microscope, equipped with a DP70 digital camera and with a CPlan 103 objective,
was used to visualize the removal of the CaCOz microparticles.

6.3 Results and discussions

This work was accomplished assessing first the preparation of nanoparticles based on styrene-
maleic anhydride copolymers by combining the nanoprecipitation method with the electrospray
technique. The influence of several preparation parameters, such as voltage, distance between the
collector and the tip as well as the solution concentration, on the particle features was studied. In
particular, the latter parameter turned out to strongly affect the morphology and dimensions of the
prepared particles. The size of particles prepared with various percentages of polymer was
evaluated by using SEM and DLS. Figure 6.2(a) and 6.2(b) shows SEM micrographs of PSMA
particles, together with the histograms of the diameter distributions, obtained for two different
relative polymer amounts (0.5 wt % and 1.5 wt %) as significant examples.
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Figure 6.2. SEM images of PSMA nanoparticles with (a) 0.5% wt of polymer, (b) 1.5% wt of
polymer, (c) particle diameters distribution (white bars for 0.5% wt, black bars for 1.5% wt), (d)

diameter size distribution by DLS.
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By decreasing the polymer concentration in the solution, the dimensions of the particles
significantly diminished (Figure 6.2(c)).**** Since the polymer concentration of 0.5 wt% produced
nanometric particles, with an acceptable yield of 50 mg/ml, it was used for all the further
preparations. As shown by DLS measurements, the dimension distribution of the produced
nanoparticles was found to be relatively narrow having a polydispersity index (P1) of 0.2.*° The
mean diameter size was found to be 176 nm (Figure 6.2(d)) in good agreement with the value
calculated analysing the SEM micrographs.

The conjugation of the enzyme papain with the nanoparticle surface should affect its surface
charge since PSMA and Papain have different isoelectric points, at pH 5 and 9 respectively. At the
pH of unbuffered water (about 5.5), their net charges are negative and positive respectively.
Therefore, Zeta Potential measurements provide a check of effective conjugation. Figure 6.3 reports
the results of Zeta potential measurements performed by DLS.
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Figure 6.3. Zeta potential values of PSMA nanoparticles (m) and Papain-PSMA nanoparticles (4).

The Zeta potential of PSMA nanoparticles was found to be (-27.9 + 2.2) mV, while papain-
PSMA nanoparticles had Zeta potentials equal to (+12.0 £ 1.9) mV in unbuffered water. These
values are qualitatively in agreement with PSMA and papain electric charges in unbuffered water,
thus demonstrating the modification of the chemical features of the nanoparticle surface as a
consequence of the conjugation with the enzyme molecules.

In order to further validate the above findings, the IR spectra of papain, PSMA and papain-
PSMA nanoparticles, were acquired (Figure 6.4).
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Figure 6.4. IR spectra of: (a) PSMA nanopatrticles, (b) papain-PSMA nanoparticles and (c)
papain; (d) scheme of the reaction between PSMA and amino groups of papain.
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PSMA holds two characteristic absorption peaks at 1772 and 1850 cm™ due to symmetric and
antisymmetric stretching vibrations of the anhydride carbonyl group as well as a peak at 1213 cm™
attributed to the stretching vibration C-O-C of maleic anhydride units. In the spectra of the particles
treated with the enzymes, together with the peaks characteristics of the neat polymer matrix, new
bands at ca. 3200 and 1630 cm™ appear, which can be assigned to the stretching vibration of OH
and to bending of NH groups, respectively. These bands, characteristic of the IR patterns of the
enzymes, (Figure 6.4(c)) give evidence of the presence of above molecules on the polymer surface.
Moreover, in the spectra of the treated nanoparticles a new band at ca. 1720 cm(see insert of figure
6.4), which does not belong to Papain, is visible. The above signal, which can be assigned to the
carbonyl group stretching vibration of a carboxyl acid, might be related to the surface reaction
between the MA group of PSMA and the amino group of enzyme molecules (Figure 6.4(d)).
Indeed, as previously reported,*®#” the mild conditions used to combine PSMA nanoparticles with
the enzyme, might promote the maleic group opening with the amine functionalities of enzymes,
leading to the formation of COOH groups.

The conjugation of an enzyme with a solid support, including polymeric nanoparticles, could
affect the three-dimensional structure of the protein leading to the loss of its catalytic activity.*® The
extent of the catalytic activity loss depends on the chemical interactions established between
enzyme molecules and polymer functional groups. To assess the impact of the conjugation of
papain with PSMA nanoparticles, the enzymatic activity was spectrophotometrically evaluated by
investigating the hydrolysis of casein as substrate in the presence of free papain and of papain
conjugated with PSMA nanoparticles under identical assay conditions.

The stability of papain after its immobilization was evaluated in terms of residual catalytic
activity. The quantification of the superficial density of conjugated enzyme onto the total surface of
the nanoparticles was calculated as well. Papain residual catalytic activity at 37°C in phosphate
buffer (pH 7.4) was found to be 79 (x11)% with respect to the same amount of free papain, with a
density of conjugated enzyme equal to 27 * 4 mg/cm?, corresponding to a 71(x10)% of
immobilization yield.

In a previous work “° electrospun PSMA nanofibers were used as support for the
immobilization of the enzyme horseradish peroxidase and the residual catalytic activity was fond to
be 21% compared to the free enzyme. This difference between the residual catalytic activity of the
two enzymes could be due both to the different structure of the enzymes, and thus to the different
interactions between the enzymes molecules with PSMA, and to the different geometry of PSMA
systems. For comparison with other immobilizing supports, the immobilization of papain on
magnetic gold nanocomposites was reported to lead to a residual catalytic activity of 47 (x5)%
compared to native papain * whereas the covalent conjugation with poly(acrylic acid) nanoparticles
was found to lead to a residual catalytic activity of 42.21 (+19.54)% 7 and 47.8 (20.64)% 2* in a
different work.

Overall, the obtained results showed that a papain can be efficiently immobilized by a simple
protocol on PSMA nanoparticles.

Finally, the possibility to microencapsulate PSMA nanoparticles was evaluated. This study
was carried out for the perspective use of the developed nanoparticles to carry out confined
enzymatic reactions or for the delivery of therapeutic proteins via administration routes requiring a
fine control over release profile and the protection of the payload. In this view, NPCs, obtained by
the LbL self-assembly technique, were selected as micro-carriers due to their versatility, which
makes these systems very interesting for different applications, including biomedical ones. One of
the advantages of NPCs relies in the possibility of loading the species of interest under mild
conditions into a sacrificial template, which is then used as micro-support for the LbL assembly.
Specifically, it has been demonstrated that biomacromolecules can be co-precipitated in CaCO3
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microparticles in the process of growth from the mixture of aqueous solutions of CaCl, and
Na,CO3.%’

Following this approach PSMA nanoparticles were loaded in CaCO3s microparticles taking
advantage of the electrostatic interaction between Ca?* cations of CaCl, and the negatively charged
PSMA nanoparticles. This electrostatic interaction induces the self-assembly of coacervate droplets,
which are finally stabilized by the addition of Na.COs, leading to the final mineralization of the
complex.** The obtained PSMA loaded-CaCOs; microparticles were characterized by FE-SEM.
Figure 6.5 shows CaCOz microparticles unloaded (left) and loaded (right) with PSMA
nanoparticles. The presence of PSMA nanoparticles turned out to change the dimension of the
resulting CaCO3 microparticles from 3 um in the case of unloaded CaCO3 microparticles to 7 um
for the PSMA loaded ones. Moreover, SEM images showed a different roughness of the PSMA
loaded-CaCO3 microparticles respect to the unloaded ones. The obtained results seemed to confirm
the successful inclusion of PSMA nanoparticles into CaCOz microparticles. The microparticles
were then used for template-assisted LbL assembly of four bilayers of oppositely charged PAR and
DEX. The following dissolution of CaCOs microparticles by EDTA solution resulted in the
formation of microcapsules containing PSMA nanoparticles. PSMA unloaded and loaded
microcapsules were characterized by optical microscopy. Figure 6.6 shows the unloaded (a) and
loaded (b) microcapsules. The presence of sub-micro-aggregates in the volume of the PSMA
loaded-microcapsules was observed, indicating the successful encapsulation of the nanoparticles.

200nm

Figure 6.5. SEM images of CaCOz microparticles plain (a) and loaded (b) with PSMA
nanoparticles.
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Figure 6.6. (DEX/PAR)4 capsules plain (a) and loaded (b) with PSMA nanoparticles.
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Conclusion

In this present thesis, different aspects concerning the formulation of novel materials, based
on electrospun fibers and nanoparticles, potentially applicable in the biomedical and environmental
fields were considered.

Indeed, as a fist effort, it was verified the feasibility of the modification of the thermal,
decomposition and mechanical features as well of the affinity with drug molecules of electrospun
fibers by the addition of ad-hoc synthesized dendritic molecules. In particular, in order to enhance
the affinity of fibers based on poly(e-caprolactone) (PCL) for a hydrophilic drug, that is
doxorubicin, and tune its release a synthesized star polymer, made up of a poly(amido-amine)
(PAMAM) core and PCL branches (PAMAM-PCL), was added into the electrospun fibers.
Conversely to the inorganic nanofillers, commonly applied as drug carriers in the polymer fibers,
our star system is characterized by a good affinity with PCL, it being characterized by arms whose
chemical nature is identical to that of the polymer matrix. Moreover, the PAMAM core of the star
polymer, which renders the fibers more hydrophylic, interacting with the chosen hydrophylic drug
turned out to ameliorate its dispersion in the fibers and allowed its prolonged and controlled release.

Another studied system consisted of electrospun fibers based on poly(L-lactide) PLLA. In this
case, it was demonstrated the enhancement of the fiber enzymatic degradation rate by the addition
of a synthesized hyperbranched polymer made up of a high molecular mass hyperbranched
polyglicerol (HBPG) core and PDLA arms (HBPG-PDLA), which behaviour was explained by
considering the higher hydrophilicity of the composite fibers. Moreover, unlike the systems
reported in the literature, whose addition of organic additive generally produces a decrease of the
electrospun mat mechanical properties, our composite fibers were found to be characterized by a
modulus similar to that of the neat polymer matrix. This phenomenon is probably related to the
crystallinity of the fibers, which is not altered by the addition of the dendritic additive and to the
stereocomplexation, which occurs through the arrangement of the PLLA chains of the polymer
matrix with the PDLA-type arms of the dendritic additive.

The subsequent development, a novel bio-based nanostructured material, characterized by
suitable features for water pollutant removal, was developed. Indeed, it was proved the possibility
to anchor, on the surface of stereocomplex polylactide (sc-PLA) electrospun nanofibers,
functionalized by the nanometric dispersion of an amino bearing polyhedral oligomeric
silsesquioxane (POSS-NH2), ad hoc modified cyclodextrine molecules. The decoration of the
surface of the support, having a "bio™ nature, a higher thermal/chemical resistance compared to
PLLA or PDLA single polymers, as well as a high surface area, with cyclodextrin molecules, that is
compounds capable of interacting with numerous organic molecules, allowed to obtain a system
with a much higher absorption capacity than the active absorbent species in powder form,
consisting of the CD linked to the silsesquioxane siliceous cage. These results, obtained by studying
the absorpion of two model pollutant molecules, namely alizarin red and 2-chlorophenol, indicate
an high accessibility of the absorption sites on the surface of the nanofibers.

In detail, the reaction between CD and POSS-NH was proved both for the sc-PLA/POSS-
NH2 nanofibers and the POSS-NH: powder, applying the same reaction conditions. Indeed, in the
case of the latter system, the development of the above reaction allowed to obtain a novel
organic/inorganic hybrid molecule, which combining the features of the silsesquioxane with those
of cyclodextrins, might find application not only as absorbent of contaminant molecules but also in
other fields, such as that of nanocomposite materials and for biomedical applications.
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The last part of the thesis work was devoted to the different aspects concerning the
formulation of novel materials, based on nanoparticles, potentially applicable in the biomedical
field. In the case of PSMA nanoparticles, the successful production of PSMA-nanoparticles and
their conjugation with the proteolytic model enzyme papain were demonstrated. The PSMA
nanoparticles were obtained by combining the nanoprecipitation method with the electrospray
technique. The conjugation of the enzyme to the nanoparticle surface was carried out in water at
room temperature by exploiting the reaction of the maleic group in the polymer chain and the
primary amines on lysine residues of the enzyme molecules. The successful conjugation was
demonstrated by zeta potential measurements and by infra-red spectroscopy. Moreover, the
characterization of the residual catalytic activity of the conjugated papain was carried out and
showed a value around 79 (£11)% respect to the free enzyme. Overall, the obtained results pointed
out that PSMA-nanoparticles could act as ideal protein carriers do to their easy production and to
the mild conditions for protein conjugation. Finally, preliminary results on microencapsulation
indicated that NPCs could represent an efficient system for the microencapsulation of PSMA
nanoparticles to be used in applications where the microencapsulation plays a pivotal role for the
overall efficiency of the process.
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