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SUMMARY OF THE PHD THESIS

Electrospinning of biopolyesters in acidic solvent systems — Control of the nanofiber

morphology

Electrospinning is widely used for the synthesis of nanofibrous non-woven
membranes. The fabricated electrospun membranes have high porosity and high surface to
volume ratio; they are thus suitable for many applications such as sensing, tissue engineering

or drug delivery.

In the present work, the first focus was on the fabrication of electrospun fibers with
controlled morphology and dimension. Thus, a new approach was developed for the
controlled fabrication of ultrathin electrospun poly(€-caprolactone) (PCL) nanofibers, with
diameters ranging from 150 to 400 nm, from a solvent system based on a mixture of acetic
acid and formic acid [1]. The possibility of tuning the diameter and morphology of the
nanofibers by the in-situ modification of the molecular weight of the polymer was
demonstrated for the first time, a consequence of the hydrolytic degradation to which the
polyester is subjected in aqueous acidic medium. A study of the PCL degradation kinetics
enabled precise adjustments of polymer molecular weight and thus of the solution viscosity.
Hence, regimes and boundaries of PCL electrospinning in this solvent system could be
determined, ranging from electrospraying of nanoparticles to continuous fiber electrospinning
(Figure A). This strategy was applied for the electrospinning and electrospraying of polylactic

acid (P(D,L)LA) materials from similar acidic solvent systems.
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Figure A: From PCL nanofibers to nanoparticles via hydrolytic degradation - Effect of the

solution viscosity. (Scale bar= 10um)

Fabrication of hierarchical self-organized composites by combining electrospinning and

electospraying technologies

Electrospinning generates nanofibrous membranes with pore sizes in the micron range.
Random deposition of the nanofibers results in the fabrication of non-woven membranes.
Several strategies have been developed to control the deposition of the nanofibers and thus the
structure of the membrane as the use of micropatterned collectors [2] or self-organization of
bimodal-sized nanofibers [3,4]. A self-organized honeycomb-like composite made of
simultaneously electrosprayed PEG microparticles and PLA electrospun fibers was developed
for the first time [5]. The mechanism of self-organization between fibers and particles into
growing honeycomb patterns and its evolution as a function of the thickness of the composite
was investigated. It was demonstrated that aggregates of particles, leading to a non-uniform
distribution of the electrostatic field near the collector, are necessary to form the self-

organized composite. Furthermore, it was shown that the specific dimensions of the generated
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patterns can be controlled by tuning the flow rate of electrospraying. The obtained composite
mat exhibits a hierarchical, porous structure with pore sizes ranging from few microns up to
several hundreds of microns (Figure B). This strategy was used with drug-loaded PLA fibers

for directional drug delivery.
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Figure B: Fabrication of honeycomb-like structured composites combining electrospinning

and electrospraying technologies. (Scale bar = 500um)

Temporally and directionally controlled delivery

A method tailoring the hydrophobicity of drug loaded nanofibrous membranes by the
incorporation of electrosprayed PEG microparticles was developed [6]. The impact of the
hydrophobicity was investigated for drug loaded PLA composite membranes made of
nanofibers and nanoparticles. The addition of the PEG microparticles into the nanofibrous mat
changed the water contact angle from 132+4° to 24+6° and drastically impacted the drug
release profile. This approach was further developed for the fabrication of micropatterned

composite membranes with spatially tailored hydrophobicity for spatiotemporally controlled



drug delivery. Indeed, it was demonstrated that an amphiphilic nanofibrous membrane could
be engineered for directional delivery (Figure C) and micropatterned sandwich-like
membranes for sustained delivery from nanoparticles to a targeted site. Such advanced
membrane design with tailored hydrophobicity over the microstructure of the membrane

enables spatially and temporally controlled drug delivery suitable for biomedical applications.
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Figure C: Schematic illustration of the experimental setup using a permeation cell loaded
with an amphiphilic membrane (a). Percentage of cumulative release from an amphiphilic
nanofibrous membrane in PBS at 25°C as a function of time (b).
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CHAPTER I/

INTRODUCTION: STATE OF THE ART AND PROPOSED STRATEGIES

Electrospinning of biopolymers can be used to fabricate nanofibers for drug delivery
applications. Indeed, a compound can functionalize nanofibers in electrospun membranes and
exhibit controlled delivery. Depending on the degree of polymer chain entanglements,
electrospinning lead to the fabrication of nanofibers or nanoparticles. In the latter case, the
process is called electrospraying, and nanoparticles are known carriers for controlled drug
delivery as well. First, the electrospinning and electrospraying process will be described and a
review will be performed on the different drug loading strategies, their impact on drug release
profiles and the interest of designing advanced membranes for temporally controlled delivery.
The strategies used to control the microstructure and architecture of electrospun membranes
allowing spatially controlled delivery will be analyzed. Then, in the chapter called “proposed
strategies”, the reasons for which the different polymers and model drug were chosen will be
discussed, the drug loading strategy, the drug release mechanism and my approach for

controlling the morphology and microstructure of the electrospun membranes.
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A) State of the art

1) Electrospinning and electrospraying process

Electrospinning has been extensively explored during the last decades as a method for the
fabrication of micro and nanofibrous nonwovens [1-2]. A typical electrospinning setup,
schematically represented in Figure la, is composed of a source-electrode-needle through
which a polymer solution is injected at a controlled rate, a ground-electrode-collector and a
high-voltage power supply. The polymer jet stretches under the action of the electrostatic field
(Figure 1b). The jet is elongated due to whipping movements, which favors the rapid
evaporation of the solvent and induces the generation of nanofibers (Figure 1c). The
nanofibers are collected on a ground-collector as a functional non-woven membrane.
Nanofibrous membranes find applications in many fields [3], such as sensing [4], tissue
engineering platforms [5] or drug delivery devices [6]. The created membranes possess high
surface-to-volume ratio, high porosity, surface for functionalization, small inter-fibrous pore
size and high degree of pore interconnection [7-8]. Electrospinning allows the use of a wide
range of materials in or on which one can introduce drugs for diffusion or diffusion and
degradation drug delivery mechanisms [9]. Compounds such as antibiotics, anti-
inflammatories, enzymes, proteins, DNA can functionalize the nanofibers. Strategies for the
functionalization of the fibers include coating, embedding and encapsulation [7]. The chosen

strategies impact the release kinetics [6].

Electrospraying is a process used for the fabrication of micro and nanoparticles.
Electrospraying is very similar to electrospinning and the same setup can be used (Figure 1d)
[10]. In the presence of a high difference of voltage, the electrostatic field is responsible for

the formation of sprayed particles collected on a substrate (Figure le and f). The main
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difference between the two processes is the presence and quantity of polymer chain
entanglements in the polymer solution. Under identical electrospinning conditions, by simply
decreasing the number of polymer chain entanglements in the solution, the morphology can
be varied from regular nanofibers to beaded nanofibers and to particles [11-13]. Drug loaded
electrosprayed particles have been successfully prepared and the process has shown efficient
drug encapsulation [14]. Recently, a review has been published on electrospraying of
polymers with therapeutic molecules by Bock et al. [13], showing that temporally controlled

release can be achieved with the use of electrosprayed particles.
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Figurel: Electrospinning versus electrospraying: a) Schematic illustration of the
electrospinning (a) and electrospraying (b) setups. Corresponding images of the jet at the exit
of the needle (c and d). Corresponding scanning electron microscope (SEM) images of the

morphology obtained for PLA of different molecular weights (e and f).
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2) Temporally controlled drug release from nanofibrous membranes

Researchers focused on the ability of electrospun nanofibers to release drug in a controlled
manner. In this chapter, the first focus will be on the different drug loading strategies, and
then will investigate the drug release mechanisms and the impact of electrospinning process
on release profile. To conclude this chapter, the release from multicomponent scaffolds and

the fabrication of advanced scaffolds for temporally controlled drug delivery will be studied.

a) Drug loading strategies and impact on release profiles

Three main strategies are involved in the functionalization of nanofibrous membrane by
insertion of a drug: surface fibers loading, fibers embedding and fibers encapsulation (Figure
2). Surface functionalization, presented in Figure 2a, is possible by physical or chemical post-
electrospinning immobilization. Due to high surface to volume ratio, a consequent amount of
drug can be loaded on the nanofibrous mat. This strategy often leads to an initial burst release
of the compound followed by the delivery of the remaining amount of drug in a short time. To
enhance the drug loading capacity or to delay the release, plasma treatment, chemical
treatment, or surface graft polymerization can be envisaged [15]. The adsorptions of
nanoparticles, layer-by-layer assembly of polyelectrolytes or chemical immobilization of
active drugs are also possible to tailor the release profile [9]. Drugs can also be embedded into
the fiber by blend electrospinning (Figure 2b). As such, the active ingredient is solubilized in
the polymer solution before electrospinning. Commonly used solvents in electrospinning can
denature the drug and lead to the loss of its bioactivity. The choice of the solvent is as such
primordial to maintain drug efficiency [16-18]. The presence of charged drugs can lead to a
non-uniform distribution of the drug within the fiber volume. The drug can also be
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encapsulated in the fiber. Fibers encapsulation, the drug is present only in the core of the
fiber, can be performed with co-axial electrospinning and emulsion electrospinning. Emulsion
electrospinning, presented in Figure 2c, involves the simultaneous spinning of two immiscible
solutions. The drug is in a dissolved solution forming the disperse phase. The continuous
phase is the polymeric solution. During the electrospinning process, the continuous phase
evaporates rapidly in the air with an increase of viscosity, leading to a viscosity gradient that
trigers the migration of the droplets to the center of the jet. Mutual dielectrophoresis induces
the coalescence of the droplets under the electric field and generates core-shell structured
fibers. Dielectrophoresis is the action of coalescence of droplets driven by an electric field,
which leads to an arrangement in columns structure. One can also observe a core formed of
droplets when coalescence is not occurring because of higher Rayleigh instability. Indeed, it
was shown that the surface energy of a particular volume of fluid in the form of a cylindrical
jet is higher than the one of the same volume divided into droplets [1]. Viscoelasticity and
interfacial tension of the dispersed phase are supposed to regulate this phenomenon [19-21].
Co-axial electrospinning (Figure 2d) involves the use of a co-axial needle in the
electrospinning setup. Two solutions are independently pumped through a coaxial nozzle
submitted to the electric field. This technique allows a wide range of choice for drug and
polymer solvents and permits the fabrication of core-shell nanofibers [22]. The chemical
interactions of the two phases are primordial for the electrospinnability of the core-shell.
When using two immiscible solvents, one can use a common solvent in the two immiscible
solutions to increase electrospinnability. Studies showed that the ratio of the flow rates of the
sheath and core solutions is an important parameter to be considered for the

electrospinnability [23].
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Fig.2: Scheme of electrospinning drug loading strategies and expected redistribution of the

drug within the fiber volume (adapted from ref. [9]).

Considering drug spatial distribution within the fibers, some studies showed a radial migration
of the drugs to the surface of the fibers, leading to a non-uniform drug distribution in the
fibers. Most bioactive molecules are charged molecules that are submitted to charge repulsion
during the electrospinning process. This field driven surface migration is governed by charge
repulsion leading to surface enrichment of drugs [24-25]. It can occur for blend
electrospinning, emulsion electrospinning and co-axial electrospinning. In the case of blend
electrospinning, the redistribution of the drug in the fibers impacts the release profile of the
compound. In the case of emulsion and co-axial electrospinning, redistribution occurs but the

mechanism of release is not the distribution but the diffusivity of the drug through the barrier.
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b) Drug release mechanisms from electrospun nanofibers

Drug release from electrospun nanofibers can be governed by three types of release profiles
due to diffusion (drug release by diffusion of the drug from the polymer fiber), bulk ( release
by erosion of the fibrous membrane) and surface erosion (release by erosion of the surface of
the fibrous membrane), presented in Figure 3. Diffusive release mechanism is most
commonly seen from drug-loaded electrospun nanofibers [9]. Mean diffusion distance,
diffusivity of the drug through the polymer fiber and polymer matrix and concentration
gradient control the release kinetics from diffusive release mechanism systems. In the case of
surface loading, diffusion is taking place and generates a burst release followed by short-
period release of the compound. One can also setup a diffusion mechanism through a barrier.
This system can be generated by co-axial electrospinning or emulsion electrospinning as
discussed previously. The core would contain the drug and act as a reservoir and the shell
would be used as the barrier for diffusion. The barrier can also be a layer membrane that the
drug would have to cross to reach the release environment. If the diffusion rate through the
barrier is sufficiently low compared to the reservoir capacity and the rate of drug clearance in
the release environment, one can create a near constant concentration gradient, meaning a
constant delivery over time [26]. In such a system, one has to consider the changing
parameters over time as barrier erosion in the case of degradable polymer or reservoir
depletion. Such systems are not widely studied and promise great opportunities in temporally

controlled drug delivery.

One can also setup a system where the drug release will be governed by a matrix degradation
and erosion mechanism. Biodegradable polymers are here directly concerned. Crystallinity

and molecule orientation can both prevent drug release diffusion [27]. Degradation is defined
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by the decrease of average molecular weight. It can be surface or bulk degradation type.
Erosion is defined by the decrease of total mass. Erosion and degradation take place in the
same time in the case of surface degradation as oligomers are free for environment diffusion.
In the case of bulk degradation, erosion is delayed until the average molecular weight of the
bulk matrix is low enough to allow diffusive loss of oligomers [27]. In case of bulk erosion,
diffusion is the driving mechanism of drug release. In the first stage, release is governed by
diffusion mechanism of the drug leading to an initial burst release. In the intermediate stage, a
characteristic equilibrium constant release is observed due to diffusive ability of the drug in
the fiber matrix and mat. In the last phase, erosion mechanism is important when bulk erosion
is advanced enough to allow broader diffusion of the drug; a late burst release is then
observed [28]. In case of surface erosion, one can observe a linear release profile correlating
with the rate of surface erosion. Indeed, erosion agents are only present on fibers surface,
diffusion mechanism can be neglected as the inner polymer matrix is not involved [29].
However, polymers can exhibit a dual surface and bulk eroding behavior, the control over
drug delivery has to be tuned by the formulation, the loading strategy or advanced
electrospinning technique. Degradation environment, material properties, and dimensions and

structure of the scaffold directly impact degradation characteristics.
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Figure 3: Comparison of different characteristic release profiles due to diffusion, bulk and

surface erosion in the case of uniform distribution of drug in the fibers (adapted from ref. [9])

c) Multicomponent release and advanced membrane design

Temporal drug release from nanofibrous membranes depends also on scaffold porosity and
fibers dimensions and morphology. Hence, the use of multicomponent scaffolds allows
combining different release profiles to create a complex, finely-tuned release profile.
Multicomponent membranes multiply possibilities of scaffold design, scaffold structure and
characteristics and offer a novel platform for drug delivery. The use of different fibers within
a unique scaffold can be performed with a multi-needle electrospinning setup. Indeed, the
presence of several needles with the corresponding high voltage supply allows a simultaneous
electrospinning of different fibers, fabricating a unique scaffold (Figure 4a) [30]. Scaffold
mechanical properties can be tuned with such a setup [31]. Multilayered scaffolds can be
useful for tissue engineering applications to reproduce tissue structure and properties (Figure
4b). Each layer can be used to enhance scaffold properties, as a drug loaded layer, a layer for

mechanical properties, a barrier layer or a cell specific functionalization layer. For example,
22



Bottino et al. used a multilayered strategy for the regeneration of alveolar bone using the

membrane as an interface implant (Figure 4c) [32].

Some drug delivery systems require the use of several active compounds. Works on those
membranes can provide different release profiles from different fibers within a unique
scaffold. However, this strategy was under-investigated. Most reports are concerned with the
embedding of several compounds within a fiber. Blend electrospinning can be used when two
compounds are soluble in a common solvent. However, this method does not allo the
production of scaffolds with different release profiles of the two drugs. A simultaneous
release is mainly observed [33]. Emulsion electrospinning can generate multiphasic release
with different release profiles with the incorporation of one drug in the continuous phase and
another in the dispersed phase. However, for separation of the two release phases, a clear
difference in time delivery is needed, indeed the chosen strategy has to generate a different
release mechanism or an effective difference in diffusivity for a diffusion type mechanism.
Low diffusivity is observed for drugs of high molecular weight or for surface eroding
mechanism. Simultaneous release is often observed even when using emulsion or co-axial
electrospinning. However, it is possible to use multicomponent membranes and separate the
drugs. Researchers succeeded to fabricate multilayered scaffolds in which two different layers
contained a specific drug, both separated by a barrier layer (Figure 4d) [34]. Such membrane

design is appropriate for tailored release of different drugs.
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Fig.4: Advanced membranes design: a) Polyethylene oxide (PEO) nanofibers and PCL
microfibers forming a unique scaffold; b) Example of bilayered electrospun PCL membrane
with different fibers dimension and scaffold porosity (adapted from ref. [9]); c) schematic
illustration of a periodontal membrane placed in a guided bone regeneration scenario (adapted
from ref. [32]); d) schematical illustration of overview (a) and cross-sectional view (b) of a
tetralayered nanofiber mesh composed of (i) the first drug-loaded mesh (top side), (ii) barrier
mesh, (iii) the second drug-loaded mesh, and (iv) basement mesh (bottom side) (adapted from

ref. [34]).
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Work in that perspective can lead to the fabrication of materials that better mimic natural
tissues for tissue engineering application and are on the path for spatially and temporally
controlled drug. Another aspect of controlled drug delivery is the spatial control. Spatial
control of membrane architecture will induce localized drug delivery. Spatial drug delivery
control is important for drug delivery devices. Indeed, effective drug delivery systems should
incorporate a control of the release kinetics and well-defined localized delivery. Some
research has been done to reach controlled drug delivery from electrospun nanofibers;
however new electrospun systems still need to be developed to create adequate scaffold

properties and achieve a dual spatiotemporally controlled drug delivery.
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3) Spatially controlled drug release from nanofibrous membranes

Most of the research performed on drug loaded nanofibrous membranes was focused on the
control of the release kinetics achieving sustained or temporally controlled drug delivery.
However, the structural aspect of the membrane has not been investigated in details so far
[35]. Engineering 3D membranes with well-defined spatial organization of the drug within the
mat offering both temporally and spatially controlled release is of great interest [35-36]. A
comprehensive review on nanofibers for drug delivery has underlined the need to consider
scaffold structure for the fabrication of advanced scaffold design for tissue engineering and
drug delivery applications such as multicomponent electrospun membranes or 3D structures
with defined porosity [9]. Indeed, electrospun membranes mimic the extracellular matrix of
tissues and provide the required structural support for tissue regeneration [37-38].
Additionally, the presence of drug, adding functionality to structural support, is preferred to
help the regeneration process, and spatially controlled release is critical for tissue formation

[38-40].

a) Mechanism of non-woven mat fabrication

The electrospinning process generates disordered non-woven mats of nanofibers. To explain
the generation of non-woven nanofibers, the effect of the main forces applied on the fiber
during the electrospinning process has to be analyzed. During the process, the formed fiber is
charged on its surface due to high voltage. The fiber is submitted to electrostatic forces due to
the presence of an electrostatic field E and of the charges on the fibers. As the electrostatic
field is uniform (Figure 5a), only the electric charges located on the surface of the fiber are
responsible for the random deposition. Indeed, first of all, a droplet of solution is formed at
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the exit of the needle accumulating charges, the Taylor cone. This cone was named the Taylor
cone because Taylor studied the conical shape of a droplet under electrification. Then, the
droplet is ejected into a fiber due to the accumulation of the charges on which are applied the
electrostatic forces overcoming the surface tension forces. Instability of the jet is initially
induced by electrical bending instability, amplified by repulsive electrostatic forces. These
repulsive forces are responsible for the decrease of fiber diameter until submicron scale and

for the jet random deposition [1] (Figure 5b).
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Figure 5: Random deposition of nanofibers in the electrospinning process: a) Electrostatic
field generated by electrospinning process; b) From the initial bowing of the nanofiber to the

non-woven nanofibrous mat.
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Architecture control of the generated membrane is a relevant research field for the global
control of electrospinning process and for many applications such as fiber reinforcement,
fabrication of nanoscale fluidic, electronic, photonic devices, tissue engineering and drug
delivery control. Several studies have been performed to control the deposition of the fibers
and thus the structure of the generated mats. Aligned fibers [41-44], deposition control [45-
47] and 3D structures [47] have been elaborated based on the control of the electrostatic
forces applied on the fiber during electrospinning process. Indeed, as the electrostatic field is
uniform during the electrospinning process, one can expect that the deposition of the fiber can

be influenced by modulating the electrostatic field near the collector.

b) Deposition and architecture control

The electrospinning process usually leads to non-woven mats by the random deposition of
nanofibers. However, the control over the organization of nanofibers in electrospun
membranes would provide a great benefit for various applications [9]. Indeed, precise
geometric design of multicomponent electrospun membranes or 3D structures with defined
porosity and pore sizes are necessary to mimic tissue structure and properties for tissue
engineering applications [9, 32] and to achieve spatially and temporally controlled release of

different drugs for drug delivery applications [34-35].

A number of methods have been developed to control the deposition of the nanofibers and
prepare structured membranes. For example, aligned electrospun fibers have been obtained by
electrospinning on a rotating collector [42]. Moreover, one can align nanofibers by
modulating the electrostatic field. D. Li and Y. Xia [41] showed that one can influence the
nanofibers deposition by using dielectric material to pattern the collector. Indeed, they used a

conductive collector (gold layer) with dielectric areas of quartz to modify the electrostatic
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forces applied on the nanofibers near the collector and guide the deposition (Figure 6a). H.
Yan and Z. Zhang [43] exhibited 3D alignment of the fibers by using the air gap between two
conductive surfaces (Figure 6b). The geometry and the dielectric constant of the used

materials generate a modified electrostatic field guiding the deposition of the fibers.

Figure 6: Nanofibers alignment: a) Dark field optical micrographs of nanofibers deposited on
gold electrode with quartz dielectric areas. From Ref [41]; b) Electrospun nanofibers
collected on an air-gap conductive collector and optical microscope image of the aligned

fibers. From Ref [43].

Other complex 2D or 3D structured membranes have also been prepared using electrostatic
forces [48-49]. The principle of this approach is the modification of the electrostatic field near
the collector, thus guiding the deposition of the charged nanofiber. Deposition control and 3D

structures can also be created using 3D structured conductive patterns as a collector (Figure
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7a-c) [47]. Another type of structured membranes can be obtained by the self-organization of
electrospun nanofibers. They have been first presented by Deitzel et al. [50] for poly(ethylene
oxide) and then observed for other polymers [51-54]. Such self-organized mats are very
interesting for tissue engineering applications as they can form 3D cm-thick hierarchical
foams (Figure 7d) with adequate pore sizes and mechanical properties [54]. It was shown that
a bimodal distribution of the fiber diameter is a necessary condition to induce the self-
organization. Such irregular fibers, having thick and thin domains, locally impact the
electrostatic field and guide the deposition of the fibers into honeycomb-like patterns [54]. In
addition, structured membranes were also fabricated using diverse post-electrospinning
structuring strategies: direct laser machining [55], wetting of porous template [56] or

photopatterning of electrospun membranes [57].

Figure 7: 3D structured membranes: a) Schematic illustration of the fabrication of fibrous

tubes using 3D columnar collectors, b) SEM images of patterned architectures (scale bar=
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100um). (adapted from ref. [47]), c) Cross-section image of a 15 mm thick scaffold (adapted

from ref.[54]).

B) Choices and strategies

1) Materials, drug loading and drug release mechanism

In this chapter, the materials chosen, the drug loading strategy and the drug release
mechanism targeted will be discussed. Once defined, the strategy chosen to control the drug
carrier morphology and the microstructure of the membrane for temporally and spatially

controlled drug delivery will be presented.

As biomedical applications are targeted, biodegradable and biocompatible materials were
considered. Biopolymers are directly concerned and processable with electrospinning. The
following biocompatible polyesters were chosen for the study: poly(€-caprolactone) (PCL)
and poly(D,L-lactide) (PLA), presented in Figure 8a and b, respectively. These biopolymers
are widely studied for electrospinning, one can easily characterize them and several grades of
different molecular weight are commercially available in large quantity. Biodegradable
polyesters have been widely studied as electrospun materials, and extensive reviews have
been published recently on this subject [58-59]. PCL was used as a starting material because
the electrospinning ability of this material was already studied by us. Indeed, a new
electrospinning setup was built for this project, and prior knowledge of the used material
allowed getting familiar with the specific, new the setup. First, the control of the nanofibers
morphology and diameter of PCL was investigated and then transposed to PLA. Indeed, PLA
was the chosen material for the drug delivery application. Apart from its biocompatibility and

biodegradability, P(D,L)LA , with a (D,L) ratio of 50/50, can be purchased as biomedical
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grade and is an amorphous material, as shown in Figure 8c. An amorphous material was
chosen because, as discussed previously, crystallinity is known to limit the diffusion of the
drug within the polymer matrix. When using semi-crystalline polymers, like PCL, the drug
mainly diffuses in the amorphous regions. A simple system was aimed, in which the absence
of crystals will not disturb diffusion. Indeed, it was chosen to study the release kinetics of a
model compound from the nanofibers by diffusive mechanism only. Once more, this choice
was made to simplify the system and to allow studying the direct impact of the membrane
morphology and microstructure on the release abilities. Consequently, P(D,L)LA was a good
system as it is amorphous and begins to substantially degrade by surface erosion mechanism
in our release medium after 2 weeks only. Hence, the drug release study was restricted to 150

hours, in order to have a drug release governed by diffusion mechanism only.

Regarding the solvents used for the electrospinning of PCL and PLA, a solvent system
dissolving both materials was needed to enable the transfer of knowledge of one material to
the other. PCL is usually dissolved in halogenated solvents and the obtained fibers have
diameters in the micrometer or sub-micrometer range [60-62]. As such, much effort was
directed towards the development of new systems which allow a more precise control of the
PCL nanofiber morphology and diameter [58, 63-64]. Luo et al. recently studied the influence
of solubility and dielectric constant of various solvents on the electrospinning of PCL and
discussed the impact of the dielectric constant on the diameter of the produced fibers [65]. In
a recent report, Van der Schueren et al. [66] showed the steady state formation of PCL fibers
with micron-size diameters when electrospun from chloroform and with diameters as low as
270 nm when using formic acid and acetic acid as solvent system. Electrospinnability and
fiber morphology of PCL from the acid mixture were studied in details. It was shown that the
viscosity of the solutions remained constant up to three hours after solution preparation, a

suitable time frame for having stable solution for electrospinning. It was thus decided to work
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in the mixture of acetic acid and formic acid offering steady state electrospinning, and to

explore the application of these solvents also to the electrospinning of PLA.

The choice of the model compound was influenced by several parameters. The chosen
molecule had to be soluble and stable both in the solvents used for electrospinning and the
release medium. Then, it was necessary to be able to characterize a low amount of drug using
UV-VIS spectroscopy. Then, the strategy chosen to load the drug to the nanofibers was
embedding by blend electrospinning. Embedding was chosen because it is easy to implement
and the drug is theoretically homogeneously distributed in the volume of the fiber. Moreover,
fiber embedding allows the drug to diffuse in the PLA polymer matrix and drug release
governed by diffusive mechanism was targeted. To implement blend electrospinning, the
chosen model compound had to dissolve in the solvent system of electrospinning, the mixture
of acids. The model compound chosen, fulfilling all the above mentioned requirements and
commonly used is Rhodamine B, presented in Figure 8d. Rhodamine B is often used as a
tracer dye to determine the rate and direction of flow and transport. It was used here as a
model compound. Rhodamine B is soluble in the mixture of formic acid and acetic acid and in
phosphate buffered saline solution (PBS), the latter being the standard medium used for most
drug release studies. Hence, the limit of detection and standard curves of Rhodamine B in
PBS and in the mixture of acids at the wavelength of 550 nm were determined. In Figure 8e,
the absorbance as a function of the compound concentration in PBS was plotted, as an
example. The standard curve in PBS was used to determine the concentration of released drug
and the one in acids to obtain the total amount of drug in the membranes in order to reach the

percentage of drug released. To conclude, Rhodamine B was chosen to be embedded by blend
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electrospinning to an amorphous PLA from a mixture of acids. The release test was performed

in PBS over 150 hours allowing diffusive mechanism only.
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Figure 8: Materials choices and characterization: Chemical structures of PCL (a) and PLA (b).
Differential scanning calorimetry (DSC) spectrum of the amorphous PLA (c). Chemical
structure of Rhodamine B (d). UV-vis spectroscopy standard curve of Rhodamine B in PBS

at 550 nm (e).
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2) Control of the morphology and microstructure of the drug loaded membranes

Materials was selected, encapsulation strategy as well, and drug release was restricted to
diffusive mechanism in an amorphous matrix. The process used was electrospinning, for the
fabrication of nanofibers, and electrospraying, for the one of nanoparticles. The morphology
and diameter of the yielded material impacts the drug release kinetics. It is thus primordial to
control the morphology and diameter of the nanofibers. To this end, a study was performed on
the electrospinning of PCL showing that one can tailor both. Indeed, a new approach for the
controlled fabrication of ultrathin PCL electrospun nanofibers was designed, with diameters
ranging from 150 to 400 nm, from a solvent system based on a mixture of acetic acid and
formic acid. The possibility of tuning the diameter and morphology of the nanofibers by the
in-situ modification of the molecular weight of the polymer was demonstrated, a consequence
of the hydrolytic degradation to which the polyester is subjected in aqueous acidic medium. A
study of the PCL degradation kinetics enabled precise adjustments of polymer molecular
weight and thus of the solution viscosity. Hence, regimes and boundaries of PCL
electrospinning in this solvent system could be determined, ranging from electrospraying of
particles to continuous fiber electrospinning. Morevover, this strategy could be extrapolated to
the electrospinning of any polyester which is soluble in the acid mixture. Additionally, the
low toxicity of the solvent used makes this system very interesting for the production of
scaffolds for biomedical applications. The knowledge on PCL was transposed to PLA

successfully.

Once the morphology controlled, the membrane microstructure can be adressed. Nanofibers
and nanoparticles morphologies were combined in a uniqgue membrane. Thus, electrospinning

and electrospraying were used to fabricate composite membranes with controlled structures.
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To this end, a new and versatile electrospinning setup allowing multicomponent fabrication
was fabricated (Figure 9). First, a general method for the fabrication of structured electrospun
membranes was developed. The self-organization of electrosprayed microparticles and regular
thin electrospun nanofibers into growing honeycomb-like patterns was demonstrated. The
obtained composites presented a hierarchical porous structure with pore sizes ranging from a
few microns up to hundreds of microns. Then, a strategy combining drug loaded hydrophobic
nanofibers or nanoparticles with hydrophilic PEG microparticles was developed. The
possibility to tailor the hydrophobicity of PLA electrospun nanofibers by the addition of PEG
microparticles to impact drug release kinetics was studied and two new strategies based on the
hydrophobicity control over the microstructure of the membrane for spatially and temporally

controlled delivery were investigated.
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Figure 9: Vertical or horizontal electrospinning setup for multicomponent electrospinning

with co-axial possibility. A rotating drum can also be used as collector.

The literature regarding drug loaded nanofibers underlined the need for spatially and
temporally controlled delivery from electropun membranes. The choices for the used
materials and the strategies were discussed and that the goal of the study was defined: The
control of the morphology and microstructure of nanofibrous membranes for spatially and
temporally controlled delivery. In chapter 2, the approach for controlling the morphology and
dimension of the electrospun material will be discussed. Then, in chapter 3, the method
developed for the fabrication of microstructured membranes will be studied. In chapter 4, one

will show that multilayered membranes impact spatiotemporal delivery.
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CHAPTER 11/

PUBLICATION N°I1: “CONTROLLED FORMATION OF POLY(E-CAPROLACTONE)
ULTRATHIN ELECTROSPUN NANOFIBERS IN A HYDROLYTIC DEGRADATION-

ASSISTED PROCESS”

A) Abstract

We describe a new approach for the controlled fabrication of ultrathin poly(€-caprolactone)
(PCL) electrospun nanofibers, with diameters ranging from 150 to 400 nm, from a solvent
system based on a mixture of acetic acid and formic acid. We demonstrated for the first time
the possibility of tuning the diameter and morphology of the nanofibers by the in-situ
modification of the molecular weight of the polymer, a consequence of the hydrolytic
degradation to which the polyester is subjected in aqueous acidic medium. A study of the PCL
degradation kinetics enabled precise adjustments of polymer molecular weight and thus of the
solution viscosity. Hence, regimes and boundaries of PCL electrospinning in this solvent
system could be determined, ranging from electrospraying to continuous fiber

electrospinning.
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B) Introduction

Electrospinning has been extensively explored during the last decades as a method for the
fabrication of nanofibrous nonwovens [1, 2]. A typical electrospinning set-up is composed of
a source-electrode-needle through which a polymer solution is injected at a controlled rate, a
ground-electrode-collector and a high-voltage power supply. The polymer jet stretches under
the action of the electric field. The jet is elongated due to whipping movements, which favors
the rapid evaporation of the solvent and induces the generation of nanofibers. The nanofibers
are collected on a ground-collector as a functional non-woven membrane. Nanofibrous
membranes find applications in many fields [3], such as sensing [4], tissue engineering
platforms [5] or drug delivery devices [6]. Biodegradable polyesters such as poly(€-
caprolactone) (PCL) have been widely studied as electrospun material, and an extensive
review has been recently published on the subject [7]. PCL is usually dissolved in halogenated
solvents and the obtained fibers have diameters in the micrometer or sub-micrometer range
[8-10]. As such, much effort is directed towards the development of new systems which allow
a more precise control of the PCL nanofiber morphology and diameter [7, 11, 12]. Luo et al.
recently studied the influence of solubility and dielectric constant of various solvents on the
electrospinning of PCL and discussed the impact of the dielectric constant on the diameter of
the produced fibers [13]. In a recent report, Van der Schueren et al. [14] showed the steady
state formation of PCL fibers with micron-size diameters when electrospun from chloroform
and with diameters as low as 270 nm when using formic acid and acetic acid as solvent
system. Electrospinnability and fiber morphology of poly(€-caprolactone) from the acid
mixture were studied in details. They showed that the viscosity of the solution remained
constant up to three hours after solution preparation, a suitable time frame for having stable
solution for electrospinning. Indeed, hydrolytic degradation of PCL is occurring in aqueous

acidic medium leading to a decrease of the solution viscosity with time.
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In the present work we took advantage of the hydrolytic degradation of PCL in acid solutions
containing trace amounts of water, as a straightforward approach for controlling the
biopolymer molecular weight and thus the viscosity of the solution. A degradation model was
used to understand and predict the evolution of the molecular weight in time as a function of
the initial polymer and water concentrations. We described the influence of the molecular
weight and concentration of PCL on the fiber morphology and determined the electrospinning

regimes and boundaries, ranging from electrospraying to continuous fiber electrospinning.
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C) Experimental

1) Materials and electrospinning experiments

PCL (Mw = 105 kg/mol, PDI = 1.6, measured by SEC) was supplied by Perstorp under the
commercial name Capa 6800. Acetic acid (purum >99.0%, H20=0.2%) and formic acid (=
98%, H20 = 2%) were provided by Fluka. Content of water was given by Fluka. All products

were used as received.

Electrospinning was performed on a home-made vertical electrospinning setup composed of a
high voltage power supply (SL30P10, Spellman), a programmable syringe pump from WPI
(Aladdin, AL1000), a Luer-Lock metallic needle from BGB (gauge 21), a Luer-Lock plastic
syringe from Once (ID = 12 mm), VBM Luer-Lock connectors (CHLLM20, Laubscher),
silicon tubes between the connectors and an aluminum plate as collector. The experimental
conditions of electrospinning remained the same for all the experiments (AV =26 kV, needle-
collector distance = 13.5 cm, pump flow rate = 0.4 mL/h, duration = 4 min, room temperature,
40% RH). PCL solutions were prepared in acetic acid / formic acid 50/50 (v/v) at
concentrations of 15%, 20%, 25%, 30% and 35% (w/v) (as an example, a solution of 15%
(w/v) was prepared by adding 15 g of polymer in 100 mL of solvent mixture). Electrospinning
was performed at 24, 48, 72, 96, 168 and 264 hours after solution preparation. The

electrospun membranes were dried and stored in a dried atmosphere.
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2) Molecular weight and intrinsic viscosity measurements

Size exclusion chromatography (SEC) was performed on the as-obtained PCL pellets and on
all electrospun membranes fabricated as described in section 2.1, using a differential
refractive index detector (SEC apparatus: Viscotek, Houston, TX, USA). About 30 mg of
each polymer sample were dissolved in 10 mL of tetrahydrofuran (THF). Aliquots of 100 pL
of the polymer solution were injected and separated on three sequentially coupled SEC
columns (300 mm x 8 mm, pore sizes 103, 105, and 107 A, PSS, Mainz, Germany) at 35 °C,
applying a flow rate of 1 mL/min of THF. Calibration was performed with 10 narrow standard
polystyrene (PS) samples from PSS (2 x 103 g/mol to 2.13 x 106 g/mol). We used [1]M as a
universal calibration parameter to convert the PS calibration into one for PCL using the

Mark—Houwink—Sakurada equations of PCL and PS in THF [15,16].

The specific viscosity (nsp) was evaluated from 0.5%, 1%, 1.5%, 2% and 2.5% (w/v) PCL
solutions in the acidic solvent mixture diluted from a batch solution of 20% (w/v) at different
times after dissolution (from 15 to 330 h), in order to cover the time range of the study (from
24 to 264 hours). For this, an Ubbelohde micro-viscometer (K = 0.09241) from VWR was
used. By plotting the measured specific viscosity over the PCL concentration (C) as a function
of the PCL concentration, we determined the intrinsic viscosity of the solutions ([n]) as [n] =
limc—0 (nsp/C). SEC was performed on a 1 mL sample vacuum dried from the batch
solutions (20% (w/v)) in order to correlate the intrinsic viscosity to the molecular weight of
PCL for each selected degradation time. (See Figure S1 in the Supplementary data for the

calculation of [n] at different molecular weights).
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3) Characterization of the fiber morphology

Gold (5 nm) was sputtered on all electrospun membranes using a scanning electron
microscope coating unit (E5100) from Polaron Equipment Limited. The fiber morphology
was characterized using a scanning electron microscope (SEM, Hitachi S-4800 at Vacc =
10kV, le = 10 pA). For each sample, the average nanofiber diameter and standard deviation
were calculated from the diameter measured from 12 nanofibers in 3 randomly selected areas.
Electrospinning of the PCL solution at 25% concentration was performed in triplicate in order
to assess the repeatability of our process. The diameters measured on the SEM micrographs

were analyzed through one-way ANOVA using the Origin software (F=2, p<0.1).
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D) Results and Discussion

1) Evolution of the molecular weight of PCL and solution intrinsic viscosity with

degradation time

In a first step, we investigated the degradation behavior of PCL in a mixture of acetic acid and
formic acid (50/50, v/v), and therefore solutions with concentrations ranging from 15-35%
(w/v) in 5% increments were prepared. In this range of concentrations, PCL appeared
completely soluble. In order to monitor the hydrolytic degradation of the biopolymer we
analyzed the evolution of the number average molecular weight (Mn) of PCL as a function of
time. The obtained membranes were dissolved in THF and analyzed by SEC. Within 264
hours, the value of Mn decreased from 65 to 10 kg/mol, while the polydispersity index
increased from 1.6 to 2 (Figure 1 and S3). The polydispersity index increases up to a value of
2 due to random chain scission in agreement with the Flory’s statistical theory (Yu et al. [17]).
The decrease of the molecular weight is due to the hydrolytic degradation of polyester in
solution (in-situ), catalyzed by the presence of acids at room temperature. In order to predict
the decrease of the molecular weight as a function of the initial solution concentrations and
time, we used analytical equations describing degradation of polyesters developed by Pitt et
al. [18] and Lyu et al. [19]. The use of this approach was suitable for our system, as PCL was
fully solubilized in the acid mixture and thus all ester bonds had the same probability of
reacting with water at a given time [20]. We imposed variable water and ester concentrations
and a constant acid concentration, which was a realistic hypothesis, because the acid amount
largely exceeded the water quantity. The amount of water in the acidic solutions (1.1 wt %)

was much higher than the number of alcohol functions at chain ends, even after 264 hours.
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Therefore, we considered the equilibrium to be shifted towards the hydrolysis direction and
neglected secondary reactions such as transesterification. Antheunis et al. [21] proposed a
theoretical model for the autocatalytic hydrolysis of polyester in aqueous medium. In our
case, however, we can assume the absence of autocatalysis as the acid concentration is much
larger than the ester and water concentrations. We can thus describe the evolution of the
newly yielded alcohol concentration, u, through a second order equation (eq.1) and from it
express theoretical number average molecular weight (M,) as a function of time (eq.2) (see
Supplementary data for calculation details and Figure S2 for the determination of k):

du
E=kEW [mol.L™'s™1] (eq.1)

Eoek(Eo—Wo)t _ WO
(Wo + ug)EgekEo=Wolt — Wy (Eq + ug)

M,(t) = p [g.mol™'] (eq.2)

In which u is the concentration of alcohol groups (mol.L™), k is the second-order hydrolysis
rate constant (L.mol-1.s%), E is the concentration of ester bonds (mol.L™"), W is the

concentration of water molecules (mol.L-1) and p the weight concentration of polymer (g.L™).

In Figure 1, the correlation can be observed between the experimental data and theoretical
curve of the M, values as a function of time for 20% (w/v) PCL solution (see Figure S3 in the
Supplementary data for the experimental data and theoretical curve of the M, values for 15%,
25%, 30% and 35% (w/v) PCL solutions). As such, the adapted model allows the prediction
of M, of PCL as a function of degradation time. This model is very useful to predict and

control the solution viscosity and thus the fiber morphology, as we will demonstrate below.
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Figure 1: Evolution of M, (m) and PDI (A) as a function of degradation time for 20% (w/v)

PCL and the corresponding theoretical plot of M, (==).

Viscosity of the prepared solutions was investigated in order to correlate it to the morphology
of the obtained fibers. The dependence between the logarithm of the solution intrinsic
viscosity, a key parameter affecting the fiber morphology [22, 23], and the logarithm of the
weight average molecular weight (M,,) of PCL is presented in the supporting information. We
used the linear regression equation to approximate the intrinsic viscosities of the solutions,

from which the electrospun membranes were fabricated.
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2) Influence of the molecular weight and concentration of PCL on the electrospun

nanofiber morphology

Electrospinning was performed from solutions with different polymer concentrations
(15%, 20%, 25%, 30% and 35% (wi/v)) after selected degradation times (24, 48, 72, 96,
168 and 264 hours) using identical electrospinning conditions. 24 hours after preparation,
PCL solutions with concentrations below 35% (w/v) could be electrospun, whereas at, and

above, this concentration no jet formation could be observed due to a very high viscosity.

All membranes were analyzed by SEM. In Figure 2 the micrographs of membranes
obtained by electrospinning from a 25% (w/v) solution are presented at various
degradation times. In the first 72 hours, bead-free nanofibers were formed (Figure 2a-c).
Moreover, a constant decrease of the fiber diameter, from 315 t0150 nm, was observed
when increasing the degradation time. After 72 hours the viscosity of the solution
decreased substantially and as a consequence, beaded fibers were formed as can be
observed in Figure 2d and e. As expected, the number of beads per surface area increased
and the beads diameter decreased upon reduction of the solution viscosity as a result of
hydrolytic degradation, which is in agreement with the results of viscosity impact
discussed by Fong et al. [24]. Finally, 264 hours after solution preparation, the
electrospinning conditions did not allow further fiber formation and only electrospraying
of PCL beads was observed. This morphological evolution - from cylindrical nanofibers to
beaded fibers and finally to electrosprayed beads - can be explained by the interplay
between the viscoelasticity of the solution and the electrostatic forces applied to the
polymer jet. Indeed, the reduction of the molecular weight resulted in a decrease of the
viscosity of the solution, whereas the applied electrostatic field remained constant.

Consequently, flow instabilities and subsequent beads formation appeared [24].
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Figure 2: SEM micrographs of the morphology of the electrospun membranes generated
from 25% (w/v) PCL solution at different degradation time intervals: A) 24 h, B) 48 h, C)

72 h, D) 96 h, E) 168 h and F) 264 h. Scale bar = 10pm.

We analyzed in detail the evolution of the fiber diameter for all fibers in the concentration
range (15-35%) over 264 hours of degradation time. We show in Figure 3 the effect of the

respective molecular weights on the fiber diameter for two selected solutions
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(concentrations 15 and 30% (w/v)) (see Figure S4 in the Supplementary data for the
evolution of the fiber diameter with Mw for the 20%, 25% and 35% (w/v) PCL solutions).
At a given concentration, a decrease of molecular weight led to a decrease of solution
viscosity, whereas the surface tension and net charge density remained constant [24]. As
a consequence, the diameter of the fibers decreased with time for all the concentrations. A
similar effect was observed when decreasing the concentration at constant molecular
weight. Indeed, a concentration decrease induced a decrease of the solution viscosity
leading to a substantial decrease in the diameters of the fibers. The diameters of the
nanofibers obtained from the 15% (w/v) solution were smaller in comparison to those

obtained from the 30% (w/v) solution.
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Figure 3: Dependence of the average diameter of electrospun fibers produced from 15%

and 30% (w/v) PCL solutions with M,,. The error bars represent the standard deviation of

the diameter.
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3) Electrospinning regimes and boundaries

In order to determine the different electrospinning regimes, we analyzed the evolution of the
fiber diameter as a function of the product of the intrinsic viscosity and the solution
concentration, [n]C (Figure 4). The product [n]C is equivalent to the ratio C/C*, where C* is
the critical chain overlap concentration, i.e. the crossover concentration between the dilute
and the semi-dilute regimes [22]. For [n]C > 21 the solution was too viscous to yield fibers
under the applied electrospinning parameters. When the product [n]C was in the interval 10 <
[n]C <21, bead-free fibers with diameters ranging from 400+100 nm to 135£70 nm could be
formed. A decrease of [n]C directly relates to a decrease of the viscosity of the solution.
Hence, when the electrostatic field was maintained constant, higher fiber bending and
elongation occurred, and thus a smaller fiber diameter was obtained. When the product [n]C
was decreased even further (3 < [n]C < 10), beaded fibers with diameters ranging from 90
+15 nm to 50£10 nm and bead dimensions ranging from 2500+400 nm to 800£200 nm,
respectively, were observed. Finally, when [n]C was lower than 3, only electrospraying
occurred. The presented results are in agreement with results reported by Gupta et al. [22] for
the electrospinning of PMMA in DMF, in which different possible electrospinning regimes
were defined based on the value of the C/C* ratio. In the case of dilute solutions with []C <
1, PCL could only be electrosprayed. For 1 < [n]C < 3, the solution was defined as being in
the range of the semidilute, unentangled regime. Only for [n]C > 3, which can be considered
to be the entrance to the semidilute, entangled domain, fiber formation started. Higher degrees

of entanglement were required to form bead-free fibers from [n]C > 10.
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A power law fit of the data in Figure 4 allowed the determination of a scaling law for the

nanofiber diameter dependency to the concentration and intrinsic viscosity:

fiber diameter ~ ([ﬂ]C)1'5

Previous studies also correlated the fiber diameter with the C/C* ratio [22,25]. The scaling
exponents were 3.1 and 2.6 for PMMA nanofibers and PET-co-PEI nanofibers, respectively.
The difference in the scaling exponent was explained by the type of polymer used (linear or
branched), but it is also depending on the electrospinning conditions, such as flow rate and
applied electrostatic field. Since the flow rate was almost ten times smaller than the one used
in the previous reports, and the applied electrostatic field was higher, it was expected that the
scaling exponent would be smaller than the ones previously reported. Moreover, it is known
that intrinsic parameters (related to the solution properties), such as the dielectric constant, the

surface tension and the conductivity, can influence the scaling exponent [11].
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Figure 4: Variation of fibers average diameter with [n]C (m): Zone 1: electrospraying, zone 2:
beaded electrospun fibers, zone 3: bead-free electrospun fibers and zone 4: no

electrospinning. Equation of power law dependency (==): diameter = 4.2 ([n]C)l'S. (R2:O.92).

It is worthy to notice that the bead-free PCL fibers produced from the acidic solvent system
had an average diameter of 150£70 nm at 20% (w/v) 48 hours after the preparation of the
solution (when M,,=55’000 g/mol) (Figure 5), which is at least ten times smaller than what
has been observed when chloroform was used as a solvent and even two times smaller than
the diameters obtained from similar acetic acid/formic acid mixtures [14]. Moreover, when
beaded fibers were formed, fiber diameters down to 50+10 nm with an average bead diameter
of 800£200 nm were measured. The high dielectric constant of formic acid (57.2 at 298K)
present at 50% (v/v) in our mixture allowed an increase of net charge density. Therefore,

stronger repulsive electrostatic forces acted on the polymer jet, leading to a substantial

decrease of the fiber diameter [1].
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Figure 5: SEM micrograph of bead-free fibers having an average diameter of 150 nm. The

fibers were generated at 20% (w/v) PCL at a degradation time of 48 h. Scale bar = 2 um.
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E) Conclusions

We described the production of ultrathin PCL nanofibers by electrospinning formic
acid/acetic acid- based biopolymer solutions. The hydrolytic degradation which occurs in
these solutions was advantageously used for systematically tuning the length of the polyester
chains and consequently the solution viscosity and diameter of the yielded nanofibers.
Moreover, a simple model was used for predicting the evolution of the molecular weight as a
function of degradation time. The influence of the polymer concentration and molecular
weight on the diameter of the nanofiber and its morphology was demonstrated as well. This
systematic study allowed the determination of the limits of the electrospinning process as a
function of the product between the concentration and the intrinsic viscosity of the feed

solution.

The electrospinning of PCL from an acid solution is extremely interesting, as it allows the
formation of ultrathin nanofibers with tunable dimensions. This strategy can of course be
extrapolated to the electrospinning of any polyester which is soluble in the acid mixture.
Additionally, the low toxicity of the solvent used makes this system very interesting for the

production of scaffolds for biomedical applications.
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F) Supporting information

Calculation details of the degradation model:

We can describe the evolution of the newly yielded alcohol concentration, u, through a

pseudo-second order equation:

u LEW [mol] 1
- L.s (eq.-1a)

where u is the concentration of alcohol groups (mol/L), k is the second-order hydrolysis rate
constant (L.mol™.s™), E is the concentration of ester bonds (mol/L) and W is the concentration
of water molecules (mol/L). As E and W consumption directly depend on the formation of
new alcohol groups, equation la can be re-written as a function of u; up, the initial
concentration of alcohol groups which is equal to the initial concentration of polymer chains;
Eo, the initial concentration of ester bonds and Wy, the initial concentration of water

molecules:

du

mol
=k = =) Wo - @-u))  |T=| (eq.1b)

Differential equation 1b can be integrated separating variable u from t:

1 Wy(Ey —u+u L
\ o(Ep O)—kt {

- —— 1
By — Wy Eq(Wo —u + ) mol] (eq.1c)

Equation 1c can be re-written to express u:

_ (Wo + ug) Eger B0t — Wy (Eg + uy)
- Eoek(E()—Wo)t _ WO

u(t)

[mTol] (eq.1d)
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The number average molecular weight (M,) can be also related to P, the concentration of

polymer chains (mol/L), and p, the weight concentration of polymer (g/L):

__P 9
M, (t) = 70 [mol (eq.2a)

Asu(t) = P(t), the following expression of M, as a function of time is obtained:

Eoek(E()—Wo)t _ WO
(Wo + up) EgekEo—Wodt — Wo(Ey + ug)

My () = p o] (ea.2n)

Only the second-order hydrolysis rate constant, k, needed to be determined in order to plot the
theoretical molecular weight versus time. k was determined experimentally for each studied
concentrations by plotting the left term of equation 1c as a function of the selected
degradation times (see Figure S2(a)(b)(c)(d)(e) in the Supplementary data for the
determination of k for 15% , 20%, 25%, 30% and 35% (w/v) PCL solutions, respectively).
The values for u were calculated from the SEC measurements of M, and the value for k was

taken as the slope of the curve. From the five different polymer solutions, we found:

L
k=17610"% +8.3% [ ]
mol.s
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Determination of the PCL solutions intrinsic viscosity:

Viscosities of the prepared solutions were investigated in order to correlate the viscosity to the
morphology of the obtained fibers. We determined the specific viscosity which depends on
the polymer molecular weight and concentration. The intrinsic viscosity was calculated from
the specific viscosity. Intrinsic viscosity depends on polymer molecular weight only. The
dependence between the logarithm of the solution intrinsic viscosity and the logarithm of the
weight average molecular weight (My) of PCL is presented below. We observed a linear
dependence in our working range of weight average molecular weights. We used the linear
regression equation to approximate the intrinsic viscosities of the solutions, from which the

electrospun membranes were fabricated.
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Figure S1: Evolution of ng/C as a function of C for the determination of [n] at C=0 for
different PCL M,,. Linear regression equation and R-squared value are given respectively for
1: M,,=85200g/mol, y = 0.0033x + 0.0764, Rz = 0.9861; 2: M,,=56400g/mol, y = 0.0036x +
0.0555, R? = 0.9352; 3: M,=51200g/mol, y = 0.0024x + 0.0475, R? = 0.9906; 4:
M,=47700g/mol, y = 0.0015x + 0.0448, Rz = 0.9959; 5: M,=29600g/mol, y = 0.0006x +
0.0305, R? = 0.9388; 6: M,=22500g/mol, y = 0.0007x + 0.0212, Rz = 0.9694 and 7:

M,=18600g/mol, y = 0.0006x + 0.0161, R? = 0.9279.
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Figure S2 (a)(b)(c)(d)(e): Determination of k for 15% , 20%, 25%, 30% and 35% (w/v) PCL

solutions, respectively.
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Figure S3 (a)(b)(c)(d): Evolution of M, (m) and PDI (A) as a function of degradation time for
15%, 25%, 30% and 35% (w/v) PCL and the corresponding plot of the theoretical model

(==), respectively.
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G) From fiber morphology to microstructure control of the membrane

We showed in Chapter 2 that the morphology of the electrospun biopolyesters can be tuned
from nanofibers, to beaded-nanofibers and to nanoparticles. Moreover, we demonstrated that
their diameters can be varied. Indeed, the viscosity of the used solution impacts the
morphology and the dimension of the yielded materials. The use of acidic solvent mixture of
acetic acid and formic acid enabled the hydrolytic degradation of the polyesters in solution
impacting the degree of entanglement between the chains of polymers via the decrease of
their molecular weight and thus of the viscosity. We also highlighted that the concentration of
polymer in solution influences the morphology and dimension of the nanofibers as it changes
its viscosity. Thanks to this approach, we could perform electrospinning for the fabrication of
the nanofibers and electrospraying for the nanoparticles. We underlined that the viscosity is a
key parameter for the controlled fabrication of the nanofibers. Molecular weight and
concentration of the polymer were two key parameters considered for the work achieved, in

order to obtain the desired morphologies.

We have shown that we can control to a certain extent the fiber dimensions and morphology.
We can now focus on the structural aspect of the electrospun membrane and investigate the
control over its architecture, microstructure and porosity. To this end, we have decided to
combine electrospinning and electrospraying processing methods to design unique
membranes composed of fibers and particles. The addition of particles into the fiber mat can
be used to add properties, intrinsic to the particles, and to control the structure of the
membrane. Indeed, the simultaneous -electrospinning and electrospraying can allow
electrostatic interactions between the fibers and the particles to form microstructures. We will

now focus on the fabrication of hierarchical self-organized composite by the combination of
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two technologies. We will show that particles and fibers can interact together to form
structures by self-organization. The fabricated structures are interesting for biomedical
applications as they allow the production of 3D membranes with controlled porosity and

porosity gradient.
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CHAPTER I/

PUBLICATION N°2: “SIMULTANEOUS ELECTROSPINNING AND
ELECTROSPRAYING: A STRAIGHTFORWARD APPROACH FOR FABRICATING

HIERARCHICALLY STRUCTURED COMPOSITE MEMBRANES”

A) Abstract

We present here for the first time a simple method for micropatterning non-woven composite
membranes. The approach is based on the simultaneous electrospraying of microparticles and
electrospinning of nanofibers from different polymer solution feeds (polyethylene glycol and
poly(D,L-lactide)) on a common support. The mechanism of self-organization between fibers
and particles into hierarchical honeycomb-like structures, as well as the evolution of the later
as a function of the thickness of the composite, is investigated. We demonstrate that
aggregates of particles, leading to a non-uniform distribution of the electrostatic field near the
collector, are necessary to form the self-organized composite. Furthermore, it is shown that
the specific dimensions of the generated patterns can be controlled by tuning the flow rate of
electrospraying. The obtained composite mat exhibits a multi-level porous structure, with pore
sizes ranging from few up to several hundreds of microns. Finally it is shown that the
microparticles can be selectively leached, allowing the production of a monocomponent
membrane and retaining the hierarchical organization of the nanofibers suitable for

biomedical and filtration applications.
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B) Introduction

Electrospinning is widely used for the synthesis of nanofibrous non-woven membranes [1, 2].
The fabricated electrospun membranes have high porosities and high surface to volume ratio ;
they are thus suitable for many applications [3] such as sensing [4], tissue engineering [5] or
drug delivery [6]. The electrospinning process usually leads to non-woven mats by the
random deposition of nanofibers. However, the control over the organization of nanofibers in
electrospun membranes would provide a great benefit for various applications [7]. Indeed,
precise geometric design of multicomponent electrospun membranes or 3D structures with
defined porosity and pore sizes are necessary to mimic tissue structure and properties for
tissue engineering applications [7, 8] and to achieve spatially and temporally controlled

release of different drugs for drug delivery applications [9, 10].

A number of methods have been developed to control the deposition of the nanofibers and
prepare structured membranes. For example, aligned electrospun fibers have been obtained by
electrospinning on a rotating collector [11]. More complex 2D or 3D structured membranes
have also been prepared using electrostatic forces [12-15]. The principle of this approach is
the modification of the electrostatic field near the collector, thus guiding the deposition of the
charged nanofiber. In addition, structured membranes were also fabricated using diverse post-
electrospinning structuring strategies: direct laser machining [16], wetting of porous template

[17] or photo-patterning of electrospun membranes [18].

Another type of structured membranes can be obtained by the self-organization of electrospun
nanofibers. They have been first presented by Deitzel et al. [19] for poly(ethylene oxide) and
then observed for other polymers [20-23]. Such self-organized mats are very interesting for
tissue engineering applications as they can form 3D cm-thick hierarchical foams with

adequate pore sizes and mechanical properties [23]. It was shown that a bimodal distribution
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of the fiber diameter is a necessary condition to induce the self-organization. Such irregular
fibers, having thick and thin domains, locally impact the electrostatic field and guide the
deposition of the fibers into honeycomb-like patterns [23]. However, a bimodal distribution
of fiber diameters, leading to self-organization in the mat, is observed only in specific
electrospinning conditions and is not easily transposable to every polymers. A solution to this
problem could be the combination of electrospun monodisperse thin fibers with
electrosprayed larger particles. This more versatile process results in composite membranes,
in which fibers and particles of different polymers are combined, thus leading to added

functionalities.

The fabrication of composite membranes has already been performed using dual or co-
electrospinning [24-26] which allows the combination of properties from different nanofibers
within one membrane. Co-electrospinning has inspired the combination of electrospinning
and electrospraying technologies to form a composite membrane made of electrospun fibers
and electrosprayed particles. Electrospraying is very similar to electrospinning [27]. The main
difference between these two processes is the presence and quantity of polymer chain
entanglements in the polymer solution. Under identical electrospinning conditions, by simply
decreasing the number of polymer chain entanglements in the solution, the morphology can
be varied from regular nanofibers to beaded nanofibers and to particles [28-30].
Electrospinning and electrospraying can be performed simultaneously using a rotating
mandrel and two capillaries through which the respective polymer solutions are fed; the
yielded nano- and micro-objects are collected in a unique membrane. Hydrogels [31],
hydroxyapatite [32] or even cells [33] have been simultaneously electrosprayed into
electrospun scaffolds for tissue engineering and drug delivery applications. Finally,
electrospraying is an efficient way for drug encapsulation into particles [34]. A
comprehensive review on electrospraying of polymers with therapeutic molecules was

recently published by N. Bock et al [30].
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In the present work, we develop a general method for the fabrication of structured electrospun
composites. We demonstrate for the first time the self-organization of electrosprayed
microparticles and regular thin electrospun nanofibers into growing honeycomb-like patterns.
The obtained composites present a hierarchical porous structure with pore sizes ranging from
a few microns up to hundreds of microns. The conditions allowing the formation of a
structured or a random composite are discussed. The origin of the mechanism of the self-
organization of fibers and particles, as well as the evolution of the generated patterns with the
thickness of the composite are then investigated. Finally, we show the possibility of further

varying the morphology of the composite membrane by the selective leaching of the particles.
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C) Experimental section

1) Materials

Poly(D,L-lactide) (PLA) of a molecular weight of 75 kg/mol and 15 kg/mol (values given by
the supplier) were respectively supplied by Purac under the commercial names Purasorb PDL
0.6 and Purasorb PDL 0.2A. Acetic acid (purum >99.0%, H20=0.2%), formic acid (= 98%,
H20 = 2%) and polyethylene glycol (PEG) of a molecular weight of 15 kg/mol were provided
by Fluka (Sigma-Aldrich). The fluorescent dyes Lumogen F Pink 285 and Lumogen F Blue

650 were supplied by BASF. All products were used as received.

2) Electrospinning and electrospraying conditions

PLA nanofibers (75 kg/mol) was electrospun (AV = 24.5 kV, needle-collector distance = 13.5
cm, pump flow rate = 0.3 mL/h, room temperature, 40% RH) from a solution of acetic acid /
formic acid 50/50 (v/v) at the concentration of 22% (wt.) 24 hours after the preparation of the
solution. PLA microparticles (15 kg/mol) was electrosprayed (Vneedle = +28.5 kV,
Vcollector = -1kV, needle-collector distance = 13.5 cm, pump flow rate = 0.3 mL/h, room
temperature, 40% RH) from a solution of acetic acid / formic acid 50/50 (v/v) at the
concentration of 17% (wt.) 24 hours after the preparation of the solution for the fabrication of
non-aggregated PLA particles and 48 hours later for the fabrication of aggregated PLA
particles. Indeed, after 48 hours of solution preparation the yielded particles were bigger
(from 540 + 170 nm to 1.0 £ 0.2 um) and permitted aggregation [35]. PEG microparticles was
electrosprayed (Vneedle = +27 kV, Vcollector = -1kV, needle-collector distance = 12 cm,

pump flow rate = 0.08, 0.1 and 0.2 mL/h, 25°C, 40% RH) from a solution of acetic acid /
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formic acid 10/90 (v/v) at the concentration of 55% (wt.). The solvent mixture and the
electrospinning — electrospraying conditions were optimized to obtain steady state formation
of bead-free PLA nanofibers and spherical PLA and PEG microparticles. Fibers and particles
were co-electrospun into a vertical rotating drum as represented in Figure la. The rotation
speed of the drum was 50 rpm and its diameter 4 cm. Indeed, a low velocity avoids
mechanical fiber alignment which could inhibit the spontaneous formation of patterns.
Moreover, in order to obtain a homogeneous mixture of the particles within the fibers, a
dielectric tape was attached to the rotating collector to delimit the deposition area (5 cm)
(Figure S3a and b). Indeed, without the dielectric tape and in the case of a larger deposition
area of the particles than the one of the fibers, the charged electrosprayed particles will be
deposited preferentially outside the dielectric nanofibrous mat, leading to an inhomogeneous
or non-existing composite. Charged electrosprayed particles are very sensitive to the
electrostatic field and can be confined with a dielectric tape as shown in Figure S3c. The
components of the electrospinning setup have been described previously [29]. The fabricated

composites were dried and stored in a dried atmosphere.

3) Characterization of the composites

The morphology of the fibers, particles and composites was characterized using a scanning
electron microscope (SEM, Hitachi S-4800 at Vacc = 5kV, le = 10 pA). Gold (5 nm) was
sputtered on all membranes using a scanning electron microscope coating unit (E5100) from
Polaron Equipment Limited. For each sample, the average nanofiber/microparticle diameter
and standard deviation were calculated from the diameter measured from 12
nanofibers/microparticles in 3 randomly selected areas. A LSM 710-780 confocal fluorescent

microscope from Zeiss was used to localize Lumogen Blue-loaded PLA fibers and Lumogen
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Pink-loaded PEG particles in the composite for Figure 1f. An optical microscope from
Keyence was used to analyze the dimensions of the self-organized patterns and Imagel
software was used for the analysis of images. The average linear pattern size (L) and the
maximum pattern size (Lmax) Were calculated from three randomly selected areas per sample.
Two lines were perpendiculary drawn on the images of the micropatterned membranes. The
ratio between the length of the line and the number of crossed patterns is equal to L.
Perpendicular lines were drawn to assess the orientation degree of the patterns. Lmax was
calculated as the average of the maximum pattern length measured from at least twenty
patterns. Membranes thickness (h) was assessed using a profilometer (Dektak 150 from
Veeco). To this end, composites were deposited when needed on Si wafers previously coated
with 100 nm of aluminum and 10 nm of gold with an electron beam evaporator to ensure
conductivity of the wafers. Otherwise, the composites were deposited on aluminum foils.
Apparent density and porosity were determined gravimetrically using the following formulas,

with m, the mass of the membrane and S, the membrane area:

apparent densit (L) = m
pp Y cm3 hxS
] apparent density)
=(1- 100
porosity ( bulk density !

Transversal cut with Gillette blades at room temperature was performed to visualize cross-

sections of the composites (Figures 5 and 6).
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D) Resutlts and discussion

1) Self-organization of microparticles and nanofibers

PEG particles and PLA fibers were electrosprayed and electrospun to generate a composite
membrane. Figure 1a shows the setup used for the fabrication of the composite. PEG particles
were electrosprayed on one side of the rotating collector and PLA fibers were electrospun on
the opposite side. This configuration is optimal for the co-electrospinning [36]. The process
parameters were optimized in order to allow the steady state formation of bead-free PLA
nanofibers and spherical PEG microparticles. PLA fibers (Figure Sla) and PEG particles
(Figure S1b) had an average diameter of 200 £20 nm and 1.6 +0.4 pum, respectively. Both
polymers were processed from an acetic acid and formic acid solvent mixture. This solvent
system has been studied for the electrospinning of PCL [37] and as a tool to control the
morphology of the yielded PCL electrospun fibers [29], and it is successfully used for the

production of PLA nanofibers and PEG microparticles.

In Figure Sla, when only fibers are deposited, a non-woven electrospun mat with randomly
placed PLA nanofibers can be observed. On the other hand, as shown in Figure 1b, the
simultaneous electrospinning of PLA fibers and electrospraying of PEG particles leads to a
uniquely, structured composite membrane with a honeycomb-like pattern. Indeed, after one
hour of deposition, honeycomb-like patterns with polydisperse sizes are observed. Such
structures with honeycomb-like patterns have already been observed in simple electrospinning
[20-22]. Ahirwal et al. [23] have shown that a bimodal distribution of fiber diameter was
necessary to form these honeycomb-like patterns. The electrospinning of a fiber having thick

and thin domains leads to the formation of a heterogeneous, rough surface that is non-
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uniformly charged. Indeed, thick domains, in contact with the collector, are areas where the
electric charges can efficiently dissipate, while between these domains suspended thin fibers
remain charged. These heterogeneities modulate the electrostatic field near the collector and
act as a template for the formation of honeycomb-like patterns [23]. In our case, the
electrosprayed PEG particles play the role of the thick domains whereas the regular PLA
fibers play the role of the thin domains. As such, the respective morphologies of the thick or
micron size domains and the thin or sub-micron size domains can be independently
controlled. Figure 1c shows an elementary domain of the honeycomb-like pattern. We notice
that the particles are mainly located in the walls forming the borders of the patterns. In order
to confirm this observation, a membrane with stained fibers and particles was fabricated.
Lumogen blue fluorescent dye was added to the PLA solution feed and Lumogen pink dye to
the PEG solution feed. Confocal fluorescence microscopy (Figure 1d) confirmed that particles
and fibers are preferentially deposited in the walls of the honeycomb-like pattern whereas,
between the walls, only stretched nanofibers are present. This result is in agreement with the
observations made with the self-organization of irregular fibers [23]. Indeed, particles are
independent entities, whereas an electrospun fiber can be viewed as a continuous cylinder. To
cross the repulsive area formed by the charged fibers inside a pattern from one wall to
another, the next particle will just deposit directly on the next wall, whereas the fiber has the
possibility of crossing the pattern to reach the next wall or to align along the wall as a

consequence of the confinement effect [12,14].
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Figure 1: (a) Schematic illustration of the experimental setup. (b) SEM micrograph showing
honeycomb-like patterns of the composite after 60 minutes of deposition (scale bar = 1mm);
(c) SEM micrograph of an elementary domain of a honeycomb-like pattern formed by the
simultaneous electrospinning of PLA nanofibers and electrospraying of PEG microparticles
after 60 minutes of deposition (scale bar = 50um); (d) Confocal fluorescent microscopy image
of Lumogen Blue-loaded PLA nanofibers and Lumogen Pink-loaded PEG microparticles

composite after 60 minutes of deposition (scale bar = 500um).

The patterns are formed by the self-organization of the fibers and the particles. In the first
moments of the deposition, particles and fibers form a non-uniform, rough surface. This
heterogeneous surface is used as a template for the deposition of the following particles and
fibers. In Figure S1b, (supporting information) we observe that when only electrospraying is
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carried out the particles are not deposited homogeneously over the surface, but are aggregated
and form a heterogeneous surface with randomly distributed domains of high and low
densities of particles. Again, this observation can be compared with the first moments of the
deposition of irregular fibers where some locations showed aggregated thick fiber domains
and others thin fiber domains [23]. As discussed before, the non-uniform surface would be the
basis for the self-organization of the composite. We thus hypothesize that aggregated particles
(or larger particles) are necessary to form the patterns generating a non-uniform electrostatic
field. To confirm this hypothesis, we investigated the influence of the aggregation of the
microparticles on the self-organization process. Dielectric particles of the same electric charge
can be attracted to one another depending on the range of particle size and charge ratios [35,
38 - 39]. As the particle size increases, the attractive force becomes stronger [35].
Unfortunately, we were not able to produce non-aggregated PEG particles because we could
not decrease their sizes sufficiently with the used solvent system. Thus, for this demonstration
only, PLA was used to produce the particles. Indeed, we found similar conditions (i.e. in the
same solvent system) allowing electrospraying of non-aggregated PLA particles (Figure 2a)
and aggregated PLA particles (Figure 2d).. Aggregated and non-aggregated particles of PLA
were fabricated because their individual size could be tuned from few hundred of nanometers
in diameter (540 = 170 nm) up to micron size (1.0 + 0.2 um). When non-aggregated particles
were electrosprayed in combination with PLA nanofibers, a uniform distribution of them
within the fiber mesh was observed (Figure 2b) leading to a composite membrane with
randomly deposited particles and fibers (Figure 2c). On the contrary, for aggregated
electrosprayed particles (Figure 2d), their combination with electrospun nanofibers resulted in
a heterogeneous distribution of the particles within the membrane (Figure 2e). As a
consequence, a non-uniform charge distribution was formed over the surface. The deposition
of the incoming fibers was then guided by these heterogeneities in the electric field and

micrometric patterns were generated (Figure 2f).
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Figure 2: SEM micrographs of non-aggregated electrosprayed PLA particles (a); in the
composite with PLA fibers at high (b) and low (c) magnifications; SEM micrographs of
aggregated electrosprayed PLA particles (d); in the composite with PLA fibers at high (e) and

low (f) magnifications. (scale bar =5 um).

It is thus clear that the aggregation degree plays a major role in the formation of patterned
composites. We can make the assumption that by varying the size of the aggregated domains
one can fine-tune the self-organization of the incoming fibers. To verify this hypothesis, a
PEG solution was electrosprayed at different flow rates. This led to the formation of particles
of different sizes and quantities. Figures 3a, 3c and 3e show that aggregated PEG particles
with average diameters D = 1.3 £0.2 um, 1.6 £0.4 um and 2.4 £0.5 um can be obtained with
flow rates g of 0.08 mL/h (PEG 0.08), 0.1 mL/h (PEG 0.1) and 0.2 mL/h (PEG 0.2)
respectively. All particles were found to be aggregated on the surface of the collector after

simple electrospraying. Because the deposition area was the same for the three kinds of
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particles and the PEG solution was the same for all experiments, one can assume that the
number of particles produced during a given time is proportional to q/D*. Thus, the lowest
flow rate leads to the production of the highest number of the smallest particles. More
precisely, PEG 0.08 yielded 1.5 times more particles than PEG 0.1, which yielded 1.7 times
more particles than PEG 0.2. The variation of the flow rate is thus a straightforward manner to
modulate the number and the size of the particles but unfortunately not independently. As a
consequence, the size of the aggregated particles domains (plain white circles in Figure 3) and
the empty domains (dashed white circles in Figure 3) can also be tuned. A higher number of
smaller particles lead to smaller particle aggregates and to smaller neighbouring empty
domains. Looking at the corresponding self-organized composites made of the particles and
the nanofibers (Figure 3 b, d and f), we can observe the influence of the electrospraying flow
rate on the pattern size for the same production time (15 minutes). The differences in the
pattern sizes can be quantified. We can define L, the average characteristic pattern size,
defined as L = Lo/N, with N, the number of patterns crossed by a line of length Lo We also
define p, a polydispersity index of the size distribution of the patterns with p = p /Lnax, Where
Lmax IS the average of the maximum length of the patterns and p’ its standard deviation. We
found (L= 290 pum; p= 0.4) when PEG 0.08 was used, (L= 345 pm; p= 0.4) with PEG 0.1 and
(L=410 pm; p=0.5) with PEG 0.2.

In conclusion, by increasing the particle flow rate one can obtain larger aggregate sizes and
thus increase the characteristic size L of the honeycomb-like patterns. Consequently, the
independent production of particles and nanofibers allows the control over the size of the
honeycomb-like pattern by varying a simple experimental parameter. This is not possible in

the case of the self-organization induced by bimodal nanofibers.

However, one can notice in Figure 3 that the size of the aggregated and related empty

domains, in the range of 10 um, is much smaller than the size L of the patterns, in the range of
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few hundreds of microns, obtained after 15 minutes of deposition. A closer observation of the
samples shows an increasing pattern size from the edges to the center of the membrane.
Indeed, the deposition is not exactly uniform as more fibers and particles are deposited in the
center of the collector than on the edges. Moreover, the pattern sizes appear to increase with

deposition times until becoming visible on a macroscopic scale.
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Figure 3: SEM micrographs of aggregated electrosprayed PEG particles at a flow rate of 0.08
mL/h (a), 0.1 mL/h (c) and 0.2 mL/h (e) after two minutes of deposition. Dashed and plain
circles are showing empty and aggregated domains, respectively (scale bar = 10 um); Optical
microscopy images of the corresponding self-organized composites with PLA nanofibers
obtained by simultaneous electrospraying and electrospinning (b), (d) and (f) after 15 minutes

of deposition (scale bar = 1 mm).
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2) Evolution of pattern size with the thickness of the sample

In order to understand how the self-organized pattern can grow from a few microns to several
hundred of microns and characterize the structure of the membranes, the evolution of pattern
size with thickness of the membrane was investigated. For this purpose, electrosprayed PEG
0.1 particles and electrospun PLA fibers were deposited simultaneously on conductive wafers
clamped on the rotating collector and observed at the deposition times of 5, 10, 20, 40 and 60

minutes.

For each sample, the thickness profile of the composite was analyzed by profilometry. Figure
4a shows the typical thickness profile of the membrane after 40 minutes of deposition from
the edge of the wafer (x=0) toward its center (x=20mm). The growing of the patterns as a
function of the thickness can be clearly observed on the optical microscopy image of the
sample superimposed with the profile. The average linear pattern size (L) of the membrane
was measured for (x= 5, 10, 15, 20) mm (Figure 4a, black vertical lines) and plotted as a
function of h, the membrane thickness (Figure 4b). The additional points on the graph of
Figure 4b correspond to measurements taken from the center of samples obtained after the
different deposition times (optical microscopy images in Figure S2, supporting information).
All measurements are in good agreement with each other and fit to the same curve. An
increase of the size of the patterns with the thickness has also been observed and explained by
Ahirwal et al. [23] for the self-organization of bimodal fibers. It originates from the broad size
distribution of the first generated patterns. Electrostatics numerical simulation on such a
surface show a higher vertical component of the electrostatic field over the walls of larger
patterns, leading to the preferential deposition on the bigger patterns and the progressive
disappearance of the smaller ones. In our case also, a size polydispersity of aggregates and

patterns can be observed (Figure 3c and d) and thus the evolution of the patterns can be
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explained by a similar mechanism. The fabricated composites thus exhibit a hierarchical

structure with patterns gradually growing with the thickness of the composite.

t
=
L
1200 - A Composites collected at the
different times
1000 -
@ Unique composite
q Y
800 -
B
2 600
a ® A
400 -| ®
[
w ot
o s OO O OO
0 200 400 600 800 1000 1200 1400
h (um)

Figure 4: (a) Evolution of the membrane thickness (h) as a function of the distance (x) and
optical microscopy image of the corresponding membrane. L was determined for x equal to 5,
10, 15 and 20 mm represented by the black vertical lanes. (b) Evolution of the average linear

pattern size (L) with standard deviation as a function of the membrane thickness (h)

Figure 5 shows a SEM micrograph of the cross-section of a 1 mm-thick composite membrane
made of electrosprayed PEG 0.1 particles and PLA nanofibers after one hour of deposition.

Additionally to the pores formed by the inter-fiber distance, we can observe larger pores

96



formed between the walls of the patterns and directly related to the pattern size L [23]. The
size of the large pores increases with the thickness of the sample, as the size (L) of the formed
patterns is growing. In Figure 5a, the main central pattern (black arrows) has pore sizes
ranging from few microns at the bottom part up to around one millimeter at the top part of the
membrane. Furthermore, on both sides of the image two walls merging into a unique one
(white arrows) can be seen, showing the pattern growth as discussed previously. The self-
organization of particles and fibers into growing honeycomb-like patterns results in a
hierarchical porosity and a global increase of the pore size within the thickness of the
membrane. Figure 5b presents the evolution of the apparent density of the membrane as a
function of its thickness. We can observe that the apparent density decreases with h and the
value is divided by ten over the thickness of the membrane. The corresponding porosity varies

from 85 to 98% over the thickness.
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Figure 5: (a) SEM micrograph of a cross-section of the self-organized (scale bar = 500 pum)
composite made of PLA nanofibers and PEG 0.1 microparticles after one hour of deposition,
showing in the center a growing pattern (black arrows) and on the two sides patterns merging
into a unique one (white arrows). (b) Evolution of the apparent density of the composite

membrane as a function of its thickness (h).
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3) Application to the fabrication of hierarchical porous membranes by the selective

leaching of the electrosprayed particles

The composite presented here has the additional advantage of being formed by two distinct
materials. This allows the design of composites with added functionality by choosing
appropriate materials for the intended final application. It is moreover possible to remove
selectively one of the two materials by selective leaching. Selective leaching is a strategy that
has already been used with co-electrospinning. Selective removal of sacrificial fibers was
used to improve cell infiltration in electrospun scaffolds [40] or particle-loaded sacrificial
fibers were used to deposition the particles into an electrospun mat [41]. In our case, selective
leaching of the particles would allow to have an electrospun membrane formed of regular
self-organized nanofibers. To this end, the composite membrane made of PEGO.1
microparticles and PLA nanofibers was washed in a 500 mL bath of deionized water during
10 minutes in order to remove the water-soluble PEG and obtain a pure PLA non-woven.
Figure 6 presents SEM images of the membrane before (a, ¢ and e) and after washing (b, d
and f). Comparing images 6a and 6b, we can notice that the microstructure formed by the
patterns is maintained even after the removal of the PEG particles. A closer look to the walls
of the patterns, where the particles are located (Figure 6¢) confirms the disappearance of the
PEG particles (Figure 6d). The same observation can be made on the basis of the cross-
sectional images acquired before and after washing (Figures 6e and 6f respectively). Since the
particles and fibers can be generated independently from materials with different properties, it
is easily possible to generate a monocomponent microstructured membrane from a

multicomponent one.
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The processing approach described in this work allows the formation of three-dimensional
scaffolds, which are of paramount importance for tissue engineering [23]. In particular, the
technology presented here is not limited to certain polymer systems and it allows also the
combination of inorganic particles with polymeric matrices. The method also allows the
fabrication of scaffolds with large pores having diameters in the tens of microns range, sizes
which are comparable to different cell types. As a particular application we can cite bone
tissue engineering, where an open, multi-level structured support is essential for ensuring cell
infiltration and proliferation [42 - 44]. Such hierarchically structured membranes are also very
interesting for biological fluids filtration, as they allow the size selective separation of cells,

macro- and small molecular components respectively [45].
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Figure 6: SEM micrographs of the self-organized composite made of PLA nanofibers and
PEGO0.1 microparticles before (a), (c) and (e) and after (b), (d) and (f) particles leaching. (e)

and (f) are cross-section images of the composite.
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E) Conclusions

Electrosprayed microparticles and electrospun nanofibers can self-organize to form a unique
honeycomb-like composite. The driving force of the organization process is the local variation
of the electric field when aggregated particles are used. The specific pattern dimensions can
be controlled by varying a simple experimental parameter, the electrospraying flow rate.
Moreover, mm-thick samples can be easily prepared with hierarchical porosity and increasing
pore sizes that are preserved after selective removal of the particles. This technique is suitable
for any other material, as long as aggregated particles are obtained. The combination of
electrospinning and electrospraying technologies thus enables the fabrication of new types of

structured composite membranes, interesting for a wide range of biomedical applications.
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F) Supporting information

Figure S1: SEM micrographs of (a) PLA fibers after two minutes of electrospinning and of

(b) PEG particles after two minutes of electrospraying. (scale bar = 50um)

Figure S2: Optical microscopy images of the self-organized at a flow rate of 0.1 ml/h after 5
(@) (h= 20pum), 10 (b) (h= 70um), 20 (c¢) (h= 200um), 40 (d) (h= 700um) and 60 (e) (h=

1200um) minutes of deposition (scale bar = 1 mm).
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Figure S3: Schematic illustration of the experimental setup without (a) and with (b) dielectric
tape (red color). SEM micrograph showing the interface between the dielectric tape (red
color) and the conductive aluminum foil (blue color) with simple PEG electrospraying, PEG

particles are confined on the conductive blue side (c).
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G) From morphology and microstructure control of the membrane to

spatiotemporally controlled delivery

In chapter 2, we demonstrated that we can fabricate nanofibers and nanoparticles of defined
morphology using electrospinning/spraying process. We will now focus on their potential for
temporally and spatially controlled drug delivery. To this end, a model compound was
embedded to the nanofibers and nanoparticles by the dissolution of the compound and of the
polymer in the electrospinning/spraying solutions. Geometrical impact was investigated for
temporal delivery comparing the drug release profile from nanoparticles and nanofibers.
Diameter of the nanoparticles/fibers and the concentration of drug are known parameters
influencing the drug release kinetics. We focused our interest on the structural aspect of the
membrane and its influence on drug release kinetic and direction. To this end, we used the

combination of electrospinning and electrospraying technologies.

We showed in chapter 3 that electrosprayed particles can interact with electrospun nanofibers
to create growing honeycomb-like structures leading to the fabrication of membranes with a
porosity gradient. The yielded porosity gradient was expected to generate directional delivery
of the model compound from the nanofibers. Indeed, the porosity gradient is a concentration
gradient of fibers within the thickness of the membrane and thus a concentration gradient of
drug. Nevertheless, the concentration gradient of drug was not able to preferentially deliver
the model compound to a certain direction, based on the release kinetics performed. The
directional delivery is probably occurring locally in the membrane because of the presence of
the drug concentration gradient; however we could not confirm this hypothesis as the
phenomenon is occurring very locally. In order, to perform directional delivery and

temporally controlled delivery, we have used again the combination of electrospinning and
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electrospraying technologies. However, we focused this time on the chemical properties of the
electrosprayed particles to modulate locally the hydrophobicity of the PLA electrospun
membrane to potentially impact the spatial and temporal delivery. Using either drug loaded
nanofibers or nanoparticles; we fabricated micropatterned membranes with tailored
hydrophobicity and performed drug release tests to assess their potential as drug delivery

devices for spatially and temporally controlled delivery.
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CHAPTER IV/

PUBLICATION N°3: “TAILORING THE HYDROPHOBICITY OF MULTILAYERED
ELECTROSPUN NANOFIBER AND NANOPARTICLE COMPOSITE MEMBRANES

FOR SPATIALLY AND TEMPORALLY CONTROLLED DELIVERY”

A) Abstract

We present here an approach for tailoring the hydrophobicity of drug loaded nanofibrous
membranes by the incorporation of electrosprayed PEG microparticles. The impact of the
surface wettability on the release is investigated for PLA composite membranes made of
nanofibers and nanoparticles. The addition of the PEG microparticles into the nanofibrous mat
lowers the water contact angle from 132+4° to 24+6° and drastically impacts the release
profile. Furthermore, we show the fabrication of multilayered composite membranes with
tailored hydrophobicity for spatiotemporally controlled delivery of rhodamine B as model
compound. We demonstrate that an amphiphilic nanofibrous membrane can be engineered for
directional delivery, while multilayered sandwich-like membranes are useful for sustained
delivery from nanoparticles to a targeted site. The combination of structural and chemical
anisotropy enables a tight control over the spatially and temporally profile of the delivery

process.
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B) Introduction

Electrospinning is a cost-effective process used to fabricate nanofibrous membranes [1-2].
The fabricated structures have high surface area and high porosity. Thus, they are used in
many applications [3] such as sensing [4], tissue engineering [5] or drug delivery [6]. Drug
loaded nanofibers have been widely studied as a drug release membrane for controlled drug
delivery [7-8]. Most of the research performed on drug loaded nanofibrous membranes was
focused on the control of the release kinetics achieving temporally-controlled drug delivery.
Drug release kinetics depends on the drug loading strategy. Indeed, impregnation of the
membrane in a drug solution after its elaboration leads to adsorbed drug at the surface of the
nanofiber, which is responsible for a burst release from the membrane [9]. The drug can also
be embedded to the fibers by blend electrospinning leading to a diffusion-like or degradation
based release [9]. Acceleration of the diffusion rate of the drug can be obtained by blending a
surfactant to the polymer allowing the water to enter and swell the fiber [10]. Delayed release
can be achieved by embedding the drug in the core of a core shell structure, the shell acts as a

barrier to the drug diffusion [9].

However, for certain application both a spatial and temporal control of the drug release profile
is required. It is the case of tissue engineering for which engineering 3D membranes with
well-defined spatial organization of the drug within the mat is of great interest [11]. This
aspect is essential when a scaffold is placed at an interface between different tissues. For
instance, in the case of an occlusive periodontal membrane placed between the bone and
epithelial tissue, Bottino et al. [12] proposed a multilayered membrane with hydroxyapatite
nanoparticles incorporated on the bone side, while releasing antibiotics on the epithelial tissue

side.

Recently, new strategies of membrane structuration have been developed to control spatially

and temporally the release of one or several drugs from electrospun membranes. For example,
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coelectrospinning of PLA nanofibers containing two drugs with different hydrophilicity was
performed, leading to simultaneous release of the two drugs at different rates [13].
Multilayered electrospun constructs of drug loaded nanofibers with different degradation
profiles were also elaborated [14]. Other approaches were performed using a multilayer
strategy such as the alternation of drug loaded and barrier meshes [15], the fabrication of
asymmetric structures [12] and sandwich structures [16]. In most of the cases, a hydrophobic
polymer was electrospun, and the release kinetics depended first on the rate of water diffusion
inside the hydrophobic membrane, and only after, on the rate of diffusion of the drug out of
the wet fibers. The hydrophilicity of the scaffold is thus a very important criterion for
temporally controlled release. Lee et al. [17] worked on the control of the hydrophobicity of
electrospun membranes by the incorporation of electrosprayed titania nanoparticles activated

by UV exposition.

In the present work, we developed a straightforward strategy to tune the hydrophilicity of
multilayered scaffolds by the incorporation of electrosprayed PEG particles in order to control
the spatiotemporal release of a model molecule. First, we focused on the possibility to tailor
the hydrophilicity of PLA electrospun constructs by the addition of PEG microparticles, and
showed its impact on the release kinetics. Then, we developed two new strategies based on
the hydrophilicity control in the thickness of the membranes. In the first one, the control of
the spatial release was demonstrated by the preparation of an amphiphilic nanofibrous
membrane, with a hydrophobic and a hydrophilic layer, leading to a directional delivery. In
the second approach, sustained delivery was achieved by the confinement of loaded
nanoparticles into sandwich-like structure made of hydrophobic or hydrophylic nanofibrous
layers. These two strategies demonstrated the potential of the electrospraying/electrospinning
process for the fabrication of intelligent drug delivery devices, aimed for therapeutic or tissue

engineering applications.
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C) Materials and methods

1) Materials

Poly(D,L-lactide) (P(D,L)LA) of a Mw of 75 kg/mol and 15 kg/mol were supplied by Purac
under the commercial names Purasorb PDL 0.6 and Purasorb PDL 0.2A. Polyethylene glycol
(PEG) of a Mw of 6 kg/mol, acetic acid (purum >99.0%, H20=0.2%), formic acid (= 98%.,
H20 = 2%), ethanol (>99.8%) and rhodamine B were purchased from Sigma-Aldrich and

used as a model compound. All products were used as received.

2) Fabrication of the membranes

PLA (PDL 0.6) nanofibers was electrospun (AV = 24.5 kV, needle-collector distance = 13.5
cm, pump flow rate = 0.3 mL/h, room temperature, 40% RH) from a solution of acetic acid /
formic acid 50/50 (v/v) at the concentration of 22% (wt.). Rhodamine B (5% (wt.) to the PLA
mass) — loaded PLA (PDL 0.6) nanofibers was electrospun (Vneedle = +23.5 kV, Vcollector
= -1kV, needle-collector distance = 14.5 cm, pump flow rate = 0.3 mL/h, room temperature,
40% RH) from a solution of acetic acid / formic acid 50/50 (v/v) at the concentration of 23%
(wt.). Rhodamine B (5% (wt.) to the PLA mass) — loaded PLA (PDL 0.2A) nanoparticles was
electrosprayed (Vneedle = +28.5 kV, Vcollector = -1kV, needle-collector distance = 13.5 cm,
pump flow rate = 0.2 mL/h, room temperature, 40% RH) from a solution of acetic acid /
formic acid 50/50 (v/v) at the concentration of 17% (wt.). PEG microparticles was
electrosprayed (Vneedle = +25 kV, Vcollector = -1kV, needle-collector distance = 6.5 cm,
pump flow rate = 0.1 mL/h, 25°C, 40% RH) from a solution of water / ethanol 80/20 (v/v) at

the concentration of 37.5% (wt.). All the solutions were processed 24 hours after their
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preparation. We optimized the electrospinning conditions and the solvent mixtures for steady
state formation of bead-free PLA nanofibers and spherical PLA and PEG nano and
microparticles. The components of the electrospinning setup was described previously [18].
The membranes were deposited on aluminum foils. To fabricate the hydrophilic PLA-PEG
membrane, PLA nanofibers and PEG microparticles were co-electrospun into a vertical
rotating drum. The rotation speed of the drum was 50 rpm and its diameter 4 cm. Mechanical
fiber alignment was avoided by using a low rotation speed and thus allowed random
deposition of the fibers. Moreover, to obtain a homogeneous mixture of the particles and the
fibers, a dielectric tape was used to delimit the deposition area [19]. The multilayered
amphiphilic electrospun membrane was fabricated by the sequential electrospinning of loaded
PLA nanofibers for 10 minutes followed by the simultaneous electrospinning of loaded PLA
nanofibers and electrospraying of PEG microparticles for 50 minutes. The hydrophobic
(/nydrophilic) multilayered sandwich-like membranes were produced by the sequential
electrospinning of hydrophobic (/hydrophilic) PLA layer during 10 minutes, followed by one
hour electrospraying of the loaded nanoparticles and finally, 10 minutes of hydrophobic

(/nydrophilic) PLA layer. The membranes were dried and stored in a dry, dark atmosphere.

3) Characterization of the membranes

The morphology of the membranes were characterized with a scanning electron microscope
(SEM, Hitachi S-4800 at Vacc = 5kV, le = 10 pA). Gold (5 nm) was sputtered on all
membranes using a scanning electron microscope coating unit EM ACE 600 from LEICA.
The average nanofiber/nanoparticle/microparticule diameter and standard deviation were
calculated from the diameter measured from 10 measurements in 3 randomly selected areas.

The membranes thicknesses were estimated from measurements using cross-section SEM
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images or a profilometer (Dektak 150 from Veeco) [19]. Transversal cut with Gillette blades
at room temperature was performed to visualize the cross-section of the membrane. Static
water contact angle measurement was performed on the membranes after 5 minutes
immersion in water, using a DSA 25 microsyringe setup, supplied by Kruss. To determine the
quantity of rhodamine B in the fabricated membranes, a defined weight of the membranes
were dissolved in the mixture of acids and absorbance of the solution was measured at the
wavelength of 550 nm by UV-vis spectroscopy (SynergyMx, BioTek). The amount of
rhodamine B present in the membranes relative to the membrane weight was determined by

comparison with a calibration curve.

Kinetic release tests were performed in triplicate in 25 mL of phosphate buffered saline (PBS,
pH=7.4) at 37°C, under stirring at 100 rpm over 150 hours. Aliquots of 400 puL were taken at
the different release times, filtered with a 0.22um filter unit from Millipore and the quantity
of released Rhodamine measured by UV-visible spectroscopy. The released percentage was
calculated by dividing the released amount in PBS by the total amount present in the
membrane. For the directional delivery test, a horizontal permeation cell (Pesce Labs) of 35
mL, schematically represented in Figure 3, was used. The membrane was placed between two
cells filled with PBS, with the hydrophobic layer facing cell 1 and the hydrophilic layer facing
cell 2. 200 uL aliquots were taken regularly from cell 1 and 2 for the determination of the
quantity of rhodamin B released in each cell by UV-visible spectroscopy. Then, differential
Scanning Calorimetry (DSC 822 from Mettler-Toledo) was used to analyze the extent of PEG
removal from the membranes after 150 hours; performing two heating and cooling cycles
from 25 to 100 °C at a rate of 5°C per minute and using an empty capsule as reference.

(Figure S2).
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D) Results and discussion

1) From hydrophobic to hydrophilic nanofibrous membranes

Our strategy to control the temporal release of a model hydrophilic molecule, rhodamine B,
from hydrophobic PLA nanofibers was to tune the hydrophilicity of the membrane by
coelectrospraying PEG microparticles inside the membrane. Two types of membranes were
fabricated: a hydrophobic PLA and a hydrophilic PLA-PEG membranes. The hydrophobic
membrane is a construct of PLA nanofibers loaded with Rhodamine B; the hydrophilic
membrane was fabricated by co-electrospinning/electrospraying rhodamine B-loaded PLA
nanofibers and pure PEG microparticles. The PLA nanofibers were observed by SEM (Figure
1a) and had an average diameter of 125+20 nm. The PEG microparticles had an average
diameter of 2.3+0.4 um and are presented in a SEM micrograph in Figure S1. The water
contact angles of the two membranes were measured as shown in figure 1c and d. The PLA
membrane is hydrophobic with a water contact angle of 132+4°. This angle results from the
combination of the chemical composition of the PLA material with the nano and
microstructure of the surface of the membrane [20-22]. The presence of PEG particles into the
nanofibrous membrane changes dramatically the water contact angle which is measured at
24+6°. The composite material becomes hydrophilic due to the homogeneous mixture of PEG

particles into the fiber mesh, enabling water penetration into the mat.
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Figurel: SEM micrographs of rhodamine B loaded electrospun PLA nanofibers without (a) or

with (b) electrosprayed PEG microparticles (scale bar = 10 um) and the respective static water

contact angles (c,d)

Release kinetics studies have been performed in PBS at 37°C on the two types of membranes

presented above. The concentration of the active ingredient in the release media was

determined by UV-vis spectroscopy and was plotted versus time. The release profiles are

displayed in figure 2. We can observe that less than 5% (detection limit) of rhodamine is

released after 150 hours for the hydrophobic PLA membrane. Due to the hydrophobicity of

the surface of the hydrophobic membrane, water cannot diffuse in the mat thus hindering the

diffusion of the model compound from the fibers to the water. For the PLA-PEG hydrophilic

membrane, the initial release is of 15% and 30% are reached within 150 hours. Indeed, the

PEG particles lowered the water contact angle and enabled the water to penetrate into the

nanofiber mat enabling the release of the compound in water. We hypothesized that the PEG
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fraction, having a low molecular weight (6000 g/mol) dissolves rapidly in water and desorbs
from the PLA membrane. The monitoring of the thermal behaviour (by DSC) of the
membranes before and after the release experiment provided additional support to this
hypothesis (figure S2 in Supporting Information). Indeed, we can observe the disappearance
of the characteristic melting and crystallization peaks of PEG at 55 and 35°C, respectively,
after the release test. The initial release of 14% indicates that a substantial amount of
rhodamine B is located on the surface of the fibers. The release profile from this membrane is
a diffusion-like profile [9]. Typically, mean diffusion distance, diffusivity of the compound
through the polymer matrix and concentration gradient control the release kinetics from
delivering systems [9]. The study was limited to the first 150 hours in order to consider the
release of the model molecule by diffusive mechanism only. Indeed, degradation by surface

erosion of PLA begins significantly after two weeks in PBS [23].

The two release profiles obtained from the two membranes show that the incorporation of the
PEG particles plays a major role in the release kinetic. Hydrophobic electrospun membranes
can be engineered to allow water penetration into the mat with the incorporation of
electrosprayed PEG particles. This method allows us to tailor the hydrophobicity of
electrospun membranes and to possibly develop advanced membrane design such as

multilayered membranes for spatiotemporal release.
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Figure 2: Percentage of cumulative release of rhodamine B from the PLA and the composite
membranes in PBS at 37°C and 100 rpm as a function of time, determined by UV vis

spectroscopy.

2) Multilayered amphiphilic nanofibrous membrane for directional delivery

Spatially controlled delivery is an important feature of advanced drug delivery systems, as it
allows specific targeting of therapeutic sites. To this end, we fabricated an amphiphilic
membrane consisting of a hydrophobic layer of PLA nanofibers and a hydrophilic layer
composed of PLA nanofibers and PEG microparticles. The membrane was synthesized in a
sequential manner, first electrospinning PLA nanofibers for 10 minutes followed by the
simultaneous electrospinning of PLA nanofibers and electrospraying of PEG microparticles
during 50 minutes. Thus, a bilayered amphiphilic membrane was fabricated with a
hydrophobic layer barrier layer with a thickness =~ 5 um and a hydrophilic layer of = 25 pum.
The release tests were performed in PBS at 37°C in a permeation cell as schematically
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represented in figure 3a. The amphiphilic membrane was placed in between the two cells with
hydrophobic layer facing cell 1 and hydrophilic layer facing cell 2 and the release profile was
determined in the two compartments. The experiments were performed without agitation, as
to better mimic the in-vivo situation, where typically no turbulent flow through the
membranes is encountered. The results of the release tests are displayed in figure 3b. As
expected, the drug concentration preferentially increased in the compartment 2 where the
hydrophilic side of the membrane was in contact with the release medium. Indeed, no
rhodamine is measured in the compartment 1 of the permeation cell until 24 hours of release;
whereas in the compartment 2, over 2% of rhodamine is released after two hours only. The
maximum of concentration is reached after six hours in compartment 2. The observed release
profile confirms indeed that the presence of the PEG microparticles increases the wettability
of the membrane, and thus the contact of the drug-loaded nanofibers with the release media is
facilitated. In the cell 1, the hydrophobic layer acts in a first step as a barrier, limiting the
diffusion of PBS in the membrane and thus the release of the dye. However, since the pores of
the electrospun membrane are orders of magnitude higher than the hydrodynamic radius of
the active ingredients, the diffusion of the released rhodamine from one compartment to the
other also occurs. Indeed, by analyzing the respective drug concentrations one may notice that
after 100 hours the equilibrium of concentration is reached between the two compartments.
We can thus conclude that the presence of a hydrophobic layer is sufficient to generate

directional delivery for a limited amount of time.
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Figure 3: (a) Schematic illustration of the amphiphilic membrane in a permeation unit
composed of two cells. (b) Percentage of cumulative release from the amphiphilic membrane

to cells 1 and 2 in PBS at 25°C as a function of time.
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3) Hydrophobic and hydrophilic multilayered sandwich-like membranes for

sustained delivery from nanoparticles

Drug loaded nanoparticles have been widely studied and have shown their potential in the
precise adjustment of the release kinetics for drug delivery applications [24-25]. However,
one main disadvantage of drug release from particles remains in the fact that they disperse in
water. On the other hand, electrospun membranes can be used as scaffolds implanted in a
specific site. The mechanical stability of electrospun membranes can be used in combination
with drug loaded particles to fabricate scaffolds with precise drug release kinetics from the
particles and mechanical stability from the electrospun fibers [26]. A straight-forward
approach for tuning the release kinetics of active ingredients from loaded nanoparticles by the
use of a sandwich-like structure is described below. Sandwich structures have been
successfully constructed with electrospun fibers enveloping drug loaded electropun nanofibers
for delayed release [16]. In this work, the strategy was transposed to the encapsulation of a
dye-loaded nanoparticle layer and a system based on sandwich-like structures was fabricated.
Loaded nanoparticles were deposited between barrier layers of PLA nanofibers. Two types of
barrier layers were studied: hydrophobic layers made of PLA nanofibers (hydrophobic
sandwich) and hydrophilic layers made by the simultaneous electrospinning of PLA
nanofibers and electrospraying of PEG microparticles (hydrophilic sandwich). In this study,
no rhodamine B was embedded to the nanofibers. The fabricated nanofibers had an average
diameter of 200 £ 20 nm. We sequentially electrospun a hydrophobic (/hydrophilic) PLA
layer during 10 minutes, followed by one hour electrospraying of rhodamine B-loaded PLA
nanoparticles and finally we electrospun a last hydrophobic (/hydrophilic) layer of PLA
nanofibers (schematically represented in figure 4). The PLA nanoparticles had an average
diameter of 330+90 nm and they can be observed in the SEM micrograph in figure S3. A

cross-section SEM image of the sandwich-like composite (figure 4a), revealed a well-defined
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three-layer structure, consisting of a central layer of nanoparticles with a thickness of = 25um
enveloped by two layers of hydrophobic nanofibers having each an estimated thickness of =
10um. The profile of the dye release as a function of the type of construct and time is shown
in figure 4b. Both are displaying a release profile governed by diffusion. A striking difference
between the release profiles corresponding to the hydrophilic and hydrophobic constructs
respectively can be observed in the first 10 hours of experiment. As such, the hydrophilic
sandwich displays a typical burst profile, with 14% of the encapsulated rhodamine being
released within minutes from the immersion of the membrane in the release medium. In
comparison, no release of the compound is observed within the first 10 hours for the
hydrophobic sandwich. The PLA-PEG layers allow the rapid wetting of the membrane and
the efficient contact of the dye-loaded nanoparticles with the PBS. However, the hydrophobic
PLA layers act as a barrier to water diffusion into the membrane and thus delay both the
release of the rhodamine, as well as its diffusion outside the three-layered scaffold. After 150
hours, the hydrophobic sandwich released 20% of rhodamine whereas the hydrophilic one
32%. The differences observed between the release profiles from the two types of sandwich
for the initial release concentrations of rhodamine B and the concentration obtained after 150
hours show that the encapsulation of nanoparticles between nanofibrous layer is a valid

strategy for avoiding burst-release phenomena and achieving sustained release.
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Figure 4: (a) SEM micrograph of a cross-section of the sandwich-like composite composed of
a central layer of PLA nanoparticles enveloped by two layers of hydrophobic PLA
nanofibrous layers (scale bar = 40 um). (b) Percentage of cumulative release from the

hydrophilic and hydrophobic sandwiches in PBS at 37°C and 100 rpm.
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E) Conclusions

We successfully tailored the hydrophobicity of electrospun PLA nanofibrous membrane by
the addition of hydrophilic and water soluble electrosprayed PEG. The change in
hydrophobicity impacted the release profile allowing water to penetrate into the mat and thus
the compound to diffuse from the nanofibers. Using this strategy, we engineered multilayered
membranes with spatially tailored hydrophobicity influencing both spatial and temporal
delivery. We fabricated amphiphilic multilayered nanofibrous membranes for directional
delivery and sandwich-like nanofibrous membranes for a sustained delivery from
nanoparticles to a specific site. Release profiles can be tuned by the incorporation of
hydrophilic moieties in the barrier layers of multilayered sandwich-like membranes. Further
advances could be performed by tuning the size of the hydrophobic/hydrophilic layers to
modify the diffusion path length or by modifying the quantity of hydrophilic incorporated
moieties. One could even combine it with the amphiphilic strategy to add to the system
directionally controlled delivery. Such advanced membrane design giving tailored
hydrophobicity over the structure and microstructure of the membrane impacts spatiotemporal
release and will enable spatially and temporally controlled delivery for biomedical

applications such as tissue engineering.
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F) Supporting information
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Figure S1: SEM micrograph of the electrosprayed PEG particles after 2 minutes of deposition.
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Figure S2: DSC spectra of the composite membrane before and after drug release showing the

disappearance of the PEG. The second heating and cooling phase is shown (5°C/minute).

129



Figure S3: SEM micrograph of rhodamine B loaded nanoparticles after 2 minutes of

deposition. (scale bar =5 um)
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CONCLUSIONS AND OUTLOOK

During the last three years, the work was focused on the fabrication of membranes with drug
loaded nanoparticles and nanofibers for controlled drug delivery. To this end, the first eight
months of the PhD was spent to elaborate the outline of the PhD project and to build an
electrospinning setup allowing multicomponent fabrication. The first focus was on the control
of the morphology of the electrospun material. Thus, strategies for the control of the
morphology of the nanofibers were investigated, ranging from uniform nanofibers, to beaded
nanofibers and to particles. Once the morphology controlled, combination of different
morphologies in a unique membrane to control the microstructure of the membrane was
aimed. Hence, microstructured composite membranes were developed combining in a unique
mat nanofibers and microparticles. Furthermore, by the combination of the different
morphologies of different materials, drug loaded membranes with tailored hydrophobicity
within the membrane thickness was targeted. To this end, multilayered membranes were
elaborated to demonstrate that the structure of the membrane impacts spatially and temporally
controlled drug delivery. Three papers were prepared from our work, focused on morphology

and structure control for controlled release applications.

First, a new approach was described for the controlled fabrication of biopolyesters electrospun
nanofibers from a solvent system based on a mixture of acetic acid and formic acid. For the
first time, the possibility of tuning the diameter and morphology of the nanofibers was
demonstrated by the in-situ modification of the molecular weight of the polymer, a
consequence of the hydrolytic degradation to which the polyester is subjected in aqueous
acidic medium. A simple model was used for predicting the evolution of the molecular weight

as a function of degradation time. Regimes and boundaries of PCL electrospinning in this
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solvent system could be determined, ranging from electrospraying of particles to the
electrospinning of nanofibers. The electrospinning of polyesters from an acid solution allows
the formation of ultrathin nanofibers with tunable morphology and dimensions. This strategy
can be extrapolated to the electrospinning of any polyester which is soluble in the acid
mixture. Additionally, the low toxicity of the solvent used makes this system very interesting
for the production of membranes for biomedical applications. Acidic solvent systems for the
electrospinning of polyesters are expected to be widely used as a replacement for halogenated
solvent systems. Indeed, steady-state electrospinning and low toxicity are advantages toward
the further development of scaffold for biomedical applications. However, the molecular
weight of polyesters decreases in acids in the presence of water; thus one has to be cautious in
its use. This decrease of the molecular weight can as well be seen as an advantage for

controlling the morphology of the yielded nanofibers as demonstrated before.

Then, a method was presented combining electrospinning and electrospraying technologies
for the fabrication of new types of microstructured composite membranes interesting for a
wide range of biomedical applications. The approach is based on the simultaneous
electrospraying of microparticles and electrospinning of nanofibers from different polymer
solution feeds on a common support. The microparticles and the nanofibers can self-organize
to form a unique honeycomb-like structured composite. The obtained composite mat exhibits
a multi-level porous structure, with pore sizes ranging from few up to several hundreds of
microns. The driving force of the organization process is the local variation of the electric
field when aggregated particles are used. The specific pattern dimensions can be controlled by
varying the electrospraying flow rate. Moreover, mm-thick samples can be prepared with
hierarchical porosity and increasing pore sizes that are preserved after selective removal of the

particles. Furthermore, this technique is applicable for any material, as long as aggregated
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particles are obtained. The fabricated membranes by this technique exhibit a porosity gradient
within the thickness of the membrane. The porosity gradient was aimed to be used as a
concentration gradient of drug to generate directional delivery of the compound for drug
delivery application. However, this strategy did not work; thus others paths for spatially
controlled delivery had to be investigated. The main advantage of this method compared with
the ones presented in the literature to fabricate honeycomb-like structured membranes stands
in the independent fabrication of the nanofibers and the particles responsible for the self-
organization. Indeed, the nanofibers can be created independently which allows the tuning of
their morphology. Moreover, the particles can be made of different materials enabling further
functionalization by the presence of additional properties; as the use of PEG particles
presented below. Self-organization between fibers and particles are expected to influence the
further development of nanofibrous membranes for the control of the microstructure. For
instance, combining different materials of different morphologies could as well be used as
advanced membranes for drug delivery applications by the incorporation of several
compounds in the particles and in the fibers. Furthermore, this strategy enables the fabrication
of cm-thick membranes, necessary for bone tissue engineering for example. Such membranes

will find applications in the biomedical and drug delivery fields.

Finally, a method was presented tailoring the hydrophobicity of drug loaded nanofibrous
membranes by the incorporation of electrosprayed PEG microparticles. Using this strategy,
multilayered membranes of drug-loaded nanofibers or nanoparticles were engineered with
spatially tailored hydrophobicity influencing both spatial and temporal delivery. Indeed, an
amphiphilic nanofibrous membrane can be engineered for directional delivery and
multilayered sandwich-like membranes for sustained delivery from nanoparticles to a targeted

site. Usually, in order to tailor the kinetics of release of a drug from nanofibers and
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nanoparticles, the strategies developed deal with the amount of drug incorporated or with the
dimensions of the carrier. Here, the focus was on the control of the structure of the membrane
to influence the release profiles. These membranes propose another path for controlled drug
delivery. Such alternative strategies are important for the development of drug delivering
devices because it is not always possible to change the incorporated amount of drug or to tune
the morphology of the carrier. Such advanced membrane design giving tailored
hydrophobicity over the structure and microstructure of the membrane impacts spatiotemporal
release and will enable spatially and temporally controlled drug delivery for biomedical

applications.

In the presented work, a model compound was used. The release kinetics observed cannot be
quantitatively transferred to any active compound, as a specific drug has specific chemical
and physical interactions with its carrier. The size of the drug can also influence its diffusion
in the membrane. The use of the model compound gives the trends of the impact of the
strategies studied to engineer nanofibrous membranes. In the work described, further
advances and improvments could be performed. For example, the electrospinning of other
materials in the acidic solvent system could be studied. Changes in the morphology and
dimensions of the particles and in the aggregation degree, dimensions and polydispersity of
the aggregated domains will influence the self-organization process. Indeed, tuning the size of
the aggregated domains will lead to a fine tuning of the size of the honeycomb-like patterns.
Controlling the polydispersity of the size of the aggregated domains of particles will impact
the evolution of the growth of the pattern size and thus control the kinetic of the growth of the
membranes thickness. For the drug delivery aspect, further experiments could be performed to
study for example the impact of the thickness of the hydrophobic layer in the amphiphilic

membrane. Another study would deal with the fabrication of amphiphilic multilayered
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sandwich-like structures for drug loaded nanoparticles with a hydrophobic upper layer and a
hydrophilic lower layer for directional delivery. To conclude the thesis, micropatterned
electrospun membranes were successfully fabricated for controlled drug delivery for
biomedical applications. The approaches studied were novel and published in relevant peer-
reviewed journals. The control of the morphology of polyester nanofibers using in-situ
hydrolytic degradation was presented for the first time. The combination of particles and
fibers to create hierarchical microstructures or to tailor locally the hydrophobicity of
electrospun membranes was an innovative strategy based on the fine control of the interaction
of electrospinning and electrospraying technologies. Biocompatible and biodegradable
membranes were elaborated for biomedical applications as tissue engineering, in which an

active compound can be encapsulated and delivered.
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