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Microfluidic formulation: offering new biomedical
perspectives to poly(phospho)ester microparticles

By Jérémie CAPRASSE

Drug-loaded microspheres based on biocompatible and biodegradable polymers,
mainly aliphatic polyesters, have demonstrated an increasing interest for producing devices
with controlled or sustained release profiles of an active ingredient. They rely on the
availability of scalable and robust production techniques. Microfluidic technology meets all
these requirements and is characterized by high drug encapsulation efficiency and low
particles size dispersity. As a result, this formulation process will become increasingly
important in the near future for producing commercially available drug delivery systems even

though optimizing the formulation process can be time-consuming.

Various microspheres parameters, such as size, polydispersity, composition, structure
and shape, have a significant influence on drug release kinetics. The microfluidic technique
enables precise control of these parameters which is essential for sustained and predictable
drug-release. To modulate the release profile of microfluidically-formulated polylactide (PLA)
microspheres, the incorporation of a more hydrophilic polyphosphoester (PPE) component
was investigated. On the one hand, a PLA-PPE block copolymer was used as an additive to the
polyester microsphere matrix. On the other hand, core-shell microspheres were formulated
by adapting the microfluidic chip, enabling a PLA core to be coated with a layer of photo-
crosslinked PPE. The impact of this PPE component and its localization on the encapsulation

and release profile of model molecules was studied.

The developed microfluidic technologies were further used to produce poly(e-
caprolactone) (PCL) microspheres with shape memory properties. Two types of shape-
memory microspheres were designed: (i) a PCL core coated with a crosslinked shell of PPE,
and (ii) photo-crosslinked functionalized-PCL microspheres. For both systems, the stimulus for
triggering shape memory is temperature (Tm (PCL) = 45°C), which is not always suitable for
biomedical applications. To overcome this limitation, a poly(ethylene oxide) (PEO) component
was incorporated into PCL to form a hybrid network. In this way, shape memory can be

triggered at room temperature by simple immersion in an aqueous medium.



Formulation microfluidique : le nouvel horizon biomédical
des microparticules de poly(phospho)esters.

Par Jérémie CAPRASSE

Les microsphéeres chargées de médicaments utilisées dans le milieu biomédical sont
basées sur des polymeres biocompatibles et biodégradables, principalement des polyesters
aliphatiques, suscitent un intérét croissant pour la production de dispositifs a libération
contrélée ou prolongée d'un principe actif. Elles s’appuient sur le développement de
techniques de production évolutives et robustes. La technologie microfluidique répond a
toutes ces exigences et se caractérise par une efficacité d'encapsulation du médicament
élevée et une faible dispersion de la taille des particules. Par conséquence, dans un avenir
proche, ce processus de formulation prendra de plus en plus d’ampleur pour la production de
systémes médicamenteux disponibles commercialement. Et ce, méme si 'optimisation du

processus de formulation peut parfois étre fastidieuse.

Différents paramétres des microsphéres, tels que la taille, la polydispersité, la
composition, la structure et la forme, ont une influence significative sur la cinétique de
libération des médicaments. La technique microfluidique permet un controle précis de ces
parametres, ce qui est essentiel pour une libération de médicament soutenue et prévisible.
Afin de moduler le profil de libération des microspheres de polylactide (PLA) formulées par
microfluidique, l'incorporation d'un composant plus hydrophile, le polyphosphoester (PPE), a
été étudiée. D'une part, un copolymere séquencé PLA-b-PPE a été incorporé dans la matrice
des microspheres polyester. D'autre part, des microspheres core-shell ont été formulées en
adaptant le dispositif microfluidique, permettant au cceur en PLA d'étre revétu d'une couche
de PPE photo-réticulé. L'impact de I'addition de ce composant PPE, autour du cceur PLA, sur

I'encapsulation et le profil de libération de molécules modeéles a été étudié.

La technologie microfluidique développée a ensuite été utilisée pour produire des
microspheres de poly(e-caprolactone) (PCL) présentant des propriétés de mémoire de forme.
Deux types de microsphéeres a mémoire de forme ont été concus : (i) un noyau en PCL revétu
d'une enveloppe réticulée de PPE, et (ii) des microsphéres composées de PCL photo-
réticulées. Pour ces deux systemes, la température (Tm (PCL) = 45°C) est le stimulus utilisé
pour déclencher la mémoire de forme, ce qui n'est pas toujours adapté aux applications
biomédicales. Pour surmonter cette limitation, un composant poly(éthyléne oxide) (PEO) a été
incorporé dans la PCL pour former un réseau hybride. De cette maniere, la mémoire de forme

peut étre activée a température ambiante par simple immersion dans un milieu aqueux.
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Chapter | : General introduction

Chapter | : General introduction

.1 The importance of microparticles in our daily-life and methods to

formulate them

Polymer microparticles can have different shapes (even if in most cases, microparticles
are spherical) ranging in size from 1 to 1000um. These microparticles such as microbeads are
found more and more frequently in our daily life since they were increasingly used in
cosmetics in sunscreen or as exfoliators for example'™. Most of them being made of petro-
based non-biodegradable plastics, they create environmental problems because at the end of
their life, they constitute one of the many forms of so-called “microplastics” waste®.
Consequently, there is a strong incentive to develop such microbeads from only biodegradable

and/or natural based materials.

Recent developments for the production of biodegradable polymer microparticles
were made not only in the field of cosmetics but also in environmental field in which chitosan
based microparticles are used to purify water from organic polluting agents® or in food and
agronomical industries where different kinds of bio-sourced polymers such as chitosan,
alginate or methylcellulose are used as microparticles®>’=°. Another field where biodegradable
microparticles gain more and more interest is the biomedical field'°. Indeed, microspheres
can be incorporated in bone cement?! or scaffolds!? and are mostly used for sustained release
of an active pharmaceutical ingredient (AP1)1%12-17_ Such drug delivery systems (DDSs), which
are generally composed of a biocompatible polymer loaded by the API, overcome the
disadvantages of the traditional dosage and present many advantages such as the opportunity
of encapsulating various APls, a reduced toxicity, an accurate sustained drug-release, the use

of different administration routes and the protection of the encapsulated API.

Different requirements must be achieved to produce suitable and effective DDSs such
as: i) the preserved integrity of the encapsulated drug, ii) an optimal drug loading and a high
encapsulation efficiency (EE), iii) a suitable release profile for the aimed application and iiii) a

simple, scalable and reproducible production process. The first two requirements are

1



simultaneously inherent to the technique used to produce microparticles and to the
characteristic of the particles (size, polydispersity, composition and configuration). The third
one depends on the particle’s characteristics and the kind of polymer, and the last one is only
dependent of the formulation technique'”8, It is then obvious that the technique selected to
formulate microparticles for drug delivery must produce them in a controlled and
reproducible way, with a high EE and preferentially should made accessible a wide range of

different kinds of particles.

Thorough the years, plenty ways and techniques were developed in order to prepare
these loaded microparticles, as it is shown on Figure 1, leading to a wide variety of
morphologies, structures and sizes. The most frequently used techniques allowing to
formulate API loaded microparticles (in bold) from a preformed polymer will be detailed in
the following and compared in Table 1 on different criteria in order to highlight advantages

and limitations of each technique.

Microparticles formulation
techniques

Mechanical

: Chemical '— * Spray-drying
B * Microfluidic
pg:r;?r?zation » Super critical fluid (SCF)
* Membrane emulsification
* Lithography
* Micromechanical punching

Physico chemical

* Emulsion-solvent evaporation
* Electro spraying

=  Self-healing encapsulation

*  Phase separation

Figure 1 : Overview of the most used techniques to form polymer microparticles.

The emulsion-solvent evaporation (including single and multiple emulsions) (ESE) is the
most frequently used approach to formulate microparticles. The principle of this technique

(Figure 2) is simple and consists in the emulsification, by mechanical agitation, of a polymer
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dissolved in an organic solvent which is completely or partially immiscible with the aqueous
phase containing a surfactant. When the organic droplets are formed, the organic solvent is
evaporated and the formation of polymer microspheres occurs. These ones are collected by
centrifugation or filtration. The single oil-in-water (o/w) emulsion technique is generally
applied when hydrophobic or poorly water-soluble ingredients have to be encapsulated. To
encapsulate hydrophilic ingredients which tend to diffuse in the agueous phase during the
emulsification process,, a double or a multiple emulsion (most frequently a water-in-oil-in-
water, w/o/w, emulsion) is rather applied. The single and multiple emulsion-solvent
evaporation methods are simple, low-cost, fast and reproducible techniques allowing the
encapsulation of both hydrophobic and hydrophilic components. Moreover, the particles size
can be tuned easily by altering the viscosity of the organic and/or the aqueous phase, the
mechanical agitation speed and the concentration in emulsifier. However, it is more difficult
to entrap hydrophilic ingredients than hydrophobic ones, a large amount of solvents is
required, the difficulty of scaling up and the formation of large and non-uniform particles, in

the case of the double emulsion, are the principal limitations of this process”1%21,
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Figure 2: Schematic principle of the single and double emulsion-solvent evaporation

Spray-drying (SD), represented in Figure 3, was used for the first time in 1901 to
produce milk powder from liquid milk. This technique is based on the atomization and drying
of a feed (which can be either a liquid, a polymer dissolved in aqueous or organic solvent or a

dispersion of particles) by spraying it into a hot drying medium. The process can be divided in



three steps: the first one happens in an atomizer in which the feed is atomized into small
droplets, the second one consists in the drying of the droplets by a drying gas which can be air
or nitrogen for example. The last step is the separation of the dry particles from the drying
medium. The simplicity of the method, the versatility, the reproducibility in terms of size and
morphology, the fully automatization of all operations, the low production costs and the easy
scale up are the major advantages of this technique. However, the reactor cost, the poor
thermal efficiency, the significant loss of product because of the adhering particles to the inner
walls and the denaturation of natural molecule such as proteins caused by shearing and
heating are the main drawbacks of this method”22-26,
—
L
Feed solution

(polymer and drug)
Atomizer

Hot air entry

Collected loaded particles

Figure 3 : simple representation of the spray-drying method

The electro-spraying (ES) method is a promising technique to produce microparticles
of polymer materials (Figure 4). This technique can overcome some limitations encountered
with conventional microparticle formation such as single and double emulsion and spray-
drying. In this technique, monodisperse polymer microparticles are produced from a polymer
solution, in a conductive enough solvent, by injecting this solution through a capillary or a

nozzle where a high electrical potential, on the order of kilovolts, is applied between it and a
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collecting plate. During the progression of the polymer droplets, the solvent evaporates and
polymer microparticles are collected on the collecting plate. This method has several
advantages such as a high control of the particle size, a high drug encapsulation efficiency, the
consumption of solvent is lower than other techniques and it is easy to change the particle
size and shape by switching the polymer flow rate, the solution viscosity and/or the strength
of the electrical field. Even if it is a really promising technique, the main drawback is the low
number of produced particles per batch limited by the difficulty to upscale the equipment for

industrial production?”.26-29,
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Figure 4 : Scheme of the electro spraying technique

Technologies based on the use of a supercritical fluid (SCF) and especially the
supercritical CO; (scCO3), because of its low critical temperature (31.1°C) and critical pressure
(73.8 bar) and its ability to be a green candidate for the replacement of conventional organic
solvents, are recently studied in order to prepare microparticles”-?339, |n these processes, the
microparticle formation is caused by the rapid expansion of the SCF of the polymer-solvent-
SFC solution passing through a nozzle in a vessel where they are collected. The particle
properties can be affected by different parameters such as the pressure and the temperature
(above the critical point) of the SCF, the nozzle diameter and the solution concentration. Small
particles with a narrow size distribution can be obtained, the fact that flammable, toxic
solvents are not used or in a very limited amount and the rapid removal of the SCF without

the need of an extensive drying step are the main advantages of this method. The non-uniform



mixing, the limited solvation power and the complexity to scale-up are the main

limitations!7:23:30,31,

The microfluidic technique (MF) enables the manipulation of microflows in
microchannels to produce uniform emulsion droplets. These microchannels are made up of
various materials such as polymers (polydimethyl siloxane, poly(methyl methacrylate),
polycarbonate and polyimide), metal (aluminum), phenol formaldehyde resin-based and glass
capillaries. The principle is the same as the formation of an o/w or a w/o/w emulsion except
that the internal phase is pushed in the continuous one by a microchannel system thanks to
syringe pumps at constant-flow or constant-pressure with an excellent flow rate control. In
the device, the continuous phase, which is generally an aqueous phase containing a
surfactant, shears off the organic phase, i.e. the polymer solution, to form small droplets one
by one which allows an accurate control over the size and the size distribution (Figure 5). Two
different devices can be distinguished in order to form droplets: the droplet-based device also
called the segmented device and the continuous microfluidic device. The first one consists in
the formation of droplets, by shearing forces, in the microchannel. The droplet-based system
can be distinguished by the droplet breakup mechanism: cross-flow, co-flow and flow
focusing. This kind of device is preferred to formulate microparticles. In contrast, the second
kind of device operates with two or more fluids flow side-by-side in microchannels without
segmentation or breakup. Continuous-flow microreactors, which are mainly used for
nanoparticles formulation, appear to be easier to handle and more representative of bulk
conditions with improved homogeneity leading to better control of nanoparticle

characteristics 3233,

The microfluidic technique is widely used for the preparation of microparticle in the
biomedical field because of the possibility to produce microparticles with a narrow size
distribution, a precise control on the droplet size and morphology which are directly involved
to determine the drug release profiles. In addition to these advantages, the low consumption
of solvent, the versatility of the method, the usually better encapsulation efficiency compared
to traditional methods are the principal other advantages of this technique. Indeed, the
encapsulation efficiency is crucial when drug delivery systems are produced in order to limit

the waste of active ingredients which can be very expensive. The encapsulation efficiency can
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be related to a dimensionless number: the Peclet number. This number reflects the diffusion
or convection of molecules in the fluid. Because of small volumes and the laminar flow
pattern, the microfluidic droplets minimize the molecules transition from the dispersed phase

to the continuous phase which allows high drug encapsulation efficiency34. The prolonged

formulation time is the main drawback even if the scale-up of the process is possible1®16:1834-

38
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Figure 5 : Simple representation of the microsphere’s formulation by microfluidic technique. Reproduced from

Suzuki, Y., Yamada, M., Sasamori, K., Taniguchi, T. & Seki, M. One-step synthesis of spherical/non-spherical
polymeric particles using non-equilibrium microfluidic droplets. 15th International Conference on Miniaturized

Systems for Chemistry and Life Sciences 2011, MicroTAS 2011 3, 1653—-1655 (2011).

The different characteristics of the particles production by the described processes are
gathered in the Table 1 which compares them to each other by using the marks “-, + and ++".
The “versatility” considers the possibility to change the microparticles structure (porous, core-
shell, Janus etc.). The “easy to use” item considers the optimization and the implementation
and the “drug stability” reflects the ability to formulate sensitive drugs without alteration

during the process.



Table 1 : Comparative table of different important parameters in order to consider a larger pharmaceutical

production scale

Encapsulation . Easy Drug .
o Versatile | Scalable Controllable o Reproducible
efficiency to use stability
ESE - = = - - = &
SD + + + ++ + . +
ES L e - ++ ++ ++ i
SCF + - - it it it T
MF ++ ++ ++ + ++ ++ ++

This table highlights that the microfluidic technique is the most suitable one for the
efficient formulation of drug loaded microparticles for DDS. Moreover, as mentioned at the
beginning of this section, the particles characteristics, namely the size, the polydispersity, the
composition and the configuration, are crucial to reach the targeted drug-release
specifications. The control of these microparticles characteristics by microfluidic formulation

will be addressed in the following section.

.2 How the microfluidic formulation parameters can affect the

microparticles characteristics and how to control these parameters?

Polymer microparticles are versatile carriers for drug delivery because the drug release
profile can easily be tuned by adjusting their physical properties (particle size, structure,
shape, ...) and/or their chemical properties (polymer nature, composition, molecular weight,
...). Nowadays, poly(lactic-co-glycolic acid) (PLGA) is the most prevalent type of polymers used
to encapsulate an active molecule for drug delivery applications because this synthetic
degradable polymer releases the drug over time scales ranging from 1 week to 6 months that

are optimal for most of clinical needs*.

The drug can be released through three different ways from PLGA or other degradable
polymer drug delivery systems (DDSs): the first way is the transport of the drug through the

polymer matrix; the second is the transport of the drug through water-filled pores (usually the
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way for hydrophilic drugs) and finally, the release caused by the dissolution of the
encapsulating polymer in the surrounded media. For example, small hydrophobic drugs will
pass through the polymer matrix while peptide or proteins, which are large hydrophilic
molecules, pass through the water-filled pores of the particle. These three ways lead to three
different drug release mechanisms from microparticles systems, which are represented on
Figure 6: i) the diffusion which concerns the release of the drug which are at or near the
surface of the particle; ii) the release through eroded particle surface caused by the polymer
matrix degradation and iii) the release of the drug through the swollen polymer matrix.
Nevertheless, in most of cases, more than one release mechanism take place to describe drug

release from microparticle?’.

Drug  Polymer

Time =0 Diffusion Degradation Swelling

Figure 6 : Representation of the different release mechanisms

Experimentally, the drug release profiles can be summarized in four categories, as it is
shown on Figure 7: the monophasic, the burst biphasic, the delayed biphasic and the triphasic.
The monophasic profile is a zero-order drug release, meaning that the drug is constantly
released from the polymer matrix, which is generally desired because the drug concentration
in the body during time is completely predictable. The burst biphasic profile is composed of
two parts, a burst release, which is a brutal and rapid drug release in a very short time period
(from several hours to 1-2 days) corresponding to release of the drug adsorbed or
encapsulated near the surface of the particle. This first phase is followed by a second one, a
“progressive” phase, during which the drug is released very slowly. The delayed biphasic phase
is composed of a lag phase during which a very slight amount of drug is released, followed by

an accelerated release phase occurring because of the polymer degradation and



consequently, the apparition of pores and cracks on the particle surface, leading to the
complete release of the active ingredient. This kind of profile is usually observed when
particles are very large and no drug is on the microparticle surface or if they are coated with
additional protective layer. If there is some drug adsorbed on the particle surface, it leads to
the last profile which is the triphasic profile. It is composed of an initial burst effect, often
much less significant than the one observed in the burst biphasic profile, followed by a lag-

time and accelerated release phase 73840,
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Figure 7 : Different profiles of drug release from loaded polymer microparticles

The control of the release kinetic is key in drug formulation in order to achieve an
optimum pharmacokinetic effect. In the following section, we will discuss the influence of
different physical parameters (the size, the structure and the shape) on the drug release and
how it is possible to tune them, during the formulation of polymer microparticles, by

microfluidic in order to obtain the desired release profile.

[.2.1 The size and the polydispersity

According to the definition, the size of a microparticle can be in principle comprised
between 1um and 1000um, meaning a variation of the surface to volume ratio between 6 and
6*103. This can dramatically affect the drug bioavailability by modifying the drug release
profile. Indeed, a higher surface to volume ratio, i.e. for small microparticles, the drug release
is faster 4042, Moreover, for injectable microparticles formulation which are administrated
through sub-cutaneous, intra-muscular or intra-articular routes, the particle size

controllability and the polydispersity are crucial parameters because, if the size is not well
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controlled, it may require larger needles to inject microparticles to prevent obstruction by
larger microparticles and consequently, if larger needles must be used, the patient compliance
decreases tremendously3®. Okedi™ and Signifor™ are injectables drugs composed of
microparticles of PLGA containing risperidone, used for the treatment of schizophrenia in
adults for Okedi™ and pasireotide used to treat adult patients with Cushing’s disease when

the surgery is impossible for the Signifor™.

The polydispersity will also play a role on the drug release profile. Indeed, in a high
polydispersity sample there will be an important burst effect because the smaller spheres will
release the APl much faster than larger one®®41444> Moreover, particles of the same size can
suppress the Ostwald ripening effect by reducing the differences of Laplace pressure between
particles®. Interestingly, a high polydispersity can be created by purpose to obtain a zero-
order release, which corresponds to a constant rate release of the drug with time, which is
the panacea for most of the sustained release devices*%”#¢, In some cases, the burst effect

can also be desired when a large quantity of drug is required in a very short period of time*>-

51

In the microfluidic droplet-generation process, the size and the polydispersity of the
collected polymer microspheres are directly related to the droplet formation of the organic
phase in the continuous aqueous phase both flowing through the microfluidic device (Figure
5). So, it is important to define some constants of fluid mechanics to well understand the
process. The first one is the Reynolds number of the dispersed phase (Req) which compares

the inertial force to viscous force.
Red = (pa x | x Ud)/Hd

where pq is the discontinuous fluid density, | is the characteristic length, U4 the discontinuous
fluid average velocity and pgq is the discontinuous phase viscosity. Depending on the Reynolds
number, different flow patterns are possible (Figure 8). A laminar flow is produced in the
microfluidic channel if the Reynolds number is lower than 1800. In this kind of flow, the
different streamlines are parallel to the fluid direction. On the other hand, if the Reynolds

number is higher than 2300, the flow is turbulent providing a chaotic pattern without distinct
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streamlines*. In the case of microparticle formulation, laminar flow is preferred in order to

accurately manipulate the fluids to create controllable and monodispersed droplets3#°2>3,

a)

b)

Figure 8 : Streamlines differences between the laminar flow (a) and the turbulent flow (b) in a channel

The second one is the capillary number of the continuous phase (Cac) which identifies

the ratio of the viscous force to internal tension force.
Cac = (McxUc/o)

where L. is the continuous phase viscosity, Uc the continuous fluid average velocity and o the
surface tension. Before continuing, it is important to point that the behavior of a thin stream
of liquid is influenced by the Rayleigh-Plateau instability which explains why a liquid breaks up
into droplet in order to minimize its surface tension®*>. In the experiment, different flow
regimes can appear depending on the different two-phases flow rates. The main ones are the
squeezing, the dripping and the jetting regime34°2°%3%_Ca. is particularly important in droplet-
based microfluidics because it enables the investigation of various break-up patterns
depending on the range of capillary number. The droplet formation is not influenced by the
shear stress in the case of capillary number values lower than 1072, the droplet formation is
only dependent on the accumulated pressure when the dispersed fluid enters in the main
channel. This is defined as the squeezing regime, which is typical for microfluidic devices

because of the confinement of the fluids (Figure 9a). This squeezing regime has no interest for
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the formulation of microparticles because it takes around ten times more time to produce one
particle as compared to other regimes such as dripping or jetting regimes>2. These dripping
and the jetting regimes are two forms of instability observed when the capillary number is
higher than 1072 (Figure 9b and c)34°3. To visualize the difference between the dripping and
the jetting regimes, a parallelism can be made with a dripping faucet, the transition from one
regime to another happens by increasing the flow rate of the discontinuous phase and the
dimensionless parameters: the capillary force and the Weber number (which will be defined
in the next paragraph). In these regimes, the droplet formation is caused by both the shear

and the surface tension forces acting on the dispersed fluid after it enters the channel®.

a)

b)
c)

Figure 9 : Schematic representation of the different regimes in a T-junction a) squeezing, b) dripping, c) jetting.

The last dimensionless number is the Weber number which describes the deformation
of the droplets and determines the relationship between surface tension and inertial forces.

The equation of this number is:
We = (pg x Ug®> x 1)/o

where all variables where previously defined. As mentioned before, this number is very

important when the transition between the dripping regime to the jetting regime is studied.
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If We <0.01, the inertial force is small compared to interfacial tension and the dripping regime
prevails. In contrast, when We > 0.1, the inertial force dominates the interfacial tension,
leading to jetting regime3446°2, Monodisperse droplets are obtained in a dripping instability
because the perturbations in the system, leading to the droplet formation, are insensitive to
any external interference contrary to the jetting regime that produces polydisperse drops3.
Nevertheless, Utada et al. succeed to produce monodisperse droplets in a jetting regimen

under specific conditions®.

Considering that the formulation of monodisperse microparticles is reached when a
laminar flow is applied and if the system is in a dripping regime, it is still possible to adapt the
formulation parameters in order to tune the size of the particles while respecting these
conditions. A nice study was conducted by Wehking et al. about the limit conditions in a T-

junction device to switch from one regime to another3.

The first parameter that can be modified is the flow ratio between the continuous and
the discontinuous solution. The flow rate of the discontinuous phase will be noted Qqand the
one of the continuous phase Q.. The faster is the Qg4 compared to Qc, the larger are the
particles and vice versa as it was observed in different studies***657-9, Indeed, if Q. increases
while keeping Qg constant, the shear forces applied on the discontinuous phase increase,

resulting in the formation of smaller droplets®°.

The second parameter is the solutions viscosity. If the viscosity of the discontinuous
phase increases e.g. by increasing the polymer concentration, this will lead to the production
of highly monodisperse but larger particles®?>’. As the polymer concentration is increased, a
supersaturation in the droplet is easily reached and a faster solidification restricts the
shrinkage of the droplets, resulting in larger microspheres®. Moreover, increasing the
polymer concentration increases also the encapsulation efficiency for the same reason 2. If
the viscosity of the continuous phase in which the emulsifier is solubilized is increased by
increasing the concentration of the emulsifier, the size of the particles decreases. This can be
explained by the fact that a higher concentration of emulsifier reduced the interfacial tension
between the organic and the aqueous phases conducting to the production of smaller

particles. Interestingly, the type of surfactants used is important because the dynamic
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interfacial tension of surfactants is different. For example, particles formulated with polyvinyl
alcohol (PVOH) solution as emulsifier showed larger diameters than the ones formed with

Sodium dodecyl sulfate (SDS) solution at the same concentrations®”:¢°,

The dimension of the channel is another crucial parameter playing on the particles size.
Indeed, if the channel dimension is reduced, it will conduct to the formation of smaller
particles and conversely3>%® because if the diameter of the microchannel decreases while
keeping the flow constant, the shearing forces applied on the polymer droplets are more

important which leads to the formation of smaller particles.

Another parameter depending on the microfluidic device is the channels geometry.
The most common geometries are the flow-focusing, the co-flow and the cross-junction. They
are represented in Figure 10. In the flow-focusing geometry, the dispersed phase and the
continuous phase flow through two sides of the channel and meet before the inner capillary
orifice and the droplets are formed at the orifice. Flow-focusing devices are generally easy to
manufacture and capable of generating particles with uniform size but the device parameters
must be optimized more carefully in order to yield regular droplet. In the co-flow geometry,
the two fluids are co-axially alighed and move in the same direction. The dispersed phase flows
through the inner capillary into a continuous flow from the outer capillary. In this
configuration, droplets are often produced in a jetting regime, which is a drawback to have
monodispersed particles. Moreover, this kind of device is much more expensive, compared to
the flow-focusing one. The last and the most used geometry is the cross-section geometry, it
is also the simplest microfluidic geometry. In cross-flow devices, the two phases come into
contact in a junction with various angles such as T-, Y-, double T-, V- or K- junctions®. The T-
junction is the most common junction and this device is composed of a perpendicular capillary
which includes the dispersed phase that intersects the main channel filled by the continuous
phase. The droplets are formed at the channel intersection by a combination of the shear
forces and the squeezing effect exerted by the continuous phase. In this geometry, the droplet
size is not only dependent on the channel width but can also be controlled by changing the
flow rates of both solutions or by solutions concentration tuning. The device produces better
monodispersed droplets as compared to the co-flow geometry device. As already mentioned,

this geometry can be transformed in a Y-junction for example and the process is still the same,
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only the angle of the branches is different. Generally, the droplet size increases when the
bifurcation angle deviates from 90° because there is the appearance of a horizontal
component of the continuous phase on dispersed flow. Additionally, by adding more
branches, it is possible to produce multi-emulsion core-shell particles. However, this system
is more complicated to scale-up in order to produce a larger quantity of particles during the
same time because it can lead to multimodal or chaotic processes in which the droplet size is

not uniform34°2.61,62,

a)

b)

Figure 10 : Schematic droplet formation in different device geometry a) flow-focusing, b) co-flow, c) T-junction.

1.2.2 The microparticle structure

The external and the internal structure of the microparticle can have a tremendous
effect on the drug release kinetics. For example, the drug release of porous microparticles will
be much steeper than the release from a core-shell particle because the shell is usually there
to reduce the burst effect and control the sustained release. Other microstructures can be
obtained in spherical microparticles with different release profiles which must be considered
for potential biomedical applications. In the following paragraphs, some techniques will be

detailed in order to form these different kinds of microparticle structures®2.
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1.2.2.1 Porous microparticles

The pore forming appears to be one of the most important phenomena in order to
modify the drug release kinetics. Different studies were conducted to compare the release
kinetics of porous microparticles with non-porous ones and they observed that the drug
release is much faster for porous microparticles than the one for non-porous analogue.
Indeed, porous microparticles have larger surface areas and shorter diffusion distance. These
particles showed also an intense burst effect of the drug. Nevertheless, these porous particles
have also some advantages such as a much larger drug loading capacities, faster overall
release of the drug without initial lag period and reduced autocatalytic effect of PLGA
degradation. Indeed, the water-soluble degradation products diffuse faster out of the particle
which avoids the local acidification responsible of the autocatalyzed degradation of PLGA so

as the possible drug degradation0:141>17,39,63-65

Emulsion of the
porogen in —> —
polymer solution

{\r

Aqueous
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emulsifier

Figure 11 : Schematic formulation of porous microdroplets containing a porogen agent

To produce porous particles, porogen agents can be added as shown in Figure 11. For
this purpose, a primary emulsion between an organic solution containing the polymer and an
aqueous phase which contains the pore-forming agent is generally produced and injected in
microfluidic device as the discontinuous phase. Two of the most commonly used pore-forming
agents are ammonium bicarbonate and hydrogen peroxide which will decompose in different
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gases leading to the pore’s generation. However, several other substances can be used as
pore-forming agent such as osmolytes (NaCl), phosphate buffer solution, protein (gelatin),
polymers (pluronics) and fatty acid like mustard oil'%14153563,6667 Typijcally, the encapsulation
of hydrophobic as well as hydrophilic drugs in porous microparticles is generally carried out
by double emulsion process, when extractable porogen agent is used, which can lead to a
reduced encapsulation efficiency. Nevertheless, Ni et al. succeeded to trap a hydrophobic drug
for pulmonary drug delivery in a porous PLGA particle in a single emulsion process by using

the PVP (polyvinyl pyrrolidone) as porogen agent®®,

The concentration in polymer, and consequently the viscosity of the organic phase, has
also an influence on the porosity of a microparticle. If the polymer concentration increases,
the degree of porosity decreases. The increased porosity is explained by the fact that a higher
viscosity may reduce the ability of the hydrophilic pore-forming gas bubbles to penetrate
through the primary emulsion microdroplet to the external membrane of the formulated

droplet0.3,

The inherent characteristics of the polymer also play on the formulation of porous
particles based on hydrophilic porogen agent as the ammonium bicarbonate. First, it was
demonstrated that pores at the surface of polylactide (PLA) microparticles are bigger
compared to PLGA analogues. This was attributed to the difference of the molar masses
between the two polymers but also to the difference of hydrophilicity between both
polymers. PLA is more hydrophobic than PLGA and consequently, for the same amount of
water phase in the emulsion, it absorbs less hydrophilic porogen and then larger pores are
formed (Figure 12). The same experiment was made by comparing the porosity of
microparticles formed by PLGA 75:25 (75% of polyglycolic acid and 25% of poly(D,L-lactide)
and PLGA 50:50 for which bigger pores were obtained, i.e. the most hydrophobic copolymer.
Accordingly, poly(e-caprolactone) (PCL), which is highly hydrophobic is not able to produce

porous microparticles with ammonium bicarbonate®.
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Figure 12 : SEM images of microparticles obtained by using ammonium bicarbonate as porogen with various
polymers. Reproduced from: Amoyav, B. & Benny, O. Microfluidic based fabrication and characterization of highly

porous polymeric microspheres. Polymers (Basel) 11, (2019).

The polarity of the organic solvent has also an influence on the porosity of the
microparticle. When chloroform and dichloromethane are used, porous microparticles are
formed which is not the case when ethyl acetate, a more polar solvent, is used. To incorporate
the porogen aqueous solution in the organic phase, the two solutions must be immiscible. The
chlorinated solvents used here are less polar and then less miscible with the inner aqueous
phase. This results in a slow and gradual removal process and then aqueous droplets can

develop to form a porous structurel”-63,

The last parameter is the variation of the continuous phase flow. If it increases, the
degree of porosity increases as well. This may be explained by the increase of the gas bubble

evaporation when the flow is increased®?.

1.2.2.2 Core-shell microparticles

Conversely to porous microparticles, the addition of a shell around a core, containing
a drug, can delay and extend the release of the active ingredient®. Moreover, it is possible to
modaulate the release of the drug in function of specific conditions such as temperature and/or
pH if the shell is made of a stimuli sensitive material®>3*. For example, poly-N-
isopropylacrylamide (PNIPAM) can be used as a shell encapsulating a drug against skin tumor.
The PNIPAM has the property to be insoluble in water and blood at a temperature above 32°C
and soluble below 32°C. So, if the skin surface is cooled, where the tumor is localized, it allows
the release of the drug at the right place3*. The core-shell structure can protect the drug
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against moisture, heat, ultraviolet radiation, oxidation, etc.%? and then reduce the drug side
effects, by avoiding the drug release in the whole body and then increasing the effectiveness
by delivering the drug at the right place at the right time!8°>70, The shell allows also a stable
release which means that the release of the active compound is kept constant through time.
Finally, the shell can also avoid or decrease the burst effect encountered in some cases which
is useful for the long-term treatment of several diseases such as asthma, angina or psychiatric

disorders3439:4271,

Polymer 1 +
drug solution ::>

Wa

Polymer 2 (+ drug) ﬁ
solution Aqueous
solution with
emulsifier

Figure 13 : Schematic of solid-solid core-shell microspheres formulation

The core part can be liquid, gas or solid whereas the shell is usually solid. The scheme
of the most common formulation way to formulate core-shell microparticles is represented
on the Figure 13834 Hollow internal microparticles can be used as an encapsulation vehicle
to secure biologically active compounds such as proteins, enzymes and DNA in controlled drug
release3*. If the core is composed of a liquid or a gas, it is usually called a microcapsule and
this kind of capsules is interesting to encapsulate and protect, with a better encapsulation
efficiency, a hydrophilic compound in a hydrophobic shell. It is also possible to trap two
incompatible substances, one in the aqueous core and the other in the lipophilic shell. For

example, core-shell particles containing two anticancer drugs, one hydrophilic (doxorubicin
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hydrochloride) in the aqueous core and the other hydrophobic (paclitaxel) trapped in the shell,
can be formulated easily’?2. Nevertheless, a burst release can appear when the shell is
degraded and the liquid core is exposed to the outer medium. A solid core structure coated
with a shell layer erases this problem because the release of the inner drug appears only after

the degradation of the inner polymer, in this case it is referred to microspheres3.

The shell and the core thicknesses can be modified by changing the solutions
concentrations, if the shell polymer concentration increases, the thickness of the shell
increases. Concerning the core thickness, it follows the same tendency®%7%72, It is also possible
to formulate poly-core particles where several particles which can have different sizes, shapes

or contents are enclosed within the same shell>*>3>6171 (Figure 14).

Figure 14: Optical microscope images of different core-shell microparticles composed of gelatin methacrylate
(core) and PLGA (shell) with a varying number of cores (A and B). Electron microscope image of a cut core-shell
microparticle (C). Reproduced from: Li, Y. et al. Composite core-shell microparticles from microfluidics for

synergistic drug delivery. Sci China Mater 60, 543-553 (2017).

1.2.2.3 Janus microparticles

Janus microparticles have two distinct compartments of different physicochemical
properties such as electric, magnetic, optical and polar properties. Because of asymmetric
composition and structure, Janus particles can integrate different characteristics and perform
collaborative functions which makes them really interesting for drug-delivery applications. For
example, Janus particles allow the encapsulation of two synergic drugs in each compartment
and have a sustained release mode in one phase and a triggered release in the other phase by
formulating Janus microparticles composed of biodegradable and pH-responsive or thermo-

responsive compartments>1873-76 Moreover, selective modification of one lobe of Janus
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particles was employed to impart additional functionality by adding some magnetic

nanoparticles or a porogen agent in one part for example’®~78,

Janus microparticles can be produced by droplet microfluidics as shown in Figure 15.
Generally, two dispersed phases flow inside the Y-shaped microchannel and, thanks to a fine
flow rate regulation, they merge into the main channel after the first intersection. Then, a
second junction is needed to form a droplet of the two combined dispersed phases by the

shearing forces applied by the continuous phase!>®%74,

Polymer 2 (+ drug)

solution
Polymer 1 (+ drug) ﬁ
solution Agueous
solution with
emulsifier

Figure 15 : Schematic formulation of Janus microparticles

The morphology and the structure of Janus particle can be tuned by playing on the type
and amount of organic surfactant, the solvent type and the total concentration of both
components. For example, if 0.5% (in volume) of Span 80 is used as surfactant in the organic
phase, smooth Janus particles are formed but if there is no surfactant, patchy Janus particles
are formed. The ratio between the two compartments can be controlled by changing the
concentrations of both matrices in the organic phase. Interestingly, the phase ratio in the

particle is exactly the same as the predetermined concentration ratio”>.

22



Chapter | : General introduction

[.2.3 The shape

The drug release is influenced by the shape of the microparticles. Usually, most of the
particles are spherical because of the energy surface minimization while retaining a uniform
Laplace pressure. Nevertheless, microfluidic technology offers the unique ability to form non-

spherical particles and several methods were developed to produce them?®%79-81,

The simplest one consists in the physical confinement of the droplets. Particles shape
is determined by the relation between the diameter (d) of unperturbed droplet and the
dimensions of the microchannels the width (w) and the height (h). If the droplets flow through
a channel with dimensions that are much larger than their size , i.e. if w and h > d, they will
keep a spherical shape and then spherical microparticles are produced. But, when w, >d and
h < d, spherical droplet become a discoid shape. In contrast, if w < d and h < d, the droplets
become a rod-like shape. If these deformed droplets are photopolymerized, it yields disk-

shaped and rod-shaped polymer particles (Figure 16). This method is simple and effective but

only convex and flat surface can be obtained!6:3>72.80.82,

Figure 16 : Scanning electron microscopy pictures of microparticles of different shape obtained with physical
confinement of the droplet. Reproduced from : Kim, J. H. et al. Droplet microfluidics for producing functional

microparticles. Langmuir 30, 1473—-1488 (2014).

Let us mention here that sharp-edged microparticles can be obtained by selectively

solubilizing a part of a preformed Janus microparticle (Figure 17a)3>6%79,

Toroidal particles also called doughnut-shaped particles (Figure 17b) were successfully
formulated using emulsion droplet microfluidics under specific conditions. If droplets with a

relatively high solubility in the continuous phase (water in dimethyl carbonate for example®3)
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flows through the center of a microfluidic channel, the diffusion of the discontinuous phase
solvent is not isotropic in the microfluidic device. Indeed, the diffusion toward the side-wall is
preferred over the diffusion along the flow direction because the continuous phase is
refreshed by the shear flow. This results in a concentration gradient to form an elastic
membrane which will be deformed by the continuing anisotropic diffusion, causes buckling
instability in the lateral direction and produce a doughnut-shaped microparticle after

consolidation”®:83,

A)

Figure 17 : Scanning electron microscopy pictures of microparticles of different geometries: A) oblate ellipsoids
and B) Toroidal particles. Reproduced from : Kim, J. H. et al. Droplet microfluidics for producing functional

microparticles. Langmuir 30, 1473-1488 (2014).

An interesting technique allowing directly the production of particles of any shape is
the continuous-flow photolithography. This technique relies on the use of masks to provide
shape-definition. Arrays of mask-defined polymer particles are obtained by crosslinking a
prepolymer, namely PEG-diacrylate shining pulsed UV light through the mask (Figure 18). The
as-shaped particles are then flown out of the microfluidic device. Patterned masks define thus
the shape of formed particles. Other kinds of photolithography exist such as the stop-flow

lithography, the stop-flow interference lithography and the lock and release lithography 6280~

82,84
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Figure 18 : Lithography technique to produce microparticles : A) different lithography techniques, B)
microparticles shapes obtain by lithography. A) Reproduced from Daly, A. C., Riley, L., Segura, T. & Burdick, J. A.
Hydrogel microparticles for biomedical applications. Nat Rev Mater 5, 2043 (2020) and B) reproduced from Park,
J I, Saffari, A., Kumar, S., Glinther, A. & Kumacheva, E. Microfluidic Synthesis of Polymer and Inorganic Particulate
Materials. Annu Rev Mater Res 40, 415-443 (2010).

These different geometries will affect some parameters which will influence the drug

delivery profile and the drug efficacity31.848>,

The degradation of the polymer matrix, which is implied in the release of the
therapeutic drug, depends on the particle shape because non-spherical particles that have
parts of different thicknesses could conduct unique degradation profiles, as the shape can
change during the degradation process®. It was demonstrated that the drug release profile
from loaded particles of different geometries with almost the same surface area can differ
tremendously. The required time to release 90% of the drug for spheres and cylinders was
about 12h while about 2h for pyramids. This is related to the surface to volume ratio because

spheres have the lowest surface volume ratio and pyramids the highest one®!

Macrophage phagocytosis is usually undesirable because it prevents the delivery of
drugs to the targeted tissues and particles must evade them. The particle geometry is crucial
to limit this phenomenon. Indeed, the phagocytosis is an actin-dependent process that
internalizes foreign particles with a diameter above 500 nm. The local shape of the particle at
the point where the macrophage is attached dictates if a macrophage begins internalization
or not. For example, a macrophage attached at the pointed end of an ellipse internalized it in

a few minutes while if it is attached to the flat region of the same ellipse, there is no
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internalization for over 12h. Concerning spherical particles, due to their symmetry, the

internalization occurs at any point of the surface®8486,

The transport of the particles through the body will be also tremendously affected by
the shape of the particle. The movement of spheres is easier to predict to their inherent
symmetry but non-spherical particles may align or not in the blood flow®*. For non-spherical
particles, the velocity gradients, in a flow environment, cause a nonuniform distribution of
forces along the symmetry axis resulting in particle rotation and tumbling. Spherical particles
tend to follow the streamlines with hydrodynamic forces correlated to their radius. Then,
lateral drift is only affected by external forces such as the gravity and electromagnetic fields.
In contrast, anisotropic particles such as discs, spheroids, ellipsoids and rods, because of their
rotational motion in flow, can undergo significant lateral drift even in absence of external
forces and consequently can achieved improved margination, which describes the fact that

particles will move to the vessel wall, before to target the endothelium?8%84,

The particle shape will also influence the efficacity of the medicine. According to the
particle shape, it will be possible to cross purifying organs such as liver and spleen or not. For
example, spheres larger than 200 nm in diameter cannot cross the spleen but flexible disk-

shape of 10 um, like red blood cells, are able to easily cross it®*.

Finally, the targeting ability will also be influenced by the particle geometry because
the overall surface and the local curvature affect ligands and opsonins adsorption and so the
degree to which particles fit the contours of target cell membranes. Moreover, the shear
forces induced by the blood flow applied on the attached particle could detached it from the

desired location since depending on the shape, the shear forces will change®.

As discussed, the shape is a crucial parameter on which it is possible to play in order to
tune the drug delivery kinetics and the drug efficacity triggering an increasing interest for
researches. For example, new morphologically biomimetic particles such as virus-like spiky
particles, red blood cell-shape particles or pollen-shape particles were developed in order to
enhance the bio-affinity?”88, Another example concerns the formulation of shape-memory
particles which can change their shapes when a stimulus is applied, impacting their properties

as discussed above893,
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Besides properties of the microparticle itself, the composition of the microparticle will play

a key role in the drug release kinetics. This will be discussed in the next part.

.3 The role of the polymers in the drug delivery kinetic profile

Ideally, biomaterials are materials that temporarily or permanently become a part of the
body to restore, augment, heal or replace the natural functions of the living tissues or organs.
Consequently, they should not induce any systemic, immunologic, cytotoxic, mutagenic,
carcinogenic or teratogenic reactions when there are introduced in the body. In the medical
or in the pharmaceutical fields, biodegradable polymers are an interesting class of materials
that can degrade into non-toxic products and then find different applications such as scaffolds
for tissues engineering, degradable implants in orthopedic surgery or as matrices for drug
delivery. Among the various synthetic biodegradable polymers, aliphatic polyesters have been
the most extensively investigated and developed for medical applications. Homopolymers
based on lactide or glycolide, respectively the polylactide (PLA) and the polyglycolide (PGA) as
well as their random copolymers poly(lactic-co-glycolic acid) (PLGA) were developed for drug
delivery systems because of their biocompatibility and their degradation in non-toxic species.
The PLGA has especially emerged as an important biocompatible and non-toxic polymer with
numerous applications in drug delivery in particular because it is approved by the US FDA

(food and drug administration) for several therapeutic applications®*2°,

For the successful development of any drug delivery systems, it is crucial to understand
the degradation behavior of the (bio)degradable polymer used as drug delivery material.
Different kinds of polymer degradation processes exist such as photo-, thermal, mechanical
and chemical degradation. In the case of in vitro degradation, photo- and thermal degradation
are irrelevant to consider. The mechanical degradation can also be neglected in the case of
drug delivery applications because this kind of degradation affects the polymers implied in
sutures, mechanical implants etc., i.e. those which are subjected to significant mechanical
stress. In contrast, the chemical degradation is the most important to occur in the drug

delivery systems because polyesters contain hydrolysable bonds which can be cleaved by
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hydrolysis and enzyme-catalyzed hydrolysis. Nevertheless, the role of the enzymatic

degradation is not significant to hydrolyze the bonds in lactide/glycolide-based polymers®*.

The hydrolytic degradation of PLGA occurs in aqueous environment and consists in the
random hydrolysis of ester bounds present along the polymer backbone. Each hydrolyzed
ester linkage forms one hydroxyl and one carboxylic acid moiety. The scission of the polymer
chains will lead to the reduction of the molecular weight of polymer which increases its
hydrophilicity and then conducts to the formation of water-soluble fragments. These
fragments are ultimately hydrolyzed in lactic and glycolic acids which are finally transformed
in energy, carbon dioxide and water by the normal metabolic pathways in the body. PLGA can
also undergo auto-catalytic degradation because the carboxylic group remains attached to the
polymer backbone and consequently decreases the local pH in the polymer bulk which
catalyzes the hydrolytic degradation. The formation of acid such as lactic acid or glycolic acid
increases the acidity of the medium which can lead to irritation of the surrounding tissues and
this can also affect the stability of the encapsulated drugs as proteins or peptide. The drug
stability can be improved by controlling the pH by adding suitable excipients such as poorly
soluble bases. The particle surface is less subject to the auto-catalytic degradation because
the degraded product can diffuse more easily out of the polymer®. This kind of particle

consequently undergoes a bulk degradation (Figure 19).
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@

Surface degradation Bulk degradation

Figure 19 : Sketch of degradation pathways that particles can undergo in the body

To produce a PLGA-based DDSs with higher efficiency and efficacy within a desired
therapeutic window, it is essential to understand the influence of the factors on the
degradation rate as well as the drug release kinetics and properly accommodate these factors

with the formulation of the drug-polymer composites.

In the following paragraphs, different parameters such as the copolymer composition,
the crystallinity, the molar mass of the polymer, the chain-ends functionalization, the glass
transition temperature, and the influence of the drug will be discussed in order to determine

how they impact the polymer degradation and therefore the drug release profile.

[.3.1 The copolymer composition

Table 2 shows physical properties of different PLGA with various ratios between lactide
and glycolide moieties as well as the properties of the two homopolymers, the PLA and PGA.
It can be seen that the comonomers ratio (LA:GA) has a major impact on the properties of the
copolymer. Indeed, the in vivo resorption of PLA is between 12 and 24 months whereas the
complete resorption of the PGA is between 6 and 12 months and the one for the PLGA is
between 1 and 6 months depending on the copolymer composition®>. This variation on the

degradation period is partially caused by the difference of hydrophilicity between the
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polymers. Indeed, the PLA is more hydrophobic than the PGA which explains its lower
hydrolytic degradation rate. The amorphous PLGA copolymers have higher degradation rates
than their corresponding semi-crystalline homopolymers and this degradation slows down
when the proportion in lactide increases. Therefore, the use of PLGA in biomedical
applications depends on the selection of appropriate ratio of LA and GA that would determine
the degradation rate and then the drug delivery profile. For example, the release rate of the
imatinib mesylate from microspheres is 1.5 times higher for PLGA 50/50 compared to PLGA
85/15 (85% LA and 15% GA)®.

Table 2 : Physical properties of some polyesters

Polymer Glass transition Melting temperature | Degradation time
temperature (°C) (°C) (months)

PGA 35-40 225-230 6-12
PLLA 60-65 173-178 >24

PDLLA 50-60 Amorphous 12-16
PLGA (50:50) 45-50 Amorphous 1-2
PLGA (65:35) 45-50 Amorphous 3-4
PLGA (75:25) 50-55 Amorphous 4-5
PLGA (85:15) 50-55 Amorphous 5-6

[.3.2 The polymer crystallinity

The crystallinity of the polyesters affects the degradation rate and the drug release.
Indeed, lower crystallinity accelerates the hydrolysis and then the degradation of the
polyester because the water can diffuse more easily in the amorphous regions than in the
crystalline regions. The PLA can exist in three different forms, the poly-L-lactic acid (PLLA), the
poly-D-lactic acid (PDLA) and the poly-D,L-lactic acid (PDLLA), depending on the kind of lactic
acid used: the L-lactic acid and the D-lactic acid or a combination of both. The PDLA exhibits a

higher crystallinity than the PLLA whereas the PDLLA is completely amorphous. Despite the
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semi-crystallinity of the PGA (Table 2) the PLGA composed of PLLA and PGA is amorphous if
the proportion of GA varies between 25% and 70%. PLGAs composed of PDLLA and PGA are
also amorphous if there is less than 70% of PGA in the copolymer. The use of amorphous
polymers is preferred since it allows a more homogeneous drug dispersion in the polymer
matrix19429438 |ndeed, the active ingredient will be mainly encapsulated in the amorphous
region of the microparticle, the crystalline region will act as a barrier for the drug diffusion.
Therefore, the EE of the drug encapsulated will dramatically decrease when highly crystalline

polymers are used %798,

[.3.3 The polymer molecular weight

The molecular weight (My) influence also considerably the degradation behavior and
the drug release profile. It is generally observed that the drug release increases when the
molar mass of the polymer decreases. For example, the drug release from PLGA (50/50)
decreases by almost 4 times when the My increase from 14,500 g/mol to 213,000 g/mol°®>.
Indeed, higher molecular weight means longer polymer chains, thus the breakdown of the
polymer chains in small water-soluble molecules requires more time compared to smaller
polymer chains®. The lag-time generally observed for PLGA degradable microparticles is then
tremendously decreased for low molecular weight PLGA compared with high molar mass
PLGA. In addition, the water diffusion in lower My, chains particles is easier compared to the
higher My polymer particles which favors the hydrolytic degradation of the polymer®®,
Nevertheless, the use of higher molecular weight polymers reduces the initial burst effect,
increases the bioavailability, the drug-loading and the encapsulation efficiency. This can be
explained by the fact that the viscosity of the polymer solution increases with the molar mass

which reduces the diffusion of the drug before the hardening of the particle®.
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.3.4 Glass transition temperature

The glass transition temperature (Tg) is defined as a temperature at which the polymer
starts transition from a glassy solid state to a viscous rubbery state. In a microscopic way, it
means that the chains have enough energy to move and disentangled. The Tg mainly depends
on the macromolecular structure and the stereochemistry of the polymer. The presence of
flexible chains will decrease the T and oppositely. The molecular weight and the copolymer
composition, see Table 2, will affect the transition temperature. Indeed, the both decrease in
lactide content and in molecular weight of the PLGA lead to a decrease of the T which
increases the polymer chains mobility and allows the drug molecules to escape more easily
from the polymer chain entanglement, resulting in an increased release rate®>96:98100,101 |t jg
important to notice that the encapsulation of a drug in the copolymer matrix can decrease the

Tg of the copolymer playing as a plasticizer'®.

[.3.5 Chain-ends functionalization

Depending on the chain ends on the PLGA, the degradation rate and the encapsulation
efficiency will change. Indeed, the PLGA with an ester as chain-ends is more resistant to the
hydrolytic degradation than the PLGA end-capped with a carboxylic acid since acid catalyzes
the hydrolytic degradation and increase the hydrophilicity. Moreover, it was demonstrated
that a PLGA with an ethyl end-capping group will showed a faster degradation rate than the

one with the hexyl group because of the lower reduction of the hydrophilicity0-26:98102,

[.3.6 Drug-polymer interactions

The last parameter is not really an intrinsic property of the polymer but it can influence
the degradation profile of the polymer matrix. Indeed, if the encapsulated drug is an acid or a
weak base, the effect of drug-polymer interaction on polymer degradation must be
considered. If acidic drug is entrapped, it will catalyze hydrolysis as well as the autocatalytic
degradation of the polymer matrix. Concerning the encapsulation of basic drugs, it will lead to
two conflicted effects. Indeed, the hydrolytic degradation is also accelerated in basic
conditions and then the release will increase but there is also the fact that the basic function

on the active ingredient can minimize the autocatalytic effect by neutralizing the carboxylic
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acid functions generated by the hydrolytic degradation which leads to a slower degradation

rate and a reduced release rate®.

The PLGA is the most used degradable polymer for biomedical applications but it is not the
only one and more and more researchers develop drug delivery microparticle based on other

biodegradable polymer. The most used of them are described in the following part.

1.4 Biocompatible and biodegradable polymers used for drug delivery

systems.

The first polymers used to formulate particles were non-degradable polymers because
they exhibit a rapid and efficient clearance. Unfortunately, they show also chronic toxicity and
inflammatory responses caused by the accumulation in the body*2. In the past twenty years,
the development of biodegradable polymer particles becomes more and more significant
because of their notable biocompatibility and biosafety. Biodegradable polymers have the
property to self-degrade in vivo via either enzymatically or non-enzymatically ways, such as
hydrolysis, and yield biocompatible or harmless by-products which are typically oligomers or
monomers which can be eliminated from the body through classical ways. These
biodegradable materials must not induce constant inflammatory response, should not
produce toxic degradation products and should have medicinal properties for the targeted
medical application. Another characteristic of these polymers is that they show a reduced
toxicity and side-effects, and the drug-release kinetic can be easily modulated, as discussed in

the third part of this work 103104,

Biodegradable polymers can be divided in two different categories, the bio-sourced
polymers provided by animals, vegetal and microorganisms, and the synthetic polymers which

are created in the laboratory.

Bio-sourced polymers, such as chitosan, alginate, agarose and albumin are used to
formulate drug-delivery microparticles>. Nevertheless, they can cause immunogenicity and
require frequently chemical modification before being used. On the other hand, the chemical

synthesis of polymers allows to obtain very well controlled polymers in term of molar mass,
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hydrophilicity, crystallinity and functionality. Consequently, only synthetic polymers will be

discussed in the next section.

1.4.1 Synthetic polymers used for the fabrication of drug-loaded

microparticles

1.4.1.1 Polyesters

Polyesters (Figure 20a) represent the most widely studied and used family of synthetic
biodegradable polymers. The most known polymers in this family are the PGA, the PLA, the
PLGA and PCL. The first three were already detailed in the section 3. PCL is also biocompatible,
bio-absorbable, and (bio)degradable but it is more hydrophobic than PLA, PLGA or PGA, which
has an influence on the degradation time. Indeed, the PCL, that degrades in the same way as
other polyesters (i.e. hydrolytic degradation and autocatalytic degradation), takes around
two-three years to be fully degraded in vivo. This polymer is also semi-crystalline, with a
melting temperature around 50°C-60°C, which slows down its degradation time. Nevertheless,
the degradation rate can be improved by making copolymers with lactide or glycolide. The PCL

was approved by the FDA for suture wire, as a drug-delivery device and as adhesion barrieri®-

108

1.4.1.2 Polyanhydrides

Polyanhydrides (Figure 20b) are non-toxic promising materials for drug delivery
devices. This family of polymers is hydrophobic but the hydrolysis of the anhydride bond is
especially fast and faster than the water penetration rate, which conducts to the production
of surface-eroding devices. Polyanhydrides have been designed to develop nano- or micro
spheres for injectable, oral or aerosol delivery. They have been investigated for controlled
release of a bunch of drugs to treat eye disorders, as local anesthetics or as anticoagulants for
example. Drugs are protected inside the polymer because the water cannot penetrate inside

the particle until the surface is eroded>194198-110 \oreover, as previously discussed, the
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polymer structure and composition, crystallinity, hydrophobicity, pH of the release medium,

microspheres size, configuration, etc. can influence the rate of drug-delivery!©,

Polyanhydrides are very promising for drug delivery applications due to their
controlled biodegradability, zero-order release kinetics for drugs and low toxicity of the
degradation products. For example, poly(sebacic acid) microparticles prepared by emulsion-
evaporation technique released their active ingredient, the Olaparib, an anti-cancerous
molecule, in 7 days'®. Core-shell microparticles with a hydrophilic PGA core containing blue
brilliant as hydrophilic molecule and a copolymer of sebacic acid and 1,3-bis(p-
carboxyphenoxy) propane as shell containing curcumin as hydrophobic molecule present a
sustained release over 30 days*!'. Another example concerns the formulation of a sebacic acid
and 1,3-bis(p-carboxyphenoxy) propane copolymer containing carmustine, used for the
therapy of brain cancer. This last example is the only one FDA approved formulation. This can
be explained by the difficult handling, storage and fabrication of polyanhydride due to their

high degradation rate!>104108110,

1.4.1.3 Poly(amino-acids)

Poly(amino-acids) are the component of different tissues and they are in vivo
hydrolyzed to produce non-toxic oligopeptides or amino acids. The poly(aspartic acid) and its
derivatives emerge among all poly(amino-acids) due to their easy synthesis and adaptable
functionalization comparing to the polymerization of other poly(amino-acids). These anionic
biopolymers are extensively used in a variety of biomedical applications such as drug carriers
or injectable hydrogels. Ring-opening reactions of polysuccinimide leads to an amphiphilic
poly(aspartic acid) derivative with both pH and redox sensitive properties. The polymer being
hydrophilic, drugs or active ingredients is encapsulated in the core of microcapsules via
hydrophobic interactions. The structural integrity of the microcapsules is preserved in a
neutral environment but when they are subject to acid or reducing substances, the
decomposition of the material starts and the drug release is achieved>112113 A nucleophilic
reaction on polysuccinimide can lead to polyelectrolytes and then open the way to a lot of
interesting in vivo applications'*3114, Poly(aspartic acid) (Figure 20c) is also widely used, like

other poly(amino-acids), in water treatment, paint additives and paper processing!®.
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1.4.1.4 Polyphosphoesters

Polyphosphoesters (PPEs) are one type of synthetic polymers with a phosphate ester
bond in the backbone. These polymers contain two substitution sites, R and R’, and following
the nature of R’, the PPE properties will change (Figure 20d). If the R’ = H it is a poly(phosphite),
if R’= alkyl or aryl moiety, it is called a polyphosphonate and if R’ = alkoxy or aryloxy, it is a
polyphosphate. In the 1970s, the study of this kind of polymers began with the work of
Penczek’s team and with time, different research groups bring to light various desirable
characteristics such as their biocompatibility, their physicochemical properties and their

versatility and flexibility!>108116,117,

Biocompatible polyphosphoesters can be synthetized via different ways, such as
polyaddition, polycondensation or enzymatic polymerization, based on nontoxic alcohol and
diols resulting in harmless and biocompatible hydrolytic products’®. Moreover,
polyphosphoesters have structural similarity with biomacromolecules such as DNA, RNA and
nucleic acids. The physicochemical properties are interesting comparing with polyesters
because the Tg is reduced thanks to the flexibility of the phosphate ester bond. Finally,
properties of these polymers can be tuned by changing the backbone structure or side chain.
The pentavalency of the phosphorus atom offers a large diversity of structures compared to

I”

the “classical” polyesters allowing to tune both the degradation and physicochemical
properties!>108116,118-120 Eqr example, the PPE with a methyl side group is soluble in water but
if the length of the alkyl side chain increases, the hydrophilicity decreases. The PPE with an
ethyl side group has a low critical solubility temperature in water (LCST = 45°C) and the PPE
with a propyl pendant group is insoluble in water!®. It is also possible to tune the crystallinity

of the PPE by increasing the backbone chain length or by modifying the pendant group'2%122,

Polyphosphoesters are already used as drug delivery systems for various applications
and thanks to their high versatility, their biocompatibility and their biomimicry, they have a
great potential in the medical field and especially for drug delivery applications7.123-125,
Recently, water soluble polyphosphoesters were even evidenced as good candidates to
replace the poly(ethylene glycol) (PEG) which can accumulate in the body and produce

immunogenic responses as hypersensitivity and the production of anti-PEG IgM antibodies!’.
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Figure 20 : Chemical structures of synthetic polymers used for drug-delivery

As highlighted in this chapter, microfluidic technique is a very powerful technique
allowing to formulate a wide range of microparticles with different characteristics and
functionalities. That is why this technique will become more and more significant in the near
future to produce commercially available DDSs even if it can be time-consuming to optimize

the formulation process.
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Aim of the thesis

As presented in Chapter |, the release kinetics of a drug encapsulated in a polymer-
microsphere depend on both the microsphere characteristics (shape, size, morphology,
porosity...) and the chemical composition (polymer structure, molecular weight,
hydrophilicity, glass transition temperature, crystallinity,...), which offers many levers to finely

adapt the release profile for a targeted therapeutic application.

This work aims to formulate innovative (bio)degradable, biocompatible and well-
defined drug loaded microspheres presenting advanced functionalities or abilities able to rule
the drug-release kinetics. To reach this goal, the microfluidic droplet generation technique is
selected as formulation process according to its high potential in terms of versatility,

reproducibility, controllability and high encapsulation efficiency.

— Water
X M +heat
N e B
. Dl =
NS N/

Figure 1 : Overview of the different challenges of the thesis
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For this purpose, improvement is imparted on commonly used drug delivery carriers
made of aliphatic polyesters, such as poly-D,L-lactic acid (PDLLA) or poly(e-caprolactone)

(PCL), microspheres already largely investigated in the biomedical field as drug carrier.

In Chapter Il, the increasing of the hydrophilicity, impacting the degradation rate, of
classical aliphatic polyester microspheres is investigated by incorporating polyphosphoesters
(PPEs) in particle matrix. Indeed, PPEs are biocompatible and biodegradable polymer
presenting tunable properties, as hydrophilicity, thanks to the lateral pendant chain, and are
synthesized through ring-opening polymerization similarly to conventional aliphatic
polyesters, enabling the synthesis of well-defined block copolymer PPE-b-PLLA . The
microfluidics formulation of microspheres made of copolymer is investigated and the impact
of PPE on the drug release kinetics and on the cytocompatibility are discussed and compared

with traditional aliphatic polyester microspheres.

The presence of a shell around the microspheres allows a constant release through
time with a decrease of the undesired burst effect. The development of a microfluidic process
allowing the formulation of core-shell microparticles, composed of a polyphosphoester shell
and an aliphatic polyester core is the topic of Chapter Illl. Due to the very low
polyphosphoester glass transition temperature (around -60°C), avoiding their direct
application as polymer shell, a strategy to allow an in-line crosslinking by UV radiation is set
up by the use of unsaturated poly(butenyl phosphate). The effect of the nature of the shell on

the release kinetics of a model molecule and on the cytotoxicity of the carrier is discussed.

The UV radiation can also be used to form a fully crosslinked polymer network to
implement functionality. In Chapter IV, this property will be exploited to formulate shape-
memory microspheres. The shape-memory property is the ability of a material to switch from
one stable macroscopic shape to another one under the action of a stimulus, mainly heat. In
the case of shape-memory microparticles, they find a potential application as embolization

agents (Figure 2).

46



Aim of the thesis

Figure 2 : Schematic principle of shape-memory microparticles for embolization: injection in the programmed
elongated shape through a microcatheter, recovery of the spherical shape by local heating, blocking further
blood supply.

A complete microfluidics process is successfully implemented to formulate UV-
crosslinked microspheres made of 4-arm star-shaped PCL functionalized with coumarins at
each chain-end. The ability of programming temporary shapes on these microparticles with

different deformation techniques is discussed and shape-memory properties are determined.

Moreover, shape-memory tests are realized on the core-shell microparticles

formulated in the Chapter lll, which could have a real interest for injected microparticles.

The thermal stimulus, required to induce the shape recovery, may pose problems for
biomedical applications so that an alternative approach is explored by the introduction of
magnetite nanoparticles finely dispersed into the matrix of the microspheres in order to
confer magnetic response and induce the shape-memory effect by application of a magnetic
field leading to Joule effect. Furthermore, another suitable stimulus for biomedical
applications able to induce shape-memory effect is water or moisture. When water penetrates
a material, it disturbs the polymer chains, triggering the shape-memory effect. This concept
was tested on a macroscopic hybrid network composed of PCL and poly(ethylene oxide),

detailed in Chapter V.

Finally, the Chapter VI is dedicated to a comprehensive discussion that aims to place

this work and its associated results within the broader context of sustainable development.
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Chapter Il : Accelerated drug-release from polylactide

microspheres by using polyphosphoester.

Controlled drug-delivery systems based on microspheres of degradable polymers
allows to decrease adverse effects caused by an important fluctuation of the drug
concentration, a higher drug efficiency and a better patient compliance. Different techniques
exist to formulate such drug loaded microspheres and amongst all of them the microfluidics
droplet generation emerges as the most powerful because of its high versatility, its excellent
reproducibility and especially its high controllability which allows to decrease the main
drawback of microspheres sustained release namely the burst effect. PDLLA (co)polymers are
the most commonly used degradable polyesters for this application allowing to modulate
sustained release from few weeks to several months, especially by controlling their
degradation rate by copolymerization with the less hydrophobic glycolide. Recently,
polyphosphoesters emerge as new kind of degradable materials showing strong promise for
drug-delivery applications. Moreover, the structure of these biocompatible polymers can be
easily adapted thanks to the pentavalency of the phosphorous atom allowing a remarkable
tunability of their physicochemical properties, typically hydrophilicity, or the introduction of
chemical functionalities. In the present work, we investigate the impact of adding a
poly(butenyl phosphate) component to polylactide microspheres formulated by microfluidic
techniqgue on the encapsulation efficiency and release profile of an active pharmaceutical
ingredient, namely budesonide compare to conventional PDLLA and PLGA microspheres as

reference. The absence of cytotoxicity of these innovative microspheres is also assessed.
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II.1 Introduction

Sustained and controlled drug delivery systems allow to decrease the potential adverse
effects, a higher drug efficiency and a better patient compliance’. These systems must be able
to achieve their purpose during a certain period of time before being eliminated from the
body either by degradation and renal filtration. Amongst all kinds of DDSs, degradable
polymer-based microspheres remain the most used and studied. Several parameters influence
the release of the active ingredient from the polymer matrix such as the degradation rate of
the polymer, the morphology of the particles, the solubility of the encapsulated drug and the

drug distribution in the particle.

One recurring problem with most of controlled drug delivery microspheres is the burst
effect occurring when a significant amount of the encapsulated drug is prematurely released
within a short period of time after systemic injection®. The most efficient way to minimize this
burst effect is to produce highly monodisperse particles. Indeed, the smaller particles of a
polydisperse sample release faster their active ingredient, compared to their bigger
counterparts, causing the burst effect®*. Today, amongst all existing techniques to produce
highly monodisperse microspheres with an excellent reproducibility and a minimum of waste,

the microfluidic droplet technology appears as the most relevant*?,

Different criteria must be considered when degradable materials are involved for
biomedical applications and were already discussed in the introduction. Biocompatible and
(bio)degragrable aliphatic polyesters, with a wide range of physical properties in terms of
crystallinity, mechanical stress and degradation time, are already successfully applied in a

wide range of biomedical applications, such as drug delivery carriers or in tissue engineering*-

14

The drug release from these microspheres can occur through different pathways,
notably by diffusion or upon degradation or erosion of the polymer matrix. Drug release
profiles are therefore highly dependent on polymer characteristics, particularly hydrophilicity,

crystallinity and free volume, as already discussed in the introduction!>16:17.18
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In this context, polyphosphoesters appear to be prime candidates for potentially
accelerating drug release from aliphatic polyester-based microspheres and have already been
successfully applied for the elaboration of drug loaded nanocarriers or hydrogels for drug-
delivery applications!®24 PPEs are characterized by a low Tg (=-60°C) with adjustable
hydrophilicity thanks to the length of the pendant alkyl chain?> granting a tunability of the
degradation rate’”*°. Furthermore, these PPEs are efficiently synthesized by ring-opening
polymerization, like conventional aliphatic polyesters, allowing the synthesis of well-defined

block copolymer by sequential copolymerization with D,L-lactide?®?’.

This work aims at reporting on the addition of poly(butenyl phosphate)-block-poly(L-
lactide (PBEP-b-PLLA) block copolymer PLLA microspheres formulation and to studied its
impact on the encapsulation of a model active pharmaceutical ingredient (API), namely
budesonide. These PPE/PLLA blend microspheres are formulated by microfluidic technique
and compared to PDLLA and PLGA microspheres formulated under similar conditions for the
sake of comparison. A size range between 50um and 100um is aimed because such
microspheres exhibit a release profile that is more sigmoidal compared to smaller particles,
which is more suitable for sustained release®. The impact of the PPE-based additive on API
encapsulation efficiency and release profile is reported, as well as the cytotoxicity evaluation

of these new microspheres.

1.2 Experimental section

11.2.1 Materials

2-Chloro-3-ox0-1,3,2-dioxaphospholane (COP, TCl), methanol (MeOH, VWR), calcium
hydride (CaH,, Aldrich), Ethyl acetate (AcOEt, Fisher), dimethylformamide (DMF, Fisher),
poly(vinyl alcohol) (PVOH, Mowiol 8-88, My, = 67 Kg/mol, Merck), poly(lactide-co-glycolide)
(75:25, My 76-115 Kg/mol, PLGA, Merck) and poly-L-(lactide) (Mn 20 Kg/mol, PLLA, Merck)
were used as received. L-Lactide (L-LA, Aldrich) was recrystallized 3 times in anhydrous toluene
before use and stored under inert atmosphere. 3-buten-1-ol (Aldrich), benzyl alcohol (Aldrich),

triethylamine (TEA, Aldrich) and 1,8 diazobicyclo[5.4.0]Jundec-7-ene (DBU, Aldrich) were dried
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over calcium hydride at room temperature, following by distillation under reduced pressure
just before use. Tetrahydrofuran (THF, VWR), toluene (VWR), dichloromethane (CH.Cl;, VWR)
were dried under molecular sieves. 1-[3,5-bis (trifluoromethyl)phenyl]-3-cyclohexyl-thiourea
(TU) was synthesized according to a described method 2°. Poly-D,L-lactide (PDLLA, Purasorb®
PDLO4, ninh= 0.4dl/g) was kindly provided by Corbion.

11.2.2 Synthesis of PBEP macroinitiator

925 mg (2.5 mmol) of TU was transferred in a round bottom flask and dried by three
azeotropic distillations with anhydrous toluene. 3 g (17 mmol) of BEP (synthesis reported
elsewhere?) was added in the flask containing the TU and the system was put under vacuum
during 15 min. After addition of 10mL of anhydrous CHCl,, 0.1mL of freshly distilled benzylic
alcohol (0.9 mmol) was added under N, atmosphere. The mixture was cooled down to 0°C and
0.4mL (2.6 mmol) of DBU was finally introduced under a N, atmosphere with a syringe
equipped with a stainless-steel capillary. The reaction medium was stirred at 0°C for 30 min.
After concentration of the solution under vacuum, the copolymer was precipitated in cold
diethyl ether. After decantation, the recovered copolymer was dissolved in methanol and
dialyzed against methanol (MWCO = 1 kDa) overnight in order to remove impurities. After
evaporation of methanol under vacuum, the copolymer was collected and characterized by

NMR and SEC analyses.

H NMR (CDCI3) 6= 7.5 (m, 5H, aromatic protons), 5.8 ppm (m, 15 H, —CH>—CH=CH,)
,5.1 ppm (m, 30 H, CH,=CH-CH3), 4.25 ppm (m, 90 H, 0—CH,—CH>—0 and O-CH;-CH,-CH=CH; of
BEP), 2.41 ppm (m, 30 H, O—CH>—CH,—CH=CHy)

31p NMR (CDCI3) 6=-1.36 ppm.

Mn(*H NMR) = 2700 g/mol, D = 1.5 (SEC).
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11.2.3 Synthesis of PBEP-b-PLLA

2.15 g (0.8 mmol) of PBEP macroinitiator and 450 mg (1.2 mmol) of TU were
transferred in a round bottom flask and dried by three azeotropic distillations with anhydrous
toluene. 4.1 g (28.4 mmol) of freshly recrystallized L,L-LA was added in the flask and the system
was put under vacuum during 15 min. After addition of 15mL of anhydrous CH,Cl,, the solution
was placed in a bath at 25°C and 0.6mL (0.4 mmol) of freshly distilled DBU was finally
introduced under a N> atmosphere with a syringe equipped with a stainless-steel capillary. The
reaction medium was stirred at 25°C for 20 min. After concentration of the solution under
vacuum, the copolymer was precipitated in cold diethyl ether and recovered by filtration and

dried under vacuum.

'H NMR (CDCls) 6= 7.5 (m, 5H, aromatic protons), 5.8 ppm (m, 15 H, —-CH,—CH=CH>) ,5.1
ppm (m, 30 H, CH2=CH-CH; + m, 82 H, CH-0), 4.25 ppm (m, 90 H, O—CH>—CH>-0 and O-CHg;-
CH,-CH=CH; of BEP), 2.41 ppm (m, 30 H, O—CH,—CH>—CH=CH), 1.55 ppm (d, 246 H, CH3)

31p NMR (CDCl3) 6= -1.37 ppm.

Mn(*H NMR) = 8600 g/mol, ® = 1.9 (SEC).

1.2.4 General microspheres formulation process by microfluidics

[1.2.4.1  First microfluidics device

Two 50mL syringes (Terumo) were filled with aqueous PVOH solution and placed in
Chemyx Fusion 4000-X syringe pump. The 10mL syringe (Braun) was filled with polymer
organic phase and placed in a Chemyx 6000-X syringe pump. Three 1/16” PFA tubing (IDEX
(1632L)) were connected to each syringe thanks to a 1/16” connector (IDEX XP-161) and a luer
adapter (IDEX P658). These three tubes were connected together in a cross-junction (IDEX
P722). The two aqueous tubes were connected perpendicularly to the organic phase tube. The
4t connection was the outlet pipe in PFA (Swagelock, PFA-T2-030-100). This fourth tubing was

connected to the cross-junction connection (ldex, XP-131) .
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Figure 1 : Microfluidic cross-junction used to formulate microspheres

1.2.4.2  Second microfluidics device

A Y-junction device, provided by Sirris (Figure 2), was used instead the cross-junction

for most of the experiments. All the tubing, pumps, connectors, syringes and adapters remain

exactly the same.

Aqueous flow

Organic flow

Outlet flow

7,62cm

5,08cm

Figure 2 : Microfluidic core-shell device used to formulate microspheres
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11.2.5 Formulation of PDLLA, PLLA and PLGA particles

Empty microspheres

Typically, 500 mg of PDLLA or PLGA was dissolved in 9.5 g of AcOEt and 500 mg of PLLA
was dissolved in 9.5 g of CH.Cl,. The polymer solution, freshly heated at 70°C for 30sec) was
then transferred in a 10mL syringe. A 2w% PVOH aqueous solution was transferred into two
50mL syringes. Once syringe drivers were set up, the system can run following the selected
parameters (listed in table 2). Microspheres were collected in a 250mL round-bottom flask
under gentle stirring containing a small amount of PVOH solution. Microspheres were then
washed three times with MilliQ water in order to remove all the PVOH stabilizer, dried by

freeze-drying before to be analyzed by scanning electron microscope.
Budesonide loaded particles

The formulation protocol is exactly the same excepted the addition of 100 mg of

budesonide in the polymer solution.

[1.L2.6  Formulation of 80:20 (PLLA: PBEP-b-PLLA), 45:55 (PLLA: PBEP-b-

PLLA) and PBEP-b-PLLA particles

Empty microspheres

For each formulation, a 500 mg of polymer mix was dissolved in 9.5 g of CH,Cl; and
transferred in a 10mL syringe. Two 50mL syringes were filled with a 5w% or a 2w% PVOH
aqueous solution. Once syringe drivers were set up, the system can run following the selected
parameters. Microspheres were collected in a 250mL round-bottom flask under gentle stirring
containing a small amount of PVOH solution. Microspheres were then washed three times
with MilliQ water in order to remove all the PVOH stabilizer, then they were freeze with liquid
nitrogen and placed on a lyophilizator at -48°C under a pressure of 0.5 mbar before to be

analyzed by scanning electron microscope.
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Budesonide loaded particles

The formulation protocol is exactly the same excepted the addition of 100 mg of

budesonide in the polymer solution.

11.2.7 Drug-loading (DL) and encapsulation efficiency (EE)

determination

A precise amount of microspheres (typically 5.0mg) were dissolved in 5mL of DMF and
then submitted to ultrasound for 30sec. Then, the solution was diluted 10 times with the
mobile phase (MeOH:H;0 35:65), filtrate on Acrodisc 0.2um filters, and the concentration of
budesonide was determined by High-Performance Liquid Chromatography (HPLC) method.
The HPLC equipment consisted of a Waters equipment composed of an Autosampler 2707, a
Controller 600 and a PDA 996. Briefly, budesonide concentration was analyzed using a Polaris
C18-A end-capped analytical column with particles of 5 um (L 250 mm, d.i. 4.6 mm) and a
mobile phase in an isocratic mode composed of a mixture of water and methanol (35/65 %
v/v) at a flow rate of 1 mL/min. 50 pL of the samples were injected at 30°C and the run time
was set to 15 min (detection wavelength was 245 nm) and the retention time was 11min. This

method was developed previously by the Brigitte Evrard’s group3%3?

Thanks to a calibration curve (calibration solutions consisted of 6 concentrations: 100,
20, 10, 5, 0.5 and 0.25 pg/mL) with a R?=0.999, it was possible to quantify the amount of
budesonide in the microspheres. Then, the DL and the EE can be calculated with these

formulae :

DL (%) _ (m loaded budesonide )X 100 ; EE (%) — (Experimental DL)X 100

Mmicroparticles Targeted DL

11.2.8 Drug-release kinetic analysis

Drug-release measurements were realized in triplicates for each sample (PDLLA, PLGA,
80:20, 45:55 and copolymer). A precise amount of each batch of microspheres (between 15mg
and 30mg) was placed in a 30mL centrifugation vial. 10 mL of PBS buffer 0.1M (pH=7.4)

56



Chapter Il : Accelerated drug-release from polylactide microspheres by using

polyphosphoester

containing 0.5w% of Tween 80 as surfactant were added in the vial before being transferred
in an incubator at 37°C. After 2h of release, all the solution was removed and collected in a
glass vial in order to be filtrated on Acrodisc 0.2um and analyzed by HPLC. 10mL of a fresh
buffer was then added in the centrifugation vial and the kinetic study continues. The release
medium analysis was performed after 2h, 4h, 6h, 24h, 48h, 72h, 1 week, 2 weeks, 3 weeks, 4
weeks and 6 weeks. After the kinetic point at 6h, 15mL of PBS buffer solution was added

instead of 10mL in order to be sure to stay in the SINC conditions.

11.2.9 Cytotoxicity assays

Bovine fibroblast (Bfb) cells and Human umbilical vein endothelial cells (HUVEC) were seeded
in 96 well plates at a concentration of 5000 cells per well. The plates were incubated for 72
hours after which different concentrations of each formulated microparticles (PLA, PLA +
Budesonide, PLGA, PLGA + Budesonide, PBEP-b-PLLA and PBEP-b-PLLA + budesonide)
suspensions were added. Suspensions were made at a concentration of 20.000 beads/mL by
adding to each formulated microparticles batch medium without any FBS or growth factors.
These suspensions were incubated for 24 hours at 37°C, 5% CO2. Prior to addition to the cells,
suspensions were centrifuged and supernatant was separated from the pellet. The pellet was
resuspended in culture medium. The plates were incubated with different concentrations of
resuspended beads (direct assay) or bead supernatant (indirect assay) for 24 hours at 37°C
and 5% CO2. Cytotoxicity was determined with a live/dead staining. In short, cells were stained
with Hoechst 33342 (3.25 uM) and Ethd-1 (650 nM) and imaged with a BD pathway 855 high
content analyzer. The images were analyzed with MetaXpress (Molecular Devices) software.
Viable cell number per well was calculated by subtracting the dead cells (Ethd-1 positive
nuclei) from all the cells (Hoechst positive nuclei) present in the wells. The average amount of
viable cells in the culture control wells (wells that underwent the same treatment as the

conditions) was set to 100% and the percentage of viable cells per condition was determined.
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[1.2.10 Characterization techniques

'H and 3P nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
Avance 400 apparatus at 25 °C at 400MHz in the Fourier-transform (FT) mode and using CDCls

as solvent.

The surface and the morphology of the formulated microspheres were characterized
by scanning electron microscopy (SEM) images recorded with a FEI Quanta 600 apparatus.
SEM pictures were used to determine the mean microspheres diameter and the polydispersity
of each sample. Typically, 50 microspheres of batch were analyzed by Imagel software in order
to calculate the mean diameter (d), the standard deviation (8) and the polydispersity (PDI)

index according the following equation.

Glass transition temperature (Tg) and melting temperature (Tm) were determined by
dynamic scanning calorimetry (DSC) on a TA Instruments DSC250. Approximately, a sample of
5.0mg was heating up to 200°C with a rate of 10°C/min, cooled down to 0°C with a rate of
10°C/min before being heated with a rate of 10°C/min . The Tg and T were recorded on the

second heating step.

I1.3 Results and discussion

11.3.1 Flow formulation of microspheres of aliphatic polyesters

Microfluidic technique (MF) enables the manipulation of microflows in microchannels
to produce uniform emulsion droplets. The principle is the same as the formation of an O/W
emulsion except that the internal phase is pushed in the continuous phase by a microchannel
system thanks to syringe pumps at constant-flow with an excellent flow rate control (Figure
3). The aqueous phase contains an emulsifier, the PVOH, at a concentration varying between
2w% and 5w% which is a common concentration found in the literature®32. The organic phase
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contains the polymer at a concentration of 5w% in ethyl acetate, which is a good solvent of
the PDLLA and is a class 3 solvent which is compatible if biomedical applications are aimed.
These solutions were pushed in different capillaries and arrive in a cross-junction in which
microdroplets of organic solution were formed by shearing and capillary forces. The aimed
microspheres size must be in the 50um to 100um range to have a more suitable sustained

release.

Based on reported works, the selected size of the cross-junction device and accessible
flow rates of the pumps were suitable to target this particles size range3?-34. Once the droplet
was formed in the tubing, the ethyl acetate can leave the droplet thanks to its partial
miscibility with water and at the end of the formulation process, completely solid

microspheres were recovered.
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Figure 3 : Scheme of the microfluidic devices used for formulations: A) Cross-junction and B) Y-junction devices

Microspheres formulation was first tested with commercially available PDLLA in order
to determine the impact of the surfactant flow rate on the droplet size. The concentration in
PDLLA in the AcOEt solution equals 5wt% with a flow rate fixed at 0.025mL/min and the

concentration of the PVOH in the aqueous phase was 2wt% with a flow rate varying between
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0.25mL/min and 1mL/min for both PVOH aqueous solution inlet. The results as well as the

formulation conditions are listed in Table 2.

Table 1 : Formulation parameters used for PDLLA microspheres formulation with the cross-junction microfluidic

device and diameter and PDI of the collected microspheres determined by SEM analysis.

PVOH PVOH Polymer Polymer Mean
Entry concentration flowrate concentration flow rate size PDI

(wt%) (mL/min) (wt%) (mL/min) (um)
1 2 0.5 5 0.025 155.1 9.3*10%
2 2 1 5 0.025 130.6  8.7*10*
3 2 5 0.025 98.6 5.1*10°3
4 2 0.5 5 0.05 165.6 1.2*%102
5 2 1 5 0.05 1355 4,6%10°3
6 2 5 0.05 103.5 2.3*10°3
7 5 0.5 5 0.025 84.7 3,6*107
8 5 5 0.025 63.4 1,7*%102
9 5 5 0.025 47.1 1,4*%102
10 2 0.5 2 0.025 109.9  3,3*10?
11 2 1 2 0.025 88.3 1,3*%102
12 2 2 2 0.025 70.1 4*103

A microsphere sample is considered as monodisperse if the PDI is below 0.1%. With the
cross-junction flow droplet generation system, all collected particles exhibit remarkable
monodispersity with a PDI far below 0.1 (Table 2). Interestingly, increasing the surfactant flow
rate decreases the microspheres size as illustrated by Figure 4 and Table 2, which was
explained by the increase of shearing forces at higher flow rates leading to earlier droplet

separation which is in line with other studies3236,
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Figure 4 :SEM images of PDLLA particles formulated from a 5wt% solution in AcOEt (flow rate 0.025mL/min.) with
2wt% PVOH aqueous solution in a cross-junction device with a flow rate of a) 0.5mL/min; b) 1mL/min and c)

2ml/min

Increasing polymer flow rate to 0.05mL/min slightly increases the particles size (Table
1, entries 4-6). In that case, the PDI increases which can be explained by the change of droplet
formation regime from a dripping to a jetting regime when the flow rates of both the

continuous and the discontinuous phases become closer?”.

Smaller particles were obtained at higher concentration of emulsifier (Table 1, entries
7-9) due to the reduction of the interfacial tension between the organic and the aqueous
phases leading to the stabilization of smaller droplets 3%3°. In this case, PDI increases but
remains well below 0.1. Finally, decreasing the PDLLA concentration in the organic phase from
5wt% to 2wt% leads to smaller particles ranging from 70 to 110um (Table 1, entries 10-12).
Indeed, with higher polymer concentration, the saturation state of the polymer in the solvent
is more easily reached and favor a faster precipitation restrict the droplets shrinkage, resulting

in larger microspheres®?.

Considering all the collected results, the optimum conditions to formulate
microspheres presenting the lowest PDI were 5wt% polymer solution with a flow rate of
0.025mL/min coupled with a 2wt% continuous phase. With these conditions, the size of the
monodispersed particles is between 100 and 155um depending on the flow rate of the
emulsifier aqueous phase (Table 1, entries 1-3). These sizes were slightly higher than the

targeted ones. Therefore, a Y-junction microchip was then considered.
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When these optimized conditions were applied to the Y-junction microfluidic device
(Figure 2), i.e. having a smaller angle between the aqueous and organic phases channels (45°
instead of 90°) the particles were smaller (Entries 1-3 of tables 2 and 3). This is explained by
the additional horizontal component of the aqueous flow in this microchip geometry which
makes easier the droplets separation leading thus to smaller droplets generation and smaller
particles formulation®. The flow rate of the aqueous phase was exactly the same for each

syringe.

The PDI remains very low with this device and the particles size is controlled between
55 to 70um by adjusting the aqueous phase flow rate which fits perfectly with the targeted

values. Therefore, this Y-junction device will be selected for all the following experiments.

Table 2 : Formulation parameters used for microspheres formulation with the Y-junction microfluidic device the

PVOH concentration equals 2w% and the organic flow rate equals 0.025mL/min for each formulation process.

PVOH . . Polymer/API .
Entry flow rate Aliphatic concentration Size PDI
(mL/min) polyester (Wt%) (um)
1 0.5 PDLLA 5/0 71.1 3.5*10°3
2 1 PDLLA 5/0 69.1 2.5%103
3 2 PDLLA 5/0 55.7 3*10°3
4 0.5 PDLLA 5/1 113.7 2.5*10°3
5 1 PDLLA 5/1 78.0 3.5*103
6 2 PDLLA 5/1 69.8 6.2*103
7 1 PLGA 5/0 46.5 8*1073
8 1 PLGA 5/1 71.7 2.5*10°3
9 1 PLLA 5/1 71.5 5.1*103
10 1 PLLA 5/1 72.8 9.8*%10%
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11.3.2 Formulation of PDLLA microspheres with budesonide

The optimized formulation conditions were then applied for the encapsulation of an
APl in PDLLA microspheres. Budesonide was chosen as the API because it is a drug commonly
used as an anti-inflammatory that has already been encapsulated in PLGA and PLA%3,
Advantageously, this APl is soluble in AcOEt and is easily quantified by HPLC analysis. The
polyester concentration was kept constant at 5wt% and 1wt% of budesonide relative to the

polymer was added. This corresponds to a maximum drug loading of 16.7wt%.

In presence of budesonide, the same trend was observed: higher is the flow rate,
smaller are the particles. Nevertheless, the particles size was increased by the addition of the
API| due to the increasing of solid compound dissolved in each microdroplet. Controlling the
aqueous solution flow rate from 0.5 to 2 mL/min allows to reach monodispersed particles with
a size in the range between 70 and 115um (entries 4-6, Table 2). The microspheres of entry 5
being in the targeted size range (between 50 and 100um), they were selected to further

determine the drug loading (DL) and encapsulation efficiency (EE) by HPLC dosing.

For this purpose, 5.0 mg of Budesonide loaded PDLLA microspheres (Entry5, Table 3)
microspheres were dissolved in DMF and diluted 10 times with the HPLC mobile phase
(MeOH/H20; 35/65 in volume). After the analysis and quantification according, the calibration
curve generated by successive dilution of a Budesonide solution in the HPL mobile phase, a DL
of 11.8% * 0.3% and an EE of 71% + 1.8% were determined for the PDLLA microspheres
formulation (entry 5, Table 3) which is in line with reported data for different encapsulation

techniques*#4,

11.3.3 Formulation of PLGA particles with and without budesonide

In order to determine the impact of the nature of the microsphere matrix on the DL
and EE of Budesonide, PLGA microspheres were formulated in the same conditions as

previously applied to PDLLA microspheres formulation (Table 3, entries 7-8). Indeed, PLGA is
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known to degrade faster than PDLLA due to higher hydrophilicity which may have also an

impact on Budesonide encapsulation.

As previously observed and discussed, the Budesonide loaded PLGA microspheres
were highly monodispersed and perfectly spherical with a size similar to Budesonide loaded
PDLLA microspheres obtained with the same formulation conditions,. The DL was equal to
10.6% £ 0.03%, corresponding to an EE of 64% * 0.2%, which was slightly smaller than for
PDLLA. Nevertheless, this is in the range of previously reported data on the encapsulation of

budesonide in PLGA*34>46,

11.3.4 PBEP-b-PLLA copolymer microspheres

In order to increase the hydrophilicity of the formulated PLGA and PDLLA
microspheres, and thus their degradation rate, the addition of biocompatible and hydrophilic
polyphosphoester polymers (PPE) was investigated (scheme 1). For this purpose, PBEP bearing
a butenyl side chain was selected amongst the wide diversity of phosphoesters reported in
the literature for its moderate hydrophilicity brought by a four-carbon unsaturated side-chain.
Moreover, the unsaturation makes possible additional w-interactions with the APl which could
enhance the drug-loading and the encapsulation efficiency. Since the PBEP homopolymer is
amorphous and has a T of around -60°C, its direct addition into microspheres is impossible as
it will flow out with time leading to particle aggregation. PBEP was therefore combined with a
PLLA block to bring crystallinity to the copolymer, converting the viscous liquid PBEP into a
plastic diblock at room temperature and so enabling the potential formation of stable

microspheres.

The copolymer synthesis was inspired from literature data. The PBEP block was firstly
synthesized by ROP of the BEP monomer in CHxCl in the presence of TU/DBU catalytic system
using benzylic alcohol as initiator. Then, it was used as macroinitiator to polymerize L,L-Lactide
in similar conditions. After 20min, the copolymer was recovered by precipitation and dried
before being used for microspheres formulation. The expected structure was confirmed by

'H-NMR (Figure S1) giving the composition of 31wt% of PBEP and 69wt% of PLLA. The block
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structure was confirmed by the shift of the SEC peak towards higher molar mass after addition

of the LLA monomer (Figure S2).

Scheme 1 : Structure of the polyphosphoester-polyester diblock copolymer

DSC analysis performed on the synthesized PBEP-b-PLLA copolymer with a 39:61
composition shows only one Tg of 16.5°C and a Tm of 177°C with a crystallinity rate of 1%
(Figure S3). The single T which is intermediate to that of the two homopolymers indicates
that the PBEP segment is miscible with PLLA. The introduction of the PBEP segment thus
lowers the Tg; of the pure PLLA and decreases the crystallinity rate. However, at this
composition, the copolymer is a solid at room temperature even if the crystallinity rate is low

and the Tg at 16.5°C, which make it suitable for microspheres formulation.

The Y-junction microfluidic device was thus used to formulate the block copolymer.
This copolymer being not soluble in AcOEt, CH,Cl, was used as organic phase. Different
formulation conditions were tested varying the solutions flow rates and concentrations. The

results are reported in Table 4.
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Table 3 : Formulation conditions used for the microfluidic of PBEP-b-PLLA copolymer microspheres by using Y-

junction chip.

Copolymer
PVOH PVOH  Copolymer/ApP|? P y )
) . solution Size
Entry concentration flow rate concentration PDI
. flow rate  (um)
(wt%) (mL/min) (wt%) .
(mL/min)
1 2 2 5/0 0.025 442 7.2*10°3
2 2 1 5/0 0.025 58.9 1.6*10?
3 2 2 5/0 0.0125 49.2 8.4*103
4 2 1 5/0 0.0125 39.6 2.3*102
5 5 2 5/0 0.025 32.3  1.1*107
6 2 2 5/1 0.025 / /
7 5 2 5/1 0.025 46.6 3.4*107

(1) Copolymer concentration in DCM

(2) API content relative to the copolymer

For most conditions, well-defined and highly monodisperse microspheres of PBEP-b-
PLLA were successfully obtained presenting comparable size to polyester microspheres
previously described, except for the formulation conditions with an emulsifier equal to 5wt%
(Figure 5a and b). However, the addition of Budesonide in the copolymer organic phase led to
the formation of highly polydisperse, porous and destroyed microspheres (entry 6, Table 4
and Figure 5c), suggesting that they were not enough stabilized by the PVOH 2wt% continuous
aqueous phase. Increasing the PVOH concentration to 5wt% improved the microspheres
stability; particles with a size of 46.6pum and a PDI of 3.4*102 were collected (Figure 5d) and

turned to be non-porous which is an important parameter to control the sustained release.
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Figure 5 : SEM images of copolymer microspheres without budesonide: a) PVOH 2wt%; b) PVOH 5wt%. and with
budesonide: c): PVOH 2wt%; d): PVOH 5wt%.

11.3.5 Microspheres formulation based on blends of PLLA and PBEP-b-

PLLA

As mentioned above, there is a full miscibility between PLLA and the PBEP-b-PLLA
copolymer. Therefore, the glass transition temperature of the microspheres could be tuned
by varying the composition of blends between commercially available PLLA and the PBEP-b-

PLLA. So, the impact of the Tg on the drug loading and release profile could be investigated.
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Table 4: Thermal properties of the pure PBEP-b-PLLA copolymers and two blends with PLLA as determined from
DSC traces. The crystallinity ratio is determined for per gram of polymer and not only for the PLLA part with a

AHme/ting =123 J/g

PBEP-b-PLLA/PLLA T¢ (°C) Tm (°C) Crystallinity ratio (%)
100:0 17 177 1.5
55:45 30 160 25
20:80 43 164 37

The two PLLA/PBEP-b-PLLA blends with composition of 45:55 (45w% of PLLA and 55w%
in copolymer) and 80:20 were prepared by mixing both materials in DCM followed by solvent
evaporation. These compositions were selected so that the resulting Tg surround the body
temperature. Indeed, applying the Fox equation, these blends should exhibit a Tg of 32°C and
49°C respectively. DSC analysis of these blends shows a Ty of 30°C and 43°C, respectively
(Figure SI3 and Table 5), which is in good agreement with the predicted values. DSC also

reveals an increase of the blend crystallinity degree while increasing the PLLA content.

Microspheres of both blends containing budesonide were formulated in the same conditions

as the pure copolymer, as summarized in table 6:

Table 5 : Formulation parameters for the production of microspheres of the two different blend compositions

the PVOH concentration =2w% with a flow rate = 2mL/min.

Blend/API Polymer/API
PLLA/PBEP-b- i i
Entry concentration flow rate Size (um) PDI
PLLA blend .
(wt%) (mL/min)
1 45:55 5/1 0.025 50.6 3.9*10°3
2 80:20 5/1 0.025 59.8 6.7*%103
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Figure 6 : SEM images of PLLA:/PBEP-b-PLLA blend microspheres with budesonide. (Left 45:55 and right 80:20)

DSC analysis were also performed on the Budesonide loaded blend microspheres. The
incorporation of the Budesonide leads to significant shifts of the Tz of 10°C for 80:20
microspheres (Tg 53.2°C) and about 18°C for the 45:55 blend (Tg 48.2°C). This anti-plasticizing
effect induced by the budesonide could traduce a strong interaction of this APl with the
polymer chains of the blend. The impact being stronger for the 45:55 blend, the PBEP block
appears particularly involved in these interactions. Accordingly, the crystallization of the
blends involving PLLA chains, appears less affected by the presence of Budesonide. A melting
temperature was still measured between 165°C and 170°C and the crystallinity rate reaches
45% for the 80:20 and 30% for the 45:55 formulated microspheres. The drug-loading and the
release kinetic were then determined for all the three types of microspheres containing the

PBEP. The results are gathered in Table 7.
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Table 6 : Drug-loading and encapsulation efficiency for the different microspheres. The first column refers to the

table and entry giving the formulation conditions applied to prepare the particles.

Table / Type of Solvent Size PDI Drug-loading Encapsulation
entry microspheres (um) (%) efficiency (%)
3/5 PDLLA AcOEt 780 35%10° 1918403 71+1.8
3/8 PLGA AcOEt 717 25%10%  196+0.03 64+0.2
3/9 PDLLA CH,cl, 715 51*10° 97403 55+1.8
3/10 PLLA CH,Cl, 728 9.8%10% 93104 56 +2.3
4/5 PBEP-b-PLLA  CH.Cl, 46.6 3.4*102 9.7 +4*103 58 + 0.02
5/1 Blend 45:55 CH.Cl, 50.6 3.9*1073 9.3+0.1 56 + 0.6
5/2 Blend 80:20 CH.Cl, 59.8 6.7*10°3 8.5+0.2 51+1.3

In order to complete the comparison, PLLA and PDLLA microspheres were also
formulated in dichloromethane (DCM) following the same procedure. One can observe from
Table 7 that the encapsulation efficiency was lower when the formulation was performed in
CHCl; rather than in AcOEt. This shows that the decrease of EE can be at least partly
accounted for the solvent used for the formulation which requires different purification
procedures. AcOEt is partially miscible to water and it is extracted in the aqueous phase very
gently during the formulation step. Therefore, a simple filtration allows to collect the
microspheres free from the organic solvent. In contrast, DCM is completely immiscible with
water so that the microspheres remain swollen by DCM after filtration. Therefore, an
additional evaporation step is required to remove it. This has been performed either under
the fume hood at room temperature overnight or by rotavapor under reduced pressure at RT
for 5 min. During this process, the budesonide can be partly extracted with the CH,Cl,. The
encapsulation efficiency determined for microspheres purified by each extraction methods
evidenced that both methods were quite equivalent (EE=54% by rotavapor and EE=55% under

fume hood).
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Remarkably, the incorporation of polyphosphoester in the polyester matrix does not
influence the DL compared to 100% polyester microspheres. In fact, microspheres composed
of 100% copolymer perform even better. The drug-loading and the encapsulation efficiency
of microspheres containing polyphosphoester in their matrix were similar. A slight decrease
was observed when the proportion of PLLA increases. This decrease can be attributed to the
higher crystallinity of the matrix. Essentially, the active ingredient is primarily encapsulated in
the non-crystalline region of the microsphere, while the crystalline region acts as a barrier for

the drug®1®,

11.3.6 Kinetics release profiles

Release profiles of the three types of microspheres containing various amounts of
PBEP-b-PLLA were compared to the one of PDLLA and PLGA in the Figure 7. Clearly, the
addition of the polyphosphoester to the polyester increases tremendously the drug-release
rate. Even with a very small proportion of PBEP, as in the blend 80:20, where PBEP represents
no more than 6.2wt% of the microspheres, the drug-release was much faster. The enhanced
hydrophilicity of the PBEP backbone, when compared to polyester, along with its lower glass
transition temperature (Tg) which increases free volume, accelerates the drug release
mechanism through diffusion. Being more hydrophilic, the water can easier penetrate in the
microspheres and extract the budesonide. Moreover, the Ty of the copolymer (16.5°C) is
below the temperature of the release medium (37°C) and then the polymeric chains are very

flexible which can favor again the diffusion of the API.
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Figure 7 : Budesonide release profiles a) over 6 weeks b) during the first 48h from the different microspheres
prepared by microfluidic.
Figure 7b illustrates the drug release patterns during the initial 48 hours. When

examining the microspheres containing PBEP, the release profiles of budesonide exhibit some
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variations. In the case of microspheres composed of 100% copolymer, the budesonide was
rapidly released within less than 6 hours, whereas complete release takes place over the
course of 48 hours for the other two compositions. Consequently, depending on the specific

composition, the drug release kinetics can be adjusted to occur within a range of 6 to 48 hours.

11.3.7 Cytotoxicity assays

Cytotoxicity assays were performed to confirm the absence of toxicity. Different

cytotoxicity tests were performed by direct or indirect contact between cells and by using two

different primary cell types.

The first assay by indirect contact is reported on the figure 8 for bovine fibroblast and HUVEC

cells.
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Figure 8 : Cytotoxicity tests by indirect contact between a) bovine fibroblasts or b) HUVEC and formulated
microspheres
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The Figure 8 shows that bovine fibroblasts as well as HUVEC cells were viable for all formulated
microparticles. The cytotoxicity is slightly higher for the microspheres containing the
copolymer at a 10.000 mg/mL concentration on HUVEC. This decrease in viability is caused by
the budesonide that was faster released from these microspheres (Figure 7) and has more

cytotoxic impact on HUVEC cells than on Bfb (Figure 9).
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Figure 9 : Budesonide cytotoxicity tests on a) bovine fibroblasts and b) HUVEC
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Cytotoxicity tests by direct contact between fibroblasts or HUVEC are shown in Figure 10.
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Figure 10 : Cytotoxicity tests by direct contact between a) fibroblasts or b) HUVEC and formulated microspheres.

The results indicate that the microparticles containing the PBEP-b-PLLA copolymer, both with
and without budesonide, exhibit a higher cytotoxic effect at a concentration of 10,000 mg/mL.
This could be explained if it remains some DBU traces after the precipitation of the copolymer
in diethyl ether. To address this issue, a second precipitation step could be implemented to
ensure the complete removal of all DBU traces. Furthermore, additional cytotoxicity tests
should be conducted using newly formulated microparticles to validate this hypothesis and

assess their safety.

1.4 Conclusions

Polylactide microspheres containing different amount of polyphosphoester and a
model active pharmaceutical ingredient were successfully formulated by microfluidic droplet

generation technique. These particles, as well as microspheres formed with classical
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polyesters, were monodispersed and reproducible. The drug-loading and the encapsulation
efficiency were quite similar to the ones of polyesters microspheres formulated in the same
conditions. In contrast, the drug-release profiles were deeply impacted by the microspheres’
composition, the PBEP being responsible of a tremendous fastening of the release. This kind
of release profile is interesting if the patient has a crisis, such as a Crohn’s disease crisis.
Nevertheless, after 48h, the patient must take another dose if he has another crisis. But if
these copolymer microspheres are blended with PLGA or PDLLA microspheres a biphasic
profile release could be obtained. Indeed, there would be a fast release followed by a

sustained release during weeks, preventing other crisis.

The cytotoxicity is higher on more sensitive HUVEC. The indirect contact test between
microspheres and HUVEC suggest that the budesonide cause some toxicity and the direct
contact tests suggest that the copolymer induce cytotoxicity which can be due to remaining

DBU traces.

In order to enhance the encapsulation efficiency, one approach to consider is the
addition of KH;PO4 to the continuous phase. This addition has the potential to increase both
the drug-loading and the EE %7, thus enabling the achievement of a consistent drug-loading

percentage across all formulated microspheres.
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Chapter lll : Poly(phosphoester) core-shell microspheres as

tunable degradable drug-release vehicles.

The use of core-shell microspheres for drug-delivery is one promising strategy to
improve therapeutic outcomes and minimize side effects. Indeed, the shell protect the drug
against moisture, UV irradiation, heat or oxidation. The addition of a shell can also improves
the drug-loading efficiency and can limit the burst effect of the drug. Different techniques are
already used to produce core-shell microspheres but amongst them, droplet microfluidic
generation technique is the most powerful one to have reproducible and monodisperse
microspheres. Aliphatic polyesters such as poly(D,L-lactide) or poly(e-caprolactone) are widely
used to produce drug-loaded degradable microspheres, allowing to modulate sustained
release from few weeks to several months, especially by controlling their degradation rate by
copolymerization with the less hydrophobic glycolide. Nowadays, polyphosphoesters are a
new kind of degradable materials showing strong promise for drug-delivery applications.
Being biocompatible, their structure can be easily adapted thanks to the pentavalency of the
phosphorous atom allowing precise tunability of their hydrophilicity or chemical functionality.
In this work, the formulation, by microfluidic technique, of different core-shell microspheres
loaded with acetylsalicylic acid is optimized. These microspheres have a PDLLA or a PCL core
and a poly-(butenylphosphate) shell. Finally, the drug-loading, the encapsulation efficiency
and the drug-release profile are determined and the results are compared with PDLLA

microspheres with and without a PDLLA shell.
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1.1 Introduction

The field of drug delivery has witnessed remarkable advancements over the years,
aiming to improve therapeutic outcomes and minimize side-effects associated with
conventional drug administration. One promising strategy that has emerged is the use of core-
shell microspheres for drug delivery?. These microspheres offer a versatile and efficient
platform for controlled release, targeted delivery, and protection of drugs, thereby
revolutionizing the field of pharmaceuticals. The core shelling protects the drug against
moisture, heat, ultraviolet radiation or oxidation and enable a higher encapsulation
efficiency'™. Besides, the shell allows also the release of the active compound which is kept
constant through time and also avoid or decrease the burst effect encountered in some cases
which is useful for the long-term treatment of several diseases such as asthma, angina or
psychiatric disorders>2. The core part can be liquid, gas or solid whereas the shell is usually
solid. Hollow internal microspheres are used as an encapsulation vehicle to secure biologically
active compounds such as proteins, enzymes and DNA in controlled drug release’. If the core
is composed of a liquid or a gas, it is usually called a microcapsule allowing to encapsulate and
protect, with a better encapsulation efficiency, a hydrophilic compound in a hydrophobic shell
or to trap two incompatible substances, one in the aqueous core and the other in the lipophilic
shell. For example, core-shell particles containing two anticancer drugs, hydrophilic
doxorubicin hydrochloride in the aqueous core and hydrophobic paclitaxel trapped in the
shell, are formulated easily’. Nevertheless, a burst release can appear when the shell is
degraded and the liquid core is exposed to the outer medium. A solid core structure coated
with a shell layer erases this problem because the release of the inner drug appears only after

the degradation of the inner polymer”.

A wide range of techniques, including polymerization, spray drying, solvent
evaporation and self-assembly, have been used for the fabrication of core-shell structures.
Within these physical and chemical methods, there is a growing demand for the controlled
generation of monodisperse core-shell microspheres with a narrow size distribution. The

properties of core-shell microspheres, such as their size, morphology and structure, exert a
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significant influence on their applications. However, achieving the desired size distribution of
core-shell microspheres using conventional methods has long been a major challenge. These
traditional approaches often result in core-shell particles with high polydispersity, while also
offering limited control over morphology and exhibiting poor reproducibility. Recently,
significant advancements have been made in the development of core-shell drug carrier
particles due to their unique characteristics. In addressing the aforementioned issues,
microfluidics has emerged as a promising solution. Microfluidics has been extensively
developed and holds great potential for overcoming the challenges associated with traditional
methods, enabling enhanced control over particle size distribution, morphology, and
reproducibility. Moreover, the UV-irradiation during the flow formulation process, in order to
crosslink polymer for example, is also easily accessible!®*2, This advancement has paved the
way for the production of core-shell microspheres with specific attributes, making

microfluidics a valuable tool in the field of core-shell drug delivery systems®>7:913,14,

PLGA polymers are well-known synthetic biomaterials approved by the U.S. Food and
Drug Administration (FDA) and the European Medicines Agency (EMA) for their
biodegradability, biocompatibility and ease of property manipulation. These polymers, along
with other biocompatible and biodegradable materials such as PLA and PCL, have been used
as matrix materials for encapsulating and controlling the release of lipophilic drugs. The drugs
are incorporated into microspheres formed through emulsification and consolidation of the
polymer-drug solution. These microspheres exhibit sustained release of lipophilic drugs as the

polymers gradually degrade through hydrolysis in the presence of water®1>.

Polyphosphoesters represent another category of polymers that are biocompatible
and degradable. These polymers, already used as micellar nanocarriers or hydrogels for drug-

1622 are characterized by a low T (-60°C) and can be easily adjusted in

delivery applications
term of hydrophilicity thanks to the length of the alkyl side-chain?32* with a consequence that
the degradation rate is also tunable'®'6. Moreover, they present the advantages to be easily

crosslinked by introducing vinyl moieties in the side chain?*.
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In this chapter, the formulation by microfluidics of core-shell microspheres composed
of a polyester core (PLA or PCL) and a crosslinked polyphosphoester shell is investigated
(Figure 1A). The PPE, being viscous at RT, the poly(butenyl phosphate) (PBEP, Figure 1B)

bearing a butenyl side-chain is selected for the shell to be crosslinked under UV irradiation.

Firstly, the core of these microspheres is loaded with a drug, the acetylsalicylic acid
(Aspirin) which is an anti-inflammatory drug used to reduce pain or fever. The impact of the
PPE shell on the encapsulation efficiency and the drug-release profiles is studied. The

cytotoxicity of these core-shell microspheres is also evaluated.

Crosslinked PBEP shell

by
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Figure 1 : A) Sketch of the targeted core-shell microspheres and B) structure of the selected PPE.

lll.2 Experimental section

I11.2.1  Materials

2-Chloro-3-ox0-1,3,2-dioxaphospholane (COP, TCl), calcium hydride (CaH, Aldrich),
Irgacure (>98%, TCl), methyl red (Aldrich), concentrated phosphoric acid (Janssen chimica,
P.A., 85w%), acetonitrile (>99.9%, Fisher), methanol (MeOH, VWR), ethyl acetate (AcOEt,
Fisher), dimethylformamide (DMF, Fisher), poly(vinyl alcohol) (PVOH, Mowiol 8-88, My, =
67,000g/mol, Merck) and poly(e-caprolactone) (CAPA 6400, PCL-20H, M, = 37.000 g/mol,
Perstorp), are used as received. 3-buten-1-ol (Aldrich), benzyl alcohol (Aldrich), triethylamine
(TEA, Aldrich) and 1,8 diazobicyclo[5.4.0]Jundec-7-ene (DBU, Aldrich) are dried over calcium
hydride at room temperature, following by distillation under reduced pressure just before use.

Tetrahydrofuran (THF, VWR), toluene (VWR), dichloromethane (DCM, CH,Cl;, VWR) are dried
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under molecular sieves. TU (thiourea) is synthesized according to a described method?*. Poly-

(D,L-lactide) (PDLLA, Purasorb PDL04) was kindly provided by Corbion.

[11.2.2  Synthesis of PBEP

420 mg (1.1 mmol) of TU and 50mg (0.52mmol of OH) of tetraethylene glycol are
transferred in a round bottom flask and dried by three azeotropic distillations with anhydrous
toluene. 5 g (28 mmol) of BEP, the synthesis is reported elsewhere?, is added in the flask
containing the TU and the system is put under vacuum during 15 min. After addition of 20mL
of anhydrous CH;Cl,. The mixture is cooled down to 0°Cand 0.4mL (2.6 mmol) of DBU is finally
introduced under a N, atmosphere with a syringe equipped with a stainless-steel capillary.
The reaction medium is stirred at 0°C for 30 min. After concentration of the solution under
vacuum, the polymer is precipitated in cold diethyl ether and recovered by decantation before
being characterized by NMR and SEC analyses.

'H NMR (CDCI3) 6= 5.8 ppm (m, 76 H, —=CH,—CH=CH>) ,5.1 ppm (m, 152 H, CH,=CH-CH>), 4.25
ppm (m, 456 H, O—CH,—CH>—0 and O-CH,-CH>-CH=CH; of BEP; 4H, P-O-CH;- TEG), 3.71 ppm (t,

4H, P-O-CH,-CH»-O TEG), 3.64 ppm (t, 8H, O-CH2-CH»-O TEG), 2.41 ppm (m, 152 H, O—CH»—
CH,—CH=CH,)

31p NMR (CDCI3) 6=-1.36 ppm.
Mn(*H NMR) = 14000 g/mol, © = 1.3 (SEC).

I11.2.3  Microfluidics formulation of the core-shell microspheres

The formulation of core-shell particles requires the preparation of two organic

solutions and one aqueous solution:

Organic solution 1 (core): 5w% PDLLA solution containing acetylsalicylic acid is
prepared by dissolving 250mg of PDLLA and 50mg of acetylsalicylic acid in 4.75g of AcOEt.
Similarly, the 5w% PCL solution containing acetylsalicylic acid is prepared by dissolving 250mg

of PCL and 50mg of acetylsalicylic acid in 4.75g of AcOEt.
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Organic solution 2 (shell): 5w% PBEP solution is prepared by dissolving 250mg of PBEP

(1.4mmol) and 16mg of Irgacure (0.7mmol) , the photosensitizer, in 4.75g of AcOEt.

Aqueous solution: 10w% of a PVOH stock solution is prepared by dissolving 100g of
PVOH in 900g of MilliQ water. 2w% and 5w% PVOH solutions are prepared by dilution of this

stock solution.

One 50mL syringe (Terumo), is filled with the aqueous solution and placed in Chemyx
Fusion 6000-X syringe pump. Two 5mL syringes (Hamilton) are filled with the organic phases
1 and 2 and they are placed in a Chemyx 4000-X syringe pump. Three 1/16” PFA tubing (IDEX
1632L) are connected to each syringe thanks to a 1/16” connector (IDEX XP-161) and a luer
adapter (IDEX P658). These three tubes are connected to a core-shell device provided by Sirris
as described on Figure 2. The last connection is the outlet pipe composed of PFA ( Swagelock,
PFA-T2-030-100). This fourth tubing is connected to the device with a XP-131 connection (
IDEX) and has a length of 200cm that allows the irradiation by UV light (Figure 2 and Figure 3).
This homemade UV device is composed of four pylons with 4 LEDs (operating at 365nm). Each
LED has a power of 1.76W and they are fabricated by AMS OSRAM. The tubing length being
equal to 2.0m and the internal diameter being equal to 1.6mm, the internal volume is equal
to 4.0mL. The irradiation time depends on the selected flow conditions. Subsequently, the
microspheres are collected in a 250mL round-bottom flask under gentle stirring, which
contained a small amount of 5w% PVOH solution. To remove any excess of PVOH, the
microspheres underwent three washes with MilliQ water. After the washing steps, they are
transferred to a 30mL vial and dried in a vacuum oven at 30°C, enabling subsequent analysis

using a scanning electron and optical microscope.
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Aqueous flow

Core flow

7,62cm

Outlet flow

Figure 3 On line irradiation set-up to crosslink the PBEP shell of the microspheres

1.2.4 Drug-loading (DL) and encapsulation efficiency (EE)

determination

A precise amount of microspheres (typically 5.0mg) are dissolved in 5mL of CH,Cl, and
then submitted to ultrasound for 30sec. Then, the solution is analyzed by UV

spectrophotometer. Thanks to a calibration curve, with a R2=0.998, the amount of
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acetylsalicylic acid in the microspheres is quantified and the DL and the EE are calculated

according to the following formulae :

DL (%) = (M)X 100; EE (%) = (W)X 100

Mmicroparticles Targeted DL

[11.2.5 Drug-release kinetic analysis

Drug-release measurements are realized in triplicates for each sample (PDLLA//PBEP,
PCL//PBEP and PDLLA//PDLLA). A precise amount of each microspheres (between 5mg and
10mg) is placed in a 10mL vial. 5mL of PBS buffer 0.1M (pH=7.4) containing 0.5w% of Tween
80 as surfactant are added in the vial before being transferred in an incubator at 37°C. After
2h of release, all the solution is removed and collected in a glass vial in order to be filtrated on
Acrodisc 0.2um and analyzed by High-Performance Liquid Chromatography HPLC. 5mL of a
fresh buffer solution is then added in the vial and the kinetic release continues. The release
medium analysis is performed after 2h, 4h, 24h, 48h, 72h, 1 week, 2 weeks, 3 weeks, 4 weeks,

5 weeks and 6 weeks.

The HPLC equipment consisted of a Waters equipment composed of an Autosampler
2707, a Controller 600 and a PDA 996. Briefly, acetylsalicylic acid concentration is analyzed
using a Polaris C18-A analytical column with particles of 5 um (L 250 mm, d.i. 4.6 mm) and a
mobile phase in an isocratic mode composed of a mixture of concentrated H3zPQa4, acetonitrile
and water (2/400/600, v/v/v) at a flow rate of 1 mL/min. 20 pL of the samples is injected at
30°C and the run time is set to 10 min (detection wavelength is 275 nm) and the retention

time is 3min.

I11.2.6  Cytotoxicity assays

Bovine fibroblast (Bfb) cells and Human umbilical vein endothelial cells (HUVEC) were seeded
in 96 well plates at a concentration of 5000 cells per well. The plates were incubated for 72
hours after which different concentrations of each formulated microparticles containing

acetylsalicylic acid (PDLLA//PBEP, PCL//PBEP, PDLLA//PDLLA) suspensions were added.
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Suspensions were made at a concentration of 20.000 beads/mL by adding to each formulated
microparticles batch medium without any FBS or growth factors. These suspensions were
incubated for 24 hours at 37°C, 5% CO.. Prior to addition to the cells, suspensions were
centrifuged and supernatant was separated from the pellet. The pellet was resuspended in
culture medium. The plates were incubated with different concentrations of resuspended
beads (direct assay) or bead supernatant (indirect assay) for 24 hours at 37°C and 5% CO;.
Cytotoxicity was determined with a live/dead staining. In short, cells were stained with
Hoechst 33342 (3.25 uM) and Ethd-1 (650 nM) and imaged with a BD pathway 855 high
content analyzer. The images were analyzed with MetaXpress (Molecular Devices) software.
Viable cell number per well was calculated by subtracting the dead cells (Ethd-1 positive
nuclei) from all the cells (Hoechst positive nuclei) present in the wells. The average amount of
viable cells in the culture control wells (wells that underwent the same treatment as the

conditions) was set to 100% and the percentage of viable cells per condition was determined.

I11.2.7 Characterization techniques

'H and 3P nuclear magnetic resonance (NMR) spectra are recorded on a Bruker Avance
400 apparatus at 25 °C at 400MHz in the Fourier-transform (FT) mode and using CDCls as

solvent.

Size exclusion chromatography (SEC) analysis are recorded in THF at 45°C with a flow
of 1 mL min?* on a Viscotek 305 TDA liquid chromatograph equipped with 2 PSS SDV linear M

columns calibrated with polystyrene standards.

The surface and morphology of the formulated and washed microspheres are observed
by scanning electron microscopy (SEM) images are collected with FEI Quanta 600 apparatus.
SEM pictures are used to determine the mean diameter and the polydispersity of each sample.
Indeed, 50 microspheres of each kind of sample are analyzed by Imagel software in order to
calculate the mean diameter (d), the standard deviation (8) and the polydispersity. The PDI

(polydispersity index) is calculated thanks to this formula:
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Differential scanning calorimetry (DSC) is performed on a Discovery series TA DSC250
calibrated with indium. Between 5-10mg of the core-shell microspheres is transferred in the
DSC oven at 20°C and a cooling ramp of 10°C.min is applied until -80°C. After 5 min of
temperature stabilization, a heating ramp of 10°C.min! is applied until 200°C. This cooling—
heating cycle is repeated two times, the melting temperature (Tm) and the enthalpy (AHm)
being recorded during the second heating ramp.

An Amscope MD35 optical microscope with a magnification of 200x is used to take

pictures and videos of microparticles swelling experiments.

1.3 Results and discussion

I11.3.1 Flow formulation of core-shell microspheres composed of a

PDLLA or PCL core and a crosslinked PBEP shell (PLA//PBEP or
PCL//PBEP)

Microfluidic technique (MF) enables the manipulation of microflows in microchannels
to produce uniform emulsion droplets. The principle is the same than the formation of an o/w
emulsion except that the internal phase is pushed in the continuous one by a microchannel
system thanks to syringe pumps at constant-flow with an excellent flow rate control. In the
core-shell device, microdroplets of the organic solvent containing the core polymer are
formed inside a Y-shape junction by shearing and capillary forces and are carried away by the
second polymeric phase constituting the shell. Both organic phases contain the polymer at a
concentration of 5w% in ethyl acetate, which is a good solvent of the PDLLA, PCL and PBEP
and is a class 3 solvent which is better if biomedical applications are aimed. Then the aqueous
phase cuts regularly the polymer flow to form core-shell microspheres (Figure 4). The aqueous
phase contains an emulsifier, the PVOH, at a concentration varying between 2w% and 5w%

which is a common concentration found in the literature?-?¢. The shell is crosslinked under UV
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in order to have solid core-shell microspheres. Once the droplet is formed in the tubing, the
ethyl acetate leaves the droplet thanks to its partial miscibility with water and at the end of

the formulation process, completely solid microspheres are recovered.

Aqueous phase 46) ( ) O

""‘d'; d,
2 H H
LNy -
d, ¢—/: O 0 0O0OCO i d,
; /TT d,;=0,25mm; d, = 1,6mm
Microfluidic Solvent diffusion

emulsification S§= UV 365nm

Figure 4 : Scheme of the microfluidic device used for core-shell formulation

Microspheres formulation is first optimized by using a solution of PDLLA without
acetylsalicylic acid as core and a solution of synthesized PBEP as shell, which is crosslinked
during the formulation process. The emulsifier concentration, the aqueous flow as well as the
organic flows are varied. All results are gathered in the Table 1. The flow rate of both organic
solutions 1 and 2 containing either PLA or PBEP is always kept identical to each other. Some

microscope pictures are gathered in the Figure 5.
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Table 1 : Formulation parameters to formulate PLA//PBEP core-shell microspheres and the corresponding

diameter and PDI of the collected microspheres as determined by optical microscope analysis.

PVOH PVOH PLA and PBEP flow rate Mean
Entry concentration flow rate concentrations . diameter PDI

(Wt%)  (mL/min) (Wt%) (mt/min) )

1 2 0.5 5 0.025 / /

2 2 0.5 5 0.0125 / /

3 2 1.0 5 0.025 / /

4 2 1.0 5 0.0125 / /

5 5 0.5 5 0.025 / /

6 5 0.5 5 0.0125 / /

7 5 0.75 5 0.025 / /

8 5 0.75 5 0.0125 109.6 3.910?

9 5 1.0 5 0.025 112.4 7.410°3

10 5 1.0 5 0.0125 102.9 6.110°3

These findings suggest that at lower concentrations of emulsifier, microsphere
formation does not occur (Table 1, entries 1-4). Additionally, if the ratio between the aqueous
flow and organic flow rates is too small (Table 1, entries 5-6-7), the microspheres are not
stable. This can be explained by the lower shearing forces and delayed droplet formation,
leading to larger microspheres with excessive AcOEt content. Due to the inability of AcOEt to
escape from the microspheres before collection, they explode. However, by increasing the
aqueous flow rate, the collected microspheres become stable and monodisperse, as

microspheres are considered monodisperse when their PDI is below 0.1.

Decreasing both organic flows rate while keeping the agueous flow rate constant
(Table 1, entries 7-8 or 9-10) reduces the size of the microspheres due to the shearing forces.
Similarly, increasing the aqueous flow rate also results in smaller microspheres for the same
reason. Moreover, selecting a larger aqueous flow rate improves the PDI. Therefore, the

conditions corresponding to the entry 10 (Table 1) are chosen for subsequent experiments.
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Figure 5 : optical microscope pictures of PDLLA//PBEP core-shell microspheres: A) Entry 8; B) Entry 9; C) Entry 10

and D) SEM picture of the core-shell microspheres formulated in the selected parameters (entry 10)

With the selected conditions, the irradiation time is equal to 4min. In order to
determine if the shell of the microspheres is crosslinked or not, some CHCl; is added on a

microsphere sample and the behavior is observed by optical microscopy (Figure 6).

’ ; [ ~ = 100um
100pum J3 %) m /) ] e
N s 4

Microparticles before swelling in Microparticles during swelling Microparticles after swelling in
CH2C|2 in CH2C|2 CH,Cl,

Figure 6 : Swelling experiment for the selected PDLLA//PBEP core-shell microspheres in dichloromethane

For the sake of the core visualization, during the optimization process, 1mg of methyl
red is added in the PDLLA core solution before formulation. The DCM is chosen because it is a

93



good solvent of PLA and PBEP. On Figure 6A, orange microspheres with a size of 109 um are
well-formed and stable when placed in water. When the DCM is added, the crosslinked PBEP
swells until reaching a diameter of 135um, which means that the volume doubles while the
orange dye diffuses out with the PDLLA because they are soluble in the solvent . At the end
only PBEP capsule remains and shrinks because the PDLLA is gone. These results confirm the

effective crosslinking of the shell of the microspheres.

I11.3.2 Flow formulation of core-shell microspheres containing

acetylsalicylic acid

Once the optimal conditions for creating uniform core crosslinked shell microspheres
have been established, the core of the microspheres can be used to encapsulate the selected
active pharmaceutical ingredient (API). Acetylsalicylic acid, a commonly used drug for pain and
fever reduction that is unaffected by the UV light necessary for the crosslinking the
polyphosphoester shell, is chosen as the API. Various types of microspheres are produced for
the study. Initially, core-shell microspheres are formulated with a poly(D,L-lactide) (PDLLA)
core and a crosslinked shell. Subsequently, the PDLLA core is replaced with poly(e-
caprolactone) (PCL) to assess the impact of crystallinity on the encapsulation efficiency (EE)
and drug release of acetylsalicylic acid. A control sample consisting of PDLLA as both the core
and shell is also prepared. To examine the effect of adding a shell on the encapsulation
efficiency, PDLLA microspheres containing acetylsalicylic acid are created without a shell. The

results of these experiments are summarized in the table below.
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Table 2 : Characteristics of core-shell microspheres formulated with the following parameters: PVOH
concentration : 5w%; PVOH flow : 1.0mL/min; polymer concentrations : 5w%.

Targeted
Polymer Mean Drug-
Core Shell . . drug- EE
Entry flow rate diameter PDI loading )
Polymer polymer . loading (%)
(mL/min)  (um) (%)
(%)
1 PDLLA PBEP 0.0125 119.6 2.210°3 6.51 9.1 71.5
2 PCL PBEP 0.0125 104.7 21103 4.92 9.1 54.1
3 PDLLA PDLLA 0.0125 62.4 1,210%2 454 9.1 49.9
4 PDLLA / 0.0125 43.4 2.7103 0.61 16.7 3.7

Comparing entry 4 (Table 2) with the other entries reveals a significant impact of the
shell on the encapsulation efficiency, as it effectively reduces the extraction of acetylsalicylic
acid during the formulation process. The inclusion of a PDLLA shell leads to an increased EE
due to the dilution of acetylsalicylic acid within the polymer matrix, which limits its extraction
into the aqueous phase. By incorporating a crosslinked PBEP shell around the polyester core,
the extraction of acetylsalicylic acid into the aqueous phase is partially obstructed, resulting
in a substantial increase in EE, particularly for microspheres with a PDLLA core. The difference
in EE between entry 1 and entry 2 may be attributed to the crystallinity of PCL. Indeed, the
active ingredient is mainly encapsulated in the amorphous region of the microsphere, the
crystalline region acts as a barrier for the drug. Therefore, the EE of the drug encapsulated

decreases dramatically when highly crystalline polymers are used 27:28,

I11.3.3 Kinetics release profiles

Considering that the EE is very low for the PDLLA microspheres without shell, the drug-
release is performed on the three different core-shell microspheres. It is quite clear than the
polyphosphoester shell have a tremendous effect on the drug release acting like a barrier

against the drug-release.

The release profiles are similar for each kind of microspheres (Figure 7). They
correspond to a triphasic profile, which is frequently observed for larger microspheres?®. A

triphasic profile is composed of three steps : an initial burst effect, corresponding to the
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release of some drug adsorbed near the surface, a lag-time during which there is a very small
amount of drug which is released and finally an accelerated release phase occurring because
of the polymer degradation?®. The acetylsalicylic acid release is almost complete after 5 weeks
for all formulated compositions and the release is slightly faster for the PCL core than for the
PDLLA core, which is explained by the lower T of the PCL compare to PDLLA allowing faster

API diffusion in a higher free volume.

The Figure 7B illustrates the drug release patterns during the initial 48 hours. When
examining the different microspheres, the release profiles of acetylsalicylic acid exhibit some
variations. The microspheres containing the PBEP have a higher burst effect, mainly because
it is more hydrophilic than aliphatic polyesters and consequently, the water can penetrate a
bit deeper to extract the acetylsalicylic acid which is near the surface. The slight burst effect
difference between the PDLLA//PBEP and the PCL//PBEP can also be explained by this

difference of hydrophilicity because the PDLLA is more hydrophilic than the PCL.
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Figure 7 : Acetylsalicylic acid release profiles a) over 4 weeks b) during the first 48h from the various core-shell

microspheres prepared by microfluidic.

I11.3.4  Cytotoxicity assays

Cytotoxicity assays are performed on microspheres in order to confirm the absence of
toxicity. Different cytotoxicity tests are performed by direct or indirect contact between cells

and by using two different cell lines.

The first assay by indirect contact is reported on the Figure 8 for bovine fibroblast and HUVEC

cells.
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Figure 8 : Cytotoxicity tests by indirect contact between a) bovine fibroblasts or b) HUVEC and PDLLA//PBEP
(blue) or PDLLA//PDLLA (orange) or PCL//PBEP (grey) microspheres loaded with acetylsalicylic acid.

The Figure 8a shows that bovine fibroblasts are viable for all formulated microspheres,
except at very high concentration for the PDLLA//PDLLA and PCL//PBEP microspheres.
Interestingly, the viability of the PDLLA//PBEP microspheres is almost always better than the
reference at 100%. Moreover, the viability is always better for the PDLLA//PBEP microspheres
compared to the PCL//PBEP microspheres. These results show that there is no toxicity caused
by the release of the acetylsalicylic acid in the medium. The HUVEC cells are less sensitive to
the different microspheres’ compositions (Figure 8b) and there is no cytotoxicity whatever the

concentration.
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Cytotoxicity tests by direct contact between fibroblasts (Figure 9a) or HUVEC (Figure 9b)

are performed by incubating microspheres for 24h in the culture medium, collecting them and

placing them during 24h in contact with fibroblasts or HUVEC.
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Figure 9 : Cytotoxicity tests by direct contact between a) bovine fibroblasts or b) HUVEC and PDLLA//PBEP (blue)

or PCL//PBEP (grey) or PDLLA//PDLLA (orange) microspheres loaded with acetylsalicylic acid.

These results show that there is no toxicity caused by the microspheres except for the

PDLLA//PBEP in contact with fibroblasts at high concentration. For the other results, the

toxicity is not influence by the kind of microspheres.
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1.4 Conclusion

Core-shell microspheres composed of an aliphatic polyester core and a crosslinked
polyphosphoester shell and containing a model active pharmaceutical ingredient are
successfully synthesized by microfluidic droplet generation technique. These formulated
microspheres are monodisperse and the formulation is reproducible. The shell crosslinking by
UV irradiation is proven according to swelling experiment in dichloromethane. As expected,
the addition of a crosslinked polyphosphoester shell increase the drug-loading of the API by
limiting it extraction to the external environment during formulation. Moreover, the nature
of the polymer constituting the core of the microspheres have also an influence on the drug
loading as PDLLA-based core exhibit a much higher drug loading compared to PCL core, which

is explained by the difference of thermal properties between these aliphatic polyesters.

Finally, release profiles of core-shell microspheres correspond to a triphasic profile. All
profiles are similar but the burst release differs according to the polymer composition. Indeed,
the more hydrophilic microspheres (PDLLA//PBEP) have a more important burst effect
compared to others. The drug-release is complete after 6 weeks for all formulation

microspheres.
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Chapter IV: Microfluidic formulation of shape-memory microspheres for

embolization applications

Chapter IV: Microfluidic formulation of shape-memory

microspheres for embolization applications.

Minimally invasive procedures guided by real-time imaging have gained popularity
over traditional open surgery due to their reduced post-operative complications and
expanded treatment options for vascular pathologies. Embolization involves blocking blood
flow in targeted vessels using agents delivered through a catheter. Amongst them,
microparticles are widely used due to their versatility, calibrated size, and functionality.
However, controlling their size and shape is challenging, as irregular shapes and smaller
diameters can lead to unpredictable behavior and aggregation. Shape-memory polymer
microparticles offer improved injectability and embolization capabilities. The microfluidic
droplet technology allows formation of highly uniform and crosslinked microspheres. In this
study, we developed well-defined shape-memory microspheres of chemically crosslinked
poly(e-caprolactone). For that purpose, 4-arm star-shape PCL end-capped with coumarin were
formulated by microfluidic droplet generation coupled to UV-light irradiation. The formulation
parameters were optimized to achieve highly uniform microspheres with a size greater than
100um and the shape programming and recovery capabilities of these microspheres were
demonstrated. Finally, by using the same formulation process, iron oxide nanoparticles could

be loaded in the microspheres to afford radio-opacity for in vivo imaging during surgery.
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IV.1 Introduction

Minimally invasive procedures guided by real-time imaging have gained increasing
interest over the past few decades compared to open surgery. One of the main reasons for
this is the reduction of post-operative complications compared to traditional surgical
methods. Additionally, they have expanded the range of vascular pathologies that can be

effectively treated2.

Embolization, which involves delivering an agent through a catheter to obstruct blood
flow in a targeted vessel, is a highly common endovascular procedure. Various interventions
require embolization procedures, such as blocking the blood supply to eradicate a hepatic
tumor or preventing the rupture of an intracranial aneurysm*®. The selection of an embolic
agent is based on several factors, including the clinical indication for the procedure, the
desired level of occlusion (temporary or permanent), the extent of occlusion, flow dynamics
and collateral circulation, the risk of complications like necrosis or unintended embolization,

and cost considerations 3°.

There are different types of embolic agents available for clinical use, including metallic
coils, and polymer microparticles, foams and liquids/gels. Among these options, polymer
microparticles were the first to be developed and remain the most widely used due to their
versatility and functionality. They can be calibrated in size or have irregular shapes, be
degradable or not, have a natural or synthetic origin, and can be loaded with various chemical
drugs making possible chemo-embolization¥?>®, Occlusin™ 503 and Embosphere™
microspheres are currently marketed artificial embolization devices. These agents consist of
biodegradable poly(lactic acid-co-glycolic acid) microspheres with a size comprised within

150-212 um and 300-500 um, respectively.

The precise control of microparticle size and shape presents a significant challenge, as
it is crucial for achieving efficient injection without clogging the syringe capillary and
preventing undesired aggregation within blood vessels, which can lead to unpredictable

occlusion of unintended vessels with potentially severe consequences®?’8, Microspheres with
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smaller diameters (<100 um) are particularly hazardous due to their unpredictable behavior
in the bloodstream. Furthermore, the shape of the particles greatly affects their transport

throughout the body?.

Spherical particles, with their inherent symmetry, generally exhibit more predictable
movement. On the other hand, non-spherical particles may align or not with the blood flow®.
In a flow environment, non-spherical particles experience velocity gradients that result in non-
uniform forces along their symmetry axis, causing rotation and tumbling. In contrast, spherical
particles tend to follow the streamlines dictated by hydrodynamic forces relative to their
radius, with lateral drift primarily influenced by external factors such as gravity and
electromagnetic fields. Anisotropic particles, such as discs, spheroids, ellipsoids, and rods, due
to their rotational motion in flow, can undergo significant lateral drift even in the absence of
external forces. This phenomenon, known as improved margination, describes the tendency

of particles to migrate towards the vessel wall°~1,

Shape-memory materials are remarkable stimuli-responsive materials able to switch
from one stable macroscopic shape to another one. These materials must contain soft
segment that will fix the temporary shape, typically crystallinity, and hard segments that will
fix the permanent shape, such as crosslinking. While this property has already been widely
exploited in coils of shape-memory alloys for embolization purposes!?, microspheres made of
degradable synthetic shape-memory polymers have been disregarded even if this type of

materials is receiving an increasing attention for other types of biomedical applications>*3-17,

Considering this knowledge gap, we aim to explore the design of well-defined
microspheres made of a (bio)degradable and biocompatible polymer and exhibiting shape-
memory properties for enhancing both injectability and embolization capabilities. These
shape-memory microparticles would adapt their shape to flow through narrow catheters, and
subsequently, once reaching the embolization site would effortlessly recover their spherical

shape without undergoing structural collapse upon a dedicated thermal trigger.
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Figure 1 : Schematic principle of shape-memory microparticles for embolization: injection in the programmed elongated

shape through a microcatheter, recovery of the spherical shape by local heating, blocking further blood supply.

In order to afford optimal shape memory properties to the targeted microspheres,
chemically crosslinked PCL appears as one of the best candidates®'°. The easiest way to
implement the continuous crosslinking of the PCL is by UV. Accordingly, the photo-crosslinking
of 4-arms star-shaped PCL end-capped with coumarin moieties under UV irradiation leading
to PCL networks, with remarkable thermo-sensitive shape-memory properties, has been
already studied and optimized by our group. Moreover, the network formed is more regular

compared to a network formed with acrylate moeities®.

Among the various techniques available for formulating microparticles, microfluidic
droplet technology stands out as the most suitable method for producing highly uniform
microspheres with excellent reproducibility. Moreover, the UV-irradiation during the flow

formulation process, in order to crosslink polymer for example, is also easily accessible?=23,

The shell of the PCL//PBEP microparticles, synthetized in the Chapter lll, are also UV
crosslinked. Thanks to the crystallinity of the PCL and the UV crosslinking of the shell, the
potential of these microspheres to exhibit shape memory properties has been investigated,
which could be significant added-value when chemoembolization applications would be

foreseen.

The microfluidic technique enables also the formulation of loaded microparticles with

high encapsulation efficiency?*. The loading can be a drug when chemoembolization is
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foreseen or a magnetic agent such as the magnetite (Fes04) nanoparticles to get magnetic

shape-memory microspheres.

The design of monodispersed microspheres of crosslinked PCL with a targeted
diameter about a hundred of micrometers is thus investigated here formulating 4-arm PCL
stars bearing coumarin at the chain-ends by the microfluidic droplet generation technology
coupled to in line UV-crosslinking. The shape programming and shape recovery of these
microspheres as well as PCL//PBEP microspheres is also demonstrated. Finally, the developed
technology is investigated to load iron oxide nanoparticles in the microspheres bringing them

radio-opacity?>.

IV.2 Experimental section

IV.2.1 Materials

Ethyl acetate (AcOEt, Fisher), dichloromethane (DCM, CHxCl;, Fisher), benzophenone
(Aldrich), poly(vinyl alcohol) (PVOH, Mowiol 8-88, My, = 67,000 g/mol, Merck) and PEO (8,000

g/mol, Merck) were used as received.

PCL-4COU was obtained starting from 7-hydroxy-4-methylcoumarin (Aldrich) and
CAPA 4801°® (4-arm star-shaped PCL (PCL-40H), M, = 8,800 g/mol, D = 1.2) kindly offered by
Perstorp. The conversion of the 7-hydroxy-4-methylcoumarin in 7-hydroxypropyl-4-
methylcoumarin as well as the chain-end functionalization of the PCL-4-OH by coumarin
moieties to get the photo-crosslinkable star PCL (PCL-4COU) was performed following the

same procedure as described in the literature®.

IV.2.2 Microfluidic System and Chip

Two 50mL syringes (Terumo) were filled with the aqueous solution and placed in
Chemyx Fusion 4000-X syringe pump. The 20mL stainless steel syringe ( Chemyx) was filled
with the organic phase and it was placed in a Chemyx 6000-X syringe pump. Three 1/16” PFA

tubing (IDEX 1632L) were connected to each syringe thanks to a 1/16” connector (IDEX XP-
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161) and a luer adapter (IDEX P658). These three tubes were connected together in a cross-
junction (IDEX P722) (Figure 2). The two aqueous tubes are connected perpendicularly to the
organic phase and the last connection is the outlet pipe composed of PFA ( Swagelock, PFA-
T2-030-100). This fourth tubing is connected to the cross-junction with a XP-131 (IDEX)
connection. A 365nm UV lamp, kindly provided by the CiTOS, was connected to the system in
order to crosslink coumarin moieties. The UV device (Figure 2) is a homemade device
composed of four pylons with 4 LED on them. Each LED has a power of 1.76W and they are
fabricated by AMS OSRAM. The tubing length being equal to 2.0m and the internal diameter
being equal to 1.6mm, the internal volume is equal to 4.0mL. The irradiation time will depend

on the selected flow conditions.

365nm UV led

Outlet pipe
Cross-junction

Polymeric flow

Figure 2 : Microfluidic setup for the formulation of crosslinked PCL microparticles

IV.2.3 Formulation of crosslinked PCL microspheres

For the 2w% PCL-4COU (10,000g/mol) solution, 200mg of PCL-4COU (8 10> mmol) and
7.3mg of benzophenone (4 102 mmol) were dissolved in 9.8g of AcOEt. Similarly, the 5w%
PCL-4COU (10,000g/mol) solution was prepared by dissolving 500mg of PCL-4COU and 18.2mg
of benzophenone (0.1 mmol) in 9.5g of AcOEt. A 20mL syringe was filled with this solution
which was previously slowly heated (70°C for 30sec) in order to favor the formulation. 1w%,
2w% and 3w% of PVOH aqueous solution was also prepared and two 50mL syringes were filled
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with this solution. Once the syringe drivers were configured, the system was ready to run with
the selected parameters. During the formulation process, the microparticles were crosslinked
using a UV lamp at 365nm which will irradiate them during the whole formulation process.
Subsequently, the microparticles were collected in a 250mL round-bottom flask under gentle
stirring, which contained a small amount of PVOH solution. To remove the PVOH, the
microparticles were washed three times with MilliQ water. After the washing steps, they were
transferred to a 30mL vial and dried through lyophilization, enabling subsequent analysis using

a scanning electron microscope.

IV.2.4 Synthesis of FesO4 nanoparticles

21.6 g of ferric chloride was added to 200 ml of deionized water and stirred for at least
20 min under closed condition with nitrogen bubbling. 8.1 g of ferrous chloride was added to
100 ml of deionized water, stirred also for 20 min under closed conditions with nitrogen
bubbling. The two solutions were then mixed and the mixture was stirred under a closed
condition for 25 min. Aqueous ammonia and oleic acid (OA) were slowly added into the
mixture at a relative rate of 10 drops of aqueous ammonia for 1 drop of OA until 50 ml of
aqueous ammonia and 3 ml of oleic acid were added. The mixture was then stirred for another
25 min. A magnet was placed at the bottom of the flask to obtain wet precipitate of magnetic
particles (MPs) which was washed twice with deionized water and alcohol, respectively. Then,
the wet precipitate was stirred for 5 min at 75 °C. Finally, the wet precipitate was mixed with
toluene at a desired ratio and stirred for 30 min to obtain the dispersion of Fe304s@O0A. The

final concentration of nanoparticles is equal to 20mg/ml.

IV.2.5 Preparation of the PCL-4COU solution containing Fe30q4

nanoparticles

1.5mL of nanoparticles solution was added to a solution of 5w% PCL-4COU
(10,000g/mol) solution, prepared by dissolving 500mg of PCL-4COU and 18.2mg of
benzophenone (0.1 mmol) in 9.5g of AcOEt.
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IV.2.6 Temporary shape programming methods

Method for the production of a disc shape:

50mg of crosslinked PCL microparticles is dispersed in 10g of molten PEO at 100°C and
mixed for 5min with a magnetic stirrer. This melted suspension was recovered on a Teflon
sheet and cooled down to RT. The solidified PEO block containing the microparticles is then
crushed in small pieces. 200mg of this powder is placed between two microscope slides and
heated at 80°C until the complete melting of the PEO. Then there were pressed into a binder
clip with a force of 1.15N?% and cooled down to RT. The two slides were separated and the

resulting deformed PCL microspheres are then observed with an optical microscope.
Method for the production of a rod shape:

50mg of crosslinked PCL or core-shell PCL//PBEP microparticles is placed in a
rectangular mold (50mm x 10mm x 1mm) and coated with a 10w% PVOH solution. After the
complete evaporation of the water, the plastic film containing the microparticles is recovered.
This film is placed in the heat gun flow at 100°C for 30 s and then gently manually stretched
to avoid the film rupture and cooled down to RT. Stretched microparticles are recovered by
placing the film in water to dissolve the PVOH. Deformed microparticles are then observed

with an optical microscope.

IV.2.7 Characterization techniques

The surface and morphology of the formulated and washed microparticles were
observed by scanning electron microscopy (SEM) images were collected with FEI Quanta 600
apparatus. SEM pictures are used to determine the mean diameter and the polydispersity of
each sample. Indeed, 50 microparticles of each kind of samples are analyzed by Imagel
software in order to calculate the mean diameter (d), the standard deviation (6) and the
polydispersity index( PDI) which is calculated thanks to the following formula:

2] 2
o= 3
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Differential scanning calorimetry (DSC) was performed on a Discovery series TA
DSC250 calibrated with indium. Between 5-10mg of the crosslinked microparticles is
transferred in the DSC oven at 20°C and a cooling ramp of 10°C.min! is applied until -80°C.
After 5 min of temperature stabilization, a heating ramp of 10°C.min! is applied until 100°C.
This cooling—heating cycle is repeated two times, the melting temperature (Tm) and the

enthalpy (AHm) being recorded during the second heating ramp.

Thermogravimetric analysis was performed with a TGA2 Mettler Toledo. Typically,
5.0mg of products are weighted in a ceramic pan are heated at 10°C.min! until 600°C under

dry air. The mass loss in function of the time is determined and reported on a thermogram.

An Amscope MD35 optical microscope with a magnification of 200x was used to take

pictures and videos of microparticles shape-memory and swelling experiments.

IV.3 Results and discussion

IV.3.1 Flow formulation of crosslinked PCL microparticles

Microfluidic technique (MF) enables the manipulation of microflows in microchannels
to generate uniform emulsion droplets. The principle is the same as the formation of an o/w
emulsion, i.e. drops of the polymer in an organic solvent are dispersed in an aqueous phase in
the presence of a surfactant, except that the internal organic phase is pushed in the
continuous aqueous one by a microchannel system thanks to syringe pumps at constant-flow
and controlling the flow rate. The aqueous phase must contain an emulsifier to stabilize the
polymer particles. Poly(vinyl alcohol) (PVOH) is a common surfactant used to stabilize
polyester microspheres with a concentration varying between 1w% and 3w% as reported for
such microfluidic formulations??%. On the other hand, the organic phase contains the polymer,
typically at a concentration of 5w%. Ethyl acetate is selected as organic solvent as it allows the

solubilization of PCLand is a class 3 solvent which is better than chlorinated solvents especially
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when biomedical applications are foreseen. These solutions are pushed in different capillaries
and reach a cross-junction in which microdroplets of organic solution are formed by shearing
and capillary forces (Figure 3). Once the polymer droplet is formed in the tubing, ethyl acetate
leaves the droplet thanks to its partial miscibility with water leading to a progressive
concentration of the polymer solution with, at the end of the formulation process, the
recovery of a completely solid microparticles (zoom in Figure 3). In order to have shape-
memory properties, these microspheres must be crosslinked. This crosslinking is achieved by
photodimerization of coumarin moieties under UV irradiation. Thanks to the transparency to
UV light of the tubing, this irradiation is performed all along, during the solvent diffusion and

polymer microspheres formation (Figure 3).
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Figure 3 : Scheme of the microfluidic cross-junction device used for the formulation of SM microspheres.

In the cross-junction device, the size of the microdroplets will be related to the size of

the final PCL microspheres once the organic solvent is extracted. Different parameters
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influence the size and the polydispersity of these droplets. These include the flow rate of both
solutions and their ratio, the organic phase viscosity, which is dependent on the polymer
concentration, or the concentration of the PVOH stabilizer. These parameters have to be
optimized in order to reach the targeted diameter of the microspheres as well as a high
particles size homogeneity (i.e. above 100um to avoid the more unpredictable behavior of the

smaller microspheres in blood vessels®).

Firstly, the role of the surfactant concentration on the droplet size was investigated.
The PCL concentration in the AcOEt solution was thus fixed to 2wt% and the concentration of
PVOH in the aqueous phase was varied between 1 and 3wt%?”%%. The flow of the organic phase
is fixed at 0.025mL/min and the total flow of the PVOH solution is kept constant at 2mL/min.
The size and size dispersity of the collected microspheres in regards to the formulation
conditions are summarized in Table 1 (entries 1-3). Considering that a microsphere sample is
monodisperse for a PDI below 0.1%, we can conclude that all these formulation conditions
have produced well-defined monodisperse microspheres. Figure 4a shows a representative
SEM image of the microspheres produced in conditions of entry 2 Table 1 where the size

homogeneity can be visually appreciated.

113



Table 1 : Formulation parameters to formulate crosslinked PCL-4COU-based microparticles with the T-junction microfluidic

device and the corresponding diameter and PDI of the collected microspheres as determined by SEM analysis.

PVOH PVOH Polymer Polymer Size
Entry concentration flow rate concentration flow rate PDI
(wt%) (mL/min) (wt%) (mL/min) (um)
1 1 2 2 0.025 / /
2 2 2 2 0.025 57.5 23103
3 3 2 2 0.025 48.8 1.0 102
4 1 2 5 0.025 86.1 4.4 103
5 2 2 5 0.025 67.9 4.7 103
6 3 2 5 0.025 53.2 3.1103
7 1 1 5 0.025 147.7 3.010?
8 2 1 5 0.025 110.1 7.3103
9 3 1 5 0.025 64.2 5.4 103
10 1 2 5 0.05 149.2 1.6 1072
11 2 2 5 0.05 91.2 9.4103
12 3 2 5 0.05 69.3 5.2103

Increasing the emulsifier concentration (entries 1 to 3, Table 1) leads to the
formulation of smaller particles due to the reduction of the interfacial tension between the
organic and the aqueous phases leading to the stabilization of smaller droplets and thus
smaller polymer particles3%3!, The conditions of entry 1 give highly polydisperse microparticles
without a spherical shape. This can be attributed to the higher polymer dilution and lower
concentration of the emulsifier used. For entries 2 and 3, the PDI perfectly suits embolization

applications but the particles diameters are far below 100um.

Increasing the concentration of PCL in the organic phase from 2wt% to 5wt% leads to
bigger particles ranging from 53um to 86um (entries 4-6, Table 1). Indeed, when the polymer
concentration is higher, the saturation state of the polymer in the solvent is more easily
reached and a faster solidification restrict the droplets shrinkage, resulting in larger
microspheres?’. Although, the PDI is still very low, the microspheres size remains below

100pm.
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A solution is found by decreasing the surfactant flow rate (entries 7-8, Table 1) which
increases the microparticles size above 100um, which is explained by the decreased shearing
forces at lower flow rate of the aqueous phase leading to later droplet separation which is in

line with other studies?’:32,

Expectedly, increasing the PCL solution flow rate to 0.05mL/min increases also the
particles size (Table 1, entries 10-12). In that case, the PDI increases which can be explained
by the change of droplet formation regime that shifts from a dripping to a jetting regime when

the flow rates of both the continuous and the discontinuous phases become closer?*.

In all the tested conditions, the collected particles produced by the cross-junction flow
droplet generation system exhibit remarkable monodispersity with a PDI far below 0.1 (Table

1, Figure 4).

Figure 4 : SEM images of microparticles formulated with conditions reported in Table 1 a) Entry 2; b) Entry 5 c) Entry 8; d)
Entry 11
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Considering the specifications in terms of size and dispersity required to a further
application, the formulation conditions of entry 8 Table 1 (Figure 4c) turn out to be the most

appropriated with PCL microspheres size of 110.1um with a PDI of 7.3 10°3.

In order to impart shape-memory properties to PCL-4COU-based microspheres, a UV
irradiation was applied during the 4 min of formulation process. This appears suitable to reach
an efficient crosslinking by photodimerization of the coumarin in presence of the low amount
(0.1mmol) of benzophenone as photosensitizer. Indeed, these crosslinking conditions are
quite similar to reported data for the crosslinking of thin film made of PCL-4COU stars %°. In
order to confirm the efficiency of the crosslinking, CH.Cl, was added on the collected

microspheres and the behavior was observed by optical microscope (Figure 5).
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Figure 5 : Swelling experiment of crosslinked microspheres followed with an optical a) before addition of DCM, b) after
swelling in DCM and c) after evaporation of DCM.
Prior addition of CH;Cl;, the microspheres diameter is about 110um. In presence of
DCM, a good solvent for PCL, the microspheres swell and reach a diameter of 280um. In
addition, after DCM evaporation, the microspheres return to their initial size and shape
indicating an efficient and homogeneous crosslinking over the entire volume of the

microspheres.

IV.3.2 Thermal properties of crosslinked PCL-4COU-based microspheres

The programming of a temporary shape in a crosslinked PCL relies on the melting and

recrystallization of the material. Therefore, it is mandatory that the designed microspheres
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kept their ability to crystallize. Therefore, the melting temperature (Tm), the crystallinity rate
(Xc), and the crystallization temperature (T¢) of the microspheres were determined by DSC and

compared to corresponding crosslinked 4-arm PCL star-shaped thin film*8 (Table 2).

Peak temperature: 16,00 °C

. | ‘ //\
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Figure 6 : DSC traces for the PCL-4COU-based microspheres

The thermogram recorded for the microspheres is presented on Figure 6. Clearly,
during the heating ramp, a melting process is observed by a split endotherm around 45°C.
During the cooling ramp, the crystallization requires to reach lower temperature, below 16°C.
This type of DSC trace is commonly observed for crosslinked PCL. The crystallinity rate was
calculated by dividing the AH¢ (Tm), i.e. the enthalpy of melting measured by DSC, by AH{® (T%),
i.e. the enthalpy of melting for a 100% crystalline PCL which is equal to 139.5 J g'! according
to the literature?®. A crystallinity rate of 37% is determined which is enough to fix the
temporary shape by stocking the energy induced by the material deformation. The higher T,
and Xc suggest that the microparticles are less crosslinked than the thin film because an
increased crosslinking density decreases the melting temperature?. The lower crosslinking
ratio is explained by a shorter irradiation time in the case of microspheres (4 min) formulation
compared to thin film (5 min). The dilution of the chain-ends in AcOEt could also disfavor the

photodimerization reaction considering that the thin film was crosslinked in bulk.
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Table 2 : Melting temperature (Tm), crystallization temperature (Tc) and crystallinity degree determined by DSC for UV-

crosslinked PCL-4COU as thin film or as microspheres.

Sample Tm (°C) T. (°C) Xc (%)
4-arm star-shape PCL-4COU 50 28 59
PCL-4COU-based thin film 44 20 29
PCL-4COU-based microspheres 48 16 37

IV.3.3 Shape-memory properties of crosslinked PCL microspheres

In order to achieve shape-memory, programming the temporary shape is essential.
This is accomplished by subjecting the microspheres to a temperature above their melting
point, causing the crystallites melting. Subsequently, mechanical stress is applied to deform
the particles, which is maintained until the microspheres have completely cooled to room
temperature (RT). At this point, the mechanical stress can be released, and the temporary
shape is fixed due to the crystallites storing the deformation energy. Finally, to initiate the
recovery process, the microparticles are heated above the melting temperature without

applying any mechanical stress, allowing shape recovery to occur through elasticity.

A first test was performed to demonstrate the shape-memory of UV crosslinked PCL
microspheres. The programmed shape was obtained by compressing between two
microscope slides, a molten dispersion of the microspheres in PEO. The microspheres are
dispersed in PEO to have a better separation of them and observe them individually. After
cooling under stress and stress release at low temperature, thin discs were obtained as
evidenced by their transparency when they are observed by optical microscope (Figure 7a).
On this picture, no gap between the three discs and the PEO matrix is observed, which
traduces an excellent fixity, i.e. the ability of the sample to keep its temporary shape when
the mechanical stress is removed. The obtained discs exhibit a diameter between 200-250um

and a thickness between 12-15um while we started from spheres of 110um, showing the good
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ability to store a strong deformation. After heating at 60°C for 20 sec (Figure 7b), the
microspheres recovered their initial shape confirming the imparted shape-memory property.
Indeed, the top view image shows three black dots, efficiently blocking the light of the
microscope, corresponding to the recovered three-dimensional spherical shape with a

diameter back to 110-130um.

A) B) '
Shape recovery
' upon heating (60°C)
Process duration
=20 seconds
Discs : Spheres with a diameter
Diameter between 200um and 250um between110 and 130pum

Thickness between 12um and 15um

Figure 7 : Optical microscope images of shape-memory experiment based on PCL-4COU-based microspheres
dispersed in a PEO film: a) after programming the disc shape (top view) and b) after recovery of the sphere

shape upon simple heating at 60°C for 20sec.

Other shapes, such as rod-like shapes that would be better suited for traveling through
a catheter have been programmed by a film stretching technique®%163334 This technique
consists in dispersing the PCL shape-memory microspheres in a PVOH film before to heat it at
80°C in order to melt the PCL and stretched it to obtain oblate PCL microparticles with
different aspect ratio (I/d) depending on the stretching amplitude. After cooling of the
stretched composite film, the PCL chains crystallize and fix the elongated shape. After
dissolution of PVOH, rod-like shapes particles are collected. Two different experiments were
performed on the same microsphere batch to obtain rod-like microparticles with an aspect

ratio of 3 and 5 (Figure 8).
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Figure 8 : Optical microscope images of rod-shaped shape-memory microparticles with different aspect ratio.

Left : aspect ratio = 5 and Right: aspect ratio = 3.

Similar to the microparticles with disc shape, most of the microparticles achieve a
complete recovery after heating. However, a few of them exhibit a lemon shape after
deformation, particularly the ones that were subjected to the highest degree of stretching due

to an applied stretching force significantly greater in the deformation direction. As a result,
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the stretching energy becomes excessive, causing the elasticity threshold to be exceeded

= 7 -,.0 o

(Figure 9).

A) \ : B) [ ’

Figure 9 : Shape-memory experiment on stretched microparticles (from entry 5 Table 1). A) programmed shape

before heating B) recovered shape after heating at 60°C.

Some cytotoxicity assays were also carried out on these microspheres. Four different
cytotoxicity tests were performed. Two tests, one direct and one indirect, on bovine fibroblast
and the same on human umbilical vein endothelial cells (HUVEC). All results show a cell

viability above 80% (See SI).

IV.3.4 Shape-memory properties of crosslinked PCL//PBEP microspheres

Concerning the core-shell microparticles, DSC analysis (Figure 10) is performed on the
different core-shell microspheres and expectedly, the PCL//PBEP microspheres exhibit
crystallinity with a melting enthalpy of 35.3 J/g and Tm at 55.6°C, thanks to the semi-crystalline
PCL core. This corresponds to a crystallinity rate of 25.8% which is far enough to program a
temporary shape stable up to 40°C, i.e. the measured melting temperature. In case of
PDLLA//PBEP, the T; of the PDLLA core is observed at 43°C, which can also be used to fix a

temporary shape.
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Figure 10 : DSC traces of PDLLA//PBEP (blue) and PCL//PBEP (green) microspheres

Figure 11 illustrates the schematic representation of the shape-memory cycle
observed in PCL//PBEP microspheres. Upon heating the microsphere above its melting
temperature, the crystallites of the PCL melt, resulting in a softening of the microsphere that
allows its deformation under mechanical stress. Throughout the cooling process, the
deformation is maintained, and once the microparticle reaches a sufficiently cooled state, the
temporary shape is fixed. Finally, when the microparticle is reheated without any applied

mechanical stress, it undergoes elastic recovery, returning to its permanent shape.

Mechanical Stress

1) Cooling (T<T,,)

2) Mechanical

B Crystalline zones of PCL stress release

®  Chemical photo-crosslinking

PCL chains )
PBEP chains Heating (T>T,,)

Figure 11 : Schematic shape-memory experiment of core-shell PCL//PBEP microspheres
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An ovoid temporary shape is thus tentatively programmed and fixed by applying the
film stretching technique to the starting spherical microspheres 19163334 (Figure 12A and B).
The recovery is then performed by heating the microparticles at 80°C (Figure 12C). As
evidenced by the optical microscope images of Figure 12, the microspheres exhibit shape-
memory properties. An ovoid shape is indeed observed after film stretching which is partly
recovered after heating. Nevertheless, the spherical shape recovery is not complete because
of some leaking of uncrosslinked PCL through the PBEP shell. To avoid leaking, crosslinking of
the PCL is considered in the next chapter by using 4-arm PCL stars functionalized by UV

reactive coumarins moieties as chain-ends2°.

A) B)

Figure 12 : Optical microscope images of PCL//PBEP microparticles during a shape-memory experiment: A)
initial spherical shape ; B) Programmed elongated shape by film stretching method and C) microparticles shape

recovery after being heated.

IV.3.5 Encapsulation of magnetite in crosslinked PCL microparticles

The developed microfluidic process allows the easy loading of the microspheres by
ingredients soluble or easily dispersed in the organic phase. In order to make the PCL
microspheres radio-opaque, they were loaded with magnetite nanoparticles. The PCL-4COU
solution containing the nanoparticles were formulated using the same conditions as
previously described (entry 8 table 2). The recovered suspension is colorless and the
microparticles are dark brown which indicates a high encapsulation efficiency. This was

confirmed by a TGA experiment (Figure 13). The nanoparticle loading corresponds to 5.4% and
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the calculated according to a quantitative encapsulation is equal to 5.47% which means that

the encapsulation efficiency equals 98.7%.
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? Step -94.6033 %
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Figure 13 : Thermogravimetric analysis profile of PCL-4COU loaded with magnetite nanoparticles

Microscope images of the magnetic microspheres were taken by SEM (Figure 14). The
size and the PDI were determined and gathered in the following Table 3. The magnetic
microspheres are smaller than previously formulated microspheres without magnetite. This
can be explained by the presence of toluene in the polymer solution coming from the
magnetite nanoparticles suspension which dilute the solution and produce smaller

microspheres, as it was discussed previously.

Table 3 : Mean size and PDI comparison between microparticles with and without magnetic nanoparticles

PVOH PVOH Polymer Polymer Mean
concentration flow rate concentration flow rate Magnetite Size PDI
(wt%) (mL/min) (wt%) (mL/min) (um)
2 1 5 0.025 NO 110.1 7.3103
2 1 5 0.025 YES 90.7 6.2 103
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Figure 134 : SEM picture of magnetite loaded microspheres

Finally, it was confirmed that the magnetic microparticles respond to the magnetic

field of a magnet (Figure 15).

Figure 145 : Magnetic microparticles responsiveness to a magnet
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IV.4 Conclusion and perspective

Shape-memory microparticles can play a key role in drug-delivery applications or as
embolization agents in the future. In this work, we formulate, with a very simple microfluidic
device, highly monodisperse crosslinked microspheres composed of PCL, a biodegradable and
biocompatible material. The selected microparticles have similar thermal properties than a
thin film composed of crosslinked PCL-4COU with a melting temperature of 48°C. The
crystallinity rate used to fix the temporary shape, a crucial step for shape-memory application,
is also similar to the one of crosslinked thin film close to 35%. Finally, different shapes were
obtained by two different deformation techniques and these deformed microparticles present
excellent fixity and recovery. The shape recovery occurs in 20 seconds when the microparticles

were heated at 60°C.

Microspheres composed of PCL and PBEP exhibit shape-memory properties. The
shape-memory properties could still be improved by a better crosslinking of the PPE shell or

by improving the PPE hydrophilicity making the shell less permeable to molten PCL.

The temperature stimulus could be problematic for biomedical purpose. For this
reason, the development of magnetite-loaded microspheres was investigated to induce

shape-memory properties through the application of a magnetic field.

Moreover, the encapsulation of magnetic nanoparticles in microspheres could allow
the direct MRI observation of the microparticles in the body during the surgery and at low
costs®>37, The development of a full microfluidics process, from the formulation to the
deformation of the PCL crosslinked microspheres, is currently under investigation to allow

further potential application in the biomedical field.
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Chapter V: Hybrid covalent adaptable networks from
cross-reactive poly(e-caprolactone) and poly(ethylene-

oxide) stars towards advanced shape-memory materials

The synthesis and properties of hybrid poly(e-caprolactone) (PCL)—poly(ethylene
oxide) (PEO) covalent adaptable networks have been investigated. This novel material
uniquely combines recycling and reconfiguration capabilities with temperature and water-
triggered shape-memory properties. Firstly, 4-arm star-shaped PEO and PCL were end-
capped with furan and maleimide moieties, respectively. Then, equimolar mixtures of
these cross-reactive stars were melt-blended and cured leading to PCL-PEO hybrid
networks by Diels-Alder addition between chain-ends. The PCL/PEO content of the
networks was varied by using PCL stars of different molar masses allowing to tailor the
material hydrophilicity. We evidenced that the as-obtained hybrid networks exhibit not
only excellent temperature-triggered shape-memory properties (high fixity and high and
rapid recovery) but also valuable water-triggered shape-memory properties characterized
by a high fixity and a recovery-rate controlled by the network composition. Remarkably,
thanks to the introduction of thermo-reversible Diels-Alder adducts within the covalent
network, we demonstrated that this material can be easily recycled while preserving the
shape-memory performances. Therefore, the reconfiguration of the so-called permanent
shape is straightforward making this material a potential candidate for applications as
water responsive medical devices. The hydrolytic stability of these networks was

demonstrated over a period of one month of immersion in water at physiological pH.
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V.1 Introduction

Shape-memory polymers are a class of stimuli-responsive materials that can be
elastically deformed and then fixed into a temporary shape by immobilization of the
network chains. They later recover to their original (also called permanent) shape when
exposed to an external stimulus that gives back their mobility to the network chains. The
formation of three-dimensional covalent networks by chemical crosslinking of the polymer
chains enhances the thermal stability and the structural integrity of the materials leading
to an improvement of the mechanical properties, typically a significant increase of the
elastic behavior in response to strain deformations. Moreover, chemically cross-linked
SMPs exhibit most often better performances as compared to physical networks?.
Nevertheless, these covalent networks suffer from the severe drawback to prevent
recycling or reconfiguration in contrast to thermoplastics. The creation of covalent but
reversible bonds between polymer chains was thus developed to overcome this limitation.
In 2010, C. Kloxin and C. Bowman defined this family of materials that include reversible
covalent bonds as covalent adaptable networks (CANs)?. Inserting reversible binding
groups in shape-memory covalent networks has thus emerged as a successful strategy for
imparting them recyclability and also generating additional functionality such as self-
healing properties as reviewed by Lewis et al.3 or Wu et al.%. In that context, Defize et al.
reported on the preparation of PCL CANs based on the integration of furan-maleimide
Diels-Alder adducts in the network>”’. These CANs not only exhibit excellent shape-
memory properties, i.e. high fixity and temperature-triggered recovery but thanks to the
thermo-reversible character of this Diels-Alder reaction, they are also fully recyclable at
high temperature where the cleavage of the furan-maleimide adducts occurs. This
biocompatible and bioresorbable material is thus promising for the development of

medical devices.

Recently, new types of SMPs have been developed towards the production of

multi-stimuli-responsive SMPs, such as combined electro- and thermo-responsive®?,
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magneto- and thermo-responsive!?, photo- and thermo-responsive!! as well as chemo-

and thermo-responsive materials'?.

When biomedical applications are envisioned temperature-triggered SMPs might
induce undesirable effects since heat could damage the surrounding tissue and cells when
triggering the shape recovery of such smart implant. In that framework, water responsive
SMPs, that recover their shape by immersing the sample in water at constant body
temperature, are particularly interesting and preferred over heat-triggered onesl|*3-%6. To
impart such water sensitivity to polyesters based SMPs, they have been combined notably
with poly(ethylene oxide) (PEO), a highly hydrophilic and bio-eliminable component. PCL
and PEO were combined in multiblock polyurethanes leading to water-triggered SM
thermoplastics”8, As far as covalent networks are concerned, the synthesis of polyesters
(PLA, PLGA, PCL) and PEO double interpenetrated networks (IPNs) was reported®?20
evidencing potential of these fully bioresorbable materials as water-induced shape-
memory materials. Nevertheless, these IPNs combining two interpenetrated covalent

networks without reversible bond cannot be recycled, reprocessed nor reconfigured.

Herein, we investigated for the first time the PCL and PEO combination in a single
covalent adaptable network to provide novel recyclable and reconfigurable water-
triggered shape-memory materials. The mechanical so as the temperature and water-
triggered shape-memory properties were evaluated in function of the PCL/PEO content of
the networks and their recyclability was demonstrated. This hybrid PEO-PCL covalent
network was obtained by mixing 4-arm star-shaped PEO and PCL bearing furan and
maleimide end-groups, respectively. The formation of the Diels-Alder adducts allowed the
intimate network formation between both types of cross-reactive stars (Scheme 1). The
thermo-reversibility of these adducts allowed reprocessing and recyclability of the

material while preserving the water-triggered shape-memory performances.
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Scheme 1 : Strategy for the synthesis of the PCL-PEO hybrid covalent adaptable network by

»

introduction of thermo-reversible Diels-Alder adducts.

V.2 Experimental section

V.2.1 Materials

Toluene, dichloromethane (CH;Cl,), diethyl ether, chloroform and methanol, from
Chem-Lab, as well as N,N-dimethylformamide (DMF), succinic anhydride, triethylamine
(NEt3), dicyclohexylcarbodiimide (DCC), 4-dimethylamino-pyridine (DMAP), dibutyltin
dilaurate and 2-(isocyanatomethyl)-furan from Aldrich were used as received. 4-arm star-
shaped PCL bearing hydroxyl groups at the end of each arm (Mn = 8000 g/mol, PCL-40H)
were kindly provided by Perstop-caprolactones. PCL-40H of lower molar mass (Mn = 4000
g/mol) was synthesized following a procedure adapted from literature>® (see supporting
information). The 4-arms star-shaped PEO bearing hydroxyl groups as chain-ends (Mn =

10000 g/mol, PEO-40H) was supplied by CreativePEGWorks.
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V.2.2  Synthesis of 4-arm star-shaped maleimide end-capped PCL
(PCL-4AMAL)

The conversion of the hydroxyl end-groups of PCL-40H in maleimide moieties to
get PCL-4MAL is a well optimized and already reported process®’. It was applied to PCL-
40H of two molar masses, 8000 and 4000 g/mol (see supporting information) with a
conversion equal to 85% in both cases leading to the PCL-AMAL8k (b 1.21) and PCL-
4MAL4k (D 1.23), respectively.

V.2.3 Synthesis of 4-arm star-shaped furan end-capped PEO (PEO-
4FUR)

The chain-ends functionalization of the PEO-4FUR was achieved by the reaction
between the hydroxy groups of PEO-40H stars with furfuryl isocyanate as shown on
scheme S1. For that purpose, 10g of PEO-40H (4.0 mmol in hydroxyl group) were
transferred into a previously dried round bottom glass flask and three azeotropic
distillations with anhydrous toluene, were performed. Then, 100mL of anhydrous CH2CI2
was added in the flask. After the complete dissolution of the PEO, 0.471mL (4.4 mmol) of
furfuryl isocyanate and 0.01mL (0.4mol%) of dibutyltin dilaurate were transferred into the
reactive medium. After 24h of stirring at 40°C, the reaction was stopped and the PEO-4FUR
is recovered by precipitation in diethyl ether. PEO-4FUR was finally purified by dialysis
(MWCO = 1 kDa) against water during 12h to remove the tin catalyst and recovered after
freeze-drying. A white powder (8.5g) is recovered (PEO-4FUR). A quantitative
functionalization was determined by 1H NMR analysis (Figure S1). The SEC chromatogram
(Figure S2) showed a slight shift to lower elution volume of the peak apex demonstrating

that the functionalization occurred properly.

1H NMR (CDCI3, 8): 7.35 (d, 4H, H furan); 6.31 (d, 4H, H furan); 6.22 (d, 4H, H furan);
4.31 (d, 8H, -C(O)-N(H)-CH2-Fur); 4.2 (t, 8H, -CH2-0-C(0)-N(H)-), 3.62 (m, 1060H, H PEO).

Conversion of the chain-ends in furan moiety > 99%.
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V.2.4  Preparation of the PEO-PCL hybrid networks

Hybrid networks are formed by mixing PEO-4FUR and PCL-4MAL stars in an
extruder at 90°C in equimolar amounts of reactive functions, followed by a thermal post-
curing in a mould. Two types of networks have been prepared based on the same PEO-
4FUR 10400 g/mol mixed with the PCL-4MAL 9700 g/mol (51:49 network, numbers
represent the mass proportion in each polymer in the blend) or with PCL-4MAL 4000 g/mol
(70:30 network). More precisely, for the first network, 2.3g of PEO-4FUR and 2.2g of PCL-
4AMALS8k stars were grinded together and injected in a 6 cm3 co-rotating twin screw mini-
extruder (Xplore, DSM). They were melt-blended at 90°C during 45 min at 150 rpm. The
blend was collected in a 0.5 mm thick mould and processed by compression moulding at
100°C and 75 bars during 1h in order to obtain a flat sheet shape of material. It was

followed by a post-curing of 72h at 65°C to obtain a fully crosslinked material.

The same procedure is followed to synthesize the second network, except for stars
quantities. In this blend, 3g of PEO-4FUR 10400 g/mol and 1.4g of PCL-4MAL 8800 g/mol

were used to achieve the equimolar ratio of reactive functions.

V.2.5 Swelling experiment

Samples (0.5cm x 0.5cm x 0.5mm) were immersed in chloroform for 48h at room
temperature in order to reach swelling equilibrium. The resulting gels were collected
carefully and weighted in order to determine the amount of solvent absorb by the cross-
linked materials. Then, they were dried under vacuum until constant weight in order to
determine the insoluble fraction. The swelling ratio and the insoluble fraction were
calculated according to the following equations.

weight of the swollen material — weight of the dried material

Swelli tio = 109
welling ratio weight of the dried material )

weight of the dried material 100

Insoluble fraction =
risotuble fraction weight of the initial dry material
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Water swelling ratios were also measured by similar swelling experiments using

water instead of chloroform.

V.2.6  Characterization techniques

Proton nuclear magnetic resonance (*H NMR) spectra were carried out by a Bruker
Avance 400 apparatus at 25 °C at 400MHz in the Fourier-transform (FT) mode and using

CDCls as solvent.

Size exclusion chromatography (SEC) analysis were recorded in THF at 45°C with a
flow of 1ml.min-1 on a Viscotek 305 TDA liquid chromatograph equipped with 2 PSS SDV

linear M columns calibrated with polystyrene standards.

Raman spectra were recorded at room temperature using a Horiba-Jobin-Yvon
Labram 300 confocal spectrometer provided with an Olympus BX40 microscope. The 647.1
nm line of a Spectra Physics model 168 Krypton ion laser was focused on a rectangular-
shaped solid sample with an Olympus 50x (NA 0.5) objective. The laser power at the
sample level was of the order of 25 mW. Every spectrum was accumulated 6 times for 60
seconds. The detector is an Andor iDus BR-DD 401 CCD. All spectra were scaled up and, if
necessary, baseline corrected with homemade software. All spectra were normalized by
the area under the PEO peak at 842 cm-1 and analysed thanks to the program
OriginPro2016.

Differential scanning calorimetry (DSC) was performed on a DSC Q100 (TA
Instruments) calibrated with indium. For the dry material, a sample is transferred in the
DSC oven at 20°C and a cooling ramp of 10°C.min! is applied until -80°C. After S5min of
temperature stabilization, a heating ramp of 10°C.min! is applied until 100°C. This cooling-
heating cycle is repeated for each sample, the melting temperature (Tm) and the enthalpy
(AHmM) being recorded during the second heating ramp. In case of water-swollen materials,

the sample is transferred in the DSC oven at 20°C and a cooling ramp of 10°C.min! is
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applied until 5°C. After 5min of temperature stabilization, a heating ramp of 10°C.min is

applied until 80°C.

Temperature shape-memory properties (fixity and recovery) were determined
with a DMA Q800 (TA Instruments) using the tensile film clamp in controlled force mode.
The sample (2.5cm x 5mm x 0.5mm) is introduced and then heated at 65°C. After 5min of
temperature stabilization, an elongation stress ramp of 0.06MPa.min is applied to reach
0.6MPa. The sample is cooled down under stress to 0°C at 3°C/min. and the temperature
is maintained for 5min. Then, the stress is released and the fixity is determined at this
stage by applying the eq.1. Finally, still in absence of stress, the sample is heated to 65°C

and the recovery is determined from the eq.2. This cycle is repeated four times.

The fixity ratio:

Strain after stress release at 0°C

Rf:

*100 eql

Strain before stress release at 0°C
The recovery ratio:

__ Strain at 65°C wihtout stress for cycle N
r Strain at 65°C without stress for cycle (N-1)

* 100 eq 2

Water shape-memory properties were determined by immersing a flat strip (2.5cm
x 0.5cm x 0.5mm) in water for 1h. The dimension of the water swollen strip is then
measured, especially the distance between the strip ends (initial hydrated shape). A stress
is applied to bend the hydrated strip into a ring, the latter being dried at room temperature
for 24h under stress. After drying, the stress is released to reach the curved temporary
shape. The fixity is calculated by measuring the distance between the two ends of the
bended strip before and after stress release. To determine the recovery, the curved
sample is immersed in water for 30 min., the distance between the two strip ends is

measured and compared to the initial hydrated shape.
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Tensile properties were performed with an Instron 5586 machine linked to the
BlueHill software on dried and hydrated samples (2.5cm x 0.5cm x 0.5mm) at room
temperature at a rate of 10mm/min. The modulus was determined by measuring the slope

at the beginning of the curve.

V.2.7 Local network reconfiguration

For the local reconfiguration, a piece of material was heated at 120°C during 30min
and then cooled under stress. After that, the material was heated at 65°C in order to verify
if the network reconfiguration happened. This operation is repeated two times at different

spot of the material piece.

V.2.8 Material recycling

The 70:30 material was cut into small pieces and injected into a mini extruder at
120°C during 2h. After that, a viscous material was collected and pressed at 65°C during
30min. Finally, a post-curing of 48h was performed at 65°C. The 51:49 was cut into small
pieces which are placed into a mould, pressed at 130°C, to make the retro Diels-Alder

predominant, under a pressure of 75 bars, for 1h and then cured for 72h at 60°C.
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V.2.9 Hydrolytic stability test

The sample (2.5cm x 0.5cm x 0.5mm) is immersed in 30mL of phosphate buffer at
pH=7.2 and kept at room temperature for two weeks or one month. Then, the material is
dried during 24h and analysed by DMA and swelling to evidence any degradation of

network.

V.3 Results and discussion

V.3.1 Networks synthesis and characterization

V.3.1.1 Network synthesis

As presented in Scheme 1, we aim to prepare a thermo-reversible covalent PEO-PCL hybrid
network by the formation of Diels-Alder adducts between 4-arm star-shaped PEO end-
capped with furan with 4-arm star-shaped PCL end-capped with maleimide (see SI for

synthesis and characterization of both precursors).

Table 1: Swelling experiments in chloroform and water for several PEO-4FUR/PCL-4MAL blend compositions

measured after melt-blending at 90°C for 45 min followed by a post-curing treatment.

Sample Curing Insoluble Swelling ratio  Insoluble Swelling
composition time at fraction in in chloroform fraction in ratio in
PEO:PCL 65°C (h) chloroform(%) (%) water (%)  water (%)
51:49 1 60 2500 / /
51:49 72 96 1000 100 90
70 :30 72 86 1900 95 206
70:30 Recycling? 76 2600 82 260
51:49 PBSP 91 1500 100 90

3Recycled material as described in section 4, ® Entry 2 sample after 1-month immersion in PBS buffer as

described in section 5.

Typically, PEO-4FUR (Mn = 10000 g/mol) was mixed with the PCL-4MAL8k or PCL-

AMAL4k in a proportion respecting a 1:1 stoichiometric amount between furan and
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maleimide moieties, i.e. a PEO/PCL weight ratio of 51:49 and 70:30 is reached when the
PEO-4FUR is blended with PCL-4AMAL8k or PCL-4MAL4Kk, respectively. Knowing that PEO
and PCL are non-miscible polymers?:=23, the two polymer precursors were firstly grinded
at room temperature together to intimately mix both powders before introducing them
into the extruder. It is also important to mention that the temperature of the extruder is
crucial to observe a homogeneous blend and the network formation. Indeed, if the
blending temperature is too high (above 90°C), the recovered blend is inhomogeneous and
the network is not formed as evidenced by the important swelling and dissolution of the
sample during the swelling test in chloroform, a good solvent for both PEO and PCL stars.
Indeed, after extrusion at 105°C, only a few Diels-Alder adducts are formed, the retro-
Diels-Alder reaction dominating at high temperature?4-2¢, Thus, a very limited coupling
reactions between PCL and PEO stars occurs, the blend is loosely crosslinked so that it
highly swells and dissolves in chloroform and cannot be recovered. The inhomogeneity of
the mixture after blending at 105°C was evidenced by Raman spectroscopy microscope.
About 15 different areas of the sample extruded at 105°C were analyzed by focalizing the
laser on a 2 um diameter spot and recording the Raman spectrum for each place.
Depending on the spot location, an important variation of the Raman intensity ratio
between the characteristic peaks of PEO and PCL are observed. Normalizing all the 15
spectra on the peak at 842 cm-1 corresponding to PEO?’, the intensity of the peak at 1108
cm-1 corresponding to PCL was measured and a standard deviation of 0.26 was calculated
(Figure S3a). This traduces the inhomogeneity of the sample induced by the macrophase
separation between the two immiscible PEO and PCL polymers. At high temperature, very
few Diels-Alder adducts are formed and thus only a few couplings between PEO and PCL
occurs limiting the mixture compatibilization. In contrast, when a temperature of 90°C is
selected for the extrusion, the resulting blend collected after 45min. is more
homogeneous. This is evidenced by the reduced variation of the Raman spectra measured
on 15 different spot areas (Figure S3b). In this case, the standard deviation is only 0.11. To
complete the Diels-Alder adducts formation, this homogeneous blend is then cured at

65°C, under 75bars, for various times then shaped as a sheet with a thickness about
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0.5mm. Swelling tests in chloroform evidenced the network formation with an insoluble
fraction of 60% obtained after 1h of curing (Table 1). The crosslinking is improved by
increasing the curing time. It is nearly complete for 72h at 65°C as evidenced by the very
high insoluble fraction (96%) and the decrease of the swelling ratio down to 1000% for the
51:49 composition (Table 1). This is also confirmed by the disappearance of the
characteristic peaks of the furan at 1503cm™ (C=C stretching) and maleimide at 1587 cm*!
(C=C stretching) and at 1770 cm™ (C=0 stretching) moieties on the Raman spectrum

recorded on the PEO-PCL mixture after 72h of curing (Figure S4).

When the same process is applied to the 70:30 PEO/PCL mixture, the insoluble
fraction remains high (Table 1). The swelling ratio in chloroform increases but it is partially
caused by the higher PEO content that swells more than PCL in this solvent. It is remarkable
to observe that for both compositions, a high insoluble fraction is observed at the end of
the post-curing process, which traduces the efficient coupling between furan and
maleimide moieties whereas these are capping the chain-ends of the two immiscible PEO
and PCL stars. The peculiar multi-arm architecture of the selected precursors which favors
the network formation combined with the well-adjusted extrusion temperature to allow
enough Diels-Alder adducts formation and thus enough coupling between PEO and PCL
stars is most probably responsible for the success in reaching the covalent networks in so
high yields. These yields are indeed fully comparable to those observed for other reported
covalent networks, i.e. PCL/PEO IPNs crosslinked by the polymerization of acrylic chain-
ends for which the insoluble fraction varies from 87 to 91%%°. In the present case, the
cross-reactivity between both PCL and PEO partners that are not reacting with themselves
in contrast to acrylic systems, also favors the rapid compatibilization and thus the intimate

blending of both partners accounting for the observed very high insoluble fraction.
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V.3.1.2 Water swelling of the networks

In these hybrid covalent networks, the PEO component was selected to bring the
hydrophilicity necessary to impart the foreseen water triggered shape-memory effect. The
swelling behaviour in water was thus investigated for these hybrid CAN of both
compositions. They exhibit a significant water uptake that expectedly increases with the
PEO content (Table 1). The swelling ratio reaches 90% for the 51:49 sample. Considering
that only the PEO phase is swelling in water, this swelling ratio measured for the 51:49
PEO: PCL stars-based network exhibiting PEO segment length between crosslinks of
2500g/mol logically falls in between previously described 50:50 PCL: PEO systems that
report a water swelling of 50% for covalent IPN with PEO length 2000 g/mol?° and 120%
for TPU with PEO length 10000 g/mol*8. It is worth mentioning that in this selective solvent
for PEO, the insoluble fraction is very high for both sample compositions which confirms
the efficiency of the multi-arm PEO stars to covalently bind to the PCL ones leading to a
stable network. The rate of water swelling of these hybrid CANs was also investigated
(Figure 1). The equilibrium is reached after 15min for the most hydrophilic network (70:30)
and 30 min for the 51:49 for samples with a thickness of 0.5mm. Knowing that the swelling
rate is limited by the water diffusion in the sample and is thus thickness dependent, these
data are quite comparable to the reported PCL:PEO TPU of lower thickness and
crosslinking density (8 min. for a thickness of 350um, PEO:PCL 50:50, PEO 10k, 120% of
swelling)!®. It is remarkable to observe that in the studied covalent hybrid networks,
especially in the 51:49 (lowest PEO content), the PEO phase made of PEO segments of 2.5k
(4-arm stars of 10k), is well accessible to water which quickly penetrates the network and
swells it efficiently which traduces the intimate homogeneity of PEO and PCL stars in the

hybrid CAN resulting from the use of cross-reactive stars.
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Figure 1: Swelling kinetics in water of the hybrid networks of both compositions.

V.3.1.3 Thermal properties of the networks

The thermal properties of the PEO-PCL hybrid networks were analyzed by DSC.

Note that all the starting stars are semi-crystalline materials exhibiting a Tm around 60°C

and a crystallinity degree of 76% for PEO4-FUR-10k and 60% for PCL4-MAL-8k,

respectively. The DSC traces of the hybrid networks were recorded for both compositions

(Figure 2 and S5).
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Figure 2: DSC traces for the 51:49 network in the dry state (left) and hydrated state (right).

They show one well-defined melting peak around 40°C evidencing the remaining

ability of the material to crystallize even after crosslinking. These results are in contrast to
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reported PCL:PEO IPN obtained by polymerization of acrylic end-capped PCL and PEO
chains for which the PEO crystallization is prevented for networks with short PEO
segments (2000 g/mol)19,20. The 4-arm star-shaped architecture of both PCL and PEO
phases is most probably at the origin of the preservation of crystallinity of both phases in
the present case. Indeed, if the PEO segment length is also short (2500 g/mol), four
segments are connected at the same junction due to the star architecture which enriches

locally the PEO phase allowing its crystallization.

To estimate the degree of crystallinity of the hybrid networks, we considered the
proportion of both polymers in the network and take the average value. The melting
enthalpy of a 100% crystalline PEO and PCL being 214J/g and 140J/g respectively, the
crystallinity degree was estimated around 30-35% for both networks. As expected, the
crystallinity decreases after crosslinking but remains quite significant. For the sake of
comparison, a network formed by Diels-Alder addition between PCL-4FUR8k and PCL-
4AMALS8k exhibit a Tm at 44.4°C and a crystallinity degree of 37%°®, thus a quite similar
reduction of the crystallinity degree and the melting temperature as compared to the stars
before cross-linking. These PCL networks show temperature triggered shape-memory with
excellent fixity and recovery. Therefore, such SM performances can be foreseen for the
PEQ:PCL hybrid networks. Interestingly, a DSC curve was recorded on the hydrated 51:49
network (Figure 2b). Only the PEO phase is expected to be swollen while the hydrophobic
PCL should remain crystallized. Indeed, a crystallization peak is clearly observed around
40°C with a crystallinity degree of 12%, i.e. slightly less than the half of the dry sample.
This confirms the complete swelling of the PEO phase and clearly evidences the ability of
the PCL phase to keep its crystallinity after complete swelling of the hybrid network in

water.
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V.3.1.4 Mechanical properties of the networks

The mechanical robustness of the hybrid CANs was determined by tensile testing.
The Young modulus, stress and elongation at break are reported for both networks’
compositions in Table 2. As already observed in case of polyacrylate PEO/PCL IPN%°, the
Young modulus and stress at break increase when the PEO content increases. The
elongation at break (above 300% for the hybrid CANs) is higher than the reported one for
IPN which levels at 200-250%%°. Young modulus is also better compared of water SMP
based on PEO and PTHF?2. Nevertheless, the stress-strain curves (Figure S6) profile show a
plateau after 50% elongation which can be attributed to stress-induced network
debonding due to the mechanically triggered retro-Diels-Alder reaction?®. As compared to
non-covalent TPU systems for which yield point is reach around 25% elongation?, the
elastic deformation is thus two times higher for these CANs that appear thus well adapted

for shape-memory experiments.

Table 2: Mechanical properties of networks of different compositions measured at room temperature in the

dry and the hydrated state.

51:49 Dry 31 6.2 600
51:49 Hydrated 3.1 1.9 150
70:30 Dry 75 11.2 428
70:30 Hydrated 13 0.3 50

E: Young modulus, o: stress at break, € : elongation at break

Mechanical properties are obviously impacted by the water swelling. The stress-
strain curves show a fully elastic profile, the plateau observed in the dry state disappearing
(Figure S6). The hydration of the PEO segments increases their mobility and soften the
samples so that the Young modulus is divided by 10 for the 51:49 network (Table 2, Figure

S6) which is in line with reported TPU systems!®. The stress and elongation at break are
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also lower for hydrated samples as compared to dry ones. Nevertheless, even when the
material is fully hydrated, it owns sufficient mechanical properties to be handled with an
elongation at break still around 150% and stress at break of 1.9MPa for the 51:49 network.

Water-sensitive shape-memory can thus be foreseen for networks of both compositions.

V.3.2 Shape-memory properties of the networks

V.3.2.1 Temperature-triggered SM of dry networks

As evidenced by DSC analysis, the hybrid CANs are semi-crystalline and should
therefore exhibit temperature triggered shape-memory properties. The quantitative
measurement of the fixity and recovery was performed by dynamic mechanical analysis
(DMA) for 4 successive shape-memory cycles in the dry state (Figure 3a). The data
collected from Figure 3a are gathered in Table S1 for the PEO/PCL 51:49 network. Very
high fixity (98%) and recovery (97%) are obtained for each cycle except for the first training
cycle3® for which a recovery of 85% is reached. These results are as good as CANs entirely

made of PCL (i.e. resulting of coupling PCL-4FUR and PCL-4MAL)® and as PEO/PCL IPN1:20,
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Figure 3: Temperature triggered shape-memory: a) 4 cycles recorded by DMA for the 51:49 network in the
dry state (stress ramp: 0.06MPa/min; temperature ramp: 3°C/min on heating and cooling), b) 1 cycle for
the 51:49 network in the dry state.

Interestingly, only a limited creep effect is observed from cycle to cycle for this
PEO-PCL hybrid network as compared to similar furan/maleimide CANs composed of 100%
PCL®. This creep phenomenon is caused by the occurrence of some stress-induced retro-
Diels-Alder reactions at 65°C leading to the entropic relaxation of the disconnected
polymer chains. This phenomenon is less pronounced for the PEO-PCL hybrid network
most probably because of the lower elongation reached here, i.e. ¥90%, as compared to

~150% for the pure PCL network.
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Figure 3b illustrates the temperature-triggered SM of the 70:30 PEO/PCL hybrid
network. This more rigid sample because of the high PEO content can be elastically
deformed between 50°C and 70°C and keeps well the temporary shape after cooling to
room temperature and stress release. By heating again to 65°C, the material recovers its

initial shape (permanent shape) in a few seconds with excellent fidelity.

V.3.2.2 Water-triggered SM at room temperature

The water-triggered shape-memory was tested by immersing 0.5mm thick samples
in water in order to swell the PEO segments of the network and provide them mobility.
After equilibration during 60min at room temperature in water, the swollen material has
doubled its volume and can be easily deformed, e.g. as a ring. It keeps the given temporary
shape after sequential drying at room temperature and stress release (Figure 4). As
evidenced from the measurement of the distance between ring edges on the dried ring
(temporary shape) before and after stress release, a fixity close to 100% is obtained for
CANs of both compositions. Then, immersing again the dry samples in water triggers the
hydrated-shape recovery. As illustrated in Figure 4, the shape recovery is not complete
even after reaching the swelling equilibrium, i.e. 45min immersion for the 51:49 and 20min
for the 70:30. Nevertheless, a recovery above 80% is measured for the most hydrophilic
70:30 sample and about 75% for the 51:49 network that is comparable or even higher than
reported data for other water triggered PEO/PCL systems3132. The crystallization of
amorphous PCL segments that are oriented by the applied stress during room temperature
drying of the sample to fix the temporary shape is responsible of the observed incomplete

shape recovery, these PCL crystallites being stable towards rehydration.
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Figure 4: Water-triggered shape memory at room temperature of the PEO/PCL hybrid networks with a

composition a) 51:49 b) 70:30.

V.3.2.3 Water-triggered shape transition of a thermally-fixed temporary shape

Having demonstrated the efficient temperature- and water-triggered shape-
memory properties of the hybrid networks, the investigation of a first combination of
these properties, i.e. the water-triggered relaxation of a thermally fixed temporary shape
was considered. Storing a complex temporary shape by the thermal process is quite easy
and quick because it does not require to evaporate the water at room temperature. In that

process, both components, PCL and PEO are taking part to the temporary shape fixity
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thanks to their crystallization. Besides, it is an advantage for some applications, notably in
vivo applications, to trigger a shape modification without heating above the body
temperature but simply by hydration. At a temperature remaining below 50°C (e.g. at the
body temperature), the hydration of the PEO segments allows the partial release of the
stored stress and the softening of the material, leading to a final shape (shape used in the

final application) intermediate between the temporary and the permanent shape.

This process is illustrated for both materials compositions in Figure 5. The sample
in the permanent shape is first heated at 65°C to melt all the crystallites before being
deformed in the temporary shape by applying a stress, cooling at room temperature and
releasing the stress. Finally, the sample is placed into a water bath at room temperature,
so that the only PEO phase will swell and release the stress while the hydrophobic PCL is
preserving the stored deformation. After complete hydration (30min or 20min) and a
drying step of 24h, the final shape, intermediate between the temporary and the
permanent shape is obtained and remains stable during time as far as the temperature is
kept below 50°C. Noticeably, if the sample is heated again at 65°C and dried, the initial

permanent shape is fully recovered in a few seconds (not shown).

As expected, the relaxation of the temporary shape increases with the PEO content
of the networks. As a consequence, a final shape close to the temporary shape will be
obtained for samples with low PEO content (Figure 5a) while a shape closer to the

permanent shape will be reached for samples of high PEO content (Figure 5b).
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V.3.24

Another remarkable feature of this type of materials is their capacity to memorize
in a temporary shape, two different final shapes that can be recovered depending on the
applied trigger, i.e. temperature or water. For that purpose, a two-step programming of
the material is necessary as described on Figure S7. The starting CAN shape defined by the
crosslinking reaction happening during the covalent network formation (called
“permanent shape” until now) will constitute the first memorized shape (shape 1-dry
state). In the first programming step, the shape of this sample is modified into the second
memorized shape (shape 2-dry state) by classical temperature shape programming, i.e.
heating at 65°C to melt the material, deforming and cooling under stress followed by stress
release. This shape 2 also exists in its hydrated version (shape2-hydrated state) after
immersion in water. As seen above, only a partial release of the deformation occurs during
the hydration step, especially for networks with moderate PEO content. Finally, the
temporary shape, different from both shapes 1 and 2, is obtained by a second
programming step, i.e. deforming at room temperature the water swollen shape 2,

followed by drying then release of the stress. This dry sample is going to keep stable its
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temporary shape as far as it is stored below 40°C and in a dry atmosphere. When shape 1
has to be recovered, it can be simply heated a few seconds at 65°C (Figure 6). On the other
hand, the recovery of shape 2 is triggered by immersion in water during 20min. keeping
the temperature below 40°C. Interestingly, heating the sample in its shape 2 converts it in
the hydrated shape 1. This sequential recovery of shape 2 by sample hydration then shape
1 by further heating is especially interesting for surgery assisted by self-deploying medical

devices.
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Figure 6: Multi stimulus shape-memory properties of the recycled 70:30 material.

V.3.3 Reconfiguration of the permanent shape

So far, the so-called permanent shape, i.e. the shape determined by the covalent
crosslinking, was kept stable since heating processes were limited to 65°C. Nevertheless,
thermo-cleavable furan-maleimide Diels-Alder adducts were purposely introduced to
provide adaptable hybrid networks. Above 100°C, the cycloreversion, i.e. the retro Diels-
Alder reaction significantly occurs?*?>. Such CANs can advantageously be used for the
reconfiguration of the permanent shape. As shown Figure 7, the pristine flat film is pressed
into a complex 3D mold heated at 100°C. This temperature is kept constant for 24h to
allow the retro Diels-Alder reaction to occur. After 24h, the temperature is reduced to 60°C

and kept constant for 72h to form again the DA adducts and consequently restore the
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network in a novel permanent shape (Figure 7). This 3D-reconfigured sample is now able

to enter e.g. a temperature triggered SM cycle in which the memorized shape corresponds

to the molded 3D object as exemplified Figure 7 (right part). A regional control of network

reconfiguration can also be performed on the starting material (Figure S8).
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Figure 7: Reconfiguration of the flat sheet CAN in a 3D object and temperature triggered shape-memory

of this reconfigured sample made of the 70:30 CAN.

V.3.4 Recycling of the networks

Owing to the significant cyclo-reversibility of the furan-maleimide Diels-Alder

adduct above 100°C?*?, it is possible not only to reconfigure the permanent shape but

also to recycle the material as shown Figure S9. The recycled hybrid network is

homogeneous and exhibits a slightly lower crosslinking density compared to the pristine

material, as confirmed by swelling experiments in chloroform (Table 1-recycled). Indeed,

network properties are a bit lower to those for the starting material, resulting in a lower

elongation at break

(Figure S6), which confirms that the reversibility of the reaction

efficiently occurs during the recycling of the material and that reprocessing is not limited

by the immiscibility of the two-star polymers. The swelling in water is also very similar to

the one of the material before recycling (Table 1) which is in line with the fully preserved

152



Chapter V: Hybrid covalent adaptable networks from cross-reactive poly(e-
caprolactone) and poly(ethylene-oxide) stars towards advanced

shape-memory materials

water, thermo- and multi-triggered SM properties (Figure S9 and Figure 7). Indeed, the
fixity and the recovery of the water and thermo- triggered shape-memory material are still
the same than the pristine one (Table S2 and Table S3). The recycled material still
crystalizes and the crystallinity degree is even slightly higher than before recycling (Figure
S10), so that temperature shape-memory properties kept unchanged (Figure S9b). The
51:49 recycling is different of the one of the 70:30 because it is not blended then the
material is not homogeneous resulting in lower mechanical properties compared than the
one of the 70:30. Nevertheless, thermo- and water shape-memory properties were

successfully tested.

V.3.5 Hydrolytic stability of the networks

PCL being hydrolytically degradable and since PEO facilitates water penetration in
the network, the stability of the 51:49 sample in water at pH 7.4 was studied after 2 weeks

and one month.
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Figure 8: DMA analysis in the dry state of the 51:49 before ageing in water (black curve), after two weeks
(red curve) and one month (green curve) of immersion in PBS phosphate buffer.
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The integrity of the network is confirmed by swelling experiments in chloroform
(Table 1). A moderate increase of the swelling ratio in chloroform indicates a limited
number of bonds ruptures of the network and the insoluble fraction remains very high
after one month of immersion in PBS. This very limited network degradation does not
impact the temperature shape-memory properties that are well-preserved after one
month as confirmed by DMA measurements (Figure 8 and Table S4). Mechanical
properties after 2 months in PBS are still excellent (Figure S6 and Table S5) with a similar
Young modulus compared to the non-degraded on, a lower elongation at break but a much

higher stress at break.
V.4 Conclusion

Four-arm star-shaped PCL and PEO were successfully functionalized by maleimide
and furan moieties, respectively. By optimizing the processing conditions, (i.e.
temperature and time of extrusion, post annealing process, stoichiometry) hybrid
networks have been obtained by chain-ends coupling via the formation of Diels-Alder
adducts which are remarkably homogeneous knowing that these two polymers are
immiscible. Playing on the molar mass of the PCL stars, networks of two different
compositions (PEO/PCL 51:49 and 70:30) have been obtained. Even if the PEO and PCL
stars are molecularly blended in the network owing to their cross-reactive coupling, both
phases are still able to crystallize after crosslinking as demonstrated by DSC analysis of dry
and water swollen materials. Therefore, both temperature and water triggered shape-
memory properties are very efficient. Thanks to the covalent crosslinking, the elastic
behavior holds until a deformation of 50% which is twice the value reported for TPU

systems '%.

These results evidenced that thanks to the peculiar and well-defined structure of
these CANs uniquely achieved by the blending of cross-reactive PEO and PCL
homopolymers both having a 4-arm architecture, these hybrid networks exhibit

crystallinity, mechanical robustness and water sensitivity. Consequently, advanced SM
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properties can be achieved so as memorizing two different shapes that are recovered by
different triggers, namely temperature and water. The insertion of Diels-Alder adducts in
the network allowed for the first time to achieve recyclable and reconfigurable covalent
PEO-PCL hybrid networks. In addition, no significant degradation of these hydrophilic
polyester networks properties was observed after immersion during one month in PBS
even for the most hydrophilic material containing 70% of PEO. These materials offer thus
high opportunities for the development of biomedical applications especially in self-
deployable devices for assisted complex surgeries. For example, the creation of efficient

self-deploying esophageal stent can be performed?2,
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Supporting information

Synthesis of PCL-40H (4000g/mol)

0,63g of pentaerythritol were transferred into a washed and dried round bottom flask and
three azeotropic distillation, with dry toluene, were realized. 20mL of e-caprolactone (CL),
previously distillated, were added into the pentaerythritol flask under N,. The blend is then
heated to 155°C in order to dissolve the pentaerythritol into the CL. The reactive medium
is cooled down to 110°C and 20mL of tin(ll) 2-ethylhexanoate 0,26M were added. The
monomer conversion is followed by NMR 'H and after 3h, the polymer is recovered by
precipitation into heptane.

'H NMR (CDCls, 6): 3,97 (t, 92H, -CH,-0-C(0)-); 3,53 (t, 8H, -CH,-OH); 2,22 (t, 92H, -O-C(0)-
CH»-); 1,56 (m, 190H, -C(O)-CH2-CH;-CH,-CH,-CH>-0-); 1,30 (m, 96H, -C(O)-CH,-CH,-CH»-
CH,-CH,-0-). Quantitative conversion.

Synthesis of PCL-4COOH (8000g/mol)

50 g (25 mmol of hydroxyl function) of PCL-40H were transferred into a previously dried
round bottom flask and three azeotropic distillations with anhydrous toluene were carried
out. Then, 200 mL of anhydrous DMF were added to the flask through a rubber septum
with a flamed stain-less steel capillary. After complete solubilization, 2.75 g (27.5 mmol)
of succinic anhydride and 3.9 mL (27.5 mmol) of triethylamine were successively added to
the polymer solution. The solution was then stirred at 45°C overnight and the PCL-4COOH
was successively precipitated in diethyl ether and methanol. A white powder is collected
after filtration and drying under vacuum.

1H NMR (CDCl3,8 ): 4,05 (t, 168H, HA + A’ ), 2,64 (s, 16H, Ha +a’), 2,3 (t, 158H, HE ), 1,64
(m,316H,HB+ D), 1,37 (m, 158H, H C). Functionalization: > 95%.

Synthesis of PCL-4MAL (8000g/mol)

20 g (9.5 mmol of carboxylic acid functions) of PCL-4COOH were transferred into a glass
reactor previously dried. 80 ml of anhydrous CH;Cl, were transferred to the reactor
through a rubber septum using a flamed stainless-steel capillary. After the complete
solubilization of the PCL, 2.3 g (11 mmol) of 4-(2-hydroxyethyl)-10-oxa-4-aza-
tricyclo[5.2.1.0]dec-8-ene-3,5-dione, 2.27 g (11 mmol) of DCC and 0.134 g (1.1 mmol) of
DMAP were transferred inside the reactor. After one night of reaction at room
temperature the blend was filtrated in order to remove the DCU. The protected PCL-4MAL
was recovered by precipitation in diethyl ether and in methanol, filtered and dried under
vacuum. The polymer was then transferred into a glass reactor and heated at 105 ° Cunder
vacuum for 6 h to eliminate furan and regenerate the maleimide functions. PCL-4MAL was
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kept at room temperature. The functionalization was determined by 'H NMR. The
functional PCL was also characterized by SEC.

1H NMR (CDCls, 8): 6,53 (s, 7,9H, Hwa); 4,26 (t, 7,5H, Hual); 4,07 (t, 172H,-CH,-0-C(0)-); 3,76
(t, 7,5H, Hwa); 2,59 (s, 16H, O-C(0)-CH2-CH,-C(0)-O-MAL ); 2,3 (t, 168H, -O-C(0)-CH>-); 1,66
(m, 332H, -C(0)-CH2-CHa-CH2-CH,-CH2-0-); 1,39 (m, 169H, -C(O)-CHa-CHa-CHa-CH,-CH2-0).

O
~J
O=—C=—=N )_I\ o
(o) - D)
40°C, 24h 4

CH,Cl,

Scheme S1: Synthesis of PEO-4FUR from PEO-40H (10.000g/mol)
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Figure S1: 'H NMR spectrum of the PEO-4FUR

159



PEO-4FUR

PEO-40H

1,0 /,

0.8 \

i

kel 1
£ 0,61 H
2 \
© 04
- H
[0] H
o0 f

0,2

0,0

1 N I N I ' 1 N I
16,0 16,5 17,0 17,5 18,0

Volume (mL)

Figure S2: SEC chromatogram of the PEO-4FUR (black) and PEO-40H (grey)
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Figure S3: Raman spectra on two different spots of the PEO-PCL mixture after melt

blending at a) 105°C and b) 90°C (the two spots a and b giving the highest divergences over
the 15 measured spectra were selected in both cases).
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Figure S4: Raman spectra of the PEO-4FUR (black curve), PCL-4MAL (red curve) and the
51:49 blend after melt blending at 90°C and curing at 65°C for 72h (green curve). The
dotted ovals highlight some bands characteristic of the furan (1503cm™t) and maleimide
(1587 and 1770cm™) end groups.
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Figure S5: DSC trace for the 70:30 network.
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Figure S6: Stress-strain curves of the PEO-4FUR/PCL-4MALS8k (51:49) material at dry state
(red), hydrated state (black) and after 2 months in PBS solution (green), the one of PEO-
4FUR/PCL-4MAL4k (70:30) material at dry state (blue) and the one of PEO-4FUR/PCL-4MAL
recycled (pink).
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Figure S7: Multiple shape-memory of PEO/PCL network with the 51:49 composition.

163



First local
reconfiguration
- 5

Heated
without stress
at 65°C

Second local
reconfiguration
- S

Third local
reconfiguration

Figure S8: Local reconfiguration of the 51:49 shape-memory sample.

Recycling ! ’
_ —_ 1
DefOr
m,
\Ssrt‘

Op,: At
3 Vi On
Stre ')gat s
= ] re/ease
Initial material Recycled material
cut

- ote

W
e‘s\O“
V ! = L
/ \ Temporary shape (fixity =100%)

Recovery (=75%)

164



Chapter V: Hybrid covalent adaptable networks from cross-reactive poly(e-
caprolactone) and poly(ethylene-oxide) stars towards advanced

shape-memory materials

1

o||Ii||l|||1|||II|Y|Il|I||||I||

5
<y
2. o
d
== €ase
Permanent shape

Temporary shape

Hil’IHIIHH,NH,IIHIIIII]

1 2 3
b)

Figure S9: a) Sample before and after recycling process (left) and water shape-memory

properties of the recycled 70:30 material (right). b) Thermo shape-memory properties of
the recycled 70:30 material.
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Figure S10: DSC traces for the recycled 70:30 network

Table S1: Temperature shape-memory properties of the 51:49 hybrid network as
determined by DMA in the dry state.
Cycle number 1 2 3 4

Fixity ratio (%) 98 98 98 98
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Recovery ratio (%) 85 97

97 97

Table S2: Fixity and recovery ratio of water triggered shape-memory for each kind of

material.
. 51:49 70:30
Material 51:49 70:30
Recycled Recycled
Fixity ratio (%) =100 =100 =100 =100
Recovery ratio (%) =75 =75 =80 =75

Table S3: Fixity and recovery ratio of temperature triggered shape-memory for each kind

of recycled material.

. 51:49 70:30
Material 51:49
recycled Recycled
Fixity ratio (%) =100 =100 =100 =100
Recovery ratio (%) =100 =100 =100 =100

Table S4: Temperature shape-memory properties of the 51:49 network after immersion in

PBS

Fixity ratio (%)

Recovery ratio (%)

Immersion time \ Cycle number 1 2 3 4 1
2 weeks 97 98 98 98 75
1 month 98 98 98 98 79

2 3 4
96 99 99
97 97 97
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Table S5: Mechanical properties of the 51:49 material before and after hydrolytic test

E c €
Material

(MPa) (MPa) (%)
51 : 49 before hydrolytic test 31 6.2 600
51 : 49 after hydrolytic test 43 12.9 310
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Chapter VI: General conclusion, discussions and outlooks

The different objectives targeted at the beginning of this thesis were mainly achieved.
Well-defined microspheres made-of commercially available aliphatic polyesters largely used
at present for biomedical applications and promising polyphosphoester polymers were
successfully formulated according to a microfluidic process allowing the synthesis of a wide
variety of drug-loaded microparticles with different drug-release profiles and functionalities

discussed in detail in the VI.1 and VI.2 parts.

The formulation of microspheres containing PPE was optimized and microparticles
with a size varying between 46.6um and 59.8um were obtained in the same conditions
depending on the microsphere composition. The addition of a polyphosphoester component
in a classic microspheres polyester matrix does not influence the encapsulation efficiency,
compared to classic polyester microspheres, but allows to increase tremendously the drug-
release kinetic, even when less than 10% of PPE is incorporated in microspheres. The complete
release of the budesonide is tuned between 6h and 48h depending on the PPE proportion in
the polymer matrix. The addition of a crosslinked PPE shell around a polyester core increases
the microsphere size and allows to increase the drug-loading without modify the kinetic
release/profile. Moreover, the microspheres containing PPE does not show any toxicity to
HUVEC and Bfb cells but further cytotoxic tests must be required to ensure that these

microspheres are not toxic and can be injected in human body.

One of the microfluidics’ advantage is that the scaling-up is generally easier than in
batch. Moreover, the microsphere’s size, polydispersity, shape, structure and composition
and consequently, the drug-loading and drug-release can be easily tuned by the modification
of the microfluidic parameters which is very convenient for a supplier. The limiting step is the
availability of large amount of PPE. Nevertheless, the Interreg In Flow project, which | had the
pleasure to participate in, focused, among other things, on the development of a
microfluidics-based innovative semi-industrial production process of cyclic phosphate

monomers and their corresponding polyphosphoesters (co)polymers with an excellent control
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of the macromolecular parameters. Typically, Dr Romain Morodo (CiTOS-ULiege) synthesized
in flow 115g BEP monomer a day, by microfluidic technique, with an overall yield of 49%
instead of 21% in batch! with a high purity allowing its (co)polymerization also according to a

microfluidic process.

In the last two chapter, some shape-memory microspheres composed of PCL-4COU
were formulated and UV crosslinked directly in flow and the temperature triggered shape-
memory was tested. Considering the unique structure of the crosslinked PCL//PBEP
microspheres, shape-memory were also successfully tested on these microparticles. Heating
the microparticles to triggered the shape-memory can be problematic with biomedical
applications in mind. That is why the incorporation of magnetite in microspheres was
optimized with an EE around 99%, in order to have a shape-memory caused by a magnetic
field. Another approach is to have a water-triggered shape-memory material by incorporating
a hydrophilic component, the PEO, in a PCL matrix. This hybrid networks exhibit crystallinity,
mechanical robustness and water sensitivity and consequently, two different shapes are

memorized which are recovered by different triggers, namely temperature and water.
VI.1 Drug release kinetics tuning

The primary objective of this thesis was to modify the drug release kinetics by
employing a biodegradable polymer alternative to polyester. The characteristics of the
polymer, such as hydrophilicity, crystallinity, and free volume, play a crucial role in
determining the drug release profiles. Polyphosphoesters have emerged as promising
candidates for fine-tuning drug release from aliphatic polyester-based microspheres. They
have already demonstrated successful applications in the development of drug-loaded

nanocarriers and hydrogels for drug delivery purposes?.

The initial approach involves modifying the composition of reference microspheres by
incorporating polyphosphoesters (PBEP) into the polyester matrix. To achieve this, a diblock
copolymer consisting of PLLA and PBEP was synthesized and the formulation was optimized.

The model molecule chosen for drug-loading experiments was budesonide, so that the
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formulation of budesonide loaded microspheres of various polymer blends was also

optimized.

Encapsulation efficiency and drug release studies were conducted and compared to
conventional loaded polyester microspheres. The results revealed that the encapsulation
efficiency of budesonide remained similar when the same organic solvent was used for
formulation. However, the drug release rate was significantly faster for the microspheres
containing polyphosphoester. In fact, almost 100% of the budesonide was released within only
48 hours when 6.2wt% of PBEP was present in the particle matrix, whereas in the absence of

PBEP, the drug release was only at 10% after 6 weeks.

The second approach involves the modification of the microspheres structure by
formulating core-shell microspheres composed of a polyester core and a polyphosphoester
shell. The measurement of encapsulation efficiency reveals that the addition of a shell is
crucial for enhancing the drug-loading. Specifically, the drug-loading is nearly 20 times higher

when a shell is added around a PDLLA core.

Furthermore, the addition of a polyphosphoester shell does not significantly impact
the drug release profile compared to microspheres with a 100% PDLLA core-shell composition.
In this case, the release is more sustained compared to previous formulations, with complete

drug release occurring after 6 weeks.

Moreover, all kinds of microspheres containing polyphosphoester do not show any
signs of cytotoxicity which is a highly positive aspect for potential biomedical applications.
Nevertheless, further testing on immune cells and assessment of cellular functionality must
be conducted to take the application in biomedical field of such microspheres one step

further.

The variation in drug release profiles observed between different types of
microspheres can hold significant implications, particularly in cases of chronic pain or Crohn’s
disease crisis. For instance, a combination of both types of microspheres could be formulated
to achieve a novel drug release profile. Initially, the microspheres composed of a diblock

copolymer would facilitate a faster release, providing immediate pain relief. Subsequently, the
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core-shell microspheres would sustain the release of the drug, preventing pain over an
extended period of time. This sequential release pattern could offer effective management

and relief for conditions requiring both immediate and long-term pain control.
VI.2 Advanced microparticles functionality

The second objective of this work was to introduce functionality into the microspheres,
which was achieved by formulating shape-memory microspheres. Core-shell microspheres
composed of PCL and PBEP exhibited such properties. However, a notable issue was the
leakage of the PCL core due to the limited crosslinking of the PBEP shell. To address this
problem, chemically crosslinked PCL microspheres were formulated by using photoreactive

star-shaped PCL stars.

Various deformation techniques were applied to obtain discs or rod-like
microparticles. These microparticles exhibit excellent temperature triggered shape-memory
properties even if the recovery of the rods is not complete considering that lemon-shape
microparticles are obtained instead of spheres at the end of the shape-memory process.
Furthermore, successful encapsulation of magnetite nanoparticles was achieved in these
microspheres, with a loading of 5.4wt% with an EE of 98.7%. This loading that could be
increased further if required, is comparable to magnetite-loaded microparticles reported by

Uto et al. which demonstrated shape-memory microparticles induced by a magnetic field3.

Such shape-memory microparticles could be advantageously used as embolic agent.
The use of magnetite-loaded microparticles could allow their direct observation in the body
by MRI facilitating the surgery. The deformation of such microparticles directly in flow
presents an interesting challenge with significant biomedical implications. As mentioned
earlier, this would allow for the formulation and deformation of microparticles on-site in a
hospital or medical facility, enabling their immediate use. This capability opens up new
possibilities for tailored and dynamic medical interventions, enhancing patient care and

surgical outcomes.
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However, it is important to note that the shape recovery of these microparticles is
currently triggered by heat. The unloaded PCL microspheres undergo shape recovery upon
direct heating, while the magnetite loaded ones can be triggered by a magnetic field,
generating a Joule effect within the particles. It is crucial to consider that this local heating
may pose a risk of tissue damages when used inside the body. To address this concern, the
combination of cross-reactive poly(ethylene oxide) (PEO) and PCL stars in a hybrid network
was investigated. We demonstrated that the resulting new shape-memory material allows
both water and heat triggered shape recovery, enabling the programming of two different

temporary shapes.

Following this thesis, the next step would be to formulate this innovative hybrid
network as microspheres by the flow process. However, this is not straightforward, some
challenges must be overcome. Firstly, if EEOAc is a common solvent for both PLC and PEO stars
which could be used for the discontinuous phase, an aqueous continuous phase is to banish
because the PEO will be dissolved in it. A hydrophobic continuous medium, such as an alkane,
should rather be used as solvent for the continuous phase requiring a dedicated emulsifier to

stabilize the microspheres.

Secondly, attention should be paid to avoid premature crosslinking of the furan-
maleimide stars mixture if they are placed together in a single solution of the injecting syringe,
preparing two solutions with each type of stars should be preferred to prevent this problem.
Therefore, the microfluidic system should be accordingly adjusted in order to integrate a first
mixing step of both stars solutions just before the droplet generation. Indeed, the mixing must

be efficient enough to allow the Diels-Alder reaction between the cross-reactive stars.

Advantageously, the chain-ends of the PEO and the PCL stars could be functionalized
by coumarin to fasten the coupling reaction by UV irradiation. In this way, both PEO and PCL
stars could be mixed together in a single syringe and formulated by the cross-junction system.
Considering that the PEO and the PCL are completely immiscible, two kinds of microparticles
could be achieved depending on the relative rates of crosslinking and the phase-separation. If

the crosslinking is faster than the phase-separation, homogeneous microspheres of an hybrid
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network are expected . On the contrary, if the phase-separation occurs faster than the
crosslinking reactions, Janus microparticles could be obtained 4. Janus microspheres are very
interesting for some applications because depending on the applied stimulus it would be
possible to provoke the shape recovery only on one half of the microparticle. To favor the
generation of Janus microparticles, we preconize feeding the core-shell device by two

different syringes filled with each coumarin end-capped stars solution.
VI.3 Environmental concerns

As it was demonstrated all along this work, microfluidic processes are very powerful to
produce well-defined microspheres. One aspect that was not yet considered is the
sustainability aspect of the technique. This necessitates the use of simple, accessible and
useful green metrics such as the environmental factor (EF) to measure the greenness of
production processes. The EF measures the amount of waste generated by a process

expressed in kg of waste per kg of product (eq (1))°.

(1) EF = 2 Myqw materials T Z mreagents + Z Msotvents — Mdesired product

Myesired product

Of course, the EF factor alone is not enough to have a global idea of the sustainability
of the technique but it is already a first indicator of some strengths and weaknesses of the

process.

The EF value was calculated for each kind of formulated microspheres in the optimized
conditions and gathered in the following table where mraw materials is the mass of polyester,
polyphosphoester and APl and PVOH, Mreagents is the mass of photosensitizer and msolvent is the
organic solvent. The water, used for the formulation and the purification is not considered in

the expression of this factor.
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Table 1 : EF calculation for each kind of microfluidic formulated API-loaded microspheres and for one sample of
PCL obtained by nanoprecipitation (batch process).

Formulation Mraw 0 0 Mesired
Entry Microspheres conditions materials reagents solvents product EF
(g) (g)
(entry + page) (g) (8)
1 PDLLA:bud Entry 5 P70 1.285 0 135 8.110?% 315
PLGA:bud Entry 8 P70 1.285 0 135 8010% 32
PLLA:bud Entry 10 P70 1.285 0 1.995 7.9102 40.5
PLLA-b-PBEP
4 bud Entry 7 P74 6.085 0 1.995 7.9102 101
u
5 Blend 45:55 bud Entry 1 P76 2.485 0 1.995 7.910% 55.7
6 Blend 80:20 bud Entry 2 P76 2.485 0 1.995 7.8102 56.4
PDLLA//PBEP
7 Entry 1 P105 3.08 2.410°3 1.35 8.0102 544
asp
8 PCL//PBEP asp Entry 2 P105 3.08 2.4103 1.35 7.9102% 55.1
PDLLA//PDLLA
9 Entry 3 P105 3.08 0 1.35 7.910?% 55.1
asp
10 PDLLA asp Entry 4 P105 3.04 0 0.675 3.8102 96.8
11 PCL network Entry 8 P129 1.275 2.710°3 1.35 7.8102% 32.7
12 PCL:magnetite P137 1.28 2.7103 1545 8.210% 335
PCL: contrast R.Riva
13 o 10.414 0 1.75 0.14 85.9
agent conditions®
PCL: contrast .
R.Riva
14 agent (nano- . 58.29 0 35.13 0.7 132
conditions®

precipitation)

AQOrganic phase composed of PCL 7.6w% and 3.3w% of contrast agent with a flow of 0.025mL/min;
aqueous phase composed of PVOH = 2.5w% + KH,PO4 60g/L with a flow of 2mL/min, recovered product
90% with an EE of 29.3%. Mean diameter 200.3um and PDI = 9.4 103,

B30mL of organic phase composed of PCL 0.1g/mL and contrast agent 0.043g/mL are processed in
600mL of PVOH solution 3w% containing KH,PO, 60g/L. Recovered product : 16.3% with an EE of 30%.
Mean diameter 175.4um and PDI = 1.3 102

The EF values for each kind of microspheres varies from 31.5 to 96.8. The EF is
influenced by the kind of used solvent (Entries 1 and 3) and slightly influenced by the

encapsulation efficiency (Entries 7 and 9) because the amount of API is low compared to the
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amount of solvent used. On the contrary, the EF is much higher when 5w% PVOH solution is
used (entries 4, 7-9) and when the continuous phase flow increases (entries 4-6). This
evidences that the continuous phase is predominantly impacting the EF. Core/shell
microspheres formulation shows similar EF as bulk particles. Nevertheless, if the EF
microfluidic values (Entry 13) is compared to nanoprecipitation technique (Entry 14) for the
formulation of PCL microspheres, microfluidic formulation appears more sustainable than the

nanoprecipitation, regarding the EF factor.

An ideal EF value is 0, whereas a higher EF means greater waste generation and
subsequently leads to more pronounced negative environmental consequences. To decrease
this EF value, the recycling of the continuous phase can be considered®.A back-loop can be
incorporated in the system to recycle the continuous phase if the organic and the aqueous
phase are immiscible but in the case of partially miscible solvent, another separation process,
as the distillation, must be implemented which is time and energy consuming. If it can be
implemented to our system, the EF value would fall between 16.7 and 25.3, making

continuous flow formulation relevant for a greener future.
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1 Introduction

The spontaneous generation of order in systems made of
numerous components, called self-assembly, is ubiquitous
in biology and chemistry at the molecular level. Examples
range from the formation of crystals to the formation of
complex molecules. Self-assembly is now being intensely
studied in chemistry, biology and materials engineering.
Moreover, self-assembly is also encountered from the micro-
meter up to the centimeter scales, offering opportunities to
generate 2D and 3D elaborated structures with low cost and
simple manipulations.> Extensive research demonstrated
that the self-assembly of small-scale structures can be
achieved along liquid interfaces, opening ways to inexpen-
sive manufacture processes in between bottom-up and top-
down forms of fabrication.>™

Capillary driven self-assembly consists in suspending
small objects at the water-air interface. Depending on the
object weight, hydrophobicity and surface tension, the interface
is slightly deformed, inducing a net force between the
particles.’®™* Vella and Mahadevan'* rationalized this inter-
action for spheres, while Kralchevsky'"'? considered non-
spherical particles. In both approaches, any liquid deformation
around an object (or a particle) defines a so-called capillary
charge, and the interaction between two objects is given by the
product of the capillary charges as well as a decreasing (Bessel)
function of the object interdistance. While a spherical particle
is characterized by a single capillary charge, a non-spherical

“ GRASP, CESAM Research Unit, Institute of Physics B5a, University of Liége,
B4000 Liége, Belgium. E-mail: nvandewalle@uliege. be

Y CERM, CESAM Research Unit, Institute of Chemistry B6a, University of Liége,
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10320 | Soft Matter, 2020, 16,10320-10325

particle could be characterized by a sum of capillary charges
leading to multipolar effects."® Those multipolar interactions
involve torque and orientational effects in addition to attrac-
tive/repulsive interactions.’®'® Such multipolar effects were
considered for example to explain the particular natural pat-
terns forming along water-air interfaces with mosquito eggs
and whirligig beetles."®

Based on multipolar capillary interactions, sophisticated
self-assembled structures can therefore be envisioned, as
already tested by our group.”® In these earlier works, we 3D
printed branched objects for producing either positive or
negative charges located at the tips of the branches. We proved
that large and ordered self-assemblies can be programmed by
designing the shape of the objects: square and triangular
lattices have been achieved.”

A step forward is to achieve a remotely configurable
self-assembly. Changing the shape of the composing particles
modifies the interactions between them and enables us to
provoke or prevent the assembly. A programmable, reconfigur-
able and switchable self-assembly can thus be reached."” Ear-
lier studies proposed to change the density of the liquid by
adding salts.'® The resulting modification of particle buoyancy
triggers the reconfiguration of the assembly. More recently, we
proposed to use an external magnetic field to actuate capillary
charges placed on floating elastic objects," allowing for rever-
sing the self-assembling process.

The aim of this paper is to study the self-assembly of objects
whose multipolar capillary interactions can be modified/acti-
vated by shape shifting using shape-memory polymer as mate-
rial for manufacturing the objects. We study the different stable
and metastable patterns that can be achieved, as the one
illustrated in Fig. 1. Our work aims to provide original patterns
by remotely switching the shape of objects.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Top view of a self-assembly made of 12 floating objects. Each one
has a rhombus shape with edge length 1 cm, giving a scale to the picture.
The picture captures the ephemera structure when a compact configu-
ration disassembles. The symmetry of this metastable configuration
emphasizes the cooperative motion of the particles.

2 Multipoles

According to ref. 14, the cylindrical liquid profile, being the
liquid elevation z;, at a position 7 from a spherical particle
i centered on 7, is given by

z; = 0iKp ('72 7’|> 0

where Q; is called a capillary charge and corresponds roughly
to a characteristic height for the meniscus deformation at
some distance from the particle center, K, is the modified
Bessel function of the second kind. The typical distance
A= +/y/pg, over which the liquid surface is deformed, is
called the capillary length, which depends on surface tension
7, liquid density p and Earth gravitational acceleration g. This
characteristic length is close to 4 = 2.7 mm for water/air
interfaces. When two distant particles, labelled 7 and j, are
floating at the liquid surface, the interaction potential is
given by

=7
Ui = —2my0,;0;Ko (%) (2)

where the product of the capillary charges is found. This
potential results from the superposition of the deformations
z; and z; which is assumed even if observations show that
superposition principle is a crude approximation when par-
ticles come close together.'® Nevertheless, it has been shown
that this approximation is valid in most cases when the
meniscus slope is not so important.>* From eqn (2), both
attraction and repulsion can be obtained, depending on the
signs of the capillary charges Q; and Q;. For distant objects
(I7; = 7;| » ), the decay of K, looks like an exponential decay.

When the object shape differs from a sphere,”> or when
the object is larger than the capillary length," a superposition
of capillary charges, has been proposed for describing the

This journal is © The Royal Society of Chemistry 2020
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deformation of the liquid. The liquid elevation at position 7
around the object 7 is given by

2= Yok (). ()

o€l

These capillary charges Q, belonging to object i are the key
ingredients of our work. The interaction between two multi-
polar objects i and j is simply given by the sum of all possible
interactions between charges placed on both particles. One has

v =m0 ()

wei pej

that we will consider for the numerical modelling along this
article.

In order to create a pattern, we 3D printed many multipolar
objects having a rhombus shape. The internal angles of the
rhombus are 60° and 120°. The side length is 1 cm, being much
larger than the capillary length A. The rhombus thickness
is 0.5 mm. Those elementary units are floating thanks to
partial wetting. In addition, we imposed positive and negative
curvatures. In fact, we created two different types of rhombus,
as illustrated in Fig. 2. The first type, as illustrated in Fig. 2(a),

Fig. 2 (a) 3D view of a rhombus tile curved along the diagonals, with
opposite curvatures. (b) 3D view of the same rhombus tile curved along the
medians, with opposite curvatures. (c and d) Experimental profilometry of
the liquid interface deformation around objects (a and b), respectively. The
blue-green-red color scale indicates the elevation of the liquid interface in
arbitrary units. Blue (red) corresponds to a negative (positive) capillary
charge, while the green color corresponds to a flat unperturbed interface.
The white region around each rhombus corresponds to high slopes
characterized by large uncertainties within this profilometry method.
(e and f) Using the same color code, simulation of the liquid elevation
with egn (3) in our simulations with objects corresponding to (a and b)
respectively. Each rhombus is simulated using non-overlapping disks
shown in black and associated to a capillary charge.

Soft Matter, 2020, 16, 10320-10325 | 10321
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considers a positive and a negative curvature along the diag-
onals of the rhombus for creating respectively positive or
negative capillary charges at the vertices. The second type of
rhombus, as seen on Fig. 2(b), has curvatures along the
medians of the rhombus for creating large liquid deformations
along the sides of the rhombus.

Before building elaborated structures, we characterized the
liquid interface deformation around each basic elements using
a profilometry technique.?" The experimental method is based
on refraction of light through the deformed interface. A pattern
is placed below the system and is recorded with zero deforma-
tion of the interface. When one or more objects are placed on
the liquid interface, light refraction will modify the image of
the pattern. By image correlation analysis, it is possible to
obtain the gradients of the interface. By integration, the liquid
profile is obtained. Liquid elevations of at least 10 um are
detected. Experimental liquid profiles around the particles are
shown in a color scale in Fig. 2(c and d): red for positive
deformation and blue for negative deformation.

The liquid elevation z around single floating tiles is shown
in Fig. 2. The white region around each rhombus corresponds
to strong gradients involving some indetermination of the
liquid elevation after integration. Close to the objects, strong
deviation from a flat interface are seen either at the vertices
(c) or along the sides of the rhombus (d), as expected. Positive
and negative capillary charges forming a quadrupolar system
could be considered. Moreover, a slight negative capillary
charge should be considered coming from the weight of the
tile itself. Indeed, a non-curved tile deforms slightly the inter-
face and a weak capillary interaction is observed between
uncurved objects.

We have also considered a numerical model which consid-
ers rhombus shape made of 9 non-overlapping disks. One disk
is placed at the center of the rhombus. Four disks corresponds
to vertices. Four disks corresponds to the middle of the edges.
Each disk could be the center of a capillary charge, as described
by eqn (3). Two typical objects are shown in Fig. 2(e and f). A
small grey rhombus is superimposed in order to give the
orientation of the object. However, the object should be con-
sidered as the union of all disks. By placing capillary charges
either at the vertices of the rhombus or along the sides of
the rhombus, we obtain a good approximation of the liquid
profile obtained in our experiments, as shown in Fig. 2. Please
remark that the ninth capillary charge in the particle center is
considered in order to provide a slight negative charge and
attraction between objects. In the following work, we will
consider this model in order to simulate capillary driven self-
assemblies.

More capillary charges can be considered for describing the
rhombus objects but this will inevitably increase the computa-
tion times when calculating the interaction potential eqn (4).
We present herein the results with the minimum possible of
charges in order to reproduce experimental observations.
Moreover, adding more disks for modeling rhombi implies
shorter interdistances that could result in another choice for
the potential (4).
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3 Self-assembled patterns

Considering both types of 3D printed objects, two different self-
assembled patterns are obtained in experiments. Objects are
placed at random on the water-air interface. Interactions drive
the system into ordered clusters within seconds and without
mechanical agitation. The more compact obtained experi-
mental structures are illustrated in Fig. 3(a and b) when
12 floating objects comes together. A similar kind of self-
assembled lattice has already been obtained in our earlier work
on branched floating objects.” In fact, lacunes, i.e. missing
tiles, may be present in the lattice and they are mainly due to
initial conditions, i.e. initial positions and orientations of the
particles. A small agitation of the water-air interface provides
some annealing for the structure leading to a more compact
and more symmetrical raft.'® The key ingredient for reaching
lattices is the use of both positive and negative charges on the
objects allowing for both attractive and repulsive motions
during self-assembly. It should be remarked that neighboring
rhombi are still separated by a very thin layer of liquid at
equilibrium, ie. they are not completely in contact. This is
probably due to the wavy contact line along the edge, leading to
a repulsive interaction at short range.>”

Rhombille tiling, as shown in Fig. 3(a), is obtained for
vertex-vertex interactions. The rhombille tiling can be viewed
as a regular hexagonal structure, each hexagon being made of
three rhombi.?®> The hexagonal lattice has a symmetry pém,
while the hexagon centers have a symmetry p3m1, meaning that
3-fold and 6-fold local symmetries coexist in the structure.

When edge-edge interactions are dominating the system,
the particles self-assemble into a 4-fold isohedral structure,*
as shown in Fig. 3(b). The lattice is formed by the simple
translation of the rhombus along the air-water interface. It is
remarkable that completely different symmetries can be reached
using similar rhombi objects but having different curvatures.

Based on the objects of Fig. 2(e and f) possessing 9 capillary
charges, numerical simulations of self-assembly were per-
formed. The objects are initially placed with random positions
and orientations in the horizontal plane. The so-called steepest
descent algorithm searches for small translations and rotations
of the particles among numerous random moves, allowing
only minimization of capillary energy, as given by eqn (4).
Whatever the values of the charges Q, in eqn (4), the minimum

Fig. 3 Self-assemblies formed by 12 identical rhombi. Each rhombus has an
edge length of 1 cm, giving a scale to the pictures. (a) Rhombille tiling obtained
with tiles of Fig. 2(a), involving vertex—vertex interactions. (b) Isohedral tiling
obtained with rhombi of Fig. 2(b), involving edge—edge interactions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 All resulting patterns made of three objects, resulting from the
simulations of capillary attractions and repulsions. The first column (a—c)
shows the cases dominated by vertex—vertex interactions starting from
different initial conditions. The right column (d and e) shows the cases
dominated by edge-edge interactions. The blue-green-red color scale
indicates the elevation of the liquid interface in arbitrary units. Blue (red)
corresponds to a negative (positive) capillary charge, while the green color
corresponds to a flat unperturbed interface.

is obtained when objects comes into contact. The resulting
pattern is therefore independent on the scale of charge, i.e. the
scale of interface deformation along the vertical z-axis.

Typical results for three interacting objects are shown in
Fig. 4 for both types of rhombus. As expected, rhombille and
isohedral patterns are obtained, therefore validating such a
model. Although a low number of objects is considered, many
different patterns result from self-assembly, emphasizing the
importance of the initial conditions. All resulting patterns are
illustrated in Fig. 4. Increasing the number of particles in
simulations involve more defects in the lattices such that
annealing is needed. Nevertheless, low number of objects are
enough to show the symmetry of expected patterns. One should
nevertheless remark that the isohedral pattern is not perfect,
since there is a slight shift between neighboring rhombi. This
effect, also observed in the picture of Fig. 3(b), can be reduced
by considering smaller disks for the capillary charges describ-
ing the shape of the objects.

4 Switching behavior

Instead of 3D printing rigid tiles with specific curvatures, we 3D
printed the negative of these tiles in order to create molds. A

This journal is © The Royal Society of Chemistry 2020
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polymer can therefore be pressed in the molds. A shape-memory
polymer has been developed for our purpose. Four-arm star-
shaped poly-e-caprolactone end-capped by reactive functions, ie.
furan or maleimide moieties, have been used for the preparation
of the shape-memory particles (see Fig. 5). The functionalization
of commercially available PCL-4OH chain-ends by maleimide or
furan moieties to get the PCL-AMAL and PCL-4FUR, respectively,
is a well optimized and already published process.*** It was
applied to PCL-4OH of a molar mass of 8000 g mol "

In order to get the temperature triggered shape-memory
objects, they were made of cross-linked semi-crystalline PCL.
The chemically cross-linked PCL network is formed by mechan-
ical mixing of an equimolar blend of PCL-4MAL and PCL-4FUR
at 105 °C, followed by a thermal post-curing at 65 °C in a mold
to allow Diels-Alder adduct formation leading to the network
(Fig. 5). More precisely, 1 g of PCL-4FUR and 1 g of PCL-4MAL
(M, 8000 g mol ") stars were introduced in a 10 mL vial and
molten at 105 °C in an oven. Few milligrams of carbon black
were added in order to have a better contrast for future pictures
and videos. Then the mixture was mechanically blended and
collected in a home-made 3D-printed mold (see Fig. 6b), then
cured at 65 °C during 24 h to obtain a crosslinked material.
After this step, the formed PCL network has memorized the
edge-edge shape (permanent shape) of the particles.

Then, these objects are heated again at 60 °C, i.e. above the
melting temperature of the PCL network and placed in a second
mold (Fig. 6a) to give them their vertex-vertex temporary shape
after cooling in the mold at ambient temperature.

We decided to switch from vertex-vertex to edge-edge
rhombus types. The melting temperature is around T, =
60 °C. The water is therefore progressively heated from the
bottom using electrical resistors. The increase of temperature
may have two effects: (i) a modification of surface tension and
(ii) the appearance of convective cells. We assume that they are
weak effects. Indeed, the capillary length changes only by 4%
in the temperature range such that the objects are still
much larger than A. By heating from below, convective rolls
may appear below the interface, providing some agitation.
If present, this source of fluid motion is however unable to
separate the tiles from each other just before the transition.
Once the transition temperature is reached, the change of
symmetry is observed within a few seconds. A typical sequence

g

PCL-4FUR 3 % €
1) Blending at 105°C

+ > [
2) Curing at 65°C
for 24h
n 4 =PCL
Reactive

T

Fig. 5 Network formation using the Diels—Alder cycloaddition between
furan and maleimide as reactive functions at the chain-ends of 4-arm star-
shape PCL.

PCL-4MAL functions

PCL network
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Fig. 6 Design of the molds used to give to the shape-memory particles:
(a) the vertex—vertex temporary shape and (b) the edge—edge permanent
shape.

of self-disassembly and reassembly into a new structure is given
in Fig. 7. Starting from 6 rhombi in a flower configuration, i.e.
with a 6-fold vertex in the center, the rhombi start to slide along
each other and then rotate to switch to an isohedral lattice.

Changing the symmetry involves both fundamental moves
for each rhombus: translation and rotation. When capillary
charges migrate from vertices to edges, the translation of a
rhombus along the edge of another one is cost effective with
respect to the capillary energy. Indeed, the slight negative
charge of each object favors translation for objects nearly in
contact before rotations, as seen in the first stages shown in
Fig. 7. Rotational events appears at the end of the shape
switching process when capillary charges involve larger tor-
ques. At this step of the process, the centres of rotation
correspond roughly to the tips of each rhombus.

We performed many experiments, varying the number of
tiles as well as the initial configurations. We start from compact
configurations only (without lacunes) but with a variable num-
ber of tiles. Two major behaviors should be distinguished. The
first one, often encountered for a large number of tiles, is
illustrated by the remarkable structure of Fig. 1 being the last
step of a rearrangement starting from Fig. 3(a). In fact, the
system is stuck in a metastable situation far from the expected
isohedral structure. The transition is therefore incomplete. In
fact, the migration of the capillary charges from vertices to edge
centers allows for translation of tiles along the edges. However,
the rotation of tiles is forbidden since particles are always in
close interaction with two other neighbors, even in the last step
of capillary charge migration. This behavior has been simulated

(@) (b) © (d)

Fig. 7 Experiment of the reconfiguration of a self-assembly. Each rhom-
bus has an edge length of 1 cm, giving a scale to the pictures. (a) Six rhombi
are forming a flower-like rhombic configuration at T < T,,. (b and c) When
the temperature of the liquid reaches T,,, the curvature of each rhombus
changes to move the capillary charges from the vertex to the sides,
causing the disassembly of the structure. (d) The final stable isohedral
structure is found at the end of the irreversible process (T > T,).
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stable state

Fig. 8 Two initial different stable rhombic states are driven to a single
stable isohedral state when capillary charges are transferred from vertices
to sides. For the first compact configuration (a), a metastable state (b) is
obtained for which three rhombi form a triangular configurations, as
observed in Fig. 1. Another configuration (c) leads to a perfect isohedral
stable state (d). The blue-green-red color scale indicates the elevation of
the liquid interface in arbitrary units. Blue (red) corresponds to a negative
(positive) capillary charge, while the green color corresponds to a flat
unperturbed interface.

stable state

starting from 3 tiles forming a compact rhombille structure, as
shown in the top row of Fig. 8. During the capillary charge
migration along the edges, they move cooperatively forming a
triangular shape in the center. The liquid deformation there is
important since the superposition of three charges is observed
there. Each rhombus has still 2 neighbors, but the rotation of
each rhombus is unlikely since they are attracted towards the
center of the triangle. The self-assembly of Fig. 1 is therefore a
metastable configuration. In order to obtain the isohedral
structure, this configuration should be annealed by interface
fluctuations/agitation for separating objects from each other,
allowing for rotations.

The second behavior is the one of Fig. 7: isohedral lattice is
obtained at the end of the process. For that case, each rhombus
has the opportunity to rotate. This has been simulated starting
with three tiles, as shown in the bottom row of Fig. 8. From that
experimental and numerical results, we can conclude that the
initial configuration determines the occurrence or not of the
metastable configuration.

5 Conclusions

In summary, we performed experiments and simulations for
the capillary driven self-assembly of rhombic tiles, forming
lattices. The curvature of the particles induce specific positions
for the capillary charges involving different interactions and
self-assembled lattices.

This journal is © The Royal Society of Chemistry 2020
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By using a shape memory polymer for creating particles, the
self-assembly becomes responsive to the temperature of the
liquid. The capillary charges can be transferred from vertices to
edges. The resulting patterns disassemble and self-assemble
again into new configurations, including metastable states.

The numerical simulations based on multipolar capillary
charges are able to capture all observed phenomena, and could
be applied to any other self-assembling objects forming complex
structures.
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Abstract:

A chemically cross-linked and recyclable material with excellent shape-memory
properties was formed by using the very efficient triazolinedione click chemistry between the
1,2,4-triazoline-3,5-dione (TAD) and the poly(e-caprolactone) (PCL) functionalized by
anthracene moieties. Concretely, a four arm PCL was functionalized by anthracene groups as
chain-ends and this functional polymer was blended, in a mini extruder, with a bi-functional
TAD (MDI-TAD) and then pressed in order to have a homogeneous film whose shape-memory
properties can be determined. Compared to other thermo-reversible systems developed by
our group®™, this one displays a better recovery, up to 97% for the first cycle, and no creep
effect from cycle to cycle. Moreover, thanks to the high reactivity of the TAD moieties, no
post-curing was required to obtain material with good mechanical properties. Finally, this

material can be recycled by processing the degraded film with some MDI-TAD in the extruder.

Introduction:

Shape-memory polymers (SMPs) are physically or chemically cross-linked materials
able to switch, under the action of a stimulus, from a previously fixed and stable temporary
shape to its original shape, the permanent shape, programmed during the formation of the
material. The stimulus used is generally the temperature and in this case they are so-called
thermo-sensitive SMPs. SMPs are widely studied since few years for their interest in different
fields many in packaging but also in other fields such as in the aerospace industry, smart

textiles and as smart medical devices allowing minimal invasive surgery?>%7,

The semi-crystalline cross-linked poly(e-caprolactone) is widely studied for this type of

application. Indeed, when this cross-linked material is heated above the melting temperature



of the crystallites (around 50°C), the material becomes softer and can be deformed under
stress. Then, the temperature decreases and when the crystallites are formed, the temporary
shape is fixed even if the stress is released. Finally, if the polymer network is heated again
without stress, due to the elasticity of the cross-linked chains, the material recovers its original

shape.

The reversibility of the cross-links is an important factor for the recyclability and the
reprocessability of the material. Different reversible reaction were considered, the photo-
reversible®%, mechanically reversible>'%1213 and more frequently the thermo-reversible
reactions>#11714, Many shape-memory polymers with thermo-reversible cross-links were
investigated by our group. Firstly, the furan-maleimide® system, reversible above 100°C,
demonstrates good mechanical and shape-memory properties (recovery >88% for the first
cycle; fixity >99%). Moreover this Diels-Alder adduct presents good reprocessability and
recyclability. Nevertheless, due to the high reversibility of this reaction, a creep effect occurs
from cycle to cycle and considering that the reaction is relatively slow, a post curing of 48h is
required to have a material with good mechanical properties. In order to avoid the creep effect
of the material, the anthracene-maleimide couple was tested and studied?. This system was
selected because of the higher stability of the formed adduct. DMA analysis confirmed this
theory because a very small creep effect was observed from cycle to cycle and shape-memory
properties were excellent (recovery >93% for the first cycle; fixity >99%). Nevertheless, a post-
curing of 24h is still required to obtain a material with good mechanical properties and
moreover, this material is no more recyclable because the temperature at which the reaction
is reversible is above 250°C, temperature at which the polymer is degraded. The second
drawback, the post-curing, can be avoided with the use of TAD derivative moieties. The TAD
chemistry provides good vyields in few minutes®® thanks to the high reactivity of the
azidocarbonyl derivatives. With this in mind, the TAD-indole system was developed? because
the reaction with the indole is reversible at a temperature comprised between 90°C and
150°C, depending of the substituants on the indole molecule!3. Shape-memory properties of
this synthetized material were excellent (recovery >90% for the first cycle; fixity >99%) and
this without any post-curing, as expected. This material can be reprocessed by solid state
plasticity but the complete recyclability of the material is impossible because of the too

dynamic reaction. A small creep effect is also observed from cycle to cycle.



Considering all these results the anthracene-TAD system has to be tested because it
would combine the high stability of the adduct, avoiding the creep effect, and the high
reactivity of the TAD, avoiding the creep effect. Moreover this couple is reversible above 50°C

under mechanical stress, allowing the reprocessability and the recyclability of the material.
Experimental section:

Materials:

Toluene, dichloromethane (CH.Cl;) and diethyl ether (from Chem-Lab) as well as N,N-
dimethylformamide (DMF), succinic anhydride, triethylamine (NEts), 9-anthracenemethanol,
dicyclohexylcarbodimide (DCC) and 4-dimethylaminopyridine (DMAP) from Aldrich were used
as received. 4-arm star-shaped PCL bearing hydroxyl groups at the end of each arm (Mn=8000
g/mol, PCL-40H) were kindly provided by Perstorp-caprolactones. The synthesis of the 4,4'-
(methylenebis(4,1-phenylene))bis(3H-pyrazole-3,5(4H)-dione) (MDI-TAD) and the 4-(2-
hydroxyethyl)-10-oxa-4-aza-tricyclo[5.2.1.0]-dec-8-ene-3,5-dione were reported
elsewhere 1416

Synthesis of PCL-4COOH

50 g (25 mmol of hydroxyl function) of PCL-40H were transferred into a previously dried round
bottom flask and three azeotropic distillations with anhydrous toluene were carried out. Then,
200 mL of anhydrous DMF were added to the flask through a rubber septum with a flamed
stain-less steel capillary. After complete solubilization, 2.75 g (27.5 mmol) of succinic
anhydride and 3.9 mL (27.5 mmol) of triethylamine were successively added to the polymer
solution. The solution was then stirred at 45°C overnight and the pink-purple solution
containing the PCL-4COOH was successively precipitated in diethyl ether and methanol. A

white powder is collected after filtration and dried under vacuum.

1 H NMR (CDCI3,5): 4.05 (t, 168H, HA + A"), 2.64 (s, 16H, Ha +a’), 2.3 (t, 158H, HE ), 1.64
(m,316H,HB+ D), 1.37 (m, 158H, H C). Functionalization: > 95%.

Synthesis of Four-Arm Star-Shaped Anthracene- Bearing PCL (PCL-4ANTHR)

20 g (9.5 mmol of carboxylic acid functions) of PCL-4COOH were transferred into a previously

round-bottom flask and three azeotropic distillations with anhydrous toluene were carried



out. Then, 60 ml of anhydrous CH.Cl, were transferred to the flask through a rubber septum
using a flamed stainless steel capillary. After the complete solubilization of the polymer, 2.37g
(11.4 mmol) of 9-anthracenemethanol, 0.14g (1.14 mmol) of DMAP and 2.35g (11.4 mmol) of
DCC were sequentially transferred inside the flask. After one night of reaction at room
temperature and the filtration of the dicyclohexylurea (DCU) formed during the reaction, PCL-
4ANT was recovered by successive precipitation in diethyl ether and methanol, filtered and
dried under vacuum to obtain a slight yellow powder. The extent of functionalization was

evaluated by 1 H NMR.

1 HNMR (CDCI3,5): 8.51 (s, 3H, Hg ), 8.34-8.3 (d, 6H, H c ), 8.05-8.01 (d, 6H, H f ), 7.58-7.46
(m,12H,Hd +e), 6.17 (s, 6H, Hb ), 4.05 (t, 176H, HA + A’ ), 2.62 (t, 16H, Ha + a' + x ), 2.3 (t,
168H, HE ), 1.64 (m, 336H, HB + D), 1.37 (m, 168H, H C ). Functionalization: 75%.

Preparation of the PCL networks

Networks are formed during the extrusion in the melted state followed by a thermal curing.
Typically, 4g of PCL-4ANTH and 0.32g of MDI-TAD were grinded together and injected in a 6
cm?3 co-rotating twin screw mini-extruder (Xplore, DSM). They were melt-blended at 120°C
during 15min at 150rpm. The blend is collected in a 0.5mm thick mold and processed by
compression molding at 120 °C and 75 bars during 1h in order to obtain a flat sheet shape of

material.
Swelling experiment

The cross-linked material was immersed in chloroform for 24h at room temperature in order
to reach its swelling equilibrium. The resulting gel was collected carefully and weighted in
order to determine the quantity of solvent absorb by the cross-linked polymer. Then, the
material was dried under vacuum until constant weight in order to determine the insoluble
fraction. The swelling ratio and the insoluble fraction were calculated thanks to these

equations (1) and (2).

weight of the swollen material — weight of the dried material

Swelling ratio = * 100 (1)

weight of the dried material



weight of the dried material

Insoluble fraction = 100 (2)

*
weight of the initial material

Characterization techniques

Proton nuclear magnetic resonance (*H NMR) spectra were carried out by a Bruker Avance
400 apparatus at 25 °C at 400MHz in the Fourier-transform (FT) mode and using CDCls as
solvent. Size exclusion chromatography (SEC) analysis were recorded in THF at 45°C with a
throughput of 1ml.min! on a Viscotek 305 TDA liquid chromatograph equipped with 2 PSS
SDV linear M columns calibrated with polystyrene standards. Differential scanning calorimetry
(DSC) was performed on a DSC Q500 (TA Instruments) calibrated with indium. The sample is
inserted at 20°C and a temperature ramp of 10°C.min"! is applied to reach -80°C. After 5min
of temperature stabilization, the same temperature ramp is applied until 100°C. This cooling
down-heating cycle is repeated and the melting temperature (Tm) and the melting enthalpy
(AHm) are recorded during the second heating ramp. Shape-memory properties were
determined with a DMA Q800 (TA Instruments) using the tensile film clamp in controlled force
mode. The sample (5mm x 5mm x 0.5mm) is introduced and then heated at 65°C. After 5min
of temperature stabilization, a stress ramp of 0.06MPa.min is applied to reach 0.3MPa. The
sample is cooled-down under stress to 0°C and the temperature is maintained for 5min after
that, the stress is released and the fixity can be determined at this stage. Still in absence of
stress, the sample was heated to 65°C and the recovery can be determined. This cycle is

repeated four times.
Results and Discussion:

The chains-ends functionalization of the PCL-40H was realized by a two reactions of
esterification previously described.! The first one converts the alcohol chains-ends into
carboxylic acids thanks to the anhydride succinic in presence of triethylamine and the second
one is a Steglich esterification in order to convert the —COOH chains-ends into anthracene by

using 9-anthracenemethanol (Figure 1)
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Figure 1: two step chains-ends functionalization by anthracene

For the first reaction, the complete conversion of the hydroxyl groups is reached
because the peak corresponding to the -CH,-OH (6=3.63ppm) disappeared completely and a
new peak at 2.65ppm, corresponding to the -C(0)-CH2-CH;-C(O)- protons (g+g’), appeared. As
regards to the Steglich esterification, five different signals appeared at 6= 6.16; 7.5; 8.00; 8.30
and 8.50ppm (peaks h, j, |, i and k) corresponding to the nine protons of the anthracene group.
Moreover, the signal corresponding to the -CH,OH from the 9-anthracenemethanol shift from
5.64 to 6.16. This means that there is no more 9-anthracenemethanol in the final product.
Nevertheless, the conversion of the -COOH chains-ends, which is calculated by comparison of
the integral of the anthracene-CH,0- (peak h) and the integral of the g+g’ protons is equal to
80%. This non-quantitative reaction is directly visible on the NMR spectra because there is a
small peak (x) inside the g+g’ peak characteristic to the unreacted chain ends. This percentage
of functionalization means that there is at least, in average, three functionalized arms on the

four, which is enough to have the formation of a network.
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The average degree of polymerization (DP) is calculated, thanks to the integrals of one

proton of the repetitive unit (peak A, Figure 2) and the integral of one proton of the chain end
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Figure 2: 'H NMR spectra of the anthracene functionalization

(peak f, Figure 2), following this equation:

The average degree of polymerization and the percentage of functionalization for each

type of PCL are reported in this Table:

— Ip/2
p:i
I¢/8

. :
PCL type DP (*HNMR) | M (*H NMR) A’(Clzml;el\::;n M(VSVE/ é\;[“
PCL-40H 83 9400 i 1.26

PCL-4COOH 84 9800 >99% 1.22

PCL-4ANTH 89 11300 80% 134

Table 1: Functionalized poly(e-caprolactone) parameters




The size exclusion chromatography provides the poly-dispersity index of the
macromolecular chains. The SEC values, even if they are corrected by Mark-Houwink
coefficient, are not accurate because star-shape polymers are used and the hydrodynamic
volume of these types of molecules is different compared to a linear polymer with the same
molar masse. Moreover, there is also an impact of the end-groups on the elution volume
because they can change the hydrodynamic volume of the star-shape polymer. Finally, no

degradation of the PCL chains is observed during the different functionalization steps.

—— PCL-40H
_____ PCL-4COOH
--------- PCL-4ANTH

T ry T T |. T T T T
14 15 16 17 18 19 20 21
Volume (mL)

Figure 3: SEC chromatograms of the PCL functionalization steps.

A melting temperature of 45°C is obtained by DSC for the PCL-4ANTH with a

crystallinity degree of 45%, which suits for shape-memory applications.

The second component of the mixture, the MDI-TAD reagent, was synthetized in three

steps with high yield described by Billiet and al.'4

PCL networks were obtained by mixing PCL-4ANTH and MDI-TAD in stoichiometric
amount. These two reagents were grinding together to provide a nice homogeneous powder.
The precursor blend is injected in the mini-extruder at 120°C. This temperature was chosen,

on one hand, in order to confer some mobility to the PCL-chains and consequently allow a



better mixing. And on the other hand, at this temperature, the equilibrium of the reaction
between these species is shifted to the left and normally avoiding the cross-linking inside the
extruder since the reaction between anthracene and TAD is supposed to be reversible above
50°C. Nevertheless, the working temperature cannot be above 150°C because above this

temperature, the degradation of the MDI-TAD occurs.

In spite of this temperature, during the melting process, the torque inside the mini-
extruder increase directly and sharply which indicates that the cross-linking reaction occurs
anyway. One reason of this is that the reaction with the MDI-TAD is very fast and dynamic.
After 15min of mixing, two types of material were collected by the extruder outlet, the first
one was an inhomogeneous brown and yellow material and the second one is a homogeneous
brown and translucent material from which a piece cut and analyzed by swelling experiment
in chloroform. A cross-linked material is obtained with a swelling ratio of 1200% and an
insoluble fraction of 98.5%. These results confirm that the reaction of the MDI-TAD and the
PCL-4ANTH is significant, even at 120°C, and highly cross-linked compared to other previously

developed systems.!

The inhomogeneous material is then reprocessed by compression molding into a flat
sheet shape mold at 100°C and 75 bars during 1h. After this treatment, a homogeneous brown
film is recovered and a piece of this film is drawn in order to be analyzed by swelling
experiment in chloroform. After 48h in the solvent, the sample is collected and a swelling
ration of 1500% and an insoluble fraction of 93.5% are calculated. In order to reach the same
cross-linking density than those of the other material, a kinetic study, based on swelling
experiment is realized. This was realized at 65°C in an open air oven. This temperature allows
chains mobility, because it is above the Trm of the PCL, and the reaction between anthracene
chain-ends and MDI-TAD is more favorable. After 24h of thermal curing, the swelling ration
and the insoluble fraction were respectively equal to 1400% and 94% and these value were
still the same after 72h of post-curing. For the following experiments, all the samples were

prepared from this flat sheet shape.

The crystallinity degree of the final film is analyzed by DSC, since the shape-memory

properties are directly linked to the ability of the material to fix the temporary shape. In this



case, it is equal to 36% with a melting temperature of 40°C which is comparable to other

systems studied by our group.?

The shape-memory properties of the formed material were determined by dynamical
and mechanical analysis (DMA) by conducting stress-relaxation tests at 65°C. The experiment
is composed of four consecutive cycles during which the fixity, i.e. the ability of the material
to keep its temporary shape during the stress release at 0°C, and the recovery, i.e. the ability

of the material to recover its original shape, were calculated with these equations.
The fixity ratio:

Strain after stress release

Rf= 100
™ Strain after stretching and cooling

The recovery ratio:

R Strain after stress release before reheating — strain after reheating at cycleN 100
= *
g Strain after cooling under stress — strain after reheating at cycle (N — 1)

From curves on the Figure 4, the fixity ratios are above 99% for each cycle. The recovery
is not fully complete for the first cycle (97%) because of the training phenomenon but this
value is excellent compared to the other systems already tested by our group'3. For the other
cycles, the recovery ratio is above 99%. Moreover, a very limited creep effect is observed from
cycle to cycle for this system, which means that there is no adduct dissociation at this
temperature and consequently, it is very stable. Considering all these results, this type of

reversible system is very promising.
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Figure 4 : Shape-memory experiment at 65°C

The anthracene-TAD adduct was also selected for its thermal and mechanical
reversibility above 50°C*%*2, The reversibility of the reaction was firstly tested by rheology but
the results were not concluding even at higher temperature. The sample was then pressed at
120°Cin order to increase the formation of the starting materials. After three hours at 120°C,
the film is recovered and a small piece is analyzed by swelling experiment in chloroform. The
degraded film is a bit more brittle than the initial film which indicates that the cross-linking
density is lower than before and this is confirmed by the swelling experiment with a swelling
ratio of 3100% and an insoluble fraction of 73%. In order to prove the reversibility of the
reaction, the film was then placed in the oven at 65°C during 72h and after this post-curing
treatment, swelling experiment was done and the results were exactly the same. These results
suggest that there is no reversibility of this system but rather a degradation of the
triazolinedione derivative. To prove this hypothesis, a new film was prepared, following the
same conditions except for the degradation step. Instead of applying a temperature of 120°C,
the film was placed in the press at 150°C for three hours in order to degrade it totally. Indeed,
after this heating treatment, the film was much more brittle than before, indicating that the

cross-linking density is much lower compared to the initial film. A swelling experiment was



realized on a piece of this material and after few hours, the material is completely

disintegrated in the chloroform confirming that the cross-linking ratio is very weak.

The recyclability of the material was tested by cutting the degraded material in very
small pieces and mixing it with 50% of the initial MDI-TAD quantity (0.15g) in the extruder with
the same conditions than before. Once again, the torque increases sharply and after 15
minutes of blending, an inhomogeneous material is collected by the extruder output. Then, it
was pressed in the flat sheet shape mold at 100°C and 75 bars for 30 minutes. The recovered
film was browner than before but the hand-tested mechanical properties were better. Then,
a piece of this film was cut and a swelling experiment was realized. The swelling ratio was
equal to 2200% and the insoluble fraction was equal to 63%. Shape-memory properties were
then tested by DMA but, sadly, the film breaks in the first cycle because the material is not
very homogenous probably due to the excessive amount of added MDI-TAD. Indeed, some
MDI-TAD spots were visible into the film. Another film was realized by adding 25% of the initial
guantity of MDI-TAD (75mg). After the same processing way, a homogenous film with good
mechanical properties was obtained. Swelling experiment was realized and the swelling ratio
and the insoluble fraction were respectively equal to 3700% and 41%. DMA measurements

were realized but once again, the film breaks in the first cycle due to the too low cross-linking.

Nevertheless, a qualitative study of shape-memory behavior was realized for each film,
before and after recycling. These tests consist to heat a rectangular piece of the film at 65°C,
allowing the fusion of the crystallites and the deformation of the material upon mechanical
stress. This deformed shape was fixed by cooling slowly the material to room temperature in
order to fix the temporary shape. The permanent shape is recovered, in less than one second,

by heating again the material at 65°C without stress. Figure!!

Conclusion:

Poly(e-caprolactone) was successfully functionalized by anthracene moieties with a
conversion ratio around 80% and without any degradation of the polymer chains. A new type
of shape-memory material was obtained after the blending of this PCL with MDI-TAD into the
extruder at 120°C and after a compression molding at 100°C and 75 bars, a thin film of the
material was recovered. The recovery and the fixity ratios were excellent and compared to

the other systems developed by our group, the recovery of this material is really outstanding.



Moreover, there was a very small creep effect that appears from cycle to cycle but it is very

limited compared to other systems.

After the degradation of the film at 150°C for three hours, a very brittle material was
obtained, suggesting that the cross-linking ratio decrease and the MDI-TAD is degraded by this
thermal treatment instead of a reversible reaction between the anthracene and the TAD
moieties because there is no new cross-linking of the material after a post-curing of three days
at 65°C. By adding some MDI-TAD and mixing it with the degraded film into the extruder, a
homogeneous and cross-linked material was obtained. Unfortunately, DMA tests cannot be
performed because of the film break. Nevertheless, from an almost completely uncross-linked

material, a new film with good mechanical properties was obtained.
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