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Abstract

Cell therapy could be a solution for many diseases that currently pose a huge health burden on
patients. Especially, cell therapies based on cell microencapsulation are of great interest.
Immunoprotection of cells would allow to avoid the need for immunosuppression and the need
for human donors, as the use of xenogeneic cell sources could be feasible. An optimal biomaterial
for the microencapsulation of cells must be tailored for the type of cells and the intended
application. Hydrogels are great candidates for cell immobilization, due to their high
biocompatibility and extracellular matrix-like properties. Amongst them, alginate has
outstanding potential with its favorable gelling properties, high biocompatibility, and relatively
easy availability. However, in many aspects, it cannot fulfill the requirements of an optimal
biomaterial for cell immobilization and transplantation. It lacks good mechanical properties,
long-term durability and stability, and has poor shape recovery ability. In addition, severe
immune reactions of the host system to the transplanted microcapsules can happen, which
eventually result in cell death and early graft failure. Hence, the main focus of the present project
was functionalization of alginate to develop new hydrogel materials with improved properties for

cell microencapsulation.

First, the thesis presents a robust, straightforward strategy and its optimization for the
functionalization of alginate on the hydroxyl groups with poly(ethylene)glycol (PEG) via stable
carbamate bond. The end-functionality of the heterobifunctional PEG provides a reactive group
for covalent crosslinking. Hence, dual ionic-covalent microsphere preparation is achieved by
extrusion of the aqueous polymer solution into a gelation bath containing ionic cross-linker and

followed by concomitant covalent cross-linking.

The possibility of using a variety of covalent cross-linkers was explored. Depending on the end-
functionality of the heterobifunctional PEG, the chemical structure of the cross-linker is
adjustable. This thesis presents thiol-thiol, thiol-acrylate, thiol-maleimide and thiol-acrylamide
interactions, and compares the mechanical properties of the resulted microspheres to those of Ca-
alginate. Both the mechanical resistance and the shape recovery performance of microspheres
stabilized by an additional chemical cross-linking was improved. In addition, the stability of these

microspheres towards non gellifying solutions was significantly enhanced.



Still, biomaterials are exposed to the risk of immune responses when transplanted, such as
inflammation and fibrosis. Introduction of the anti-inflammatory drug ketoprofen to alginate
backbone through a PEG linker and consecutive microsphere formation provides controlled
ketoprofen release. Based on this strategy, development of new types of anti-fibrotic derivatives
of pirfenidone were realized. Conjugation of the most potential derivative to PEG followed by
grafting on alginate resulted in a polymer capable of forming microspheres. Covalent conjugation

of the drug was further compared to co-encapsulation of the drug with Ca-alginate.

Eventually, the thesis presents the development of multicomponent hybrid hydrogel
microspheres, combining the introduction of covalent cross-linking and anti-inflammatory
compounds within the hydrogel network. The feasibility of using the newly developed

biomaterials are confirmed by in vitro and in vivo assays.

Keywords: hydrogel, alginate, cross-reactive functionalities, cell microencapsulation,

microspheres, poly(ethylene)glycol, diabetes.



Résumeé

La thérapie cellulaire pourrait étre une solution pour de nombreuses maladies qui représentent
actuellement un fardeau important pour la santé des patients. En particulier, les thérapies
cellulaires basées sur la microencapsulation cellulaire suscitent aujourd’hui un grand intérét.
L'immunoprotection des cellules permettrait d'éviter d’avoir recours a des traitements
immunosuppressifs et a des donneurs humains car l'utilisation de sources de -cellules
xénogéniques est alors réalisable. Dans cette perspective, un biomatériau utilisé a des fins de
microencapsulation cellulaire doit étre adapté au type de cellules et a I'application envisagée. Les
hydrogels sont d'excellents candidats pour l'immobilisation des cellules, en raison de leur
remarquable biocompatibilité et de leurs propriétés de type matrice extracellulaire. Parmi eux,
I'alginate a un potentiel immense car ce dernier est doté de propriétés gélifiantes avantageuses,
une haute biocompatibilité et une disponibilité relativement aisée. Cependant, a bien des égards,
lalginate ne peut remplir les conditions d'un biomatériau destiné a l'immobilisation et la
transplantation de cellules. En effet, ce matériau est dépourvu de bonnes propriétés mécaniques,
de durabilité et de stabilité a long terme ne possede qu’une faible capacité de récupération de
forme. De plus, de séveres réactions immunitaires provenant de I’hote peuvent se produire lors
de la transplantation de microcapsules, pouvant entrainer la mort cellulaire et 1'échec précoce de
la greffe. Cette these a pour objectif d’améliorer les propriétés physicochimiques susmentionnées
de l’alginate en fonctionnalisant 1'alginate afin de développer de nouveaux types de matériaux

hydrogels dotés de propriétés supérieures et optimales pour la microencapsulation cellulaire.

Dans un premier temps, la thése présente une stratégie robuste et simple pour la
fonctionnalisation de 1'alginate sur les groupes hydroxyles avec du poly (éthylene) glycol (PEG)
via une liaison carbamate stable, ainsi que 'optimisation de la synthése. La fonctionnalité finale
de ce PEG hétérobifonctionnel permet de présenter un groupe réactif utilisé pour la réticulation
covalente. Une préparation de microspheéres a caractére doublement ioniques et covalentes est
obtenue par extrusion de la solution aqueuse de polymeére dans un bain de gélification contenant

un agent de réticulation ionique et suivie d'une réticulation covalente concomitante.

La possibilité d'utiliser une variété de réticulants covalents a ensuite été explorée. La structure
chimique du réticulant est ajustable selon la fonctionnalité finale du PEG hétérobifonctionnel
(thiol, acrylate, acrylamide or maléimide). Cette these présente alors les interactions thiol-thiol,

thiol-acrylate, thiol-maléimide et thiol-acrylamide, et compare les propriétés mécaniques des



microspheres obtenues a celles du calcium-alginate (Ca-alginate). Les résultats montrent que la

résistance mécanique et les performances de récupération de forme des microspheres renforcées

par une réticulation chimique ont été améliorées. De plus, la stabilité de ces microsphéres au

contact des solutions non gélifiantes a été considérablement augmentée.

Cependant, les biomatériaux sont sujet au risque de réponses immunitaires lors de leur
transplantation, tels que l'inflammation et la fibrose. L'introduction d’'un médicament anti-
inflammatoire comme le kétoprofene dans le squelette de l'alginate via un linker PEG et la
formation de microspheéres correspondantes permet d’assurer une libération contrdlée du
kétoproféne. En s’inspirant de cette stratégie, de nouveaux types de dérivés anti-fibrotiques de
pirfenidone ont été développés. La conjugaison du dérivé le plus potentiel au PEG suivie d'un
greffage sur l'alginate a permis de développer un polymeére capable de former des microspheres.
La conjugaison du médicament par liaison covalente a été également comparée a la co-

encapsulation du médicament avec du Ca-alginate.

En résumé, cette thése présente le développement de microsphéres d'hydrogel hybrides a
plusieurs composants (alginate et PEG), combinant l'introduction de composés réticulants
covalents (thiol, acrylamide, acrylate et maléimide) et anti-inflammatoires (pirfenidone) au sein
du réseau hydrogel. La faisabilité de l'utilisation de ces biomatériaux nouvellement développés

est confirmée par des essais in vitro et in vivo.

Mots-clés: hydrogel, alginate, fonctionnalités de réactivité croisée, microencapsulation

cellulaire, microsphéres, poly(éthyléne) glycol, diabéte.
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Introduction

1. Introduction

1.1.  Cell therapy

Somatic cell therapy, as defined by the FDA in 1993, is the “prevention, treatment, cure, diagnosis,
or mitigation of disease or injuries in humans by the administration of autologous, allogeneic, or
xenogeneic cells that have been manipulated or altered ex vivo”.* Cell-based therapy is an
emerging field in the pharmaceutical field, which had been long dominated by small molecule
drugs, and recently biologics (i.e. antibody-based drugs, recombinant hormones).2 However, the
idea of using live-cells as therapeutic agents was already established decades ago for bone marrow
regeneration by human hematopoietic stem cell transplantation.3 Cell-based therapy offers the
potential of not only treat, but also cure certain diseases. This is due to numerous special features
of cells: they are able to sense their environment, react to it, produce and deliver therapeutic
agents. In addition, cell behaviors could be engineered to perform special tasks.4 Therefore, cell-
based therapy could represent a promising new treatment in a variety of medical fields including
oncology, cardiology, immunology, neurology, rheumatology, hematology, diabetes, hepatic and
vascular diseases, amongst others.5 Some of the main potential applications of cell therapy are

illustrated in Figure 1.1.

Diabetes

Gastroenterology

Cell therapy

Neurological & sensory

Cardiacrepair =
diseases

Cancer

Figure 1.1. Main potential applications of cell therapy.

The promise of cell-based therapies is supported by several FDA approved cell-therapy products.

Provenge, an immunotherapy product developed for the treatment of metastatic, symptomatic
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and hormone-refractory prostate cancer, was approved in 2010 by the FDA. The therapy is based
on ex vivo incubation of the patient’s harvested dendritic cells and antigen presenting cells with
a recombinant antigen protein for activation. Once matured, the activated cells are infused back
into the patient to fight cancerous prostate cells.® In 2016, Strimvelis, the first stem-cell based
gene therapy product was approved for the treatment of the rare disease adenosine deaminasine-
deficient severe combined immunodeficiency.” These were followed by the approval in 2017 of
two chimeric antigen receptors (CAR) T-cell products, manufactured by Novartis (Kymriah) and
Gilead (Yescarta), for the treatment of certain types of leukemia and lymphoma.8 In fact, in the
development of cell therapies, T-cell mediated cancer therapy represents the area of the most
intense research efforts.o1* The patient’s T-cells are collected, and modified with a CAR gene able

to recognize and attack cancer cells once infused back.

Stem-cell based therapies hold great promise due to their theoretical ability to differentiate into
any types of cells, replacing dysfunctional or damaged cells and potentially serving as an
inexhaustible cell source.2 In 1998, the first stem cell isolation was performed on developing
human embryos,’s which then brought up extensive ethical concerns, but also an intense research
interest for this field. The applications of cell products derived from pluripotent stem cell could
cover almost all areas of medicine: i) retinal repair for ocular diseases, ii) heart tissue repair for
coronary artery diseases,’s iii) diabetes treatment by stem cell derived insulin producing
pancreatic cells,07 iv) alveolar cells for lung diseases,!89 v) derivatization of blood cells for
hematological diseases,222! vi) treatment of Crohn disease2? and other intestinal disorders with
intestinal organoids,2324 vii) neurological diseases such as Parkinson or Alzheimer,25 viii) skin
grafts and hair loss repair.2¢ Despite significant progress in the field, the development of stem cell-
based therapies is still considered a controversial research area that raises serious ethical and
safety concerns.2-29 The main ethical issue regarding the destruction of human embryo in the
case of hESCs (human embryonic stem cell) has been solved by the appearance of iPSCs (induced
pluripotent stem cell). However, undesired cell differentiation and malignant transformations

still remain a valid risk.

1.1.1.  Cell therapy for the treatment of diabetes

Diabetes mellitus (DM) is a severe metabolic disorder, characterized by high blood glucose levels.
Figure 1.2 represents the extremely large burden diabetes places on our society worldwide. The
number of people suffering from diabetes in 2017 was more than 400 million, and this number is

expected to rise above 600 million by 2045. Unregulated high blood glucose level caused the death
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of 4 million people in 2017. The ratio of Type 1 diabetes mellitus (T1D) to Type 2 (T2D) is around
10 %.
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1980 2017 2045
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Figure 1.2. Diabetes in numbers worldwide (Data from the webpage of the International Diabetes Federation
https://idf.org).

In T1D, the insulin producing islet cells—responsible for optimal blood glucose level regulation—
are completely destroyed due to autoimmune processes.3°

While there is currently no cure for TiD, the most common treatment relies on intensive
exogenous insulin supply, which requires a constant awareness of the blood glucose levels from
patients. Despite insulin therapy, many patients do not achieve recommended therapeutic goals
in terms of blood glucose control, leading to severe hypo- or hyperglycemia episodes. Up to 40%
of this population remains at high risk of cardio-vascular complications and morbidity.3:32 Cell
therapy in diabetes treatment can create a continuous insulin delivery system, by replacing the
dysfunctional (3-cells by other insulin producing cells. Nowadays, allogeneic islet transplantation
is recognized as a minimally invasive and efficient treatment option for selected T1D patients
suffering from severe uncontrolled hypoglycemia episodes, resulting in the restoration of optimal
glycemic control in 60% of the recipients.33.34 The evolution of islet transplantation from the time

of insulin discovery in 1921 is shown in Figure 1.3.
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Figure 1.3. Milestones in the evolution of islet transplantation (references: 1966,35 1972,3° 1990,37 2000,38 200539).

Results from clinical trials suggest that the main realistic goals of islet transplantation, for the
moment, are long-term improvements in metabolic control, decrease in the hypoglycemic events,
delayed diabetic complications (such as chronic microvascular problems) and a general
improvement in the quality of life. However, several factors are restricting the access of a larger
number of patients to adult islet allotransplantation, including: i) the shortage of suitable
pancreases from deceased organ donors, ii) low and variable islet preparation quality, iii) the loss
of islet functionality over time and iv) the need for lifelong immunosuppression to prevent
rejection-mediated loss of the transplant. In addition, to reach the final goal of long-term insulin
independence is still far away. Future possible directions to improve the outcomes of islet
transplantations include finding alternative cell sources, better transplantation sites and

improved immunosuppression.4°

1.1.2.  Current limitations and challenges

Despite their huge potential, most cell-based therapies are still far from becoming standard,
widespread procedures. The main requirements that every medical treatment must meet are
safety and efficacy. In the case of cell based therapies, it is extremely challenging to obtain
sufficient data on these two aspects, mainly due to the limited number of patients involved in the
studies and the lack of standardized clinical trials.4* In addition, to promote the translation of cell
therapy products from clinical studies to future commercial use, there is an indispensable need
for the development of robust cell production methods. To ensure a continuous, satisfactory cell
supply, sufficient amount of cells with a reproducible quality needs to be produced, at a reasonable

cost.542
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For many applications in cell-based therapies, the shortage of human donors constitutes a huge
limitation for making more significant progress. Considerable efforts are made to improve the
isolation and purification methods for maximizing the number of viable cells available for
therapeutic purposes.4344 Further serious drawback of cell transplantation is the need for lifelong
immunosuppressive treatment,+-48 placing a huge burden on patients. Immunosuppression is
essential to avoid graft rejection, but it comes with several side effects and also increases the risk
of infectious complications, which could potentially lead to premature death.4® Possible side
effects include diarrhea, nausea, vomiting, hypertension, abdominal pain but also more serious
neuro- and hepatotoxicity, osteoporosis, renal failure or leukopenia, depending on the type of

immunosuppressive regimen.47

To overcome the issue of limited allogeneic cell sources and the need for lifelong
immunosuppressive treatment, encapsulation of effector cells within an adequate three-
dimensional (3D) semipermeable membrane appears as a viable alternative. The existing
encapsulation techniques and biomaterials for cell transplantation will be further discussed in

Section 1.3.

1.2. Xenotransplantation

The waiting list for organ transplantation, only in the USA, currently exceeds 113 000 patients,
while the transplants realized in 2018 only reached 36 000. As illustrated in Figure 1.4, the
number of patients on the transplant waiting list has been increasing since 2000, while the

number of transplants did not follow at the same rate.
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Figure 1.4. Data from the U.S. Government Information on Organ Donation and Transplantation

).
Xenotransplantation, which is the transplantation of organs or cells derived from other than
human species, aims at bridging the gap between the number of patients waiting for
transplantation and the actual procedures carried out. Pigs are considered the main alternative
source to replace human organ and cell donors, owing to their similarity to humans in organ size
and physiology, the ease of pig breeding and possibility for genetic modification to become better
donor candidates.49 The genome editing technologies developed over the last 10 years, in
particular CRISPR/Cas9, allowed the production of genetically modified pigs with incorporation
of human genes regulating the immune response and free from several porcine antigens
(GalT/CMAH/b4GalNT2 triple gene KO).5° Using the same CRISPR technology it was
demonstrated that the zoonotic risk of porcine endogenous retroviruses (PERV) could be
inhibited by the generation of a porcine line which is devoid of PERV genes.5! In addition, in the
case of diabetes treatment, the porcine insulin only differs in one amino acid of the peptide
sequence structure compared to human insulin, and shows no difference in metabolic control or

in the frequency of hypoglycemic episodes.52

For islet xenotransplantation, there is no debate about the porcine islets being the best alternative

to human cells. However, there are some controversies in the optimum age of donor pigs.53-55
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Figure 1.5. Different pig ages for the harvesting of cells for transplantation.

The earliest when insulin producing cells can be recovered is at the embryonic state. While pig
gestation lasts around 115 days, a moderate production of insulin is observed after 4 weeks of
gestation. The harvesting of these embryonic cells does not require isolation and purification
steps, but results in low isolation yields. Embryonic precursor tissue has a significant growth
potential and was shown to induce vascularization in the transplant recipient.5® The major
drawback of using embryonic cells is the significant delay (4 to 6 months) in graft function and
cell functionality after transplantation. However, the tissue after transplantation is mainly
endocrine, composed of insulin positive {3 cells primarily.57

At around 50-90 days of gestation, fetal insulin producing cells can be obtained. Up to one month
after birth, neonatal islet-like cells can be harvested. These two cell types are quite similar in terms
of their growth potential. Cell isolation and purification is relatively easy, but a few days of in vitro
culture is required for the formation of selective endocrine cell clusters. Both cell types are
characterized by delayed in vivo functionality after transplantation (around 8 weeks for fetal cells
and 4 weeks for neonatal cells), but show ability to proliferate post-transplantation.s85% The exact
amount of islet-producing cells derived from fetal or neonatal sources required to induce
normoglycemia is yet to be precisely determined, but estimates are around 100 fetal and 70
neonatal pig donors per patient. A major advantage of neonatal pig islets is their resistance against
hypoxia,® which is a serious concern in islet transplantation.

Young adult and adult pig islets are mature in structure, which makes their isolation and
purification more demanding and expensive. The highest islet yield/pancreas is obtained from
adult pigs followed by young adults. However, especially in pigs younger than two years old, the

islets are very fragile and difficult to culture.5* The high economic burden of maintaining pigs in
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clean and isolated breeding structures for a long time constitutes the main motivation for looking

into alternatives such as neonatal, fetal or even embryonic derived insulin-producing cells.

The safe use of xenogeneic cells in transplantation procedures requires strict immune protection,
that avoids exposure of the xenograft to the host immune system and therefore lowers the risk of
a detrimental immune reaction. In the context of T1iD treatment, the microencapsulation of
insulin-producing cells into 3D semi-permeable hydrogels holds the potential to achieve such
protection and to maintain cell functionality without the requirement of an immunosuppressive

regimen. This approach is detailed in the following section.

1.3. Microencapsulation

Microencapsulation is the technique of entrapping a gas, liquid or solid core within a coating
material, forming capsules that fall into the micrometer range. Successful microencapsulation
requires the knowledge of choosing the adapted coating material for a given core, as well as the
suitable encapsulation method depending on the application.

Microencapsulation has been widely used in many industries, such as food, agrochemical,
cosmetic, energy and pharmaceutical industries. However, microencapsulation of living cells is

one of the most challenging, clinically relevant and actively researched application area.6'-64

The first example of entrapping living cells within a membrane dates back to 1933, when Bisceglie
et al. encapsulated mouse tumor cells and implanted them in the abdominal cavity of pigs (Figure
1.6).95 The aim was to examine the lack of vascularization on the tumor cells by immunoisolation.
The cells showed viability long enough to conclude to the efficient immune protective effect of the
applied membrane. However, the development of this concept for disease treatment started in the
1950’s. Algire et al. developed diffusion chambers made of cellulose ester that could allow the
diffusion of metabolites while protecting the homografts from the host immune system.¢ A few
years later, Chang introduced the concept of artificial cells.67:68 He used an emulsion method for
enveloping hemoglobin and red blood cell enzymes. In 1980, Lim presented the first rat islet
encapsulation in alginate-based material that achieved normoglycemia for 20 days in a rodent
model.®%9 A few years later, in 1994, the first clinical trial of microencapsulated islet
allotransplatation was carried out in a 38-year-old diabetic man. Insulin independence was
reported up to nine months post-transplantation. In addition, the patient reported significant

improvement in his quality of life after the treatment.”°
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Figure 1.6. Chronology of cell microencapsulation for clinical use.

The immobilization of cells is possible using both macro- or microdevices. Several geometries of
macrodevices were reported for the entrapment of islets, including toroidal capsules,” flat disks,?2
or planar slab with gas chambers,?s amongst others. From a safety point-of-view, macrodevices
can be easily retrieved after transplantation. However, these devices are characterized by a low
surface area, which impedes the fast diffusion of metabolites and leads to low oxygen supply.
Microcapsules allow a better mass transfer due to their higher surface area, but can be more
complicated to retrieve in vivo.

The process of cell microencapsulation involves two main steps: droplet formation with the living
cells distributed within the biomaterial, followed by gelation of the droplet or membrane
formation on the surface of the droplet.7# The droplet formation can be accomplished by
emulsification,?5-77 droplet-based technologies,”® or microfluidic methods.79-8! In droplet-based
technologies, the liquid is extruded through a nozzle or a needle. As illustrated in Figure 1.7, this
can happen under simple gravity, or with the aid of a coaxial air-flow,8283 electrostatic
potential, 828485 vibration,8 rotation®87:88 or jet-cutting.87.89 More recently, 3D printing technology
was also reported for cell-laden sphere formation.’°-92 When choosing the most suitable
encapsulation method for a certain application, one should take into consideration the desired
sphere main diameter, the acceptable size distribution, the production scale and the tolerance of

the cell being encapsulated.”®
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Figure 1.7. Principle of droplet formation using different techniques.

Microfluidic-based droplet formation and encapsulation has been reported as a promising
technique to obtain homogeneous, monodisperse droplets of desired size.9394 The aqueous
polymer solution is being pushed through micro-sized channels, and an immiscible oil phase
helps droplet formation (Figure 1.8). Microfluidic chips can be designed and fine-tuned to fit the
intended applications, so that droplets of different sizes and shapes can be generated. In order to
avoid clogging of the channels caused by too early gelation, droplet formation and gelation must
be kept well-separated.”? Microfluidic technology offers a precise control over the size, shape and
morphology of the formed spheres. However, the risk of clogging, and the presence of oil present
potential drawbacks. Microfluidic encapsulation in all-aqueous-phase was also realized for

porcine adipose-derived stem cells.%

il
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T

|
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Figure 1.8. Microfluidic droplet formation. The channel of the continuous phase contains the aqueous polymer
solution, and the dispersed oil phase is used to shear the polymer solution and form the droplet.
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1.3.1.  Encapsulation biomaterials

The importance of adequate materials chosen for specific cell applications is undeniable.
However, there are certain requirements that all types of encapsulation biomaterials must fulfil
in order to provide optimal protection and maximize cell survival. The desired maximal cell
survival is dependent on the targeted application; for liver regeneration a one-month period could
be enough, while for TiD 1—3 years would be a good target. One of the main encapsulation
biomaterial requirements is presented in Figure 1.9. The encapsulation material should serve as
a semi-permeable membrane, allowing the selective diffusion of small oxygen, nutrients,
metabolic waste and therapeutic compounds (such as insulin), while excluding antibodies, T cells

and immunoglobulins, thus providing satisfactory immune protection for encapsulated cells.%
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Figure 1.9. Concept of selective permeability for cell microencapsulation.

Furthermore, basic requirements include high biocompatibility and low immunogenicity that
induce minimum host tissue response. From a mechanical point of view, encapsulation materials
must exhibit high durability and good in vivo stability to provide long term protection for the cells.
Shape recovery performance (elasticity) is also essential in order to avoid any microsphere (MS)
deformation or breakage during the transplantation procedure or when exposed to any
mechanical compression post-transplantation. If all these requirements are completed, the
protocols to produce the MS should involve mild preparation techniques ensuring minimal
damage to cells, and must be reproducible as well as up-scalable, to ease the translation to clinical

trials and applications.%®
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Some of the main challenges in realizing the translation to clinical applications include the lack of
biomaterials fulfilling all requirements, as well as poor cell survival, aggregation and migration.9”
Indeed, encapsulation materials are not only serving as a membrane, but they also interact with
cells. To improve the material properties to offer a more favorable environment for cell survival
and functionality, mimicking the extracellular matrix, introducing growth factors or special cell

receptor binding motifs can be realized.’8
1.3.2. Hydrogels

Hydrogels consist of a 3D network made of natural or synthetic polymer chains, presenting high
water content. The first use of hydrogels was reported by Wichterle et al. in 1960, who proposed
hydrophilic cross-linked poly-2-(hydroxyethyl methacrylate) for medical applications—such as
contact lens—instead of the previously used hard solid polymers, impermeable to metabolites,
often causing irritation.? Hydrogels make perfect candidates as bioencapsulation materials due
to their ability to absorb high amounts of water and their mechanical properties resembling those
of native tissues and extracellular matrix.lc0-102 Hydrogels are composed of cross-linked
hydrophilic polymers which properties can be tuned to match the requirements of intended
applications. More advanced gels can also be prepared by controlling the degradation kinetics,

cross-linking density, hydrophilicity and stiffness or by adding biological cues.

Hydrogels can be derived from natural sources, or can also be chemically synthesized. Depending
on the type of cross-linking forming the hydrogel network, we can differentiate between physical

or chemical hydrogels.

1.3.2.1. Physical hydrogels

Physical hydrogels, also referred to as reversible hydrogels, are generally formed by reversible,
non-covalent interactions. These involve metal ion-ligand interactions, chain entanglements,
and/or secondary forces, such as hydrogen bonding or hydrophobic interactions.03-105 Preference
for the use of physical hydrogels might be desired when straightforward, one-step preparation
process and fast gelation kinetics are needed. However, the interactions forming physical

hydrogels can be easily weakened or damaged by changes in the ionic media, temperature or pH.

12
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While physical hydrogels obtained via ionic bonding will be mostly discussed herein, hydrogen
bonding,0¢1°7 and hydrophobic interactions!8:199 are common cross-linking methods used for the
generation of physical self-healing hydrogels.

Amongst the polymers which are used for the preparation of ionically cross-linked hydrogels,
sodium alginate (Na-alg) is by far the most reported material for cell encapsulation

applications.°

1.3.2.2. Alginate

Alginate (alg) is a nature-derived linear polysaccharide, widely used in many industries. It is the
most frequent choice for tissue engineering and cell encapsulation applications.!* Alg can be
found mainly in brown algae, but is also produced by certain bacteria.’> Commercially available
alg are exclusively extracted from algal sources, typically in the form of Na-alg as a result of the
alkali treatment used for the extraction.3 Na-alg is water soluble, and mainly used in its 3D cross-

linked form as a hydrogel.

The structure of alg is constructed of block units of 1,4-linked a-L-guluronic acid (G units) and
1,4-B-D-mannuronic acid (M units) (Figure 1.10).14 The ratio and length of homogeneous (MM,
GG) and heterogeneous (MG) blocks depend on the extraction source, and have a significant
influence on the physico-chemical properties of the alg.'s Alg G units give more strength and

rigidity, while M units provide more flexibility and softness to the resulting hydrogels.6.117
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Figure 1.10. Alginate structure.

The popularity of alg in biomedical applications is the result of many beneficial features, such as
biocompatibility, minimal toxicity, commercial availability at an affordable price, and excellent
gelling properties under mild conditions.’8 Alg is decorated with carboxylic and hydroxyl
functionalities on its backbone, however, it is only the carboxylate moieties that participate in the
gelation process. In the presence of divalent cations (Ca2*, Ba2*, Sr2*, Mg2*), alg GG units ionically
bind to the cations, creating junction zones and a rigid hydrogel network. A widely accepted model
for the gelation of alg is the egg-box model, in which the divalent cation binds to two G units of

two different polymer chains, creating a “zigzag” shape (Figure 1.11).119:120
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Despite favorable properties, alg-based physical hydrogels suffer from several drawbacks for
biomedical applications such as limited mechanical stability and durability in vivo, insufficient
shape recovery performance and permeability issues. Several in vivo studies in small and large
animal models presented that physically cross-linked alg provides immunoprotection for
encapsulated cells, however, without the limited life-time of the graft reported. In addition, to
obtain more stable alg microspheres, in most cases a certain concentration of Ba2* ions is used,
which raises the concern of potential toxicity for further clinical applications.'2*-123 Intense
research efforts have thus been dedicated to engineer polymeric hydrogels which maintain the
advantageous properties of alg while overcoming its main shortcomings. These aspects will be

discussed in the next sections.

1.3.2.3. Chemical hydrogels

In chemical hydrogels, the network junctions are constructed by irreversible covalent bonds.
While covalent cross-linking processes take extended time in comparison with ionic interactions,
chemical hydrogels are generally used when high mechanical resistance and long-term durability
are needed. When designing a chemical hydrogel for cell immobilization, one has to take into
account that the chemical reaction and conditions applied should not be detrimental to cells which

are suspended in the precursor polymer solution prior to the encapsulation process.*24 In addition,
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the most challenging issue is a suitable technology to produce spherical hydrogels because

chemical cross-linking does not occur as fast as physical cross-linking.

One of the most straightforward route toward chemical hydrogel relies on the use of cross-linking
agents which react with functional groups of different polymeric chains to create a network of
covalent junctions. However, the possible cytotoxicity of such cross-linkers significantly limits the

applicability of this method when hydrogels are intended for cell microencapsulation.

Light-induced free-radical polymerization presents relatively fast gelation kinetics, but formation
of spheres is extremely challenging. Further drawback includes the low availability of
cytocompatible photo initiators, which combined with the required exposure time for complete
polymerization significantly compromises the use of photopolymerization.>s Examples of
successful cell encapsulation with PEG-,126 chitosan-27 or dextran-based!2®¢ hydrogels were

reported, but these attempts did not lead to spherical hydrogel formations.

A relatively new type of covalent cross-linking is the enzyme-mediated gelation. Its advantages
include rapid gelation kinetics under mild conditions, high substrate specificity and cell
compatibility. Transglutaminase and horseradish peroxidases (HRP) are the most frequently used
enzyme catalysts. The unsatisfactory stability and limited availability of certain enzymes still pose
a challenge in this specific field of cross-linking.»29 HRP-catalysed oxidative coupling of alg with
phenol moiety (alg-Ph) was presented to develop cross-linked microcapsules for mammalian cell
entrapment. Cell viability higher than 90% with cell proliferation was maintained for more than
two months of the study.3° HRP cross-linked microcapsules of hollow core were also developed,
by first enveloping human hepatoma cell line (HepG2) cells in a carboxymethylcellulose-phenol
(CMC-Ph) core. It was further coated with HRP cross-linked alg-Ph, and finally CMC-Ph core was
degraded by cellulose addition. Cells were allowed to grow and form spherical tissues in the hollow

core before also degrading the alg-Ph shell by alg lyase addition.s

Click chemistry is an extremely important tool in the preparation of biomaterials.'32-135 The term
“click chemistry” was introduced by Sharpless and co-workers in 2001, together with defined
requirements for a reaction to fall into this category.:3¢ Click reactions are modular, fast, and
spontaneously happening processes under mild conditions. Starting from easily available
materials, using simple reagents, they afford the products with high yields, without the formation

of toxic by-products. Given all these advantageous features, click chemistry is the most appealing
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type of chemical cross-linking for biomaterial synthesis. The main types of click reactions used
for hydrogel formation are summarized in Table 1.1. The copper-catalyzed azide-alkyne click
reaction was presented as a covalent cross-linking method for hydrogel preparation.37:138 It was
also successfully used for the formation of spherical alg microbeads.'39 However, its applicability
in the presence of cells is very limited due to the high toxicity of copper. Therefore, copper-free
strain-promoted azide-alkyne cross-linking was suggested as an alternative. This type of cross-
linking is well tolerated by living cells, as reported in many studies with high cell viability post
encapsulation within the hydrogel matrix. However, these examples did not yield spherical
hydrogel geometries. Examples include encapsulation of human mesenchymal stem cells (hMSC)
within PEG-based hydrogel cross-linked by strain-promoted cycloaddition.'4° A combination of
gelatin and PEG, both derivatized to undergo copper-free cycloaddition, were successfully used
for mouse fibroblast encapsulation and presented good viability up to 14 days.4* Chondrocyte cell
survival was well tolerated in a hyaluronic acid based hydrogel, cross-linked with a 4-arm PEG via
the same mechanism.42

Classic Diels-Alder reaction between furan and maleimide can lead to covalently cross-linked
hydrogels suitable for cell encapsulation. Gelation of one-hour length between furan modified
hyaluronic acid and bismaleimide-PEG was found to be suitable for encapsulated ATDC-5 cell
viability and proliferation.*3 Due to the slow gelation kinetics between furan and maleimide,
Diels-Alder reaction between fulvene and maleimide was also proposed for faster gelation.44
Michael addition between thiol-maleimide,5 thiol-vinylsulfone4¢:147 or thiol-acrylate4® led to
formation of covalently cross-linked hydrogels, and was well tolerated by a variety of cells.
However, formation of spherical cell entrapped hydrogels is highly challenging by this type of
cross-linking. Schiff-base reaction between an amine and aldehyde generates a dynamic covalent

bond, widely used in biomedical applications.49-150
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Table 1.1. Examples of chemical cross-linking with click chemistry.

Name of the reaction

Cu-catalyzed azide-alkyne

cycloaddition

Strain promoted azide-alkyne

cycloaddition

Diels-Alder reaction

Fulvene-Maleimide Diels-Alder

reaction

Michael addition

£

o

o

/

18



Introduction

= /j(o—g g—SWO—E

Schiff-b ti
chiff-base reaction %NHZ 4_3 %\NAE

In conclusion, chemically cross-linked hydrogels can provide long stability, but due to the slow
kinetics of the covalent bond formation in many cases, the generation of spherical MS can be

altered.

1.3.2.4. Hybrid hydrogels

Taking advantage of the properties of both chemical and physical hydrogels, novel hybrid
materials which combine electrostatic interaction with covalent cross-linking display very
promising properties for cell microencapsulation. The physical interactions provide fast gelation
and the formation of spherical beads, while the biocompatible covalent linkage reinforces the
hydrogel network, and allows for tunable permeability and gel stiffness. Thus, they are very

propitious for therapeutic delivery by combining injectability and mechanical durability.

Alg is a very prosperous polymer for the generation of hybrid hydrogels, due to its natural ability
to form physical gels by exposure to divalent cations, and the presence of both carboxylic and
hydroxyl groups amenable to chemical derivatization. Thus, chemical cross-linking of alg can be
achieved by derivatization to obtain a functionality susceptible to covalently cross-link. One
approach to form hybrid hydrogels is based on the involvement of methacrylate functionality for
chemical photo cross-linking which is combined with the ionic cross-linking of alg. Dual covalent-
ionic cross-linked hydrogel beads were developed by equipping alg with photo cross-linkable 2-
aminoethyl methacrylate (Figure 1.12/a). Alg derivative was extruded into Ca2* containing
gelation bath, and the resulted physically cross-linked droplets were exposed to UV for 15 min for
chemical photo cross-linking. The generated dual cross-linked beads exhibited high stability
compared to unmodified alg beads.’s* Triple cross-linked alg hydrogel was developed by
combining alg-aldehyde (obtained by oxidation of alg) with methacrylated gelatin (Figure 1.12/b).
Alg was first exposed to Ca2* ions for physical cross-linking, followed by photo cross-linking of
methacrylate functionalities of gelatin. This double network hydrogel was further cross-linked

over time by imine formation between aldehyde groups of alg and amine groups of gelatin. The
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resulted triple-network hydrogel network displayed high elasticity, and was found to be an ideal

platform for long-term hMSC survival. 152
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Figure 1.12. Use of methacrylate functionality to introduce photo cross-linking. a) Formation of dual cross-linked
hydrogel bead b) Formation of triple cross-linked hydrogel network.

Introduction of PEG to the hydrogel network is another widely used method for the design of
hybrid hydrogels. Hybrid alg-based MS was prepared by functionalizing Na-alg with azide-
terminated PEG chains.’s3 Hybrid MS are formed by chemical cross-linking of the azide group
with phosphine-functionalized agents present in the gelation bath via Staudinger ligation
(Scheme 1.1/a). Microbeads with enhanced stability were formed as confirmed by exposure to
strong chelating EDTA solution. Encapsulation of rat and human islet cells within the hybrid
hydrogel resulted in similar viability and functionality results as within the control alg.'54

Similarly, Na-alg functionalized with PEG-thiol or with cysteamine was prepared to obtain hybrid
hydrogel MS (Scheme 1.1/b). The modified Na-alg maintained its gelling ability in the presence of
Ca2* ions, while thiol end groups underwent disulfide bridge formation to provide chemical cross-

linking.55
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Scheme 1.1. PEGylated alg derivatives for the formation of hybrid hydrogels. a) Chemical cross-linking via Staudinger
ligation b) Chemical cross-linking via disulfide bridge formation.

1.3.3. Limitations of current hydrogels and
possible solutions

Despite the high potential of microencapsulated cell transplantation for the treatment of many
human diseases, the translation to standard medical care is still hindered by serious unsolved
issues. Among the factors that need to be addressed, one can cite biocompatibility towards both the
encapsulated cells and the host recipient, long-term integrity of the capsules to ensure
uninterrupted immune protection, long-term cell survival and functionality, and biosafety.®* In
addition, there is an unmet medical need for standardized sources of cells, of suitable quantity and
reproducible quality for transplantation. In order to achieve long-term graft survival and
functionality, two main challenges should be tackled. First, mechanical durability and chemical
stability of the hydrogel MS should be enhanced. Second, efficient immunoprotection and
mitigation of adverse pericapsular fibrotic overgrowth (PFO) should be reduced. These aspects are

discussed in the upcoming paragraphs.
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1.3.3.1. Microcapsule stability

Microcapsules formed by the ionic interactions of Na-alg with divalent cations (mostly Ca-alg MS)
are known to perform poorly in terms of elasticity?s¢ and stability in physiological environment.57
Destabilization of the MS can occur either in the presence of non-gelling ions (Na*, K+) by ion
exchange, or in the presence of strong chelating agents (citrate, lactate, phosphate), which have a
high affinity towards divalent gelling ions (Ca2*, Ba2*, Mg2+).158 If the integrity of the transplanted
capsules is damaged, the cells are exposed to the host immune system. In addition, the inadequate

physical properties of the capsules can enhance fibrotic reactions.!s9

Improvement of the stability of Ca-alg microcapsules has been a topic of intensive research since
the eighties within the field of alg research.:60-162 Stabilization of alg-derived hydrogels was
achieved by polyelectrolyte complexation with polycations. This technique, initially reported by
Lim and Sun in 1980, implies subsequent coating of the initially formed hydrogels with
polycations such as poly-L-lysine (PLL), poly-L-ornithine (PLO), poly-L-arginin (PLA) and
chitosan. A final layer of Na-alg is added to neutralize the excess of positive charges, resulting in
alginate-polycation-alginate (APA) microcapsules. A few of these formulations have even reached
human clinical trials, but with limited success.’®4¢ Human islets were encapsulated in alg-PLO-alg
MS and transplanted to diabetic patients. While improved mean daily blood glucose levels,
decreased exogenous insulin necessity, and good safety were demonstrated, long-term graft
functionality was not achieved. 65166 Alg-PLL-alg encapsulated fetal porcine islets transplanted
into a diabetic patient reached a reduction of 30% in his insulin dose, but only for a short period
(less than one year). Encouragingly though, some viable and functional islets could be retrieved
after ten years.'¢7 In addition, the use of polycation layers caused biocompatibility issues; in many

cases, the activation of pro-inflammatory cytokines and growth factor was reported.168-171

Another way of achieving further stabilization of Ca-alg microcapsules is by introducing covalent
cross-linking within the alg ionic network. In this case, a critical factor that one should take into
consideration, is the non-toxicity, cell-compatibility and harmlessness of the chemical reaction,
reagents and catalysts used. Many examples can be found in the literature for photo cross-linking
of methacrylated alg derivatives.72-175 Exposure to UV light, however, might be detrimental to
certain cell types.
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To avoid the use of any toxic reagents, click chemistry is a preferred way of covalent cross-linking
(Figure 1.13). Diels-Alder click chemistry was proposed by Garcia-Astrain and Avérous to cross-
link a furan-modified alg with a bismaleimide derivative.'7¢ The same concept can be applied using
maleimide modified 4-arm PEG."77 Tetrazine-norbornene reaction was also presented as a cross-
linking for alg-based cell encapsulation.””® However, these were not used to form spherical
microcapsules. Azide-alkyne [3+2] cycloaddition between an azide and an alkyne functionalized
alg lead to spherical click microcapsules presenting improved stability in EDTA solution
compared to Ca2+ cross-linked capsules.!39 In addition, disulfide bridge formation was shown to
reinforce microcapsule stability, and led to successful encapsulation of human hepatocellular
carcinoma (Huh7) cells.””9 Click cross-linked alg hydrogels are very attractive materials for cell
encapsulation, however, in most cases introduction of the click cross-reactive functions involves
the modification on the carboxylate groups. Therefore, the benefit from the chemical cross-linking

is only achieved at the price of losing available sites for ionic cross-linking.
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Figure 1.13. Mechanical stability improvement of alg hydrogels by click chemistry. Na-alg is functionalized on the
carboxyl moiety.

1.3.3.2. Microcapsule immunoprotection

While many factors might contribute to the early loss of graft functionality, fibrotic overgrowth
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around the transplanted capsules is without doubt one of the most common reasons.!80:181
Biomaterials used to entrap living cells must be biocompatible, without exception. Still, the
requirement of biocompatibility is a very complex issue, therefore, the more simple definition of
biotolerability has been introduced.!82 Biotolerability of a material is its ability to “reside in the
body for long periods of time with only low degrees of inflammatory reactions”.’83 An additional
difficulty in developing biomaterials which trigger minimum foreign body response, is the

obstacle to translate in vitro results to in vivo, and small animal study results to human outcomes.

The mechanism of inflammation and fibrotic tissue formation is a very complex process,
consisting of three main phases: 1) acute inflammation 2) chronic inflammation and 3)
granulation tissue development.'84 These processes result in microcapsules covered by fibrotic
tissue, which then impedes the free diffusion of essential nutrients, oxygen and metabolites. Even
the slightest decrease in the oxygen levels can lead to detrimental drop in functionality
performance or cell death. This is of particular importance in the context of islet transplantation

as these cells are highly sensitive to the available oxygen levels in their environment. 185186

Numerous attempts have been presented in pursuance of reducing fibrotic reactions to the
transplanted microspheres. Most of the studies relate to alg-derived hydrogels. One of the main
approaches targets the MS surface. Macrophages and proteins tend to attach to the surface of
implanted materials. Surface modification to reduce adhesive properties was reported. Ba-alg
microcapsules coated with chitosan achieved reduced pericapsular fibrosis compared to bare Ba-
alg formulations.'8” Addition of PEG has been shown to further decrease protein absorption in
many cases.'88189 Vegas and co-workers developed a combinatorial library of modified alg with
the aim of finding the best candidates for improving the biocompatibility of alg-based
encapsulation materials. Out of the 774 synthesized candidates, a triazole-containing polymer
performed the best, and showed reduced inflammatory reactions in both rodent and non-human
primate models for up to six months.?9° A more recent approach proposed the use of polymer

brushes for surface modification of alg MS.191-193

The diameter of alg MS was shown to affect the severity of foreign body response to
microencapsulated cells, however, the optimal MS size is still under debate. A general view is that
smaller MS induce weaker foreign body response than larger geometries.9495 More recently,
though, Veiseh et al. encapsulated rat islets in 1.5 mm or 0.5 mm diameter Ba-alg, and found that
larger geometry spheres exhibited better biocompatibility features implanted in rodents and non-
human primates.'9¢ Moreover, efficient purification of alg has a crucial influence on the outcome

of the engraftment.’9” Even low amounts of proteins, endotoxins and polyphenols present in the
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alg material can trigger fibrotic reactions.198199

Other approaches target the cell content within the MS, instead of their surfaces. The cellular
content of the capsules plays a huge role in the inflammatory responses as well, by producing
danger-associated molecular patterns.2°° Co-encapsulation of mesenchymal stem cells (MSCs)
was demonstrated to reduce fibrosis in both xeno- and allotransplantation models, improve graft
survival, and even enhancing angiogenesis when co-encapsulated with islet cells.201-204 Similarly,
using regulatory T cells in the presence of islets presented delays in graft rejection, due to the
reduced amount of effector T-lymphocytes present in close proximity of the transplanted

islets.205:206

Another strategy to enhance cell functionality and reduce fibrotic reactions is the co-
encapsulation of small drugs with anti-inflammatory, anti-fibrotic or immunosuppressive drugs.
In vivo screening of a variety of anti-inflammatory drugs suggested the superior effectiveness of
curcumin and dexamethasone over the rest of the investigated drugs. Further co-encapsulation of
curcumin with rat islets and transplantation into diabetic mice revealed diminished PFO around
the capsules and improved glycaemic control.2°7 An in vitro study of rat islets co-encapsulated
with pentoxifylline showed a decreased likelihood of lymphocyte attack towards the drug
containing MS.2°8 Inclusion of rapamycin in the PEG coating around porcine islet loaded alg MS
was found to be efficient for mitigating PFO and reduce macrophage proliferation around the
capsules.2?9 Reduced fibrotic overgrowth was observed in vivo for MS containing rat islets co-
encapsulated with ketoprofen anti-inflammatory drug.2°© However, a major shortcoming for this
co-encapsulation strategy is the fast burst release of the drugs from the network, typically within
the first 24 hours. This implies that the drug content might delays severe immune reaction in the
initial phase of acute inflammation, but might not be efficient at further stages of the

inflammation process due to incapability to maintain a long-term drug release.

1.4. Alginate functionalization

This section is based on the review paper: Luca Szabd, Sandrine Gerber-Lemaire* and Christine
Wandrey “Strategies to functionalize the anionic biopolymer Na-alginate without restricting its

polyelectrolyte properties” (Under preparation).

The backbone of alg displays carboxyl and hydroxyl functional groups, allowing the modification
and fine-tuning of the polymer properties by chemical functionalization. Carboxyl groups offer a

straightforward modification sites thanks to the many existing activating agents that can be
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applied under mild conditions. The carboxyl groups, however, are responsible for the ability of
alg to interact with divalent cations. Therefore, modifications on these functional groups can
interfere with the fast ionic gelation of alg and the stability of the resulting hydrogels. In order to
preserve the ionic cross-linking abilities of alg, functionalization of the hydroxyl groups is favored.

A schematic illustration of the possible alg derivatization routes is depicted in Figure 1.14.
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Figure 1.14. Alg modification routes.

1.4.1. Modifications involving the carboxyl
groups

Alg carboxyl groups are most commonly activated with a combination of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide and N-hydrosuccinimide (EDC/NHS), to form a new amide
or ester bond. This type of carbodiimide chemistry was used for the functionalization of alg with
tyramine, to obtain bioactive alg surfaces, suitable for cell culture platforms.2* A linear
perfluorinated (PEG) linker was introduced within the alg backbone through amide bond

formation using the same coupling agents. The modified polymer was then further used to
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ionically cross-link into 3D MS and encapsulate mouse insulinoma (MING6) cells. Enhanced
proliferation of the cells within this polymer was observed, compared to control Ba-alg beads.2:2
As mentioned in previous sections, click-reaction is a valuable route for covalent cross-linking of
alg derivatives. To introduce the functionalities amenable for click reactions, the most common
way is to apply the carbodiimide chemistry on the alg carboxylate group. Following this pathway,
Breger et al. prepared azide and alkyne functionalized alg, which underwent copper-catalyzed
cycloaddition and resulted in highly stable MS in EDTA solution.’3® Ghanian and co-workers
presented a furan substituted alg following the activation of the carboxylate groups with
EDC/NHS, and subsequently cross-linked it with 4-arm PEG containing maleimide end-
functionalities.'”” Vegas et al. prepared a large combinatorial alg hydrogel library, in order to find
derivatives of alg that could potentially decrease the fibrotic response of the transplanted
microcapsules. They presented the conversion of alg into ester or amide derivatives using 2-
chloro-4,6-dimethoxy-1,3,5-triazine/ N-methylmorpholine (CDMT/NMM).»9° Esterification of
the alg carboxylate could also be achieved using the EDC/NHS coupling agent pair, for the
introduction of catechol within the alg backbone. While the resulted hydrogel exhibited excellent
mechanical and chemical stability properties, catechol was found to have a detrimental effect on

the insulin secretion ability of encapsulated murine islet cells.3

1.4.2. Modifications involving the hydroxyl
groups

Modification of the alg preserving its ionic crosslinking abilities is feasible by alteration of the
hydroxyl groups. The first reported transformation dates back to 1946, when successful
acetylation of approximately one hydroxyl group of alginic acid, Na-alg and Ca-alg was performed
using ketene.24:215 Later on, diacetlyation reactions were reported, using acetic acid or acetic
anhydride.216-220 Acetylation of alg did not result in significant modification of its properties.

However, these reactions allowed a better understanding of some of the alg reactivity and features.

Other esterification reactions were commonly applied for various reasons,?2'-223 such as for
increasing the density of the carboxylate groups on the alg network. Alg presenting high
carboxylate density was successfully used for the immobilization of lactic acid bacteria.224
Esterification of the alg hydroxyl groups was also achieved using succinic anhydride, for further
conjugation to thiol-equipped PEG derivatives. Formation of hydrogel MS was achieved by ionic

gelation in the presence of Ca2* ions and complementary cross-linking resulting from disulfide
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bridge formation when exposed to air. These dual ionic-covalent hydrogels supported the good

viability of primary human foreskin fibroblasts up to four weeks after microencapsulation.'ss

Sulfation of alg is a commonly used procedure to obtain characteristics similar to those of heparin.
Heparin, a widely used anticoagulant glycosaminoglycan, contains carboxyl and sulfate functional
groups. Hence, conversion of the alg hydroxyl groups to sulfate groups results in a high degree of
similarity to heparin. The sulfation is usually performed using chlorosulfonic acid in
formamide.225-229 However, N(SO;Na); was also proposed as a milder, less pollutant sulfation
reagent.23° A clinically relevant sulfated alg derivative is the propylene glycol alg sodium sulfate
(PSS), that was used in China for many years as a heparinoid drug for the treatment of
cardiovascular diseases.23! PSS is prepared by sulfation of the hydroxyl groups and esterification
of the carboxyl groups of alg.229

Phosphorylation has also been successfully performed, however, not many examples can be find
in the literature. Phosphorylation of alg was achieved by a phosphoric acid and urea generated
adduct. The resulted phosphorylated alg polymer was used to induce hydroxyapatite nucleation
and growth.232 In addition, alg treated with a mixture of H;PO,/P.O;/Et;PO,/hexanol also

resulted in O-phosphorylated derivatives, as a potential encapsulation materials.233

Alg are hydrophilic materials by nature, yet, certain applications might require to have an
additional hydrophobic domain. The alg hydroxyl groups were reported to perform epoxide ring
opening reactions leading to the introduction of long alkyl chains. The resulted alg derivative is
capable of self-assemble into polymeric micelles in solution. The hydrophobic alkyl chains form a
hydrophobic core, while alg constitutes a hydrophilic shell. These micelles are able to deliver
water-insoluble drugs, by entrapment within the hydrophobic core.234-23¢ Epoxide ring opening
was also used to introduce methacrylate groups, amenable for further covalent cross-linking,

while preserving the carboxylate sites for water treatment goals.237

One of the most frequently followed pathway for the modification of the hydroxyl group involves
the oxidation of alg. This results in the opening of the polysaccharide backbone between two
vicinal alcohols, and the emergence of two highly reactive aldehyde groups, which are generally
further functionalized by reductive amination reactions. However, oxidation was also performed
to modulate the degradability properties of alg.238-242 Optimization and timing of polymer

degradation rates is especially important in the field of tissue engineering.
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Many opt for functionalization of the aldehyde groups obtained after oxidation, as a way of
preserving the carboxylate functionalities. However, a major consideration to keep in mind is that
oxidation is accompanied with substantial polymer degradation.243-246 Depending on the type of
amine being used in the reductive amination step, alg can be altered to have hydrophobic
character,247:248 deliver drugs,24925° or remove heavy metals from water.251.252

Alternatively, oxidized alg can also be used to further cross-link with the addition of an external
cross-linker. The typical cross-linking reaction used is imine formation with amines by Schiff base
reaction. Gelatin cross-linked alg are widely used in biomedical applications, as addition of gelatin
enhances cell adhesion and cell proliferation properties of the hydrogel.253-257 Other types of
cross-linkers have also been presented, such as adipic dihydrazide,25¢ oxime, semicarbazone or

hydrazine.259
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2. Thesis objectives

Encapsulation and transplantation of cells to treat or cure serious diseases could alleviate the life
of many patients. To reach the final goal of using encapsulated cell-based therapy as a routine
clinical procedure requires the collaboration of researchers from several fields, and the
improvement of many aspects of the encapsulation and transplantation processes. Amongst all,
improvement of the bioencapsulation material is extremely important to provide the most

favorable environment for long-term survival and functionality of the entrapped cells.

The main goal of the present thesis work was to develop new alg-based hydrogel materials that
could provide a beneficial 3D surrounding for microencapsulated cells. To overcome the
shortcomings of the currently existing materials, the two main objectives were to 1) increase the
mechanical and chemical stability, and to 2) reduce the fibrotic response against transplanted
microcapsules. A third objective was to optimize the synthetic procedures for the functionalization
of alg in order to obtain reproducible polymer batches with minimal degradation, as well as

tunable properties to match the requirements of different encapsulation processes.

Reduce fibrosis
and anti-fibrotic drugs

Introducing anti-inflammatory

Improve mechanical Polymer synthesis
properties optimization
C ) C D
Introducing covalent QOptimizing reaction conditions’
cross-linking Achieve tunable properties

Figure 2.1. Main goals of the thesis.
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Na-alg is an excellent candidate for cell encapsulation purposes, due to its biocompatibility and
advantageous gelling properties. The gelation requires very mild conditions, and happens
spontaneously in the presence of divalent cations. However, it generates only reversible physical
cross-links, which are susceptible to destabilization even under physiological conditions.
Functionalization of alg by introducing linear PEG chains, capable of covalently cross-link results
in dual cross-linked, highly stable microcapsules. Furthermore, the addition of PEG also increases

the otherwise very poor shape recovery performance of Ca-alg beads.

Table 2.1 highlights some of the essential properties that the hydrogel MS for transplantation
should fulfill. The advantages and limitations of the unmodified Ca-alg MS, and our targeted

improvements of its properties by using multifunctional MS are presented.

Table 2.1. Properties of unmodified Ca-alg MS, and targeted improvements of certain properties with
multifunctional MS composed of PEGylated alg polymers.

Ca-alg MS Multifunctional MS

Elasticity

Ability to recover
shape after several
compressions

~50% shape recovery
performonce

Durability

Hi concentration

chemical stability
over time in vivo

Fibrosis

Formation of fibrotic
tissue around MS due
to immune reactions

Biocompatibility
of the material

Good Retnined
Properties of the
material compatible
with the host system
Gelling conditions
Good, Retained

Easy gel formation
under mild conditions
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The thesis also focuses on the development and optimization of a robust synthetic strategy to
covalently graft PEG derivatives on the hydroxyl groups of alg. Many parameters can be controlled
in order to minimize the polymer chain degradation during chemical transformations, and obtain
fine-tunable and reproducible viscosity values of the final polymer solutions, which will be

presented in the current work.

One of the main causes of microencapsulated cell graft failure is the immune reaction of the host
system to the transplanted MS. Inflammation and PFO around the microcapsules result in
hindered diffusion of essential oxygen and nutrients, eventually leading to cell death and loss of
the graft. To reduce PFO, we envisaged the covalent conjugation of anti-inflammatory and anti-
fibrotic drugs to the hydrogel network. Covalent conjugation was feasible by coupling the drugs
to PEG derivatives, before conjugation to the alg backbone. This strategy has the advantage of
sustained, controlled drug release over the widely used drug co-encapsulation, which results in a

very fast, burst release of the drug.

Eventually, by combining the two strategies of improving mechanical properties and reducing
PFO, novel multifunctional alg-based hydrogel system was emerged. These multifunctional
microcapsules have the potential to prevent premature loss of cell functionality due to host
immune system reaction and fibrotic overgrowth, while displaying excellent elasticity and

stability under physiological conditions.
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Figure 2.2. Formation of multifunctional hydrogel MS by combining the benefits of different strategies.
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3. Results and Discussion

In order to follow easily the types of PEG derivatives and PEGylated alg derivatives throughout
the thesis, Table 3.1 provides a nomenclature with the corresponding chemical structures of the
compounds used within the frame of this study. The PEG derivatives were either synthesized
(PEG-sSH, PEG-KET(ester) and PEG-PFD), or obtained from commercial sources (PEG-ACR,
PEG-MAL, PEG-SH, PEG-ACA).

Table 3.1. Structure and nomenclature of PEG and PEGylated alg polymers used within the thesis.
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alg)
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3.1. Functionalization of Na-alg with cross-
reactive PEG derivatives

This section is based on the manuscript entitled: “Synthesis Strategies to Extend the Variety of

Alginate-Based Hybrid Hydrogels for Cell Microencapsulation”, Biomacromolecules, 2017, 18,
2747—-2755.
Clinical translation of encapsulated cell-based therapies is delayed partly due to the lack of

biomaterials with perfect properties. Development of new alg-based materials was envisaged in a

way that preserves the advantages and overcomes the drawbacks of pristine alg. Since the main
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advantage of alg-based hydrogels is the fast physical cross-linking of the alg carboxyl groups with
divalent cations, our target was functionalization of the hydroxyl group of alg. Combination of
PEG with alg has been shown previously to improve biocompatibility,260261 and depending on the
end-functionality of the PEG, it allows for introducing chemical cross-linking or active
compounds. A main disadvantage of using unmodified alg is its poor mechanical properties.
Addition of PEG on the polysaccharide backbone not only provides a hybrid hydrogel forming
both ionic and covalent cross-linking, but also drastically improves the elastic behavior of the

spherical hydrogel beads.

Previously in our group, covalent conjugation of heterobifunctional PEG on the alg hydroxyl
group was developed by reaction with succinic anhydride, leading to an ester linkage between the
alg backbone and PEG units. Functionalization of Na-alg in organic solvents requires good
solubility of the polymer, therefore the first step of the synthesis was the conversion of Na-alg into
its tetrabutylammonium (TBA) salt. Reaction with succinic anhydride led to an ester bond and

generated a new carboxylic moiety, easily accessible for further modification with PEG (Scheme

3.1).

OTBA

o 0+ O -0 o o ONa
HO X7r HO o Ho
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H m m
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OTBA
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Scheme 3.1. Functionalization of Na-alg with PEG derivatives through ester linkage.

Using thiols as cross-reactive functionalities, dual ionic-covalent MS were obtained from the PEG-
thiol functionalized alg and demonstrated favorable properties for the microencapsulation of
human cells. However, due to the presence of ester grafting unit, long-term stability in vivo could
not be achieved. Therefore, a new strategy was developed for the covalent conjugation of PEG on
the alg hydroxyl groups through carbamate-bond formation, using imidazole chemistry. Reaction
of TBA-alg with carbonyldiimidazole (CDI) activates the hydroxyl groups which can be further

functionalized with the PEG cross-reactive derivatives (Scheme 3.2).
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Scheme 3.2. Functionalization of Na-alg with PEG derivatives through carbamate linkage.

In the next section, the optimization of the different synthetic steps of the functionalization

procedure will be presented.

3.1.1. Na-alg conversion into TBA-alg

In order to perform synthetic modification on alg, the polymer needs to be soluble in the organic
solvent of use. Na-alg has a very poor solubility in organic solvents, but its TBA-alg salt has
increased solubility in DM SO, which is the solvent used for the grafting of PEG on the alg hydroxyl
groups. Conversion of Na-alg into TBA-alg happens in two consecutive steps: 1) formation of the
carboxylic acid form by addition of acid 2) further transformation by TBAOH treatment of the
precipitated acid (Scheme 3.3).

ONa
ONz OH
Ho Oor{( i o O~/ ! » __OTBA
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o ONa +m o=\ o 0=hOH o
OH OH OH m OTBA by m

Scheme 3.3. Conversion of Na-alg to TBA-alg, with alginic acid as intermediate. Optimized reagents and conditions:
i) HCOOH, EtOH, o °C1ii) TBAOH, H:O, rt.

One of the main goals of the present thesis was to optimize the polymer synthesis to minimize
degradation, and obtain batches with good reproducibility. For this reason, the effect of many
parameters of the TBA-alg synthesis were investigated: 1) type of acid 2) type of solvent 3)
adjustment of pH during TBAOH addition 4) temperature.

Heterogeneous acidification of Na-alg is commonly performed using aqueous ethanolic
hydrochloric acid (HCI) (0.6 or 6 N solutions), or aqueous formic acid.262-265 Acidification with
both HCI and formic acid were carried out for comparison, and the viscosities of the final aqueous
TBA-alg solution were evaluated (Table 3.2). Formic acid, being a weaker acid, caused less

degradation on the polymer backbone, and resulted in higher viscosity values of the TBA-alg
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aqueous solutions. In addition, the variability in the viscosity values of the final TBA-alg polymer

could be largely reduced by using formic acid (entries 3 and 4).

Table 3.2. Effect of the type of acid used for the synthesis of TBA-alg on the final viscosity of TBA-alg solution.

Entry Type of acid Solvent Viscosity of TBA-alg?
1 HCl EtOH 133.1 mPa-s
2a HCl EtOH 86.51 mPa:s
34 HCOOH, 20% aq. solution H.O 164.4 mPa-s
4° HCOOH, 20% agq. solution EtOH 157.7 mPa-s

aReactions were performed on 1 g scale
b2 wt% aqueous solution

The use of formic acid for the heterogeneous acidification of Na-alg was previously presented,
however, only in aqueous media. Changing the solvent to ethanol significantly facilitated the
implementation of the reaction. Two highly time-consuming steps were reduced: 1) since the
reaction happens in a suspension, there is no need to wait for the solubilization of Na-alg in water
2) the filtration of the acid intermediate was simplified due to the change of the type of precipitate;
instead of a gel-like precipitate formed in water, a powder-like precipitate was obtained in

ethanol.

After precipitation of the alginic acid, this intermediate is resuspended in water and treated with
TBAOH solution. The addition of TBAOH turned out to be a crucial step to obtain reproducible
batches with minimal degradation. To ensure the complete exchange of protons to TBA-ions, the
pH must be adjusted to 7. Further addition of TBAOH does not improve the TBA-ratio, nor the
solubility in DMSO of the obtained TBA-alg. However, it does degrade the polymer chain and
decreases the final viscosity of the polymer solution (Table 3.3). Therefore, stopping the addition
of TBAOH at pH 7 is essential to deliver batches of TBA-alg polymer with reproducible viscosities

in aqueous solution.

Table 3.3. Effect of pH adjustment on the final viscosity of TBA-alg.

Entry TBAOH addition, pH TBA-ratio Viscosity of TBA-alg?
1 9 2.1 89.4 mPa-s

2a 9 1.8 54.0 mPa-s

3 7 2.0 146.6 mPa-s

4 7 1.6 156.5 mPa-s

aReactions were performed on 1 g scale
b 2 wt% aqueous solution
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The temperature during the homogeneous acidification step was also found to have an influence
on the degradation rate of the polymer, as expected. Previous studies reported the transformation
of Na-alg into alginic acid at 4 °C during 12 h, or keeping the temperature at 4 °C for an hour and
continue stirring for 12 h at room temperature. While performing the reaction at room
temperature led to variations in the viscosity of the final polymer in aqueous solution, lowering

the temperature ensured batch-to-batch reproducibility (Table 3.4).

Table 3.4. Effect of temperature on the final viscosity of TBA-alg.

Entry Temperature Viscosity of TBA-alge
14 Room temperature 76.5 mPa-s

1b o0°C 155.5 mPa-s

2a Room temperature 146.6 mPa-s

2b o°C 156.5 mPa-s

@ and b were performed in parallel, only changing the temperature
¢ 2 wt% aqueous solution

The optimized parameters are summarized in Figure 3.1. To ensure good reproducibility, several
batches were produced applying the parameters presented in Figure 3.1. The results are
summarized in Table 3.5. All the viscosity values fall between the narrow range of 133.0-173.6

mPa-s.

Optimized parameters

Acid Solvent pH Time Temperature
HCOOH EtOH 7 12h 0°C

Figure 3.1. Optimized parameters for the synthesis of TBA-alg.

Finally, the optimized parameters were used to perform a scale-up of the reaction (Table 3.5,
Entry 5). Very similar results were obtained when the reaction was performed on a 5 times larger

scale, which is a very important asset in terms of future clinical applications.

Table 3.5. Results of the reproducibility experiments.
Entry 12 2a 32 42 5b
TBA-ratio 1.7 2.0 1.5 2.0 2.2

Viscosity of TBA-alg 133.0 mPa-s 155.5 mPa-s 146.3 mPa-s 157.7mPa-s 173.6 mPa-s
(2% aq. solution)

@Reactions were performed on 1 g scale

b Reaction was performed on 5 g scale
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3.1.2. Grafting of heterobifunctional PEG on
TBA-alg

We first investigated the grafting of the thiol equipped PEG-sSH with the aim of forming disulfide
bridges as complementary covalent network in the formation of hydrogel MS by ionotropic
interactions. Conjugation of PEG derivatives on the hydroxyl group of TBA-alg required the
activation of the hydroxyl groups. For this purpose, TBA-alg was treated with CDI for 0.5 h in
DMSO, and the activated imidazolide alg 2 was subsequently precipitated. After thorough
washing of the precipitate, it was dissolved in water and condensated with amino-terminated PEG
derivatives for 2 h. The final product was obtained by exchange of TBA-ions to Na-ions, and

subsequent purification by dialysis.

o OTBA o OTBA
HO i HO
{'O‘EB’\ "Ylon ——}o 0 - +O Lo
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OTBA OH m OTBA o ONa m
o~
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1 2 3 HN‘(\\
Alg-sSH

SH

Scheme 3.4. Preparation of PEGylated alg. Reagents and conditions: i) CDI, DMSO, rt, 0.5 h ii) PEG-sSH, H-0, rt, 2h.

At the end of the reaction, the desired form of the alg derivative is its Na-salt. Previous procedure
developed in our lab involved the quenching of the reaction with 0.05 M NaOH solution (50
mL/1g of initial TBA-alg), to obtain the corresponding Na-alg derivative. This led to extensive and
uncontrollable chain degradation of the polysaccharide, and consequently a high variety in the
viscosity of the resulting polymer solutions. Taking into consideration that alg degrades in the
presence of strong bases, we decided to reevaluate this step. All our attempts were targeted
towards reducing the severity of the degradation by optimization of several parameters of the

procedure.

a) First, we investigated the effect of controlled NaOH quenching, by adjusting the pH when
adding the base. The aim of NaOH addition is to exchange TBA-ions to Na-ions,
consequently, the amount of NaOH solution needed was to reach a pH in the range of 8—
11. While the highest viscosities were observed by adjusting the pH to 8 or 11 (Table 3.6),

no reproducible correlation between the pH value and extend of chain degradation could
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Results and Discussion

be established. In addition, these results could not be precisely reproduced. Therefore, this

strategy to exchange TBA-ions was discarded.

Table 3.6. Representative examples of the effect of precise pH adjustment when quenching the reaction.

Entry Experiment Viscosity of PEGylated-alg?
1 No pH adjustment 182.6 mPa-s
2 pH adjusted to 8 790.9 mPa-s
32 pH adjusted to 9 387.4 mPa-s
42 pH adjusted to 10 257.6 mPa-s
52 pH adjusted to 11 709.1 mPa-s

aReactions were performed in parallel, on a 100 mg scale.

b3 wt% aqueous solution

Further attempt to decrease the degree of degradation included performing the quenching
of the reaction at 0 °C, and continuing by dialysis at 4 °C. Unfortunately, this did not lead
to improved results, but it made the implementation of the purification much more
laborious.

Relatively fresh preparation of TBA-alg was evaluated to make a significant difference.
Comparison assay of batches prepared from TBA-alg of 1 week-old or 2 or more weeks-old
clearly suggested that preparation of TBA-alg 1 week prior to PEGylation results in higher

viscosity ranges. The values are presented in Table 3.7.

Table 3.7. Influence of the age of TBA-alg on the final polymer solution viscosity.

TBA-alg Viscosity of PEGylated-algP
1 week-old® 628.0—870.5 mPa-s
2 or more weeks-old® 83.06—134.8 mPa-s

aResults are from min. 3 reactions

b3 wt% aqueous solution

For the exchange of TBA-ions to Na-ions, ultrafiltration (UF) cell was also tested. The
setup is presented on Figure 3.2. This method offers milder conditions, eliminating the
use of a strong base, and the advantage of directly transferring the reaction solution into
the cell. As an alternative to dialysis, the cell was also tested for further purification of the
polymer. After transferring the reaction mixture to the UF cell, it was treated with NaCl
solution. A low pressure of 3 bar was applied, and a cellulose membrane with MWCO of 3
kDa was chosen, in order to eliminate the potentially unreacted PEG-sSH, while retaining
the Alg-sSH.
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Pressure inlet

# 77¥/
k—/ Aq. Alg-sSH
solution, mixed with

sat. NaCl solution

Stirrer
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—
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Figure 3.2. UF cell setup for the exchange of TBA to Na-ions.

Even though the technique offered a convenient and mild way of performing the ion
exchange, and even potentially the purification, surprisingly, the amount of grafted PEG
on the alg backbone was slowly reducing over time, as followed by *H-NMR (Figure 6.1,

Annexes). Therefore, this technique was discarded.

e) Lastly, the best way of exchanging TBA-ions to Na-ions was found to be by addition of
NaCl solution to the reaction mixture. After optimization of the concentration of NaCl
solution and time needed for the exchange, the ideal conditions were concluded to be using

4M NacCl solution over 2 h.

3.1.3. Microsphere formation

Preparation of spherical hydrogel beads in our laboratory was performed using a coaxial air-flow
droplet generator. The polymer solution is prepared in a concentration suitable for the
encapsulator of intended use, and is extruded from a syringe through a needle into a gelation bath
of CaCl.. The air flow is applied to help the formation of spherical, and smaller MS compared to
just dropping of the polymer solution in the ionic cross-linking bath by gravity (Figure 3.3).
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Figure 3.3. Formation of hybrid hydrogel MS with Alg-sSH.

Within a collaboration with the CEA (Commissariat a 'Energie atomique), in Grenoble, France, a
microfluidic system was also developed for the preparation of PEGylated alg hydrogel MS. The
motivation behind using microfluidics was the generation of MS with smaller diameter, better
monodispersity, and homogeneity. Figure 3.4 presents an example of beads prepared from the
polymer Alg-sSH using air-flow droplet generator and microfluidics. Droplet generation using

microfluidics will be described more in details in Section 3.4.

1) Alg-sSH MS 2) Alg-sSH MS
Diameter: 741 £ 96 pm Diameter: 385+ 12 ym

Figure 3.4. 1) Beads formed with coaxial air-flow droplet generator. The scale bar corresponds to 500 um. 2) Beads
formed with microfluidics. The scale bar corresponds to 200 um. The mean diameter for both was measured 7 days
after MS formation.
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To reach the desired viscosity range compatible with the encapsulation setup, many parameters
can be modified. The viscosity is dependent on the molecular mass of the polymer, the type of
PEG grafted on the alg backbone, the grafting degree, the concentration of the solution, and also
on the temperature. Optimized production of Alg-sSH MS was realized under the following
conditions: Alg-sSH with a grafting degree of 7.1% (determined by *H-NMR) was dissolved at a
concentration of 2 wt% in 3-(N-morpholino)propanesulfonic acid (MOPS) (10 mM, pH=7,4)
(viscosity: 134.1 mPa-s), and extruded into a CaCl. (100 mM) containing bath. Measurement of
the MS diameter at day 1 and day 7 after hydrogel formation revealed moderate shrinking of the
MS. This observation is consistent with the slow completion of the covalent disulfide bridge

network following fast initial gelation through ionic interactions with Ca2* ions.

MING viability in Alg-sSH
b)

Alg-PEG-al
S e

% cell area
@
o

Alg-PEG-a |

Day3 Day10 Day 15

Figure 3.5. a) Microscopy images of MING cells encapsulated in Alg-sSH at day 3 and day 15. Top: light microscopy
images, middle: staining of live cells with FDA (green), bottom: staining of dead cells with PI (red). b) Quantification
of viable and non-viable encapsulated MING6 cells by FDA/PI staining at day 3, 10 and 10 expressed as % of the total
cell area (n=6). “Reprinted (adapted) with permission from Synthesis Strategies to Extend the Variety of Alginate-
based Hybrid Hydrogels for Cell Microencapsulation. Biomacromolecules. Copyright 2017 American Chemical
Society.”

Cell compatibility of Alg-sSH MS was assessed by encapsulation of MIN6 as a model for insulin
producing cells (Figure 3.5). Encapsulation was performed using air-flow droplet generator, by
homogeneously mixing MING6 cells with the polymer solution and subsequently extruding it into
a CaCl, containing gelation bath. MS with an average diameter of 500—600 um were obtained,
with homogeneous cell distribution within the MS core. Viability of the encapsulated cells was
assessed at day 3, 10 and 15, by staining of live cells with fluorescein diacetate (FDA) and dead

cells with propidium iodide (PI), as previously established.2¢¢ Viability over time was slightly
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decreasing, but it remained above 70% for all three time points. In fact, initial viability drop is a
common phenomenon experienced in cell encapsulation, as these living entities need to adapt to
their new environment. The relatively high cell viability suggests that functionalization of alg with
thiolated PEG did not damage the cell compatibility of the alg hydrogel. Besides, the additional
disulfide bridges efficiently stabilized the MS network, as presented by the intact integrity of beads
in vitro. This was further confirmed by in vivo transplantation of empty MS in the peritoneal
cavity of immune-competent mice. Macroscopic inspection 30 days after transplantation revealed
the presence of free-floating MS in the peritoneal cavity with no sign of inflammation or PFO
(Figure 3.6.a). Functionality of the cells was evaluated 3 days after encapsulation, by glucose
stimulated insulin release assay. Basal insulin secretion at a glucose level of 2.8 mM was set at 1,
and an almost 3-fold increase was experienced for the cells encapsulated in Alg-sSH MS, very
similar to free cells (Figure 3.6.b). Therefore, encapsulation of MING6 cells within the alg-based
hydrogel did not affect their functionality.

In vivo assay and functionality

a) 30 days after transplantation b)

5 Day 3 I Glucose 16.7 mM
[ Glucose 2.8 mM

insulin secretion ratio
(fold increase)

0 T T
Free Alg-PEG-a |

Figure 3.6. a) Macroscopic inspection after 30 days of intraperitoneal transplantation. The arrows indicate some of
the MS. b) Glucose stimulated insulin secretion of free and Alg-sSH encapsulated MING6 cells at day 3. “Reprinted
(adapted) with permission from Synthesis Strategies to Extend the Variety of Alginate-based Hybrid Hydrogels for
Cell Microencapsulation. Biomacromolecules. Copyright 2017 American Chemical Society.”

Taken together, these data show the possibility to produce hybrid hydrogel MS using a one-
component approach taking advantage of both carboxylic groups and thiol functionalities to form
an interpenetrated network of ionic and covalent interactions. In the next section, variation of the

nature of the covalent cross-linking reaction will be presented.
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3.2. Dualionic and covalent cross-linking

This section is based on the manuscript entitled: “Cross-reactive Alginate Derivatives for the
Production of Dual Ionic—Covalent Hydrogel Microspheres Presenting Tunable Properties for

Cell Microencapsulation”, ACS Appl. Polym. Mater. 2019, 1, 1326—1333.

Following the promising results obtained with Alg-sSH MS for the encapsulation of endocrine
cells, other types of chemical cross-linkages were envisaged to modulate the physical properties
and chemical stability of the resulting MS. Disulfide bond is often used in biochemical and
biomedical fields, as it is easily achieved by oxidation of thiol groups. Unfortunately, oxidation
can happen spontaneously when exposed to air, therefore, unwanted disulfide bridge formation
might happen prior to formation of MS. Moreover, owing to the higher strength of thiol-carbon
bond compared to thiol-thiol linkages, we envisaged to introduce covalent cross-linking based on
sulfur and carbon electrophiles that can spontaneously undergo Michael addition reaction. The
two complementary covalent cross-links investigated were the thiol-acrylate and thiol-maleimide

systems (Figure 3.7).

3.2.1. Preparation of Alg-PEG derivatives with
cross-reactive functionalities

For the synthesis of the PEGylated alg polymers with cross-reactive functionalities, the same
synthetic strategy was followed as previously described in section 3.1. Briefly, Na-alg was
converted into TBA-alg for better solubility in DMSO. The hydroxyl groups of TBA-alg were
activated with CDI, and functionalized with the corresponding heterobifunctional PEG
derivatives PEG-ACR and PEG-MAL. The obtained structures are presented in Figure 3.7.
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Figure 3.7. Formation of cross-functional hydrogels by mixing Alg-ACR or Alg-MAL with Alg-SH, resulting in the
formation of two different types covalent cross-linking.

Since the viscosity range of the polymer solution is a crucial parameter in encapsulation
techniques, we aimed at further optimizing the reaction conditions in order to obtain batches with
adjustable values. To obtain higher viscosity, the degradation must be minimized. The activation
of the hydroxyl groups with CDI generates a basic imidazole molecule, which could potentially
lead to partial polysaccharide backbone degradation. We hypothesized that neutralization with
the addition of 1 equiv. of acetic acid prior to CDI addition could decrease the chain degradation.
Results of the experiments performed without or with the addition of acetic acid are presented in
Table 3.8. Independently from the type of PEG grafted on the alg hydroxyl groups, neutralization

of the imidazole by-product resulted in a fold-increase of the viscosity.
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Table 3.8. Results of performing the grafting reaction with or without the addition of acetic acid, in terms of final
viscosity value of the aqueous polymer solutions. Average grafting degree determined by *H-NMR.

Product Viscosity without AcOH Viscosity with AcOH Grafting degree
addition” addition®

Alg-ACR 57 mPa-s 654 mPa-s 29 %

Alg-MAL 201 mPa-s 749 mPa-s 26 %

Alg-SH 72 mPa-s 554 mPa-s 28 %

aThe viscosity values correspond to 3 wt% aqueous solutions

The amount of grafted PEG on the alg backbone was optimized at a degree (25-30 %) that allowed
the formation of spherical hydrogel beads, while also providing enough covalent cross-links to
reinforce the hydrogel structure. The chemical structure and also the grafting degree of the
PEGylated alg was confirmed by NMR spectroscopy. Figure 3.8 presents the section of the NMR
spectra with the characteristic signals of the PEG end-functionalities: 6.47 (dd), 6.24 (dd), 6.02
(dd) ppm for the olefinic protons of acrylate functionality, 6.88 (s) ppm for the olefinic protons of
maleimide functional group, 3.23 (t) ppm for the CH,-SH.
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Figure 3.8. Characteristic NMR peaks of the Alg-ACR, Alg-MAL, and Alg-SH polymers.

The grafting degrees were deducted from 'H-NMR spectra by a deconvolution method. The
commonly used technique to determine the degree of grafting is by integration of characteristic
peaks belonging to the alg and PEG polymers, and comparing their ratios. However, this method
is not possible if there are signals overlapping in the spectra, which was the case for all Alg-PEG
derivatives. Therefore, deconvolution by superimposition of the recorded spectra with a simulated

spectra was used to assess the grafting degrees (Figure 3.9).
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Figure 3.9. Deconvolution spectra of Alg-PEG derivatives. Deconvolution spectra decomposed in regions interpreted

as part of alg signal contribution (blue), aliphatic PEG peak including 3C satellites (black), and other functional
groups belonging to the different components (green) that have been subtracted from the alg contribution.

To confirm the presence of covalent cross-linking between the PEG unit and the alg backbone,
diffusion ordered spectroscopy (DOSY) was carried out. DOSY is the technique of choice for
separation between NMR signals belonging to different species. A pair of gradient pulses are
applied, and the relaxation time is analyzed to obtain diffusion coefficients. Since the diffusion
coefficient is dependent on the radius of the molecule, different sizes of molecules will be
separated. The presence of only one molecule in the DOSY spectra was a direct indication of the
presence of covalent PEG conjugation. Figure 3.10 shows a superimposed DOSY spectra of Alg-
ACR and PEG-ACR,; the difference in the size of the two molecules is represented by the difference

of the diffusion coefficients.
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Figure 3.10. DOSY spectra of Alg-ACR (green) and un-grafted PEG ACR (red).

To sum up, our functionalization method allows for a straightforward, robust way of covalently
grafting PEG on the alg hydroxyl group. The degree of grafted PEG, and the final viscosity of the
polymer in aqueous solution are both adjustable, which allows for fine-tuning for the intended

applications and encapsulation methods.

3.2.2. MS formation and subsequent
characterization

While previous protocol was based on a one-component Alg-sSH polymer solution, dual ionic-
covalent MS were prepared by mixing Alg-ACR or Alg-MAL with Alg- SH (Alg-ACR:Alg-SH 1:1,
or Alg-MAL:Alg-SH 1:1). All polymers were dissolved at 3 wt% in aq. MOPS solution (10 mM,
pH=7.4, with 0.4 % NaCl), and extruded into a CaCl. gelation bath (100 mM), keeping the coaxial
air-flow at a constant rate. As a comparison, only ionic Ca-alg MS were prepared at the same time,
under the same conditions. Figure 3.11 illustrates microscopic images of Ca-alg MS and beads
prepared with the combination of Alg-SH:Alg-ACR or Alg-SH:Alg-MAL.
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Figure 3.11. Microscopic images of MS prepared from a) Na-alg b) Alg-SH and Alg-ACR c) Alg-SH and Alg-MAL. The
scale bar corresponds to 1.0 mm.

After preparation, MS were characterized at certain time points over one week for their diameter
and mechanical properties, to assess the evolution of chemical cross-linking. Both the mechanical
resistance of the MS and their capacity for shape recovery upon multiple successive compressions
were evaluated with a texture analyzer. The resistance value corresponds to the force needed to
compress the MS to 90% of their initial diameter. The application of ten repeated compressions
to 90% of the initial MS diameter established the elasticity profile of the so-formed dual ionic-
covalent MS. Results of the diameter and resistance changes over the course of one week are

depicted in Table 3.9.

Table 3.9. Diameter and resistance to compression at 90% of initial MS diameter. For the diameter 30 MS were
measured, for the resistance 10 MS were analyzed.

Day Properties Ca-alg Alg-SH:Alg-ACR Alg-SH:Alg-MAL

o Diameter (um) 1006 + 114 1158 + 125 1174 + 149
Resistance (N/mm3) 1.51 + 0.36 1.29 + 0.10 1.40 + 0.23

3 Diameter (um) 968 £ 59 1130 + 71 1080 + 115
Resistance (N/mm3) 2.00 + 0.56 1.60 £ 0.11 1.91 £ 0.25

7 Diameter (um) 976 + 69 1068 + 89 1050 + 125
Resistance (N/mm3) 1.55 + 0.40 1.74 + 0.15 2.68 + 0.12

The diameter of the two cross-linked systems showed a clear tendency to decrease over time, while
the mechanical resistance was gradually increasing. Ca-alg MS exhibited an initial size decrease
and resistance increase within the first days. However, the diameter was stabilized after 3 days,
and the resistance value did not change over one week (1.51 N/mms3 at day o, and 1.55 N/mms3 at
day 7). The significant increase in the resistance of cross-linked systems from day o to day 7 (from
1.29 N/mm3 to 1.74 N/mms3 and from 1.40 N/mms3 to 2.68 N/mms3 for the acrylate-thiol and

maleimide-thiol, respectively) is an indication for the slowly occurring covalent cross-linking over
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time, and the result of the increasing network density. The rising amount of sulfur-carbon bonds
and the evolution of the network density is reflected on the size decrease, as well. Assessment of
the size and resistance was similarly performed 2 weeks after preparation, but no significant
difference was experienced, indicating the completion of the covalent cross-links within the

hydrogel network over 7 days.
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Figure 3.12. Shape recovery performance after 10 successive compressions to 90% of the initial diameter of Ca-alg,
Alg-SH:Alg-ACR and Alg-SH:Alg-MAL MS, prepared from 3 wt% aqueous solutions. Measurements were done at
day o, 3 and 7, on 10 MS per condition. *** p < 0.001.

Hydrogels prepared purely by ionic gelation of Na-alg are known to display poor shape recovery
performance.’s® Similarly, after 10 successive compressions, Ca-alg MS showed approximatively
20% shape recovery and this performance did not evolve over 7 days (Figure 3.12). Meanwhile,
dual ionic-covalent MS exhibited an improved elasticity profile from the moment of preparation,
and showed further enhancement over time, reaching 40% for both compositions 7 days after MS
production. The measurement was repeated after 2 weeks of storage in MOPS media, but the

results showed no more improvement, suggesting that formation of the covalent cross-links was

completed within one week.

The type of covalent cross-link had a clear effect on the mechanical resistance of the beads, being

significantly higher in the case of Michael addition of thiol to maleimide, compared to the addition
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of thiol to acrylate. However, no substantial difference was observed for the shape recovery
performance. The above mentioned observations were in correlation with our previous
hypothesis, that ionic cross-linking happens very fast in the initial phase of MS formation, while
covalent cross-links of the PEG end functionalities form more slowly, over the period of one week.
However, these cross-links make the hydrogel network considerably more elastic and resistant to

compression.

To further investigate the stability of MS, exposure to increasing concentration of Na-citrate was
performed. MS were recovered by filtration 7 days after storage in the gelation bath and immersed
in Na-citrate solutions of the indicated concentration. The microscopic images of MS after 24 h in

the Na-citrate solutions are shown in Figure 3.13.

5mM 10 mM 20mM 30mM 40 mM

not stable

stable partial dissolution

stable stable stable stable stable

stable stable stable stable stable

Figure 3.13. Stability of MS in increasing concentration of Na-citrate solution. a) Na-alg b) Alg-SH:Alg-ACR c) Alg-
SH:Alg-MAL. The scale bar corresponds to 1.0 mm. After storage in the gelation bath for 7 days, MS were recovered
by filtration (70 um) and immersed in aqueous solution of sodium citrate at the indicated concentrations for 24 h.
Stability was evaluated by observation of the MS under an Olympus AX;70 microscope.

Merely ionic Ca-alg MS were expected to dissolve in Na-citrate solution above a certain
concentration. Exchange of Ca2*ions to non-gelling Na+ ions damages the ionic hydrogel network
and leads to the complete liquefaction of the MS. Dual cross-linked hydrogel systems, however,
possess the advantage of additional covalent interactions that are not affected by the presence of
non-gelling ions. The integrity of Ca-alg MS started to be visibly affected above 20 mM

concentrations of Na-citrate, and there were no more beads present in 40 mM Na-citrate solution.
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Cross-linked MS remained stable up to 40 mM Na-citrate solutions, the liquefaction of the Ca-alg
ionic interactions did not affect the integrity of MS. Interestingly, as presented in Figure 3.14, MS
prepared from Alg-SH:Alg-ACR did not show any swelling, and their diameter remained very
similar. On the contrary, MS with Alg-SH:Alg-MAL interactions presented substantial increase in
diameter. This, however, did not affect their stability. The different swelling behavior might be
attributed to the different chemical composition of the MS, as well as the different molecular
weight of the PEG grafted on the alg (PEG-ACR contains 2kDa PEG, while and PEG-MAL contains
1kDa PEG). MS prepared from both cross-linked systems remained spherical at concentrations of
the current study, highlighting the stability enhancement by the introduction of covalent cross-

linkings.

5mM 40 mM

Figure 3.14. Diameter of MS in 5 and 40 mM Na-citrate solutions. a) Alg-SH:Alg-ACR c) Alg-SH:Alg-MAL MS.

For the viability of encapsulated cells, access to oxygen and nutrients is vital, which is only
achievable if the permeability of the encapsulation membrane allows the diffusion of small
molecules. Meanwhile, to avoid cell death by attack of immunoglobulins and T-cells, the
biomaterial’s permeability must exclude these larger size molecules. The permeability profile of
Alg-SH:Alg-ACR and Alg-SH:Alg-MAL systems was compared to that of Ca-alg MS, by measuring
the ratio of FITC-dextran solutions infiltrating within the MS core. MS were incubated with FITC-
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dextran solutions (in MOPS) of 40, 150, 250 and 500 kDa size, and the ratio of passage was
assessed by imaging with confocal microscopy and subsequent image analysis with ImageJ
(examples of confocal images are given in Annexes, Figure 6.2). The presence of covalent cross-
links did not have a negative impact on the permeability of MS, as shown by the very similar
permeation values. Due to the difference in chemical composition, Alg-SH:Alg-MAL cross-linked
MS exhibited slightly higher infiltration ratios than Alg-SH:Alg-ACR MS, which could be
beneficial for oxygen and nutrients availability. However, the relatively high infiltration ratio of
dextran molecules above 250 kDa could mean that antibodies can diffuse through the membrane
and compromise the immune protection of cells. As the permeability of a molecule does not only
depend on its size, but also on its configuration and the charges present, a better model could lead
to more relevant result. Measuring the infiltration of fluorescently labeled antibodies could be a

feasible alternative.
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Figure 3.15. Relative permeability of FITC-dextrans within Ca-alg, Alg-SH:Alg-ACR and Alg-SH:Alg-MAL MS as a
function of FITC-dextrans molecular weight after 36 h of incubation under gentle stirring. Error bars represent the
standard deviation from n = 3 measurements. Quantification was performed using Image.J.

3.2.3. Dual ionic-covalent MS in cell
microencapsulation

In view of the favorable physical properties and chemical stability demonstrated by Alg-SH:Alg-
ACR and Alg-SH:Alg-MAL MS, these systems were assessed for the encapsulation of endocrine
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cells. Huh7 were chosen as model cells, and were encapsulated using a coaxial air-flow droplet
generator by extrusion in CaCl, containing gelation bath. The cells were homogeneously
distributed within the hydrogel MS, and no cells were detected outside of the microcapsules
(Figure 3.16.a). The viability of the cells was determined with FDA/PI staining at day 1, day 4 and
day 7 after encapsulation. At each time point, the viability was higher than 90%, with very minimal
cell death observed (Figure 3.16.b). Hence, we concluded that the covalent cross-linking of

acrylate-thiol and maleimide-thiol did not interfere with cell viability.
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Figure 3.16. a) Huh? cells encapsulated in Alg-SH:Alg-ACR and Alg-SH:Alg-MAL. b) Cell viability at day 1, day 4 and
day 7 after encapsulation. ¢) Albumin secretion at day 4 and day 7. “Reprinted with permission from Cross-Reactive
Alginate Derivatives or the Production of Dual Ionic-Covalent Hydrogel Microspheres Presenting Tunable Properties
for Cell Microencapsulation. ACS Appl. Polym. Mater. Copyright 2019 American Chemical Society.”

Since Huh?7 cells are albumin secreting cells, the functionality of the encapsulated cells was
determined by quantification of the amount of albumin secreted in the culture medium. High
functionality was preserved for both polymer combinations at day 4 and day 7 after encapsulation
(Figure 3.16.c). The secreted amount of albumin was moderately higher for cells encapsulated in
Alg-SH:Alg-MAL which might be due to the higher diffusion efficiency of this composition,
compared to the Alg-SH:Alg-ACR. These results indicated that dual ionic-covalent MS based on
ionic interactions with Ca2* ions and carbon-sulfur covalent bonds were suitable to maintain the
viability and functionality of human endocrine cells. Further investigation addressed the

biocompatibility of these encapsulation materials in a rodent model.
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Figure 3.17. a) Macroscopic inspection of empty MS at 15 and 30 days after intraperitoneal transplantation. b)
Microscopic images of recovered MS after 15 and 30 days of transplantation from the peritoneum. Scale bar: 200
um. “Reprinted with permission from Cross-Reactive Alginate Derivatives or the Production of Dual Ionic-Covalent
Hydrogel Microspheres Presenting Tunable Properties for Cell Microencapsulation. ACS Appl. Polym. Mater.
Copyright 2019 American Chemical Society.”

Transplantation of empty MS in the peritoneal cavity of immune-competent C57 BL/6 mice was
performed. Mice were euthanized at two time points: day 15 and day 30 post transplantation. Both
polymeric compositions (Alg-SH:Alg-ACR and Alg-SH:Alg-MAL) resulted in stable MS, as
observed in the intraperitoneal cavity of mice after sacrifice (Figure 3.17.a). A representative
amount of MS was investigated under light microscopy upon retrieval (Figure 3.17.b). MS kept
their spherical shape and stability up to the 30 days of the experiment, with no sign of

inflammation or fibrotic overgrowth around the transplanted microcapsules.

3.2.4. Dual ionic-covalent MS formed by cross-
reactive functionalities of thiol-acrylamide

Since acrylate contains a relatively labile ester bond, even though we did not experience any
destabilization of the bond in vivo, we decided to also study the potential of using acrylamide
instead of acrylate, and this way also broaden the variety of covalent cross-links used for dual

cross-linked MS formation.
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The feasibility of using acrylamide-thiol cross-coupling for the formation of MS was first studied.
Alg-ACA and Alg-SH polymers were dissolved in MOPS solution in 3 wt% (10 mM, pH=7.4,
containing 0.4% NaCl) and mixed in a weight ratio of 1:1. The resulted MS are displayed on Figure
3.18. MS displayed spherical geometry, and relatively high diameter, however, this can be reduced
by optimization of the encapsulation parameters.

Ca-alg

Alg-SH:Alg-ACA

Figure 3.18. Microscopic images of Ca-alg and Alg-SH:Alg-ACA MS. The scale bar corresponds to 1.0 mm.

Next, the diameter changes and mechanical properties of MS were investigated in comparison to
Ca-alg MS. (Table 3.10) The same tendency was observed as for the previously presented acrylate-
thiol cross-linked MS: gradual decrease of the diameter and increase of mechanical resistance
upon evolution of the slowly forming carbon-sulfur bonds. The resistance values for acrylamide-
thiol were comparable to that of acrylate-thiol cross-linked MS, reaching 1.90 N/mm3 and 1.74

N/mms respectively, after 1 week of storage in MOPS buffer.

Table 3.10. Diameter and mechanical properties of Ca-alg and Alg:SH-Alg-ACA MS.

Day Properties Ca-alge Alg-SH:Alg-ACAc¢

1 Diameter (um)® 1347 + 297 1368 + 191
Resistance (N/mms3)® 1.62 + 0.54 1.31 £ 0.15

4 Diameter (um) @ 1363 + 183 1330 + 219
Resistance (N/mms3)? 1.83 £+ 0.14 1.61 + 0.12

7 Diameter (um) @ 1390 + 297 1292 + 182
Resistance (N/mms3)? 1.63 + 0.44 1.90 + 0.16

@ Measured on an Olympus AX microscope, on 30 MS/conditions
b Measured with a Texture Analyzer, on 10 MS/conditions
¢ Prepared in a 3 wt% aqueous solution

This polymer system was further used in a multicomponent MS formation, which will be

presented in Section 3.3.2.
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In conclusion, the MS systems based on the dual cross-linking of Alg-SH:Alg-ACR, Alg-SH:Alg-
MAL and Alg-SH:Alg-ACA and ionic interactions show superior mechanical properties compared
to pure Ca-alg MS. These MS achieved improved mechanical resistance to compression and
improved shape recovery performance. In addition, enhanced stability in Na-citrate solution

compared to Ca-alg was obtained, without the addition of any chemical cross-linker.
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3.3. Strategy to reduce fibrosis

Part of this section is based on the manuscript entitled: “Antifibrotic Effect of Ketoprofen-Grafted
Alginate Microcapsules in the Transplantation of Insulin Producing Cells”, Bioconjugate Chem.

2018, 29, 1932—-1941.

A major issue that unquestionably needs to be solved in cell transplantation, is the inflammatory
responses of the recipient to the transplanted MS. The fibrotic tissue formation around the
capsules leads to fatal cell viability decrease and eventually graft failure. Many efforts are focused
on reducing the foreign body response and minimize inflammation and fibrosis around the
microcapsules. With this goal in mind, in our research group, a new strategy was developed by
Dr. Francois Noverraz (EPFL Thesis N° 8949), for covalently conjugating anti-fibrotic molecules
(drugs) on the alg hydrogel backbone. From a variety of drugs that were evaluated, ketoprofen
showed excellent anti-inflammatory properties, therefore, was the main choice of further
research. The main results obtained following this strategy will be briefly described in the

upcoming section (Section 3.3.1).

3.3.1. Achievements with the strategy of covalent
conjugation of ketoprofen for controlled
release

A common way of including anti-inflammatory drugs within the hydrogel MS is co-encapsulation
of the drug with Ca-alg, leading to a burst drug release. The work presented by Dr. F. Noverraz
aimed at developing a system that provides a controlled, sustained drug release from the MS at
the site of transplantation. In order to avoid burst release and achieve a controlled one, ketoprofen
was covalently conjugated to a PEG derivative via an ester or amide functionality (Scheme 3.5).
Following conjugation of PEG-KET on the hydroxyl groups of TBA-alg, combination of the
resulted Alg-KET biopolymer with Na-alg led to spherical empty or cell-laden MS formation.
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Scheme 3.5. Ketoprofen conjugation to PEG, followed by grafting on the alg hydroxyl group. The numbering of the
compounds refers to the ester derivative. Reagents and conditions for the synthesis of ester-conjugated ketoprofen,
Alg-KET(ester) (9): 1) DCC, DMAP, DCM, rt, 12 h ii) HCI (4N in dioxane), rt, 2 h iii) TBA-alg (1), CDI, DMSO, H-O.

The rate of the drug release was controlled by the type of covalent linkage, ester conjugated
ketoprofen presenting a regular, sustained release up to two weeks via ester hydrolysis. This rate
was accelerated in the presence of MING6 cells, most likely as a result of cell esterase activity. On
the contrary, amide conjugated ketoprofen allowed for only traces of ketoprofen being released

(Figure 3.19).
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Figure 3.19. Formation of MS with the combination of Na-alg and Alg-KET using coaxial air-flow droplet generator.
Cumulative ketoprofen release via ester (upper diagram, green) and amide (upper diagram, purple) bond hydrolysis.
Cumulative ketoprofen release from empty (lower diagram, red) and MING6 cell containing (lower diagram, blue)
MS.

Transplantation of empty or MING6 cell containing MS in immune-competent mice resulted in
PFO, more noticeable in the case of cell-laden MS, highlighting the effect of cellular metabolic
activity on the severity of fibrotic response. MS prepared from Na-alg, or Alg-KET containing ester
or amide covalent bond were transplanted under the kidney capsule of C57BL/6 immune-
competent mice to evaluate the anti-fibrotic potential of ketoprofen. As expected, transplantation
of MS under the kidney capsule induced some fibrotic reaction, as shown by the amount of
collagen deposition. Empty Ca-alg MS showed the lowest amount of collagen deposition, possibly
due to the better sphericity and roundness of Ca-alg beads. However, retrieval of MS 4 weeks after
transplantation followed by quantification of collagen deposition on the cell-loaded MS by
histological analysis revealed the significant beneficial effect of using ester conjugated Alg-KET

MS in reducing PFO (Figure 3.20).
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Figure 3.20. Quantification of collagen deposition around empty and MING6 cell containing MS retrieved 4 weeks
after transplantation under the kidney capsule. A) Sections of formalin-fixed and paraffin-embedded kidneys colored
with Goldner’s Thrichrome with Ca-alg MS (left row), Alg:Alg-KET (ester) (middle row), Alg-KET (amide) (right
row); empty MS (upper panels) and MING6 cell containing MS (lower panel). B) Empty (white bars) and MIN6
containing MS (grey bars). Quantification of collagen deposition was performed with Definiens software. All values
are means + standard deviations of 5 slides per condition. **p < 0.01, ***p < 0.001.

These results obtained with covalent conjugation of ketoprofen within the hydrogel network in
reducing PFO confirmed our hypothesis that inclusion of anti-fibrotic compounds was important
for in vivo applications. The higher drug release via ester bond hydrolysis led to more significant
decrease of PFO, therefore, we continued the development of more complex systems involving

covalently conjugated anti-fibrotic drugs with this composition.

3.3.2. Multifunctional hybrid hydrogel M'S

To combine the beneficial effects of the MS displaying enhanced mechanical properties and
stability (Section 3.2.) with the covalent conjugation and subsequent sustained release of anti-
fibrotic drug (Section 3.3.1.), we envisaged to design multifunctional MS, exhibiting both
beneficial features. By mixing cross-reactive Alg-PEG derivatives with an Alg-PEG-drug
component, we expected the formation of dual ionic-covalent MS, able to release the drug in vivo

by hydrolysis of the ester linkage to the bioactive molecule under physiological conditions.
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Figure 3.21. Components of multifunctional hydrogel beads.

3.3.2.1. Multicomponent MS formation

Based on the previous results obtained with the controlled release of ketoprofen from Alg:Alg-
KET MS, we first investigated multicomponent MS based on the combination of Alg-KET with
cross-reactive Alg-PEG derivatives. Most likely due to the high PEG content when mixing 3
PEGylated alg derivatives, formation of spherical MS with optimal diameter and good
monodispersity was possible, but extremely challenging to achieve. Consequently, we decided to
add unmodified Na-alg to the mixture prior to bead preparation to ease MS formation and achieve
better sphericity. The composition of the two different polymer systems is described below. All
polymers were mixed in a weight ratio of 1:1:1:1. The resulting MS are showed in Figure 3.22. Each
of the PEGylated alg polymers was dissolved at a concentration, which allows for MS formation

with the air-flow droplet generator. After mixing, the total concentration of the multicomponent
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(ACR) and multicomponent (ACA) MS for the presented example were 2.75 and 3 wt%,

respectively.
Multicomponent (ACR): Multicomponent (ACA):
- Alg-ACR - Alg-ACA
- Alg-SH - Alg-SH
- Alg-KET - Alg-KET
- Na-alg - Na-alg

Ca-alg Multicomponent (ACR)

Figure 3.22. Brightfield microscopy images of Ca-alg, multicomponent (ACR) and (ACA) MS. Images were retrieved
on the day of MS production (scale bar 1.0 mm).

Assessment of the mechanical properties was performed following the same techniques as
previously described for the two-component cross-linked systems. There was a slight size decrease
observed over time for all MS compositions (Table 3.11). However, due to the high standard
deviation this cannot be concluded with complete certainty. On the other hand, resistance to a
single compression up to 90% of the initial diameter clearly evolved over time in both
multicomponent MS, reflecting the formation of covalent sulfur-carbon bonds over time.
Multicomponent beads prepared with acrylate or acrylamide functionality increased from 0.72
N/mms3 to almost 3 N/mms3, and 1.14 N/mms3 to 2.22 N/mma3, respectively. Meanwhile, Ca-alg MS

remained within the same range over one week.
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Table 3.11. Diameter and mechanical properties of Ca-alg and multicomponent MS.

Day Properties

o Diameter (um)e

Resistance (N/mms3)?

3 Diameter (um)“

Resistance (N/mm3)®

7 Diameter (um) ¢

Resistance (N/mms3) ®

Ca-alg

959 + 80
1.68 + 0.18
931 + 115
1.45 £ 0.15
923 + 103
1.70 + 0.18

Multicomponent
(ACR)

1212 + 133

0.72 + 0.33

1039 + 133

1.70 + 0.29

943 + 129
2.99 + 0.27

a Measured on a Leica DM 5500 microscope, 30 MS per condition
bMeasured on a texture analyzer, using 10 MS per condition

Results and Discussion

Multicomponent
(ACA)

1111 + 199

1.14 = 0.18

1052 + 189

1.76 + 0.18

989 + 92

2.22 + 0.14

Shape recovery performance profile was obtained by 10 successive compressions to 90% of the

initial MS diameter. Ca-alg beads displayed a relatively stable elasticity profile, with no evolution

over time. In contrast, multicomponent MS showed improved elasticity over time, exceeding more
than 40% shape recovery by day 7 (Figure 3.23). A follow-up of multicomponent MS at day 11 and

day 14 (data not shown) did not reveal any further evolution of the mechanical properties,

suggesting that stabilization of the system was completed within one week.
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Figure 3.23. Shape recovery performance after 10 successive compressions to 90% of the initial diameter of Ca-alg
and multicomponent MS prepared with either acrylate or acrylamide functionalized alg, n=10.
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The stability of these multicomponent MS towards non-gelling ions was evaluated in Na-citrate
solutions of 5, 10, 20 and 30 mM, and co-red with pure ionically cross-linked Ca-alg MS. Under
the conditions of the experiment (MS formed with a total of 2.75 and 3 wt% solutions), Ca-alg MS
(2 wt%) were degraded from 10 mM concentration (Figure 3.24). Multicomponent MS were stable
up to 20 mM concentration, highlighting again the important contribution of the covalent carbon-
sulfur bonds in the stability of the resulting MS against non-gelling ions. Moreover, due to a lower
concentration of covalently cross-linked polymers in comparison with the previous dual systems,
liquefaction of the MS was observed from 30 mM concentration. The lower stability is well
explained by the lower concentration of covalently cross-linking polymers in the mixture. While
the 2-component systems presented in Section 3.2 contained two polymers in a ratio of 1:1 to
covalently cross-link, these multifunctional MS were composed of four polymers in equal ratios,

and only two of them took part in the covalent cross-linking.

10 mM 20 mM 30 mM

not stable

not stable

not stable

Figure 3.24. Stability of a) Ca-alg b) Multicomponent (ACR) and c) Multicomponent (ACA) MS in increasing
concentrations of Na-citrate solutions. The white arrows indicate some of the partially damaged Ca-alg MS in 10 mM
Na-citrate solutions. Scale bar: 1.0 mm.
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3.3.2.2. Drug elution capacity of multicomponent
MS

Further characterization of these drug-eluting MS focused on the quantification of ketoprofen
released in vitro over 16 days. 1 ML polymer solution was extruded into the gelation bath, and
beads were subsequently placed in 3 mL of MOPS medium (10 mM, containing CaCl.) at pH=7.4.
Aliquots of 1 mL were taken at the indicated time points over 17 days, and replaced with 1 mL of
fresh medium. Quantification of the amount of ketoprofen released was performed by LC-MS
analysis. Cumulative release of the drug showed a sustained delivery over more than 2 weeks,
without any sign of burst release. Both acrylate and acrylamide containing multicomponent

systems showed identical release profile, with very similar quantities of drug being released over
time (Figure 3.25).
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Figure 3.25. In vitro cumulative ketoprofen release from multicomponent MS in MOPS solution (pH=7.4). Aliquots of
the supernatant were withdrawn at certain time points over two weeks after MS formation, and analyzed by LC-MS.
At each time point, fresh supernatant was added to compensate for the withdrawn volume.
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These results gave evidence that these multicomponent systems are able to perform better in
terms of mechanical stability and durability than Ca-alg MS, while also providing a controlled
anti-inflammatory drug release. These in vitro results are very promising, and will therefore
shortly be tested for cell compatibility and potential in cell encapsulation and transplantation

applications.

3.3.3. Pirfenidone and its derivatives as anti-
fibrotic compounds

For in vivo applications, the improvement of biocompatibility and reduction of PFO is an
extremely important requirement, since it will determine the usefulness of microcapsules for cell
transplantation treatments. The promising results obtained with ketoprofen motivated us to
investigate the potential of applying the developed strategy for other anti-fibrotic drugs for cell
transplantation. Pirfenidone (PFD) was first approved in 2008 in Japan, as the first treatment for
idiopathic pulmonary fibrosis (IPF).267 Since then, it has been approved in many other places,
such as China, Canada, the United States of America, Europe and Mexico. PFD exhibits both anti-

fibrotic and anti-inflammatory effects.268

3.3.3.1. Synthesis of PFD derivatives

PFD derivatization was necessary for two reasons: 1) unmodified PFD does not contain any
functional groups available for conjugation to PEG, 2) the efficiency of unmodified PFD is very
low and high doses are needed to achieve the desired effect. This low efficiency is attributed to the
very fast metabolism of PFD, which can be overcome by derivatization.2¢9 We planned
modification of PFD starting from the previously reported analogue 11.27° Both aliphatic (propyl)
(derivative 12) and more polar tetra(ethylene glycol) (TEG) (derivative 13) spacers were
envisaged. A terminal carboxylic group was introduced to allow further conjugation to PEG

derivatives through an ester linkage (Figure 3.26).
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Figure 3.26. Pirfenidone and its synthesized derivatives.
Synthesis of derivative 11 has been already reported in the literature.2°c However, we introduced
a slight modification at the benzyl deprotection step, which resulted in a higher yield. 2-Bromo-
5-methylpyridine was converted into compound 14, by first reaction with KO'Bu, followed by
acidic treatment. In parallel, 4-bromophenol was protected as a benzyl ether 15 in 85% yield.

Ullmann-coupling with 14 afforded compound 16. Deprotection of the benzyl group, under strong
acidic conditions led to derivative 11 (Scheme 3.6).

For comparison, PFD 177 was produced by Ullmann-coupling of 14 with phenylbromide in 77%
yield (Scheme 3.6).
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Scheme 3.6. Synthesis of derivative 11. Reagents and conditions: 1) 1. KO'Bu, 2-methylbutan-2-ol, 40 h, 100 °C 2.
HCOOH, 24 h, ii) BrBn, NaH (60 %), anhydrous DMF, 2 h, rt, iii) Cul, K-CO3, anhydrous DMF, 12h, reflux iv) Cul,
K>COs, anhydrous DMF, 12h, reflux v) concd. HCl, MeOH/H -0, concd. H2SOy4, 4 h, reflux.

Further derivatization of 11 involved a nucleophilic substitution on ethyl 4-bromobutyrate to
obtain 18 in 89% yield, followed by ester saponification to obtain 12. The generated carboxyl
group would allow for coupling to a PEG with hydroxyl functionality (Scheme 3.7).
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Scheme 3.7. Synthesis of derivative 12. Reagents and conditions: 1) Ethyl 4-bromobutyrate, K-CO3, DMF, overnight,
80 °C1i) KOH (2M, aqueous), MeOH, 2h, reflux.

In order to investigate the different effect of introducing a molar polar linker, previously prepared
monotosylated TEG derivative 19 was reacted with 11 to afford 20 in 75% yield. Introduction of

a carboxylic moiety was achieved by nucleophilic substitution on bromoacetic acid to afford 13 in
56% yield (Scheme 3.8).
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Scheme 3.8. Synthesis of derivative 13. Reagents and conditions: 1) TsCl, Et;N, DCM ii) 19, K-CO3, anhydrous DMF,
16 h, 60 °C ii- Bromoacetic acid, NaH, anhydrous THF, rt, 5 h.

3.3.3.2. The effect of PFD derivatives on insulin
producing cells and fibroblasts

To assess the potential effects of PFD and its derivatives in the context of insulin producing cell
microencapsulation, we first investigated their potential toxicity and impact on neonatal pig
derived cell viability and metabolic activity. Then, we evaluated their anti-fibrotic effect in vitro

on stimulated primary human fibroblasts. Lastly, we also assessed the effect of PFD and its most
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promising derivative on the functionality of NPIs by performing a glucose-induced insulin

secretion assay.
Effect of compounds on the metabolic activity of neonatal pig derived cells

The cytotoxicity and impact on cell metabolic activity of PFD and its derivatives were assessed by
MTT assay on neonatal pig pancreatic-derived Mesenchymal Stromal Cells (pMSC). pMSCs were
incubated with PFD and compounds 11-13 with concentrations ranging from 0.1 to 5 mM, using
DMSO as control. Cell viability, measured by their metabolic activity, was assessed at day 1, 2 and
5 (Figure 3.27). Especially at higher concentrations, PFD and compound 11 and 12 showed a
decrease of proliferation over time. However, cell proliferation in the presence of compound 13
remained relatively stable over 5 days. Interestingly, compound 13, at 2 mM, did not induce
significant detrimental effect on cell metabolic activity. In addition, it presented a higher MTT

index than the other derivatives, at all concentrations tested.
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Figure 3.27. MTT assay performed with PFD, compound 11, 12 and 13 at concentrations between 0.1 and 5 mM. An
untreated condition and 1% DMSO were used as controls. pMSCs were incubated with PFD and compounds 11-13,
and the number of viable cells was evaluated at day 1, 2 and 5.

Evaluation of the potential anti-fibrotic effect of PFD and its derivatives
Next, evaluation of the anti-fibrotic effect of PFD and its derivatives prior to conjugation to PEG
was performed on EDX1i human cell fibroblasts stimulated with the pro-inflammatory

transforming growth factor beta 1 (TGFB1). Under those conditions, fibroblasts are differentiated
into myofibroblasts, which are the effector cells of fibrosis. Myofibroblasts typically express a-
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smooth muscle actin (a-SMA), and quantification of a-SMA expression therefore allows to
evaluate the anti-fibrotic potential of the different compounds. The values of a-SMA were
obtained by quantification of western blot signals after normalization to total amounts of protein
loaded. As depicted in Figure 3.28, stimulation of EDX1 cells with TGFf1 enhanced a-SMA
expression up to 2-4 times of control conditions. Cells were treated using increasing
concentrations of PFD and compounds 11-13 for 5 days. We observed that the maximal fold
decrease of a-SMA expression with the lowest concentration (1 mM) was observed for compound
13. However, both compounds 11 and 12 resulted in a more notable decrease compared to the

reference PFD drug but were most efficient at 1.5 mM.
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Figure 3.28. Quantification of a-SMA expression in EDX1 cells. The efficiency of reducing fibrosis (a-SMA expression)
was evaluated for PFD, compound 11, 12 and 13 at different concentrations. Compound 13 was most efficient at 1
mM concentration (indicated by a green arrow), compound 11 and 12 at 1.5 mM concentrations (indicated by orange
arrows).

Effect of PFD and compound 13 on the functionality of NPIs

Based on the previously presented results of MTT assay and anti-fibrotic effect, we concluded that
compound 13 was the most promising anti-fibrotic drug candidate for our applications. PFD and
its derivative were intended to be used for encapsulation of NPIs, therefore, an eventual
deleterious effect on insulin secretion of the islets was evaluated. NPI functionality in the presence
of PFD and compound 13 was assessed by incubation of free NPIs (1500 IEQ/condition) with the
compounds at 0.5 mM and 1.5 mM concentrations for compound 13 and PDF, respectively, for 5
days, followed by glucose-induced insulin secretion assay. Untreated NPIs and NPIs incubated
with DMSO (1%) were also evaluated. In the presence of both PFD and compound 13, NPIs

showed a tendency of increased secretion capacity upon stimulation with glucose (16.8 mM) and
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theophylline (16.8 mM glucose supplemented with 5 mM theophylline), in comparison with
untreated NPIs (Figure 3.29).
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Figure 3.29. Glucose-induced insulin secretion assay from NPIs after 5 days of culture with PFD and compound 13.
As a control untreated islets, and islets cultured in DMSO (1%) were used. The results represent the mean of two
independent experiments with NPIs derived from two different isolations.

All the above mentioned assays suggested that PFD and compound 13 could be a beneficial
addition to MS in the microencapsulation of insulin producing cells. Therefore, we continued the
development of hydrogel MS including PFD and compound 13, followed by in vivo assays, which

will be presented in the following sections.

3.3.3.3. Microencapsulation of insulin producing
cells in PFD-modified hydrogels

Compound 13 was selected for further conjugation with PEG derivatives. Esterification in the
presence of amino-PEG-NHBoc followed by acidic hydrolysis of the tert-butylcarbamate delivered
PEG-PFD (22) in high yield. Using the grafting procedure presented in Section 3.1.2, PEG-PFD

was conjugated to Na-alg for further encapsulation experiments.
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Scheme 3.9. Synthesis of PEG-PFD 22 and further grafting on TBA-alg to obtain Alg-PFD (23). Reagents and
conditions: 1) BocNH-PEG(2K)-OH, EDCI, DMAP, DCM, 7 hr ii) HCI 4N in dioxane, 2h, rt iii) 1. CDI, DMSO 2.
Compound 13, H-0.

3.3.3.4. MS formation

To assess the potential of PFD and compound 13 in cell microencapsulation, drug eluting MS
formation was performed, either by co-encapsulation or covalent conjugation of the anti-
inflammatory drugs. Co-encapsulation of small drugs in alg-based hydrogel MS was reported to
be successful in reducing fibrotic reactions.207.209.210c However, co-encapsulation of small drugs is
accompanied by a fast burst release from the MS. Thus, we aimed at forming MS by both co-
encapsulation method, and following our strategy of covalent drug conjugation. In order to
evaluate the difference between 1) covalently conjugated anti-fibrotic drug or co-encapsulated and
2) the difference between the effect of PFD and compound 13, four different conditions of MS

formation were tested:
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1. Ca-alg as a reference (1.5 wt%)

2. Compound 13 covalently coupled to alg through the PEG-linker (compound Alg-
PFD 23), mixed with Na-alg (in a ratio of 1:2) for optimal MS formation (2.5 wt%)
(Alg:Alg-PFD MS)

3. Compound 13 co-encapsulated with Na-alg (in a concentration of 3 mM, in 1.5 wt%
alg)

4. PFD co-encapsulated with Na-alg (in a concentration of 3 mM, in 1.5 wt% alg).

MS formation was performed using a Biichi B-395 Pro encapsulator. Co-encapsulation was
realized by first preparing a drug stock solution (3 mM), followed by dissolution of the alg
biopolymer in the drug solution. The resulted empty beads are shown in Figure 3.30. Spherical

beads of a size around 1000 um were formed (the diameter of the MS is presented in Table 3.12).
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Figure 3.30. Images of empty beads produced with Biichi encapsulator. The scale bar corresponds to 1.0 mm.

We first evaluated the physical properties of the MS. Assessment of the mechanical properties was
carried out only at one time point (at day 7), as evolution of these properties was not expected in
the lack of covalent cross-linking. Mechanical resistance values at day 7 were similar for all
conditions, ranging between 1.41 and 1.73 N/mms3 (Table 3.12). Alg:Alg-PFD MS exhibited the
highest value, it was slightly more resistant to 90% compression of the initial diameter compared
to the other MS. Similarly, shape recovery performance at day 7 for Alg:Alg-PFD was higher
compared to the other 3 conditions, indicating the beneficial effect of the presence of PEG. On the
contrary, alg-based MS had a lover shape recovery performance, as expected for the pure Ca-alg

MS compositions.
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Table 3.12. Diameter and resistance to compression to 90% of the initial diameter, at day 7 post bead formation. For
the diameter 30 MS were measured, for the resistance 10 MS were analyzed.

Properties Ca-alg Alg:Alg-PFD Co-encapsulated Co-encapsulated
(day 7) compound 13 PFD
Diameter 1010 um + 81 1019 um =+ 132 1030 um + 101 1022 um + 92
(nm)
Resistance 1.43 + 0.15 1.73 £ 0.17 1.41 + 0.12 1.65 + 0.22
(N/mm3)
Ca-alg
1.0 ] Alg:Alg-PFD
I Co-encapsulated compound 13
I Co-encapsulated PFD
§ 0.8 +
= _
[
N
T 0.6
£
o
c
© 0.4
o
L
0.2
0.0 4

1 2 3 4 5 6 7 8 9 10
Compression steps

Figure 3.31. Shape recovery performance at day 7 of Ca-alg, Alg:Alg-PFD, compound 13 co-encapsulated and PFD
co-encapsulated. The measurement was carried out using 10 MS/condition, using a Texture Analyzer.

3.3.3.5. Encapsulation of NPIs and NPIs with
pMSCs

Upon successful MS formation with the above mentioned four conditions, the feasibility and
potential beneficial effect on encapsulated cells was evaluated. Encapsulation of NPIs either alone
or together with pMSCs was carried out. NPIs and NPIs with pMSCs entrapped within the above
mentioned polymeric conditions are depicted in Figure 3.32. The encapsulation resulted in mostly
spherical MS, a homogeneous cell distribution within the MS, with very minimal amount of empty

beads. Live/dead staining of cells showed some cell death upon encapsulation, but the process
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was not completely detrimental on cells, as indicated by the amount of live cells within the MS

(Images of live/dead cell staining are presented in Annexes, Figure 6.3—6.6).

Alg:Alg-PFD -encapsulated  PFD co-encapsulated

NPI

NPI/pMSC

Figure 3.32. Microscopic images of NPIs or NPIs and pMSCs encapsulated as Ca-alg, Alg:Alg-PFD MS, or co-
encapsulated with compound 13 or PFD.

Next, we evaluated the in vivo effect of the cell containing MS, and the ability of restoring
normoglycemia in diabetic mice. After MS formation, NPI or NPI/pMSC containing
microcapsules (~40 000 IEQ/1-1.5 mL of polymer) were transplanted in the peritoneal cavity of
immune-competent streptozotocin-induced diabetic mice. The IEQ/mice was approximately 12-
15 000, depending on the experiments and the availability of NPIs. The glycaemia of mice was
measured every day to follow the possible changes in vivo. In the case of mice transplanted with
only NPI containing microcapsules (Figure 3.33), there was a decrease observed in the case of Ca-
alg or Alg:Alg-PFD MS. By day 6 the glycemic index was lowered to approximately 15 mmol/L for
both conditions. PFD co-encapsulated in Ca-alg microcapsules transplanted to diabetic mice
resulted in a decrease below 15 mmol/L by day 8. However, all conditions failed to maintain

decreased glycaemia over several days, and by day 11, they were all hyperglycemic.
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Figure 3.33. Blood glucose level changes in streptozotocin-induced diabetic mice transplanted with NPI containing
microcapsules. Measurements were done daily, on one mouse/condition.

We aimed at investigating whether co-encapsulation of NPIs with pMSCs could have a beneficial
effect on the insulin secreting capacity of NPI, and therefore have a favorable outcome of the
transplantation. Thus, mice were transplanted with NPI and pMSC containing MS. This cell
content showed potential in reaching a more significant decrease of glycemia at one time point,
with Ca-alg and Alg:Alg-PFD MS. At day 6, these MS showed lowered glycemic index to ~10 and
~15 mmol/L, respectively. However, this could not be maintained for a longer period, and no long-

term beneficial effect was observed with MS of any of the polymer compositions.
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Figure 3.34. Blood glucose level changes in streptozotocin-induced diabetic mice transplanted with NPI and pMSC
containing microcapsules. Measurements were done daily, on one mouse/condition.

To investigate the reason of the limited decrease of glycemic index achieved, at day 11, mice were
euthanized and microcapsules were recovered from the peritoneum. The viability of encapsulated
NPIs was assessed. Viable cells and islets were observed, however, NPI/pMSC containing Ca-alg
microcapsules and PFD co-encapsulated NPI microcapsules had substantial PFO (Figure 6.7—6.8,
Annexes). The exact reason for the graft failure remains unclear. We hypothesized that early graft
failure in these first experiments was due to poor in vivo maturation of NPIs and the rapid cellular
overgrowth around the microcapsules. This also suggests that the anti-fibrotic molecules were not
sufficiently inhibiting the fibrotic reactions with the current settings. In addition, the experiments
were performed on a single mouse per condition, due to the high number of conditions tested. As
variations in animal models could be quite significant, the size of the experiment might have been

a possible limitation, however, it was sufficient for an explorative observation.

Since co-encapsulation of pMSCs with NPIs did not result in significantly better outcomes
compared to NPI encapsulation alone, the experiment was repeated using NPIs encapsulated
alone. However, normoglycemia was again not achieved in diabetic mice (Figure 6.9, Annexes).
We concluded that immunosuppression might still be necessary for studying the effectiveness of
the compounds in pig to mouse xenotransplantation settings on fibrosis. The experiment will be
repeated in immune-compromised mice to evaluate whether PFO can be reduced and allows to

prolong graft function.
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3.3.3.6. In vitro drug release

We next evaluated the in vitro drug release from the three drug-containing MS. In order to ensure
drug was released properly from the cell containing MS, and to investigate the difference between
co-encapsulation and covalent drug conjugation, samples from the medium were taken at regular
time points. NPT and NPI/pMSC containing MS were kept in the culture medium, and aliquots of
1 mL were taken for analysis, and replaced with 1 mL of fresh medium. The samples were analyzed
by LC-MS, and the results are depicted in the form of cumulative release in Figure 3.35 (Alg:Alg-
PFD) and 3.36 (compound 13 and PFD co-encapsulated).
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Figure 3.35. In vitro cumulative release of compound 13 from NPI or NPI+pMSC containing Alg:Alg-PFD MS. MS
were kept in NPI medium, aliquots of the supernatant were withdrawn at 21, 44, 71, 139 h after encapsulation, and
analyzed by LC-MS. At each time point, fresh culture medium was added to compensate for the withdrawn volume.
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Figure 3.36. In vitro cumulative release of compound 13 and PFD from NPI or NPI+pMSC containing Ca-alg MS, co-
encapsulated with compound 13 or PFD, respectively. MS were kept in NPI medium, aliquots of the supernatant were

83



Results and Discussion

withdrawn at 21, 44, 71, 139 h after encapsulation, and analyzed by LC-MS. At each time point, fresh culture medium
was added to compensate for the withdrawn volume.

The release profile suggests that covalently grafted compound 13 via ester bond results in a
controlled, sustained cumulative release. In the case of co-encapsulated drugs, the release profile
does not follow a regular release pattern. PFD release from NPI containing MS remained
approximately constant, suggesting that no more significant drug was released in the medium
over the time of the experiment. Since the first sample was taken 20 h after encapsulation, it is
likely that most of the drug had been released in the gelation bath prior to the culture of the
microcapsules. Surprisingly, compound 13 co-encapsulated with NPI in Ca-alg MS showed a
sustained release. However, NPI and pMSC containing MS co-encapsulated with either
compound 13 or PFD exhibited a very irregular release profile. The results of the release samples
might be slightly altered, as their analysis in the presence of cell medium is challenging due to the
many salts present. Pre-treatment of the samples with a mixture of MeOH/HCOOH is required

prior to injection.

3.3.3.7. In vivo anti-fibrotic effect

To evaluate the anti-fibrotic effect of PFD and compound 13, we envisaged to transplant MS under
the kidney capsule of immune-competent mice, and quantify the amount of PFO after retrieval of
the kidney capsule. As we previously experienced with ketoprofen (presented in Section 3.3.1),
the severity of cellular overgrowth in the presence of MING6 cells was considerably increased,
highlighting the importance of assessing the anti-fibrotic effect of the drugs with cell-containing
MS. Thus, we prepared MS loaded with pMSC, with the above mentioned 4 polymeric conditions
(Na-alg, Alg:Alg-PFD, compound 13 co-encapsulated and PFD co-encapsulated in Na-alg).
Microscopic images of the resulted encapsulated pMSC are presented in the Annexes, Figure 6.10.
Upon encapsulation, MS were transplanted under the kidney capsule of immune-competent mice.
After 28 days the kidneys were recovered, fixed and embedded in paraffin. Analysis of the extent

of the PFO on sections of the kidney is currently on going.

In conclusion, PFD and its derivatives 11, 12 and 13 could be successfully synthesized, and the
most promising compound 13 was covalently grafted on the alg hydroxyl group. This allowed us
to investigate the effect of the drug release via ester hydrolysis compared to non-covalent drug
encapsulation. In vivo results with NPT and NPI/pMSC encapsulated MS within the Alg:Alg-PFD

polymer imply that covalent drug inclusion within the MS might be more beneficial. However, we
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cannot draw conclusions with complete certainty yet, as analysis of results are still ongoing, and

further experiments are needed to better understand this novel system.
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3.4. Bead generation using microfluidics

Within the framework of a collaboration with CEA (Commissariat & I'Energie atomique), in
Grenoble, France, a microfluidic method was developed for bead formation with the PEGylated
alg polymers. Beads prepared with microfluidic technique could potentially lead to smaller
diameter beads, less satellites and improve monodispersity. A brief description of the obtained

results will be presented below.

3.4.1. Experimental setup

The microfluidic system was designed, set up and operated at CEA. The whole setup consists of a
pressure control, an oil tank, the feed of the polymer solutions (mixed with cells for
encapsulations), the microfluidic cartridge, and a recuperation falcon to collect the prepared MS.
The bead formation takes place in the disposable microfluidic cartridges, which were designed
and produced at CEA.

For our experiments, the geometries for each of the cartridges were kept the same for the droplet
formation and pre-gelification, as shown in Figure 3.37. Figure 3.37/A shows a micro-flow-
focusing droplet (MFFD) generation module, in which the polymer solution phase is sheared by
two perpendicular soybean oil phases to form the droplets. The reason for the triangle chamber is
to focus the droplet detachment exactly at the MFFD module.2” Figure 3.37/B illustrates the pre-
gelifying module;272 the channel of soybean oil containing Ca-acetate is located in both sides of
the channel containing the alg droplets and oil. As the Ca2+ containing oil meets the alg droplets,

the gelification starts by diffusion of the gelifying ion.

dispersed phase
(polymer sol.)

—_—

Figure 3.37. Images of the microfluidic cartridge modules. A) MFFD module for the generation of the beads. The
continuous soybean oil phase shears the polymer solution to form droplets. B) Pre-gelification module. The pre-
gelifying phase (soybean oil with Ca-acetate) gets in contact with the continuous phase containing the previously
generated beads and oil.
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The whole experimental setup (Figure 3.38) consisted of a cartridge containing the MFFD and
pre-gelifying module, followed by a channel (with a diameter of 500 pum, big enough to
encapsulate islet cells) that brings the microcapsules outside of the cartridge, where gelification
is completed in a falcon tube. In the falcon tube the immiscible aqueous phase containing the MS
and the oil phase are separated. The oil is withdrawn from the upper part, the MS are collected

manually after 5 minutes of gelification, and then transferred manually in a physiological serum.

Oil accumulation

[ifefefe]r]

| ,-‘Polymer solution —— Q@Gelation bath

[ Pressure control Oil tank Microfluidic cartridge Rec?:z;itlon ]

Figure 3.38. Experimental setup for microfluidic droplet generation.

3.4.2. Empty MS formation using microfluidics

We used four different alg-based polymers to produce MS with microfluidics. As previously
mentioned, different encapsulation techniques require different viscosities of the aqueous
polymer solutions. Microfluidic generation of MS required highly viscous aqueous polymer
solutions (above 4-500 mPa:-s, in 4 wt% solution). Thus, the polymers were prepared following
our strategy with the addition of acetic acid (presented in Section 3.2.1.) to minimize chain
degradation and maximize the final polymer solution viscosity. The four polymer systems used

with the microfluidic setup were:

- Na-alg (SLG100)
- Alg-sSH

- Alg-SH:Alg-ACA
- Alg:Alg-KET

The prepared empty MS were characterized for their average diameter, variation coefficient and
aspect ratio (details of calculations are described in the Annexes). A representative example for

each of the polymers is presented in Figure 3.39, with the characterization of MS.
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Polymer Average diameter (um) % of satellites | Variation coefficient (%) Aspect ratio
Na-alg (2.5 wt%) 441 0 4.67 0.89
Alg-sSH (4 wt%) 385 1.29 2.89 0.94
Alg-SH:Alg-ACR (4 wt%) 418 0 2.89 0.98
Alg:Alg-KET (4 wt%) 346 9 10.67 0.92

Figure 3.39. Empty MS prepared with microfluidics from polymers Na-alg, Alg-sSH, Alg-SH:Alg-ACR and Alg:Alg-
KET. The scale corresponds to 200 um. Characterization of the MS including average diameter, ratio of satellites
formed, variation coefficient and the aspect ratio.

All polymer compositions resulted in spherical, monodisperse MS, with significantly smaller
diameter than MS produced by air-flow droplet generator. The high aspect ratio values indicate
the high sphericity of MS. Some satellites were formed mainly with the Alg:Alg-KET hydrogel MS
but it was negligible.

Further characterization of MS produced by microfluidics focused on their permeability towards
FITC-dextran of different molecular weights. The permeability was assessed the same way as
previously described in Section 3.2.2. The permeability values of microcapsules prepared from
the polymer composition Alg-SH:Alg-ACR resulted in very similar permeability values when
prepared by air-flow droplet generator (Figure 3.14) or microfluidics (Figure 3.40). This suggests
that the diameter of MS has no noticeable effect on the permeability of MS. Ca-alg beads prepared
by microfluidics was found to be less permeable. However, Ca-alg prepared by air-flow droplet
generator cannot be reliably compared to Ca-alg prepared by microfluidics, since the Na-alg used
(Pronova SLG100 and Pronova UP LVG for microfluidics and for air-flow droplet generator,

respectively) and its concentration were different.
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Figure 3.40. Permeability of microcapsules to different sizes of FITC-Dextran solutions. Na-alg was prepared in 2.5
%, while the other polymers were prepared at 4 wt% concentrations.

All in all, a microfluidic design was successfully applied to produce MS with PEGylated alg
polymers. After optimizations, MS with small diameter and high sphericity could be obtained,

providing a good basis for further developing the system in the presence of cells.

3.4.3. Encapsulation of NPIs using microfluidics

Next, the potential of using the microfluidic setup for the encapsulation of insulin producing cells
was tested. The same polymer conditions were used to encapsulate NPIs as presented for the
formation of empty MS. Examples of the resulted NPI containing microcapsules is illustrated in

Figure 3.41.
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Figure 3.41. Encapsulated NPIs with microfluidics.

For encapsulation, NPIs were gently mixed with the aqueous polymer solutions, until
homogeneously distributed within the viscous solution. The viability of islets was assessed right
after the encapsulation, in order to see the effect of encapsulation on the cells. Encapsulated NPI

viability was compared to the viability of non-encapsulated NPIs kept in NPI medium.
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Figure 3.42 shows the viabilities obtained from 4 different encapsulation experiments performed
with Na-alg and Alg-sSH polymers. The reason for the extremely low viabilities in the case of the
first 2 encapsulations is due to the non-optimized transportation from one collaborator (from
Geneva) to the other one (in Grenoble). Once the shipment protocol was optimized, cell viability
was significantly improved (encapsulations 3 and 4). However, islets encapsulated in Alg-sSH still
resulted in lower viabilities compared to Na-alg. Since we did not experience such a remarkable
difference between Na-alg or Alg-sSH encapsulated cell viabilities when using other
encapsulation techniques, we hypothesized, that the lower viability derived from the higher
viscosity and concentration used. NPIs are extremely sensitive, a minimal change in their

environment could possibly lead to such a drop of viability.
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Figure 3.42. Viabilities of NPIs encapsulated with Na-alg or Alg-sSH polymers, assessed directly after encapsulation.
The number of encapsulations correspond to different experiments, performed in a chronological order.

Figure 3.43 compares the viabilities derived from 3 different encapsulations with Na-alg, and Alg-
SH:Alg-ACR polymers. The high viability results of the second and third encapsulations implied

that encapsulation within these polymers did not damage NPIs and did not have a negative effect
on NPI viability.
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Figure 3.43. Viabilities of NPIs encapsulated with Na-alg or Alg-SH:Alg-ACR polymers, assessed directly after
encapsulation. The number of encapsulations correspond to different experiments, performed in a chronological
order.

Encapsulation of NPIs within the Alg:Alg-KET was expected to result in similar viabilities than
encapsulation in pure Na-alg, due to the lack of reactive functionalities and the high amount of
unmodified alg in this polymer composition. In 2 encapsulation experiments (2 and 3 in Figure
3.44), this expected tendency was achieved. No loss of viability was observed, indeed, even a slight
increase was noticed in one case. However, encapsulation 1 and 4 resulted in decreased viabilities

compared to free or Na-alg encapsulated NPIs.
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Figure 3.44. Viabilities of NPIs encapsulated with Na-alg or Alg:Alg-KET polymers, assessed directly after
encapsulation. The number of encapsulations correspond to different experiments, performed in a chronological
order.

One considerable disadvantage of the microfluidics was the duration of the encapsulation process

even with small amounts of polymer solution. A typical encapsulation procedure could take up to
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3 hours, for which time some of the cells were suspended in the polymer solutions with minimal
availability of oxygen. Implementation of a parallel setup for the droplet generation notably
reduced the time needed to complete the encapsulation (1.5 h), and resulted in significantly
improved viability results. The viability values of the experiment performed with the parallel setup
are presented in Figure 6.12 in the Annexes. For each condition the viability was assessed to

exceed the 80%.

In conclusion, we presented a successful microfluidic encapsulation of NPIs with the PEGylated
alg polymers. This ensured us that PEG grafting on the alg hydroxyl group did not alter the
characteristics of the alg-based hydrogels at a degree of preventing their use in a microfluidic
setup. In addition, the resulting MS with smaller diameter could be beneficial. However, to
properly evaluate the difference between larger and smaller diameter MS, in vivo experiments

will be required.
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4. Conclusion

Encapsulation of cells within a semipermeable membrane followed by their transplantation to
replace damaged or non-functional cells and tissues could alleviate the life of many patients
suffering from various types of diseases. The presence of the semipermeable membrane
surrounding the cells allows the use of cells deriving from non-human species. Therefore, it could
overcome the huge issue related to the limited availability of human donors. Additionally, cell
microencapsulation could prevent the need for life-long immunosuppression. Alg-based cell
encapsulation is a commonly used strategy to achieve cell immunoprotection. The
biocompatibility and favorable gelling properties of alg make it a very promising candidate as a
cell encapsulation material. However, some serious limitations, including defects in long-term
durability in vivo as well as PFO leading to premature graft failure, prevented the transfer of alg
encapsulated cells to routine clinical applications. Numerous research efforts are focused on
overcoming these limitations, and eventually easing the translation of the technique from
laboratory to clinics. Based on these limitations, the present thesis focused on the derivatization
of alg into more stable hydrogels, and to improve as well as simplify the synthetic procedures to
reach such derivatization. In addition, we aimed at reducing PFO in order to prevent restricted
diffusion through the semipermeable membrane leading to early cell death. Finally, to benefit

from the advantages of both strategies, we combined them into one multifunctional hydrogel MS.

First, novel alg-based hydrogels were developed, by functionalization with cross-reactive PEG
derivatives, specifically on the hydroxyl group of alg. This way, complete preservation of the
carboxylic groups for ionic cross-linking was achieved. The functionalization pathway was
optimized using PEG-sSH as grafting polymer. Preparation of TBA-alg from Na-alg was necessary
to achieve better solubility in organic solvents, and it involved treatment of Na-alg with formic
acid followed by addition of TBAOH. Several parameters for the conversion of Na-alg into TBA-
alg were optimized to ensure a robust and reproducible procedure. Then, activation of the
hydroxyl groups with CDI allowed conjugation to the amine of PEG-sSH. Dissolution of this one-
component Alg-sSH polymer and consequent extrusion into a Ca2* containing gelation bath
resulted in the formation of spherical, dual cross-linked hydrogel MS. Thiol-end functionalities of
PEG-sSH provided disulfide bridges as covalent cross-linker. Fine-tuning of the grafting
procedure by addition of acetic-acid prior to CDI addition led to decreased alg chain degradation,
allowing fine tuning of the viscosity of the final polymer in aqueous solution, which is a key

parameter to meet the requirements of several types of encapsulation procedures.
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Next, we presented the possibility of extending the variety of covalent cross-links, applying the
same synthesis procedure. We investigated the formation of carbon-sulfur covalent bonds via
Michael addition between thiol-acrylate, thiol-acrylamide or thiol-maleimide. Hydrogel MS
formation was realized by dissolution of the two-component system polymers (either Alg-SH:Alg-
ACR, Alg-SH:Alg-MAL or Alg-SH:Alg-ACA) and extrusion of the solution into gelation bath. The
beads presented increased mechanical resistance, shape recovery performance and stability
towards Na-citrate solution compared to Ca-alg beads. The type of covalent cross-link had a clear
effect on the permeability performance of the hydrogel MS. To further improve the immune-
protective capabilities of these polymer systems, optimization of a more precise way to assess the

permeability will be needed.

Furthermore, we showed that the strategy applied for alg functionalization with the aim of
obtaining dual cross-linked hydrogels is also applicable to introduce anti-inflammatory drugs
through a PEG spacer. Ketoprofen modification with PEG via ester or amide bond resulted in
sustained, controlled drug release, significantly higher in the case of ester bond. Transplantation
of MING6 cell containing hydrogel beads prepared from a mixture of this polymer and Na-alg
resulted in a notable decrease of fibrotic overgrowth around the microcapsules. Hence, we
extended the variety of anti-fibrotic drugs, potentially decreasing PFO in vivo. PFD was modified
to obtain three new derivatives, from which compound 13 showed the highest anti-fibrotic
potential. It was thus further conjugated to PEG via an ester bond. After grafting on the alg
backbone, formation of spherical beads was achieved by mixing with Na-alg. Preliminary in vitro
and in vivo biological assessment involving this new PFD derivative was encouraging. However,

several aspects are still under investigation and will be further addressed in the near future.

Finally, microcapsules involving both cross-reactive functionality and anti-fibrotic drugs were
developed. To obtain such systems, Alg-KET/Alg-SH/Alg-ACR or Alg-ACA were combined, in the
presence of Na-alg to ensure the formation of spherical hydrogels. Long-term sustained release of

ketoprofen was observed, as well as enhanced microcapsule stability compared to Ca-alg.

In the framework of a collaboration with CEA (Grenoble, France), a microfluidic method was also
developed for the formation of hydrogel MS, and encapsulation of islet cells was proved to be
feasible. Noteworthy, adjustment of the viscosity of the PEG-grafted alg derivatives in aqueous
solutions was crucial to adjust to the requirement of the MS formation, either by air-flow droplet

generation of by microfluidic-assisted methodology.
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Figure 4.1. Schematic summary of the thesis achievements.

The above mentioned results provide the basis for further improvements and developments,

which are the following:

e We showed a robust, straightforward and reproducible pathway for the derivatization of
Na-alg into PEG-grafted derivatives, which will serve as a basis for the scaling-up of the
procedure.

e Transplantation of microencapsulated NPIs into immune-competent diabetic mice could
not yet ensure normoglycemia and maintain long-term glycemic control. However,
decrease in the glycaemia was observed during the first days post-transplantation.
Suspecting that the failure in glycemic control might result from the fragility and
immaturity of NPIs, further experiments will be conducted with pig-derived pancreatic
islets harvested from older specimens.

¢ In addition, the xenotransplantation model of pig to mice is not fully representative of the

future use of pig to human transplantation. Therefore, the use of immune-compromised
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mice next to an immune-competent model could be used as a control, to evaluate whether
graft failure is due to fragility of the NPIs or a result of non-sufficient immune protection.
The recently developed multicomponent hydrogel beads display favorable properties in
terms of mechanical behavior, stability toward non-gelling ions and capability to ensure
controlled release of bioactive molecular payloads. These compositions will be tested for
the microencapsulation of endocrine cells and reduction of PFO in wvivo, after
transplantation. In particular, other clinical applications such as the treatment of acute
liver failure might largely benefit from the newly developed hydrogels.

In the search for alternative sources of insulin producing cells, a collaboration with the
company Beta-Cell (Belgium) was initiated to investigate the potential of the
multifunctional Alg-PEG hydrogels developed within the frame of this project for the

microencapsulation and transplantation of fetal pig insulin producing cells.
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5. Experimental section

5.1. Materials and methods

Na-alg Kelton HV (lot no. 61650A, [n] = 813 mL g*in 0.1 M NaCl, T = 25 °C, G/M = 0.6) was
obtained from Kelco (San Diego, USA, CA). Linear PEG derivatives were obtained from
Biochempeg (Watertown, USA, MA) (Maleimide-PEG(1K)-NH., Acrylate-PEG(2K)-NH,,
Acrylamide-PEG(1K)-NH.), Sigma (SH-PEG(2K)-NH.) and Jenkem Technology (Beijin, China)
(BocNH-PEG(2K)-OH). Other reagents and solvents were purchased from commercial sources
(Fluka, Sigma, Switzerland; TCI Europe, Acros, Merck, VWR International) and were used
without further purification. Dialysis membrane was purchased from Carl Roth (Karsruhe,

Germany).

Unless special mention, all reactions were performed under argon (or nitrogen) atmosphere.
Anhydrous solvents were either purchased as such, distilled prior to use or were obtained by
filtration (Puresolv MD 5, Innovative Technology, Oldham, UK). When needed, glassware was

dried for 12 h in an oven (T > 100 °C) or under vacuum with a heat gun (T > 200 °C).

Reactions were monitored by TLC using Merck Kieselgel 60F254 plates, or glass backed plates for
preparative thin layer chromatography. Detection was performed by UV light (254 nm), followed
by one of the following staining agents: KMnQO,, ninhydrin, molybdenate, pancaldi, vanillin, p-
anisaldehyde or L. Flash column chromatography purifications were performed on Silicycle P60

Silica, 240-400 mesh.

NMR spectra were recorded on Bruker Avance III-400, Bruker Avance-400 or Bruker DRX-400
spectrometers at room temperature (rt) (400 MHz) (Bruker, Billerica, MA, USA). 'H frequency is
at 400.13 MHz, 3C frequency is at 100.62 MHz. Chemical shifts (6) are expressed in parts per
million (ppm) relative to residual solvent peaks rounded to the nearest 0.01 ppm for carbon (ref:
CHCI; [*H: 7.26 ppm, 3C: 77.2 ppm], MeOH ['H: 3.31 ppm, 3C: 49.0 ppm], D.O [*H: 4.79 ppm].
Coupling constants (J) were reported in hertz (Hz) to the nearest 0.1 Hz. Peak multiplicity was
indicated as follows s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad).
Attribution of peaks was done using the multiplicities and integrals of the peaks. When needed,

COSY, HSQC and HMBC experiments were used to confirm the attribution.

97



Experimental section

Mass spectra were obtained by using a Waters ACQUITY H-class UPLC/MS ACQ-SQD by electron
ionization (EI positive and negative) or a Finnigan TSQ7000 by electrospray ionization (ESI+).
The accurate masses were measured by the mass spectrometry service of the EPFL by ESI-TOF
using a QTOF Ultima from Waters. Quantitative MS analyses were performed on and Agilent
Accurate Mass Q-TOF LCMS mass spectrometer coupled to an Agilent 1290 series UHPLC system
(Agilent Technologies, USA). The separation was achieved using an ACQUITY UPLC® BEH C18

1.7um column, 2.1 mm X 50 mm (Waters) heated at 30°C.
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5.2. Synthesis of PEGylated alg derivatives for
the production of covalently cross-linked

microspheres
ONa OTBA ONa
HO ° © O
i HO ii HO
+O \Y © OOH %O TO © OH > 4{'0 ~0 0 OH
o=LOH o+ o=hOH Q o + o=\ OH C o +
ONa OH m OTBA 54 m ONa o m
o=(
1 HN-pPEG

Scheme 5.1. PEGylation of Na-alg. Reagents and conditions: 1) 1. HCOOH, EtOH, 12 h, o °C 2. TBAOH, H-O, rt ii) 1.
CDI, DMSO, CH3COOH (o or 1 equiv) 2. PEG-NH>, H-O.

TBA-alg (1)
OTBA
0]
HO
Jf © o © OH
OTBA OH m

Na-alg (Kelton HV, 1.0 g) was suspended in EtOH (50 mL) and the solution was cooled down to
0 °C. Formic acid (20% aqueous solution, 50 mL) was added, and the mixture was stirred
overnight at 0 °C. The resulting alginic acid powder was separated by vacuum filtration, washed
with a mixture of EtOH/H-0 1:1 (3 x 50 mL) and then acetone (3 x 50 mL). The resulting powder
was further dried for 5 min under vacuum, and dispersed in water (50 mL). TBAOH (40% in
water) was added dropwise until reaching pH 7. The solution was directly freeze-dried without
dialysis to afford TBA-alg as a white solid.

tH-NMR (400 MHz, Deuterium oxide): 6 4.18-3.76 (m, CH-Alg), 3.22—3.18 (m, 2H, CH.-
TBA), 1.70-1.62 (m, 2H, CH,-TBA), 1.41-1.32 (m, 2H, CH,-TBA), 0.95 (t, J = 7.4 Hz, 3H, CH;-
TBA) ppm.
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'H-NMR spectrum of TBA-alg
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General procedure for the functionalization of TBA-alg with PEG derivatives.

For the preparation of lower viscosity Alg-PEG polymers, the procedure was the following. TBA-
alg (100 mg) was dissolved in DMSO (20 mL) and the solution was stirred at 22 °C for 12 h to
ensure homogeneous dissolution. 1,1'-Carbonyldiimidazole (CDI) (1 equiv, 0.239 mmol, 39 mg)
previously dissolved in a minimum amount of DMSO was added and the reaction mixture was
stirred for 30 min at rt. Acetone (40 mL) was added to enhance precipitation of the imidazolide-
alg intermediate. The resulting precipitate was filtered (70 um) and washed with acetone (3x10
mL). The solid was further dried for 15 min under vacuum at 40 °C and transferred to a round
bottom flask. Distilled water was added (10 mL), and the mixture was stirred until complete
dissolution. PEG derivative (1 or 2 equiv, 23.9 or 47.8 umol) previously dissolved in a minimum
volume of distilled water was added. In case of PEG derivatives standing as HCl salt, 1 equiv. of
NaHCO; was added. The reaction mixture was stirred at 22 °C for 2 h. NaCl solution (4 mM, 40

mL) was added, and the reaction mixture was further stirred for 2 h. The solution was transferred
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into a dialysis membrane (cut-off of 14 kDa) and dialyzed against distilled water for 3 days,
changing water at least 3 times a day. The pH value was controlled at 7.0. The PEGylated alg
polymers were obtained as white solids after freeze-drying.

For the preparation of polymers with higher viscosity in aqueous solution, acetic acid (1 equiv,

0.239 mmol, 0.014 mg, 0.015 mL) was added prior to the introduction of CDI.

Alg-sSH (3)
ONa
(0]
HO
e
© ONa 0 O+m
o=(

tH-NMR (400 MHz, Deuterium oxide): 6 4.20—3.91 (m, CH-Alg), 3.79—3.63 (m, CH.-O-
CH.,), 3.42 (t, J=5.0 Hz, 2H, CH,-NH-C(0)-0), 3.23 (t, J=5.0 Hz, 2H, CH,-NH-C(0)-CH.), 2.98
(t,J = 6.7 Hz, 2H, CH.-C(0)-NH), 2.70 (t, J=6.7 Hz, 2H, CH.-SH) ppm.

101



Experimental section

'H-NMR spectrum of Alg-sSH
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DOSY spectrum of Alg-sSH
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Alg-ACR (4)

ONa

(0]
0]
n=44 1

1H-NMR (400 MHz, Deuterium oxide): 6 6.47 (dd, J = 17.3, 1.0 Hz, 1H, CH,=CH-0), 6.24
(dd, J =17.3,10.5 Hz, 1H, CH,=CH-0), 6.02 (dd, J = 10.7, 0.9 Hz, 1H, CH,=CH-0), 4.35 — 4.34
(m, 2H, CH,-0-C(0)), 3.88—3.52 (m, CH-Alg + CH.-CH.-0), 2.94 (t, J = 4.9 Hz, 2H, CH.-NH)
ppm.
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'"H-NMR spectrum of Alg-ACR
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DOSY-NMR spectrum of Alg-ACR in comparison with ungrafted PEG-ACR
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Alg-MAL (5)
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(0]
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e 7 ™
© ONa o) O+m
o<

# Water

50 45 an

PEG-ACR alone

Alg-ACR

L]

1 femifeec]

L1

tH-NMR (400 MHz, Deuterium oxide): 6 6.88 (s, 2H, 2 x =CH), 4.20 — 3.56 (m, CH-Alg +
CH.-CH,-0), 3.38— 3.32 (m, 2H, CH.-NH), 2.55-2.53 (m, 2H, CH»-C(O)-NH) ppm.
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'H-NMR spectrum of Alg-MAL
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Alg-SH (6)
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tH-NMR (400 MHz, Deuterium oxide): 6 4.19 — 3.52 (m, CH-Alg + CH,-CH,-0), 3.23 (t, J
= 5.0 Hz, 2H, CH.-SH), 2.97 (t, J = 6.1 Hz 2H, CH,-NH-C(O)-0) ppm.
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'"H-NMR spectrum of Alg-SH
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1H-NMR (400 MHz, Deuterium oxide): 6 6.33 — 6.19 (m, 2H, CH,-CH-C(O) + CH.-CH-
C(0)), 5.79 (dd, J = 9.9, 1.6 Hz, 1H, CH,-CH-C(0)), 4.22 — 3.67 (m, CH-Alg + CH.-CH>-0), 3.49
(t,J = 5.2 Hz 2H, CH.-NH-C(0)-0), 3.23 (m, CH.-PEG) ppm.
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'"H-NMR spectrum of Alg-ACA
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5.3. Grafting degree determination

If the NMR spectra results in distinguishable signals derived from alg and the PEG derivative,
integration under the specific peaks of the 1D *H-NMR spectra was used to determine the grafting
degree.

To overcome difficulties resulting from signal overlaps, the following procedure was carried out:
1D *H-NMR of alg-PEG derivatives (Alg-ACR, Alg-MAL, Alg-SH) was run at 800 MHz with a
repetition delay of 5 s as *H-longitudinal relaxation time constants (7;) of PEG materials and alg
were measured to be T, < 1 s. Line broadening was set to 0.3 Hz. The baseline was automatically
corrected with the Bruker Topspin routine, using a degree 5 polynomial. The percentage of
grafting was estimated by comparison of integration of *H resonances of PEG fragment (176 and
88 protons) and alg unit (five protons). Because of overlap, separation between PEG and alg
resonances was performed by deconvolution with Lorentzian functions using Bruker Topspin

curve fitting and the line-shape analysis tool.
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Alg-SH
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Superimposition of deconvoluted spectra and raw 'H NMR data. Left row, zoom at alginate scale; right row, zoom

at PEG scale.
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5.4. Synthesis of PEGylated ketoprofen and
grafting on alg

O . O
o i o L o
BocHN OH —— BocHN (e) H,N o)
n 78% n o) quant. n o
7 8

Scheme 5.2. Synthesis of PEGylated ketoprofen. Reagents and conditions: i) DCC, DMAP, DCM, rt, 12 h ii) HCL (4N in
dioxane), rt, 2 h.

Boc-PEG-KET (7)

L QA
BocHN/\é/o\%/\O
n 0

BocNH-PEG(2K)-OH (0.234 g, 0.111 mmol, 1.0 equiv) was dissolved in DCM (2 mL). Ketoprofen
(29 mg, 0.112 mmol, 1.01 equiv), DCC (0.025 mg, 0.1224 mmol, 1.1 equiv) and DMAP (1 mg, 0.011
mmol, 0.1 equiv) were added to the reaction mixture. The reaction was stirred at 23 °C for 12 h.
After concentration under reduced pressure, the crude residue was purified by FCC (DCM:MeOH
= 30:1210:1) to afford Boc-PEG-KET 17 as a white solid (0.202 g, 0.087 mmol, 78%).

'HNMR (400 MHz, CDCl;): 6 7.81 — 7.42 (m, 9H, 9 x Ar-H), 4.29 — 4.17 (m, 2H, CH,- NHBoc),
3.84 — 3.80 (m, 2H, CH,-OC(0)), 3.73 — 3.52 (s, 180H, CH., PEG), 3.48 — 3.45 (m, 1H, CH-Me),
3.32 — 3.29 (m 2H, CH,-CH,0), 1.75 (bs, 1H, NH), 1.54 (d, J = 7.2 Hz, 3H, CH,), 1.44 (s, 9H,
CH;(Boc)) ppm.
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Amine-PEG-KET (8)

oAy

Boc-PEG-KET 7 (0.165 g, 0.071 mmol, 1.0 equiv) was dissolved in a solution of HCI 4N in dioxane
(2 mL) and the reaction mixture was stirred at rt until complete disappearance of the starting
material (2-3 h, monitored by TLC). The volatiles were removed under air flow and the product
was dried in vacuo to afford amine-PEG-KET (8) as a beige, amorphous solid (162 g, quant.),

which was used without further purification.

'H NMR (400 MHz, CDCl,): 6 7.81 — 7.42 (m, 9H, 9 x Ar-H), 4.29 — 4.17 (m, 2H, CH>-NH,),
3.94 (s, 2H, CH.-OC(0)), 3.86 — 3.57 (s, 180H, PEG), 3.47 — 3.45 (m, 1H, CH-CH5), 3.18 (s, 2H,
CH.-CH.0), 1.54 (d, J = 7.2 Hz, 3H, CH;) ppm.
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'"H-NMR spectrum of 8
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For grafting amine PEGylated ketoprofen 8 on the alginate, the same protocol was implemented
as presented in Section 5.3 under “General procedure for the functionalization of TBA-alg with

PEG derivatives”.

tH NMR (400 MHz, Deuterium oxide): § 7.85 — 7.58 (m, Ar-H), 4.26 — 3.50 (m, CH-Alg +
CH»-PEG), 3.23 (m, CH.-NHC(0)), 1.53 (d, J = 7.2 Hz, CH;) ppm.

'H-NMR spectrum of 9
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DOSY spectrum of 9

Bayesian DOSY Transform
FN2.105D0SY2.5.ser

de/ 1ol

T

r1E-04

F1E-05

F1E-06

f1 (Diffusion units)

F1E-07

-1E-08

114



Experimental section

5.5. Synthesis of Pirfenidone derivatives and
grafting on alg

L
| L

NT Br  74% N“T0 65% @
17

14

Scheme 5.3. Preparation of Pirfenidone. Reagents and conditions: 1) 1. KO'Bu, 2-methylbutan-2-ol, 40 h, 100 °C 2.
HCOOH, 24 h ii) Bromobenzene, Cul, K2CO3, DMF, reflux, 12 h.

5-methylpyridin-2(1H)-one (14)

L

0]
H

2-Bromo-5-methylpyridine (1.0 equiv, 17.4 mmol, 3.00 g) was dissolved in 2-methylbutan-2-ol
(50 mL) under argon, and KO‘Bu (10 equiv, 174.4 mmol, 19.5 g) was added. The mixture was
heated to 100 °C and stirred for 40 h. The solvent was removed under vacuo and the residue was
dissolved in HCOOH (25 mL). After stirring for 24 h at rt, aq. KOH solution (2.4 M) was added
until pH=6. The product was extracted with CHCl; (3x), and the combined organic phases were
dried over MgSO,, filtered and concentrated in vacuo. The crude product was purified by FCC
(MeOH/DCM 1:25) to afford 14 as light brown powder (12.9 mmol, 1.414 g, 74%). The analytical

data were in accordance with previously reported data.273

tH NMR (400 MHz, CDCl5): § 7.34 (dd, J = 9.2, 2.6 Hz, 1H, CH-C(0)), 7.15 (m, 1H, CH-NH),
6.55 (d, J = 9.3 Hz, 1H, CH-CH-C(0)), 2.10 (s, 3H, CH;) ppm.
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1H-NMR spectrum of 14

£ Uy

20000

—2.10

19000
| 18000
L17000
L16000
[ | | L15000
14000
13000
112000
111000
10000
La000
L8000
L7000
L&000
L5000
L4000
L3000

2000

1000

=
-

),r -—  —}0

0.93-

1000

1 o099 iL‘;
-
| 0.89s—-

T T T T T T T T T T
6.0 5. 4.5 4.0 3.5 3.0 2.5 20 15 1.0 0.5

wn
=~
o
o
wn

‘ ‘ ‘ ‘ ‘
00 95 90 85 80 7 5 50
f1 (ppm)

Pirfenidone (PFD) (17)

I @)

Bromobenzene (1.2 equiv, 1.737 mmol, 273 mg, 183 uL) and compound 14 (1 equiv, 1.448 mmol,
158 mg) were dissolved in anhydrous DMF (4 mL). Cul (0.2 equiv, 0.289 mmol, 55 mg) and K,CO,
(2 equiv, 2.896 mmol, 400 mg) were added. The reaction mixture was stirred at reflux for 12 h.
The mixture was cooled down to rt, and quenched with the addition of sat. aq. NaHCO;. The
product was extracted with EtOAc (3x). The organic layers were combined, dried over MgSO,,
filtered and concentrated in vacuo. The crude product was purified by FCC (MeOH/DCM 1:50) to
afford PFD as light yellow solid (0.945 mmol, 175 mg, 65%).
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IR (neat): 3649, 2926, 2519, 2159, 2029, 1976, 1656, 1605, 1494, 1452, 1086, 825, 758 cm™.

tH NMR (400 MHz, CDCl5): § 7.50 — 7.46 (m, 2H, 2 x Ar-H), 7.42 — 7.36 (m, 3H, 3 x Ar-H)
7.28 —7.25 (m, 1H, Ar-H), 7.11 (s, 1H, Ar-H), 6.61 (d, J = 9.4 Hz, 1H, CH-C(0O)), 2.10 (s, 3H, CH;)
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i ii N o) iii N 0]
—_—
85% 77% 99%
OH OBn
OBn OH
15 16 11

Scheme 5.4. Preparation of compound 11. Reagents and conditions: i) BrBn, NaH (60%), anhydrous DMF, 2 h, rt, ii)
14, Cul, K-CO3, anhydrous DMF, 12h, reflux iii) concd. HCl, MeOH/H-0, concd. H2SOy, 4 h, reflux.

1-(benzyloxy)-4-bromobenzene (15)

Br

OBn

To a stirred solution of sodium hydride (1.2 equiv, 34.7 mmol, 1.387 g, 60%) in anhydrous DMF
(40 mL), 4-bromophenol (1 equiv, 28.9 mmol, 5.00 g) was added at o °C under argon, and the
mixture was stirred for 30 min at this temperature. Benzylbromide (1 equiv, 28.9 mmol, 4.943 g,
3.43 mL) was added, the cooling bath was removed, and the mixture was stirred for 3h at rt. The
reaction mixture was treated with sat. aq. NH,Cl (80 mL) and extracted with EtOAc (3x100 mL).
The combined organic layers were dried over MgSO,, filtered and concentrated in vacuo. The
crude product was purified by FCC (PE/EtOAc 50:1) to afford 15 as white crystals (24.7 mmol, 6.5

g, 85%). The analytical data were in accordance with previously reported data.274

tH NMR (400 MHz, CDCl3): § 7.42 — 7.33 (m, 7H, Ar-H), 6.86 — 6.84 (m, 2H, Ar-H), 5.04 (s,
2H, CH.) ppm.
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1H-NMR spectrum of 15
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1-(4-(benzyloxy)phenyl)-5-methylpyridin-2(1H)-one (16)

L

N @)

OBn

5-Methylpyridin-2(1H)-one (14) (1 equiv, 12.28 mmol, 1.34 g) and 1-(benzyloxy)-4-
bromobenzene (15) (1.2 equiv, 14.73 mmol, 4.67 g) were dissolved in anhydrous DMF (30 mL).
Cul (0.2 equiv, 2.46 mmol, 0.468 g) and K.COj; (2 equiv, 24.6 mmol. 3.4 g) were added, and the
mixture was heated to reflux. After 12 h of reflux, the mixture was cooled down to rt, and quenched
with the addition of sat. aq. NaHCOs solution (25 ml). The product was extracted with EtOAc (3x),
the organic layers were combined, dried over MgSO,, filtered, and concentrated in vacuo. The

crude product was purified by FCC (PE/EtOAc 1:1 to 1:2 and 1:3) to afford the product as a yellow
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solid (9.445 mmol, 2.752 g, 77%). The analytical data were in accordance with previously reported

data.27°

tH NMR (400 MHz, CDCl3): § 7.45 — 7.23 (m, 8H, Ar-H), 7.09 (m, 1H, Ar-H), 7.06—7.04 (m,
2H, Ar-H), 6.60 (d, J = 9.3 Hz, 1H), 5.10 (s, 2H, CH.), 2.09 (s, 3H, CH3) ppm.
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A mixture of 1-(4-(benzyloxy)phenyl)-5-methylpyridin-2(1H)-one (16) (6.43 mmol, 2.748 g),
concentrated HCI (30 mL) in MeOH (30 mL) and H.O (30 mL) was refluxed for 1 h. Concentrated
H.SO, (9 mL) was added, and the mixture was refluxed for an additional 3 h. The reaction mixture
was diluted with H.O (100 mL), and cooled down to rt. An airflow was applied to remove part of
the volatiles and help precipitation of the product. The precipitate was collected, washed with cold
water (3x), and dried to afford the product as a white solid (9.37 mmol, 1.887 g, 99%). The

analytical data were in accordance with previously reported data.27°

tH NMR (400 MHz, CDCl3): § 7.36 (dd, J = 9.3, 2.6 Hz, 1H), 7.15 (s, 1H), 7.05 — 6.99 (m, 2H),
6.72 — 6.66 (m, 3H), 2.13 (s, 3H, CH,) ppm.

'H-NMR spectrum of x
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Scheme 5.5. Preparation of compound 12. Reagents and conditions: i) Ethyl 4-bromobutyrate, K-CO3, DMF,
overnight, 8o °C i1) KOH (2M, aqueous), MeOH, 2h, reflux.

Ethyl 4-(4-(5-methyl-2-oxopyridin-1(2H)-yl)phenoxy)butanoate (18)

Ethyl 4-bromobutyrate (1.454 g, 7.455 mmol, 1.067 ml, 3 equiv) and K.COj; (515 mg, 3.7275 mmol,
1.5 equiv) were added to a stirred solution of compound 11 (500 mg, 2.485 mmol, 1 equiv) in DMF
(8 ml). The reaction mixture was stirred for 12 h at 8o °C. The reaction was quenched by the
addition of 0.1M aq. HCl until pH~6 and extracted with EtOAc (3x). The combined organic phases
were washed with brine, dried over MgSO,, filtered and concentrated in vacuo. The crude product
was purified by FCC (MeOH/DCM 1:40) to afford 18 as a white solid (2.2017 mmol, 696.3 mg,
89%).

HRMS-ESI: m/z 316.1549 (caled. for C18 H21NO4); 316.1546 (M+H) (found).
IR (neat): 2925, 1731, 1673, 1600, 1532, 1510, 1247, 1173, 1041, 828 cm™.

'H NMR (400 MHz, CDCl,) § 7.28 — 7.24 (m, 3H, 3 x Ar-H), 7.11 — 7.08 (m, 1H, Ar-H), 6.98
—6.94 (m, 2H, 2 x Ar-H), 6.62 (d, J = 9.3 Hz, 1H, Ar-H), 4.15 (q, J = 7.1 Hz, 2H, CH»-CHs), 4.04
(t, J = 6.1 Hz, 2H, O-CH,-CH.,), 2.52 (t, J = 7.3 Hz, 2H, CH,-C(0)-0), 2.16 — 2.08 (m, 5H, CH,-
CH.-CH., CH,), 1.27 (t,J = 7.1 Hz, 3H, CH»-CH;) ppm.
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'"H-NMR spectrum of 18
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13C NMR (101 MHz, CDCl,): 6 173.3 (C(0)-0), 162.1 (C(0)), 158.7 (C-O-CH.,), 142.7 (Car), 135.8
(Car), 134.1 (Car), 127.8 (2 x Car), 121.4 (Car), 115.2 (2 x Car), 115.0 (Car), 67.2 (CH,), 60.6 (CH.),

30.9 (CH»), 24.7 (CH>), 17.1 (CH3), 14.4 (CHj;).
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13C-NMR spectrum of 18
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4-(4-(5-methyl-2-oxopyridin-1(2H)-yl)phenoxy)butanoic acid (12)

Compound 12 (529 mg, 1.677 mmol, 1 equiv) was dissolved in MeOH (20 mL). 2.4 M aq. KOH
solution (235.2 mg, 4.1925 mmol, 1.75 mL, 2.5 equiv) was added dropwise. The reaction mixture
was refluxed for 2 h. The volatile organic solvent was removed in vacuo, and the remaining aq.
phase was acidified to pH=1 by the addition of 1M aq. HCI solution. The precipitate was collected
by filtration, washed with cold water (3x) and dried completely under vacuo to afford the product

as a white powder (1.058 mmol, 304.1 mg, 63%).

HRMS-ESI: m/z 288.1236 (calcd. for C18 H21NO4); 288.1237 (M+H) (found).
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IR (neat): 2872, 1715, 1509, 1454, 1294, 1245, 1158, 1042, 941, 829 cm.

'H NMR (400 MHz, CDCl;): 6 7.31 — 7.25 (m, 3H, 3 x Ar-H), 7.13 — 7.10 (m, 1H, Ar-H), 6.98
- 6.94 (m, 2H, 2 x Ar-H), 6.68 (d, J = 9.3 Hz, 1H, Ar-H), 4.04 (t, J = 6.1 Hz, 2H, O-CH,-CH.),
2.55 (t, J = 7.2 Hz, 2H, CH»-COOH), 2.15 — 2.09 (m, 5H, CH,-CH.-CH., CH;) ppm.

'H-NMR spectrum of 12
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13C NMR (101 MHz, CDCl;): § 176.6 (COOH), 162.3 (C(0)), 158.8 (C-O-CH.), 143.0 (Car), 135.9
(Car), 134.0 (Car), 127.8 (2 x Cqr), 121.3 (Car), 115.6 (Car), 115.2 (2 x Cqr), 67.1 (CH,), 30.4 (CH.),
24.5 (CH,), 17.2 (CHj).
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13C-NMR spectrum of 12

9000

8000

7000

6000
5000
4000
3000
2000
1000

—-1000

orse1’
IShT~
9E0E,

ITL9—

TTSTT

65°STT

£ ﬁNT\.
08 /21
00" PET~
€6'SET
66"k T~

08851~
bECOT—

£9°9/T—

pe—"—

L

126



Experimental section

84 %
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Scheme 5.6. Preparation of compound 13, and its PEGylation. Reagents and conditions: 1) TsCl, EtsN, DCM ii) 19,
K-COs, anhydrous DMF, 16 h, 60 °C iii) Bromoacetic acid, NaH, anhydrous THF, rt, 5 h iv) BocNH-PEG(2K)-OH,
EDCI, DMAP, rt v) HCI 4N in dioxane, 2h, rt.

2,2’-((oxybis(ethane-2,1-diyl))bis(oxy))bis(ethan-1-ol) (19)

Tetraethylene glycol (10 g, 51.48 mmol, 10 equiv) was dissolved in DCM.(10 mL). The mixture was
cooled to 0 °C, tosyl chloride (0.981 g, 5.148 mmol, 1 equiv) and Et;N (1.472 g, 7.722 mmol, 2.027
mlL, 1.5 equiv) were added. The mixture was stirred at rt overnight. The reaction mixture was
washed with water (3x). The organic phase was dried over MgSQO,, filtered, and concentrated in

vacuo. The crude product was purified by FCC (MeOH/DCM 1:30 to 1:20) to afford the product
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as a colorless oil (4.328 mmol, 1.508 g, 84%). The analytical data were in accordance with

previously reported data.27s

tH NMR (400 MHz, CDCl3): § 7.80 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.20 — 4.14
(m, 2H), 3.74 — 3.57 (m, 14H), 2.45 (s, 3H).

tH-NMR spectrum of 19
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1-(4-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethoxy)phenyl)-5-methylpyridin-
2(1H)-one (20)

L

N~ ~O

O\/\o%\/ O)E/\OH

To a stirred solution of compound 11 (300 mg, 1.49 mmol, 1 equiv) and compound 19 (670 mg,
1.924 mmol, 1.3 equiv) in anhydrous DMF (27 ml), K.CO; (515 mg, 3.725 mmol, 2.5 equiv) was
added under argon atmosphere. The reaction mixture was heated to 60 °C and stirred overnight
at this temperature. Water was added, and the product was extracted with EtOAc (5x), adjusting
the pH of the aq. phase to 7 with 1M HCI solution (aq). The organic layers were combined, dried
over MgSO,, filtered and concentrated in vacuo. The crude product was purified by FCC
(MeOH/DCM 1:20) to afford the product as a yellow oil (1.121 mmol, 423 mg, 75%).

HRMS-ESI: m/z 378.1917 (caled. for C20H27N06); 378.1916 (M+H) (found).

IR (neat): 3383, 2869, 1714, 1667, 1585, 1532, 1508, 1453, 1350, 1288, 1247, 1172, 1110, 943, 873,
830, 735, 688, 624 cm™.

'H NMR (400 MHz, CDCl;): 6 7.31 — 7.22 (m, 3H, 3 x Ar-H), 7.09 (s, 1H, Ar-H), 6.99 (d, J =
8.5 Hz, 2H, 2 x Ar-H), 6.61 (d, J = 9.3 Hz, 1H, Ar-H), 4.16 (t, J = 4.8 Hz, 2H, CH.), 3.87 (t,J = 4.8
Hz, 2H, CH.), 3.78 — 3.64 (m, 10H, 5xCH.), 3.60 (t, J = 4.7 Hz, 2H, 1xCH.), 2.09 (s, 3H, CH;)
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'"H-NMR spectrum of 20
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13C NMR (101 MHz, CDCl;): & 162.1 (C(0)), 158.7 (C-0), 142.7 (Car), 135.8 (Car), 134.2 (Car),
127.7 (2 x Ca), 121.4 (Cqr), 115.4 (2 x Cq), 115.1 (Cqr), 72.6 (CH,), 71.0 (CH,), 70.8 (CH.), 70.7
(CHz), 70.5 (CH:), 69.8 (CH.), 67.9 (CH.), 61.9 (CH.), 17.1 (CH3).
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3C-NMR spectrum of 20
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14-(4-(5-methyl-2-oxopyridin-1(2H)-yl)phenoxy)-3,6,9,12-tetraoxatetradecanoic
acid (13)

L

N° "0

O\/\O/é\/og/\o/ﬁ(OH
]

To a stirred solution of sodium hydride (60% in mineral oil, 70 mg, 1.746 mmol, 6 equiv) in
anhydrous THF (3.5 mL), compound 20 (110 mg, 0.291 mmol, 1 equiv) dissolved in a minimum
of anhydrous THF was slowly added under argon, at o °C. The reaction mixture was stirred for 1
h at rt. Bromoacetic acid (81 mg, 0.582 mmol, 2 equiv) dissolved in a minimum of anhydrous THF

was added dropwise to the mixture at 0 °C. The reaction mixture was allowed to warm to rt and
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was stirred for an additional 6 h. The reaction was quenched by addition of water (3 mL) and THF
was evaporated. The remaining aq. phase was acidified with 1 M HCI solution to pH=1, and the
precipitate was extracted with EtOAc (5 x mL). The combined organic layers were dried over
MgSO,, filtered and concentrated in vacuo. The crude product was purified by preparative TLC

(MeOH/DCM 1:10) to afford the product as a light yellow oil (0.163 mmol, 71.2 mg, 56%).
HRMS-ESI: m/z 436.1699 (calcd. for C22H29NO8); 436.1692 (M+H) (found).
IR (neat): 3413, 2870, 1715, 1669, 1597, 1532, 1509, 1453, 1291, 1247, 1110, 945, 830, 688 cm.

'H NMR (400 MHz, CDCl,): 6 7.26 — 7.22 (m, 3H, 3 x Ar-H), 7.10 (s, 1H, Ar-H), 6.99 (d, J =
8.5 Hz, 2H, 2 x Ar-H), 6.57 (d, J = 9.3 Hz, 1H, Ar-H), 4.17 (m, 2H, CH,), 3.86 — 3.57 (m, 16H,
8xCH.), 2.09 (s, 3H, CH,).

'H-NMR spectrum of 13
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127.8 (2 x Cqa), 121.3 (Cqar), 115.4 (2 x Cq), 115.2 (Cqr), 70.5 (CH,), 70.1 (CH,), 70.1 (CH,), 70.1

(CH,), 70.0 (CH,), 70.0 (CH,), 70.0 (CH,), 69.6 (CH.), 67.9 (CH,), 17.1 (CHs).
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3C-NMR spectrum of 13
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Boc-PEG-PFD (21)
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To a stirred solution of compound 21 (52 mg, 0.119 mmol, 1.01 equiv) in anhydrous DCM (2.5
mL) EDCI (40.7 mg, 0.212 mmol, 1.8 eq) and DMAP (2.8 mg, 0.0236 mmol, 0.2 equiv) were added
under argon atmosphere, and were stirred for 5 min. Boc-PEG(2K)-hydroxyl (248 mg, 0.118
mmol, 1 equiv) dissolved in a minimum of DCM was added. The reaction mixture was stirred at

rt until complete disappearance of the starting materials, as followed by TLC. Upon completion
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of the reaction, the solvent was evaporated, and the crude was purified by FCC (MeOH/DCM 1:18
to 1:5) to afford the product 21 as a white amorphous solid (0.082 mmol, 207 mg, 70%).

'H NMR (400 MHz, CDCl;): § 7.28 — 7.23 (m, 3H, Ar-H), 7.09 (m, 1H, Ar-H), 6.99 (d, J = 8.7
Hz, 2H, 2 x Ar-H), 6.60 (d, J = 9.7 Hz, 1H, Ar-H), 4.29 (t, J= 4.9 Hz, 2H, CH,-C(0)-0), 4.18 —
4.14 (m, 4H, CH.-0), 3.87 (1, J= 4.9 Hz, 2H, CH>-0), 3.82 (t, J= 4.9 Hz, 2H, CH.-0) 3.74 — 3.60
(m, CH,-0), 3.54 (t, J=4.9 Hz, 2H, CH,-0), 3.46 (m, 2H, CH,-0), 3.31 (m, 2H, CH,-0), 2.09 (s,
3H, CH,), 1.44 (s, 9H, Boc) ppm.
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Amine-PEG-PFD (22)

T

N O
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Compound 21 (192 mg, 0.076 mmol, 1 equiv) was dissolved in a solution of HCI 4N in dioxane
(2.5 mL) and the reaction mixture was stirred at rt until completion of the reaction (monitored by
TLC). The volatiles were removed under air flow and the product was dried under vacuo to afford
the product 22 as a white amorphous solid (195 mg, quant.), which was used without further

purification.
HRMS-ESI: m/z 2416.3922 (caled. for C112H211N2052); 2416.1995 (M+H) (found).

'H NMR (400 MHz, CDCL,): § 7.64 (s, 2H, NH.), 7.31 — 7.24 (m, 3H, 3 x Ar-H), 7.13 (m, 1H,
Ar-H), 6.99 (d, J = 8.7 Hz, 2H, 2 x Ar-H), 6.71 (d, J = 9.4 Hz, 1H, Ar-H), 4.29 (t, J= 4.9 Hz, 2H,
CH.-C(0)-0), 4.18 — 4.15 (m, 4H, CH,»-0), 3.94 (m, 2H, CH,-0), 3.87 (t, J= 4.9 Hz, 2H, CH,-0),
3.82 — 3.64 (m, CH.-0), 3.46 (t, J=5.5 Hz, CH»-0), 2.11 (s, 3H, CH;) ppm.
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'"H-NMR spectrum of 22
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13C NMR (100 MHz, CDCl,): § 170.6 (CO), 162.1 (CO), 158.7 (CO), 142.9 (Car), 135.9 (Car), 134.1
(Car), 127.9 (Car), 127.7 (2 x Car), 121.2 (Car) 115.5 (Car), 115.3 (2 x Car), 72.7 (CH,), 72.4 (CH,), 71.0
(CH.), 71.0 (CH,), 70.7 (n x CH,), 70.4 (CH,), 70.3 (CH.), 70.2 (CH.), 70.2 (CH,), 70.2 (CH,), 70.1
(CH.,), 70.0 (CH,), 69.8 (CH,), 69.7 (CH,), 69.1 (CH.,), 68.6 (CH.), 67.9 (CH,), 66.9 (CH,), 63.9

(CH,), 61.8 (CH>), 43.0 (CH.), 42.8 (CH.), 40.7 (CH.), 29.8 (CH.), 17.1 (CH3) ppm.

136



Experimental section

13C-NMR spectrum of 22
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For grafting amine-PEG-PFD (22) on the alg, the same protocol was implemented as presented
in Section 5.2 under “General procedure for the functionalization of TBA-alg with PEG

derivatives”.

1H NMR (400 MHz, Deuterium oxide): § 7.67 (d, J = 8.9 Hz, Ar-H), 7.47 (s, Ar-H), 7.35 (d,
J =8.8 Hz, Ar-H), 7.17 (d, J = 8.2, Ar-H), 6.68 (d, J = 9.1 Hz, Ar-H), 4.35 — 4.26 (m, CH,-TEG),
4.16 — 3.52 (m, CH-Alg + CH.-PEG), 3.23 (m, CH--NHC(O)), 2.17 (s, CH3) ppm.

'H-NMR spectrum of 23
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5.6. Microspheres formation

Formation of empty MS using a one-component protocol (Na-alg, Alg-sSH)

Na-alg or Alg-sSH were dissolved in MOPS buffer (10 mM, pH=7.4) containing 0.4% NaCl at the

indicated concentrations (2-3 wt%). The polymer solution was extruded into a gelation bath (100
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mM CaCl, in 10 mM MOPS buffer, pH=7.4) containing tween (diluted 1/10 000) using a coaxial
air-flow droplet generator. MS were collected by filtration, rinsed with MOPS buffer containing

CaCl, (100 mM), and stored in this solution until further use.

Formation of empty MS using a two-component protocol (Alg-SH:Alg-ACR, Alg-
SH:Alg-MAL or Alg-SH:Alg-ACA)

Alg-ACR, Alg-MAL, Alg-ACA or Alg-SH were dissolved in MOPS buffer (10 mM, pH=7.4),
containing 0.4% NaCl at the indicated concentrations (2-3 wt%). Alg-SH polymer solution was
mixed with either Alg-ACR or Alg-MAL or Alg-ACA solutions in a molar ratio of 1:1. The resulting
solutions were gently mixed for 5 to 15 minutes, to ensure homogeneous distribution. Extrusion
into a gelation bath (100 mM CaCl, in 10 mM MOPS buffer, pH=7.4) containing tween (diluted
1/10 000) using a coaxial air-flow droplet generator resulted in the production of spherical MS
which were collected by filtration, rinsed with MOPS buffer containing CaCl. (100 mM), and

stored in this solution until further use.

Formation of empty MS functionalized with anti-inflammatory and anti-fibrotic
compounds (MS of Alg:Alg-KET or Alg:Alg-PFD)

Na-alg and either Alg-KET, or Alg-PFD were dissolved in MOPS buffer (10 mM, pH=7.4),
containing 0.4% NaCl. The two polymer solutions were mixed in a weight ratio of 2 (Na-alg) to 1
(PEGylated alg) and stirred until reaching a homogeneous solution. Extrusion of the polymer
solution into a gelation bath (100 mM CaCl. in 10 mM MOPS buffer, pH=7.4) containing tween

(diluted 1/10 000) with a coaxial air-flow droplet generator resulted in MS formation.
Formation of empty MS by co-encapsulation of anti-fibrotic compounds

Anti-fibrotic compounds were prepared in a concentration of 3 mM, by dissolution in MOPS
buffer (10 mM, pH=7.4) containing 0.4% NaCl. 1.5 wt% alg solution was prepared by dissolving
the corresponding amount of alg powder in the previously prepared 3 mM drug solution. Bead

formation was achieved as previously described, using a coaxial air-flow droplet generator.

Formation of empty MS from a mixture of polymers (Multicomponent hydrogel

microspheres)

The PEGylated polymers were dissolved in a concentration that allowed for a homogeneous
distribution of all the components. In the example presented in Section 3.3.2.1, Alg-KET and Alg-
ACA were prepared as a 3 wt%, Alg-SH gwt %, Alg-ACR and Na-alg as 2wt % solutions, by
dissolving them in MOPS buffer (10 mM, pH=7.4) containing 0.4 % NaCl. The polymer solutions
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were mixed in a weight ratio of 1:1:1:1, either as Na-alg, Alg-KET, Alg-SH, Alg-ACR or as Na-alg,
Alg-KET, Alg-SH, Alg-ACA. The resulting solutions were gently mixed for 5 to 15 minutes, to
ensure homogeneous distribution. Extrusion into a gelation bath (100 mM CaCl, in 10 mM MOPS
buffer, pH=7.4) containing tween (diluted 1/10 000) using a coaxial air-flow droplet generator
resulted in the production of spherical MS which were collected by filtration, rinsed with MOPS
buffer containing CaCl. (100 mM), and stored in this solution until further use. For the release of
ketoprofen, 1 mL of polymer solution was extruded into the gelation bath, MS were collected by
filtration, rinsed with MOPS buffer containing CaCl. (100 mM), and 3 mL of the same media was
freshly added. Aliquots of the media at certain time points were obtained by withdrawing 1 mL of
media, and replacing it with 1 mL of fresh media. The release of ketoprofen was quantified by LC-

MS measurements.

5.6.1. Encapsulation of cells, transplantation and
follow-up procedures

Cell encapsulation was performed under sterile conditions, using a Biichi coaxial air-flow droplet

generator (Encapsulator B-395 Pro, Biichi Labortechnik AG, Flawil, Switzerland).
Encapsulation of MING6 cells

1 mL of polymer solution containing MIN6 cells (10 x 10°) previously cultured in Dulbecco
Modified Eagle’s Medium (DMEM) complete medium were suspended in 1 mL of polymer
solution (previously prepared in MOPS buffer (10 mM, pH=7.4) containing 0.4% NaCl). The
DMEM medium was supplemented with 1 mM Na-pyruvate, 71 uM [B-mercaptoethanol, 15%
decomplemented Fetal Calf Serum, 25 mM glucose, penicillin, and streptomycin. The resulting
cell suspension was extruded using the same protocol as described above for the empty MS

formation.
Encapsulation of Huh? cells

1 ML of polymer solution containing Huh7 cells (5 x 10°) previously cultured in DMEM complete
medium and centrifuged at 250g for 5 min was placed in a 10 mL syringe. The resulting cell

suspension was extruded using the same protocol as described above for the empty MS formation.
Encapsulation of NPIs

NPIs were cultured in neonatal porcine islet culture medium from Corning. The NPIs were placed

in a falcon tubes for 5 min and after sedimentation the supernatant was removed. The remaining
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cell pellet was dispersed in 1 mL of the polymer solutions using a 10 mL syringe to obtain 10000
or 20000 IEQ / ml of polymer. MS were produced using the same procedure described above.
Encapsulated NPIs were then cultured in NPI culture medium from Corning at 37°C with 5% CO,

and the medium was changed two times per week.

Albumin secretion assay

Microencapsulated Huh?7 cells (0.2 x 10°) were seeded in 1 mL complete culture medium in a 24-
well Corning Primaria Cell Culture Multiwell Plate. Albumin secretion was measured in 24 hour-
supernatants at day 4 and 7. Supernatants were frozen until albumin was measured using a 100%
specific human albumin ELISA kit (Abcam, Cambridge, UK) applying manufacturer’s

instructions.

Insulin secretion assay

Insulin secretion assay consists of inducing insulin secretion from NPI through incubation of
encapsulated NPI (150 islet equivalents (IEQ)) in different conditions: basal (5.6 mM glucose),
high (16.7 mM glucose) and maximal stimulation (16.7 mM glucose + 5 mM theophylline). The
encapsulated islets (placed in semipermeable transwells) are successively placed into basal,
stimulating and maximal stimulating conditions during 1 hours at 37 °C to release insulin. Insulin
released was then measured using a porcine insulin ELISA assay (Mercodia, Uppsala, Sweden).

Insulin secretion is expressed as fold increase, where basal release was set as 1.

MTT assay

Cells (12.104) were seeded per 96-well and treated with compounds (PFD, 11, 12 and 13) at
different concentration. To check for metabolic activity after treatment, culture media was
removed and 150 pl of MTT at 0.2 mg/ml in complete culture media were added for 2 h into each
well at day 1, 2 and 5. Thereafter, media were aspirated and 150 pl of 0.1 M HCl isopropanol was
added. Plates were gently rotated on an orbital shaker for 5 min to completely dissolve the
precipitation. The absorbance was detected at 540 nm with a Microplate Reader (SpectraMax
Paradigm Multi-Mode Microplate Reader, Molecular Devices, San Jose, CA). Values were

expressed as percentages of untreated control condition, which was set as 100 percent.
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Quantification of a-SMA expression

50.104 cells/well were plated into 24 well plates and cultured for 5 days in media containing
increasing amounts of compounds. a-SMA expression was evaluated by performing a SDS-PAGE
analysis, followed by a Western blot analysis using a specific antibodies directed against a-SMA
and GAPDH a protein used for loading control. The a-SMA level was quantified using a Fusion
solo S software. a-SMA values were then normalized by values obtained for GAPDH. a-SMA
expression in the different conditions was expressed as fold increase where the control condition

was set as 1.

Transplantation of empty MS in the peritoneal cavity

All animal experiments were approved by the Geneva veterinary authorities. Prior to
transplantation, MS were rinsed three times for 15 min in Hank’s Balanced Salt Solution (HBSS),
containing Ca2z*. Once MS have settled on the bottom of the tube, the supernatant was removed
and remaining MS were dispersed in a minimal amount of HBBS for transplantation. MS were
introduced through a small incision into the peritoneal cavity of C57BL/6 mice, anesthetized by
isoflurane. For cross-reactive MS, transplantation was performed three days after MS formation

to ensure formation of covalent cross-links.
Transplantation of microbeads under the kidney capsules
For transplantation under the kidney capsule, kidneys were exposed through a small dorsal

incision and ~100 uL of MS were injected under the kidney capsule using a 18G catheter. For

quantification of PFO mice were sacrificed and kidneys were retrieved for histological analysis.

5.7. Physical characterization of microspheres

Diameter measurement

The measurement of the diameter of MS was performed on a 30 MS/batch, at the given time
points, using an Olympus AX70 microscope equipped with an Olympus DP70 color digital

camera.
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Mechanical resistance and elasticity

The mechanical resistance to the compression to 90% of the initial diameter was analyzed using
a texture analyzer (TA-XT2i, software Texture Exponent 32, Stable Micro Systems, Godalming,
UK) equipped with a force transducer (1 mN resolution). A single MS was placed below the probe,
for which a constant speed was set as 0.5 mm s*. Ten MS of each batch were included in the
analysis. To obtain the elasticity, the same measurement was repeated ten times on one MS, and

ten MS per batch were included in the analysis.

Permeability measurement of MS

Alg-based MS and control glass beads were incubated for 36 h with fluorescein isothiocyanate
(FITC)-labeled dextran solution (0.033 mg/mL prepared in MOPS buffer, pH=7.4) of 40, 150,
250 and 500 kDa molecular weight. Images of alg-based MS (3/condition) and glass beads
(2/condition) were taken with a confocal microscope (LSM 510 meta ConfoCor3, Zeiss). The
permeability of FITC-dextrans was quantified by using ImageJ software, as a ratio between the
fluorescence intensity inside and outside of the MS. The infiltration value is given as a percentage,

considering the glass beads as reference value of 0%.

Stability in Na-citrate

Beads stored in MOPS solution (10 mM MOPS buffer, pH=7.4, containing 100 mM CaCl,) were
collected by filtration, dried and placed in 1 mL of Na-citrate solutions (prepared in MOPS buffer,
pH=7.4) of 5, 10, 20, 30 and 40 mM, for 24 h. The MS were than imaged using an Olympus AX70

microscope equipped with an Olympus DP70 color digital camera.

Quantitative analysis of ketoprofen, PFD and compound 13 release by UHPLC-ESI-
HRMS

MS quantitative analysis were performed on a Agilent 6530 Accurate Mass Q-TOF LCMS mass
spectrometer coupled to an Agilent 1290 series UHPLC system (Agilent Technologies, USA). The
separation was achieved using an ACQUITY UPLC® BEH C18 1.7um column, 2.1 mm X 50 mm
(Waters) heated at 30°C. Mobile phase consisted of 0.1% formic acid in water as eluent A and
0.1% formic acid in acetonitrile as eluent B. The separation was carried out at 0.4 mL/min over a
6 min total run time using the following program: 0-0.5 min, 1-5% B; 0.5-3 min, 5-95% B; 3-3.5

min, 95-1% B; 3.5-6 min, 1% B to re-equilibrate the system in initial conditions. The sample
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manager was system temperature was fixed at 10 °C and the injection volume was 5uL. Mass
spectrometer detection was operated in positive ionization using the Dual AJS Jet stream ESI
Assembly. The QTOF instrument was operated in the 4 GHz High Resolution mode in profile
mode. The Instrument was calibrated in positive full scan mode using ESI-L+ solution (Agilent
Technologies, USA). The TOF mass spectra were acquired over the range of m/z 100-1000 at an
acquisition rate of 3 spectra/s. ESI AJS settings were as follows RF drying gas flow, 8 L/min;
drying gas temperature, 300°C; nebulizer pressure, 35psi; capillary voltage, 3500V; nozzle
voltage, 1000V; fragmentor voltage, 175V; skimmer voltage, 65V; octopole 1 RF voltage, 750V;
Sheath gas temperature, 350°C; Sheath gas low; 11L/min. Data was processed using the
MassHunter Workstation (Agilent Technologies, USA). Extracted ions chromatograms (XIC)
were based on a retention time (RT) window of +0.2 min with a mass-extraction-window (MEW)
of £50 ppm centered on m/Zmeor. Calibration curves were fitted with a polynomial order 2

equation, with R2 > 0.995.
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Figure 5.1. a) Typical XIC (186.0894 MEW) of PFD standard b) Typical MS of PFD standard at 0.78 min.
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Figure 5.2. a) Typical XIC (436.1998 MEW) of compound 13 standard b) Typical MS of compound 13 standard at
1.93 min.

145






Annexes

Annexes

152 006_B.Lfid
refelh_zg D20 fopt/ Iszabo 15 3

L52_012_1houwr. 1.fid

refelh_zq D20 jopy Iszabo 4 2

152 012 5.5hours. 1fid
refe1h_zg D20 /opt Iszabo 5 1

w2 60 5B 56 54 52 50 48 46 44 42 40 38 36 34 3{% J.DJ 28 16 24 22 20 18 16 14 12 10 08 06 04 02 0O

Figure 6.1. 'H-NMR spectra of Alg-sSH polymer treated in ultrafiltration cell for TBA to Na-ion exchange. The upper
spectra was recorded prior to treatment, the middle spectra 1 h and the lower one 5 h after stirring the polymer
solution in the UF cell.
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Figure 6.2. Confocal microscope images of MS in 40, 150, 250 and 500 kDa FITC-Dextran solutions.
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Day 1 after encapsulation

NPI NPI+pMSC
Free NPI NPl in Na-alg NP|+pMSC in CO-encapSUIated co-encapsulated
Na-alg compound 13 compound 13

Figure 6.3. Microscopy images of free NPI and NPI or NPI+pMSC encapsulated in Na-alg, and co-encapsulated with
compound 13, at day 1. Top panel: light microscopy, middle panel: staining of live cells with FDA (green), bottom
panel: staining of dead cells with PI (red).
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Day 1 after encapsulation

Free NPI NPI NPI+pMSC NPI NPI+pMSC
co-encapsulated co-encapsulated in Alg:Alg-PFD in Alg:Alg-PFD
PFD

Figure 6.4. Microscopy images of free NPI and NPI or NPI + pMSC co-encapsulated with PFD, and encapsulated in
Alg:Alg-PFD at day 1. Top panel: light microscopy, middle panel: staining of live cells with FDA (green), bottom
panel: staining of dead cells with PI (red).
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Day 7 after encapsulation

, , NPI NPI+pMSC
Free NPI NPl in Na'alg NPI+pMSC n co_encapsulated CO'enCapsulated
Na-alg compound 13 compound 13

Figure 6.5. Microscopy images of free NPI and NPI or NPI+pMSC encapsulated in Na-alg, and co-encapsulated with
compound 13, at day 7. Top panel: light microscopy, middle panel: staining of live cells with FDA (green), bottom
panel: staining of dead cells with PI (red).
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Day 7 after encapsulation

Free NPI NPI NPIl+pMSC NPI NPI+pMSC
co-encapsulated co-encapsulated in Alg:Alg-PFD in Alg:Alg-PFD

PFD PFD

Figure 6.6. Microscopy images of free NPI and NPI or NPI + pMSC co-encapsulated with PFD, and encapsulated in
Alg:Alg-PFD at day 7. Top panel: light microscopy, middle panel: staining of live cells with FDA (green), bottom
panel: staining of dead cells with PI (red).

NPI in Na-alg NPI+pMSCin Na-alg NPl in Alg:Alg-PFD NPI+pMSCin Alg:Alg-PFD

o

Figure 6.7. NPI and NPI+pMSC containing microcapsules of Na-alg and Alg:Alg-PFD recovered from the peritoneum
of mice, 13 days after transplantation. Light microscopy images, and live cell staining with FDA (green).
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NPI co-encapsulated NPI+pMSC co-encapsulated NPI NPI+pMSC
compound 13 compound 13 co-encapsulated PFD co-encapsulated PFD

Figure 6.8. NPI and NPI+pMSC containing microcapsules co-encapsulated with compound 13 and PFD recovered
from the peritoneum of mice, 13 days after transplantation. Light microscopy images, and live cell staining with FDA
(green).
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Figure 6.9. Blood glucose level changes in streptozotocin-induced diabetic mice transplanted with NPI containing
microcapsules. Measurements were done daily, on two mouse/condition.
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Ca-alg ~ Alg:Alg-PFD PFD co-encapsulated

s

Compound 13 co-encapsulated

Figure 6.10. pMSC encapsulated for in vivo evaluation of anti-fibrotic effect of Compound 13 and PFD. The
microcapsules were further transplanted under the kidney capsule of immune-competent mice.
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Figure 6.11. The microfluidic setup at CEA, Grenoble, for MS production.
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Figure 6.12. Viabilities of NPI right after encapsulation in a parallel microfluidic setup with Na-alg and Alg-SH:Alg-
ACR polymers.
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Characterization of MS prepared with microfluidics:

Characterization with ImageJ, on around 100 capsules :

- Take maximal (dmax) and minimal (dmin) diameter of a bead

- Aspect Ratio AR: AR = dmax

(A perfectly spherical capsule has an AR of 1). In the example capsule in image A has an
AR of 0,99, the capsule in image B has an AR of 0,79.
- For the monodispersity: Average of the 2 diameters for each capsule is measured, then the

average of those mean diameters is calculated, and their standard deviation

standard deviation
mean average

- Coefficient of variation CV : CV =

It gives an idea about the monodispersity of capsules (we were aiming for a CV under 5%).
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