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Palavras-chaves

Resumo

Regeneracgdo 6ssea, Nanoparticulas, Microparticulas, Alginato,
Encapsulagéo Celular, Sistema Compartimentalizado

As doencgas Osseas sdo um problema que afeta grande parte da
populacdo mundial e tém tendéncia a aumentar no futuro. Apesar de
o tecido dsseo ter capacidade de regeneracao, quando uma fratura
ultrapassa um ponto critico 0 0sso ndo possui capacidade de
autorreparar esse defeito. Atualmente estes defeitos séo tratados a
nivel médico através da utilizacdo de implantes ceramicos ou
metélicos que originam respostas imunoldgicas por parte do
hospedeiro e como consequéncia sdo rejeitados ao fim de algum
tempo pés implantacdo. Além deste facto, a ndo bioatividade destes
biomateriais restringe a reparagéo total do tecido e a recuperacéo das
suas propriedades biolégicas e funcionais. Terapias como a inje¢ao
in situ de células encapsuladas em biomateriais bioativos e
biodegradaveis para aplicacdo na regeneragdo 0ssea tém surgido
nos ultimos anos como uma abordagem alternativa e vantajosa.
Neste contexto, os sistemas capsulares apresentam-se como 0S
mais vantajosos pois ndo soO protegem as células administradas, mas
também permitem a troca de nutrientes/metabolitos de uma forma
eficaz. Este facto garante a viabilidade do sistema ao longo de
maiores periodos de tempo, contribuindo assim para uma melhor
regeneracdo do tecido lesado. No entanto, a implantagcdo de
microcapsulas contendo células tem-se revelado bastante desafiante
devido a sua fraca interacdo com os tecidos circundantes, sendo
comum o seu deslocamento do local inicial da implantacdo. Como
forma de ultrapassar estas limitacdes, este trabalho teve como
objetivo desenvolver uma capsula magneticamente responsiva como
sistema de entrega de células aderidas a microparticulas. A inclusao
de reposta a estimulos magnéticos tem como objetivo permitir a
fixacdo das capsulas in situ no local de implantacdo através da
utiizacdo de um campo magnético externo. Para tal foram
inicialmente produzidas nanoparticulas magnéticas de 6xido de ferro
(=42.69 nm), que foram ressuspendidas numa solucdo de
Policaprolactona que por emulsdo Oleo-em-agua deram origem a
microparticulas magneticamente responsivas (UPCL[MNPs]) cujo
tamanho médio foi de 40.5+13.2 um antes de serem peneiradas. A
gama de tamanhos a ser utilizada foi de 40-63um para potenciar a
adesdo celular dai a necessidade de peneirar as particulas
(55.3+9.00 pum). As microparticulas pPPCL[MNPs] foram depois
sujeitas a um revestimento de colagénio | para promover a adesao
de células pre-osteoblasticas (MC3T3-E1) apds a encapsulagéo. A
encapsulacdo foi feita utilizando uma mistura de alginato,
MPCL[MNPs] e células, que por gelificagdo ionotropica originou a
formacéo de estruturas esféricas como demonstrado pelas imagens
de microscopia 6tica. As microesferas foram posteriormente sujeitas
a um processo de revestimento por deposicdo sequencial de
polielectrdlitos utilizando a técnica camada-a-camada (LBL). Esta
abordagem permitiu a obtencdo de céapsulas com um ndcleo
liquefeito e com integridade devido ao seu revestimento LBL. De
seguida foi avaliada a viabilidade celular e a atividade metabdlica das
células encapsuladas. Resumindo, as capsulas produzidas
mantiveram a viabilidade celular e atividade metabdlica ao longo de
7. Estudos ex vivo demonstraram que a utilizacdo de um campo
magnético externo permite a fixacdo das cépsulas no local onde
foram colocadas mesmo quando sujeitas a lavagem com um fluido.
Os resultados obtidos evidenciam que é possivel fixar as capsulas in
situ apds serem implantadas e abrem a oportunidade de utilizar estes
sistemas em aplicac6es biomédicas no futuro préximo.
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Bone related disorders are a problem which affects most of the world
population with a tendency to increase. Although the bone tissue has
regenerative capacity, when a fracture exceeds a critical point the bone
does not have the capacity to self-repair this defect. Currently these
defects are treated at the medical level using ceramic or metallic implants
which give rise to immune responses by the host and as a consequence
are rejected after some time after implantation. Furthermore, the non-
bioactivity of these biomaterials restricts the total repair of the tissue and
the recovery of its biological and functional properties. Therapies such as
the in situ injection of cells encapsulated in bioactive and biodegradable
biomaterials have emerged in recent years as an alternative and
advantageous approach for bone regeneration. In this context, capsular
systems are the most advantageous because they not only protect the
cells administered, but also allow the exchange of nutrients / metabolites
in an effective way. This ensures the viability of the system over longer
periods of time, thus contributing to a better regeneration of the damaged
tissue. However, the implantation of microcapsules containing cells has
proved to be quite challenging because of its poor interaction with
surrounding tissues, and its displacement from the initial site of
implantation is common. As a way of overcoming these limitations, this
work aimed to develop a magnetically responsive capsule as a delivery
system for cells adhered to microparticles. The inclusion of a response
to magnetic stimuli aims to allow the capsules to be fixed in situ at the
implantation site through an external magnetic field. For this purpose, iron
oxide magnetic nanoparticles (=42.69 nm) were initially produced, which
were resuspended in a solution of polycaprolactone which, by oil-in-water
emulsion, gave rise to magnetically responsive microparticles (uPCL
[MNPs]) with an average size of 40.5 + 13.2 ym. The range of sizes to be
used was 40-63um to enhance cell adhesion, hence the need to sieve
the particles (55.3 + 9.00 uym). Microparticles yPCL [MNPs] were then
subjected to a coating of collagen | to promote adhesion of pre-
osteoblastic cells (MC3T3-E1) after encapsulation. The encapsulation
was done using a mixture of alginate, yPCL [MNPs] and cells, which by
ionotropic gelation gave rise to the formation of spherical structures as
demonstrated by optical microscopy images. The microspheres were
then subjected to a coating process by sequential deposition of
polyelectrolytes using the layer-by-layer (LBL) technique. This approach
allowed to obtain capsules with a liquefied nucleus and with integrity due
to their coating LBL. Cell viability and metabolic activity of the
encapsulated cells were then evaluated. In summary, the capsules
produced maintained cell viability and metabolic activity over 7 years. Ex
vivo studies demonstrated that the use of an external magnetic field
allows the capsules to be fixed where they were placed even when
subjected fluid wash. The results show that it is possible to fix the
capsules in situ after being implanted and open the opportunity to use
these systems in biomedical applications in the near future.
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INTRODUCTION

Abstract

Presently, in vitro cell culture systems are rapidly evolving away from simplistic
2D monocultures towards the establishment of tissue mimicking multi-populational
clusters that can be used either for disease modeling or in advanced stem cell delivery
systems. Particularly, with the dawn of biomimetic 3D cell co-cultures, more insights into
tissue pathophysiology and cell-cell communication, as well as more correlative features
to those of in vivo settings have begun to be paved. In this context, different approaches
for developing advanced 3D culture systems including the incorporation of ECM-mimetic
biomaterials and compartmentalized co-cultures have been increasingly proposed.
However, the field is still a long way from the ideal organ-like cell culture system. Herein,
insights on compartmentalized co-culture systems are summarized and critically
discussed in the context of their advantages and widespread applications both as
pathophysiology modelling tools or as advanced cell delivery systems for regenerative
medicine. It is envisioned that improvements on the culture conditions for multiple cell
populations in 3D co-culture systems under dynamic conditions that mimic those of
human tissues will increase models in vitro/in vivo correlation, as well as their medical

applicability as advanced cell-rich implants.



INTRODUCTION

Introduction

Currently, the steady rising in life expectancy is leading to an increase in the
percentage of elder population and higher prevalence of age-related disorders. In elder
people cancer, bone/joint diseases, as well as cardiovascular, respiratory and central
nervous system pathologies are presently among the most prevalent ones®=3,

Among bone disorders osteoporosis is one of the most prevalent worldwide. The
pathophysiology of this disease is characterized by the existence of brittle bones, as a
consequence of demineralization and cartilage damage, or even in more severe cases total
cartilage loss. From a clinical perspective metals and ceramics have been widely used in
bone implants, but their grafting bears significant disadvantages # and co-morbidities that
can lead to infection or full rejection from the host.

Regarding the central nervous system, nerves and neurons (including motor
neurons), are also generally affected in older individuals, making them more susceptible
to degenerative diseases, such as Alzheimer’s disease and Parkinson 1°. To tackle these
problems, present treatments involve physical therapy in combination with
pharmacotherapy via administration of approved medicines (e.g., Donepezil, Rivastigmine,
Galantamine ®). However, the latter are only administered with a palliative objective, since
no curative treatment is available for these diseases. Moreover, such administration of
drug cocktails to manage neurologic disease generally triggers deleterious side effects in
patients’ healthy organs, a major factor that can contribute for a poorer disease prognosis,
decreased life-expectancy and day-to-day morbidity.

Heart diseases are also another common type of disease that is not only increasing
in incidence in elderly populations but in general populations as well®. Heart disease could
be hereditary but most of the times is a consequence of a sedentary lifestyle and bad eating
habits’. These conditions may lead to myocardium infarctions damaging heart tissue and
are incurable and life-threatening.

From these examples of incurable or debilitating diseases, it becomes clear that
the development of more effective and curative treatments is a critical requirement.
However, the discovery of new therapeutics is a highly complex and multi-stage process
which often involves a high attrition rate. In fact, it is estimated that only one marketable
drug emerges from the screening of one million candidate compounds®. Such scenario is
mainly attributed to the lack of sufficiently realistic preclinical testing models that can

offer a robust in vitro/in vivo performance correlation.
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Pre-clinical discovery is a crucial process of new treatments discovery.
Particularly, preclinical validation generally involves the use of 2D in vitro cell cultures
and in vivo laboratory animal models, as recommended by major regulatory agencies
(e.g., Food and Drug Administration (FDA) and European Medicines Agency (EMA).
From these two approaches, in vitro cell culture techniques are among the cornerstones
of scientific research due to their potential to reproduce features of human biology in
healthy and disease states, at a laboratorial level, with low cost and with an acceptable
degree of reproducibility. In addition to drug screening, in vitro monolayer cell cultures
have been extensively used for fundamental biology studies and for the development of
tissue engineering and regenerative medicine-based approaches to improve the outcome
of heart ®° and neurological diseases 1*2, as well as bone disorders 314,

However, it is important to emphasize that this is a fairly simplistic approach
considering the complexity and multicellular nature of human tissues and organs. To
surpass this over simplification, heterogenic 2D cell co-cultures established under static
and dynamic conditions, as well as 3D culture models have been introduced. Such models
better convey the interactions that are established between different cell populations
allowing to explore cell-to-cell communication and their overall response to different
therapeutics. From a perspective of cell delivery systems these advanced cultures may
also have increased potential to give rise to fully functional tissue-like constructs.

In this context, herein we showcase the development of different cell culture
systems that focus on modelling of cell interactions in a co-culture setting both in 2D and
3D. Moreover, various examples of co-culture and compartmentalized/close cell-to-cell
communication models are presented and their applicability as in vitro models, as well as

cell-rich implants is discussed.

2.1.1. Cell culture systems

Historically, the first-time that eukaryotic cells were cultured in vitro was in 1907,
when Harrison studied frog neurons monocultured in hanging drops °. Since then,
countless studies were performed as well as numerous techniques were developed. As the
general designation suggests, monoculture cell systems consist on expanding only a
single cell type in culture medium. These systems were widely used at the dawn of cell
culture systems and unravelled important cell mechanisms, cellular behaviour and

responses to different stimuli. 2D flat monolayer cultures of a single cell type are
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reproducible, robust, relatively inexpensive and can be used in a broad range of studies
owing to their versatility. Moreover, these models also avoid the economic and ethical
restrictions associated with the use of in vivo models *°.

However, the use of single cultures with a single cell type does not properly mimic
the in vivo scenario, nor the cellular behaviour and cellular responses observed in
heterotypic cultures 229, In the tissue microenvironment, cells interact constantly with
neighbouring cells, either mechanically or biochemically, and with the extracellular
matrix (ECM). Moreover, these parameters regulate all cellular mechanisms (physiology,
phenotype and cellular fate, especially in what concerns stem cells) 2°. Co-cultures,
however, replicate tissues microenvironment in a more reliable fashion since they account
for the cellular heterogeneity found in vivo.

Unlike monocultures, in co-culture cell systems, distinct cell types are seeded and
generally grown in the same culture medium (except for conditioned medium
experiments), in a specific container according to the purpose of the study. Co-culture
systems have been extensively used as tools to investigate and understand short and
longer distance interactions between cell populations and have a key role in cell-cell
interactions studies . To date, in vitro co-culture methods comprise: (i) direct and (ii)
indirect culture systems.

In direct co-culture, multiple cell types make direct contact with each other within
the same culture medium, whereas in indirect co-culture, cells are kept separated in
different compartments depending on their type. Consequently cell-cell interactions is
mainly established via soluble mediators including growth factors, cytokines or via
extracellular vesicles 2.

In tissue engineering, co-culture methods may be used to promote tissue formation
with the aid of multiple cell types and to maintain the viability and guide the capacity of
stem cells 22. The types of cells involved in a co-culture system for tissue engineering and
regenerative medicine applications are named target cells and assisting cells?2. If
successful, the engineered tissue will be composed with target cells which support stem
cells differentiation. Assisting cells help target cells to express a desired behaviour which
includes proliferation, differentiation, ECM components production (e.g., collagen), cell
adhesion and/or secretion of signalling molecules. This is therefore an active feedback
control system according to the target cells needs 2.

ECM is the substrate in which most cells in living tissues reside. This three-

dimensional matrix has a complex and dynamic molecular composition and fibres that
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provide structural support for growing cells 2324, Moreover , this matrix is essential to
biochemical and biomechanical signalling that mediate tissue morphogenesis,
differentiation and homeostasis %°. Figure 1 represents the normal tissue ECM.
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Figure 1. Schematics of extracellular matrix (ECM) components and resident cell types. Adapted
from King 2

The inclusion of tissues ECM could therefore provide an added layer of spatial
complexity and more in vivo like conditions to these models as it will be further discussed.
In general when cultured in 2D monolayers cells do not resemble the conditions found in
vivo namely: (i) ECM presence, (ii) cell morphology, (iii) physiology and (iv) gene
expression, and therefore some of these studies might be misleading 224?’, Differences
in gene expression and hence protein synthesis is affected by cell adhesion to glass or
plastic surface causing nuclei flattening 2.

Overall, in vitro heterotypic co-culture systems including ECM components
simulate better the regenerative process than their monotypic cultures 2°. Tissue culture
flasks, petri dishes and micro-well plates were used to date for establishing such models
27 In the following chapter the importance of close or distant cell-cell communication, as
well as their mechanisms are described in the context of their importance for in vitro
models and regenerative medicine applications.

3. Cell-cell routes of communication at the distance
3.1. Cell signalling cues and interactions

Cells are regulated by different stimuli and signals which trigger different
responses for cell proliferation, differentiation and function . Cell signalling is an

indispensable mechanism to maintain homeostasis and function. Multicellular organisms
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rely on a variety of molecules as signals (e.g., peptides, large proteins, amino acids,
nucleotides, steroids and other lipids) and their pathways to assure homeostasis or to
promote tissue regeneration upon sustaining an injury 3L,

In general, the biochemical microenvironment is comprised by cytokines, growth
factors and hormones, which combined, form the signalling pathways that decide the fate
of a particular cell3>%,

There are four basic mechanisms of cell-cell signalling: (i) direct contact, (ii)
synaptic signalling, (iii) endocrine signalling and (iv) paracrine signalling. Soluble factors
and also exosomes® are more involved in paracrine processes, which depend on the
diffusion of molecules to neighbouring cell of the same or different types.

Endocrine signalling: Often relies on the transport of hormones from distant
locations to the local tissue microenvironment. Autocrine signalling: involves the
production and secretion of an signalling molecule by a cell and then the molecule binds
to the same cell triggering signal transduction *°. In paracrine signalling: a myriad of
molecules and exosomes released by cells are diffused to the extracellular fluid where
they move generally by diffusion, toward other cells. Those soluble biomolecules may be
taken up by neighbouring cells, degraded by enzymes, or removed from the extracellular
fluid. In either way, the influence of these molecules, which are released at very low
concentrations (pg/mL) in a gradient type manner, is restricted to the cells in the vicinity
of the releasing cell. This pathway is important to coordinate the activities of clusters of
neighbouring cells, in early tissue development and also during tissue regeneration,
particularly in the recruitment of cells to the injured site . From a tissue engineering
perspective cells that are in contact with ECM protein coated biomaterials are also in

contact with neighbouring cells by direct cell-cell contact or to more distant cells by

Cell-contact
dependent effects

1 Cell-protein effects

paracrine signalling as shown in the Figure 2.

an

Paracrine signaling

Autocrine signaling

=
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Cell-biomaterial effects
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Figure 2. Different interactions in a co-culture system where cells are in contact with a given biomaterial
scaffold that can also be an ECM-type material. (Adapted from Battiston et al 37)
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For example. the mechanisms of bone remodelling, either bone formation or bone
resorption, are crucial to keep the structural integrity of one’s skeleton throughout the
years and for that paracrine signalling, as well as, endocrine signalling have a key part on
establishing homeostasis. Focusing on paracrine signalling, osteoblasts, osteoclasts,
osteocytes and even bone marrow macrophages secrete molecules (growth factors,

cytokines and chemokines) which are responsible for the remodelling process .

3.1.1 Paracrine signalling — Unique extracellular vesicles

Extracellular vesicles (EVs) have raised interest due to their potential as
intercellular communication mediators or as drug delivery vehicles® that are able to
modulate physiological and pathological pathways. EVs comprise a variety enclosed
spherical subcellular structures, whose membrane is comprised by a lipid bilayer, with
sizes ranging between several nanometres to few micrometres®. EVs can be categorized
according to their biogenesis processes as exosomes, ectosomes (also named shedding
vesicles and microvesicles*®) and apoptotic bodies (Figure 3) . Further information about

these processes is reviewed excellently in the literature 443,
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Figure 3 EV biogenesis and interaction mechanisms. Exosomes can carry nucleic acids including
DNA and RNA, as well as other signaling mediators such as proteins. They are rapidly
internalized by target cells and can be entrapped in cells intracellular space or be excreted by
exocytosis once more. Due to their natural lipid nature and sub-cellular size, exosomes can be
internalized by a number of different routes including micropinocytosis or direct fusion with the
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membrane. The latter leads to rapid contents release in target cells cytoplasm (Adapted from
Pinheiro et al*})..

A standardised technique for EVs isolation from fluids is yet to be established,
since in numerous studies different approaches are explored. Essentially, isolation is
carried out through centrifugation (described as the gold standard technique ), polymeric
precipitation, immunoaffinity isolation, microfluidics or size exclusion methods (either
chromatography or filtration). More detailed information about this topic as well as
quantitative and qualitative evaluation of EVs is available in the recent review by Witwer
and et al*®.

As aforementioned, intercellular communication has a paramount importance in
maintaining homeostasis and EVs are key players on paracrine signalling transporting
proteins, lipids, DNA, mRNA and miRNA 47,

Recently, a study performed by Cha and colleagues*® proposed an efficient scaled-
up production model of microvesicles from human mesenchymal stem cells (hMSCs) for
therapeutic purposes. Five production scenarios were evaluated: 2D, 2D wi/shaking, 3D,
3D wr/shaking and exosome-free 3D culture (exo-free 3D) where 2D culture was made in
culture flasks and the 3D culture was performed in specially designed PEG hydrogel
microwell, (which had complete resistance to cellular attachment) that were fitted in a
six-well plate. Vesicles production was characterized by isolation through centrifugation,
followed by quantification by using flow cytometry in which the microvesicles were
stained with anti-CD105 and anti-annexin V to ensure that hMSCs were the cells of
origin. These researchers also assessed gene expression comparing 2D- and 3D-dynamic
conditions and concluded that hMSCs maintained stemness in 3D-dynamic conditions
and that chondrogenesis and osteogenesis genes (TGFB3 and BMP2, respectively) were
upregulated. The authors then tested the therapeutic inclusion of ischemic brain extract
(IBE) to evaluate an increase of production of various paracrine factors related to
angiogenesis and neurogenesis which were assessed by several cytokine assay kits and

gene expression was evaluated using gPCR (Figure 4).
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Figure 4. Cytokine profile contained in microvesicles excreted from hMSCs treated a priori with
IBE and microvesicles from 3D cultures, as assessed by using several cytokine array kits (a)
cytokine production from the two groups (b). Micro-RNAs included in microvesicles were
evaluated using qPCR assays. These micro-RNAs are known for their key role in neurogenic
and/or angiogenic molecular signalling (c). (Adapted from Cha et al*®)

As already mentioned, cells when cultured in 2D single cell type monolayers do
not resemble the in vivo environment and therefore the secretion of microvesicles
observed was lower in this environment. On the other hand, when hMSCs were cultured
as a 3D spheroid platform cytokine production was 100-fold higher than when cultured
in 2D. This is a promising approach to produce extracellular vesicles, such as
microvesicles, however the production is still low for therapeutic applications.
Furthermore, more pre-treatments with other trophic factors should be considered to
extend the number of applications of the microvesicles.

Even though stem cell therapies have produced positive results, the transplantation
of such cells is challenging due to limited cell sources, the administration must fall on an
optimal time window, tumour formation or undesirable ossification, hence safety
concerns have been raised *°. Furthermore, the therapeutic effects of stem cells have been
attributed to paracrine signalling involving EVs, specially exosomes, to promote

intercellular communication®. In a nutshell, this therapy must overcome the obstacles of:

11
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i) low production vyield, ii) no standard method for EVs isolation and iii) the need for
personalised and localised therapy on other organs or tissues.

To further understand paracrine signalling mechanisms, models mimicking such
interactions are crucial. Recently, Ansorge et al reviewed systems specially designed to
establish biomolecule release gradients in vitro to mimic paracrine communications.
These models ranged from the simple and well established transwells platforms to more
complex microfluidic devices including the use of microparticles as tools to generate

short-ranged gradients as it will be addressed in subsequent chapters. >

4. 2D in vitro co-culture models
4.1. Static in vitro models - Transwells

These systems rely on a porous membrane comprised of either polycarbonate,
polyester or polyethylene terephthalate or polytetrafluorethylene to physically separate
different cell lines which allows reciprocal cell signalling °2.

In this context, recently, Saleh et al*® aimed to study in vitro the effects of
macrophages on the osteogenic capacity of murine pre-osteoblastic cell line MC3T3-E1
using a Transwell system. The specific aims of this co-culture were the evaluation of a
cell-laden poly(ethylene glycol) (PEG) hydrogel for evaluation of cellular apoptosis,
cellular morphology and also to determine its ability to induce osteogenic capacity and
ECM deposition in in vitro. The immune cells selected were RAW 264.7 and primary
derived macrophages. Hydroxyapatite nanoparticles were also included on the PEG
hydrogel as wells as the adhesion peptide RGD and metalloproteinases (MMP). The
MC3T3-E1 cell-laden hydrogel was set on the apical side of the transwell and the
macrophages were set on bottom of the well according to the test. Firstly, the authors
evaluated the morphology of MC3T3-EL1 cells immediately after the encapsulation on the
hydrogel and 10 days after culture. Immunohistochemical and histological analyses were
performed at day 0,10 and 28 to evaluate collagen | deposition, mineralization and the
existence of apoptotic cells, the latter by confocal microscopy. Media samples were
collected and assessed for cytokines interleukin-6 (IL-6) and tumour necrosis factor alpha
(TNF-a) using standard enzyme-linked immunosorbent assay kit (ELISA) and ALP
activity was also evaluated from day 8 to day 28. DNA was quantified for the same time
points. The major findings of this study were that macrophages increased MC3T3-EL1 cell

apoptosis, reduced cell spreading delayed or inhibited alkaline phosphatase activity, and

12
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decreased collagen deposition, however it did not affect mineralization. Such example of
long-distance co-culture emphasizes the influence of these settings in the cells of interest.
In Table 1, additional examples of studies performed with Transwells are summarized.

Table 1. Studies performed using Transwells either with two different cell lines or more. The
columns represent the cell lines, possible applications and references.

Cells Application Reference

Human amniotic membrane derived
epithelial and mesenchymal cells, Immunomodulatory activity studies 54

monocytes

Human mesenchymal stem cells ) ) )
Restoring the integrity of alveolar-
(hMSCs) and human pulmonary ] %
) ) capillary membranes
microvascular endothelial cells

H292 cell line and human airway )
Inflamed airway mucosa model 5
basal cells

Osteogenic and angiogenic
hBMSCs and HUVECs ] o S
differentiation study

] ] Studying the mechanisms of wound
Human keratinocytes and fibroblasts ) 58
healing

Multiple cell lines (three human cell o
) ) ) Cartilaginous grafts 5
lines and one bovine cell line)

Study of the interactions between naive
Naive and infected macrophages and Mycobacterium tuberculosis 60

infected macrophages

) ] Study the interactions between cell
HUVECs and human retinal pigment ] ]
o lines to further understand retinal 61
epithelial cells . .
homeostasis mechanisms

Mice MSCs, MC3T3-E1 and MLO-

] Osteogenic differentiation 62
Y4 cell lines

) ) ) Treatment of inflammatory corneal
Multiple cell lines (human and mice) ) ] 63
surfaces diseases with stem cells

13



INTRODUCTION

Rat bone marrow mesenchymal stem
cells and rat bone marrow-derived Cardiac tissue repair 64

macrophages

Human gastric cancer cell lines (BGC- ] ]
] Study the role of MSCs in gastric
823 and MKN-28) and gastric cancer- 65
) cancer
derived mesenchymal stem cells

Human breast cancer-derived ]
Study of the role of MSCs in breast
mesenchymal stem cells and MCF7 66
cancer
cells

Despite the fact that transwells are a widely used model only the interaction and
behaviour of two or three types of cells are generally studied 8226769 such could be
restrictive if one aims to fully recapitulate disease states or human tissues complexity in
vitro. Moreover, in transwell platforms, cells are cultured in 2D flat substrates and in
static conditions, since these models are unable to mimic the flow of culture medium
during in vitro culture. The latter is one of the most important factors since it has been

shown to influence cell alignment and gene expression ™.

4.2. Layer-by-layer cell stacked assemblies

The controlled fabrication of thin polymeric films on the micrometric or
nanometric scale onto solid substrates is potentially applicable in the fields of biology and
medicine. Langmuir-Blodgett deposition and self-assembled monolayers (SAMs) are
predominant techniques in this research field, however both have advantages and
disadvantages as stated in the seminal review of Tang et al’*.

The Layer-by-layer (LBL) deposition method was introduced over 25 years ago
by Decher et al’2. This methodology is based on the coating of a material’s surface by
polyelectrolytes sequential adsorption and ultimately lead to the formation of multi-
layered thin films. Layers assembly consists on using opposite charged polyelectrolytes
that can be of natural or synthetic origin’®. The formation of layers is mediated by the
charges of material surface and the polyelectrolytes, so to produce another layer the
polyelectrolyte used the charges must be complementary (Figure 5). A rinsing step is also

important to remove unbound polyelectrolytes 'X. LBL has numerous applications as
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biomimetic constructs, biosensors, in drug delivery, for protein and cell adhesion, for

mediation of cellular functions and as implantable materials as reviewed elsewhere 74
76

Figure 5. Schematic representation of layer-by-layer adsorption of polyelectrolytes. The first
layer is positively charge so the polyelectrolyte added to produce another layer must be negatively
charge. After each adsorption, a rinsing step must be used to remove the loosely adsorbed
polyelectrolytes. (Adapted from Costa and Mano ")

Inspired by the polyelectrolyte adsorption process, a few years ago, two new
techniques have risen: (i) hierarchical cell manipulation and (ii) cell accumulation
technique, which were developed by Matsusaki et al’® and Nishiguchi et al”,
respectively.

The hierarchical cell manipulation consisted on the use of fibronectin-gelatin
nanofilms prepared directly on the cell surface via LBL assembly (Figure 6). Fibronectin
was selected by these researchers because of its abundance on the ECM and because of
its key role in cell adhesion. Using human umbilical artery smooth muscle cells (SMCs)
and human umbilical vascular endothelial cells (HUVECS), the authors developed a 3D-
layered blood vessel co-culture construct that without the structural support from
fibronectin-gelatin films it would not be possible due to the lack of cell adhesion in stacks.
This primordial blood vessel can be applied for tissue engineering and drug-screening

applications.
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Figure 6. Schematic representation of the hierarchical cell manipulation process. Adapted from
Matsusaki et al .

In the cell-accumulation technique, fibronectin-gelatin nanofilms are prepared

on each individual cell surface and then cell-cell adhesion is induced (Figure 7).
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Figure 7. Schematic illustration 3D multi-layered tissues assembled by the cell-accumulation
technique. Adapted from Nishiguchi et al”®

Recently, Lazzari et al used the described cell accumulation technique to assemble
triple co-culture multicellular tumour spheroids(MCTS) to mimic pancreatic tumour. &
The cells lines employed in the assembly of this complex tumour environment whose
mortality in five years reaches 97-98% once it reaches metastatic stage 8 were human
pancreatic cancer cells PANC-1), human lung fibroblasts (MRC-5) and HUVECs. The
authors assembled mono cultured 3D spheroids with PANC-1, double co-culture
spheroids with PANC-1 and MRC-5 and triple co-culture with PANC-1, MRC-5 and
HUVECSs, as well as tested several cell ratios which were cultured in round bottomed 96-
plates. After the assembly of 3D spheroids, they were characterized by optical imaging,
Selective Plain Illumination Microscopy (SPIM) (Figure 8) and histological analysis. The
preliminary results of triple co-culture 3D spheroid assemblies showed that HUVEC
integration was poor and hence, MRC-5 were coated with fibronectin and gelatin to
promote such integration. Although, the integration and residence of HUVECs was
improved after two days of culture, on the outer boundaries of the spheroid, cancer cells
were loosely attached. The spatial distribution of cells involved in the assembly of the
multiple cell type 3D spheroids is shown in Figure 8 after four and seven days of culture
through SPIM. The different fluorescence represented is the result of GFP-expressing

MRC-5 fibroblasts and RFP-expressing HUVECs.
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day 7

Figure 8. SPIM 3D topography of MCTS comprised of PANC-1:MRC-5(coated with fibronectin
and gelatin) :HUVECs at day 4 and day 7. (a, e) Overlay of blue (Hoechst 33342, nuclei), green
(GFP-expressing MRC-5 fibroblasts) and red (RFP-expressing HUVECS) fluorescence; (b, f)
single blue channel (Aexc / Aem 405/440 nm) showing all cell nuclei; (c, g) single green channel
(Aexe/ hem 488/525 nm) showing GFP-expressing MRC-5 fibroblasts; (d, h) single red channel (Aexc
/ kem 561/605 nm) with RFP-expressing HUVECs. Scale bars: 100 pum. Adapted from Lazzari et
a| 80

After 3D MCTS assembly, the authors sought to evaluate the different resistance
patterns to doxorubicin and gemcitabine concluding that the MCTS assembled in triple
co-culture displayed higher resistance the anticancer drugs tested. To corroborate the data
acquired, another pancreatic cancer cell line (BxPC-3) was chosen and the assembly
methods were the same. However, BxPC-3 monoculture spheroid showed more resistance
to the anticancer drugs than the BxPC-3 triple co-culture MCTS related to the denser and
more compact of the BXxPC-3 monoculture spheroid causing lower diffusion of the drugs.

The work developed is a breakthrough on assembling a complex pancreatic
tumour microenvironment allowing to understand the influence of such environment on
the drug efficacy replicating in vivo environment. The authors pointed out a limitation of
this study which was the use of gelatin instead of collagen in MRC-5 coating since
collagen is a main component of pancreatic tumour ECM however, the use of collagen
would mean lowering the pH which would ultimately affect cell viability.

Several works involving cell LBL have been developed recently to assemble
vascularized networks(blood wvessels or lymphatic vessels)®?#° pancreatic p-cell
spheroids®®, multi-layered fibroblast cell sheets®, liver tissues®, high-throughput drug

screening models & and even induced pluripotent stem cells derived cardiac tissues®*
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This approach could be useful to assemble in vitro tissues which could be then
transplanted to a patient injured area or act as a model to study the microenvironment and

drug screening.

4.3. Dynamic Co-culture systems
4.3.1. Microfluidic 2D and 3D Platforms

Microfluidic chips are precisely engineered platforms with interconnected
reservoirs and/or channels that allow both the passage of fluids and also cells culture and
adhesion into the chip if the surface is permissive or coated with macromolecules that
promote cell adhesion and proliferation °>°3. Microfluidic chips have a large spectrum of
applications as dynamic cell cultivation set-ups (Figure 9). They can be used for: high-
throughput screening of cell metabolites, organ-on-chip drug screening assays, single cell
encapsulation and biomolecular analysis. Moreover, microfluidic chips can be used to
produce drug delivery systems encapsulating advanced therapeutic molecules, can also
be used for cell culture and establishment of cancer models?®*3-1%2, The latter could be
particularly useful since it can contribute to reduce animal testing and provide faster and
more reliable in vitro/in vivo correlation.

Earlier microfluidic chips only relied on 2D cell cultures while depending on the
chip surface to be coated with a material which allowed cell adhesion in order to provide
cell proliferation. However, these systems did not ensure an adequate environment to
recapitulate cell-cell interactions in vivo since there was no perfusion which is paramount
for nutrients, metabolites and waste products and dissolved gases to flow in accordance
to a correct cellular environment, despite having reservoirs whose efficiency is not the

ideal to recapitulate such environment®,
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Figure 9. Organ-organ in vitro interactions platforms. A) Static microscale platforms are
comprise a) transwell platform; b) microtunnel platform; ¢) micropattern platform; d) wells in a
well platform B) In single-pass microfluidic platforms, the organ modules are connected in series
in one fluid route (route 1) or with additional routes (e.g., route 2) connects all organ modules in
series in one fluid route (route 1), or with additional routes (e.g., route 2) if barrier tissues are
involved C) In pump-driven recirculating platforms, the organ models are interconnected in serial
and or parallel in a closed-loop circuit (loop 1). Separate fluidic pools or loops (e.g., loop 2) are
needed for barrier tissues D) The fluid circulation to organ modules connected in serial and/or in
parallel in pumpless recirculating platform is driven by gravity and rocking motion. O, — organ
module; P, — pump; Rn— reservoir; C, — medium collector; D, — debubbler. n represents the index
of a specific module. Adapted from Wang et al*®.

As a specific example, recently, Choi et al'® developed an early-stage breast
cancer model using a PDMS microfluidic device using three cell lines: human mammary
epithelial cells (HMT-3522), human primary mammary fibroblasts and breast ductal
carcinoma in situ (DCIS). The fibroblasts and the epithelial cells lines were cultured on
opposite sides of a vitrified collagen membrane dividing the system in an upper and lower
chamber (mammary fibroblasts are cultured in the lower and mammary epithelial cells
were cultured in the lower chamber, Figure 10). The DCIS, which were seeded into a 96-
well hanging drop plate, were then injected in the upper channel to attach to the epithelial
cell layer (without media perfusion) to allow spheroid attachment. This device was then
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used as a preclinical cancer model to evaluate responses to an anti-cancer drug

(Paclitaxel).

Upper channel

A cCapillary—5%

l L DCIS spheroid
Mammary duct | Stroma = % > "
Mammary

epithelial cells

: ﬁ Mammary e P
= epithelium: e m - 7‘\\\ = ECM membrane
PP Stroma

ay E /})\Basement membrane! \ Fibroblast
R Lower channel

Ebrebiast T = ok Tl
Figure 10. In vivo breast cancer microenvironment (A) compared with the microfluidic device
developed by Choi et al to model of an early-stage breast cancer (B) (Adapted from Choi and
colleagues 1%).

This system paved the way to the possibility to simulating, understanding how
tumour cells interact with other cell types, which has a critical importance in the
progression and metastasis of breast cancer cells. Despite, this breakthrough, the authors
referred that these system’s physiological relevance must be improved by adding more
cell lines to closely resemble the breast cancer environment. Some examples of studies
performed using microfluidic devices are shown in Table 2.

There is also the possibility of using microfluidic platforms in indirect cell culture
due to the controllable co-culturing of cells, the control and generation of signalling
gradients and lastly the integration of perfusion/flow 1%. To date most of the microfluidic
devices are produced with polydimethylsiloxane (PDMS) although chips made from

glass, silicon or quartz can be built 1.
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Table 2. Examples of studies performed using a microfluidic device. Which cell types were used,
the device (material used during construction), application and reference.

Cells Device Applications References

Multiple human cell lines

(intestine, liver, kidney and | PDMS | Organs-on-chip for drug toxicity tests lo7
skin)
NT2, HepaRG and primary ) )
) PDMS | Organs-on-chip for substance testing 108
human hepatic stellate cells
Human non-small lung
cancer cells (SPCA-1) Lung cancer treatment drug
PDMS o ) 109
Human lung fibroblasts sensitivity evaluation
(HFL1)
HepG2 cells Drug screening on hepatic tissue
Glass 110
NIH-3T3 cells model
Rat neurons and glia cells | PDMS Study axon-glia interactions 1

) ) Bladder cancer microenvironment
Multiple cell lines PDMS ) 12
model for drug screening assays

Human stem cells from
exfoliated deciduous teeth,

gingival fibroblasts and PDMS Tooth mineralization assay 13
periodontal ligament stem

cells

Characterization of the biology of
] ] circulating tumour cells from early-
Multiple human cell lines | PDMS 14
stage lung cancer to unravel

metastasis mechanisms

Organs-on-chips with multiple
Multiple human cell lines | PDMS | sensors for drug screening of cancer 15

treatment drugs
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Although most of the devices displayed in Table 2 are constructed from PDMS
and despite PDMS’s transparency, gas permeability, easy prototyping and low cost,
hydrophobic small molecules and drugs may be subjected to adsorption or absorption on
this material 1'°. This is an important drawback and must be taken into consideration in
the future.

Microfluidic cell culture is a crucial tool to design cell culture systems which offer
flexibility of chip design, on chip analysis, single cell handling, a low number of cells is
sufficient, controlled co-culture, reduced reagent consumption, perfusion culture is
possible, real time, automation and experimental flexibility and control %',

Microfluidic cell cultures systems allow the establishment of a precisely
controllable environment suitable for drug screening tests by fabricating a specific chip
designed fitting the desired format which can then be used to establish a specific cell
culture system by building multiple channels for example 8. To potentiate the
capabilities of a chip, it can be paired up with a high throughput analysing system which
will be capable of acquiring more data on drug combinations efficacy as well as cell
culture shape changes, simplifying the method and using it in a more cost-effective
manner.

Considering cancer drug screening, due to the complexity of some tumours and
even the different responses given by the same type of tumour cells on different patients,
using those patient-specific cells to perform personalized drug screening study could
highlight different responses and determine to most efficient treatment to treat that
pathology. However, these systems are still on an early stage of development meaning
that there’s yet to be microfluidic model suitable for testing a myriad of possibilities of
drug combinations to reduce the costs and time spent on a trial/error fashion %°.

However, the challenges were also stated: non-standard culture protocols, chip
design, the surface is different from the standard culturing methods, small volumes and
consequent analytical chemistry and complex operational control which requires a study

of the systems’ perfect conditions.

5. Hydrogel-based cell culture/cell delivery systems

3D Hydrogels can be classified according to their origin as: (i) natural, (ii)
synthetic or (iii) natural/synthetic hybrid cross-linked polymeric networks with the

ability to mimic the ECM microenvironment because their properties resemble soft
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natural tissues and their structure is permeable to water, ions, molecules and even proteins
120123 These systems promote cell proliferation and cell differentiation, as well as
increase cell viability 24, The performance of hydrogels is highly dependent on their
building blocks (e.g., proteins, natural/synthetic polymers, etc'?®) , on their crosslinking

125-128

methods as extensively reviewed in the literature Figure 11 presents a

comprehensive scheme on the different hydrogel crosslinking mechanisms.

Tissue Engineering
Scaffolds

Fibrous
Hydrogel e.g. electrospun mat

Custom ’ SFF scaffolds
i = can be shaped
to fit a defect site

Porous
e.g. foaming or
particulate leaching

Figure 11. Scheme of hydrogel crosslinking mechanisms and hydrogels applications (Adapted
from Cal¢ et al'®).

In general, for ECM mimicking applications and advanced cell cultures the
material of which the hydrogel is comprised should be biocompatible and biodegradable
130, Hydrogels aqueous environment can protect cells and can be easily modified with cell
adhesion ligands to provide specific cell adhesion (e.g., RGD**!). However, some of these
gels can be mechanically weak, may be difficult to cells and then crosslink and may be
difficult to sterilise 22,

Gradient hydrogels have been studied to recapitulate more complex cellular niches
, for example mimicking the cartilage environment which transitions from ECM lower
stiffness on the superficial zone to a stiffness increase onward to the deeper zones
characterized by higher amounts of glycosaminoglycans **2. These systems have served
as well to mimic spatiotemporal changes in cellular communication **3. Moreover, these
biochemical and biomechanical gradients in such hydrogels support different cell
phenotypes allowing more replicable in vivo conditions in vitro establishing reliable
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tissue models which have paramount importance on understanding cell regeneration
mechanisms and promoting damaged tissues regeneration in heterotypical environments
and also play a crucial role on drug screening and cytotoxicity assays'** The simpler
method to fabricate gradient hydrogels is varying the photo-crosslinking intensity along
the hydrogel exposing sections for longer periods of time and others for shorter periods
and hence causing different stiffness which is useful to study cell proliferation and
differentiation profiles through mechanically different matrixes*®

Recently, hydrogels have been raising interest also as 3D bioinks for bioprinting,
resulting in a major increase on research on this subject. Bioprinting consists on using
cell-laden hydrogels dispensed through a bioprinter which allows the design of complex
structures. 3D Bioprinted models have been used for cell transplantation, drug screening
and chemical, biological and toxicological agents analysis*3®%’. To date different printing
mechanisms are comprise multi-cell bioprinting: inkjet bioprinting, micro-extrusion
bioprinting (also named robotic dispensing) and laser assisted bioprinting; cell aggregate
bioprinting and single-cell bioprinting as described elsewhere, 13613,

Considering their versatility, hydrogels have a wide range of applications as
scaffolds for cell culture as shown in Table 3. Gradient hydrogels are indicated by (1) and
bioprinted systems by (2).

Table 3. Studies performed using hydrogels. The columns divide the studies by gel components,
cell lines, possible application and references.

Components Cells Applications References

N-carboxyethyl chitosan,
oxidized acrylated Murine sarcoma GFP | Injectable hydrogel for 140
hyaluronic acid and matrix expressing cells tissue regeneration
metalloproteinase (1)

Neonatal bovine . . 133
PEG (1) chondrocytes Cartilage regeneration
Gelatin
methacrylate(GelMA), Replicate bone- "
kappa-carrageenan hBMSCs . .
cartilage interface
methacrylate and
nanosilicates (1)
Agarose and glycosylated N
SPIONS loaded with BMP- hMSCs Interfacial tissue 142
engineering

2 (1)
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Collagen, alginate and
fibrin

murine fibroblasts
(L929), murine
pancreatic -cells
(MING) and human-
TERT mesenchymal
stem cells (Y201
hMSCs)

Replicate soft tissues
properties for
regeneration purposes

143

Methacryloyl modified
human platelet lysates

L929 and hASCs

Alternative to animal
derived hydrogels for
cell culture

123

Alginate and polyethylene
glycol monoacrylate-
fibrinogen(2)

HUVECs and iPSC-
derived
cardiomyocytes

Revascularization of
damaged organs
promoting regeneration

144

Alginate and hyaluronic
acid (HA)

Human periodontal
ligament and gingival
derived mesenchymal

stem cells

Neurogenic tissues
regeneration

145

Porcine liver decellularized
extracellular matrix and

Human liver cancer

Recapitulate cirrhotic

146

GelMA (2) cell line (HepG2) liver pathophysiology
Injectable pancreatic
Silk fibroin Primary rat islets and | islet transplantation and 147

RIN-5 cells

immunomodulatory
regulation

Fibrogen, gelatin, HA and
glycerol (2)

Human muscle
progenitor cells

Muscle tissue
regeneration

148

Chitosan,chondroitin
sulfate and chitosan
microspheres

Bovine articular
chondrocytes

Injectable drug delivery
system

149

As evidenced in Table 3, hydrogels support cell growth of a great variety of cell
lines, as well as stem cells and have proven their worth in numerous applications ranging
from replicating cellular microenvironments for pathophysiological studies to tissue
regeneration and drug-screening. Taken these application into consideration, hydrogels
are a useful tool to relieve patients’ pain from their damaged tissues by administrating
more accurately a specific type of drug maximizing treatment efficiency and even inject
cells in situ to regenerate those injured tissues minimizing the invasiveness of a procedure
or as a last resort replace those damaged tissues with in vitro constructed tissues which
can be tailored according to the in vivo conditions albeit these approaches have to be

validated for human in vivo applications to determine how accurately they recapitulate
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the cell niche and their treatment efficacy which could be a consequence of high

regulatory procedures and funding limitations'*

5.2. Spherically structured Hydrogel-based models

Spherically structured hydrogels provide a higher area/volume ratio and hence the
nutrients, metabolites and Oz and CO- flow is more efficient, thus rendering an increase
on cell survival expectancies. As recently reviewed by Correia et al'?
microencapsulation methods may originate different platforms including beads or
capsules. Beads comprise a solid spherical hydrogel gel matrix and capsules have a
membrane surrounding the core (Figure 12)

CAPSULE

CAPSULE < CAPSULE

f Uum

Cs1 Cs2

Figure 12.. Schematics of different types of beads and capsules that can be used as cell
encapsulation systems. These systems have been used for numerous applications ranging from
tissue engineering to in vitro disease modelling. Adapted from Correia et al*>*.

Over the years these spherical hydrogels have been applied for encapsulation of
different cell lines. Capsules produced using alginate and then LBL polyelectrolyte
assembly technique have been used to encapsulate L929 cells'®>%3 cultured in a
customized environment included microparticles on which cell adhered. This system is

highly versatile and could be further improved to release growth factors or encapsulate
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multiple cell types. In fact, the same system was used as a co-culture system with a self-
regulated environment for osteogenic differentiation in vitro using adipose tissue-derived
stem cells (hASCs) and human adipose microvascular endothelial cells resulting in
osteogenic differentiation of hASCs and the release of bone morphogenic protein -2
(BMP-2) and VEGF was observed and hence the system could be used as a cytokine
delivery system®™. In addition, the latter system was tested in vivo and no serious
immunological response was obtained. Moreover, successful mineralization was reported
which is promising for bone regeneration purposes **°

Another systems which could also be described as co-culture capsule has also been
studied as a tool for liver regeneration®®. This system was bioinspired by the volvox algae
colony whose structure is described as a sphere with smaller sphere inside. The authors
relied on firstly encapsulating AML12 hepatocytes in an alginate-collagen solution
followed by an encapsulation using the same solution however with rat MSCs. The
volvox spheres were cultured in vitro and then implanted on mice where they promoted
improved regeneration®®®,

As for spherical hydrogels described as beads, a mussel-inspired system was
designed with the intent to promote osteogenic differentiation . Instead of using
unmodified alginate as in most of the studies performed, the authors modified alginate
with dopamine which was then used to encapsulate mice BMSCs and then the beads were
coated with silver nanoparticles. The outcome was a bead which could support osteogenic
differentiation and be transplanted causing less chances of infection due to the silver
nanoparticles antibacterial properties.

From this context, it is clear that spherical hydrogels have great potential to
support different cell co-cultures and provide a suitable environment for cell

differentiation in the context of disease modelling or regenerative medicine.
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6. Conclusions and Future Perspectives

These compartmentalized cell culture may offer more reliable fundamental biology
studies and recapitulate more effectively in vivo drug response. Furthermore, these
models are suitable to create minimal invasiveness tissue regeneration methods and also
create large tissues constructs which could one day be transplanted to a patient to
regenerate an injured or damaged site.

However, one of the hallmarks of these transplantations is a low FBR preventing a
rejection of the new tissue is yet to be solved or validated and for that reason numerous
studies and validations must be performed before human trials. Furthermore, these
systems should be easily manufactured and cost-effective to become available to most of
the population reducing health costs. Moreover, for drug screening and transplantation
purposes these myriads of methods should consider a personalized approach meaning that
cells should be harvested from the patient in the least painful manner possible and then

using those cells perform such studies paving a way to personalized medicine.
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2. Aims

In a nutshell, the global aim of this thesis was the production of a hierarchic system
comprising magnetically responsive iron oxide nanoparticles loaded into collagen-coated
microparticles and on which cells would adhere after encapsulation in a bigger liquefied
layer-by-layer (LBL) assembled microcapsule. The specific aims were sectioned as

follows:

e Synthesis and characterization of magnetic iron oxide nanoparticles;

e Production, optimization and physicochemical characterization of blank or
nanoparticle loaded polymeric PCL microparticles;

e Surface modification via plasma and collagen coating of nanoparticle containing
PCL microparticles;

e Production, optimization and characterization of alginate microbeads with and
without microparticles by using the electrospray technique;

e Production of cell-laden capsules containing iron oxide nanoparticle loaded PCL
microparticles and MC3T3-E1 pre-osteoblasts attached on their surface.

e Cell laden magnetic microcapsules characterization via microscopy techniques;

e Evaluation of in situ magnetically assisted fixation of cell laden microcapsules;

e Evaluation of MC3T3-E1 pre-osteoblasts metabolic, cell viability and cell

adhesion upon adhesion to magnetic microparticles loaded in LBL microcapsules.
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3. Materials and Methods

3.1 Materials

FeClz.6H20 (>99%), FeCl2.4H,O (98%) and ammonia solution 25% were
purchased from Laborspirit (Loures, Portugal) and produced by Sigma Aldrich, Alfa
Aesar and LabChem respectively. Oleic acid (Sigma, >99%) was purchased from
Laborspirit (Loures, Portugal) Neodymium magnet was purchased from Supermagnete
(Germany)

Polycaprolactone (PCL; Mn 80,000) and polyvinyl alcohol (PVA; 87-90%
hydrolysed, Mw-30,000-70,000 and produced by Sigma Aldrich. Dichloromethane
(DCM; >99%) was purchased from JMGS (Odivelas, Portugal).

Collagen type | solution from rat tail was purchased from Sigma Aldrich and
acetic acid (>99%) was acquired from JMGS (Odivelas, Portugal).

Poly-L-Lysine hydrobromide (PLL; MW 30,000-70,000 Da) and the alginate
(ALG; alginic acid sodium salt from brown algae, low viscosity) were produced by Sigma
Aldrich and purchased from Laborspirit (Loures, Portugal) and Sigma Aldrich,
respectively. Chitosan (CHT, Protasan UP CL 213, viscosity 107 mPA s, molecular
weight My = 2.7 x 10° g mol?, 83% degree of deacetylation; NovaMatrix, Norway).
Calcium chloride (CaCl,, anhydrous analytical grade) was purchased from JMGS
(Odivelas, Portugal) and produced by PanReac. MES hydrate (>99%) and sodium
chloride (NaCl; 99.5%) were purchased from Laborspirit (Loures, Portugal) and produced
by Alfa Aesar and LabChem, respectively.

MC3T3-El cells were obtained from ATCC, Alpha Modified Eagle’s Medium
(a-MEM), DPBS(without calcium and magnesium), Calcein-AM, Propidium lodide (PI)
were all purchased from Thermofisher Scientific Inc (Alfagene, Portugal, 48-well plates
(non-adherent) were purchased from VWR. And 96-Well White Plates (Non-Treated),
without Lid, Flat Well NS were purchased from Corning. DAPI (4',6-diamidino-2-
phenylindole, dihydrochloride) and WFI for cell culture were purchased from Thermo
Fisher Scientific and rhodamine phalloidin (Thermo Fisher Scientific) was purchased
from Alfagene (Carcavelos, Portugal). CellTiter 96 AQueous One Solution cell (MTS)
from Promega was purchased from VWR. Trypsin-EDTA solution (SIGMA) and
formaldehyde solution (SIGMA) was purchased from Laborspirit (Loures, Portugal).

Carbon film 400mesh copper from EMResolutions was used for scanning

transmission electron microscopy (STEM) sample preparation.
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3.2 Methods

3.2.1. Oleic acid functionalised iron oxide magnetic nanoparticles synthesis and
characterization

The aforementioned magnetic nanoparticles (MNPs) were synthesised through a
co-precipitation method with minor modifications *. Briefly, FeCls.6H.0 and FeCl..4H,0
(0.046 and 0.023 mol respectively) were dissolved in 150 mL of debbubled miliQ water
in a 250mL three-necked flask and heated to 85°C under vigorous stirring.

To ensure that oxidation didn’t occur the solution was bubbled with N2. Then 20
mL of ammonia solution 25% were added rapidly to the mixture. After 30 min, 1mL of
oleic acid were added to the iron solution to modify the FesOs magnetic nanoparticles
surface and then the mixture was heated to 80°C. After 1h, the synthesised magnetic
nanoparticles were separated magnetically, dialysed against deionised water to remove
the excess ammonia and then washed with deionised water and ethanol, frozen at -80°C
and lastly freeze-dried (Lyoquest, Telstar).

To evaluate the size distribution and zeta potential, the measurements were
performed in a ZetaSizer Nano ZS (Malvern,Worcestershire, UK).

The samples for STEM were prepared by resuspending the nanoparticles in
ethanol and 10 uL of the solution were transferred to a carbon-film copper grid (400 mesh,
EM Resolutions, United Kingdom), which was used to evaluate the morphology of the

nanoparticles.

3.2.2. Piezoelectrically assisted PCL microparticles loaded with functionalised
magnetic nanoparticles (WPCL[MNPs]) production

The production of uPCL[MNPs] consisted on an oil-in-water (O1/W1) emulsion-
solvent evaporation technique. The oil phase (O1) was comprised by PCL solutions
dissolved in DCM and the aqueous phase (W1) consisted on a PVA solution dissolved in
deionised water.

Different conditions will imply different microparticles sizes, hence different
formulations were evaluated, namely: PCL concentration in the oil phase and magnetic
stirring speed.

Three PCL solutions with different concentrations (1.5, 3 and 5% PCL(w/v)) were
prepared by dissolving 1.5g, 3g and 5g of PCL in 100 mL of DCM. Since large quantities
of PVA were ought to be used, 5 g of PVA were dissolved in 1 L (0.5 % PVA(w/V)) of
deionised water in vigorous stirring (800 rpm) and by heating at 80°C for at least 5 h to
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ensure complete dissolution of the polymer, following with filtration using 0.22 pm
syringe filters to remove possible impurities.

Using the OB1 MK3 — Elveflow® Microfluidic Flow Control System, the 8 mL
of PCL solution were extruded through a 22-gauge blunt tip needle at a pressure of 5 bar
into a 250 mL beaker containing 150 mL PVA (0.5% (w/v)) stirred solution as described
in a recent work 2 (Figure 1). The flow of the PCL solution was aimed to the middle of
stirring aqueous phase from a height of 8 cm. Initially, PCL microparticles were produced
to be used as a comparison to uPCL[MNPs] using the three different PCL solutions.

Then, 8mg of freeze-dried MNPs were resuspended in 2 mL of DCM in a falcon
tube and then mixed using a vortex mixer. After this step, depending on the formulation
desired, 8mL of PCL solution were added followed with another mixing step.

To facilitate the evaporation of excess DCM, W1 phase was removed until
approximately the 50mL mark and then the beakers were placed on an orbital shaker
(Thermo Scientific™ Compact Digital Microplate Shaker) at 170 rpm for at least 8h at
room temperature inside the fume hood. The microparticles were recovered using a
magnet (Supermagnete, Gottmadingen, Germany) and washed 5 times with deionised

water to remove PVA and remaining DCM residues.

[t 3

Figure 1. Schematic representation of the microparticles production system

The microparticles were then sieved using stainless steel test sieves with 63 pum
and 40 um mesh test sieves (VWR, Portugal CN: 510-0705; CN-510-0710, respectively)
frozen at -80°C and lastly freeze-dried for at least 48h (Lyoquest, Telstar) and stored.
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3.2.3. UPCL[MNPs] surface functionalisation

The coating of uPCL[MNPs] was performed as described in the literature 34 with
minor modifications.

The microparticles underwent treatment inside a plasma reactor chamber fitted
with a radiofrequency generator. To do so, the microparticles were placed in the centre
of the chamber and air was used as the working atmosphere. After the pressure of the
chamber reached approximately 0.2 mbar, glow discharge plasma was created (previously
set at 30 V). Overall, the process occurred for 15 minutes, however, to achieve an even
functionalised surface on the particles after 5 minutes the particles were lightly shaken
which was repeated three times.

Following the plasma treatment, 450 mg of microparticles were sterilised by UV
radiation for 30 min and then immersed in 30 mL of 0.02 M acetic acid containing 1200
pg of collagen I from rat tail for 4h at room temperature. The microparticles were then
recovered and washed three times with PBS and stored.

3.2.4 Microparticles characterisation

The morphology and particle size were evaluated using optical light microscopy
(Primo Star, Carl Zeiss, Germany). The images acquired were then processed and
analysed using the open-source software ImageJ °. The microparticles’ size distribution
was evaluated using ImageJ software (NIH) before and after sieving. The average
diameter was determined by measuring 300 microparticles using an algorithm which
analysed the microparticles’ area.

The microparticles’ topography and surface morphology were characterised using
scanning electron microscopy (SEM). To do so, a small amount of microparticles were
dispersed in deionised water and dropped carefully on top of an aluminium stub
containing a plastic tissue culture coverslip which were then dried overnight at 37°C then
sputter coated with gold/palladium and observed in a Hitachi S-4100 scanning electron
microscope (Hitachi, Japan) with voltage ranging from 15-25kV at various

magnifications.

43



MATERIALS AND METHODS

3.2.5. Production of alginate beads

The alginate beads were produced using an electrospray device (Spraybase®).
Different conditions were evaluated namely: alginate concentration and voltage.

Firstly, 2g and 2.5g of alginate were dissolved in deionised water and then using
a syringe a few millilitres were extracted and the syringe was connected to a 1mm
diameter PTFE tube and place in a Kd Scientific Legato 200 pump on which a 50 mL/h
flow rate was selected. The voltage was induced using a Heinzinger LNC 30000-2pos
high voltage power supply set to 5, 7.5 and 10 kV according to the desired formulation.
22-gauge blunt tip needle was set at a distance from the collector of 8cm and
approximately 1mL of alginate solution was extruded to a 10mL beaker containing 10mL
of 0.1M CacCl,. After extrusion, the microgels were ionic-crosslinked in the CaCl; (pH
6.7) bath for 20 min at 100 rpm.

This procedure was repeated when the alginate solution was mixed with
microparticles with a concentration of 30 mg of microparticles per mL of alginate
solution.

Using a plastic Pasteur pipette, a few alginate beads were transferred to a glass
slide and observed under optic microscope (Zeiss Primo Star) to evaluate their shape, as
it was expected to be rounded, and the size distribution (n=20) was determined using
ImageJ software (NIH, Bethesda, ML).

3.2.6. Production of liquefied capsules

The liquified capsules are developed from alginate microgels, hence the
production procedure has already been described above. However, only 2.0% alginate
solution was used while the microparticle ratio was the same as described. Furthermore,
all the lab ware, solutions and microparticles involved in this procedure were previously
autoclaved, sterilised by UV light or 0.22 um syringe filters.

The production of the liquefied capsules has been performed as described in the
literature ** , however with a few modifications.

Stock solutions of NaCI/MES and NaCIl/MES/CaCl were prepared by weighing
each component separately. The concentration of NaCl in each solution was 0.15 M, MES
buffer was 25mM and CaCl: in the latter stock solution was 0.1 M. The pH of these
solutions was corrected to 6.7 and were then stored at 4°C prior to usage.
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292.24 mg of EDTA were dissolved in 50 mL of WFI (20mM) by increasing the
pH which was then corrected to 6.7 after dissolving all EDTA. The solutions used to
adjust the pH were also prepared with WFI.

To produce the liquified capsules, polyelectrolyte layers were needed. These
layers consisted on oppositely charged polyelectrolytes deposition whose
polyelectrolytes chosen were PLL, ALG and CHT. PLL and CHT were dissolved in
NaCl/MES/CaCl; solution and ALG was dissolved in NaCI/MES solution to avoid ionic
crosslinking with Ca?*. In each solution, 15 mg of the desired polymer were dissolved in
30mL the respective solution, thus the polymer concentration was 0.5mg/mL ultimately
the pH was corrected: 6.7 to PLL and ALG solutions and 6.3 for CHT. All the previously
mentioned solutions were filtered with a 0.22 um syringe filter except for alginate used
for microgel production whose powder was sterilised under UV light for 30 min and
dissolved using sterile deionised water

Prior to capsules’ production, the MC3T3-E1 cells were trypsinized using a
0.05% trypsin-EDTA solution, dyed with trypan blue (which colours dead cells dark
blue) and counted using a cell counting chamber. 2x108 cells per mL of alginate were
used. The cells were then resuspended with ImL of alginate prior to addition to a plastic
flask with microparticles previously weighed and sterilised inside, once again
resuspending the mixture. Afterwards, 4 mL of alginate solution were added reaching
5mL of solution to be extruded. Using a 5mL luer-lock syringe (Soft-Ject), the volume
was extracted.

An alternative procedure was performed which implied manually pressing a 1mL
syringe (Soft-Ject) with a 21G needle to add dropwise to 50mL of 0.1M CaCl> solution
stirred at 150rpm in a 100mL plastic flask, while the remainder of procedure was equal
to the one already described.

After producing the alginate microgels, these microgels must be rinsed in
NaCl/MES before starting the layer-by-layer assembly. The layers follow a repeating
pattern of PLL/ALG/CHT/ALG until reach 12 layers of polyelectrolytes. The deposition
of each layers occurred by submerging the alginate microgels for 10 min in each solution
followed with rinsing steps with NaCI/MES solution to remove excess Ca?*, once again
avoiding alginate crosslinking and wash away the excess of polyelectrolytes.

After the final layer deposition, the microgels were rinsed once again in
NaCIl/MES solution and submerge in the EDTA solution for 5 minutes. The EDTA
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chelated the Ca?* ions from the crosslinked alginate causing liquification which integrity
was not compromised due to the polyelectrolyte layers holding it together.

After liquification, the capsules were rinsed carefully two times with NaClI/MES
to remove the EDTA and then were rinsed in a-MEM 1%ATB without FBS also two

times.

3.2.7. Capsules characterization

To characterise the capsules’ morphology of SEM was performed. Before
subjecting the capsules to this analysis, they must be dehydrated* After dehydration, the
capsules were sputter coated with gold/palladium and observed in a Hitachi S-4100

scanning electron microscope (Hitachi, Japan) .

3.2.8. Cell metabolic activity assay(MTYS)

To assess the metabolic activity of the cells, a MTS colorimetric assay was used
as described by Correia et al®. This assay is based on the reduction ability of
mitochondrial dehydrogenase enzymes to convert the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphofenyl)-2H-tetrazolium (MTS) compound into a cell
culture soluble brown formazan product which is observed in viable cells. As already
described in the literature® but with minor modifications , the capsules (n=5 per well, in
triplicate) were placed in a 48-well plate for each time point (day3 and day 7). The assay
was performed in a light free environment by adding 300 pL of a 1:6 diluted MTS solution
to each well. The plate was protected from light and placed in an incubator at 37°C and
5% COz atmosphere (Binder Model C170 CO.) for 4h. After incubation, 100 pL of
solution from each well (in triplicates) was removed transferred to a 96-well plate. The

absorbance was read at a wavelength of 490nm in a Synergy HTX microplate reader

3.2.9 Live/dead assays

Live/dead assay was performed after 1 day, 3 days and 7 days of capsule
incubation as already described in the literature®. In live/dead assay, calcein-AM and Pl
were used. After a hydrolysis process, calcein-AM turning into a green fluorescent marker
named calcein which dyes the cytoplasm occurring only in viable cells. On the other hand,
Pl is membrane impermeant hence binds to the DNA of dead cells. For each time point,

the culture medium is removed and replaced with a solution comprised of 500uL of
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DPBS,1 pul of calcein-AM and 0.5 pL of PI, which was incubated for 30 min protected
from light at 37 °C. Then, the solution was removed and the capsule was washed with
PBS and visualized immediately after it in the dark by fluorescence microscopy (Axio
Imager M2,Carl Zeiss, Germany). Calcein-AM stained living cells, through a fluorescent
filter (fluorescence excitation (Aex: 494 nm, Aem: 517 Nm), appeared bright green. With P1,
through a rhodamine filter (fluorescence excitation (Aex: 535 Nnm, Aem: 617 Nm), dead cells

appeared bright red.

3.2.10. DAPI/phalloidin
DAPI stains the double stranded DNA in nuclei which will appear blue. Phalloidin

labels F-actin revealing them red and will display the actin filaments in fixed cells. For
each time point, capsules were added to a well-plate, the medium was removed and the
cells were fixed with 4% formaldehyde solution for 15min at RT. After that,
formaldehyde solution was removed and 0.1% Triton X solution was added to
permeabilize the cells. The solution was then removed and the capsules were washed with
DPBS. To label the cell components, firstly, a solution with 500uL of DPBS and 12.5 uL
of phalloidin/rhodamine was added to the wells and was left at RT for 45min before
washing with PBS. Subsequently, a solution comprised of ImL of DPBS and 1uL of
DAPI was added to the wells and left at RT for 5 min before washing with DPBS. After
washing, the capsules were immediately observed in the dark by fluorescence microscopy
(Axio Imager M2,Carl Zeiss, Germany) on which cell nuclei appeared bright blue and F-

actin filaments appeared red
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4. Results and Discussion
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4.1 In situ magnetically fixable hydrogel-microcapsular
hybrid for bottom-up bone tissue engineering

Subchapter 4.1

This subchapter is based on the article entitled

“In situ magnetically fixable hydrogel-microcapsular hybrid for bottom-up bone tissue
engineering”
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RESULTS AND DISCUSSION

Abstract

Cellular encapsulation in semi-permeable liquefied microcapsules holds a
tremendous potential for the long-term survival of cell-rich agglomerates after their
implantation. Due to their versatility these systems can administered in damaged tissues
via minimally invasive surgical procedures and seldom promote a systemic
immunological reaction from the host. However, microcapsules tissue fixation and
adhesion remain significant issues that hinder their rapid translation. In this work, we
propose the development of a hierarchic nano-to-macro magnetically responsive
microcapsule as an in situ fixable cell delivery system. To prove this concept layer-by-
layer surface structured microcapsules containing magnetically responsive microparticles
acting as adhesion sites for MC3T3-EL1 cells were produced. The magnetically responsive
microparticles allowed an easy manipulation of cell-laden microcapsules under a
magnetic field in a tissue mimicking microenvironment. As the results demonstrated
magnetically responsive microparticles had no cytotoxic effects on cells up to 7 days in
culture and allowed for cell spreading and proliferation in the compartmentalized
liquefied environment. Overall the magnetically guidable system provides a valuable

alternative for cell-rich microcapsules in situ fixation during or after tissue implantation.
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1. Introduction

Bone related diseases or defects are a currently a major worldwide concern
particularly because the overall the number of bone related injuries will increase in the
upcoming years in the United States and in the European Union?2. Despite bone tissues
have intrinsic regeneration capacities, when the suffered damage exceeds a critical size,
bone cannot regenerate by itself. In an attempt to overcome these issues, metals and
ceramics have been widely used as implants although with limited performance results®.
Allografts and xenografts emerged as potential alternatives to hard material-based
implants, however they pose a potential risk of disease transmission and are poised by the
low number of donor as well as overall number of cells*. To overcome these limitations
the development of bioactive biomaterials with enhanced biological performance and
safety have been developed in the last decades.

Magnetic nanoparticles (MNPs), specifically superparamagnetic iron oxide
nanoparticles, and the use of magnetic fields have been widely employed for bone tissue
engineering applications over the years. These applications range from enhancing cell
proliferation® and osteogenic differentiation®® (e.g. via the use of magnetically
responsive scaffolds), to growth factors and drug delivery and up even to cell tracking
and imaging, some of which have already been tested in vivo®.

The use of spherical hydrogels (either beads or capsules®®) has raised interest since
their shape provides higher area/volume ratio than normal hydrogels and hence promote
better nutrients, waste products and Oz and CO». These systems made from natural or
synthetic polymers have been studied for cell encapsulation for regenerative purposes
promoting in vitro osteogenic differentiation'>*2, in vitro stem cell chondrogenesis®®*4,
in vivo stem cell osteogenic differentiation'>® and in vitro and in vivo liver
regeneration'’. These spherical microgels, as reported recently, may have their shape
tuned providing a larger surface area improving or tailored by producing a variety of core-
shell capsules®®*®,

In this work, a system combing the use of MNPs and liquefied microcapsules as
a compartmentalized carrier with hierarchic organization from nanoscale (MNPs), to
microscale (microparticles and cells) to macroscale (capsules) is proposed. This unique
assembly allowed to produce a magnetically fixable capsular system supporting cell
viability in a semipermeable liquefied microenvironment. For this purpose, poly- -

caprolactone microparticles containing hydrophobic MNPs were initially produced
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(ULPCL[MNPs]). The resulting magnetic microcarriers surface was then functionalized
with collagen I to act as cell adhesion platforms. and encapsulated along with MC3T3-
E1l cells in Alginate which then underwent a layer-by-layer (LBL) polyelectrolyte
deposition before liquefying the Alginate (Figure 1). The obtained results indicate that
bioencapsulated pre-osteoblasts remain viable along time and form cellular agglomerates
in the liquefied microenvironment. Importantly, magnetic cell-laden microcapsules were

fixable in situ in an ex vivo bone model and were able to withstand liquid wash shear

forces.
f f
- . ... . LBL
- _". ® g —_—
® Cell
Alginate
MPCL[MNPs]

O Polyelectrolyte layers

Figure 1. Schematic representation of the capsules production process
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2. Materials and methods

2.1. Materials

FeClz.6H20 (>99%), FeCl2.4H,O (98%) and ammonia solution 25% were
purchased from Laborspirit (Loures, Portugal) and produced by Sigma Aldrich, Alfa
Aesar and LabChem respectively. Oleic acid (Sigma, >99%) was purchased from
Laborspirit (Loures, Portugal). Neodymium magnet was purchased from Supermagnete
(Germany)

Polycaprolactone (PCL; Mn 80 000) and polyvinyl alcohol (PVA; 87-90%
hydrolysed, MW-30 000-70 000 and produced by Sigma Aldrich. Dichloromethane
(DCM; >99%) was purchased from JMGS (Odivelas, Portugal). Collagen type I solution
from rat tail was purchased from Sigma Aldrich and acetic acid (>99%) was acquired
from JMGS (Odivelas, Portugal). Poly-L-Lysine hydrobromide (PLL; MW 30 000-70
000 Da) and the Alginate (ALG; alginic acid sodium salt from brown algae, low viscosity)
were produced by Sigma Aldrich and purchased from Laborspirit (Loures, Portugal) and
Sigma Aldrich, respectively. Chitosan (CHT, Protasan UP CL 213, viscosity 107 mPA s,
molecular weight My, = 2.7 x 10° g mol™?, 83 % degree of deacetylation; NovaMatrix,
Norway). Calcium chloride (CaCl,, anhydrous analytical grade) was purchased from
JMGS (Odivelas, Portugal) and produced by PanReac. MES hydrate (>99%) and sodium
chloride (NaCl; 99.5%) were purchased from Laborspirit (Loures, Portugal) and produced
by Alfa Aesar and LabChem, respectively.

MC3T3-El cells (Clone 4) were obtained from ATCC, Alpha Modified Eagle’s
Medium (a-MEM), DPBS (without calcium and magnesium), Calcein-AM, Propidium
lodide (PI) were all purchased from Thermofisher Scientific Inc (Alfagene, Portugal, 48-
well plates (non-adherent) were purchased from VWR. And 96-Well White Plates (Non-
Treated), without Lid, Flat Well NS were purchased from Corning. DAPI (4',6-
diamidino-2-phenylindole, dihydrochloride) and WFI for cell culture were purchased
from Thermo Fisher Scientific and rhodamine phalloidin (Thermo Fisher Scientific) was
purchased from Alfagene (Carcavelos, Portugal). CellTiter 96 AQueous One Solution cell
(MTS) from Promega was purchased from VWR. Trypsin-EDTA solution (SIGMA) and

formaldehyde solution (SIGMA) was purchased from Laborspirit (Loures, Portugal).
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2.2 Methods

2.2.1. Functionalized magnetic nanoparticles (MNPs) synthesis and
characterization

MNPs were synthesised through a co-precipitation by following a method already
described in the literature but with some modifications?®. Briefly, FeCls.6H.O and
FeCl2.4H,0 (0.046 and 0.023 mol respectively) were dissolved in 150 mL of de-bubbled
double deionized and filtered water (miliQ water) in a 250 mL three-necked flask and
heated to 85 °C under vigorous stirring under a N2 atmosphere. Then, 20 mL of ammonia
25 % solution were added to the mixture. After 30 min, 1 mL of oleic acid was added,
and the reaction proceeded for 1h. After synthesis, the nanoparticles were separated using
a magnet, dialysed against deionized water for 1 day, recovered, washed with deionised
water and ethanol and frozen at -80 °C before freeze-drying. The size distribution and
zeta potential were evaluated through dynamic light scattering (DLS) and the morphology
was evaluated through scanning transmission electron microscopy (STEM) by using a
Hitachi SU-70 STEM microscope.

2.2.2. MNPs-laden PCL microparticles (UPCL[MNPs]) production

Oil-in-water emulsion solvent evaporation technique was used to produce the
microparticles as already reported by our group with few modifications in the protocol?.
PCL microparticles (UPCL) without MNPs were produced for comparison purposes.
Firstly, 8 mg of pUPCL[MNPs] were resuspended and 8 mL of PCL solution in
dichloromethane were added comprising the oil phase. The aqueous phase was comprised
by 0.5% PVA solution. The oil-in-water emulsion was formed by dispersing 8 mL of the
oil phase into 150 mL of PVA by using a highly precise piezoelectric-based air pumping
system (OB1 MK3 —Microfluidic Flow Control System, Elveflow®, France), at a pressure
of 5 bar. Then, the microparticle-containing solution was placed on an orbital stirring
plate for 8 h at room temperature inside a fume hood. The microparticles were then
recovered by magnetic separation and washed 5 times with deionized water and sieved
using stainless steel test sieves to obtain a size range of 40-63 pm. Lastly, the

microparticles were frozen at -80 °C and freeze-dried for at least 48 h and stored.
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2.2.3. Magnetic microparticles characterization

Microparticles size distribution and morphology were determined by analysing
pictures taken from optical contrast light microscopy (Primostar, Carl Zeiss, Germany)
which were then analysed using Image] v1.08 (NIH, Bethesda, ML) ?2. The size
distribution was obtained by running a segmentation algorithm which analysed at least
300 microparticles.

Microparticles morphology and topography were evaluated by scanning electron
microscopy (SEM). For this, microparticles were sputter coated with gold/palladium and
observed in a Hitachi S-4100 scanning electron microscope (Hitachi, Japan) with voltages
ranging from 15-25 kV, at various magnifications. By using the SU-70 electron
microscope equipped with a Bruker EDS equipment, the iron (Fe) was mapped on the
volume of uPCL[MNPs].

2.2.4 Magnetic microparticles surface functionalization

The surface coating was performed by using a protocol already established in our
group 224, Briefly, the particles were plasma treated inside a plasma reactor chamber
fitted with a radiofrequency generator. Air was used as the working atmosphere. Once
the pressure inside the chamber stabilized at approximately 0.2 mbar, a glowing charge
of plasma was discharged at 30 V for 5 min. Then, the sample was removed from the
chamber and shaken gently to ensure a more homogenous surface exposition and the
procedure was repeated 3 times. After plasma treatment, the microparticles were
sterilized for 30 min under UV light and immersed in 0.02 M acetic acid solution
containing collagen | from rat tail overnight at 4 °C. The particles were then washed in
PBS three times.

2.2.5 Production and characterization of Alginate beads

The Alginate beads were produced using an electrospray device (Spraybase®).
Different conditions were evaluated namely: Alginate concentration and voltage. Two
Alginate solutions; 2% (w/v) and 2.5% (w/v) were used to acquire preliminary data of
beads size distribution before LBL capsules production. The production of Alginate beads
containing non-magnetic WPCL was also assessed. For each formulation, the Alginate
solution with or without pPCL was loaded into a syringe (5 mL), placed in a syringe
pump (KD2000) and extruded at a 50 mL/h flow rate. The syringe was connected to a

tube (1 mm diameter) with a needle attached at the end contacting with a metal pin
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connected through subjected to high voltage. The solution was then dropped into a beaker
containing a CaCl; solution (0.1 M), under stirring at RT.

To evaluate the morphology and the size of the beads, optical microscopy (Zeiss,
Primo Star) was used. The diameters of the beads (n=20) were measured using the open-

source software ImageJ (NIH, Bethesda, ML).

2.2.6 Cell encapsulation and capsules production

The production of such capsules has already been described and validated in
several studies using different cells types and even tested in vivo 1113152324 The MC3T3-
E1 cells were grown in tissue culture flasks until 90% confluence and trypsinized using a
0.05% trypsin-EDTA solution to detach the cells for 5min at 37°C and in a 5% CO;
atmosphere. The trypsin was inactivated with a-MEM and the where then centrifuged at
300 g. The medium was decanted, and the cell pellet was resuspended using a 2% (w/v)
Alginate solution. For each mL of Alginate, 2x10° cells were used. The microparticles
were mixed in the Alginate/cells solution. The solution was added dropwise by using a
21G needle to a 0.1 M CaClz bath under agitation 150 rpm.

The droplets were then transformed into Alginate beads due to ionic cross-linking.
The beads were left 20 min under stirring and then washed in a NaCI/MES solution. Then,
the beads were immersed in PLL and subsequently in ALG, CHT and ALG again in a
repetitive pattern until a total of 12 layers was produced (6 bi-layers). Between each
polyelectrolyte layer deposition (which lasted 10 min), a NaCI/MES solution (0.15M
NaCl and 25 mM MES, pH 6.7) was used to rinse and wash way the excess of
polyelectrolytes. After the layer-by-layer (LBL) polyelectrolyte deposition, a 0.02 M
EDTA solution was used to chelate the Ca?* ions from the bead leaving a liquefied

environment protected by the polyelectrolyte’s membrane becoming a capsule.

2.2.7. Cell metabolic activity assay (MTS)

To assess the metabolic activity of the cells, an MTS colorimetric assay was used.
This assay is based on the reduction ability of mitochondrial dehydrogenase enzymes to
convert the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulphofenyl)-2H-tetrazolium (MTS) compound into a cell culture soluble brown
formazan product which is observed in viable cells. As already described in the
literature?® but with minor modifications , the capsules (n=5 per well, in triplicate) were

placed in a 48-well plate for each time point (day3 and day 7). The assay was performed
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in a light free environment by adding 300 pL of a 1:6 diluted MTS solution to each well.
The plate was protected from light and placed in an incubator at 37 °C and 5 % CO:
atmosphere for 4 h. After incubation, 100 pL of solution from each well (in triplicates)
was removed transferred to a 96-well plate. The absorbance was read at a wavelength of

490nm in a Synergy HTX microplate reader.

2.2.8 Fluorescence microscopy

Live-dead and DAPI/phalloidin staining were performed on each time point using
similar protocols already established in our group .
2.2.8.1 Live/dead

In live/dead assay, calcein-AM and propidium iodide (PI) were used. After a
hydrolysis process, occurring only in viable cells, calcein-AM turns into a green
fluorescent marker named calcein which labels the cytoplasm. On the other hand, P1 binds
to the DNA of necrotic cells. For each time point, the culture medium is removed and
replaced with a solution comprised of 500 uL of DPBS,1 pL of calcein-AM and 0.5 pL
of PI, which was incubated for 30 min protected from light at 37 °C. Then, the solution
was removed, and the capsule was washed with PBS and visualized immediately after it

in the dark by fluorescence microscopy (Axio Imager M2, Carl Zeiss, Germany).

2.2.8.2 DAPI/phalloidin

DAPI stains the double stranded DNA in nuclei which will appear blue. Phalloidin
labels F-actin revealing them red and will display the actin filaments in fixed cells. For
each time point, capsules were added to a well-plate, the medium was removed and the
cells were fixed with 4 % formaldehyde solution for 15 min at RT. After this,
formaldehyde solution was removed and 0.1% Triton X solution was added to
permeabilize the cells. The solution was then removed and the capsules were washed with
DPBS. To label the cell components, firstly, a solution with 500uL of DPBS and 12.5 pL
of phalloidin/rhodamine was added to the wells and was left at RT for 45min before
washing with PBS. Subsequently, a solution comprised of 1mL of DPBS and 1uL of
DAPI was added to the wells and left at RT for 5 min before washing with DPBS. After
washing, the capsules were immediately observed in the dark by fluorescence microscopy
(Axio Imager M2,Carl Zeiss, Germany) on which cell nuclei appeared bright blue and F-

actin filaments were stained red.
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3. Results and discussion
3.1 Functionalized MNPs synthesis and characterization

Initially, iron oxide nanoparticles were synthesized through a co-precipitation

method described by Mahdavi and co-workers?® with some modifications.
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Figure 2. Dynamic light scattering analysis of size distribution of synthesised MNPs, PDI and
zeta potential. A) Iron oxide nanoparticles, B) Oleic acid functionalized nanoparticles.

In the first synthesis, the iron oxide particles must not be called nanoparticles since
their size was on average 2175 nm (Figure 2). In this synthesis, no oleic acid was used
which might explain the enormous hydrodynamic size of the particles along with
problems with stirring which was irregular causing the magnetic bar to not move in the
centre of the flask. Ideally, to synthesise MNPs the stirring must be mechanical and not
magnetic stirring. The different results might have been due to an irregular agitation. To
counteract this, the stirring rate had to adjusted to 400 rpm in comparison to that reported
originally in the literature (800 rpm). On the other hand, the addition of oleic acid to
produce hydrophobic iron oxide nanoparticles yielded formulations with an average
nanoparticle size of ~42 nm and an almost neutral zeta potential. STEM analysis of oleic
acid iron oxide nanoparticles (MNPs) indicates that the synthesized particles have a quasi-
spherical shape (Figure 2), which is in accordance with other literature reports for oleic

acid functionalized iron oxide carriers®.
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Figure 3 STEM image of MNPs functionalized with oleic acid at different voltages and
magnifications 150k (A), 200k (B).

The PDI data obtained for DLS for oleic acid MNPs might have been a result of a
small amount of particle aggregates (< 2% intensity in DLS and Figure 3 A) caused by
sedimentation or low stability in water during analysis since the zeta potential is -0.600
mV. Zeta potential before and after oleic acid coating may change and values are

influenced by pH as previously reported?®,

3.2 Production of MNPs laden PCL microparticles (WPCL[MNPs]) and surface
functionalization

The PPCL[MNPs] were produced by oil-in-water emulsion and several
formulations were tested since the particle size is influenced by parameters such as
polymer concentration and stirring. Prior to WPCL[MNPs] production the desired size
range was defined as the minimum to provide enough surface area to promote cell
adhesion. On the other hand, the size should be small enough to avoid agglomeration and
clogging in the needle while extruding the mixture to produce the cell-laden capsules.
Initially, non-magnetic microparticles (WPCL) and magnetic microparticles production
was optimized to have the highest yield of synthesized particles within the 40-63 um
range. For this, various formulations were produced, and numerous parameters
summarized in Supplementary Table 1, in the Annexes were optimized (Figure 4 to 15).
Considering that the selected size was narrow the formulations were optimized to obtain

the highest number of particles within the 40-63 pum range.
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Figure 4. uPCL microparticles produced using a 1.5 %P CL solution without MNPs (A, B,C
and D) and with MNPs (E,F,G and H) at 500 rpm before sieving (A and E) and after sieving (B
and F) with 63 and 40 um mesh test sieves. Size distribution graphs before sieving (C and G) and
after sieving (D and H).
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Figure 5. uPCL microparticles produced using a 1.5 %PCL solution without MNPs (A, B,C and
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sieving (D and H).
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sieving (D and H).
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Figure 9. uPCL microparticles produced using a 3% PCL solution at 600 rpm without MNPs
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F) with 63 and 40 um mesh test sieves. Size distribution graphs before sieving (C and G) and after
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Figure 10. pPCL microparticles produced using a 3% PCL solution at 900 rpm without MNPs
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Figure 11. uPCL microparticles produced using a 3% PCL solution at 1000 rpm without MNPs
(A, B,C,D) and with MNPs (E,F,G,H) produced before sieving (A and E) and after sieving (B and
F) with 63 and 40 um mesh test sieves. Size distribution graphs before sieving (C and G) and after
sieving (D and H).
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Figure 12. uPCL microparticles produced using a 5% PCL solution at 500 rpm without MNPs
(A, B,C,D) and with MNPs (E,F,G,H) produced before sieving (A and E) and after sieving (B and
F) with 63 and 40 um mesh test sieves. Size distribution graphs before sieving (C and G) and after
sieving (D and H).
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Figure 13. pPCL produced using a 5% PCL solution at 600 rpm without MNPs (A, B,C,D) and

with MNPs (E,F,G,H) produced before sieving (A and E)

and after sieving (B and F) with 63 and

40 um mesh test sieves. Size distribution graphs before sieving (C and G) and after sieving (D

and H).
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Figure 14. uPCL microparticles produced using a 5% PCL solution at 900 rpm without MNPs
(A, B,C,D) and with MNPs (E,F,G,H) produced before sieving (A and E) and after sieving (B and
F) with 63 and 40 um mesh test sieves. Size distribution graphs before sieving (C and G) and after
sieving (D and H).
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Figure 15. uPCL microparticles produced using a 5% PCL solution at 1000 rpm without MNPs
(A,B,C,D) and with MNPs (E,F,G,H) produced before sieving (A and E) and after sieving (B and
F) with 63 and 40 um mesh test sieves. Size distribution graphs before sieving (C and G) and after

sieving (D and H).
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As the results demonstrate, in general, higher concentrations of PCL resulted in
larger particles and therefore the average particle diameter was affected by this parameter.
When 5% PCL solution was used, there was a higher polydispersity, with particle sizes
ranging from approximately 20 um up to 300 um. Furthermore, when 5 % PCL solution
was used in the production of UPCL[MNPs] and a stirring rate of 900 to 1000 rpm, a
greater amount of microparticles was non-spherical (Figure 14 and 15). On the other hand,
using the lowest concentration of PCL, the microparticles produced were the smallest and
the size distribution was as well the lowest that was obtained. However, in all
formulations, the particles’ size distribution was skewed to values lower than 40 pm.
Taking this data into consideration, the microparticles produced with 3% PCL solution
were chosen for their more adequate size range even with slightly higher polydispersity
than 1.5 % PCL microparticles. The stirring rate influenced microparticles size.
Generally, higher stirring rates led to the production of smaller particles and with lower
size polydispersity. This might be explained by a more effective agitation process
dispersing more evenly the oil phase (PCL) in the water phase (0.5 % PVA). The chosen
formulation for WPCL[MNPs] was 3% PCL and 500 rpm because the size distribution
(40.5+13.2 um) and after sieving it produced the larger amount of microparticles hence
the yield was higher. Similar average size range has been reported as appropriate to
promote cell adhesion on the microparticles surface Moreover, the plasma treatment is
crucial to increase the particles surface area providing a larger area on which cells could
adhere.,

Following this optimization, the morphology and surface topography of
MPCL[MNPs] was evaluated through SEM analysis. As the results of Figure 16
demonstrate WPCL[MNPs] display a spherical morphology and a rough surface
topography (Figure 16 D). In addition, SEM energy dispersive spectroscopy (EDS) with
elemental mapping confirmed the detection of an iron rich area in pPCL microparticles,
further corroborating the successful encapsulation of magnetic nanoparticles (Figure 16
B.
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Figure 16. SEM micrographs of pPCL[MNPs] at 15.0 kV with different magnifications 200x
(A), 800x (B), 3000x (C) and 4500x (D).

Figure 17. Electron microscopy characterization of MNPs inclusion in uPCL microparticles.
Secondary electrons SEM micrographs (A) and Fe ion mapping of MNPs loaded in synthetized
MPCL[MNPs] (B).

To further confirm that pPCL[MNPs] were responsive to externally applied
magnetic fields the particles were placed in close contact with a neodymium magnet (40-
42 MGOe; 318-334 kJ/m3; 1.29-1.32 Tesla). As shown in Figure 18 A, uPCL[MNPs] are
readily responsive to magnetization being attracted to the magnet and agglomerating,
whereas control non-magnetic uPCL particles remain unaltered and dispersed in solution.
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Figure 18. Microparticles response to magnetization. Magnetic PPCL[MNPs] (A) and non-
magnetic control UPCL microparticles (B).

Following the successful inclusion of MNPs and the confirmation of
microparticles response to magnetic stimuli, PCL particles surface was modified with
Collagen I to promote cell adhesion and proliferation. Collagen | addition to PCL surface
has previously shown to increase cells adhesion?2* and is a crucial aspect if cell culture
on these spherical scaffolds is envisioned. Following plasma treatment to render PCL
microparticles more hydrophilic they were dispersed in a Collagen | solution and
extensively washed. To evaluate collagen deposition microparticles zeta potential was
determined. The obtained results demonstrate that pristine PCL microparticles exhibit a
negative zeta potential (¢&=-29.4 mV, Figure 19), on the contrary microparticles subjected
to collagen coating display a positive zeta potential (&= +6.45 mV) indicating therefore

the presence of collagen.

Zeta Potential (mV)

HPCL[MNPs] MPCL[MNPs] +
Collagen |

Figure 19. Zeta potential analysis of different microparticle formulations before and after
Collagen I surface coating. Data is presented as mean £ s.d., n=3.
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Having confirmed the formulation of hybrid nano-in-micro particles the
production of Alginate beads were these systems would be further encapsulated was then

addressed.

3.3. Production of Alginate beads and Cell-laden LBL microcapsules

Alginate beads production explores the ionotropic gelation occurring between
Alginate and divalent cations such as calcium. Preliminary data on beads size was
required to choose the proper formulation to for subsequent capsules production. Several
formulations were tested as described in Table 1 and portrayed on Figures 20 to 22. All
Alginate beads were produced by using the electrospray technique to obtain formulations

with very low size variance (%C.V. < 10%).

Table 1. Alginate beads formulation parameters.

_ Voltage | Average Size | Alginate %
Formulation UPCL % C.V.
(KV) (Lm) (Wiv)

Bl 5 2169+78.53 3.62

B2 7.5 715.8426.28 - 3.67

B3 10 491.3+25.27 5.14

2

B4 5 2297+92.53 4.03
30 mg of

B5 7.5 775.9£21.92 MPCL per 2.83
L Algi

B6 10 | 486.2426.07 i Alginate 3

B7 5 1880+55.44 2.95

B8 7.5 688.4+£22.92 - 3.33

B9 10 499.0+24.59 4.93

2.5

B10 5 2082+135.8 6.52
30 mg of

Bll 7.5 708.7£28.34 MPCL per 4.00

mL Alginate
B12 10 580.3£27.23 g 4.69
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Figure 20. Optal ntrast micég-rhs of Alginate beads produced using 2% Alginate without
UPCL (A,C and E) and with uPCL (B, D and F) with different voltages: 5kV (A and B), 7.5kV(C
and D) and 10kV (E and F).
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( , o i : : © 40? .
Figure 21. Optical contrast micrographs of Alginate beads produced using 2.5 % Alginate
without uPCL (A,C and E) and with uPCL (B,D and F) with different voltages: 5kV (A and B),

7.5kV(C and D) and 10kV (E and F).

As expected, in most electrosprayed formulations, when the Alginate solution
contained PUPCL microparticles larger Alginate beads were produced. Generally, the
higher the voltage the smaller beads this is in accordance to recent reports?’. All
formulations revealed high monodispersity with size variations ranging only from 2.83 to
6.52 %. Moreover, all Alginate concentrations tested yielded beads with quasi-spherical
morphology.

The electrospray assisted production of Alginate beads encapsulating
MPCL[MNPs] (ULPCL[MNPs]@ALG) was performed by using the optimal conditions of
formulation B11. The obtained size distribution was 670.1+ 32.51um and with a size
variation of 4.85%. Interestingly PPCL[MNPS]J@ALG were slightly smaller but

monodisperse and also displayed a spherical morphology (Figure 22A).
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Figure 22. Optical contrast micrograph of electrosprayed hydrophobic WPCL[MNPsS]@ALG
microgel beads produced by using the parameters optimized for formulation B11 (7.5 kV). Dark
spots indicate the presence of magnetic microparticles (A). UPCL[MNPS]@ALG microcapsules
produced via LBL surface deposition (B). Effects of system clogging on the formulation of cell
laden UPCL[MNPs]J@ALG microcapsules. Red arrow indicates blank microcapsules. Blue
rectangle indicates non-encapsulated microparticles (C).

Moreover, LBL deposition of oppositely charged polymers and subsequent EDTA
calcium leaching from the core as led to the formation of highly robust and stable
UPCL[MNPs]@ALG magnetic microcapsules. Despite these results, when MC3T3-E1
cells were included in uPCL[MNPs] Alginate mixtures and electrosprayed, a significant
particle aggregation was observed on the electrospray system. This also led to the
production of numerous LBL microcapsules without UPCL[MNPs] microparticles due to
system clogging (Figure 22 C).

To overcome the former issues, capsules were produced by syringe-based
extrusion. In these systems the use of molecular biology grade water to dissolve EDTA
was crucial since in preliminary tests using 30 mg of microparticles per mL of 2.5%
Alginate solution and using 0.02M EDTA dissolved in standard deionised water, the
calcium ions were not chelated, and no capsules were formed. This might be explained
by the presence of metal cations in the deionised water which were chelated instead of

calcium ions which would not allow the liquefication of the beads all the way through.
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The produced capsules size ranged from 2 to 3mm. This is an important parameter
that has a key role on implantation or injection in vivo. Few years ago, the importance of
size of spherical implant materials was reported?®. The authors determined that spherical
implants over 1.5 mm are more biocompatible than smaller implants since smaller
implants triggered a more acute foreign body immune response and hence the application
of larger spheres might be more effective as cell transplantation mechanisms for

biomedical applications.

3.4.1 In situ magnetic fixation

To address the feasibility of magnetic force mediated microgels and
microcapsules fixation the particles were placed on top of a section of porcine bone and
subjected to a fluid displacement. Initially, the microgels and capsules were placed in the
bone (Figure 23 and 24) and water was extruded. It was clear that both microgels and
microcapsules were removed from their initial location. The same ex vivo experiment was
repeated in the presence of a neodymium magnet near the top of the microgels and
capsules (Figure 23 and 24). Interestingly the microcapsules remained intact in their
initial location, indicating that in situ magnetic fixation of this system is possible in the

context of open surgery/implantation medical procedures.
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i A

A% -,-'Mégnetic In ixation
@ ¢ atLliquid Dispensing

Figure 23. Assessing the feasibility of magnetic fixation of microgels. (A) Microgels prior to
fluid flow; (B) Microgels after fluid extrusion; (C) Microgels prior to fluid extrusion with
magnetic an applied field ; (D) Microgels after fluid extrusion with an applied magnetic field.

sid Mediated

Fixation

Figure 24. Assessing the feasibility of magnetic fixation of capsules. (A) Capsules prior to fluid
extrusion; (B) Capsules after fluid extrusion; (C) Capsules prior to fluid extrusion with magnetic
an applied field; (D) Capsules after fluid extrusion with an applied magnetic field.
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3.4.2 Cell Bioencapsulation characterization

To evaluate if cells bioencapsulation and magnetic microparticles were not
affecting loaded cells a time course live/dead assay was performed. As shown in Figure
25 A and B most of the cells encapsulated remained viable up to 7 days.

By analysing DAPI/phalloidin fluorescence images showed that the uPCL[MNPs]
formed aggregates between day 3 and day 7 since the surface of the microparticles was
completely covered with cells. The formation of these aggregates was further confirmed
by SEM images (Figure 25). These microtissues play a critical role in the biological

performance of such systems.

Day 3 Day 7

LiveDead

DAPIPhalloidin

on day3 and day 7 and SEM images showing cells attached to pPCL[MNPs] that were
loaded inside the compartmentalized LBL microcapsules.
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3.4.2 Cell viability in Magnetic Microcapsules

The mitochondrial metabolic activity of cells was further determined in order to
evaluate the feasibility of the system as an implantable medical scaffold- As the results
demonstrate (Figure 26), the metabolic activity increased from day 3 to day 7, and as

determined in the live/dead assay the MC3T3-E1 were still viable.

0.075-

0.070-:

0.055-:

o.oso-:

0.055] e

0.050-

Absorbance (490 nm)

3 Days 7 Days

Figure 26. MTS metabolic activity assay performed after 3 days and 7 days by measuring

the absorbance at 490nm.

Overall these obtained results showed that the uPCL[MNPs] effectively function
as adhesion sites for cell culture and the liquefied environment of the capsules supported
MC3T3-E1 culture for 7 days.

Moreover, since any type of cells can adhere to the uPCL[MNPs], different types
of microtissues might be created and consequently this system could be applied for drug
screening purposes as well. By fixing the capsules within a hydrogel, when implanted or
injected in situ, the degradation of the capsules could be delayed allowing the

proliferation of microtissues potentiating the regeneration of a damaged tissue.

83



RESULTS AND DISCUSSION

5. Conclusion and future perspectives

Herein we reported the formulation of magnetic microcapsules as an in situ
fixable cell rich system that can be used for tissue engineering and regenerative medicine
applications. The systems demonstrated rapid response to the externally applied magnetic
stimuli. Since the system is versatile other cells sources (e.g. stem cells) and cell co-
culture (e.g. macrophages and stem cells) could be considered to be used in the future.

Overall, it is envisioned that magnetically fixable capsules will open a new avenue
for bioencapsulated scaffolds translation. For this purpose, further in vivo studies should
be performed on the adhesion of such systems under dynamic in vivo conditions.
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5.General conclusions and Future Perspectives
The use of 3D culture to recapitulate in vivo has paramount importance in tissue

engineering studies to achieve the most reliable responses.

Throughout this thesis the assembly of a compartmentalized system for cell
encapsulation was studied by starting with the nanoscale (MNPs), the microscale (LPCL
and HPCL[MNPs] and lastly with macroscale (capsules).

Overall, the capsules exhibited a good capacity to maintain cell viability and
metabolic activity as it was demonstrated by the MTS assay and fluorescence imaging.
When placed in porcine bone it was evident that when there was not a magnetic field
applied, the capsules were washed away by fluids and when the magnetic field was
applied it was possible to fixate them to the site even after disturbance.

In the future, this system could be implanted and fixated in an injured site coupled
with stem cells to promote regeneration or even by releasing growth factors and cytokines
to promote such regeneration. For this specific application the system herein developed
can be improved by for example using co-cultures that could potentiate the pro-osteogenic
potential. Moreover, it will be important to address the host response upon implantation
to these systems, such insights have already been demonstrated by our group but further
investigation regarding the long-term effects and capsules degradability could be of

interest for the final application.
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7. Annexes
Supplementary Table 1 — Microparticles production formulations . F# represents a formulation and S# corresponds to the same formulation after sieving

Formulation %PCL | VpcL | Pressure Needle MNPs Pi/loA Vpva Tubing Beaker RPM distribiltzi(Zn(pm) %variation
F1 - 49.94+27.8 55.71
S1 - 500 58.0+7.88 13.59
F2 0.8mg/mL 41.1+£19.0 46.23
S2 0.8mg/mL 56.3+9.10 16.16
F3 - 33.0+£10.3 31.21
S3 - 600 55.7+8.01 14.38
F4 0.8mg/mL 37.7+18.5 49.07
sS4 0.8mg/mL 55.319.14 16.52
1.5 8.0 5 bar 22G 0.5 | 150mL 1Imm 250mL
F5 - 32.2+10.1 31.37
S5 - 900 58.3+5.87 10.07
F6 0.8mg/mL 34.1+11.2 32.84
S6 0.8mg/mL 47.5+10.3 21.68
F7 - 35.9+12.1 33.70
S7 - 49.1+11.4 23.22
F8 0.8mg/mL 1000 32.449.11 28.12
S8 0.8mg/mL 54.6+8.15 14.93
F9 - 57.3+23.0 40.14
S9 - =00 50.7+12.5 24.65
F10 0.8mg/mL 40.5+13.2 32.62
S10 0.8mg/mL 55.3+9.00 16.28
3.0 8.0 5 bar 22G 0.5 150mL 1mm 250 mL
F11 - 54.5+30.6 56.15
S11 - 600 57.8+7.85 13.58
F12 0.8mg/mL 37.3+13.8 37.00
512 0.8mg/mL 54.5+8.88 16.29
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F13 - 51.7+17.9 34.62
513 - 500 58.9+7.49 12.72
o 20 5 bar Damermi] 03 Saoio ] 505
. omg/m . Jx . .
o 8.0 22G & 150mL | 1mm | 250mL e TEVE] 208
515 - 54.3+8.45 15.56
F16 0.8mg/mL 1000 34.1+11.6 34.02
516 0.8mg/mL 52.4%9.77 18.64
F17 - 140+84.6 60.42
517 - 59.848.20 13.71
F18 0.8mg/mL 200 92.0+60.5 65.69
518 0.8mg/mL 57.6+7.65 13.28
F19 - 84.1+64.2 76.34
519 - <00 57.749.71 16.82
F20 0.8mg/mL 100+44.6 44.60
520 0.8mg/mL 58.946.18 10.49
71 5.0 8.0 5 bar 22G - 0.5 150mL Imm 250mL 9074529 c8.32
521 - 58.248.17 14.04
F22 0.8mg/mL 900 68.9+32.6 47.31
522 0.8mg/mL 63.445.81 9.164
F23 - 74.8+49.6 66.31
523 ] 56.849.07 15.97
F24 0.8mg/mL 1000 68.6+30.1 43.88
524 0.8mg/mL 59.3+8.23 13.88
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