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Abstract

The use of microcarriers in dynamic cell culture allowed, in the last years, to increase the
cell culture production yields for stem cell expansion. This increase of the production
yields is strongly demanded by the crucial need of high numbers of stem cells to be
employed in emerging cell therapy strategies in the framework of regenerative medicine.
This project focuses on the production of biopolymer-core magnetic MCs obtained by an
organic-solvent-free method and provided with a biofunctional coating to enhance cell
adhesion. MCs are characterized and employed as cell culture substrates for the expansion
of human adipose derived mesenchymal stromal/stem cells (hASCs) in semistatic culture
conditions. After optimization of the properties of these MCs in previous studies, the
study reported herein represents the first step towards the possible application of these
magnetic MCs as cell culture substrate for dynamic cell culture. The employment of
magnetic MCs in dynamic cell culture would be innovative and beneficial, leading to a
simplification of the cell harvesting procedure and allowing an easy sampling for inline cell
characterization.
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Introduction

Regenerative medicine is a field of medicine that aims to regenerate or substitute a
damaged tissue by different strategies employing stem cells. Cell therapy is a branch
of regenerative medicine which gained a huge interest in the last years and consists on
injecting or transplanting cells which might be differentiated or not. Cell therapy scopes
require a consistent amount of cells, in the order of 107-108 cells for a 70 kg patient
[1]. However, this need is not currently supported by the cell expansion techniques for
anchorage-dependent cells [2, 3].

The expansion of cells in dynamic culture supported by microcarriers (MCs) was initially
developed in the 1970s and is emerging nowadays as the most promising cell expansion
technique to produce a large number of cells in a limited volume [4, 5]. MCs are particles
with a size of a few hundreds of microns and they have emerged as an interesting substrate
for culture of anchorage-dependent cells thanks to their high surface to volume ratio
compared to other available culture substrates. Many research groups focused on the
optimization of size, features, matrix material, coating, etc. of MCs, in order to successfully
culture anchorage-dependent cells with a high production yield and without compromising
their clinical grade [6].

The PROSTEM project, from the Université catholique de Louvain, aims to develop
innovative biomaterials allowing to improve the yield of production of stem cell in dynamic
culture. This project represents the framework for the development of MCs for dynamic
culture of human adipose stromal/stem cells. The MCs are made of biocompatible and
biodegradable poly(L-lactic acid) (PLLA), fabricated by a solvent-free method and free of
animal-derived components. Moreover, a first magnetic version of these MCs has been
recently obtained and tested. These MCs were designed to achieve a simplification of the
harvesting of cells at the end of the culture and to allow the collection of samples of MCs
during the culture for inline characterization.

This thesis is performed within the frame of PROSTEM project and aims to optimize the
fabrication of magnetic MCs and study their performance for human adipose stromal/stem
cell expansion in static conditions. The main objectives of the thesis are to fabricate the
magnetic , characterize their properties, test their performance as substrate for cell culture
compared to the non-magnetic and evaluate their eventual cytotoxicity to cells.

The structure of the thesis is the following.
The state of the art is presented in Chapter 1. Initially, the urgent need of developing
more efficient cell culture expansion techniques, to address the demand of consistent
amounts of stem cells for cell therapy, is stated and contextualized. Afterwards, the
main cell expansion techniques currently available are briefly presented, with an special
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focus on dynamic cell culture conduced in mechanically stirred bioreactors. Later on, the
requirements of for cell expansion are presented and a brief overview of the available on
the market is done. Finally, the principles driving cell adhesion are explained and the
possible surface modifications to enhance cell adhesion are mentioned.
Chapter 2 briefly presents the scope of the project and the experimental strategy adopted
to meet the scope.
Chapter 3 presents the materials used and the experimental procedures followed for the
preparation of MCs, for the characterization performed and for the culture of human
adipose stromal/stem cells.
Chapter 4 presents the characterization of magnetic and non-magnetic. In this chapter,
important features of the magnetic MCs are evaluated, which influence their suitability as
cell culture substrate and their magnetic properties.
Chapter 5 aims to evaluate the suitability of magnetic MCs for culture of human adipose
stromal/stem cell by studying the cell proliferation. Then, the cytotoxicity of magnetic
MCs is evaluated.
Finally, the conclusions of this master thesis are drawn and the possible outlooks are
mentioned.
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Chapter 1

Literature review

1.1 Regenerative medicine and stem cells
Stem cells are the protagonists in the field of regenerative medicine, which has the scope
of creating a functional tissue by replacing or repairing a tissue or an organ damaged due
to aging, traumas, or degenerative diseases. In the framework of regenerative medicine,
cell therapy, gene therapy and tissue engineering (TE) fields develop, explained herein [2].
Cell therapy, considered as one of the four pillars of modern medicine, is based on the
transplantation and injection of stem cells in a tissue to enhance its repairing and regrowth.
In order to perform cell therapy, stem cells, after isolation, can be directly transplanted in
the patient or they can be expanded in vitro and, if needed, can be combined with growth
factors for cell differentiation prior to transplanting (routes 1 and 2 in Figure 1.1). The
cells can also be combined with therapeutic genes, an approach known as gene therapy
(route 2 in Figure 1.1) [2, 7].

Figure 1.1: Different uses of stem cells in the framework of regenerative medicine. Adapted
from [2].
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Cell transplantations can be autologous or allogeneic. In the case of autologous cell trans-
plantation, the cells are isolated in small quantities from the patient ex vivo, expanded,
then, transplanted back to the patient. On the other hand, allogeneic cells come from a
donor. They are usually extensively expanded after the isolation, then transplanted to the
patient. The use of autologous cells is advantageous because there is lower risk of infection
compared to allogeneic cells and the patient is expected to have no immune response to
the transplantation. Therefore, generally, there is no need to use immunosuppressive drugs
prior transplantation. Contrarily, in the case of transplantation of allogeneic cells, many
risks rise. For instance, the presence of myeloablation1, the reconstitution of a new immune
system, the use of immunosuppressive drugs and graft versus host disease (GvHD) are
possible risk factors for complications [8]. Moreover, the use of allogeneic cells might elicit
humoral and cellular immune responses in vivo, especially if an inflammation is occurring
in the transplantation site [9].

However, even if autologous transplantation appears as advantageous, it also faces limita-
tions. First of all, the amount of cells that can be retrieved from the patient is usually
small, thus, it is necessary to expand them, which is a time consuming procedure. Another
drawback is that the patient, already in precarious health conditions, might be hospitalized
for long periods and submitted to demanding procedures that could lead to infection or
loss of function of the interested tissue [2]. Differently, in allogeneic transplantation, many
patients can benefit of the donation of one single donor, which can also be selected for
having optimal features for a specific therapeutic application. Moreover, time consuming
procedures, as cell expansion, are less problematic in the use of allogeneic cells, since the
cells can be isolated, expanded, stored for several months if necessary and used when
needed [2, 10]. Currently, between the two methods, the use of allogeneic cells attracts
more clinical and commercial interest [5].

On the other hand, tissue engineering consists in designing artificial organs made of
autogenous or allogeneic stem cells loaded on a scaffold and engineered ad hoc for the
specific patient. For this scope, the cells, after isolation and expansion ex vivo, are loaded
on a scaffold and then implanted in the patient (route 3 in Figure 1.1). Thanks to the
developments performed during the last decades, TE is widening the horizon of organ
transplantation [11]. These improvements address the original problem related to the risk
of organ rejection by the patient’s immune system response, which would be certainly
reduced using an engineered tissue made of autologous cells of the patient. TE approaches
represent an alternative to classic transplants, procedures which inevitably face difficulties
related to donors availability and compatibility with the patient.

For some of the therapies just mentioned, medium and low doses of cells are sufficient,
on the order of magnitude of 106-107 cells per patient, but for several more extensive
approaches, larger amounts of cells are required, at a scale of 108-1010 cells per patient
(assuming a weight of the patient of « 70 kg) [1, 3, 12, 13]. Taking into account also
the increasing demand of therapies, highly efficient cell production methods have been
developed allowing to produce high amount of cells without compromising their quality
and clinical grade [14].

In the next sections, stem cells are presented considering their properties and their
1Suppression of the ability of bone marrow to produce blood cells.
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classification in different types, as well as the bioreactor technologies allowing their
expansion.

1.2 Definition and classification of stem cells
Stem cells have the unique properties of self-renewal and pluri/multi-potency, unlike all
other kinds of cells. Self-renewal consists in the ability of proliferation while maintaining the
stem cell reservoir in the undifferentiated state. On the other hand, pluri/multi-potency is
the capacity to differentiate towards different cell lineages. These two fascinating properties
are the consequence of a specific cell division mechanism displayed by stem cells, called
asymmetric division, consisting in generation from the stem cells of two daughter cells:
one identical to the mother and one with committed characteristics. The latter one can
transform in a specific progenitor cell able to differentiate following a specific linage (Figure
1.2, left side) [15]. Nevertheless, stem cells can also perform symmetric division generating
two daughter cells identical to the mother, that afterwards can transform in progenitor
cells (Figure 1.2, right side).

Figure 1.2: Asymmetric and symmetric divisions of stem cells lead to committed cells that
generate lineage specific progenitors, able to differentiate into different cell types [2].

The properties of self-renewal and multi/pluripotency, combined with their immunocom-
patibility and with the ability to secrete biochemical agents promoting positive resolution
of inflammations and stimulating the tissue renewal, makes stem cells interesting for
medical therapies [2, 11].
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Two kinds of stem cells can be classified depending on their source: embryonic stem cells
(ES), which are retrieved from embryos in the early stages of their development, and adult
stem cells, that come from several tissues of an adult organism [2, 10]. A third kind of
stem cells is worth mentioning: induced-pluripotent stem cells (iPSCs), which are adult
cells genetically "reprogrammed" to assume a stem cell-like state [16].

1.2.1 Embryonic stem cells (ES)
ES are found in embryos at their early stage of development (5-7 days), a tissue of origin
scarcely available [2, 10]. Due to their origin, the use of human embryonic stem cells (hES)
for biomedical applications raises ethical questions and is frowned upon by the public
opinion mostly in Europe and USA [17]. Having distinctive properties such as self-renewal,
pluripotency and genomic stability, they generated great interest in the early 21st century
in different fields such as regenerative medicine and immunotherapy. In spite of that, their
use for biomedical applications can be problematic due to the possibility of forming a
teratoma2 and the difficulty in obtaining clinical grade quality cells [10].

1.2.2 Induced-pluripotent stem cells (iPSCs)
iPSCs cells have been isolated for the first time in 2006 when they were produced starting
from terminally differentiated somatic cells. The somatic cells were engineered with genes
to regress to their pluripotent state, acquiring the abilities of self-renewal and pluripotency
[18]. Thanks to significant advances in the protocols to engineer iPSCs, these cells can
now be generated with different cocktails of genes and starting from different types of
somatic cells [2]. Nowadays, different procedures allow the production of liver, pancreas,
gut (intestinal, stomach, and colon), lung and thyroid cells. However, a major limitation
is the impossibility to generate fully functional cells in most of the mentioned cases. Thus,
the application of these cells for regenerative medicine scopes is still not contemplated [19].
The variability of differentiation of iPSCs still represents a major challenge, as well as the
understanding of the genetic mechanisms driving it. Moreover, many consistent obstacles
are present from the clinical point of view: more numerous clinical and in vitro studies
will be needed to reach a full understanding of the biological phenomenons occurring when
these cells are implanted in vivo [19, 20].

1.2.3 Adult stem cells
The tissues of an adult organism are continuously renewed following a natural life cycle,
where new cells substitute the dying ones. This task is addressed by the stem cells,
present in small quantities all over our organism, and also by other kinds of cells. Types
of adult stem cells include endothelial, neuronal, mammary, hematopoietic, intestinal
and mesenchymal stem cells (MSCs) (Figure 1.3). However, depending on their location,
certain types are easier to access and to isolate than others.

Mesenchymal stem cells (MSCs)

The first kind of adult stem cells to be isolated were MSCs, initially from the bone marrow
and later from skeletal muscle and adipose tissues. Lately, another important source

2Tumor of the embryonic tissues.
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emerged, which is fetal tissues, such as the placenta, amniotic fluid, Wharton jelly and
umbilical cord blood, leading to the isolation of fetal MSCs [3, 10].
Thanks to their multilineage differentiation capacity, immunomodulation, and regenerative
abilities, MSCs gained the interest of the scientific community and became quickly the
most clinically studied type of cells for cell therapy applications [2].

Figure 1.3: Different sources of adult stem cells [21].

It is worth citing how the definition of mesenchymal stem cell is controversial by itself. In-
deed, several names and classifications had been delineated over the years, such as “marrow
stromal cells”, “multipotent stromal cells”, “mesodermal stem cells” and “mesenchymal
stromal cells” [10]. Currently, according to the International Society for Cell Therapy
(ISCT), the minimal criteria for defining MSCs consists in: plastic adhesion (i.e. their
propensity to adhere and proliferate on a tissue culture flask surface), expression of a panel
of cell surface markers and ability to differentiate along the adipogenic, chondrogenic and
osteogenic lineages in vitro [22].

Usually, MSCs are as well able to differentiate along the myogenic, tendogenic and marrow
stroma lineages and to secrete immunoregulatory chemical agents, useful in order to
regenerate injured tissues [23]. As a matter of fact, in the last decades, several therapies
involving the use of MSCs have been clinically tested: exclusively in 2018, 600 clinical
trials of MSCs have been reported [3]. Despite great scepticism caused by the novelty
of the methods and several inconclusive clinical trials, recent studies reported successful
clinical outcomes [3, 23]. Some, among the several applications, are worth mentioning.
MSCs can be used for immunomodulatory therapies as acute graft-versus-host disease
(GVHD) and Crohn’s disease and, after being properly differentiated towards the adequate
lineages, for bone, cartilage and myocardium regeneration [10]. Another important use is
the one of hematopoietic stem cells extracted from the bone marrow (BM). These cells are
responsible for blood cell renewal (hematopoiesis) and they are useful for the production
of blood and blood products with enhanced safety. These products are mainly needed for
blood transfusion and treatment of leukemia [11]. MSCs are also used as gene therapy
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targets, to aid the immune system in its response to transformation or infection with
virus, in therapy against autoimmune disorders, in tissue repair therapies, or for biosensor
applications [11].

Historically, the bone marrow-derived mesenchymal stem cells (BMSCs) represented the
most studied end evaluated for clinical application source of MSCs. Nevertheless, bone
marrow is extracted through a painful and expensive procedure and BMSCs isolation leads
to particularly low yields (0.002%) [7, 24]. In order to find other kinds of stem cells that
meet the requirements of easy harvesting and high yields, as well as good renewal and
potency, stem cells coming from other tissues have been evaluated.

Adipose derived stem cells (ASCs)

Adipose derived stem cells (ASCs), or simply adipose stem cells (ASCs), can differentiate
into multiple lineages as adipocytes, fibroblasts, osteoblasts, chondrocytes, myocytes,
neurocyte, endothelial cells and tenocyte [7, 25], depicted in Figure 1.4. ASCs are MSCs,
but they have the capability to differentiate also towards non-mesenchymal cell lineages as
myogenic, neuronal and endhothelial [2].

Figure 1.4: Differentiation potential of ASCs [25].

ASC secretome3 contains biological components having the capacity of cytoprotection4 and
activation of reparative mechanism. Moreover, ASCs exhibit striking immunomodulatory
and immunoprivileged features, attractive characteristics for the treatment of diseases
where minimal immune rejection is necessary [26].

ASCs are extracted by purification of adipose tissues, which is retrieved by adipose tissue
biopsy or by liposuction or lisoaspiration (plastic surgery). Adipose depots contain a
heterogeneous population composed of stromal vascular fraction (SVF) cells, mature
adipocytes, lymphocytes and macrophages, vascular and stromal cells [25]. After being
extracted, the adipose tissues, are washed and digested by incubation at 37˝C with
collagenase. The digestion product is centrifuged and the SVF cell pellets, separated by
the byproducts, can be isolated and cultured. The SVF isolation procedure is schematized

3Set of proteins expressed by an organism and secreted into the extracellular space.
4Protection of the cell from harmful agents.
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in Figure 1.5. ASCs can be extracted from the SVF through further processing and they
constitute around 2-10% of the former [10].
The extraction of adipose tissues from lisoaspirate is the most common method and, also,
the one that allows to obtain the higher amount of adipose tissue. This is possible due
to the increasing frequency with which this procedure is performed in more economically
developed countries. In the US, 400,000 liposuction procedures are performed every year
and each operation can yield from 10 mL to more than 3L of adipose tissue [24]. The
extraction of adipose tissues by lisoaspirate is a non-painful and non-invasive procedure:
it does not require total anesthesia in most of the cases and does not cause post-operative
discomfort.

Figure 1.5: Main steps for harvesting ASCs from lipoaspirate or biopsy of subcutaneous
adipose tissue [2].

One limitation concerning the use of ASCs is the batch-to-batch variability, which is caused
by two main factors: donor-dependent heterogeneity and intra-individual heterogeneity.
Donor-dependent heterogeneity comprehends factors as donor age, body mass index (BMI)
and diseases. According to several studies, donor aging seamed to negatively influence
the self-renewal ability of the cells [27]. Nevertheless, the correlation between the donor’s
age and the harvesting yields is still widely discussed [7, 28]. Concerning intra-individual
heterogeneity, the harvesting site is the main factor influencing the variability: the adipose
tissues obtained by lisoaspiration can come from different sources as subcutaneous gluteal
fat, subcutaneous abdominal, visceral abdominal and, thus, different extraction sites might
present different yields of ASCs [2, 7].

Concerning the biomedical applications, ASCs, as well as SVF, can be injected in damaged
or inflamed parts of the body in order to enhance the regeneration of the tissue, to act as
a filler or to promote a positive resolution of the inflammation [26]. Clinical trials showed
successful results concerning the use of ASCs for: bone and cartilage repair, ischaemic
diseases, soft tissue augmentation and reconstructive surgery[7].
Moreover, it is worth citing that also human adipose tissue derivatives are promising for soft
tissue regeneration applications. Indeed, as the adipose tissue is in majority composed by
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adipocytes, it can be used for autologous fat grafting (AFG) for the treatment of soft tissue
defects. Extracellular matrix (ECM) components can be obtained by decellularization of
the adipose tissue and, subsequently, used for a wide range of options. Among them, are:
providing binding sites for cell surface receptors, modulating the structural properties of
tissue, participating in immunological responses and being all the former properties of the
ECM, meeting the requirement of maintaining the homeostasis5 of a tissue [25].
ASCs and adipose tissue derivatives are thus efficient and safe for clinical applications,
however, in order to achieve their use in routine medical procedures, some obstacles have
to be overcome. These are the lack of a regulatory framework on the harvesting and
culture, lack of definition of a clinical grade and lack of efficient and optimized expansion
procedure [7].
In conclusion, the advantages related to the harvesting of ASCs combined with their wide
multi-lineages differentiation properties and in vitro biological properties, make the ASCs
a competitive candidate when compared to other stem cell sources and types.

1.3 Cell expansion techniques
Cell culture has been historically performed in 2D conditions in planar vessels. Since these
technologies face several drawbacks, in the last decades, bioreactor technology evolved to
propose designs which were less labor intensive, allowing higher sterility and safety, as
well as reaching higher production yields.

The most classic and early developed methodologies for cell culture can be classified as
adherent cell culture or suspension cell culture. In adherent cell culture, cells grow on a
cell-adhesion substrate, usually in tissue-culture vessels, i.e. a vessel whose cell-material
affinity has been enhanced through a physical or chemical surface treatment. In suspension
cell culture, cells grow clustering in aggregates that are suspended in a continuously
agitated medium. Depending on the cell type, one or the other methodology is more
suited. Indeed, cell types can be primarily divided in anchorage-dependent cells (ADCs),
adapted to be cultured by adherent culture, and non anchorage-dependent (non ADCs),
adapted to be cultured by both adherent and suspension culture [29].
The design of innovative bioreactors for culturing ADCs aims to optimize the surface
to volume ratio, in order to grow ADCs in high density without implying large culture
volumes. These systems also address the major need of producing high amount of cells for
therapeutic applications, mentioned in section 1.1 [14] without compromising the quality
of the expanded cells.

In this section some of the most common technologies for culturing ADCs are described,
going through planar technologies, perfusion-based technologies and mechanically-driven
technologies. Advantages, drawbacks and efficiencies are mentioned for the different
systems. Finally, more attention is dedicated to stirred bioreactors, since they are more
related than the others to the scope of this project.

Planar systems for cell expansion

Planar and static cultures have been extensively used in the last decades. The most
used systems are T-flasks made of polystyrene treated with plasma to enhance the cell

5Property of a living system of maintaining steady internal, physical, and chemical conditions.
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adhesion. The main limitation of static culture performed in T-flasks is the limited area
which restricts the number of obtained cells, lowering the method efficiency [11, 30].
Multilayer vessels represent the first significant improvement of planar systems for cell
expansion. These systems consist in multilayer stacking of planar vessels where the cells
can grow covered by medium.
Each multilayer vessel, having between 8 to 10 layers, can grow approximately 25,000-
30,000 cells/cm2 and a culture conduced in multilayer vessels or similar setups allows to
grow up to 10 billion cells in an affordable way [31]. The production can be enhanced
even more by increasing the number of layers in each vessel (up to 100 billion cells using
40 layers per bioreactor). Planar and static technologies are suitable for production of
small batches of cells that can be sufficient for small clinical trials. In order to grow bigger
amounts of cells for more consistent clinical trials, more advanced technologies have to be
contemplated [3].

Planar systems are economically reasonable and easy to operate, but they often face
several limitations and drawbacks. They do not ensure repeatibility and in-line control, are
difficult to monitor and the frequent handling required to feed cultures and acquire data
increases the possibility of contamination of the culture [30]. They are also labor-intensive
and have a larger footprint due to the use of single-use devices. Moreover, the static nature
of these systems can cause gradients in pH, dissolved oxygen, cytokines and metabolites
[3, 30]. Planar systems and, in particular, planar multilayer vessels, are still the most
common setup for commercial manufacture of cells. However, considering their several
drawbacks and the increasing demand of cells for various applications, they will soon
become disadvantageous and obsolete [5, 12].
Advanced planar designs have been developed with the idea of reducing the amount of labor
and variability by automatizing the procedures. Nevertheless, considering the available
marketable technologies, the reached efficiency is not worth the maintenance cost and risk
failure [3].

Mechanically-driven bioreactors

In mechanically-driven bioreactors, the cells adhere and grow on the surface of microparti-
cles, commonly defined as microcarriers (MCs), suspended in a medium solution under
continuous stirring. MCs appeared in the cell culture field already at the end of the 70s,
emerging as a promising substrate for cell growth, having a high surface to volume ratio
[4, 14, 32]. They can be made of different materials and usually their size ranges from
100 to 300µm [33]. They also allow an easy scale-up by adding fresh MCs in the system
(bead-to-bead cell transfer). This leads to an increase of the production yield of the culture,
as more cells grow in a limited volume [6].

The most basic example of mechanically-driven bioreactors are wave mixed bioreactors
(displayed in Figure 1.6B), in which cells growing on MCs are placed in a bag filled with
culture medium, which at the same time, is swinging [34].
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Figure 1.6: Bioreactors for culture of ADCs. A) Stirred bioreactor, B) wave-mixed
bioreactors, C) hollow fiber bioreactor, and D) fixed bed bioreactor [5].

Stirred bioreactors are another type of mechanically-driven bioreactors based on MCs
(displayed in Figure 1.6A). Their working principle is similar to the wave mixed bioreactors,
but MCs with cells adhered on their surface are dispersed in a container filled with medium.
The container is equipped with a mechanical or magnetic stirrer allowing to suspend the
MCs. Considering stirred bioreactors for the culture of ADCs, some alternatives to the
use of MCs have been considered. For instance, cell growth can be supported by cell
encapsulation in hydrogel scaffolds or by creation of cell aggregates [35, 36]. However,
as ADCs are an anchorage dependent cells, these options are feasible but troublesome,
because they do not provide a sufficient support for cell growth, as would do a surface.
Moreover, both these options face the drawbacks of low oxygen and nutrient diffusion
in the inner part of cell aggregates or particles containing cells, leading to the risk of
premature death of the internal cells.

Stirred bioreactors using MCs can yield up to 500 billion cells and are available in different
sizes and shapes depending on the final purpose of the culture. Lab-scale bioreactors, as
spinner flasks, suitable for smaller amount of cells production for studies or testing, can
have small (3-250 mL) or medium (1.5-5 L) volumes. Bioreactors at pilot scale (50-300 L)
and production scale (500-2,000 L) are characterized by larger volumes and allow to reach
cell numbers suitable for substantial clinical trials [3].

Stirred bioreactors are advantageous because they provide a homogeneous environment
for cell growth. Besides, they allow easy sampling, monitoring and control of culture
conditions, reducing the risk of contamination [11, 37]. Indeed, a small amount of culture
medium can be collected during the culture for further analysis. Parameters such as mass
transfer, dissolved oxygen concentration, pH, temperature and metabolite gradients can
be regulated easily in real-time [3].

However, the culture in stirred bioreactors can be delicate and influenced by several
parameters. One of them is the shear stress caused on cells due to the stirring movement.
The shear stress acting on the object in solution, which might be a single cell, an aggregate
of cells or a cell-laden MC, becomes not negligible when the Kolomogrov eddy size has the
same order of magnitude of the diameter of the object in solution[38]. Too low shear stress
might cause clumping of cells while too high shear stress might cause cell death. Also,
low agitation rate affects more cells on MCs or in aggregates than single cells in solution.
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Another source of shear stress might be the sparking with gas bubbles, usually performed
to ensure the adequate oxygen income to the cells [39].
Another drawback of stirred bioreactors is related to the possibility of non homogeneous
growth throughout the MCs. Indeed, since the MCs are rarely in contact between them,
it might be difficult for cells to migrate from one MC to another one [40]. Another
disadvantage in stirred reactors is the tendency of aggregation or sedimentation of the MCs
at low stirring speed, i.e. low shear stress conditions. In order to avoid MC aggregation
due to the formation of cell aggregates on the MC surface, bead to bead transfer of MCs,
i.e. feeding fresh MCs during the culture, can be performed: it allows the cells to spread
on new surface without having to replace the MCs.
Moreover, the detachment of cells from MC surface is not yet optimized: currently the
harvesting efficiency is of about 60% [33]. Usually, cells are detached from the surface by
enzymatic treatments including trypsin and collagenase. Different alternative strategies
have been tested to achieve a more efficient and less traumatic detachment process for
cells. Cell detachment can be induced by applying a weak shear stress to cells (mechanical
detachment) or by using chemical agents that mimics the action of enzymatic agents, but
are less damaging (chemical detachment). Moreover, it has been considered to produce
MCs coated with thermo-responsive polymers, which can induce cell detachment by
temperature stimulus [3, 41].

Perfusion-based bioreactors

An important class of bioreactors are perfusion-based bioreactors, also called hydraulically
driven bioreactors, in which cells are immobilized on MCs or other surfaces and they are
continuously perfused with fresh culture medium. Perfusion bioreactors allow to reach up
to 100 million cells and their cost is comparable to stirred bioreactors or planar technologies
[3]. The main drawback of these systems is that, due to the fact that cells are immobilized
in their position, the nutrients and the oxygen might be delivered unevenly throughout
the culture [3]. Moreover, perfusion speed must not exceed 3 ¨ 10´44 m/s, so that the
shear stress applied to the growing cells is minimal.

Packed bed bioreactors (displayed in Figure 1.6D) are one of the most common type of
perfusion-based bioreactors in which cells grow on porous structures, such as fixed or
packed beds. In these bioreactors, cells grow in three dimensions in the hollow space
between the closely packed beds, in a manner that mimics the growth in vivo [33, 42,
43]. Packed beds can have different porosity and structure and be made of different mate-
rials, such as fused polystyrene pellets that have undergone a surface plasma treatment [40].

Hollow-fiber bioreactors (displayed in Figure 1.6C) are another example of perfusion-based
bioreactors where the substrate for cell growth consists of stacked semi-permeable hollow
fibers. Cells adhere and grow on the intra-capillary surface of the fibers. The membrane is
permeable to nutrients and oxygen and acts as separation between the cell environment
and the medium which is continuously perfused [3].
These systems allow real-time control of metabolites, glucose in the culture and con-
sequently kinetics of cell growth. Despite appearing promising, controversial opinions
emerged on the efficiency of this type of technology, because they induce problems the cell
harvesting process. In these bioreactors, cells grow in a very limited space, which is the
extra-capillary space between the fibers, and, when they are treated with enzymatic agent
to induce detachment, they tend to remain stuck between the hollow fibers. In order to
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overcome this problem, strategies such as increasing the flow rate on the extra-capillary
side to augment the enzymatic dissociation were tested [3, 11, 33].

In conclusion, the development of cultures in stirred or perfused bioreactors allows to
culture cells in controlled and strictly defined conditions thanks to the homogeneous
environment in which the cells are growing and the possibility to monitor and adapt in real
time the culture parameters. These advantages make the stirred and perfused cultures,
compared to the static culture in vessels, more likely to be successful, large-scale and
long-term culture methods. Nevertheless, stirred and perfused bioreactors are delicate
systems with several factors to control and drawbacks to overcome [39]. Just to cite a few
examples, cell growth and differentiation can be easily influenced by tuning pH, perfusion
rate, partial pressure of O2 (pO2) or parameters influencing the shear stress to which the
cells are subjected. The choice of the bioreactor should depend, therefore, on the type of
cells to expand, the amount of cells needed, on whether the cells have to differentiate or
not, as well as on practical and economic considerations.

1.4 Microcarriers for cell culture
The advantages that MCs offer as cell culture substrate in dynamic culture, i.e. using
mechanically driven bioreactors, are easy sampling, easy expansion of the culture by
addition of fresh carriers, easy separation of the cell-laden MCs from the culture medium
and easy harvesting, in most of the cases. MCs can be also used as growth substrate for
fluidized and packed bed bioreactors, although this section is not focused of these uses [6,
37, 44].
In this section, the different materials used to fabricate MCs and the specifications that
the MCs have to fulfill are mentioned. Moreover, the current landscape of commercially
available MCs is briefly reviewed and some additional applications are mentioned.

1.4.1 Used materials and specifications
There is not one kind of MCs optimal for every culture and application. Several types
of MCs are available on the market and various examples based on different designs and
fabrication processes have been reported in the literature [45, 46]. The kind of cells to be
cultured and expanded as well as their final application, are the main parameters to take
into account when defining the specifications of the MCs (e.g. material, porosity, rigidity,
degradation and biocompatibility). Regardless of this, some general material specifications
can be defined.

The material chosen should be rigid enough to support cell spreading and to resist, dur-
ing the culture process, collisions between MCs and shear forces caused by the stirring
movement in the bioreactor [12, 37]. MC mechanical resistance is of particular importance
for long-term cultures. The density of the material should be just above the medium
one, thus, between 1.02 and 1.04 g/cm3, in order to allow suspension of the MCs in the
medium under gentle stirring [12, 37, 47]. Moreover, MCs should not have a too high
sedimentation speed: this parameter depends firstly from the density but also from the
size, shape and porosity of the microparticles [37]. Ideally, the chosen material should
also withstand the organic acids and proteases usually contained in culture supernatants,
be transparent, in order to allow a direct microscopy observation of cells growing and, if
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possible, be heat-resistant for autoclave sterilization [12, 37].

The choice of the material is important because it influences parameters such as toxicity,
hydrophilicity, hydrophobicity, microporosity, mechanical stability, diffusion of oxygen or
medium components, permeability, density and shape of the MCs [37]. The first materials
to be adapted for MCs production were synthetic polymer-based such as poly(lactide-co-
glycolide) (PLGA), polyhydroxyethylmethacrylate (PHEMA), polyacrylamide, polystyrene
(PS) and polyurethane (PU) [6]. Nowadays, both synthetic and natural materials are
used for MCs fabrication. Considering the first ones, materials such as organic polymers
(PS, polyethylene (PE), polyester, polypropylene(PP), poly(L-lactic acid) (PLLA), PLGA,
polycaprolactone (PCL), silicone rubber) and inorganic materials such as glass and silica,
have been considered [6, 37, 48–50]. Considering the second ones, polysaccharides such as
chitosan, chitin, cellulose (gelatin), hyaluronic acid, dextran, alginate and laminarin have
been used [45]. Moreover, hydrogels processed from synthetic or natural polymers have
been used [46].

Nowadays, polymers are the most used type of materials for production of MCs. An
advantage of synthetic polymers is that their chemical and physical properties are easily
tunable and reproducible. Indeed, they can be modified by changing their chemical
nature (backbone and side chains), molar mass and molar mass distribution and/or by
producing copolymers. Moreover, the crosslinking degree of the polymer (or the absence of
crosslinking) strongly influence the mechanical properties of the final material. Generally,
a higher crosslinking degree leads to an increase of the stiffness of the material.
However, synthetic polymers, lacking bioadhesive moieties, tend not to show good bioadhe-
siveness towards cells. Therefore, MCs prepared from synthetic polymers usually require
a surface treatment to allow the adhesion of cells. Contrarily, MCs based on natural or
semi-natural polymers show a better cell-material interaction, but face the limitations of
having less adjustable mechanical properties and, in some cases, are affected by batch-
to-batch variability [6]. Anyway, as for synthetic polymers, the mechanical properties of
natural polymers can be modified by changing the degree of crosslinking.

Additionally, adhesion proteins (or ECM proteins) can be used as material for MCs
fabrication. ECM proteins can have animal origin, human origin or be recombinant
proteins (the nature of recombinant proteins is better explained in Section 1.5.3). In the
last years, animal-origin proteins were the most used kind of proteins for production of
MCs and several commercial MCs are made of these proteins (see Table 1.1 for further
specifications). Recently, human-origin proteins and recombinant proteins gained interest
because the use of MCs made of these proteins for cell expansion for regenerative medicine
and tissue engineering scopes is in accordance with the cGMP criteria (further explained
in Section 1.5.3). As in the case of synthetic and natural polymers, ECM proteins can be
crosslinked to modify their mechanical properties [51].
An example of source of human-derived proteins is human adipose tissues from which
decellularized ECM proteins can be isolated by purification. These proteins have the
advantage of being affordable and the MCs made of these proteins are perfectly suitable
for in vivo applications [25, 41].

The technique used to fabricate the MCs is also very important regarding their final
characteristics. It strongly influences the porosity of the microparticles. MCs can be
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classified as non-porous, microporous, with pores of diameter < 1µm, or macroporous,
with pores of diameter ranging from 10µm to 400µm. Considering the average size of a
cell (10µm), cells grow exclusively on the external surface of non-porous and microporous
MCs, while on macroporous MCs, cells can also grow in the internal pores [33, 37, 48].
The size of microporous MCs is usually between 100 µm and 300 µm. For macroporous
MCs, it is reasonable to have sizes up to 5 mm and to use materials with density higher
than 2.5 g/cm3, since they have a highly porous structure [6, 37].

Macroporous MCs are advantageous because they allow to produce bigger amounts of
cells compared to microporous or non-porous MCs, given the same culture volume and
assuming to perform the cultures for equal periods of time. Indeed, cultures performed on
macroporous MCs reach higher cell density (number of cells/volume) thanks to the higher
surface to volume ratio that these MCs exhibit, compared to less porous ones. For instance,
considering a cell culture conducted at industrial level and performed on microporous
MCs in a stirred tank, the cell density in the bioreactor can reach about 106 cells/mL,
while, the same kind of culture performed on macroporous MCs can reach 107 cells/mL
[37]. Moreover, macroporous MCs offer some degree of protection from the hydrodynamic
shear stress for cells growing into the pores [12, 52].
They also exhibit some drawbacks. First, cells are difficult to harvest due to the porous
structure. Second, even if small molecules can still diffuse in the porous structure, cells
growing in the inner part of the MC might not receive the adequate nutrients and oxygen
income to maintain their viability. This latter phenomenon risks to happen when MCs are
completely loaded with cells. Such configuration could compromise the homogeneity and
quality of the expanded cells [53].

1.4.2 Polymeric MCs fabrication methods
Polymeric MCs are currently one of the most studied and developed kinds of MCs. Several
methods have been employed to fabricate polymeric MCs. Some of them are emulsion
solvent evaporation, solvent evaporation, spray drying and jet milling [54–57].

The emulsion solvent evaporation method is probably the most used approach to fabricate
polymeric MCs. The polymer is initially dissolved in an organic solvent and the solution
is referred as "oil". Then a water/oil/water (W1/O/W2) or oil/water (O/W2) emulsion is
prepared. Finally the solvent (oil) is evaporated by heating the suspension under continu-
ous stirring for several hours [49, 57]. This causes the precipitation of the polymer and
the creation of MCs. The MCs obtained by this method have a spherical shape and their
porosity can be increased by adding an effervescent salt acting as gas foaming agent [57, 58].

A common drawback of these fabrication strategies is that they employ organic solvents,
which can potentially be toxic, and are time consuming and expensive, two factors limiting
a potential large scale-up. A simple and organic-solvent-free method for production of
polymeric MCs was proposed by Kuterbekov et al. [59]. This method consisted in the
fabrication of PLLA MCs by spherulitic crystallization of the polymer in its miscible blend
with PEG and is the one followed in this project.
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1.4.3 Commercial microcarriers
A wide variety of MCs is commercially available currently, most of them adapted to more
than one application. Some of the most known MCs are: Cytodex R© made of dextran,
Cultispher R© made of gelatin, HLXII-170 R© made of PS, Cytoline R© made of PS and silica.
Considering MCs made of natural polymers and their derived for n vivo applications, some
available options are: GELI- BEAD R©, Ventregel R© and CultiSpher R©, all made of gelatin,
Verax R© made of collagen and Cytopore R© made of cellulose [6, 13].
Commercially available MCs can differ in the material used for their fabrication, porosity,
chemical and mechanical properties, and many other parameters [12]. Concerning the
mechanical properties, generally the MCs can be classified as rigid, made of inorganic
materials or polymers, or soft, made of hydrogel. Some other common parameters used to
classify them are porosity, type of coating and superficial charge. Table 1.1 classifies some
of the most commonly used commercial MCs in relation to the mentioned parameters [60].

Microcarrier Manufacturer Diameter
(µm)

Matrix Average
density
(g/cm3)

Surface
coating

Surface
charge

Porosity

Collagen R© SoloHill Eng.
Inc.

125-212 Polystyrene1.02 Type I
porcine
gelatin

None Non-
porous

Cultispher-
G R©

Percell- Bi-
olytica

130-380 Type I
porcine
gelatin

1.04 None None Macroporous
(porosity:
50%
pore size:
10–30µm)

Cytodex 3 R© GE Health-
care

141-211 Dextran 1.04 Type I
porcine
gelatin

None Non-
porous

FACT III R© SoloHill Eng.
Inc.

125-212 Polystyrene1.02 Cationic
Type I
porcine
gelatin

+ Non-
porous

SphereCol R© Advanced
BioMatrix

125-212 Polystyrene1.03 Type I
human
collagen
(VitroCol R©)

None Non-
porous

ProNectin R©

F
SoloHill Eng.
Inc.

125-212 Polystyrene1.02 Recombinant
fi-
bronectin

None Non-
porous

Cytodex 1 R© GE Health-
care

147-248 Dextran 1.03 DEAE + Non-
porous

Cytopore 1
and 2 R©

GE Health-
care

200-280 Cotton
cellulose

1.03 DEAE + Micro/Macro-
porous
(porosity:
>90%
pore size:
30 µm)

Enhanced
Attachment R©

Corning 125-212 Polystyrene1.02 CellBIND R© None Non-
porous

Glass SoloHill Eng.
Inc.

125-212 Polystyrene1.02 High silica
glass

None Non-
porous
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Hillex R© CT SoloHill Eng.
Inc.

90-212 Polystyrene1.12 Cationic
trimethyl
ammo-
nium

+ Non-
porous

Hillex R© SoloHill Eng.
Inc.

160-180 Dextran 1.11 Cationic
trimethyl
ammo-
nium

+ Non-
porous

MicroHex R© Nunc Length:
125,
Thick-
ness:
25

Polystyrene1.05 NunclonTM
surface

Not
speci-
fied

Non-
porous

Plastic R© SoloHill Eng.
Inc.

125-212 Polystyrene1.02 None None Non-
porous

Plastic
Plus R©

SoloHill Eng.
Inc.

125-212 Polystyrene1.02 None + Non-
porous

PVA Loughborough
University

100-220 PVA 1.03 None None Non-
porous

Synthemax
II R©

Corning 125-212 Polystyrene1.02 Synthemax
II R©

None Non-
porous

Table 1.1: Selection of commercially available MCs [60]. DEAE:
diethylaminoethyl; PVA: poly(vinyl alcohol).

Several scientific publications reviewed numerous commercially available MCs [61–63].
It is worth mentioning one of these studies done by the group of Rafiq et al., in which
thirteen commercially available MCs (reported in Table 1.1) have been systematically
tested for cell culture with human bone marrow-derived mesenchymal stem cells (hBMSCs)
from three different donors [60]. In order to compare the different MCs, they evaluated
parameters such as the degree of proliferation, efficiency of expansion in xeno-free pro-
cessing conditions and efficiency of the harvesting procedure without causing cell damage
or effects on cellular immunophenotype or differentiation capacity. They observed that
almost all the MCs supported cell growth in static conditions, except for five of them
(SphereCol R©, Cytopore 1 R© and 2 R©, Glass R© and Hillex R© CT) which were consequently
excluded from the tests in dynamic conditions. In dynamic culture (in spinner flask),
they observed that for all the MCs, the initial cell adhesion was of about 55% and the
cell harvesting was of higher than 95%. They also verified how cells maintained their
differentiation ability towards osteogenic, adipogenic and chondrogenic lineages, in ac-
cordance with the ISCT criteria[22]. An improved cell growth was observed in dynamic
conditions with respect to static ones. In conclusion, they affirmed that SoloHill R© Plas-
tic MCs were the most suitable for proliferation hBMSCs in dynamic conditions, being
these MCs performing as others MCs but additionally being produced by xeno-free process.

Nevertheless, similar studies reached significantly different conclusions due to the evaluation
of the MCs from different parameters and to the use of different culture conditions and
cell lineages [61–63]. Two examples are the study by Timmins et al., where the authors
concluded that Cultispher S R© showed the best cell attachment rate (90%) and cell expansion
in fold increase [34], and the study by Schop et al., where the authors concluded that
Cytodex 1 R© showed the highest seeding efficiency and growth [63].
In conclusion, affirming the predominance of one commercially available type of MCs over
the other is not accurate considering also that the choice of the MCs strongly depends on
the application. Moreover, commercially available MCs have limited tailored properties
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such as elastic modulus and special biological cues, which might not be adapted for some
specific applications [45].

1.4.4 Other applications
According to the specifications previously explained, microporous and non-porous MCs are
optimal for cell expansion because, even if they reach lower cell density compared to the
macropourous MCs, they allow an efficient cell harvesting. Nevertheless, cell expansion is
not the only purpose behind the use MCs. Firstly, MCs were developed to improve the
culture of ADCs in vitro, in order to produce biomolecules secreted by cells and use these
products to fabricate vaccines, antibodies and pharmaceutics. For this scope, macroporous
MCs are more suited. They allow higher cell density and thus productivity, as there
is no need to harvest the cells at the end of the process. Additionally, even if the low
diffusion of oxygen and nutrients in the inner part of the carrier spoils the cell quality and
clinical grade of the cells, these are not restrictive parameters for a successful culture [44, 47].

Concerning the in vivo applications, MCs have been evaluated as scaffold for TE scopes
or cell replacement, since they grant a highly localized injection compared to cells alone.
Other advantages are their non invasive and localized action, that reduces the chances of an
immune response from the patient, and the possibility of releasing therapeutic factors in a
sustained manner (controlled rate of release) [47]. MCs and similar microstructures, usually
identified as microcapsules, are also used for in vivo delivery of genes and biomolecules
such as nucleic acids and proteins [6, 47]. Considering that these MCs have to be implanted
in vivo and to fulfill specific functions, they are submitted to stricter regulation than
other kinds of MCs [47]. For cell delivery and TE scopes, synthetic and naturally derived
polymers and materials have been used, all displaying good biocompatibility and controlled
and not harmful degradation process. Synthetic and natural hydrogels gained as well
interest due to their good biocompatibility, high water content, and special properties
(such as stimuli responsiveness, injectability, etc.) [12, 45, 58].
Some examples of studies focused on the fabrication of MCs for in vivo applications can
be mentioned. Mocanu et al. designed pullulan-matrix MCs for bone tissue engineering
[64] and Kankala et al. fabricated PLGA-based highly porous MCs (HOPMs) for skeletal
myoblasts proliferating and consequent cell delivery in situ [65]. Moreover, Kuterbekov et
al. cultured human adipose stromal/stem cells (hASC) and murine myoblasts on PLLA
biocompatible MCs, fabricated by solvent-free method. They achieved hASC osteogenic
differentiation and they proposed the application of these MCs for tissue engineering or
regenerative medicine scopes.
Broadly speaking, even though MCs have been used in different applications in indus-
try, they have been mainly implemented in research procedures, such as enzyme-free
subcultivation, studies of cell structure, function, metabolism, and differentiation [66].

1.5 Cell adhesion on cell culture substrate
The surface of the cell-culture substrate plays a major influence on cell adhesion as it is
the only part of the substrate that is in contact with cells. In Table 1.1, it can be noticed
that, among the numerous commercially available MCs, several have been surface coated
to enhance their bioadhesive properties. In this section, the different surface coatings and
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treatments to enhance cell adhesion are presented, also taking into account the composition
of the culture medium used.
In first place, to be able to evaluate the different surface coatings and treatments, it is
necessary to clarify the main parameters mediating the cell-material interaction and cell
adhesion.

1.5.1 Principles of cell adhesion
The adhesion of cells on a substrate is a multistep process involving the adsorption of
adhesive protein to the culture surface, the contact between the cells and the surface, the
attachment of the cells to the coated surface and, finally, the spreading of the attached cells.
The four steps are clearly displayed in Figure 1.7. Adhesive proteins (e.g., fibronectin,
vitronectin, laminin) tend to adhere to the substrate, if they are not already present, and
cell adhesion is mediated by the interaction between transmembrane adhesion receptors
(e.g. integrins) present on the cell membrane and adsorbed adhesion proteins. Ca2` and
Mg2` ions act as cofactors in the former interaction [41, 67, 68]. During the adhesion
process, the transmembrane adhesion receptors, which are still free, diffuse on the cell
membrane, in order to create new bonds with the proteins. This leads to a progressive
spreading of the cell on the surface and to an increase of the contact area between cell
and substrate [37].

Figure 1.7: Four phases of cell adhesion [37].

The integrin family is the predominant type of transmembrane adhesion receptors that
regulate cell adhesion. They consist on heterodimeric glycoproteins composed of α and β
subunits. Different integrins bind selectively to specific adhesion proteins: α1β1 binds to
collagen, while α5β1 and ανβ3 bind respectively to fibronectin and vitronectin.

1.5.2 RGD peptide
In 1984 the group of Pierschbacher et al. discovered that the domain of fibronectin
responsible of cell adherence is a tripeptide sequence composed by Arginine (R), Glycine
(G), and Aspartate (D), namely RGD [69]. In the same year, other important discoveries
followed concerning the presence of the tripeptide sequence in many other adhesive proteins
and of integrins.
RGD is not the only peptide sequence which can mediate cell adhesion by interaction with
integrins. In fact, several other sequences have been isolated, such as Tyr-Ile- Gly-Ser-Arg
(YIGSR), Arg-Glu-Asp-Val (REDV) and Ile-Lys-Val-Ala-Val (IKVAV) [70, 71].
Nevertheless, the RGD sequence is the sequence which binds to the higher number of
integrins. It binds to over 8 out of the 24 integrins constituting the integrin family [70].
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An illustration showing the RGD peptide sequence binding to a ανβ3 integrin is shown in
Figure 1.8.

Figure 1.8: Model of recognition of an RGD domain from the α and β subunits of an ανβ3
integrin [72].

Since its discovery, plenty of research groups investigated and optimized strategies to
synthesize and use the RGD sequence as a substitute of ECM adhesion proteins. Soon it
was noticed that the RGD sequence performance as mediator of cell adhesion is poorer
than the one of ECM adhesion proteins. For example, the hexapeptide GRGDSP, a
sequence contained in fibronectin, is about 1000 times less effective for cell attachment
than fibronectin itself [70].
This poor performances of the oligopeptide alone (not contained in the adhesion proteins)
can be explained considering its interaction with integrins [70].
In most of the cases, the interaction between an adhesion protein and an integrin is not
only mediated by the RGD sequence present in the protein. Other peptide sequences,
present in the adhesion protein, can interact with auxiliary binding sites of the integrins.
Therefore, the interaction is actually a synergy of several interactions, among which the
strongest one is performed by the RGD sequence [70]. An illustration of the synergetic
interaction between the integrin recognition sites and different domains of an adhesion
protein is shown in Figure 1.9.
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Figure 1.9: A model showing the synergy of the interaction between different recognition
sites of an integrin and three domains of the protein in the process of recognition of
fibronectin [70]

.

Another reason justifying the poorer interactions of the RGD sequence with integrins
compared to the ones of adhesion proteins, is the lack of 3D conformation in the oligopeptide.
Indeed, the RGD domain contained in the adhesion proteins has a specific 3D conformation
imposed by the ternary structure of the protein, which is clearly not present in the linear
oligopeptide alone. In order to mimic the 3D structure typical of RGD domain in adhesion
proteins, the peptide sequence has been cycled providing conformational restrain to its
structure. This strategy led to successful results, as the cyclic peptide showed enhanced
affinities and selectivities for specific integrins [46, 73, 74].

1.5.3 Consideration on cell culture medium formulation
As mentioned in the beginning of this section, cells adhere to substrates thanks to the
adsorption of adhesion proteins on the latters. In some cases, the adhesion proteins present
on the substrate can be secreted by cells (for instance, diploid fibroblasts) but, in most of
the cases, they come from the serum supplement in the medium [37, 41]. It is a common
practice in cell culture, to use animal-derived sera such as fetal bovine serum (FBS), also
called fetal calf serum, because they contain adhesion proteins. For example, a culture
medium supplemented with 10% (v/v) fetal bovine serum contains approximately 2–3 µg
fibronectin/mL. When serum-free or low-serum media are used, addition of fibronectin
(1–50 µg/mL) can be performed, usually of animal origin [37, 75].

In the last years, the trend of using animal-derived components for cell culture changed
drastically, given the criteria established by cGMP6 of using xeno-free culture medium
for culture of clinical grade stem cells [41]. Indeed, animal-derived products are not
well-defined, show batch-to-batch variability, their use involves ethical aspects and leads
to the risk of transmitting xenogeneic infectious agents [75]. To answer to this new need
several options emerged.

6Current Good Manufacturing Practice regulations enforced by the FDA.
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Humanized culture media

A first alternative to animal-derived formulations are humanized culture media, i.e. culture
media including supplements of human origin. Some tested alternatives are: thrombin-
activated platelet rich plasma, human albumin serum, umbilical cord blood serum, pooled
human platelet lysate (hPL) and autologous or allogeneic human serum (auto-HS or
allo-HS, respectively). Several studies testing these alternative culture media reported
culture efficiencies comparable to the ones in FBS medium [13, 75–78].
Being novel, these options still face some shortcomings. For example, the use of allo-HS
is not feasible for medium/large-scale cell expansion, as huge quantities of donors would
be needed; hPL affects negatively the exhibited immunosuppressive potential of MSCs
and, more generally, all these supplements might transmit human diseases by known or
unknown viruses [13, 79].

Serum/xeno-free media

Another school of thought is represented by serum/xeno-free medium (SF/XF), i.e. medium
formulations not containing serum of human or animal origin. Two kinds of SF/XF media
are currently available: chemically undefined and chemically defined SF/XF media [80].
The first ones consist of a wide array of growth factors, proteins and hormones directly
derived and purified from human serum. The second ones consist of well defined and
characterized components which are not of animal or human origin (animal origin free
(AOF)). Thus, chemically defined SF/XF media are composed of growth factors and
proteins, which are recombinant versions of the ones present in serum. Recombinant
proteins and biomolecules are obtained by introduction of recombinant genetic material in
a host organism such as yeast, cells or bacteria.
An example of commercially available chemically undefined SF/XF medium is MesenCultTM-
XF (STEMCELLTM Technologies), while two examples of chemically defined SF/XF media
are MSCGM-CD TM (Lonza) and MSC Nutristem XF R©(Biological Industries) [13].

SF/XF media gained a huge interest in the last decade and, even though multiple studies
have been performed to optimize these formulations, their performances are still not
comparable to conventional medium formulations that contain animal-derived components.
Usually, when a SF/XF medium is chosen for dynamic cell culture, it is then combined with
MCs coated with animal-derived ECM, in order to even out the poor performances of the
medium. Nonetheless, these combinations are not in accordance with the cGMP criteria.
Therefore, several research groups tried to perform a totally xeno-free and serum-free
dynamic cell culture and some of them achieved successful results. Santos et al. used
PS MCs coated with xeno-free proprietary cell adhesive substrate (CELLstartTM, Life
Technologies) in MesenPRO R© RS/ StemPro R© MSC SFM XenoFree medium to culture
ASCs and BMSCs [81]. The authors chose xeno-free MCs and used a medium being a
combination of xeno-free and low-serum media. Another example is the study by De
Soure et al. in which the authors chose to use Plastic R© MCs for the culture of BMSCs
in StemPro R© MSC SFM Xenofree culture medium. Therefore, the authors succeeded in
performing a totally xeno-free culture [13].
In conclusion, given that the culture medium functionalizes the substrate surface to a
certain level, the choice of the culture medium fro dynamic cell culture and the one of the
MCs should not be independent.
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1.5.4 Physical and chemical parameters influencing cell adhe-
sion

The chemical nature of surface plays a fundamental role in cell adhesion. The hydrophilicity/
hydrophobicity of the surface and the chemical groups exposed influence the adhesion
of specific proteins to the surface and consequently, adhesion of cells to the surface [41].
Chemical modification of the surface can be performed in order to enhance cell adhesion
by creating electrostatic interactions between cells and surface and/or enhancing the
hydrophilicity/hydrophobicity of the surface as is explained in the following sections
[41]. Besides the chemical nature of the surface, its physical properties are also relevant
regarding cell adhesion. Stiffness and elastic modulus, as well as curvature, topography
and roughness of the substrate play an important role in cell attachment. These features
depend on the material used and on the fabrication method of substrate and/or coating
[41]. Among the several chemical and physical properties of the surface, the most relevant
ones are charge, roughness, elastic modulus and stiffness [41].

Surface charge

Cells of all vertebrate species possess an unevenly distributed negative surface charge.
Therefore, a positively charged surface represents a suitable surface for cell adhesion. It
was found that the optimal amount of positive charge is between 1 and 2 millieq/g of
dry material and it has been proved that some positively charged MCs can reach about
90% efficiency of attached cells within 1 h [82, 83]. The surface charge is an advantageous
feature because it affects cell attachment by enhancing the adhesion proteins adsorption
and, therefore, increases integrin binding [41]. Nevertheless, successful cultures are also
reported on neutral and negatively charged substrates [37, 67].

Surface elastic modulus and stiffness

Elastic modulus and stiffness of the surface play a role in cell adhesion but are mostly
important concerning cell differentiation. For instance, a stiffer substrate enhances the
osteogenic differentiation while a softer substrate enhances the adipogenic and chondrogenic
differentiation [14].
A substrate with adequate elastic modulus and stiffness should be carefully chosen whenever
cell differentiation is not desired. If it is not possible to choose a material with the adequate
specifications, several options of surface coatings are available to tune or modify the elastic
modulus and the stiffness, as it is explained in the next sections.

Surface topography

Several studies investigated cell adhesion, proliferation and differentiation related to surface
roughness. Primavalova et al. observed that poly(D-lactide) (PDLA) MCs with smooth
surface supported cell growth better than PLLA MCs with higher roughness (Figure
1.10 B1 and B2) [84]. Contrarily, Patntirapong et al. developed a method to enhance
surface roughness of substrates made of poly(butylene succinate)/b-tricalcium phosphate
(PBSu/TCP) composites by hydrolysis with sodium hydroxide (NaOH) solution. The
authors tested the substrates for culture of hMSCs and observed a higher cell adhesion and
proliferation on treated substrates compared to non-treated ones (Figure 1.10 A1 and A2).
In conclusion, enhanced surface roughness does not always lead to higher cell adhesion.
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Figure 1.10: Effect of surface roughness on cell adhesion. SEM images of hMSCs adhering
on a substrate made of PBSu/TCP composite (A1) and on a substrate made of PBSu/TCP
composite treated with NaOH (A2) [85]. SEM images of PLLA MCs (B1) and PDLA
MCs (B2) [84].

1.5.5 Surface modification
Common surface coatings

Common surface coating techniques aim to change the chemical nature, elastic modulus,
stiffness and mechanical properties of the substrate. These techniques often consist in the
use of organic molecules to coat the surface.

The first example is the use of polymers. Polymers can be immobilized on the surface
following two strategies: grafting-to and grafting-from. In the first case, polymerization
starts from a functional group present on the surface, while in the second case, the polymer
is grafted to the surface. The grafting-from strategy is preferred to the grafting-to one
because it allows an easier control of the grafting density on the surface and the grafted
polymers and facilitates the creation of quality polymer brushes, which are often desired
[86]. However, the grafting-from approach is limited to synthetic polymers, while the
grafting-to approach is, generally, suited for both the grafting of synthetic and natural
polymers. For instance, polylysine, which is generally obtained from natural sources but
can also be synthesized, is commonly employed for surface coating of cell culture substrates
and it is immobilized on the surface by grafting-to approach [41].

Another common technique is the formation of self-assembled monolayers (SAMs). The
formation of SAMs on a surface consists in the spontaneous self-assembling of organic
molecules and, then, their grafting to the substrate by covalent bonding. The employed
molecules are alkyl thiols and alkyl silanes. The inter-chain interactions occurring between
the alkyl chains of these molecules are driving the self-assembly of the layer. Alkyl thiols
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are suited to functionalize gold substrates while alkyl silanes are suited to functionalize
silicon, silica and polymers. The covalent bonds forms between the head group of the alkane
molecules and the substrate. If necessary, the substrate can be surface treated in order to
expose the adequate surface groups (usually hydroxyl groups) to bond the head groups of
the alkane molecules. These coatings are widely used and allow an easy further function-
alization of the coating by adding functional groups to the tail of the organic molecules [87].

Hydrogel coatings are also very common. They are made of synthetic or naturally-derived
polymers which, in most of the cases, are also biocompatible. Some examples of used
synthetic polymers are PEG and PHEMA. Some hydrogels have the advantages of having
easily tunable mechanical properties and degradability. Dias et al. developed a PEG-based
hydrogel coating deposited on PS MCs and they demonstrated that the elastic modulus of
this coating can be tuned as a function of parameters such as the chemical nature of the
polymer and crosslinking strategy. This study was developed with the idea of proposing a
customizable coating for MCs, an option that is not currently possible with commercially
available MCs [46]. A further improvement of this study, and in general of PEG-based
hydrogel coatings, is the additional functionalization of the hydrogel by "click" chemistry
with adhesion ligands or growth factors.

Finally, a last technique that is worth mentioning is the Layer-by-Layer deposition, which
is further explained in Section 1.6 [88].

Coating bearing amino groups

The easiest way to obtain a surface exposing amino groups (-NH2) is by surface chemical
treatment. Alternatively, polymers can be employed. Polymers bearing amino groups,
as side chains or ending groups, can be deposited on or grafted to the surface. One
example of polymer used for this scope is polylysine. Another option is to functionalize a
previously deposited polymer film with amino groups by chemical reaction [41]. Clearly,
the hydrophobic or hydrophilic nature of these polymers is a non-negligible factor, as
it might influence cell adhesion and proliferation. Several MCs exposing amino groups
on their surface are available on the market (DE-52 R© and DE-53 R©, Hillex II-170 R© and
Cytodex 1 R© 2 R©) [12, 41, 89].
An advantage of surface modifications with amino groups is that they can be manufactured
in a cost-effective manner. Moreover, the final surface complies with cGMP conditions. In
spite of their good advantages, the performances of amino-group-modified surfaces are not
comparable to the ones of ECM-coated surfaces (explained in Section 1.5.5) as they lack
the adhesive molecules responsible for proper cell attachment. This problematic limits the
application of MCs having a surface modified with amino groups for cultures in serum-free
media, a condition requested for regenerative medicine applications [41].

Coating bearing carboxyl groups

Carboxyl groups (-COOH) are another common functional group used to promote cell
adhesion as they increase the surface hydrophilicity. There are different methods to
conduce this modification. Arifin et al. treated PS MCs by means of an ultra-violet (UV)
exposition to enhance carboxyl group concentration on the surface, while Samsudin et al.
combined UV irradiation with exposure to ozone to treat PCL MCs [90, 91]. However,
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surface modifications with carboxyl groups are less efficient than other methods to enhance
cell attachment, thus, they usually have to be combined with other strategies [92].
Often, this kind of surface modification is used to introduce functional groups on the
surface in order to further fuctionalize it [49]. Among several strategies, a common one
is to use the combination of reagents EDC/NHS7, which allow the immobilization of
polymers or proteins on the surface by formation of covalent bonds with the carboxyl
groups [49]. In the previously mentioned study, Samsudin et al. additionally demonstrated
that the higher presence of carboxyl groups on the surface of the modified PCL enhanced
the immobilization of gelatin by EDAC/NHS strategy.

Coating based on ECM proteins

Conventionally, ECM proteins derived from animal tissues have been used to coat MCs,
as it is performed for the commercially available MCs: CGEN 102-L R© (Thermo Scientific),
Collagen R©, Cytodex-3 R© and Fact III R© (see Table 1.1 for specifications) [41]. Moreover, it
is a common practice in cell culture to dip the cell-culture substrate, in this case the MCs,
in serum before use (usually FBS), in order to allow the adsorption of adhesion proteins on
the surface, thus, enhance cell adhesion on the substrate [93]. This strategy is especially
used when MCs not coated with ECM proteins are used or when serum-free or low-serum
media are used for culture.

Nevertheless, the use of animal-derived ECM to produce the coating deposited onto MCs
or to fabricate the MC core is not in accordance with the cGMP directives and can be
costly due to the origin of the tissues and the extraction process. Accordingly, alternative
routes have been evaluated involving the fields of chemical synthesis and biotechnology [41].

Coatings made of human-derived recombinant proteins or human-derived recombinant
proteins combined with synthetic polymers represent two more affordable options in accor-
dance with the cGMP regulation. A study by Varani et al. tested the performances of PS
MCs coated with polylysine combined with Pronectin R© F (a recombinant human protein).
They observed a good adhesion and spreading of Madin-Darby Canine Kidney (MDCK)
cells which were used for the study [94].

Another option in accordance with the cGMP criteria is the treatment of MCs by hu-
manized derived serum. The substrate is dipped in such a serum in order to obtain a
selective adsorption of human adhesion proteins, instead of using FBS for the same scope
[93]. Shetty et al. tested the performances of substrates dipped in human umbilical cord
blood serum while Bernardo et al. tested the treatment by platelet lysate with the same
goal [77, 78]. Both studies reported successful results concerning cell adhesion: the perfor-
mances of the human-serum coatings are comparable to the ones obtained with FBS coating.

Use of RGD peptide sequence

The use of RGD moiety for surface functionalization or coating is most often used in TE
approaches; strategies mentioned herein are used for functionalization of scaffolds to be

7(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxysuccinimide.

36



implanted in the body more than for cell culture substrates. In the TE field, surface func-
tionalization with RGD is a more adopted strategy than coating based on ECM proteins
because the introduction of animal-derived components or human derived components of
allogenic origin in the patient’s body might be harmful [71]. It is worth mentioning that
other peptide sequences showing similar performances to RGD such as YIGSR, REDV,
and IKVAV, have been immobilized on various model substrates [74, 95, 96]. The RGD
sequence can either be grafted or incorporated in the coating.

Grafting and incorporation of RGD sequence

Grafting of RGD moieties consists in attaching the RGD peptide sequence to the substrate
by creating a covalent bond between a functional group on the surface and the RGD group.
In order to create this bond, the -NH2 and -COOH groups of RGD can be exploited or
alternately, RGD can be functionalized with another chemical group before the grafting
[12, 71, 87]. Long molecules such as oligomers are often used as spacer, i.e. a molecule
connecting the substrate and the grafted biomolecule, for a better accessibility of RGD
groups towards cells.

One example of grafting of RGD moiety, is the study of Chen et al. where the authors
immobilized RGD sequences onto MCs. As first step, the authors surface treated the MCs
to obtain a surface bearing carboxyl groups. Then, the EDC/NHS strategy (mentioned in
Section 1.5.5 for grafting polymers or proteins to the surface) was used to create chemical
bonds between the COOH groups and peptide sequences containing the RGD moiety
(GRGDSPK peptide sequences)[49]. This covalent bond consists of an amide bond between
the COOH groups and the NH2 groups exhibited by the peptide sequences. The enhanced
cell adhesion of human chondrosarcoma line OUMS-27 cells on RGD-modified PLLA MCs
is showed in Figure 1.11.

Figure 1.11: From the study Chen et al., SEM observation of MCs after 14 days of culture:
A)PLLA MCs and B) PLLA with GRGDSPK surface modification [49]

If the substrate does not expose functional groups to directly immobilize the RGD derivative,
other strategies such as incorporation of RGD sequences in a polymeric coating can be
used[71]. The RGD sequence can be incorporated in a polymeric coating by being a part
of the polymer. For example, by being a monomer species or a side chain of the polymer,
or by being immobilized onto a preexisting film by physical, chemical, photochemical or
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ionic crosslinking [46, 71]. Also in this case, spacer groups can be used to connect RGD
moieties to the backbone of the polymer in order to allow a better accessibility of RGD
groups towards cells.
For instance, Hern et al. fabricated a hydrogel coating for tissue culture polystyrene made
of a co-polymer containing RGD sequences. The coating was directly fabricated onto the
tissue culture polystyrene by photopolymerization. The employed co-polymer was poly
(PEG) diacrylate. The authors achieved the incorporation of the RGD peptide sequences in
the polymer structure by adding acrylate moieties at both ends of the tripeptides, to enable
their polymerization. The authors concluded that the hydrogels containing higher per-
centages of RGD peptide allowed better human foreskin fibroblasts (HFFs) attachment [97].

Advantages, drawbacks and important parameters

The use of RGD groups to functionalize the surface of cell-culture substrates allows to
mimic the performances of adhesion proteins by using a totally synthetic approach. The
advantages of using RGD sequences compared to ECM proteins, are that their production
is usually more affordable, they respect the cGMP regulation and they are relatively more
stable during immobilization [71].
Nevertheless, their lack of 3D conformation makes them more difficult to recognize from
the transmembrane receptors with respect to adhesive proteins. Therefore, it is often
necessary to deposit a higher concentration RGD than ECM proteins on the surface. The
high peptide density might enhance the cell attachment but can also have the side effect
of impeding cell migration [71].

Several parameters can influence the performances of the functional layers presenting RGD
groups or similar peptide sequences. Some of the most important ones are the receptor-
peptide affinity, the peptide density on the surface and their spatial distribution. A study
by Neff et al. observed that the maximum proliferation of fibroblasts on RGD-modified
PS was obtained for a surface having a concentration of RGD groups of 33 pmol/cm2 [98].
In this and other studies, it was also observed that the cell migration diminished by both
increasing and decreasing the peptide density. This suggested that there might be an
optimal peptide density for a given combination of type of cells and type of substrate.
Another important parameter influencing the interaction between RGD sequences and
integrins is the spacer. The function of the spacer is to allow the immobilized RGD
sequence to move in the biological environment without experiencing steric impediment
and, consequently, to facilitate the interaction with integrins [71, 99]. A study by Hern et
al. showed that cells preferred to adhere onto a RGD-modified surface with a PEG spacer
at low peptide density (0.01 pmol/cm2) rather than to a RGD-modified surface without
the spacer but with higher peptide density (1 pmol/cm2) [97].
In conclusion, some general principles can be drawn concerning the influence on cell
adhesion of parameters, as the length of the spacer and the peptide density on the surface.
However, these trends might strongly vary depending on the specific cell types or intrinsic
properties of the substrate [71].

1.6 Layer-by-layer surface coating
LbL is a coating technique consisting in depositing oppositely charged species on a substrate.
Usually, Lbl is performed using polycations and polyanions as charged species. In that
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specific case, the LbL process leads to the formation of a polyelectrolytes multilayer (PEM).
LbL technique is a versatile, easy and inexpensive tool that allows to easily coat any
surface with a robust and stable film [100]. This technique gained interest thanks to the
work of Decher et.al in 1997, emerging as a competitive coating technique in the field of
organic coatings on solid surfaces.

1.6.1 Working principle
The deposition process, depicted in Figure 1.12, consists in the alternative dipping in
aqueous solution of polycation and polyanion, leading to an alternate adsorption of the
two species on the charged surface (a positively charged surface in Figure 1.12). After
each deposition step, the surface undergoes a charge reversal which causes the repulsion
of equally charged molecules, limiting the adsorption to a single layer and resulting in a
self-regulation of the adsorption [88]. Between each deposition, the substrate is washed in
an aqueous solution in order to remove the non-attached macromolecules.

Figure 1.12: A) Schematic drawing of the LBL deposition technique to modify substrate
surface. Dipping procedure: 1. the substrate is dipped in a polyanion solution, 2. rinsed
in an aqueous solution, 3. dipped in a polycation solution and 4. rinsed in an aqueous
solution. B) Schematic drawing of the deposition of a polyanion chain on the surface
followed by the polycation deposition [88].

Even though the final film is usually compact, eventually a post-crosslinking reaction can
be performed to create covalent bonds between the two polyelectrolyte species leading to
enhanced stability [88, 101, 102].
In most of the cases, the driving force for the LbL deposition is the electrostatic attraction
between the two chains of polyelectrolytes. Nevertheless, deposition driven by other
interactions, such as hydrogen bonding, is also possible [88, 100].
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1.6.2 Advantages, drawbacks and important parameters
The LbL coating process can be conducted in mild conditions: low temperature, entirely
in aqueous solutions (no exposure to harmful organic solvents) and usually, in mild pH
condition [100]. The use of mild preparation conditions is particularly advantageous when
biomolecules, enzymes or cells are incorporated in the LBL assembly. These components
are sensible to harsh chemical conditions (which might lead to their denaturation) and
might have limited solubility in non-aqueous solutions [100].

LbL can be performed on any kind of substrate presenting any kind of roughness and shape
(e.g., planar, porous, colloidal particles, cylindrical structures, etc.) and on objects of any
size [88, 100]. Moreover, LbL can be done with several types of building blocks other than
charged macromolecules. Some examples are clays, dyes, colloids, nucleic acids, proteins,
enzymes and viruses. Moreover, different types of organic charged macromolecules can
be used such as synthetic polyelectrolytes, polypeptides, proteins, enzymes, etc. These
entities can either be used as building blocks, if they display a charge, or they can be
incorporated or loaded in the film adding new functionalities to the latter [100, 103–105].
Nonetheless, LbL assembly performed by on dip coating also presents some drawbacks.
This technique is time consuming and significant volumes of polyelectrolyte solutions are
needed for each deposition, especially when coating with numerous layers are performed.
Consequently, to overcome these limitations, alternative deposition procedures to the
dip-coating have been evaluated, such as spin- and spray-assisted LbL assembly approaches
[100].

The properties of the deposited film such as thickness, stiffness, chemical composition,
structure, roughness, hydrophilicity/hydrophobicity, and swelling/shrinking behavior can
be tuned playing with different processing parameters. These parameters are the chosen
adsorbed species (their charge density, chemical composition and structure), the composi-
tion of the aqueous solution (chemical nature, pH, ionic strength) and external parameters
(temperature, adsorption time and number of deposited layers) [100].
Concerning the different parameters playing a role on the deposition process, the pH of
the polyelectrolyte solutions might be one of the most relevant. Nevertheless, its influence
on the system is still widely debated [100].
The study performed by Rubner et al. showed how the pH strongly influences the thickness
of an LbL coating composed of two weak polyelectrolytes [106]. The two polyelectrolytes
are poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH), having a pKa

of 5.0 and 9.0, respectively. The two chemical structures are reported in Figure 1.13a
and 1.13b. At pH close to neutral (6.0-7.5) both polyelectrolytes are fully charged and
ionized, and very thin layers are obtained for both polyelectrolytes (3-5 Å), as can be
seen in Figure 1.13c. In this case, the interaction between the two species drive them to
adhere to the substrate and one to the other assuming an almost extended conformation
and having good interactions. Contrarily, at lower pH (2.5-5.5), PAH chains are ionized
while PAA are not, as the carboxylic groups are protonated. Therefore, the number of
electrostatic bonds between the two polyelectrolytes drastically reduces. Thick layers are
obtained for both polyelectrolytes (80 Å for PAH and 45 Å for PAA at pH 5.0) due to the
loop-like conformation adopted by the two electrolytes (Figure 1.13c). In the same way, at
higher pH (8.5-9.5), a high thickness of polyelectrolyte layers is also observed. In this case,
the charge density of PAH is lower due to the deprotonation of the ammonium groups,
while PAA stays ionized.
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Figure 1.13: Influence of the pH on the thickness of PAH and PAA layers forming
(PAH/PAA) LbL film a) Chemical structure of PAH and b) chemical structure of PAA. c)
Thickness of PAH and PAA layers depending on the pH [106].

Two main trends have been outlined concerning the deposition phenomenon: the film thick-
ness can grow either linearly or exponentially depending on the nature of polyelectrolyte
chains and the conditions used for their LbL deposition [100].

1.6.3 Post-functionalization of PEM films for application as cell
culture substrates

LbL coating is not frequently used to coat cell substrates and it is particularly rare to find
studies reporting applications in which MCs have been coated by this deposition technique.
Despite, a few studies proved that the performance of cell culture substrates coated by LbL
deposition are comparable to the ones of currently used cell culture substrates, without
inducing cytotoxic8 effects [107, 108].

A first important consideration is that a PEM film meant to be employed as a cell culture
substrate has to be stable in culture medium and in physiological conditions (i.e. a medium
at « 0.15 M NaCl and pH between 5 and 7.4) in order to not dissociate during the culture
[109]. PEM films produced for this scope have been fabricated with synthetic polymers
and also with polysaccharides and polyaminoacids.
However, it was observed that PEM films consisting of polyaminoacids and polysaccharides
tend to be softer than PEM films consisting of synthetic polymers, probably due to their
high hydration and low elastic modulus. The softness of these substrates discourages cell
attachment and proliferation on the surface. Moreover, a softer PEM tends to be unstable
in physiological conditions and might be particularly subjected and damaged by the shear
stress forces applied by cells during culture.

Several methods have been employed to enhance the mechanical properties of PEM films
made of these polymers in view of enhancing cell adhesion. Covalent crosslinking of the film
is the most common approach and leads to a stiffening of the PEM due to the creation of
covalent bonds between the different layers constituting the film. The type of crosslinking

8Property of a material or chemical specie of being toxic to cells.

41



reaction employed depends on the chemical nature of the polyelectrolytes [109]. Other
options to enhance the mechanical properties of the PEM are to incorporate NPs in the
film or to deposit the PEM incorporating one or multiple layers of a different polyelec-
trolyte species. For instance, Vodouhe et al. enhanced the mechanical properties and,
consequently, cell adhesion of a PLLA/hyaluronic acid (HA) film, initially non-adhesive,
by the addition of a single layer of polystyrene sulfonate (PSS) in the PEM [110].

Other than by the mechanical properties of the substrate, cell adhesion depends on the
chemical nature of the substrate and on the presence on the surface of adhesion proteins
or peptide sequences that can be recognized by the cell integrins. Thus, the PEM can be
biofunctionalized to expose peptide sequences mediating the cell recognition as RGD. This
can be performed by employing the EDC/NHs strategy already mentioned in Section 1.5.5.
Alternatively, ECM proteins can be incorporated as building blocks of the PEM or adsorbed
or grafted to PEM. For instance, the group of Costa et al. prepared a biomimetic smart
coating using chitosan and recombinant elastin-like recombinamer (ELR), a recombinant
protein containing the cell attachment sequence RGD [111]. This elegant strategy allowed
the obtainment of a surface coating with tunable properties and strong cell adhesion in
a few easy steps. The authors demonstrated that the hydrophilicity of the film can be
strongly influenced by changing the coating procedure parameters and they tested the
substrate for SaOs-2 cell line culture, obtaining successful results.

1.6.4 Other applications
PEM coatings find applications in disparate fields such as biosensors, biotechnology, gas
separation, bioelectronics, drug/gene delivery, regenerative medicine, tissue engineering,
etc. [100, 107, 108, 111–117].

One of the most common uses of PEM films in biotechnology, is as drug delivery systems.
Usually, the drug molecules are loaded on a sacrificial template which is then coated with
LbL and dissolved, leaving intact the drug molecules. This leads to the creation of a
hollow shell made of a PEM entrapping the drug molecules. The shell can be destroyed
under a specific stimulus, when the target is reached in the body. This fabrication
strategy is advantageous because it allows an easy incorporation of functional components
(e.g., surface antibody modification for specific uptake) or sensor molecules in different
positions of the multilayer composing the hollow shell [116, 117]. Besides drugs, magnetic
nanoparticles (used for inducted release or carrier tracking), enzymes and cells can also be
loaded in the hollow shell and it is also possible to load them after the PEM formation,
adopting more complex strategies [115, 117].

1.7 Magnetic microcarriers
The magnetic feature of magnetic MCs is usually obtained by the incorporation of magnetic
nanoparticles (NPs) made of iron oxide (Fe3O4) in the MC material. Due to to their
low toxicity and biocompatibility, iron oxide NPs have been used for in vivo biomedical
applications for many years [118, 119]. For example, superparamagnetic NPs are used for
treating cancer by magnetic hyperthermia therapy, thanks to their property of producing
localized heat when submitted to an alternate magnetic field [120]. Their eventual toxicity
in the body depends on the chosen dose and on physical, chemical and structural properties
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of the magnetic NP itself [120].

Magnetic MCs are currently used for several applications in the biomedical field and in
biotechnology. Magnetic MCs can be surface functionalized to be used as a substrate for
the culture of bacteria or to act as biosensors, for example to perform in vitro immunoassay
[120]. Several models of magnetic MCs for these scopes are already on the market [120].
The feature of being magnetic, makes this kind of MCs interesting for in vivo applications,
because their position in the body can be tracked by magnetic resonance imaging (MRI)
or magnetic resonance imaging navigator (MRI navigator) [121, 122].
MCs are used for genes and drug delivery, by loading the biomolecules in the core and,
then, implanting them in vivo [120]. They are also used for cell delivery [121]. Two main
strategies are possible: cell-laden magnetic MCs are directly implanted in vivo or cell-laden
MCs are incorporated in a macro-sized construct and, then, implanted. This macro-sized
construct is usually made of hydrogel or polymer and has magnetic NPs incorporated [47].

The use of magnetic MCs for dynamic or static cell culture could bring many technical
advantages. For instance, it could be useful to separate the MCs from the cells after cell
detachment or to isolate the cell-laden MCs from the medium solution during the culture.
Nevertheless, only a few studies focused on performing dynamic or static cell culture on
magnetic MCs [41, 121, 123, 124]. One example is the study of Xu et al. in which the
influence of cell growth enhancement of MSCs when cocoltured with rabbit ACs (rACs)
was investigated [125]. In order to do so, they created a coculture of the two kinds of cells
on MCs in dynamic conditions. The used MCs were composed of alginate, but the ones
used to culture rACs were loaded with magnetic NPs. This strategy allowed the authors
to selectively separate the rACs-laden MCs from the culture by applying a magnetic field.
A schematic drawing of the strategy is shown in Figure 1.14.

Figure 1.14: Selective separation of rACs-laden MCs from the coculture by applying a
magnetic field [125].
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Chapter 2

Scope of the thesis and strategy

2.1 Scope of the thesis
The relevance of the use of MCs in the expansion of stem cells and the currently used
fabrication and coating techniques for the production of MCs have been introduced in
Chapter 1. These elements constitute the framework of this master thesis project.

The scope of this project is to produce magnetic MCs for stem cell expansion. The
cellular response to these MCs is evaluated in semistatic culture conditions. However, the
optimization of their properties is performed in view of a final use as cell-culture substrate
in dynamic culture conditions, as for instance in spinner flasks. The magnetic feature of
these MCs would allow a simplified separation of the MCs from the culture medium and
sampling during the culture. This is explained in detail in Chapter 4. Nevertheless, the
evaluation of the performance of these MCs in dynamic culture conditions is beyond the
scope of this project.

As well as magnetic MCs, non-magnetic MCs are produced and tested in semistatic culture
conditions. These are intended to serve as a comparison group for the study of the
properties of magnetic MCs. The novelty and scientific relevance of this project stands,
first of all, in the production of magnetic MCs, but also in the solvent-free production
method of the MCs and in the coating of the MCs which is entirely free of animal derived
components.
The novelty and scientific relevance of this project stands, first of all, in the production
of magnetic MCs. However, two additional major contributions are the solvent-free
production method and the chemical nature of the coating, which is entirely free of animal
derived components.

2.2 Strategy
The first step is the production of MCs. MCs are made of poly(L-lactic acid) (PLLA), a
biocompatible and biodegradable polymer, and are produced by spherulitic crystallization
using an organic-solvent-free method. The magnetic properties of the MCs are achieved
by incorporating Fe3O4 superparamagnetic NPs in the PLLA spherulites. Together with
magnetic MCs, non-magnetic MCs are prepared as well, by avoiding the NPs incorporation
step. Both kinds of MCs are coated in order to enhance cell attachment on their surface.
In order to do so, a polyelectrolyte multilayer (PEM) is deposited in the surface by
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Layer-by-Layer (LbL) deposition, then it is functionalized with RGD peptide sequences.
A highlight of the coating procedure is that it is free of any animal-derived component,
which could possibly transmit xenogeneic infectious agents.

Both kinds of MCs are characterized prior to their evaluation as suitable cell-culture
substrates. An important possible limitation of the use magnetic MCs as cell-culture
substrate is their eventual iron release, which might render them toxic to cells or influence
cell differentiation. Therefore, it was considered fundamental to evaluate their stability,
i.e. their iron release in solution. Moreover, the incorporation of NPs and the magnetic
properties of magnetic MCs are characterized, two factors influencing their response to
a magnetic field. The morphology of both kinds of MCs is also evaluated, as it is an
important factor influencing cell attachment and differentiation.

Finally, the MCs are tested in vitro for expansion of human adipose derived mesenchymal
stromal/stem cells (hASCs). The culture is performed in semistatic conditions and cell
attachment and proliferation are evaluated for time periods of 5-6 days. Additionally, the
cytotoxic effect of both kinds of MCs to cells is evaluated, to assess if the iron release from
magnetic MCs has any dangerous effect in the cell growth. The cytotoxicity was planned
to be evaluated in direct and indirect contact condition, as the two tests could provide
different information.
Unluckily, due to the lockdown measures adopted in spring 2020, it was only possible to
evaluate the cytotoxicity in direct contact conditions and not in indirect contact.
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Chapter 3

Experimental methods

3.1 Materials
Microcarrier production

• Poly(L-lactide) (PLLA) Mn 40000-70000 g/mol (Polysciences, USA)

• Polyethylene glycol (PEG) Mn 3500 g/mol (Sigma Aldrich, USA)

• Polyethylene glycol methyl ether (PEG-M) Mn 5000 (Sigma Aldrich, USA)

• Fe3O4 Magnetic Nanoparticles (MNPs): Dextran coated iron oxide magnetic nanopar-
ticles (MNPs) suspension (10 mg Fe /mL), (Ocean Nanotech, USA)

• Poly(L-ornithine) (PLO), MW 78 000 g/mol, purity 90-100 %, (Alamanda Polymers,
USA)

• Hyaluronic Acid (HA), MW 360 000 g/mol, Research grade, (Lifecore Biomedical,
USA)

• Poly(ethyleneimine) (PEI) solution, MW 750,000 g/mol, 50 wt. % in H2O, (Sigma
Aldrich, USA)

• Sodium chloride (NaCl), purity 99.5 %, (Sigma Aldrich, USA)

• N-Hydroxysulfosuccinimide sodium salt (Sulfo-NHS), purity 98 %, (Sigma Aldrich,
USA)

• N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), purity 98 %,
(Sigma Aldrich, USA)

• 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), purity 99.5 %, (Sigma
Aldrich, USA)

• 2-(N-morpholino)ethanesulfonic acid (MES), purity 99 %, (Acros, Belgium)

• GRGDS peptide (RGD peptide), purity 98 %, (Genecust, France)

• Absolute ethanol, purity 95 %, (Acros, Belgium)

• Milli-Q grade water (resistivity of 18.2 mΩ), produced by a Milli-QTMReference
system of Merck Millipore, USA.
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Cell culture

• Human adipose derived mesenchymal stromal/stem cells (hASCs), provided by the
research unit Regenerative medicine and Skeleton (University of Nantes, France)

• Mesenchymal stem cell growth medium (basal medium and supplement mix), (Pro-
mocell, Germany)

• Bovine serum albumin (BSA), purity 96 %, (Sigma-Aldrich, USA)

• Penicillin/streptomycin (PEST), (Life Technologies, USA)

• Dimethylsulfoxide (DMSO), purity 98 %, (Sigma-Aldrich, USA)

• Fetal bovine serum (FBS), (Sigma-Aldrich, USA)

• Dulbecco’s phosphate-buffered saline (devoid of calcium and magnesium) (DPBS),
(ThermoFisher Scientific, USA)

• StemProTM Accutase Cell Dissociation Reagent, (ThermoFisher Scientific, USA)

• PrestoBlueTM Cell Viability reagent, (ThermoFisher Scientific, USA)

• CyQUANTTM Cell Proliferation Assay Kit, (ThermoFisher Scientific, USA)

• Calcein AM (Invitrogen, ThermoFisher Scientific, USA)

• UltraPureTM Ethidium Bromide (Invitrogen, ThermoFisher Scientific, USA)

• Triton TM X-100, (Sigma-Aldrich, USA)

3.2 Overall strategy of production of microcarriers
A scheme of the overall strategy of production of MCs is shown in Figure 3.1. The
microcarriers (MCs) consist of spherulites of poly-L-lactic acid (PLLA). PLLA was melt-
mixed with poly(ethylene glycol) (PEG) and the spherulites were obtained by isothermal
spherulitic crystallization in poly(ethylene glycol) (PEG) medium. Specifically, to obtain
magnetic MCs, NPs were incorporated in PEG by freeze-drying prior to the melting step.
A biofunctionalized coating was deposited on the surface of the MCs. In order to do so,
the MCs were coated with a polyelectrolyte multilayer (PEM) through Layer-by-Layer
(LbL) deposition using cationic poly(L-ornithine) (PLO) and anionic hyaluronic acid (HA)
as polyelectrolytes. The PEM was postcrosslinked, then, biofunctionalized by grafting
RGD peptide sequences.
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Figure 3.1: Scheme of the overall production strategy of magnetic and non-magnetic MCs.

3.2.1 Fabrication of microcarriers

The fabrication procedures of magnetic and non-magnetic MCs are depicted in Figure 3.2
path A) and B), respectively. A protocol optimized by Kuterbekov in a previous study
was followed to produce non-magnetic MCs [59]. Equal quantities of PLLA and PEG
were introduced in a glass tube. The tube was, then, hermetically closed with a septum
and degassed through two argon-vacuum cycles (1h30 of vacuum, 30 min of argon). The
tube was placed in a 230˝C oil bath for 5 minutes in order to melt the the two polymers.
Then, it was placed in a 110˝C oil bath overnight. At this temperature, PLLA crystallizes
forming spherulites while PEG stays liquid. The following day, the tube was removed
from the 110˝C oil bath and cooled down to room temperature. The blend was finally
repeatedly washed with MilliQ water to dissolve the PEG and retrieve individual PLLA
spherulites. Those spherulites were then sieved to select spherulites with a size range of
150 - 300 µm. The obtained particles were stored in MilliQ Water at room temperature.

To fabricate magnetic microcarriers, magnetic nanoparticles (MNPs) were incorporated
in the PEG powder. In order to do so, 3 mg of MNPs per gram of PEG were added in
a PEG solution (0.66 g/mL, in MilliQ water). The solution was freeze-dried to obtain a
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solid PEG reagent with homogeneously incorporated MNPs. The rest of the fabrication
procedure was performed as described above.

Figure 3.2: Scheme of the fabrication procedure of non-magnetic MCs (A) and magnetic
MCS (B).

3.2.2 Deposition of a biofunctionalized coating on microcarriers

A LbL polyelectrolyte coating was first deposited onto the surface of the MCs. Afterwards,
the polyelectrolyte coating was functionalized with RGD peptide sequences.

Polyelectrolyte coating

The coating of the MCs was performed with a ROBO-DIPP machine, a machine that is
programmed to execute a cyclic dipping procedure in an automatized way. In order to coat
the MCs, they were placed in specific inserts having a permeable bottom, which allowed
the immersion of the MCs in the polyelectrolytes solutions avoiding their dispersion in
the solutions. The inserts containing the MCs were installed on a specifically designed
support that was attached to the dipping arm of the ROBO-DIPP machine. A scheme of
the support is showed in Figure 3.3.

49



Figure 3.3: Scheme of the support used in the coating procedure, specifically designed
to contain the inserts. From left to right: MCs are placed in an insert with permeable
bottom, the insert is placed in the support attached to the ROBO-DIPP machine arm and,
thanks to the automatized movement of the machine, the support is dipped in solution.

The two employed polyelectrolytes were HA (polyanion) and PLO (polycation). Addi-
tionally, PEI (polycation) substituted PLO exclusively for the 1st cycle, as it acts as an
anchorage layer for the following polyelectrolyte depositions. The chemical structures of
the three polyelectrolytes are shown in Figure 3.4.

Figure 3.4: Chemical structures of the three polyelectrolytes employed in the LbL coating
procedure.

HA, PLO and PEI were dissolved in 0.15 M NaCl, pH 7.4, in concentrations 1 mg/mL, 0.5
mg/mL and 1 mg/mL, respectively. The coating procedure consisted in a cyclic immersion
of the MCs in the HA and PLO solutions, for a total of 8 cycles. Each cycle consisted in:
immersion in PEO solution (5min) (PEI for the 1st cycle); three rinsings with 0.15 M NaCl
(pH 7.4) of 1 sec for 10 times, 5 sec for 5 times and 30 sec for 1 time; immersion in HA
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solution (5min) and three rinsings with 0.15 M NaCl (pH 7.4) of 1 sec for 10 times, 5 sec
for 5 times and 30 sec for 1 time. A scheme of the dipping procedure is shown in Figure 3.5.

Figure 3.5: LbL dipping procedure. From left to right: immersion in PLO (PEI for the 1st
cycle), three rinsings with NaCl, immersion in HA solution and three rinsings with NaCl.

Once the PLO/HA coating was achieved, a post-crosslinking reaction was performed in
order to improve the mechanical properties of the coating. For this, the protocol developed
by Picart et al. was used [126]. The chemical reaction occurring during the crosslinking
and schematic drawing showing the effect of the crosslinking on the PEM are shown in
Figure 3.6 A and B, respectively. The crosslinking consists in the formation of amide bonds
between the carboxyl groups (COOH) of HA and the amino groups (NH2) of PLO thanks
to the combined action of EDC and sulfo-NHS. Initially, the carboxyl group (COOH)
of HA reacts with EDC (1st step in Figure 3.6 A). Then, the hydroxyl group (OH) of
sulfo-NHS substitutes EDC (2nd step in Figure 3.6 A). Finally, the amino group (NH2) of
PLO reacts with the activated ester to form the amide bond (3rd step in Figure 3.6 A). The
amide bond could form only thanks to the action of EDC, but the presence of sulfo-NHS
enhances the reaction yields and avoids possible rearrangement of the intermediate species
to undesired products [126].
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Figure 3.6: A) Formation of the amide bond between the two polyelectrolytes chains by
action of the reagents sulfo-NHS and EDC, adapted from [126]. B) Crosslinking of the
PEM by formation of amide bonds between the HA chains and PLO chains.

To achieve the crosslinking of the coating, the MCs were incubated in a EDC/sulfo-NHS
solution (concentration: EDC 70 mg/mL and NHS 11 mg/mL in 0.15 M NaCl, pH 5.5)
overnight at 4˝C. The reaction was stopped by 5 rinsings of 20 min each with HEPES
solution (20 mM in NaCl 0.15 M, pH 7.4).

RGD grafting

The functionalization of the PEM consists in the grafting RGD peptide sequences to the
carboxyl (COOH) ending groups of HA, through the same reaction as for the crosslinking
(Figure 3.6A). The employed peptide sequence is Gly-Arg-Gly-Asp-Ser (GRGDS) and the
presence of the additional Gly amino acid provides an amino group (NH2) employed to
react with the COOH groups of HA. Therfore, the NH2 ending group of GRGDS acts as
the NH2 group of PLO in the reaction shown in Figure 3.6A. Figure 3.7 shows a scheme
of the RGD grafting to the PEM.

Practically, in order to graft the RGD group on the PEM, the MCs were immersed in
a EDC-NHS solution (concentration: EDC 70 mg/mL and NHS 11 mg/mL in MES 0.1
M, pH 6.5) for 15 min at 4˝C and then, abundantly rinsed with MES 0.1 M pH 6.5.
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This caused the activation of the COOH groups of HA by reacting with EDC and, then,
sulfo-NHS. Then, the MCs were immersed in a RGD solution (concentration: 10´3 M in
MES 0.1 M, pH 6.5) for at least 18 h at 4˝C, so that the RGD sequences reacted with the
COOH groups of HA.
To stop the reaction, the samples were rinsed 8 times in HEPES 20 mM for 20 min.
The samples were placed overnight in HEPES 20 mM solution to completely remove the
non-grafted peptide. The following day, additional rinsing were performed: 3 rinsings of 20
min in a solution MilliQ/Ethanol (1:1 v/v), one fast rinsing with MilliQ/Ethanol solution
and three rinsings with MilliQ.

Figure 3.7: A) Functionalization of the PEM with RGD sequences by action of the reagents
sulfo-NHS and EDC. B) Chemical structure of the peptide sequence GRGDS employed in
the functionalization.

3.3 Characterization of microcarriers

3.3.1 Magnetic nanoparticle incorporation and iron release
Two aspects related to the use of MNPs were evaluated: the amount of MNPs incorporated
in the magnetic MCs and the release of MNPs from the magnetic MCs. To evaluate both
this aspects, inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses
were performed.

During ICP-AES, a liquid sample is exposed to inductively coupled plasma, which causes
the excitation of the atoms and ions contained in the sample. Consequently, the excited
atoms or ions emit electromagnetic radiations with wavelength characteristic of the chem-
ical species. The radiations are detected by the instrument and their wavelengths and
intensities provide information on the chemical species contained in the sample and on
their concentrations, respectively.

Concerning the MNPs incorporation yield, dry samples of MCs were crushed, calcinated at
500˝C, dissolved in 1 mL of HCl and 9 mL of water, diluted 10 times in water and, finally,
analyzed. Two samples of MCs coming from the same batch were prepared. Concerning
the release, instead, the analyses were conducted on the supernatant of MCs incubated
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for 12 days in DPBS. MCs samples were placed in a glass vial containing 2 mL of DPBS
(concentration 5mg/mL). The vial was incubated for 12 days in a shaking incubator (VWR,
USA). The samples were submitted to constant agitation at 100 rpm and to a constant
temperature of 37˝C. A scheme representing the experimental set-up is shown in Figure
3.8. At specific time points (D1, D5, D8 and D12), 1 mL of supernatant was retrieved from
the vial to be analysed by ICP-AES. The samples of supernatant were diluted in 5 mL of
water prior analysis. The remaining supernatant was carefully removed and the initial
volume of supernatant was restored adding 2 mL of DPBS. As two glass vials containing
magnetic MCs were prepared for this assay, for each time point two samples of supernatant
were analyzed by ICP-AES, one for each vial.

Figure 3.8: Scheme of the set-up used to assess the iron release from magnetic MCs.

3.3.2 Morphology
To evaluate the morphology of the magnetic and non magnetic microcarriers, Scanning
Electron Microscopy (SEM) observations were performed with a JEOL 7600F scanning
electron microscope operating at an acceleration voltage of 2 kV. The observed samples
were prepared by retrieving small volumes of milliQ water containing MCs in suspension,
which were, then, placed on conductive tape. The water was let evaporate to obtain
samples of dry MCs. Then, the samples were metallized with a thin layer of gold to make
them conductive (coating of 10 - 15 nm).

3.3.3 Magnetic properties
The magnetic properties of the samples were evaluated through micromagnetic analysis
with a MicroMag 2900 Alternating Gradient Magnetometer (AGM) [127]. This instrument
allows to test the magnetic properties of small amounts of material. The AGM instrument
measures the oscillation of the sample produced as a response to the submission of the
sample to magnetic fields generated by the instrument.

Two samples of approximately 1 mg of MCs, coming from the same batch of MCs, were
analyzed. The samples were prepared as follows. As the MCs are usually stored in milliQ
water suspension, the MCs were initially retrieved as a volume of water containing MCs in
suspension. To prepare each sample, 100 µL of water containing approximately 1 mg of
MCs were retrieved from a of milliQ water suspension of MCs of 10 mg/mL. Then, these
MCs suspended in water were placed on adhesive tape and the water was let evaporate
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to obtain only dry MCs. When the water was totally evaporated, the adhesive tape was
folded, in order to obtain a sample of MCs of the adequate size to be analyzed by the AGM
instrument and to fix the MCs in the inner part of the produced sample. Because the
MCs were fixed onto tape, the micromagnetic analysis of the adhesive tape by itself was
recorded as a control. As the samples were prepared with this method, it was impossible
to assess the exact mass of the MCs collected in the samples. Indeed, the mass and the
number of MCs collected from the suspension could vary due to non-homogeneity of the
water suspension and the retrieving method. We did not try to weight the dry powder
(MCs) constituting the samples because this would have probably caused the loss of some
MCs in the weighting process.

3.4 In vitro evaluation using human adipose derived
mesenchymal stromal/stem cells (hASCs)

3.4.1 Revival of hASCs
Human adipose derived mesenchymal stem cells (hASCs) were cryopreserved in freezing
mixture (FBS:DMSO, 9:1) at -80˝C. In order to revive them, they were thawed and
suspended in pre-warmed complete Mesenchymal Stem Cell Growth Medium 2 in a Falcon
tube. The tube was centrifuged at 300 g for 5 min and the supernatant was removed.
The cell pellets were suspended in 10 mL of pre-warmed complete medium and, then,
transferred in a T75 Cell Culture Flask (Corning, USA). The cells were incubated in a CO2
Incubator (CB 170, BINDER GmbH, Germany) at 37˝C and in a 5% CO2 atmosphere.
The medium was changed every two days and the cells were passaged whenever they
reached confluency.

3.4.2 Subculture and maintenance of hASCs
In order to subculture the cells, the conditioned medium in the flask was removed and
the cells were washed with sterile DPBS (devoid of calcium and magnesium) to remove
all traces of serum. Cells were detached from the T75 flask by 10 min of incubation in 3
mL of pre-warmed StemProTM Accutase Cell Dissociation Reagent. Cells were inspected
by observation with an optical microscope (OLYMPUS epifluorescence IX71 microscope,
OLYMPUS, Japan) to ensure the complete cell detachment and dispersion of cell layers.
10 mL of fresh medium were added to interrupt the action of accutase. The supernatant
was removed after centrifugation at 300 g for 5 min. The cells pellets were re-suspended in
pre-warmed complete medium. A cell counting procedure was performed using a Bürker
chamber (VWR, USA). The Bürker chamber consists of a glass support which displays
an array of squares (3x3) covered by a glass coverslip. 20 µL of cell pellets suspension
were retrieved and mixed with 20 µL of Trypan Blue solution. 10 µL of this solution were
introduced between the glass support and the coverslip of the Burker chamber. The cells
present in each square were counted and, knowing the total volume of the cell pellets
suspension, it was possible to calculate the total cell number. Once the number of cells in
solution was known, cells were inoculated in two new T75 flasks in concentration 350,000
cells per T75 flask. Cells were not passaged more than 10 times.
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In the case it was necessary to freeze cells for future use, after the detachment, cells were
re-suspended in freezing mixture (FBS:DMSO, 9:1) and the cryovials were stored at -80˝C.

3.4.3 hASCs seeding and culture on microcarriers in semi-static
conditions

1 mg of magnetic or non magnetic MCs were placed in each well of ultra-low attachment
Costar 24-Well-Plates (Corning, USA). The MCs in the well plates were sterilized by UV
light exposure for 20 min, then, conditioned by addition of 400 µL of complete medium in
each well for 20 min.
hASCs were detached from a near confluent T75 flask and counted according to the
procedure described in the previous section.
The conditioned medium was removed and 300 µL of cell suspension were added, resulting
in a final concentration of 3,500 cells/well. A gentle circular agitation of the well plates
was performed for 2 min at an interval of 30 min for 4 h, to ensure an uniform attachment
of cells on all the MCs. At the end of the adhesion period, the medium containing the
unattached cells was removed and 500 µL of fresh pre-warmed complete medium were
added in each well.
In order to evaluate the attachment and proliferation of hASCs on MCs, cell growth was
monitored over a period of 5 days. At predetermined time points, assays were performed
to assess cell viability and proliferation. Viability of cells was assessed by Live/Dead
assay, cell metabolic activity was assessed by PrestoBlue assay and DNA quantification
was assessed by CyQUANT assay. The principles of these assays are further explained in
section 3.4.4.
At each predetermined time points, quadruplicates (four wells) were analyzed for each
tested group, i.e. cells growing on magnetic MCs and cells growing on non-magnetic
MCs. One well was employed for Live/Dead staining and three wells were employed for
PrestoBlue assay. Once the PrestoBlue assay was concluded the cells in the three wells
were stored for DNA quantification, as explained in Section 3.4.4. The PrestoBlue assay
was performed by incubating cells growing on MCs for 4 h with 400 µL of PrestoBlue
solution per well. The supernatants were analyzed by fluorescence spectroscopy with a
microplate reader using a gain value of 70. The supernatant of each well was analyzed in
triplicates (three volumes of 100 µL were analyzed for each well). The metabolic activity
value of the cell growing on MCs in a specific well was computed as average of the values
of the triplicate. The error on this value corresponds to the standard deviation. The
metabolic activity of a group (for instance, cells growing on magnetic MCs on D2), was
computed as average of the metabolic activity values of the three wells. The error on this
value corresponds to the standard deviation.

Cytotoxicity of microcarriers by direct contact

Cells were inoculated on sterile 24-Well-Plates at a seeding density of 25,000 cells/well.
Additional pre-warmed complete medium was added, in order to have 400 µL of complete
medium per well. The well plates were incubated at 37 ˝C and 5% of CO2.
When cells reached 60% confluency, 1 mg or 2 mg of magnetic or non magnetic MCs
were added in each well. In the wells intended as negative control, pre-warmed complete
medium was added (400 µL). In the wells intended as positive control, Triton X in 0.1%
in pre-warmed complete medium was added (400 µL). The well plates were incubated at
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37 ˝C and 5% of CO2.
After 24h and 48h of incubation, the cells incubated with the MCs and with the controls
were imaged by optical microscopy (in contrast phase or bright field), in order to evaluate
their morphology, and the metabolic activity of the cells was evaluated by PrestoBlue
assay. The PrestoBlue assay was performed by incubating the cells for 4 h with 600 µL of
PrestoBlue solution per well and analyzing the supernatants by fluorescence spectroscopy
with a microplate reader using a gain value of 74.
For both incubation periods, triplicates (three wells) were analyzed for each tested group,
i.e. cells growing alone, cells in contact with Triton X, cells in contact with magnetic
and non magnetic MCs, in concentrations 1 mg/well and 2 mg/well. In the evaluation
of the cell morphology, the cells contained in one of the three wells were imaged and
in the evaluation of the cell metabolic activity by PrestoBlue assay, the cells contained
in three wells were analyzed. The metabolic activity value of cells in a specific well,
the metabolic activity of a specific group (for instance, cells growing alone after 24h of
incubation) and the errors correlated to these values were computed as performed during
the culture of hASCs on MCs in semi-static conditions, described in section 3.4.3. The
metabolic activity of cells expressed as a percentage with respect to the emission intensity
measured for the negative control (cells alone) after the same incubation times, was
computed by calculating the ratio between the metabolic activity of each evaluated group
and the metabolic activity of cells growing alone (after the same incubation times) and
multiplying by one hundred. The errors on these values were obtained by error propagation.

It should be noticed that in ISO standard of the test for in vitro cytotoxicity it is suggested
to add the materials to the cells at 80% confluency and to evaluate the cytotoxicity after
24h and/or 72h of incubation [128]. However, different time points and confluency values
can be used if properly justified. For the single cytotoxicity test performed, which is
presented in Section 5.2, different parameters than the suggested ones were chosen in order
to not reach a too high cell confluency by the end of the test.

3.4.4 Evaluation of hASCs characteristics

Cell viability evaluation by Live-Dead assay

The Live-Dead assay is a qualitative assay giving information on the viability of cells.
The cells are stained with two fluorescent dyes: calcein AM, binding to living cells, and
ethidium bromide, binding to dead cells. The calcein AM produces an intense green
fluorescence in live cells while the ethidium bromide dye interacts with the dead cells
binding with the nucleic acids of cells having a damaged membrane.

The hASCs growing on MCs were removed from the wells and transferred in a new well
plate. The medium was removed and the samples were washed twice with DPBS. The
samples were stained with calcein (2 µL per mL of DPBS) and ethidium bromide (2 µL
per mL of DPBS), and incubated for 20 min, in dark at room temperature.

The stained cells were observed and imaged by fluorescence microscopy with an OLYMPUS
epifluorescence IX71 microscope equipped with a green filter U-MWIBA3 (excitation 460
- 495 nm, emission 510 - 550 nm) and a red filter U-MNIGA3 (excitation 540 - 550 nm,
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emission 575 - 625 nm).

Metabolic activity evaluation by PrestoBlue assay

The PrestoBlue assay is a quantitative assay based on the evaluation of the metabolic
activity of the cells. It is based on the action of resazurin, which, when entering in contact
with cells, is reduced to resorufin, a pink-colored and highly fluorescent compound. The
fluorescence emission intensity of the solution is a quantitative indicator of cell metabolic
activity. The cell metabolic activity itself acts as a qualitative indicator of cell proliferation
and viability [129].

The conditioned medium was removed from the wells containing hASCs growing on MCs.
PrestoBlue solution (10% PrestoBlue in pre-warmed complete medium) was added in each
well. The plate was, then, incubated in the dark for 1-4 hours. At the end of the incubation
period, 100 µL of supernatant were retrieved from each well in triplicates and transferred
in a black 96-Well-Plate. The supernatant was analyzed by fluorescence spectroscopy
(excitation wavelength 560 nm, emission wavelength 590 nm) using a microplate reader
(Infinite M Nano, TECAN, Switzerland).

DNA quantification by CyQUANT assay

CyQUANT R© Cell Proliferation assay is based on the use of a dye, which exhibits a strong
fluorescence enhancement when bound to cellular nucleic acids. This method allows to
evaluate the amount of DNA and consequently the number of cells contained in the samples
[130].

hASCs growing on MCs suspended in medium were transferred from the wells to eppendorf
tubes. The medium was removed and the hASCs growing on MCs were rinsed twice with
DPBS by centrifugation for 3 min at 300 g. The supernatant was removed and the tubes
were stored at -80˝C until analysis.
CyQUANT assay was performed on the cell growing on MCs as per manufacturer’s
instructions. The frozen samples conserved at -80˝C in eppendorf tubes or well plates, were
thawed. 200 µL of freshly prepared CyQUANT working solution (5% volume Cell-lysis
buffer and 0.5% volume CyQUANT R© GR dye in MilliQ water) were added in each tube
or well. Each sample was agitated by vortexing and incubated 5 min at room temperature.
After the incubation period, 100 µL of supernatant were retrieved from each sample and
transferred in a black 96-Well Plate. The supernatant was analyzed with a microplate
reader by fluorescence spectroscopy (excitation wavelength 480 nm, emission wavelength
520 nm).

T-test

T-tests were performed to evaluate the statistical difference between different values of
metabolic activity of cells growing on MCs and/or in adhesion well plates, during both
the cytotoxicity assay and the evaluation of cell attachment and proliferation of MCs.
One-tailed and two-tailed tests were performed. The working principles of the t-test are
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presented in the following.

A t-test is a statistical test which aims to assess if two groups are statistically equivalent
by evaluating their means and variances. It has a significance value (α), which is usually
0.05. A two-tailed, or non-directional, t-test consists in the formulation of two hypotheses:
H0 (null hypothesis), stating that the two data sets are statistically equivalent, and H1
(alternative hypothesis), stating that the two data sets are statistically different. A one-
tailed or directional t-test has the same null hypothesis of a two-tailed test but has a H1
which states that one data set is significantly bigger than the other. A one-tailed test is
more accurate than a two-tailed test. In both cases, the t-test provides a probability value
(P value). If P < α, H0 is rejected and the two groups are considered statistically different
(or one group statistically bigger than the other). While, if P > α, H1 is rejected and the
two groups are considered statistically equivalent.
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Chapter 4

Characterization of the microcarriers

As mentioned in Chapter 2, the aim of this thesis is to produce magnetic MCs and test
them for semistatic culture of stem cells in view of a possible use in dynamic cell culture.
In dynamic culture, magnetic MCs, thanks to their property of being easily magnetized
by an applied magnetic field, would be easily retrieved from the culture medium by using
a magnetic field. Firstly, this would enable an easy sampling of MCs during the culture
for inline characterization of cells growing on MCs without affecting or perturbing the
rest of the culture. Secondly, it would allow an easier harvesting of cells once the culture
ends. Indeed, cells growing on magnetic MCs could be easily retrieved, transferred in a
new recipient and detached from the surface by enzymatic treatment (by using trypsin,
collagenase or accutase) combined to agitation. Then, the magnetic MCs would be re-
trieved from the solution, leaving exclusively the cell pellets. This strategy is less invasive
for the cells, leads to a reduction of the manipulation steps for the operator and renders
the downstream process, i.e the process of harvesting cells, more efficient and simple.

As already mentioned in Section 1.7, the use of magnetic MCs for cell culture has been
already tested by several research groups [121, 123] and the possibility of selectively
retrieving magnetic MCs from a dynamic culture has been performed by the group of Xu
et al. [125].

In the next Section 4.1, the methods employed to fabricate magnetic and non magnetic
MCs are presented and justified. Particularly, the procedure of fabrication of magnetic
MCs is deepened, taking into account the requirements just mentioned concerning their
magnetic properties. Moreover, the approach adopted to characterize magnetic and non
magnetic MCs is explained.
Afterwards, the performed characterizations and the obtained results are presented in
Sections 4.2, 4.3, 4.4 and 4.5.

4.1 Strategy of production of microcarriers and in-
troduction to their characterization

The MCs were fabricated following a protocol developed by Kuterbekov et al. in a previous
study [59]. According to this protocol, the MCs were produced by isothermal spherulitic
crystallization of PLLA in PEG medium.
Initially, the two polymers were melted together at 230˝C, then, PLLA selectively crystal-
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lized in spherulites at a temperature between 140 and 110˝C.
The highlights of this fabrication method are that it is organic-solvent-free, differently than
most fabrication methods currently used, and that the size, mechanical properties and
density of the obtained MCs are easily tunable. Indeed, the study from Kuterbekov et al.
demonstrates that these features are depending on PLLA molar mass, PLLA:PEG ratio
and crystallization temperature [54–57, 59]. For this project, a mass ratio of 50:50, a molar
mass of PLLA of 40000-70000 g/mol (Mn) and temperature of spherulitic crystallization
of 110˝C, were chosen as they were demonstrated to be the optimal to produce MCs with
size, density and mechanical properties appropriate for cell culture in dynamic condition.

The magnetic MCs were desired to exhibit superparamagnetic behaviour. This implies
that they would be easily magnetized when a magnetic field is applied, for instance, when
it is desired to retrieve them from a solution. In addition, a superparamagnetic behaviour
implies a fast recovery of the non-magnetized state when no magnetic field is applied.
Contrarily, if the magnetic MCs would remain magnetized even when no magnetic field is
applied, their magnetization could cause their aggregation or an undesired cellular response.
In order to obtain MCs displaying superparamagnetic features, Fe3O4 superparamagnetic
NPs were incorporated in the polymeric matrix of the MCs.

Fe3O4 NPs were chosen among the several available superparamagnetic NPs for their
biocompatibility and low toxicity. Indeed, these NPs are approved for biomedical ap-
plications and are one of the most used type of NPs for biomedical application in vivo [119].

In order to incorporate magnetic NPs in the polymeric matrix of the MCs, the fabrication
procedure proposed by Kuterbekov et al. was slightly adjusted.

As a first step, the magnetic NPs in water suspension were added to a solution of PEG
in water. Afterwards, in order to remove the water, the solution was freeze-dried leading
to a dry PEG powder with homogeneously incorporated magnetic NPs. At this point,
the obtained PEG powder was used to fabricate the magnetic MCs, following the same
procedure employed for non-magnetic MCs. Thus, the PEG powder was mixed with
PLLA, the mixture was melted and PLLA was selectively crystallized in spherulites. As
a consequence of the melting of the two polymers, the NPs were released by PEG and
incorporated in PLLA with a yield of at least 50%, as the mass ratio is 50:50.

The NPs were incorporated in PEG with a concentration of 3 mg of iron per gram of
PEG. This concentration was demonstrated to be the optimal one for the fabrication of
magnetic MCs for dynamic culture in a previous optimization study. In fact, magnetic
MCs prepared with higher NPs concentrations were not suitable for dynamic cell culture,
as they would tend to stick to the magnetic stirring arm of the spinner flask instead of
being suspended in solution. On the other hand, magnetic MCs prepared with lower NPs
concentrations had too weak magnetic properties, leading to the impossibility of being
retrieved from the culture medium.

Finally, it was desired to characterize different properties of the magnetic MCs to assess
their suitability as cell-culture substrate for semistatic and dynamic cell culture.

First of all, the incorporation of NPs in the magnetic MCs was investigated. This influences
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both the stability and the magnetic properties of the magnetic MCs. Then, the stability of
magnetic MCs, i.e. their iron release in solution, was investigated. This is a fundamental
parameter because a high iron release could be harmful for cell growth and influence cell
differentiation [131, 132]. Finally, the magnetic properties of the magnetic MCs were
evaluated to assess if they exhibited the expected superparamagnetic behaviour.
Moreover, the morphology and the surface porosity of the magnetic MCs were evaluated
and compared with the one of non-magnetic MCs. Indeed, these two parameters influence
cell attachment and proliferation as mentioned in Chapter 1.

4.2 Magnetic nanoparticles incorporation in magnetic
microcarriers

Two samples of magnetic MCs were analyzed by ICP-AES in order to assess the content
in iron, which is connected to the content in magnetic NPs. The magnetic MCs were
prepared by incorporating magnetic NPs at a concentration of 3 mg of iron per gram
of PEG. This amount of iron is considered as a theoretical iron content as it is the iron
contained in PEG and PLLA during the fabrication process of MCs.

The results of the ICP-AES analysis showed that the content in iron in the magnetic
MCs was 1.70˘0.06 mg per g of MCs. This value is the average of the content of the two
analyzed sample which were collected from the same batch of MCs. The error on this
value corresponds to the standard deviation. Knowing the content in iron in the magnetic
MCs, it is possible to calculate the yield of iron incorporation. The obtained values are
summarized in the following table. The error on the yield is computed by propagation of
the error on the iron incorporated in the MCs.

Theoretical iron content
(mg of iron/g of PEG)

Measured iron content
(mg of iron/g of MCs)

Incorporation yield
%

3 1.70˘ 0.06 57˘2

Table 4.1: Summary of the obtained results concerning the incorporation of iron in the
magnetic MCs.

First, it can be stated that the iron-incorporation yield corresponds to the NP incorporation
yield in the magnetic MCs. Additionally, a comment on the fabrication procedure can be
made. The fabrication method of MCs consists in mixing PLLA and freeze dried powder
of PEG containing magnetic NPs in equal quantities, melting them and, then, letting
PLLA crystallize in spherulites at 110˝C. During the melting step, the NPs contained in
PEG are released and they mix with PLLA. Then, when PLLA crystallizes, 57% of NPs
are incorporated in the spherulites instead of staying in the molten PEG.

4.3 Stability of magnetic microcarriers
Fe3O4 magnetic nanoparticles are frequently used for in vivo and in vitro applications,
implying a close contact with cells. However, these nanoparticles can release iron in the
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culture environment. Several studies investigated the effects on cells of iron in solution
and showed that the presence of iron can inhibit cell growth, influence cell differentiation
and, at higher concentrations, cause a cytotoxic effect on cells [131, 132]. Therefore, the
magnetic MCs are desired to be stable, meaning that they they do not release amount of
iron which can be detrimental for cell behavior.

In order to assess the stability of magnetic MCs, the microparticles coated with the
RGD-grafted LbL film were stored in buffer solution (DPBS) at 37˝C, under stirring at
100 rpm, for 12 days. Samples of supernatant were retrieved at specific time points (D1,
D5, D8 and D12) and analyzed by ICP-AES in order to measure the amount of iron
released in the supernatant. At every time point, the remaining supernatant was retrieved
and thrown. Then, the initial amount of supernatant was restored with fresh buffer solution.

The release of iron measured at given time points over the chosen time period is shown in
Figure 4.1, as daily and cumulative release. The iron release is expressed as µg of iron
released per gram of magnetic MCs. This assay was performed in duplicate, thus, for each
time point two samples of supernatant were analyzed. Consequently, each daily value of
iron release is an average of the values of iron release of the two duplicates. The errors on
these values correspond to standard deviations. The cumulative iron release was computed
by adding the daily iron release of the specific time point to the ones of the precedent time
points. The errors on the cumulative iron release were computed by propagation of the
errors on the daily release.

Figure 4.1: Iron release expressed in µg of iron released per gram of magnetic MCs over a
period of 12 days. The error bars correspond to standard deviations (two samples were
taken at every time point).

First, it can be noticed that the daily iron release decreases progressively with the storage
time, until it reaches less than 1 µg per g of magnetic MCs after 12 days in buffer solution
(0.8˘0.3 µg/g, as can be noticed in Figure 4.1). Consequently, the cumulative release
increases progressively, but its daily increase decreases day by day.
The cumulative release on day 12 corresponds to 6.1˘0.9 µg/g of MCs, Figure 4.1. This
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result can be compared to the iron content initially measured in MCs (1.70˘0.06 mg/g
of MCs). The percentage of the incorporated iron that is released after 12 days can be
expressed as:

% iron released “ p6.1˘ 0.9q ¨ 10´3 mg iron/gMCs
1.70˘ 0.06mg iron/gMCs ¨ 100 “ 0.36˘ 0.06%

Thus, it can be affirmed that less than the 0.4% of the contained iron was released by the
magnetic MCs after 12 days.
The observed iron release, cumulative and daily at all the time points, is significantly lower
than the iron concentration observed to be detrimental for cell behavior reported in the
literature [131, 132]. This suggests that the assessed iron release from the magnetic MCs
should not be a factor influencing cell proliferation, differentiation and, more generally,
behaviour.
However, to asses this with certitude and evaluate the cellular response to magnetic MCs
a cytotoxicity test is performed. This test is explained in Section 5.2.

4.4 Morphology of microcarriers
The morphology of the MCs influences the cell behaviour. As was mentioned in Section 1.5,
roughness and porosity of the surface of the MCs can strongly influence cell attachment
and proliferation. Additionally, these features can influence the differentiation of the cells
towards different lineages [41]. Moreover, the size and the surface curvature are relevant.
Indeed, as a general trend, cells proliferate better on MCs having lower surface curvature,
thus, larger size [41].

Accordingly, it was in our interest to investigate the morphology of magnetic and non-
magnetic MCs. The two kinds of MCs were prepared following slightly different fabrication
procedures and they mainly differ for the incorporation of magnetic NPs in the magnetic
MCs. The aim of this characterization is, thus, to investigate the morphology and surface
porosity of both kinds of MCs and to assess if the NP incorporation caused any difference
in the magnetic group.
Moreover, the MCs were coated to enhance the cell-material interaction. The coating,
consisting of a PEM functionalized with RGD sequences, is supposed to modify the surface
roughness and porosity. Therefore, this characterization aims also to evaluate how the
features of the original surface were modified by the coating.

In order to evaluate the morphology of magnetic and non magnetic MCs, they were ob-
served by SEM. Initially, non-coated samples were observed for both groups. As a reminder,
these samples were prepared by letting dry MCs, retrieved from a water suspension, on
conductive tape, then metallizing them with gold to make them conductive.

The general morphology and shape of the MCs with and without magnetic NPs are visible
in Figure 4.2 A and 4.2 B, respectively. Overall, it can be noticed that the size distribution
and the shape of the carriers from the two groups are really similar.
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Figure 4.2: SEM images of: A) MCs with magnetic NPs and B) MCs without magnetic
NPs.

The size distribution of the two groups (magnetic and non magnetic MCs) was assessed
from 2D observations of MCs by optical microscopy in phase contrast. The obtained
images are not reported in this thesis. This method was chosen over assessing the size
distribution from the SEM images because is a more accurate and less complicated method.
We measured an average size of 206.4˘56.8 µm and 220.3˘56.0 µm for magnetic and
non-magnetic MCs, respectively. The measurement of the size of each MC was performed
by taking the root square of the product of longest axis of the MC and the length of the
MC perpendicularly to the longest axis. The average size of the MCs correspond to the
mean value of these measurements and the error on the average size correspond to the
standard deviation.
It can be stated that the size distribution of the two kids of MCs is comparable.

SEM observations at higher magnification were performed in order to study the porosity of
both kinds of MCs. It was possible to observe the surface of the MCs and to evaluate the
top surface porosity. The higher-magnification images of the magnetic and non magnetic
MCs are shown in Figure 4.3 and 4.4, respectively. Overall, it can be observed that the
pores of both groups have a slightly elongated shape. The pores of the magnetic MCs are
characterized by a length around 2-5 µm and a width around 1-2 µm, while the pores of
the non-magnetic ones are characterized by a length around 1-2 µm and a width around
0.5-1.5 µm. It can be observed that pores of these sizes cannot allocate cells (cell diameter
« 10 µm), therefore, cells are expected to grow exclusively on the surface of these MCs
and not to enter in the pores. There might be a slight tendency to a higher porosity for
magnetic MCs. However, this cannot be assessed with certitude only from these isolated
observations: the slightly higher porosity of the magnetic MCs could be an occasional
feature.

65



Figure 4.3: A) SEM observation at high magnification of the surface of magnetic MCs. B)
Characterization and measurements of the pores present on the surface of magnetic MCs.

Figure 4.4: A) SEM observation at high magnification of the surface of non-magnetic MCs.
B) Characterization and measurements of the pores present on the surface of non-magnetic
MCs.

Overall, it can be concluded that shape, size distribution and surface porosity of the two
groups are similar apart from some negligible and occasional differences caused by batch
to batch variability.

In order to assess an eventual influence of the coating on the porosity and roughness
of the MCs, some coated carriers have been observed. Nevertheless these observations
were not successful and this evaluation was impossible. Indeed, these samples were
prepared following the same procedure used for the non-coated MCs: the coated MCs
were retrieved from a water suspension, let dry on conductive tape, then, metallized with
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gold to make them conductive. However, during the drying step, the coating shrieked and
dried, becoming impossible to properly characterize. The obtained images of coated MCs
are reported in Appendix A.
As the evaluation of surface properties of coated magnetic and non-magnetic MCs is
particularly important, this investigation could be improved, in the future, by using a
different sample preparation procedure.

4.5 Magnetic properties of magnetic microcarriers

4.5.1 Superparamagnetic properties of magnetic microcarriers
This characterization aimed to study the magnetic properties of the magnetic MCs and
verify their superparamagnetic behaviour. In order to better present the obtained results,
some additional pieces of information are provided. First, some general concepts on
magnetism and, second, a description of the working principle of the employed instrument.

Among the several classes of magnetic materials, the focus is here restricted on ferromag-
netic and superparamagnetic materials. The hysteresis curves displaying the variation
of the magnetization (M) versus the applied magnetic field (H) of these two classes of
materials are shown in Figure 4.5 A and 4.5 B, respectively.

Figure 4.5: Hysteresis curves displaying the variation of the magnetization (M) versus the
applied magnetic field (H) of A) a ferromagnetic material and B) a superparamagnetic
material.

Ferromagnetic materials are known for displaying a spontaneous overall magnetization,
called remanent magnetization (MR), when they are not submitted to any applied magnetic
field, thus, when H=0. In order to reverse the orientation of the magnetization, a magnetic
field equal to the coercive field (Hc) has to be applied. In addition, when an strong
magnetic field of positive or negative magnitude is applied, all the magnetic domains of the
material orient in the same direction, and the magnetization of the material is called satura-
tion magnetization (Ms) [133]. The mentioned parameters can be identified in Figure 4.5 A.

Attention should be drawn to the the difference between magnetization (M) and magnetic
moment (m). The magnetization is a local property of a magnetic domain in the material.
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The sum of the magnetization vectors of all the magnetic domains gives the magnetic
moment, which is an extensive property of the entire sample. The magnetic moment (m)
is expressed as the magnetization (M) integrated on the volume (V) of the sample:

m “

¡

MdV

Nevertheless, in the discussion concerning ferromagnetic materials, these two concepts are
often confused or mixed.

When the size of a ferromagnetic material is decreased to the nanoscale, the material loses
its ferromagnetic features and acquires superparamagnetic properties.

Because the size of the material is so small, it is not energetically favourable for the
material do divide itself in different magnetic domains, thus, each particle consists of
a single magnetic domain. The magnetization vector of the particles is not stable and
it switches randomly due to thermal energy [134]. It can be noticed that, in this case,
magnetization and magnetic moment of the material correspond. As a consequence, when
a superparamagnetic material is submitted to an applied magnetic field, its magnetization
simply follows the direction of the applied field, as it can be seen in the hysteresis curve
reported in Figure 4.5 B [119]. Therefore, parameters such as remanent magnetization
(MR) and coercive field (Hc) do not apply to these materials. However, the saturation
magnetization (Ms) is still a relevant parameter.

The magnetic properties of the MCs incorporating magnetic NPs were evaluated through
micromagnetic analysis with a MicroMag 2900 Alternating Gradient Magnetometer (AGM).
This instrument is designed to test the magnetic properties of particularly small amount
of material (on the order of 1 mm3) [127, 135]. The basic working principles of an AGM
are mentioned in the following.

The aim of an AGM measurement is to measure the magnetic moment (m) of the sample
versus the applied field (H). In order to perform this measurement, the sample is placed
between two electromagnets, on a support free to oscillate. A schematic drawing repre-
senting the main components of an AGM is shown in Figure 4.7.

First, an uniform magnetic field (H) is generated by the electromagnets of the AGM
and applied to the sample. This generates a magnetic moment (m) in the sample, which
induces the production of its own magnetic field. Secondly, two gradient coils produce an
alternating field (hptq), or alternating current (AC) field, which causes magnetic excitation
in the sample. The overall field perceived by the sample is [136]:

Htot “ H ` hptq “ H `G∆x cos ωt

where ∆x is the displacement and G “ dH{dx is the applied field gradient.
The interaction between the own field of the sample and the alternating external field
causes the displacement of the sample between the electromagnets. Because the alternating
field changes magnitude quickly, the fast variation of the sample displacement leads to
the vibration of the sample. The vibrating force applied to the sample is detected by a
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piezoelectric displacement detector connected to the sample support and is transduced to
an AC voltage. This vibrating force (F ) is given by [136]:

F “ mG cos ωt

After some mathematical manipulations, an equation to express the dependence of
mmeasured on H can be obtained, where mmeasured is the moment measured by the instru-
ment [136],

mmeasuredpHq “ k rmpHq `
3
8
d2m

dH2 pG∆xq2sG

with k a constant.
The measurement consists in performing a hysteresis. The applied field (H) is variated
between negative and positive magnitude, while the magnetic moment (m) value is
measured by detecting the vibrating force acting on the sample. The software returns a
plot of magnetic moment vs applied field.

Figure 4.6: AGM schematic [127].

Now the obtained results can be commented. As mentioned previously, a superpara-
magnetic behaviour was expected from the magnetic MCs. This behaviour should be
caused by the presence of superparamagnetic NPs incorporated in the matrix. The matrix
(PLLA) is not expected to exhibit magnetic properties. As a reminder, two samples of
approximately 1 mg of dry magnetic MCs coming from the same batch were prepared. It
was impossible to assess the exact mass of MCs collected in these two samples due to the
method of preparation of the samples, as already explained in Section 3.3.3. Briefly, the
MCs constituting the two samples came from a water suspension of MCs. As the MCs
were retrieved as a volume of water containing MCs, the mass and the number of MCs
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collected from the suspension varied due to non-homogeneity of the water suspension and
the retrieving method, even if the suspension concentration and the retrieved amount of
water were known with certitude.
The dry samples were fixed onto adhesive tape in order to be able to place them on the
support of the AGM, then were analyzed. Since the MCs composing the samples came
from the same batch, the two samples were expected to have the same concentration in
contained iron, thus, the same magnetic properties. For the analysis of both samples, the
diamagnetic contributions were cancelled. These contributions might have come from the
adhesive tape used to prepare the samples and other sources. This signal subtraction is
reasonable because the aim of the analysis is to evaluate the paramagnetism of the sample
and not the diamagnetism.

The plots of the magnetic moment (m), measured in electromagnetic unit (emu), versus the
applied field (H), measured in oersted (Oe) are reported for the two samples in Figure 4.7
A. Both samples exhibited the typical superparamagnetic hysteresis curve, confirming the
expectations [119]. However, the two samples exhibited two different maximal magnetic
moment in saturation condition (mS) (when the applied field is maximal), which are shown
in Figure 4.7 as mS,1 and mS,2. The magnetic moment at saturation of sample 2 (mS,2)
is higher than the one of sample 1 (mS,1). The magnetic moment at saturation depends
directly on the saturation magnetization (MS) of the kind of material, equal for the two
samples, and the volume of the sample, slightly different between the two samples, as the
two masses were different. From this observation, it can be concluded that sample 1 has a
smaller volume than sample 2.

Figure 4.7: A) Hysteresis curves of two samples of magnetic MCs obtained from the AGM
measurements. The two samples are made of magnetic MCs coming from the same batch.
They have slightly different mass and their mass is approximately 1 mg. B) Close-up of
the two plots at values of H close to 0 Oe. The coercive field (Hc) of sample 2 is shown as
HC,2.

In order to assess if there was any ferromagnetic (or paramagnetic) contribution, the
behaviour of the plots close to H=0 is evaluated. Sample 1 shows no detectable coercive
field (Hc) while sample 2 shows a coercive field on the order of 20-30 Oe, which is shown
in Figure 4.7 B as HC,2. A ferromagnetic behaviour of the samples could be caused by
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the presence of particularly big magnetic NPs or agglomerates of NPs in the MCs. The
agglomeration of NPs could occur, for example, during the fabrication process. In these
cases, the size of the magnetic objects, or groups of objects, incorporated in the MCs
would exceed the nanoscale, leading to the loss of superparamagnetic properties and the
acquisition of ferromagnetic ones.

However, considering that value of coercive field (Hc) measured is really small compared
to the interval of magnetic field evaluated or, in the case of sample one, not measurable,
they can be considered negligible and the ferromagnetic component of the samples as well.

From Figure 4.7 it can be noticed that the signal of sample 1 is less defined and more
variable than the signal of sample 2. This can be justified considering that sample 1
has a small volume and accordingly a small magnetic moment signal. This low signal
is particularly subjected to the influence of the alternating magnetic field used for the
measurement and this causes the variability of the signal.

Several research groups investigated the magnetic properties of superparamagnetic NPs of
different chemical nature with AGM [135, 137, 138]. Specifically, the group of Yang et al.
characterized Fe3O4 superparamagnetic NPs and reported a Ms of 56.4 emu/g. Usually
the hysteresis plots are expressed as magnetization (emu/g) vs applied field (Oe) and the
magnetization is obtained by normalizing the magnetic moment (emu) by the mass of the
sample. This was not possible in this case because the masses of the samples were not
known with certitude.

4.5.2 Qualitative evaluation of the magnetic properties of mag-
netic microcarriers

Another characterization of the magnetic properties of magnetic MCs was performed with
the aim of showing qualitatively the behaviour of magnetic MCs when submitted to an
applied magnetic field.

For this, a small amount of magnetic MCs suspended in aqueous solution was placed in
petri dish. Then, a magnet was slowly approached to the petri dish in order to observe
the motion of MCs under the action of a magnetic field. The employed magnet generated
a magnetic flux density (B) of 1.4 Tesla (T). The motion of the MCs was recorded using
optical microscopy in bright field mode. Some frames of the obtained video are shown in
Figure 4.8 in order to show the progressive displacement of the MCs, which occurs really
fast.
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Figure 4.8: Frames of a video showing the movement of magnetic MCs when submitted to
a magnetic flux density of 1.4 T (1 frame every « 3 sec). The trajectory of three MCs is
highlighted using three different colors. The initial positions of the three MCs are shown
by solid-line shapes in all the frames. The positions of the MCs after being subjected to
the magnetic field are shown by dashed-line shapes, in the second, third and fourth frames.
The direction of the applied magnetic field is represented by a blue arrow.

Additionally, a similar video was recorded using cell-laden MCs after 2 days of culture.
Before recording the video, the cell-laden MCs were stained with Calcein-AM to highlight
the presence of alive cells. The video was recorded with a fluorescence microscope equipped
with a green filter. Some frames of the video are shown in Figure 4.9.

Figure 4.9: Frames of a video showing the movement of magnetic cell-laden MCs when
submitted to a magnetic flux density of 1.4 T (1 frame every « 3 sec). The direction of
the applied magnetic field is represented by a white arrow.

It can be observed that the magnetic MCs and the magnetic MCs with cells growing on
their surface moved when submitted to the magnetic field (Figures 4.8 and 4.9). This
movement was caused by the partial or complete magnetization of the magnetic NPs
incorporated in the MCs. Especially, from the frames reported in Figure 4.8 it can be
noticed that the MCs moved following a trajectory parallel approximately to the direction
of the applied magnetic field. The same observation can be deducted from the frames
reported in Figure 4.9. However, due to the lower quality of these frames recorded with a
fluorescence microscope, it is more difficult to determine the trajectory of the MCs.

It is possible to calculate the magnitude of the magnetic field (H) that was applied to the
MCs. The dependence of the magnetic field (H) from the magnetic flux density (B) is
described by the relation [139]:

HpOeq “ 1
µr
¨BpGq

where is G is Gauss and µr is the relative magnetic permeability of the medium, which is
adimensional. 1 T corresponds to 104 G and the value of µr can be approximated to 1
considering that µr of air and water are equal to « 1 and « 0.99, respectively [139]. The
magnetic field (H) applied to the magnetic MCs can be calculated as:
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HpOeq “ 1
1 ¨ p1.4 ¨ 104q “ 1.4 ¨ 104Oe

Thus, a magnetic field (H) of 1.4 ¨ 104 Oe successfully magnetizes the magnetic MCs and,
additionally, applies a magnetic force to the MCs strong enough to attract them and cause
their motion.

Considering again the hysteresis curves obtained by the micromagnetic analysis of the
two samples reported in Figure 4.7A, it can be noticed that both samples reached the
saturation of the magnetic moment (ms) when a magnetic fields weaker than 1.4 ¨ 104Oe
was applied. Indeed, the saturation of the magnetic moment (ms) of was reached at H
« 7 ¨ 103 Oe, for sample one, and at H « 1 ¨ 104 Oe, for sample two. Therefore, a
magnetic field (H) of 1.4 ¨ 104 Oe is significantly larger than the minimum magnetic field
(H) required to saturate the magnetization of both the analyzed samples.

Thus, it can be stated that the results obtained with this qualitative evaluation of the
magnetic properties of the magnetic MCs are consistent with the results obtained from
the micromagnetic analysis presented in the previous section.

A similar qualitative evaluation of magnetic properties was performed by Qu et al. in order
to characterize the magnetic properties of nanofibrous PLLA MCs with γ-Fe2O3 magnetic
NPs immobilized on their surface. They demonstrated that the magnetic MCs fabricated
moved when subjected to a magnetic field, following the direction of the field, as it was
demonstrated in our study. Moreover, they tested the behaviour of the magnetic MCs
when submitted to a magnetic field of which direction was varying with time. They showed
that the magnetic MCs had an immediate response to the variation of the direction of the
applied magnetic field. However they did not report the magnitude of the magnetic field
employed, therefore their results are not quantitatively comparable to the ones we obtained.

In conclusion, the characterization of the magnetic properties was successful. It was possible
to verify the superparamagnetic nature of the samples and no significant ferromagnetic
component was detected. Moreover, it was possible to qualitatively characterize the
magnetic properties of the magnetic MCs by showing their response to an applied magnetic
field. The two characterization approaches produced comparable results.
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Chapter 5

Study of the cellular response to
magnetic microcarriers

5.1 Cell adhesion and proliferation on microcarriers
Adhesion and proliferation of hASCs were tested on MCs by performing cell cultures in
semi-static conditions on MCs for a time period of 5-6 days. The aim of these experiments
is to evaluate if there is any difference between magnetic and non-magnetic MCs used as
cell-culture substrates concerning cell attachment and proliferation.

Among the several cell attachment and proliferation experiments that were performed,
one representative and successful example was chosen and is presented in the following.
hASCss were seeded on MCs with a concentration of 3,500 cells/well in low adhesion well
plates, in order to allow cell adhesion and proliferation only on MCs and not on the wall
of the well. At specific time points, various tests were performed to check the cellular
behavior: cell viability was investigated by Live/Dead staining, metabolic activity was
measured by PrestoBlue assay and the number of cells was quantified by CyQUANT tests.
However, we found that the results obtained for DNA quantification were not relevant
due to a strong interaction between MCs and the dye used for this test. This interaction
resulted in wrong value of DNA amount and consequently estimated number of cells in
the sample. For this reason, results obtained for DNA quantification are not presented in
this thesis.
As a reminder, the Life/Dead assay consists in staining the cells with two fluorescent
dyes: Calcein AM, which emits a green light when it binds to living cells, and ethidium
bromide, which emits a red light when it binds to nucleic acids contained in cells having a
damaged membrane. The Live/Dead images recorded for of magnetic and non-magnetic
cell-laden MCs at time points D0, D1, D2 and D5 are shown, in Figures 5.1, 5.2, 5.3 and
5.4, respectively.
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Figure 5.1: Life/Dead images of cell growing on magnetic and non-magnetic MCs on D0.

Figure 5.2: Life/Dead images of cell growing on magnetic and non-magnetic MCs on D1.

Figure 5.3: Life/Dead images of cell growing on magnetic and non-magnetic MCs on D2.
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Figure 5.4: Life/Dead images of cell growing on magnetic and non-magnetic MCs on D5.

Overall, it can be observed that in all the images the majority of cells are alive (green
stained) and almost no dead cells are present (red stained).
On D0, several cells attached onto the surface of both magnetic and non-magnetic MCs,
as can be seen in Figure 5.1.
It can be noticed that, from D0 to D5, increasing numbers of living cells are visible on
both kinds of MCs, meaning that cells proliferate through cellular division processes.
Furthermore, the fact that fully bare MCs were observed on D0 but not on D5 proves that
cells were able to migrate from one MCs to another one, throughout the evaluated period
of time. This is observed for both kinds of MCs (Figures 5.1-5.4). On D5, cells reached
confluency, i.e. they spread on all the available surface on both magnetic and non-magnetic
MCs. Due to the confluency, cells started growing between one MC and another by forming
bridging aggregates between MCs. Moreover, some cells started growing on top of others,
due to the lack of available surface on the MCs. This is observed in Figure 5.4 for both
groups.

The metabolic activity of cells growing on magnetic and non-magnetic MCs was measured
by PrestoBlue assay, as described in Section 3.4.4. The metabolic activity of cells growing
on MCs is expressed as an emission intensity measured in relative fluorescence units (RFU)
and is presented in Figure 5.5A. How the metabolic activity values and the errors on these
values were computed is described in Section 3.4.3.
Then, the fold increase of the metabolic activity of the two groups is shown in Figure
5.5B. The fold increase was obtained by normalizing each metabolic activity value by
the one obtained on the first day (D0). The fold increase is often used in studies on
biological systems to express the increase of a measured parameter at any time point of
the experiment compared to the value of the parameter at the first time point (or at any
other arbitrarily chosen time point). In our case the measured parameter is the metabolic
activity of cells. Thus, the fold increase of the metabolic activity expresses how many
times the metabolic activity value of cells at a specific time point is the metabolic activity
value of cells on the first time point. The errors on the fold increase values were computed
by error propagation.
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Figure 5.5: Metabolic activity of cells growing on magnetic and non-magnetic MCs at
different time points. A) Metabolic activity expressed as fluorescence emission intensity
measured in RFU. B) Fold increase of the metabolic activity calculated by normalizing
the emission values by the emission value at D0, which is represented by the dashed line.

The metabolic activity of cells growing on both kinds of MCs showed an increasing trend
throughout time, as can be seen in Figure 5.5 A and B, suggesting that cells grew and
proliferated. For all the evaluated time points, cells growing on magnetic and non-magnetic
MCs had similar values of metabolic activity. Specifically on D5, both groups reached a
RFU value close to 14,000. Moreover, both groups reached high values of fold increase: 15.2
˘ 2.7 for cells growing on magnetic MCs and 20.7 ˘ 10.4 for cells growing on non-magnetic
MCs, as can be seen in Figure 5.5 B.

Thanks to the obtained results on cell viability and metabolic activity, some comments on
cell attachment can be done. The presence of cells on the MCs on D0 proves that there
is a good cell attachment to the MCs surface for both types of MCs. This supports the
fact that the biopolymer coating deposited on MCs is efficient to obtain cell adhesion
onto MCs. In order to evaluate if the cell attachment on magnetic and non-magnetic
MCs is comparable, a one-tailed t-test was performed to compare the metabolic activ-
ity of cells at D0 on the two kinds of MCs. The working principle of t-test is explained
in Section 3.4.4. This test and all the following ones were performed with an α value of 0.05.

The t-test indicates that the cells on magnetic MCs have a statistically higher metabolic
activity than the ones on non-magnetic MCs on D0. This proves that there is a statistical
probability that cells adhered onto magnetic MCs more than onto non-magnetic MCs.
The results obtained and the relative P value are reported in Table 5.1.

Emission intensities Accepted hypothesis P value

Magnetic Non-magnetic
959˘103 702˘77 H1 0.015

Table 5.1: Results of the one-tailed t-test performed to compare cell attachment on
magnetic and non-magnetic MCs on D0.

Moreover, some evaluations can be made on cell proliferation. The evolution of the
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Life/Dead assay images suggested a good cell proliferation and showed that, on D5, cells
growing on both types of MCs reached cell confluency. Also the metabolic activity results
suggest a good cell proliferation, as both groups reached a high metabolic activity and
high fold increases (15.2 for the magnetic and 20.7 for the non-magnetic) on D5.

A two-tailed t-test was performed to compare the metabolic activity of cells growing on
magnetic MCs and cells growing on non-magnetic MCs on the last day of the experiment.
The test indicated that the two groups are statistically equivalent and the results are
summarized in Table 5.2. This proves that the cell proliferation on magnetic and non-
magnetic MCs is statistically equivalent with a confidence level higher than 95%.

Emission intensities Accepted hypothesis P value

Magnetic Non-magnetic
14551 ˘ 76 14530 ˘ 1601 H0 0.984

Table 5.2: Results of the t-test performed to compare cell proliferation on magnetic and
non-magnetic MCs on D5.

In conclusion, it can be stated that both cell attachment and cell proliferation are successful
on both kinds of MCs and that the performance of the magnetic MCs regarding these two
parameters are comparable to the ones of non-magnetic MCs.

5.2 Cytotoxicity of microcarriers
As mentioned in section 4.3, the magnetic MCs release small amounts of iron in solution.
This release might inhibit and/or influence cell growth [131, 140].
The aim of the cytotoxicity assay was to assess whether the magnetic MCs were cytotoxic
for the cells. Only one cytotoxicity test was performed. It was impossible to perform this
test multiple times, as was planned, due the restricted access to the laboratory according
to the lockdown measures adopted by UCLouvain during the COVID-19 pandemic. The
cytotoxicity test was conducted in direct contact conditions, i.e. the materials were placed
directly on the cells. The materials tested were magnetic and non-magnetic MCs at a
concentration of 1 or 2 mg/well, and the controls used were cells incubated with Triton X
(positive control) and cells alone (negative control). Cell morphology and cell metabolic
activity were evaluated, after 24h and 48h of incubation. Section 3.4.3 can be consulted
for further details on the procedure.

In order to evaluate cell morphology, cells incubated with materials and controls were
imaged with an optical microscope in phase contrast and/or bright field. The obtained
images are shown in Figures 5.6-5.10.
No images of the cells intended as positive control (in contact with Triton X) are shown,
because they were considered not relevant for the discussion. However, these images are
reported in the Appendix A.
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Figure 5.6: Optical microscopy images of cells meant as negative control after 24h (left)
and 48h (right) of incubation.

Figure 5.7: Optical microscopy images of cells incubated with 1 mg of magnetic MCs after
24h (left) and 48h (right) of incubation.

Figure 5.8: Optical microscopy images of cells incubated with 2 mg of magnetic MCs after
24h (left) and 48h (right) of incubation.
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Figure 5.9: Optical microscopy images of cells incubated with 1 mg of non-magnetic MCs
after 24h (left) and 48h (right) of incubation.

Figure 5.10: Optical microscopy images of cells incubated with 2 mg of non-magnetic MCs
after 24h (left) and 48h (right) of incubation.

From Figure 5.6, it can can be noticed that the cells meant as negative control have
the elongated morphology that is expected for hASCs growing in 2D conditions, at both
incubation periods. From Figures 5.7, 5.8, 5.9 and 5.10, it can be observed that cells in
contact with MCs, magnetic and non-magnetic at both incubation periods, overall show a
similar morphology to the negative control. Only in a few cases the cells in contact with
MCs, magnetic and non-magnetic, exhibit a non-expected rounder shape. This feature
can be easily recognized in cells in contact with 1 mg of magnetic MCs (both incubation
periods) and 2mg of non-magnetic MCs (both incubation periods) (Figures 5.7 and 5.10).
Moreover, sometimes cells in contact with MCs grew non-homogeneously all over the
surface. This has been noticed by a more complete observation of the obtained images,
some of which are not shown herein, and it was concluded that this phenomenon is
happening in all the samples containing MCs. Among the figures shown, this can be
noticed in Figures 5.7 (24h incubation), 5.9 (24h incubation) and 5.10 (both incubation
periods).
However, generally an increase of the cell number has been noticed from 24h incubation
to 48h incubation. This can be seen from all the images previously presented, but it has
also been noticed by a more complete observation of all the images obtained. However, it
was impossible to count the cells on the recorded images because cells located below MCs
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are not visible, thus the obtained results would have been unreliable.

The metabolic activity of cells was evaluated for the different conditions and after different
incubation times by PrestoBlue assay.
Cell metabolic activity is expressed as the fluorescence emission intensity measured in RFU.
The obtained values are shown in Figure 5.11, for both tested incubation periods. How
the metabolic activity values and the errors on these values were computed is described in
Section 3.4.3.
Cell metabolic activity is also expressed as percentage with respect to the emission intensity
measured for the negative control (cells alone) after the same incubation times. The
metabolic activity expressed as percentage is shown in Figure 5.12, for both incubation
periods. The errors on cell metabolic activity values expressed as percentages were
computed by error propagation.

Figure 5.11: Metabolic activity of cells in contact with materials and controls after 24h
and 48h of incubation expressed in RFU.
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Figure 5.12: Metabolic activity of cells in contact with materials and controls after 24h
and 48h of incubation, expressed as percentage of the RFU value of the negative control
(cells alone) after the same incubation period.

Throughout the discussion of the results, it should be kept in mind that the metabolic
activity is an indicator of the activity of cells: it can be influenced by the environment
they have and it cannot be unequivocally correlated to the number of cells.

First, it can be noticed that cells in contact with Triton X show no metabolic activity at
both incubation periods, as can be seen in Figure 5.11. On the other hand, cells grown
alone, without MCs, show positive metabolic activity at both incubation periods. These
observations prove that the chosen controls work. Indeed, the controls are needed to be
able to properly evaluate the cytotoxicity of the tested materials. Specifically, a positive
control is meant to be a chemical species or material causing a cytotoxic effect on cells, as
in the case of reduced cell metabolic activity caused by Triton X. While, on the other hand,
a the negative control is meant to be a chemical species or material causing no cytotoxic
effect on cells, as in the case of cells growing alone. This conclusion is also supported by
the obtained images, in which it can be noticed that cells alone seem healthy and exhibit
the expected hASCs morphology (Figure 5.6), while cells in contact with Triton X are
dead (Figure reported in the Appendix A).

From both Figures 5.11 and 5.12, it can be clearly noticed that cells in contact with MCs
showed a higher metabolic activity than cells alone. For instance, after 24h of incubation,
the cells in contact with MCs (magnetic and non-magnetic, in both concentrations) reached
values of 460-480% of the metabolic activity of the cells alone (visible in Figure 5.12).
After 48h of incubation, this difference between metabolic activity was less visible, but still
present: cells in contact with MCs had between 100% and 120% of the metabolic activity
of cells alone (in Figure 5.12). One-tailed t-tests confirmed that the metabolic activity
of cells in contact with MCs (magnetic and non-magnetic, in both concentration) were
statistically larger than the metabolic activity of cells growing alone for both incubation
periods. However, the results of these tests are not reported, as these observations can
already be clearly recognized as true only by looking at the metabolic activity results
shown in Figures 5.11 and 5.12.
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Several comments can be done on the evolution of the metabolic activity of the different
groups during the two days of experiment. The cells grown without MCs had a metabolic
activity of 7,582˘1,179 after 24h of incubation and a metabolic activity of 33,128˘10,097
after 48h of incubation: a positive trend can be clearly recognized. This can be noticed in
Figure 5.11. It can be stated that this increase in the metabolic activity of cells growing
alone was probably due to the cell growth, as normally expected.
On the other hand, cells in contact with 1 mg of magnetic MCs had a metabolic activity
of 36,434˘2,356 after 24h of incubation and a metabolic activity of 38,396 ˘13,160 after
48h of incubation. It can be noticed that the metabolic activity of these cells only slightly
increased throughout the two days. Similar trends can be recognized in Figure 5.11 for
cells growing in contact with 1 and 2 mg of non-magnetic MCs. A particular case is
represented by the metabolic activity of cells in contact with 2 mg of magnetic MCs, which
slightly decreased over the two days, passing from 34,933˘3,632 to 33,370˘ 3,821.
In general, it can be stated that the metabolic activity of cells in contact with MCs was
particularly high at 24h of incubation, but did not significantly increase after 48h of
incubation.
The particularly high metabolic activity of cells growing in contact with MCs after
24h incubation, can be explained considering that the addition of MCs to the culture
environment could stimulate the metabolic activity of cells. Indeed, the addition of MCs
causes an increase in the surface available to cells to migrate and spread. Moreover, the
chemical nature and charge of the surface of the MCs are different than the ones of the
surface of the well plate. Therefore, these differences can be perceived by cells, which can
behave differently in contact with these two surfaces. Overall, these parameters might act
as stimulating factors to cells, leading to an increase in their metabolic activity.
The not significantly high values of metabolic activity of cells in contact with MCs after
48h of incubation are probably caused by the cell adjustment to the variation of the
environment. It could be affirmed that the presence of the MCs slightly inhibited the cell
growth, but this cannot be concluded with certitude as the metabolic activity is not an
indicator of the cell number.
Specifically, the metabolic activity of cells in contact with 2 mg of magnetic MCs decreased
by 4.5% from 24h to 48h of incubation. This suggests that the presence of such a high
concentration of magnetic MCs might have slightly inhibited cell growth. However, this
cannot be stated with certitude because the decrease of metabolic activity could be exclu-
sively caused by the adjustment of cells to the addition of the MCs.

The main aim of the cytotoxicity test is to evaluate if the two groups tested (magnetic
MCs and non-magnetic MCs) have a statistically equivalent effect on cell behaviour or
not. In order to compare the groups, two-tails t-tests with a significance level of 0.05 were
performed.
The metabolic activity of cells in contact with 1 mg of magnetic MCs was compared to the
one of cells in contact with 1 mg of non-magnetic MCs and the same for the two groups in
concentration 2 mg of MCs/well. The results of the performed tests are reported in Tables
5.3 and 5.4, for 24h incubation and 48h incubation, respectively. The tests indicated that
the groups are statistically equivalent in all the cases considered.

83



24 h incubation

Emission intensities Accepted hypothesis P value
Magnetic 1 mg Non-magnetic 1 mg
36434.3˘ 2355.9 35843.8 ˘5577.8 H0 0.877
Magnetic 2 mg Non-magnetic 2 mg
34933.1˘3632.3 36368.2˘62.2 H0 0.564

Table 5.3: Emission values of the samples after 24 h incubation and P values related to
the comparison between the two groups, i.e. magnetic and non-magnetic MCs.

48 h incubation

Emission intensities Accepted hypothesis P value
Magnetic 1 mg Non-magnetic 1 mg
38396.1˘13159.7 41638.5˘6449.6 H0 0.727
Magnetic 2 mg Non-magnetic 2 mg
33369.5˘3820.9 42000.5˘ 873.4 H0 0.053

Table 5.4: Emission values of the samples after 48 h incubation and P values related to
the comparison between the two groups, i.e. magnetic and non-magnetic MCs.

Because a P value of 0.053 was obtained in the comparison between cells in contact with
2 mg of magnetic MCs and 2mg of non-magnetic MCs after 48h of incubation, it has
been decided to perform also a one-tailed t-test to compare the groups. The formulated
hypotheses are: H0, stating that the two groups are statistically equivalent, and H1, stating
that the group of 2 mg non-magnetic MCs has a statistically higher metabolic activity
than the group 2 mg magnetic. Finally, the one-tailed test rejected H0. The results are
summarized in Table 5.5.

48 h incubation

Emission intensities Accepted hypothesis P value
Magnetic 2 mg Non-magnetic 2 mg
33369.5˘3820.9 42000.5˘ 873.4 H1 0.026

Table 5.5: Emission values of the samples after 48 h incubation and P values related to
the comparison between the two groups, i.e. magnetic and non-magnetic MCs.

To summarize, in all cases evaluated with a two-tailed t-test, the two groups are statisticaly
equivalent, stating, thus, the statistical equivalence between the metabolic activity of
cells in contact with magnetic and non-magnetic MCs. A particular case is represented
by the comparison between cells in contact with magnetic and non-magnetic MCs at a
concentration of 2 mg/well after 48h of incubation, for which the one-tailed test rejected
the statistical equivalence.
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To conclude, it can be stated that the cytotoxicity test was successful. Overall, the cells in
contact with MCs showed the expected cell morphology and cell growth measured from
metabolic activity was not significantly inhibited by the presence of MCs. Moreover, the
metabolic activity of cells growing in contact with magnetic and non-magnetic MCs, at
both concentrations, was higher than cells alone for both incubation period. Thus, there
is no evidence of cytotoxic effect on cells caused by the presence of the MCs.
The statistical equivalence between the metabolic activity of cells in contact with magnetic
and non-magnetic MCs was affirmed by two-tailed t-tests. Therefore, it can be stated that
the behaviour of cells in contact with magnetic and non-magnetic MCs is equivalent, at
both concentrations of MCs and for both incubation periods. An exception is represented
by the behaviour of cells in contact with magnetic and non-magnetic MCs at a concentra-
tion of 2 mg/well after 48h of incubation.

In conclusion, this test was the first step of the investigation on the effect of MCs on
hACSs behavior. However, this experiment, being the only cytotoxicity test performed in
this thesis, is not conclusive. In order to definitely conclude regarding the effect of MCs
on cell behavior, the cytotoxicity test has to be repeated multiple times.
Moreover, it would be interesting to perform cytotoxicity tests in indirect contact conditions,
in which the materials tested are placed in the wells where cells grow, but not in direct
contact. Thanks to the different experimental conditions, these tests could provide
additional and different information on the effect of MCs on the cell behaviour.
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Conclusions

Summary of the main results
This master thesis aimed to fabricate magnetic MCs, characterize them and study the
cellular response of hASCs to these MCs employed as cell culture substrate in semistatic
culture conditions. The specifications of these MCs were designed for a future application
as culture substrate for dynamic culture.

First, the MCs were fabricated with a biopolymer (PLLA) by an organic-solvent-free
strategy. Magnetic and non-magnetic versions of the MCs were produced. The magnetic
properties of MCs were achieved by incorporation of superparamagnetic iron oxide NPs in
the MC core. The MCs were coated with a biofunctionalized coating consisting in a PEM
exposing RGD peptide sequences for enhanced cell adhesion.

The MCs were characterized in order to asses their magnetic properties, stability, morphol-
ogy and NP incorporation rate. The iron content of the magnetic MCs was evaluated by
ICP-AES analysis, concluding on a 56% NP incorporation rate in the MCs. The stability
of the MCs was investigated by measuring the amount of iron released in DPBS solution
after storage for 12 days under agitation at 37˝C. It was concluded that only a minimal
percentage of the iron incorporated in the MCs (0.4%) is released after 12 days. The
magnetic properties of the magnetic MCs were investigated by analysis with AGM. It was
concluded that magnetic MCs exhibit a superparamagnetic behaviour, as expected, and
no significant evidence of ferromagnetic behaviour was detected, proving the absence of
agglomerates of NPs in the MC matrix. The results obtained from the AGM analysis were
coherent with the results obtained from a qualitative evaluation of the magnetic properties
of magnetic MCs. This analysis consisted in recording the response of magnetic MCs
suspended in water to an applied magnetic field. Both these characterization strategies
showed that a magnetic field (H) on the order of magnitude of 1.4 ¨ 104 Oe was sufficient
to saturate the magnetization of the MCs and to submit them to a magnetic force which
could move them in water solution.
Morphology, size distribution and surface porosity of both kinds of MCs (magnetic and
non-magnetic) were studied. It was concluded that the two groups exhibit comparable
features concerning these parameters.

The final step of this work consisted in studying the cellular response of hASCs to magnetic
MCs in semistatic culture conditions. Cell attachment and proliferation of hASCs on
magnetic MCs were investigated conducting a routine cell culture in semistatic conditions
for 6 days and using non-magnetic MCs as control. The viability and metabolic activity
of cells growing on the surface of MCs were evaluated, indicating that hASCs attachment
and proliferation on magnetic and non-magnetic MCs were comparable and statistically
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equal with a confidence level of 95%.
Additionally, one test to assess the cytotoxic effect of MCs on hASCs was performed in
direct contact conditions by evaluation of the cell morphology and metabolic activity. It
was observed that both magnetic and non magnetic MCs do not cause any cytotoxic effect
to hASCs. However, before being able to conclude this with certitude, this test should be
repeated multiple times.

Overall, the scope of the project was achieved proving that the magnetic MCs produced
are suited for cell culture of hASCs in semistatic condition. This represents the first step
towards a possible application of these MCs as cell culture substrate in dynamic culture.

Future perspectives
Many positive results were obtained in this project. However, several points regarding
the characterization of the MCs and the study of the cellular response to MCs could be
deepened or improved.

Regarding the characterization, we did not manage to properly characterize the coating
of the MCs by SEM observation. This could be performed in the future by adopting a
different sample preparation procedure. Moreover, many strategies could be employed to
characterize mechanical properties and porosity (surface and internal) of the MCs.

Regarding cell attachment and proliferation, both kinds of MCs exhibited good perfor-
mance as cell-culture substrate. Nevertheless, the fold increases reachable with these
MCs (15-20 fold increase) are still lower than the fold increase obtained in planar culture
conditions (30-35 fold increase). Therefore, the specifications of the MCs such as RGD
functionalization, surface coating and mechanical properties of the surface could be im-
proved to reach higher production yields.

Because of the measures adapted to prevent the spreading of Coronavirus and the an-
ticipated closure of the research labs, it was impossible to repeat an adequate number
of times the cytotoxicity assay in direct contact conditions. Therefore, it is necessary
to repeat this experiment to obtain more accurate results and to better understand the
causes of the unexpected results regarding the metabolic activity of cells in contact with
MCs. Additionally, a cytotoxicity test in indirect conditions could be performed to inves-
tigate whether the direct contact between cells and MCs has any influence on cell behaviour.
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Appendix A

Supporting information

A.1 SEM observations of coated microcarriers
As mentioned in Section 4.4, some coated MCs have been observed by SEM with the aim
of evaluating the influence of the coating on the porosity and roughness of the MCs. The
observed MCs were non-magnetic MCs coated with the biofunctionalized coating, which
was fabricated as described in Section 3.2.2. However, the sample preparation procedure,
caused the drying and shrinking of the coating deposited on these MCs. Therefore, it was
impossible to conclude anything on the properties of the coating. The shrunk coating
formed round agglomerates on the surface, which are clearly visible in Figure A.1 A and,
at a higher magnification, in Figure A.1B.

Figure A.1: SEM observation of the surface coating of non-magnetic MCs, showing the
coating shrinkage. A) Magnification X 600. B) Magnification X 1,000.

A.2 Cell imaging for cytotoxicity test
In the framework of the study of the cellular response to MCs, a test to evaluate the
cytotoxicity effect of MCs on cells in direct contact conditions was performed. In order to
evaluate the cell morphology after 24h and 48h of incubation, cells were imaged by optical
microscopy in phase contrast and bright field mode, after 24h and 48h of incubation.
As a reminder, cells were growing in contact with magnetic and non-magnetic MCs, at
two different concentrations (1 and 2 mg/well). Moreover, cells growing alone and cells
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incubated with Triton X were used as negative and positive controls, respectively. For
simplicity, only a few of the images recorded are reported in Section 5.2. Thus, some
additional images are reported herein.
First, in Figure A.2 the cells meant as positive control (in contact with Triton X) are
shown, for both incubation periods. It can be noticed that for both incubation periods the
cells are death. This proves that Triton X is an adequate chemical species to be employed
as positive control, as explained in 5.2.

Figure A.2: Optical microscopy images of cells meant as positive control after 24h (left)
and 48h (right) of incubation.

Additional images of the cells meant as negative control at both incubation periods are
shown in Figure A.3.

Figure A.3: Optical microscopy images of cells meant as positive control after 24h (left)
and 48h (right) of incubation.

The following images show cells in contact with magnetic and non-magnetic MCs at
concentrations 1 and 2 mg/well after 24h and 48h of incubation.

In Section 5.2, it was mentioned that cells in contact with MCs sometimes grew non-
homogeneously on the surface of the adhesion well plates. In the images reported here, the
zones of the substrate less populated by cells are pointed by red arrows. This phenomenon
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was observed for both kinds of MCs, at both concentration and after both incubation
periods.

Only in one case it was clearly recognizable the presence of cells growing on MCs. This
was the case of cells in contact with 1 mg of magnetic MCs after 48h of incubation. The
cells growing on the MCs are pointed out by green arrows in Figure A.6A.

Figure A.4: Optical microscopy images of cells growing in contact with 1 mg of magnetic
MCs after 24h of incubation. The red arrow in image (B) points at a zone less populated
by cells.

Figure A.5: Optical microscopy image of cells growing in contact with 2 mg of magnetic
MCs after 24h of incubation.
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Figure A.6: Optical microscopy images of cells growing in contact with 1 mg of magnetic
MCs after 48h of incubation. The green arrows in image (A) point at cells growing on the
surface of a MC.

Figure A.7: Optical microscopy images of cells growing in contact with 2 mg of magnetic
MCs after 48h of incubation.

Figure A.8: Optical microscopy images of cells growing in contact with 1 mg of non-
magnetic MCs (A) and 2 mg of non-magnetic MCs (B) after 24h of incubation. The red
arrows in both images point at zones less populated by cells.
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Figure A.9: Optical microscopy images of cells growing in contact with 1 mg of non-
magnetic MCs after 48h of incubation.

Figure A.10: Optical microscopy images of cells growing in contact with 2 mg of non-
magnetic MCs after 48h of incubation. The red arrows point at zones less populated by
cells.
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