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Abstract

Cells receive different signals from the cellular environment that influence their behavior and function.

Mechanical stimulation promotes cell proliferation and differentiation to form new tissues, like cartilage

and bone. Tissue engineering addresses multiple challenges to provide alternatives for damaged tis-

sues. One of them is to locally offer mechanical stimulation to distinct regions of the tissue to allow for

differential tissue development within a single construct. In this project, I developed and characterized

magnetic alginate beads, synthesized with different concentrations of iron, to provide an alternative

method to facilitate tissue regeneration. An assessment of their properties was performed, from their

size and sphericity to their magnetic properties and biocompatibility.

Beads were produced using a syringe pump with different flow rates, nozzles, distances between the

nozzle and the supporting bath needed for the crosslinking of the alginate, and stirring speeds. A

statistical test based on their size and sphericity was carried out to determine whether the parameters

influenced the outcome, suggesting a strong correlation between the distance and the stirring with both

the size and sphericity and the nozzle with the diameter. Then, beads were synthesized with 0.2, 1, and

10 % (w/v) of iron, and their magnetic properties were examined in different solution viscosities (1, 10,

and 100 cST). For this, the distance speed from the bead toward a magnet was measured, along with a

vibrating sample magnetometer (VSM) analysis to determine the actual content of iron present inside

the beads. Finally, the biocompatibility of the beads was assessed by culturing C2C12 myoblast cells

on cytodex microcarriers and conducting a live dead assay at multiple time points (1, 3, and 7 days)

to evaluate the cell viability and interaction with the magnetic beads. Overall, the characterization

of magnetic alginate beads provides insights into their properties and possible applications in tissue

engineering, specifically in inducing mechanical stimulation and therefore, guiding cell differentiation

for tissue regeneration.
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1

Introduction

1.1 Tissue engineering: the future of regenerative medicine
Tissues within the body are constantly renewing. These tissues can be damaged in a way that the

body is not capable of repairing them, and here is where tissue engineering comes into play. Tissue

engineering is a field within regenerative medicine that focuses on the regeneration of damaged tissues

or providing alternative solutions to replace them from outside the body [1]. It can provide artificial

tissues for a wide range of clinical applications, such as those related to conditions like osteoarthritis [2],

bone fractures [3], burns [4], and organ transplants [5], as well as for drug testing and disease models [6].

In the context of organ transplantation, for instance, tissue engineering emerges as a transformative

solution. Organ transplantation has become a treatment to address end-stage organ failures [7]. How-

ever, there are two main challenges in this field: donor shortage and immunosuppression. There are

not enough organs available for transplantation, which implies a high mortality rate for those patients

on the waiting list. Also, there is the risk of rejection and the necessity for lifelong immunosuppressive

drugs, which come with their associated hazards such as infections, toxicity, and side effects, leading to

a decrease in life expectancy of approximately 10 years [8]. Tissue engineering can solve these problems

by providing organs engineered ex vivo [9].

On the one hand, bioartificial organs can be built by decellularizing a donor organ to obtain a scaffold,

which can be recellularized with autologous differentiated cells, taking advantage of the vascular net-

work already present in the scaffold and eliminating the problem of rejection and immunosuppression

[7, 10]. On the other hand, it is also possible to produce synthetic biodegradable scaffolds, avoiding

the main problems of conventional organ transplantations [11]. Nevertheless, artificial tissues present

numerous hurdles, such as vascularization or controlling cell behavior.

Blood vessels are the highways to transport nutrients and oxygen, as well as removing waste products,

which is essential to keep the tissue alive. These vessels are divided into capillaries, with a distance

between them below 200 µm to allow proper oxygen and nutrient diffusion [12]. In engineered con-

structs, the distance between capillaries exceeds the optimal limit, restricting the diffusion processes

needed to maintain the viability of the tissue. This results in longer distances for molecules to travel,

slowing down the diffusion process and leading to insufficient consumption of nutrients and oxygen by

1



1. INTRODUCTION

the tissue to maintain efficiency [13].

Bioreactors, devices that simulates the biological environment in a controlled manner, can improve the

nutrient and oxygen delivery through perfusion systems. This type of bioreactors pump the culture

medium through the construct rather than around it, enabling the delivery of nutrients and oxygen

by both diffusion and convection [13]. While the use of bioreactors to produce a dynamic in vitro

microenvironment has been a significant breakthrough, allowing to maintain tissues alive, once these

tissues are implanted, their viability is compromised [8, 12].

Furthermore, controlling cell behaviour is another challenge within the tissue engineering field. The

surroundings of cells have a significant impact on their behaviour, influencing how cells respond and

function. The cell behaviour relies significantly on the physical, chemical, and biological cues present

in the cellular environment. This environment includes the extracellular matrix (ECM), surronding

cells and molecules like cytokines and hormones [14]. Cell-ECM and cell-cell interactions regulate cel-

lular behavior. The ECM provides anchorage for cells through surface proteins (integrins) and helps

with cell migration. Besides, environmental signals are transmitted through the ECM, influencing cell

proliferation, differentiation, and apoptosis [15].

The main components needed in tissue engineering are cells, which can come directly from the patient

or from stem cells; scaffolds, biodegradable templates designed to mimic the ECM for cell expansion

and organization into tissue structures; and growth factors (GF), used to stimulate cell proliferation

and differentiation, among other functions, by transmitting environmental signals. Cells are cultured

on these scaffolds under the proper conditions. This encourages the formation of a tissue construct

that can be implanted in vivo to replace the damaged one [1, 16].

Figure 1.1: Stem cell diversity1and their differentiation potential

1Note: There are more multipotent stem cell types that are not included in the image.
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1. INTRODUCTION

When it comes to forming the new engineered tissue, differentiated cells are required to proliferate in

these scaffolds. These differentiated cells can be obtained through stem cells, such as mesenchymal

stem cells (MSCs) or induced pluripotent stem cells (iPSCs). Stem cells have the ability of self-renewal

and to differentiate into different cell types depending on their potency (Figure 1.1 [17]). These prop-

erties define the stemness of stem cells. The differentiation process is possible thanks to their inherent

plasticity, a key factor for stem cell therapies, along with the extracellular regulatory signals that con-

trol their proliferation and differentiation [14, 18].

Different intricated stimuli participate in cell differentiation, such as transcription factors, GF, physical

factors, etc., guiding cells towards specific lineages. All these factors regulate the intertwined signaling

pathways, where the extracellular signals are integrated within the cell to activate or inhibit specific

molecular processes that will lead to the cellular specialization [19]. The integration of mechanical

signals, known as mechanotransduction, has an important role in cell differentiation.

1.2 Mechanotransduction in cell differentiation
Mechanotransduction is the process by which external mechanical forces are transformed into intracel-

lular biochemical signals (Figure 1.2[20]). These signals activate different signaling pathways, altering

the gene expression and cellular structure, thereby regulating cell behavior and fate [21, 22]. Mechan-

ical stress influences cellular differentiation, increasing osteogenic, chondrogenic, and neuronal tissue

development [23, 24], for instance.

Figure 1.2: Mechanotransduction: mediators involved in
translating extracellular mechanical signals into intracel-
lular biochemical signals.

The signal integration process is crucial

in guiding cells toward specific lineages

during differentiation. MSCs have the

ability to transform into different cell

types, such as myoblasts (muscle), chon-

drocytes (cartilage) or osteoblasts (bone).

The differentiation process to these spe-

cialized cell types is controlled by spe-

cific transcription factors, like MyoD

for muscle, Runx2 for bone, or Sox9

for cartilage [21]. By regulating the

stimuli the cells receive, it is possi-

ble to control the differentiation pro-

cess.

Cells adhere to the ECM through focal

adhesions, formed by transmembrane pro-

teins called integrins that link the ECM to the cytoskeleton. These integrins, along with ion channels

and protein receptors, are responsible for translating the external signals to activate or inhibit the

signaling pathways that will lead to specific transcription factors [25]. Thus, depending on the stimuli

3



1. INTRODUCTION

the cell senses and the factors that are reached, cells will transform into one type or another.

There are different strategies to apply external mechanical stimuli. One of the most common ones is

through mechanical bioreactors, providing controlled compression, cyclic tension, or shearing to artifi-

cial tissues. Fluid dynamic stress (shear stress) is produced by the fluid around the construct, and it

is considered the primary mechanical stimulus to activate the mechanotransduction process. However,

the mechanical forces involved in the bioreactor actuate on the whole scaffold, making it impossible to

stimulate specific regions of the tissue [23, 26].

Other approaches to providing mechanical localized stimulation include magnetic hydrogels. Among

its applications in tissue engineering, hydrogels with magnetic nanoparticles (MNPs) offer an alterna-

tive way to manipulate mechanotransduction pathways to regulate stem cell differentiation. Polymeric

biomaterial particles can facilitate the stimulation of cells and subsequently their differentiation into

a specific tissue type. The use of an external magnetic stimulus allows, by using the particle as the

probe, the remote, local, mechanical stimulation of cells and tissues [27, 28].

1.3 Magnetic hydrogels
Hydrogels are 3D networks of polymer chains that have the ability to absorb water. Their proper-

ties allow them to swell and hold water while maintaining their structural integrity and mechanical

properties. Their versatile features make them suitable for a broad variety of applications within the

biomedical field and pharmaceutical industry. From contact lenses, artificial skin, and scaffolds, to

drug delivery, to mention a few [29].

Figure 1.3: Crosslinking approaches to form alginate hydrogels.

Alginate is a natural anionic

polysaccharide obtained from brown

algae, and it is widely used

as a biomaterial in tissue engi-

neering due to its biocompatibil-

ity, biodegradability, non-toxicity,

and flexibility properties. There

are different approaches to pro-

ducing alginate hydrogels (See fig-

ure 1.3[30]), involving a crosslink-

ing process where chemical reac-

tions form bonds between poly-

mer chains. These chemical in-

teractions can be reversible (non-

covalent bonds) or irreversible

(covalent bonds), controlling the degradability of the hydrogel [30].
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Ionic crosslinking with positively charged ions, such as Ca2+ or Mg2+, is the easiest and most cost-

effective method to form this hydrogel [30]. Furthermore, it has been reported that alginate being

crosslinked by 2% (w/v) calcium chloride had the best performance regarding its properties [31]. Also,

the presence of ethanol in the calcium chloride solution (below 30% v/v) presents several benefits, like

enhanced surface homogeneity or mechanical properties [32].

Several studies have demonstrated the potential of applying magnetic nanoparticles in tissue engi-

neering, particularly for bone and cartilage regeneration through magnetic stimulation [23, 33]. The

production of spherical microgels has also been examined, whether coated with MNPs and designed

to controllably release encapsulated substances [34] or MNPs embedded inside alginate beads for local

micro-actuation of tissue constructs [35]. However, the use of iron oxide nanoparticles encapsulated in

beads provides limited mechanical force to stimulate the cells and presents a contamination risk of the

surrounding cells due to leakage of iron oxide nanoparticles in the medium.

Extrusion dripping is a common and easy technique to produce alginate beads. By this method, ex-

truded droplets of alginate are crosslinked in a supporting bath containing cations. Their sizes are

usually greater than 1 mm and their sphericity has an impact on the mechanical and chemical stability

[36]. To prevent shape deformation during the process, the viscosity and surface tension of the calcium

chloride solution should be reduced. Introducing a surfactant into the solution can enhance the bead

penetration, contributing to its spherical formation. [37].

The development of responsive magnetic hydrogels makes it possible to aid with differentiation and

tissue regeneration. The investigation of magnetic alginate beads to provide localized mechanical stim-

ulation entails a new approach for more effective strategies in tissue engineering.

1.4 Research goal and Objectives
Considering the challenges within tissue engineering, particularly in understanding and controlling cell

behavior, it is essential to influence cell fate and differentiation for regenerative medicine. This project

aims to produce magnetic alginate beads as an option to indirectly stimulate cells mechanically to

facilitate artificial tissue development. To guide the investigation, the research goal is addressed by

defining specific objectives.

Research goal:

To develop and activate magnetic alginate beads to provide localized mechanical stimulation to cells

with the purpose of inducing differential tissue development.

Objectives:

1. Production and process optimization of magnetic alginate beads with different weight fractions

of iron particles.

5



1. INTRODUCTION

2. Determine the magnetic response of magnetic alginate beads depending on their iron weight

fractions.

3. Evaluate the biocompatibility of magnetic alginate beads.

4. Assess the effects of magnetic stimulation on cell behavior.

6
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Experimental Methods

2.1 Materials
Reagents: Sodium alginate (Alginic acid sodium salt from brown algae), Calcium chloride dihy-

drate powder (CaCl2.2H2O), silicon oils with different viscosities, Cytodex 3 microcarrier beads and

Live/Dead Cell Double Staining Kit were purchased from Sigma-Aldrich. Iron powder, Dulbecco’s

Phosphate Buffered Saline (DPBS) and Dulbecco’s Modified Eagle Medium (DMEM) were obtained

from Thermo Scientific. Optiprep for the iron suspension was purchased from Stem Cell Technologies.

Disposables: The nozzles used to extrude the alginate solutions were purchased from Needlez. To

filter alginate solutions acrodisc 32 mm syringe filters with 0.45 µm supor membrane (PALL Life Sci-

ence) were used. 60 mL syringes were obtained from Mediware. Sarstedt Inc Transfer Pipette (3.5ml,

Graduated) was used for mixing the iron within the alginate solution.

Equipment: The syringe pump (PHD Ultra, Harvard Apparatus) was used to produce the beads.

The EVOS microscope (Invitrogen EVOS FL Imaging System - Thermo fisher Scientific) was used

for all the imaging. The Sartorius scale was used to weigh alginate and iron powders. The mag-

netic stirrer IKA C-MAG HS 7 (Sigma-Aldrich) was used to mix alginate solutions, whereas IKA

color squid bubbles magnetic stirrer (Boom B.V. Meppel) was used for the synthesis of the alginate

beads. MilliQ-water was obtained from Purelab flex (Salme en kipp). For the oxidation state, the

X-ray diffraction (XRD) analysis was performed using the D8 Discover apparatus with LYNXEYE

XE-T detectors (Bruker). For the bead’s magnetic properties, the digital microscope Dino-Lite Edge

was used to record the bead’s movement toward a magnet. Physical Property Measurement System

(PPMS) DynaCool from Quantum Design was used for the VSM analysis. For the cell attachment to

microcarriers, the roller mixer RS-TR 5 (Phoenix Instrument) and vortex mixer L46 (Labinco) were

used. A bürker-türk counting chamber (Marienfeld Superior) was used for manual cell counting.

2.2 Production of non-magnetic and magnetic Alginate beads
2.2.1 Synthesis of Alginate beads

Alginate beads were produced with different process parameters to optimize the production. Figure 2.1

shows the setup used to produce them. With the syringe pump, the flow rate can be controlled, along

7



2. EXPERIMENTAL METHODS

with the target volume. 2% (w/v) of sodium alginate powder was weighed and dissolved in Milli-Q

using a magnetic stirrer. The solution was filtered and introduced into a 60 mL syringe, which was

fixed on top of the the syringe pump. Extrusion nozzle inner diameter and the distance between the

Figure 2.1: Syringe pump setup to produce Alginate beads

nozzle tip and the crosslinking solution

surface influence respectively the diame-

ter and sphericity of the beads, with par-

ticular emphasis on the importance of the

sphericity as it is directly correlated with

bead homogeneity [36, 37]. The support-

ing bath (0.18 M) consists of 2% (w/v)

of calcium chloride [31] and 10% (v/v)

of ethanol with 70% purity. The website

handymath [38] was used for the ethanol

calculations. Underneath this solution,

a magnetic stirrer was placed for proper

crosslinking of the alginate, and the stir-

ring speed is another parameter that can

be controlled.

To study the impact of these parameters, we selected minimum and maximum values for each, guided

by relevant literature [37]. Davarcı et al. (2017) identified specific parameter ranges in their study,

such as a minimum distance of 2.5 cm to obtain a spherical shape. The chosen minimum and maximum

values, presented in table 2.1, were determined based on their findings. From these parameters, 12

combinations were chosen for the production of the beads. Finally, the beads were stirred for at least

30 minutes in calcium chloride before rinsing them with Milli-Q and stored at 4ºC.

Parameters Min value Max value
Flow rate (ml/h) 25 150

Nozzle (G)
(Inner diameter)

27
(0.21 mm)

23
(0.33 mm)

Distance (cm) 3 30
Stirring speed (rpm) 100 500

Table 2.1: Minimum and maximum selected parameter values to study their influence.

2.2.2 Synthesis of magnetic Alginate beads

To produce magnetic Alginate beads, the setup was the same as in figure 2.1, with the difference that

now the solution within the syringe contains iron. The higher density of iron compared to alginate

results in its sedimentation over time. This would lead to a gradual depletion of iron in the bead

production, meaning that the first beads produced would have more iron content than the last ones.

8



2. EXPERIMENTAL METHODS

To improve the homogeneity of the iron distribution, the viscosity of the solution was increased by

raising the alginate content and dissolving it in 45% Optiprep.

To study whether the viscosity of the solution and the iron content influence in the formation of the

beads, different combinations of alginate with Fe were produced. 2% (w/v) of alginate was mixed with

0.2 and 1% (w/v) of iron and 3% (w/v) of alginate was mixed with 0.2, 1 and 10% (w/v) of iron. These

solutions were blended using a shaker and a plastic pipette. Although this method does not allow a

completely homogeneous distribution of the iron particles through the alginate due to the difference

in densities, it was enough to produce magnetic beads. A flow rate of 150 ml/h was used, along with

both 23G and 27G nozzles. The distance was set to 3 cm and the supporting bath did not undergo

stirring, as this ended up in the deformation of the beads or their attachment to the magnet.

2.3 Characterization of non-magnetic and magnetic Alginate beads
2.3.1 Size and sphericity

Figure 2.2: Diameter measurements in ImageJ
from multiple positions for accuracy

From each experimental condition, a total of 10 sam-

ples were collected to analyze and evaluate the size

and sphericity. The EVOS microscope was used to

take the pictures of these 10 beads and the software

ImageJ was used to measure their diameters. Per each

sample of each condition, different positions from the

bead were set manually to obtain a few different di-

ameters (at least 6 as shown in figure 2.2), from which

the least and greatest were selected to obtain the size,

by getting the average diameters. With this diameter,

the volume of the beads could be determined from the

equation 2.1, where Vbead is the volume and d the av-

erage diameter. To obtain the bead’s shape, the sphericity (Φ) was calculated based on the equation

2.2, where dmin and dmax are the minimum and maximum diameters measured respectively. Bead

shapes are considered spherical for values above 0.95, while between 0.9 and 0.95 they are considered

oval or with a pear shape, and under 0.9 they are not spherical [37].

Vbead(mL) =
4

3
π

(
d

2

)3 1

1000
(2.1)

Φ =
2dmin

dmin + dmax
(2.2)

Additionally, after collecting these data, a statistical analysis was performed using the SPSS software

to determine which factors influence the sphericity and diameter. The statistical significance of these
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parameters was evaluated through an analysis of variance (ANOVA) using the F-test, where a signifi-

cance level of p < 0.05 was considered. A detailed step by step procedure using the SPSS software is

outlined in Appendix A. When the p-value associated with the explanatory variable is less than 0.05,

it means that the parameter explains the variance of the outcome, suggesting a statistically significant

relationship between the dependent and explanatory variables.

2.3.2 Oxidation state

Figure 2.3: X-ray diffractometer used
to analyze the oxidation state of mag-
netic alginate beads.

To investigate the iron oxidation state inside the alginate

beads, the XRD analysis was performed. This technique

provides information about the internal structure of a ma-

terial by throwing X-rays toward a sample and analyzing

the scattering of the radiation produced by the atoms of

the sample [39]. This method has been widely used for

oxidation characterization [40, 41], allowing us to deter-

mine whether the iron of the magnetic beads is oxidized or

not.

The magnetic alginate beads (10 % w/v) were dried for 2

days at room temperature, after which they were placed in-

side a polymethyl methacrylate (PMMA) mold to go inside

the XRD apparatus (See figure 2.3 [42]). Iron powder in its

original powder state and encapsulated state inside alginate

beads were analyzed and compared to the reference Alpha

Iron found in the literature. The 2Theta scans were recorded at room temperature (300K) in angles

ranging from 20 to 120 2Theta with a step size of 0.01 2Theta and continuous scan mode.

2.3.3 Magnetic properties

To investigate the magnetic properties of the beads and their possible impact on stimulating cells

mechanically, variations in iron content and solution viscosities were introduced. Body fluids have

different viscosities. This, along with tissue stiffness and elasticity, determines how cells respond to

mechanical stimulations [43]. Therefore, to accurately reflect the potential interactions of the magnetic

beads, it was explored how different viscosities affect the magnetic properties.

2.3.3.1 Moving speeds

The moving speed of the magnetic beads towards a magnet was analyzed. Magnetic beads were

introduced in recipients containing solutions with different viscosities: 1 cST (milli-Q water), 10 cST

(silicon oil), and 100 cST (silicon oil). Beads were produced with 3% (w/v) alginate, 0.2, 1, and 10 %

(w/v) of Fe, a flow rate of 150 ml/h, a 23G nozzle, and a distance of 3 cm. Once the bead reached the

bottom of the container, due to its high density, a magnet was introduced inside the solution, moving

it closer toward the bead until it started moving.

10
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Figure 2.4: Setup to measure the moving speed
of magnetic beads towards a magnet in different
solution viscosities.

A digital microscope was placed horizontally to

record the movement of the bead going up-

ward, until reaching the magnet, as shown in

figure 2.4. This method can provide an idea

of how the iron content and the viscosity of

the medium will impact the moving speed, as-

sessing which factor has more impact on the

speed.

To obtain the speed, the distance between the bead

and the magnet was measured with the DinoCap-

ture 2.0 software. First, when the bead started be-

ing attracted to the magnet, it repositioned itself

to align the maximum amount of iron within it to

face upward against the magnet. At the point when the bead began to move upward, the bead-magnet

distance was measured every 0.1 seconds until the bead reached the magnet. However, in some con-

ditions, it was not possible to measure the distance in each 0.1-second frame as the bead was moving

and appeared blurred or the frame remained the same as the previous one, making it impossible to

calculate each time-frame speed to get the acceleration. Hence, the speed was calculated as the total

distance divided by the total time.

A visual representation of the process is depicted in the figure 2.5. Combining 0.2, 1, and 10 % (w/v)

of Fe with 1 cST, 10 cST and 100 cST of viscosity, 9 conditions were evaluated. 5 different beads per

condition were used, obtaining the average speed in the end. Due to technical problems, the conditions

0.2% (w/v) 10cST, 0.2 % (w/v) 100cST, and 1 % (w/v) 100cST only counted with the data of 4 beads.

Figure 2.5: Bead movement upon magnet attraction. First, bead recolocation to align the iron to face
the magnet. Then, bead movement toward the magnet.
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2.3.3.2 VSM analysis

Vibrating-sample magnetometry (VSM) is a technique used to measure the magnetization of a sample

when magnetic fields are applied. It is based on Faraday’s Law of induction. In a constant magnetic

field, the sample is magnetized, and its magnetic dipole moment creates a changing magnetic field

that generates an electric current, which is proportional to the sample’s magnetization. As a result, a

hysteresis curve is obtained, which provides information about the magnetic saturation [44].

The magnetic beads used for the moving speed were analyzed through this method by applying a

magnetic field in the 0-2 T range to obtain their magnetic moment saturation. After being dried at

Figure 2.6: Sample preparation for VSM
analysis.

room temperature, all 5 beads used per condition, with the

exception of 0.2% (w/v) 10cST and 0.2 % (w/v) 100cST

where only 4 beads could be analyzed, were incorporated

into a plastic capsule. Then, a drop of super glue was ap-

plied to prevent them from moving and the capsule was

closed. Afterward, a thread was used to wrap the capsule

for retrieval from a straw, where it was initially inserted be-

fore being placed into the VSM machine, as shown in figure

2.6.

As a reference point, in another experiment, we measured the magnetic moment saturation of iron

powder in the magnetic field range [-3 T; +3 T]. 4 measurements were done on 4 different iron quanti-

ties inside the gelatin capsule. When tracing the maximum magnetic moment obtained for each iron

quantity, a linear correlation is obtained with R2 of 0.9995.

This correlation of the magnetic saturation with the iron content can be used as a regression model,

predicting the iron content based on the magnetic saturation of the magnetic beads. As there are

multiple beads measured in each condition, the amount of iron obtained from the regression model

was divided by the number of beads, getting the grams of iron per bead (MFe). Aside from this, the

volume of the beads was obtained from the equation 2.1. Knowing the grams of iron per bead, the

average volume of the bead, and that w/v % corresponds with the grams per 100 mL, the measured

weight fraction was calculated using the equation 2.3, after which it was compared with the initial one.

% (w/v) =
MFe × 100

Vbead
(2.3)

2.4 Biocompatibility of magnetic Alginate beads
Magnetic Alginate beads (1% w/v Fe) were integrated to a cell culture to investigate their biocompat-

ibility. C2C12 myoblast cells were thawed from liquid nitrogen and cultured in a T75 flask at a density

of 5000 cells/cm2. Cells were grown and maintained in DMEM culture medium supplemented with

10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin (pen/strep) and placed in
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a 37ºC incubator. As the cells will need to be suspended in the medium for the magnetic beads to

provide mechanical stimuli, cells were attached to microcarriers.

2.4.1 Cytodex microcarriers and cell attachment

Microcarriers are small spheres with diameters in the range of 100–500 µm that provide a 3D microen-

vironment for cells, allowing more accurate data compared to 2D culture systems [45]. Following the

manufacturer guidelines and recommendations, microcarriers were hydrated in Ca2+ and Mg2+ free

PBS (50 to 100 mL/g of Cytodex) and sterilized overnight in 70% (v/v) ethanol.

This hydration process was carried out for at least 3 hours at room temperature. Subsequently, the mi-

crocarriers were washed in fresh PBS (30 to 50 mL/g of Cytodex) for 2-3 minutes and then transferred

to new PBS. For the sterilization, microcarriers were washed twice in ethanol (50-100 ml/g Cytodex)

and then incubated overnight. The ethanol was removed and the microcarriers were rinsed three times

in sterile free PBS (50 ml/g Cytodex) and once in culture medium (20-50 ml/g Cytodex) before use.

A stock solution was stored in sterile PBS at 4℃.

For the cell attachment to microcarriers, 2 g/L of cytodex were mixed with 1.105 cells/mL in 1/3 of

the final culture medium solution to improve the attachment. After 2 hours of incubation at 37ºC,

cell attachment was observed under the microscope, and the remaining culture medium was added to

reach the proper concentrations.

The ideal technique for the attachment is to use a spinner flask during the incubation process, as

explained by the manufacturer. However, no spinner flasks were available, so in order to find out the

most effective way for cells to attach to microcarriers, different approaches were assessed: cells with

microcarriers were left in the incubator for 2 hours; they were left in the incubator and every 30 minutes

they were taken out and vortex for 10 seconds at a low speed; and they were left in the incubator and

every 30 minutes they were taken out and placed in the roller mixer for 2 minutes at a low speed. The

different condition solutions were visually analyzed under the microscope by adding 10 µL.

2.4.2 Sterilization of magnetic Alginate beads

As the crosslinking process is reversible, sterilization should be carried out carefully to avoid any

chemical component that competes with the calcium ions of the bonds between alginate chains. PBS

interferes in this process due to the presence of phosphate ions, which exchange with the calcium ones

[46], leading to the breakage of alginate-calcium bonds, the swelling of the beads and, thus, their partial

degradation.

To sterilize the beads, they were rinsed in 70% (v/v) ethanol for 60 minutes, 30 needed for the ethanol

to reach the center of the bead and the rest to eliminate any microorganisms. The 0.18 M calcium

chloride solution used for the alginate crosslinking was used to rinse the beads after being filtered with

a 0.45 µm syringe filter. Then, beads were rinsed in a new filtered 0.02 M calcium chloride solution

and once in DMEM culture medium.
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2.4.3 Live Dead Assay and Cell viability

A live-dead assay was performed to investigate the impact of the magnetic beads on cells. Different

time points were analyzed: after 1 day, after 3 days, and after 7 days. Per each time point, a 24-well

plate was prepared as depicted in figure 2.7, where each well contained 0.5 mL of DMEM culture

medium and its respective condition.

Figure 2.7: Live/Dead Assay scheme with the conditions: 1) M: Just microcarriers; 2) B: Just one
bead; 3) C: Just cells; 4) B+C: Cells with one bead; 5) M+C: Cells attached to microcarriers; 6)
M+C+B: Cells attached to microcarriers and one bead; 7) MB+C: Cells and 8 beads.

100 µL of a staining solution were added to each well containing cells. This solution combines 10 µL

of calcein AM and 5 µL of propidium iodide (PI) per each 5 mL of PBS. Calcein and PI are dyes used

to label live and dead cells respectively. Calcein is permeable to the membrane of viable cells and can

be transformed by intracellular esterases to produce a green fluorescent signal, whereas PI can only

pass through damaged cells and produces a red fluorescence upon binding to DNA [47, 48].

Additionally, a quantitative assessment was performed by staining the cells with trypan blue dye, which

is only absorbed by non-viable cells when their membrane is broken down. Cells were cultured at a

density of 5000 cells/cm2 and 3 conditions were evaluated: control with just cells, 1 bead incorporated,

and 3 beads incorporated. Live cells were manually counted with a bürker-türk counting chamber after

1, 3, and 7 days, along with a dead cell counting on day 7 to obtain the cell viability.
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Results & Discussion

3.1 Characterization of non-magnetic and magnetic Alginate beads
3.1.1 Size and sphericity of Alginate beads

Beads were produced under 12 different conditions combining the different parameters that influence

the size and shape of the beads. After 10 samples of each one were analyzed and the average diameter

and sphericity were calculated, along with the standard deviation, as shown in Table 3.1, the data was

plotted (Figure 3.1) based on the different parameters for a proper comparison.

Nozzle
(G)

Distance
(cm)

Flow-rate
(mL/h)

Stirring speed
(rpm)

Diameter
(mm)

Sphericity
(Φ)

23 3 25 100 2.606 ± 0.02 0.949 ± 0.02
23 3 150 500 2.835 ± 0.17 0.820 ± 0.10
23 30 25 100 2.824 ± 0.26 0.812 ± 0.09
23 30 150 500 2.945 ± 0.34 0.646 ± 0.17
27 3 25 100 2.280 ± 0.06 0.951 ± 0.02
27 3 150 500 2.305 ± 0.07 0.911 ± 0.03
27 30 25 100 2.526 ± 0.20 0.830 ± 0.09
27 30 150 500 2.734 ± 0.22 0.647 ± 0.11
23 3 25 500 2.872 ± 0.17 0.709 ± 0.06
23 3 150 100 2.651 ± 0.05 0.952 ± 0.02
27 3 25 500 2.427 ± 0.09 0.723 ± 0.05
27 3 150 100 2.322± 0.02 0.954 ± 0.01

Table 3.1: Size and sphericity (data are presented as mean ± SD) of Alginate beads based on different
parameter values. Outcomes represented in blue: smallest diameters and highest sphericities.

Regarding the outcome based on the nozzle (Figure 3.1 A), the sphericity appears to exhibit minimal

variation, from 0.81 for 23 G to 0.84 for 27 G. However, in terms of the diameter, it was observed

that when the smallest nozzle was used, there was a reduction in diameter, from 2.79 mm to 2.43 mm.

This finding is reasonable as the inner diameter of the nozzle plays a crucial role in determining the size.
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Looking into the distance parameter (Figure 3.1 B), it is evident that employing the minimum distance

yields better results in terms of both sphericity and diameter. We observe higher spherical values, 0.87

for a 3 cm distance compared to 0.73 for a distance of 30 cm, and smaller diameters, 2.54 mm for the

minimum distance compared to 2.76 mm.

Focusing now on the flow rate (Figure 3.1 C), upon initial observation, there appears to be minimal

variation, with a slight improvement when using the minimum flow rate. When beads were produced

at 25 ml/h, sphericity was 0.83 and the diameter 2.59 mm, while when using a flow rate of 150 ml/h,

a sphericity value of 0.82 and a diameter of 2.63 mm were obtained. However, the overall impact on

the results is not clear enough to affirm that one flow rate is better than the other.

Lastly, for the stirring speed (Figure 3.1 D), when using the lowest speed, the sphericity increases, and

the diameter is reduced. It is clearly better when 100 rpm was used, obtaining a sphericity value of

0.91 and a diameter of 2.53 mm, compared to values of 0.74 and 2.69 mm when stirred at 500 rpm.

Figure 3.1: Sphericity and diameter of Alginate beads based on nozzle (A), distance (B), flow-rate (C),
and stirring speed (D).

Hence, based on these graphs, it can be concluded that the best parameters to obtain the highest

sphericity and smallest sizes seem to be 27 G for the nozzle, 3 cm for the distance, and a stirring speed

of 100 rpm. The flow rate appears to have minimal impact. This observation corresponds with table

3.1, where the best conditions obtained are from the same parameters and both flow rates. Also, it is
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easier to notice that even the lower flow rate shows slightly better outcomes, the standard deviation is

also slightly higher.

Figure 3.2 serves as a visual representation for a clearer comparison of size and shape based on nozzle

and flow rate. When comparing the nozzle, the difference in bead size is 0.33 mm for both flow rates.

On the other hand, comparing flow rates alone results in a variation of just 0.04 mm, with the smallest

nozzle and the lowest flow rate showing the most effective reduction in bead size. Focusing now on

the sphericity, it is slightly better for the smallest nozzle and the highest flow rate, but no significant

variations are observed.

Figure 3.2: Alginate beads produced using a 23G and 27G nozzle, flow rates of 25 mL/h and 150
mL/h, a distance of 3 cm, and a stirring speed of 100 rpm.

Additionally, to study whether there is a correlation between these parameters and the outcome, a

statistical test was performed, from which the p-values can be obtained as shown in table 3.2 (See

Appendix A for SPSS outcomes).

p-values Diameter Sphericity
Flow rate 0.858 0.128
Nozzle < 0.001 0.486

Distance 0.002 0.003
Stirring speed 0.013 < 0.001

Table 3.2: Parameter p-values for dependent variables diameter and sphericity obtained through
ANOVA in SPSS.

Knowing that when p < 0.05 there is a correlation between variables, it is clearly seen that the distance
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and stirring speed affect both the diameter and sphericity. And that is why the best conditions have

the same distance and stirring speed. Also, the nozzle is related to the diameter, so when the inner

diameter is reduced, the diameter of the bead also decreases. Regarding the flow rate, there is no

statistical evidence of affecting either the diameter or the sphericity.

3.1.2 Size and sphericity of magnetic Alginate beads

After producing magnetic beads under five different conditions, with different concentrations of algi-

nate and iron, their size and sphericity were evaluated. The average size and sphericity are shown in

figure 3.3, along with a visual representation in figure 3.4.

Figure 3.3: Size (left) and sphericity (right) of magnetic alginate beads based on alginate and iron
weight fractions.

Figure 3.4: Size and sphericity of magnetic alginate beads based on different alginate and iron concen-
trations.

When comparing the alginate content, there is a small increase in the diameter (0.04 mm) for the 3

% with the lowest iron content. However, this is minimal for the 1 % (w/v) Fe (below 0.01 mm).
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For the sphericity, those conditions with higher alginate content obtained a higher rate. If the focus

is switched to the Fe content, the size seems to be slightly higher (around 0.04 mm) when increasing

the amount of iron considerably (0.2 and 1 % conditions to 10 %), except for the condition with 3%

alginate and 0.2 % Fe. While comparing 0.2 with 1 % (w/v) Fe, this observation does not apply as

these percentages are closer together. There is no significant remark regarding the sphericity.

Overall, the results obtained show little variability for both the diameter and sphericity. The sizes of

all the bead conditions studied are around 2.6 mm in diameter, all with spherical shapes. As increas-

ing the viscosity of the solution improves the homogeneity of the Fe distribution, the beads produced

with 3% (w/v) of alginate and different iron content were the ones employed to study their magnetic

properties.

3.1.3 Oxidation state

Diffraction peaks of the magnetic alginate beads at 44°, 64°, 82° and 98° (figure 3.5) match the peaks of

the Pure Iron powder and Alpha Iron reference file. The absence of additional peaks in the magnetic

alginate beads indicates that the iron is mainly present in its pure state, there are no iron oxides

present inside the beads. The peaks of iron inside alginate beads have lower intensity than the pure

iron powder peaks, which can be explained by the low percentage of iron inside the analyzed sample

compared to the pure iron one. Therefore, the XRD analysis confirmed that the bead production

process did not oxide the iron powder.

Figure 3.5: XRD diffractogram of magnetic alginate beads compared to Alpha Iron and Pure Iron
powder

3.1.4 Magnetic properties

Variations in iron content and solution viscosities were evaluated to gain insights into their influence

on the beads’ magnetic behavior. Beads with 0.2, 1, and 10 % (w/v) were introduced in solution
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viscosities of 1, 10, and 100 cST. Once the beads were magnetically activated, their moving speed was

measured. The same beads were used afterward for VSM analysis to measure their actual iron w/v.

3.1.4.1 Moving speed

Moving speeds based on Fe content and solution viscosities are reprsented in the heat map of figure

3.6, along with the graph of figure 3.7 for a different visualization. The speed increases with the Fe

content and decreases for higher viscosities, as would be expected.

Figure 3.6: Moving speed heatmap of mag-
netic alginate beads based on different iron
content in different solution viscosities.

Apart from this, it was observed that the solution’s

viscosity has more effect on the bead’s moving speed

than its Fe w/v. For example, 1% Fe - 1 cST and 10%

Fe - 100 cST. Their moving speeds are 35.55 and 25.77

mm/s respectively, being higher when the viscosity is

lower and not when the Fe is higher. The viscosity

seems to influence the moving speed more than the Fe

content. The same trend is evident when the focus is

set on values that are relatively close to each other. Conditions 0.2% Fe - 10 cST and 1% Fe - 100 cST

have a difference speed of 2.31 mm/s. Similarly happens with conditions 1% Fe - 1 cST and 10% Fe

- 10 cST, having a difference of 4.27 mm/s. These little variations suggest that equivalent speeds can

be reached with lower Fe - lower viscosities and higher Fe - higher viscosities.

Figure 3.7: Moving speed of magnetic alginate beads based on different iron content in different solution
viscosities.

However, the standard deviation of the data (Fig. 3.7) is particularly high. This is due to the in-

consistency of the measurements as the magnet was placed manually at different starting distances.

Consequently, the movement of the beads measured occurred between 0.1 and 0.6 seconds within the

same condition, which influenced the speed variability as the acceleration could not be taken into ac-

count. If only the conditions measured at the same time point were considered, the standard deviation
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would have been reduced significantly.

In general, the data obtained revealed a clear trend in the relationship between the Fe content and

the viscosity, where lower viscosity had a more pronounced effect on increasing speed than higher Fe

content. To enhance the reliability of the results and reduce the standard deviation for more accurate

data, a consistent method where the magnet could be placed and moved in the same controllable

manner for each condition should be designed.

3.1.4.2 VSM analysis

Figure 3.8: Regresion model equation to correlate magnetic satu-
ration with pure Fe content.

As it is confirmed that the Fe

within the beads is not oxidated

(iron oxides have different mag-

netic properties than pure iron),

the VSM analysis of pure Fe can

be used to determine the ac-

tual Fe weight fractions that the

beads contain. From the hystere-

sis curves of pure iron we mea-

sured (see Appendix B), the mag-

netic saturation of 0.022, 0.028,

0.036, and 0.053 g of Fe was ob-

tained. From these data points, a regression model was derived (Figure 3.8). With a coefficient of

determination R2 equal to 0.9995, we can confirm that the magnetic moment saturation is proportional

to the iron content in the capsule.

From the hysteresis curves of Alginate-Fe beads, where 5 beads were measured for each condition (Fig-

ure 3.9), the maximum magnetic moment (magnetic saturation) was measured. Substituting this value

into the equation of figure 3.8 and solving for x, the iron content per VSM sample analyzed was de-

termined, making it possible to calculate indirectly the actual Fe weight fractions, as shown in table 3.3.

0.2 % Fe 1 % Fe 10 % Fe
Fe w/v (%) measured 0.094 ± 0.016 0.744 ± 0.021 9.780 ± 0.182

Table 3.3: Actual iron w/v (%) within magnetic alginate beads (average ± SD) obtained from VSM
analysis.

The weight fraction differences reveal a reduction of 53 %, 25.6 %, and 2.2 % for the initial concentra-

tions of 0.2 %, 1 %, and 10 % respectively. The amount of the initially added iron did not integrate

completely into the beads during the synthesis process, probably due to the sedimentation of the iron

in the syringe. For the lowest weight fraction, this reduction is considerably high, whereas for the

highest one, it is negligible. A logarithmic relation may exist between the iron weight fraction and the
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reduction percentage. However, further investigation is required to draw stronger conclusions.

These findings suggest that the synthesis process is effective in incorporating iron into the beads, with

the iron content reduced compared to the initial concentration. Also, the deviation of the data will be

taken into consideration when producing future batches. Consequently, the outcomes obtained in the

moving speed are not affected by disproportional Fe content within the beads.

Figure 3.9: Hysteresis curves of Fe beads with different weight fractions analyzed in different solution
viscosities

3.2 Biocompatibility of magnetic alginate beads
To assess the biocompatibility of the magnetic alginate beads (1% w/v Fe), C2C12 myoblast cells were

cultured in contact with the beads for 1, 3 and 7 days. Also, microcarriers were used to suspend

the cells to avoid the cell attachment to the bottom of the well to facilitate mechanical stimulation.

Different approaches for the cell attachment to microcarriers were evaluated. Additionally, a live-dead

assay was performed to provide a qualitative assessment of cell viability, along with a quantitative

analysis to determine the impact of the beads on cells.

3.2.1 Cell attachment to microcarriers

Different approaches were investigated to find the optimal procedure to attach cells to microcarriers.

Various combinations of incubation, vortexing, and the use of a roller mixer were tested to assess

improvements in cell attachment. Results are depicted in figure 3.10. The different solution conditions

analyzed under the microscope contained just a few microcarriers and the difference in cell attachment

is difficult to discern. Regardless, each condition appears to be effective for cell attachment as cells ex-

hibited good adherence to the microcarriers, represented as the mosaic patterns that can be visualized.

Consequently, as there are no significant differences observed, the procedure for the cell attachment

established was the incubation for 2 hours, chosen for its reduced workload.
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Figure 3.10: Cell attachment to microcarriers: A) Incubation for 2h; B)Incubation for 2h vortexing
every 30 minutes for 10 seconds; C)Incubation for 2h and roller mixing every 30 minutes for 2 minutes.

3.2.2 Live Dead Assay and Cell viability

Before performing the live-dead staining, each condition was examined under the microscope, revealing

the presence of bead fragments outside the bead (Fig. 3.11 - Before). Despite this, the iron particles

remained entrapped within the alginate structure. Also, for the time point day 1, conditions were

washed with PBS before the staining, which caused the decrosslinking of the alginate beads (Fig. 3.11

- After). For the rest of the time points, rinsing with PBS was avoided to prevent bead dissolution,

as it was found in the literature that PBS causes the decrosslinking of the alginate by sodium ions

replacing the calcium ones [49].

Figure 3.11: Bead condition before (no PBS) and after (rinsed with PBS) the live-dead staining on
day 1.

Live-dead assay performed after 1, 3 and 7 days (Fig. 3.12) reported the presence of live cells, indi-

cating that the broken bead did not compromise the viability of the cells. This suggests the resilience

of the cells upon the iron leakage. However, on days 3 and 7, PBS was avoided and the iron seemed

to be trapped inside the alginate despite the bead being broken down. Cells likely did not come into

direct contact with the iron, which would explain their viability.

Aside from this, the fluorescence signal is partially overlapped, which means that the live-dead assay

may not provide an accurate contrast between live and dead cells. This overlapped signal can be
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Figure 3.12: Fluorescence microscopy images of Live/Dead assay. Cells attached to microcarriers with
and without the bead after 1, 3 and 7 days.

atributed to the similar wavelengths of the fluorophores, detecting both live and dead fluorescence

signals simultaneously. This is translated into a yellow fluorescence when the images are merged.

When multiple beads were in combiation with cells (Fig. 3.13), regardless of whether in contact with

PBS (day 1) or not (day 3), cells remained alive. Remarkably, cells not only surrounded the beads,

but also attached to the Fe-alginate fragments of the broken beads. This observation also supports the

high cell viability observed despite the breakage of the beads. The limited fluorescence signals (some

cells do not seem to emit fluorescence) might be due to the image processing. Combining the images

with a grey background affected the visibility of the signals, reducing the contrast. It is also possible

that the staining may not be efficient, leading to variations in signal intensity, or the outcome may

have been influenced by human or technical error.

Figure 3.13: Fluorescence microscopy images of Live/Dead assay. Cells with multiple beads after 1
and 3 days.
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3. RESULTS & DISCUSSION

Finally, cells were manually counted after being cultured for 1, 3 and 7 days to provide a quantitative

measurement (see Fig. 3.14. The extremely high outcome for the condition ’cells - day 1’ probably

involves a human error in cell counting, as cells typically do not grow more than twice their initial

density. The condition ’cells + bead’ shows an ascendent trendline maintained underneath the control,

meaning that the cell viability is slightly reduced when the magnetic bead is present.

Figure 3.14: Cellular viability based on beads presence.

Moreover, from day 0 until day 3, the same happens for ’cells + multiple beads’. This correlation

indicates that the cell viability decreases with an increasing number of magnetic beads. On day 7,

however, the amount of cells grows drastically, rising above the rest of the conditions. This unpredicted

outcome could be because of the same reason as the other unexpected value, a technical or human

interference. The cell viability on day 7 could be calculated as dead cells were also counted, obtaining

61, 60 and 75 % for ’cells’, ’cells + bead’ and ’cells + multiple beads’ respectively.

Although the cell viability is reduced under the presence of magnetic beads, the live-dead assay proved

a robust cell survival even with the decrosslinking and breakage of the beads. However, further opti-

mization for both qualitative and quantitative processes should be addressed to improve the accuracy

of the assay and cell viability.
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Conclusions

Considering the challenges in tissue engineering, magnetic alginate beads might be used to stimulate

cells mechanically to influence cell fate and differentiation for regenerative medicine. These beads can

be successfully synthesized through extrusion dripping, although the method could be improved to

obtain more homogenous Fe-alginate beads.

Their size and sphericity can be controlled through the syringe pump setup parameters. The nozzle’s

inner diameter has a direct impact on the bead size. Also, the distance between the nozzle and the

surface of the crosslinking bath influences both outcomes, improving the results when this distance is

closer to the minimum value possible. The iron content did not provide clear evidence of influencing

the size or shape of the beads. When varying iron content in future studies, its impact on bead char-

acteristics should be assessed.

Exploring the beads’ magnetic properties, we find that the encapsulated iron does not oxide during

the synthesis process. Furthermore, the solution viscosity in which the beads were evaluated is a more

influential factor than the Fe content concerning moving speeds. However, it was also discovered that

the actual weight fraction of Fe present in the beads is lower than the initial one due to iron sedimenta-

tion. This factor needs to be considered and prevented as much as possible to enhance the homogeneity.

As for their biocompatibility, an appropriate cell viability was observed, taking into account the bead’s

degradability. Despite the Fe being trapped inside alginate fragments, the bead’s breakage decreases

the cell viability. However, for more accurate results, especially in moving speeds and cell viability, it

is advisable to repeat experiments under more controllable conditions.

In the end, the applicability of magnetic alginate beads remains uncertain since the evaluation of the

impact of magnetic stimulation on cell behavior was not accomplished, unfortunately, due to limita-

tions in time. Future investigations are needed to assess their potential application in tissue engineering.
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Future perspectives

To improve the observed results, we suggest first further optimization of the magnetic alginate beads

production, aiming to reduce their size if necessary and enhance iron distribution. One strategy could

be to apply an external force to break them before extrusion from the syringe pump. Also, exploring

other production methods, such as microfluidic devices, could be beneficial for applications demanding

smaller bead sizes, such as cell encapsulation or drug delivery.

Better controlled experimental conditions are required. Repeating experiments under more controlled

conditions would contribute to the accuracy and reliability of the results, particularly for measuring the

bead’s magnetic responsiveness. To accurately compare their magnetic responses in different solution

viscosities, a controlled setup ensuring the same uniform conditions is necessary.

Further research regarding biocompatibility needs to be done to prevent the bead’s degradability while

in contact with the culture medium. It is crucial to note that the medium should be free of cations, as

they contribute to the decrosslinking of alginate. Once the integrity of the beads is not affected, their

biocompatibility should be assessed again.

Finally, the impact of magnetic stimulation on cell behavior should be investigated. Designing a

strategy that allows controlled stimulation of the magnetic beads would provide insights into the

mechanical stimulation of cells. Contributing to the understanding of cellular responses to external

stimuli could help to the improvement of the current state of tissue engineering.
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Appendix

A SPSS analysis procedure and outcome
The process followed in SPSS for the statistical analysis is as follows:

1. Open SPSS software.

2. Insert the data from Table 3.1.

3. Go to Analyze → General Linear Model → Univariate.

4. Select ’Diameter’ as the dependent variable and ’Nozzle’, ’Distance’, ’Flow rate’ and ’Stirring

speed’ as Fixed Factors.

5. Click on Model → Build terms

6. Change ’Type’: from ’Interaction’ to ’Main effects’ to avoid the interaction between independent

variables.

7. Select ’Nozzle’, ’Distance’, ’Flow rate’ and ’Stirring speed’ from Factors & Covariates and click

on the right blue arrow to move them to the model.

8. Click on Continue → OK.

9. The table ’Test of Between-Subjects Effects’ will be shown.

10. Repeat the process from step 4 now for the ’Sphericity’ as the dependent variable.

The tables ’Test of Between-Subjects Effects’ for both ’Diameter’ and ’Sphericity’ dependent variables,

from which p-values were obtained, are shown below:
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B Hysteresis curves of pure Fe obtained from VSM analysis
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