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ABSTRACT

Bone regeneration is currently one of the most prominent areas in tissue engineering, partic-
ularly in the treatment of critical size defects, where the bone's natural healing capacity is in-
sufficient. The use of biodegradable scaffolds offers promising solutions by mimicking the ex-
tracellular matrix and providing a strong scaffold for bone growth.

This study investigates the creation and performance of bioactive scaffolds for bone regener-
ation using polylactic acid (PLA) coated with a polycaprolactone (PCL) composite incorporating
magnesium-doped bioglass (Mg-BG). The Fused Deposition Modelling (FDM) technique was
used to create the scaffolds, with an emphasis on bioactivity and cellular interaction.

The chemical composition of the coating was analysed using Fourier transform infrared spec-
troscopy (FTIR), while the surface morphology was evaluated using scanning electron micros-
copy (SEM) and energy dispersive spectroscopy (EDS). The release of ions from the compound
was evaluated using inductively coupled plasma (ICP) spectroscopy. The scaffolds were also
tested for bioactivity through immersion in simulated body fluid (SBF) and the formation of an
apatite layer was monitored over a period of 14 days. Cytotoxicity and cell proliferation were
evaluated through resazurin assays in human osteosarcoma cells (SaOS-2), while cellular activ-
ity was measured by the release of ALP (alkaline phosphatase).

The results revealed that magnesium-doped bioglass composites demonstrated improved bi-
oactivity, more stable ion release, greater cell adhesion and proliferation, and lower cytotoxicity
compared to undoped bioglass, exhibiting their potential for osteogenic applications. These
data suggest that Mg-doped bioglass is a notable option for bone tissue engineering applica-

tions, offering essential bioactive properties to improve bone regeneration.

Keywords: Tissue Engineering, Additive Manufacturing, Composite, Doped-Bioglass®
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RESUMO

A regeneragdo Ossea é atualmente uma das areas de maior destaque na engenharia de tecidos,
particularmente no tratamento de defeitos de tamanho critico, onde a capacidade de cicatri-
zagdo natural do osso € insuficiente. A utilizacdo de scaffolds biodegradaveis oferece solu¢es
promissoras ao imitar a matriz extracelular e fornecer uma estrutura fortalece para o cresci-
mento 6sseo.

Este estudo investiga a criacdo e o desempenho de scaffolds bioativos, para regeneracao 6s-
sea, utilizando poliacido latico (PLA), revestido com um compdsito de policaprolactona (PCL)
incorporando biovidro dopado com magnésio (Mg-BG). Foi utilizada a técnica de Modelagao
por Deposi¢do Fundida (FDM) para a criagdo dos scaffolds, com énfase na bioatividade e inte-
racao celular.

A composicao quimica do revestimento foi analisada através de espectroscopia de infraver-
melho por transformada de Fourier (FTIR), enquanto a morfologia superficial foi avaliada utili-
zando microscopia eletrénica de varrimento (SEM) e espectroscopia de dispersdo de energia
(EDS). A libertacdo de ides do composto foi avaliada através de espectroscopia de plasma in-
dutivamente acoplado (ICP). Os scaffolds foram ainda testados quanto a bioatividade, através
da imersao em fluido corporal simulado (SBF) e foi monitorizada da formacdo de camada de
apatite ao longo de um periodo de 14 dias. A citotoxicidade e a proliferacdo celular foram
avaliadas através de ensaios de resazurina em células humanas de osteossarcoma (Sa0S-2),
enquanto a atividade celular foi medida pela libertacdo de fosfatase alcalina ALP.

Os resultados revelaram que os compositos de biovidro dopados com magnésio demonstra-
ram bioatividade melhorada, libertagdo de ides mais estavel, maior adesdo celular e prolifera-
¢ao e menor citotoxicidade em comparacao com o biovidro ndo dopado, exibindo o seu po-
tencial para aplicagdes osteogénicas. Estes dados sugerem que os biovidro dopado com Mg é
uma opgao notavel para as aplicagdes em engenharia de tecidos 6sseos, oferecendo proprie-
dades bioativas essenciais para melhorar a regeneracao ossea.

Keywords: Engenharia de Tecidos, Impressao 3D, Compdsito, Biovidro® Dopado
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Additive

Manufacturing

Apatite

Formation

Bioactive

Biocompatibil-
ity
Biodegradable

Biomaterial

Bioresorbable

Bone

Resorption
Cytokines
Cytotoxicity

Hydrolytic

Degradation

GLOSSARY

A process that builds up an object by adding material layer by layer, typi-
cally called 3D printing. Objects are based of digital models.

The process of calcium and phosphate ion deposition on the surface of a

scaffold, mimicking natural bone mineralization.

The quality of a material that interacts with biological tissue in a way that

promotes biological progress.

The ability of a material to interact with biological systems without eliciting

an adverse reaction.

Refers to materials that break down over time within the body through

natural processes.

Any material, synthetic or natural, that is used to interact with biological

systems for medical purposes.

A material that is not only biodegradable but is also absorbed and metab-

olized by the body over time.

The process by which osteoclasts break down bone tissue, releasing min-

erals into the bloodstream.
Small proteins that are crucial in cell signalling.
The quality of being toxic to cells.

The process in which a material degrades by reaction with water.

xXXiii



Osteoblasts

Osteoclasts
Osteoconduc-
tivity
Osteogenesis
Osteoinductiv-
ity

Scaffolds

Tissue

Engineering

Bone-forming cells responsible for synthesizing bone matrix and facilitat-

ing mineralization.
Cells that break down bone tissue by resorbing the bone matrix.

The ability of a material to serve as a scaffold for new bone growth.

The process of new bone formation

The ability of a material to stimulate undifferentiated cells to develop into

bone-forming cells, promoting new bone formation.
Structures designed to support cell growth and tissue regeneration.

A multidisciplinary field that combines biology, engineering, and material

science to develop functional substitutes for damaged tissues and organs.
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ACRONYMS

ECM Extra cellular matrix.

MSC Mesenchymal Stem Cells.

BTE Bone tissue engineering

PLA Polylactic acid

PCL Polycaprolactone

BG Bioglass®

DBG Doped Bioglass®

ALP Alkaline Phosphatase

FDM Fused Deposition Modelling

SLA Stereolithography

SLS Selective Laser Sintering

DLP Digital Light Processing

ATR-FTIR Attenuated Total Reflectance Fourier-Transform Infrared spectroscopy
SEM Scanning Electron Microscopy

EDS Energy dispersive X-ray Spectroscopy
ICP Inductively Coupled Plasma

PBS Phosphate-buffered Saline

SBF Simulated Body Fluid
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SaOs-2 Sarcoma Osteogenic cell line

DAPI 4',6-diamidino-2-phenylindole
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Med(X)

Mod(X)

SYMBOLS

Measure of the acidity or alkalinity of a solution.

Location parameter of a lognormal distribution. It is equivalent to the mean

of the normal distribution of the logarithmic values.

Scale parameter of a lognormal distribution. It is equivalent to the standard

deviation of the normal distribution of the logarithmic values.

The median of a distribution is the value at which 50% of the distribution

lies below and 50% lies above.

The mean of the log-normal distribution is the probability-weighted aver-

age of all possible values.
The mode is the global maximum of the distribution.

The standard deviation of a distribution is a measure of the spread or dis-

persion of the data.
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INTRODUCTION

1.1 The bone

Bone serves as the body’s framework, providing structural, mechanical, and physiological func-
tions. It offers protection to vital organs, such as the brain and lungs, within the cranial and
thoracic cavities. Bone structure is essential for movement, by supporting muscles and con-
necting to them through joints to enable unique types of movement.[1] - [4] Bone also serves
as a reservoir for essential minerals like calcium and phosphorus, crucial for homeostasis. It's
vital for haematopoiesis, producing and storing blood stem cells that differentiate into red
blood cells, white blood cells, and platelets.[1] - [3]

The natural bone Extra-Cellular Matrix (ECM) is composed of organic and inorganic compo-
nents, that provide mechanical support and facilitate cellular functions.[1] - [7] Collagen is a
fibrous protein and the biggest organic component that bone presents, offering flexibility and
tensile strength to it, allowing the withstand of mechanical stresses and deformations.[2] - [6]
Hydroxyapatite is a mineralized form of calcium phosphate and confers rigidity and compres-
sive strength to the bone while being bioactive, promoting cell adhesion, proliferation, and
differentiation.[2] - [8] Thus, an ideal scaffold must imitate the ECM's morphological and me-

chanical properties.

1.1.1 Bone healing process

In order to construct structures able to help bone healing, we must comprehend bone's regen-
erative capabilities and its constituents. Bone healing is essential for maintaining skeletal in-
tegrity, development, and continuous remodelling through its lifetime. This process involves

cellular and molecular mechanisms, as depicted in Figure 1.1, indispensable for healing



fractures and repairing defects. Bone cells (osteoblasts and osteoclasts), signalling system (eg.
growth factors) and the ECM are the main components responsible for this task.[9] Osteoblasts
originate from Mesenchymal Stem Cells (MSC), normally stored in the bone marrow.[10] - [12]
When a fracture occurs, MSC's are stimulated by cytokines to proliferate, concentrate, and dif-
ferentiate at the fracture site.[2] - [7], [12] Differentiated osteoblasts secrete type-I collagen
forming a non-mineralized fibrous matrix.[7], [11] The vascular ingrowth process ensures the
transport of nutrients and oxygen to new tissue and matrix mineralization, starting ECM for-
mation.[11] The final pass of the bone healing process Is bone remodelling phase, where os-
teoclasts and osteoblasts communicate via cytokines to regulate bone growth and remodel-
ling. Unlike other tissues healing process, this one normally doesn’t exhibit any scars and

largely recovers all the organ’s pre-injury properties. [5], [12]

Proteins/peptides including Matrix degradation
growth factors, chemokines, products,
cytokines, matrix protein and metallic/non-
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Figure 1.1 - Bone tissue and cells generated substances: (A) Proteins/peptides including growth factors,
cytokines and enzymes. (B) Matrix degradation products such as CTX and lead ions. (C) Metabolic products of

bone cells such as lactic acid. (D) Structural elements secreted by bone cells. [1]

1.2 Defects treatment

Despite our organism ability to maintain structural stability through bone's regenerative ability,
defects exceeding 2 cm surpass the critical size threshold, requiring the assistance of support-
ive structures. These defects may arise from trauma, fracture, tumour, infection, genetic abnor-
malities or metabolic disorders, and compromising ECM'’s structural integrity.[12] - [20] For the
last 7 years there has been around 20 to 30 million orthopedic surgeries taking place annually,

being the second most transplanted tissue worldwide. [21]



Figure 1.2 presents a variety of strategies, with the selection of each one depending on the
specific type of bone defect. Per example, bone grafts involve transplanting healthy bone frag-
ments to the defect site. Allografts use donor fragments, while autografts use the patient’'s own
bone, avoiding rejection but requiring more surgeries. These types of treatment are normally
used in defects caused by a disease.[14] - [20], [22] - [24]

For traumas and fractures, metal screws and plates, (internal fixation devices) help grip the
bone together while it heals. Typically made of stainless steel or titanium, they may need to be
removed afterward, in cases of younger patients or when the device causes discomfort, requir-
ing subsequent operations. [18], [19], [24], [25]

According to the Alvarez and Nakajima (2009)[18], orthopedic procedures in the US have a 5%
infection risk, leading to 100,000 infections annually. These infections result from bacterial col-
onization and biofilm formation on the device’s surface. Components wear may result in micro
and nanoparticles deemed foreign by our organisms and can cause chronic inflammation.
Stress shielding is caused when the implant disrupts the bone’s natural load distribution, lead-
ing to bone loss and weakening from reduced mechanical stimulation. These effects can affect

the implant’s long-term stability and regeneration.[24] - [26]
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Figure 1.2 - Different concepts for Bone regenerative fixation or scaffolding.[19]



Recent progress in tissue engineering focuses on replacing metal support structures with bio-
degradable ones to treat bone defects. This approach offers benefits like less wear, fewer sur-
geries due to material biodegradation, and faster regeneration through dopant materials and

biomolecular signals.[24], [25]

1.3 Bone tissue engineering

Bone tissue engineering (BTE) focus on new techniques for bone regeneration exploring alter-
native material and technologies to treat damaged or deceased tissue. Some of the technolo-
gies being explored include the use of biomaterials, cell-based strategies and growth fac-
tors.[27] - [33] Cell-seeding technology consists /n vitro manipulation of stem cells that differ-
entiate into bone forming cells and injecting them in affected areas, while growth factors stim-
ulate osteoblasts proliferation at the damaged site.[32] - [34] However, the most investigated
structures are supportive scaffolds produced with biomaterials that provide a temporary
framework mimicking bone's extracellular matrix. The structure also promotes osteogenic cell
attachment, proliferation, and differentiation. Furthermore, both the first technologies can be

included in the scaffolds production, to enhance their properties for bone treatment.[27] - [34]

1.3.1 Scaffold production

Advanced scaffold production is a key component of BTE, requiring knowledge of materials
science, biology, and engineering. The ideal scaffolds should mimic the bone’s natural envi-
ronment, providing mechanical support and enhancing regeneration.[27] - [30]

Biodegradable scaffolds garnered considerable interest as they facilitate gradual tissue re-
placement. Material choice is crucial, as it must balance biocompatibility, biodegradability, me-
chanical properties, and manufacturability. Common materials include natural polymers (col-
lagen, chitosan), synthetic polymers (PLA, PCL), and bioactive ceramics.[27] - [30] Production
methods also play a significant role in determining the scaffold’s properties. Techniques such
as solvent casting, gas foaming, freeze-drying, electrospinning, and 3D printing have been em-

ployed, each with its own advantages and limitations.[27] - [30]

1.3.1.1 Materials in scaffold production

The materials used for the scaffold production normally depend on the method, as some ma-
terials are incompatible with certain production methods. Nevertheless, each material has

unique characteristics beneficial for bone healing.



Metal-based scaffolds, or fixation implants, are the most used structures to support bone heal-
ing. Metal plates and screws, typically made from stainless steel or titanium alloys, help fix
fractured bones. Stainless steel is rigid and corrosion-resistant, while titanium alloys are lighter
and more flexible, reducing stress shielding but are more expensive. Joint replacements, as
depicted in Figure 1.3, are prosthetic devices typically made from inert metals that often incor-
porate ceramic and plastic components.[18]

Ceramics are rarely used for implants and scaffolds due to their brittleness, making them un-
suitable for support structures. However, ceramics like tricalcium phosphate and bioactive glass
have high interest in BTE due to their resemblance to bone minerals and ability to bond the
scaffold to the ECM.[34] - [37]

Polymeric materials such as PLA, and PCL offer various benefits and disadvantages, compared
with metallic scaffolds. Their low stiffness makes them less effective for supportive roles but
also reduces the likelihood of stress shielding.[25], [27], [30] Unlike metals, biodegradable pol-
ymers break down gradually and disappear after the wound heals, reducing the need for extra
surgeries and long-term discomfort. Different polymers with varying degradation rates can be
chosen to match the bone healing process, providing consistent support.[30], [39]

To improve polymers mechanical disadvantages, ceramic and even metallic powder reinforce-
ments can be mixed with the polymer to achieve the desired properties and culminate in a
better biomaterial for bone scaffold production.[40] - [42]. Polymers like those mentioned ear-
lier can substitute collagen in scaffold production, which should also be bioactive to stimulate

new bone formation and integration.[34], [37], [41]
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Figure 1.3 - Different bone fixating devices using metallic, ceramic and plastic parts.
Hip(a), knee(b), shoulder(c) and elbow(d) prosthetics.[79]

Including Bioglass® 45S5 (45% SiO,, 24.5% Ca0, 24.5% NayO, and 6.0% P,Os in wt.%) in this
framework, provides some rigidity while promoting osteoconductivity. BG has the ability to
bond with the ECM, creating a hydroxyapatite layer that promotes cell attachment and prolif-

eration.[40] - [42] Furthermore, BG releases ions, such as Si, Ca, and P, triggering cellular



responses that encourage bone regeneration. The high concentration of ions leads to an anti-
bacterial effect due to pH changes, although they may reduce cellular adhesion. The synergy
between these two is very promising for tissue engineering and bone regeneration. [43] - [49]
Magnesium (Mg) is a very important mineral in the ECM, and its presence will improve the
ceramic’s bioactive properties. When doping BG with magnesium, it acts as a network modifier,
breaking Si-O-Si bonds and introducing non-bridging oxygens. This alters the BG properties,
improving stability, degradation rate, and bioactivity. [43] - [48]

1.3.1.2 Techniques in scaffold production

Additive manufacturing offers precise control over scaffold architecture, though material ex-
ploration continues. Various 3D printing technologies (Figure 1.4) can transform digital designs
into physical scaffolds.

Stereolithography (SLA) and Digital Light Processing (DLP) use UV light to harden resin, while
Selective Laser Sintering (SLS) fuses powdered materials like metals, polymers, and ceramics
with a high-intensity laser.[50] - [59] Fused Deposition Modelling (FDM) melts and extrudes
plastic filament layer by layer and is preferred for its cost-effectiveness and compatibility with
low-melting polymers.[60] - [65] This study focuses on PLA scaffolds produced via FDM, coated
with a PCL and doped BG composite.
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Figure 1.4 - Different 3D printing technologies; a) Fused Deposition Modelling [80]; b)
Selective Laser Sintering [50]; c) Digital Light Processing[58]; d) Stereolithography[58]



MATERIALS AND METHODS

2.1 Structure production

In this study, FDM technology was used to fabricate structures and then coated with a PCL-
based composite film containing Mg-doped BG powder. Structures were designed in Autodesk
Fusion Pro and processed to generate a G-code for the Original Prusa MK4 printer. They had
a 1 cm? surface area, a wall to hold 500 pl, a 15.8 mm base diameter, and a rough surface to
simulate bone texture. The images of the structures are provided in Appendix A.

The structures were coated with a solution of chloroform (Carlo Erba, cas 43861), PCL (gifted),
and BG produced according Gavinho, et al. (2023) [41]. Five solutions were prepared with 85%
chloroform and 15% of either pure PCL or a PCL and BG mix (2:1 or 4:1 ratio), with both doped

and undoped BG. Finally, the coated structures were heat-treated at 85°C for 20 minutes.

2.2 ATR-FTIR

Chemical characterization was performed using attenuated total reflectance Fourier-transform
infrared spectroscopy with a PerkinElmer spectrometer. This technique measures the infrared
absorption of chemical bonds in the molecules. Spectra were recorded from 4000 to 400 cm-1

with a 1 cm-t resolution step size.

2.3 SEM-EDS

BG and doped-BG powders were imaged using a Hitachi SU8200 SEM with a 20 nm gold-
palladium coating (Quorum Q300T D). The imaging conditions were 5 kV acceleration voltage,

8.3 mm working distance, 500x magnification. EDS images were taken with an Oxford INCA



Energy 350 detector. For bioactivity testing, films were examined with a Hitachi TM3030Plus
microscope, coated with 35 nm gold-palladium (Quorum Q150t ES). The imaging conditions
were 15 kV acceleration voltage, 8.2 mm working distance, 500x magnification. EDS data were

collected using a Bruker QUANTAX - XFlash® 7 Series detector.

2.4 Inductively Coupled Plasma (ICP) - Atomic Emission
Spectroscopy

The Horiba Jobin-Yvon Ultima was used for ICP tests. Each film (300 mg) was submerged in 6

ml of PBS (50 mg/ml). Measurements were taken at 0, 24, and 48 hours to monitor changes.

2.5 Bioactivity

It's crucial these materials remain intact until bone regeneration is complete. We also need to
determine if BG and Mg-doped BG affect the composite degradation rate. To assess this, scaf-
folds were submerged in Simulated Body Fluid (SBF) at 37°C, following Kokubo, et a/. (1990)[66]
Samples were analysed by SEM and EDS at 0, 3, 7, and 14 days to characterize degradation and

apatite layer formation.

2.6 Cell Study

The Sa0S-2 osteosarcoma cell line was used for cytotoxicity, adhesion, proliferation, and ALP
activity assays. Cells were cultured in McCoy 5A Medium (Sigma-Aldrich®) at 37°C in 5% CO..
Cells were then trypsinized with 0.25% trypsin and resuspended in the medium. For cytotoxicity
assays, cells were seeded into 96-well plates at 3 x 10* cells/cm?, and for adhesion, prolifera-

tion, and ALP activity assays, into 24-well plates at 2 x 10* cells/cm?.

2.6.1 Cytotoxicity

Cytotoxicity assays exposed SaOs-2 to a medium in contact with PCL and BG films substrate to
check for toxicity. Each experiment included a positive control (0.1% Triton), a negative control
(culture medium), and various concentrations (25, 50, 100 mg/ml) of PCL and BG films. The
films were incubated for 48 hours, with four samples per film tested. Cell viability and cytotox-

icity were assessed using the resazurin assay.



2.6.2 Adhesion and proliferation

Resazurin (C12H7NOs), a blue solution, is reduced to pink resorufin (C12H703) by the NAD en-
zyme from metabolically active cells, indicating cell viability. The colour change intensity is
proportional to the number of living cells. Absorbance was measured at 601 nm and 571 nm
from a 50% v/v resazurin solution mixed with McCoy medium, incubated with cells for 3 hours.
The resazurin solution (Alfa Aesar®) was prepared in PBS at 0.04 mg/ml. Tests were conducted

ondays 1, 3,7, 10, and 14 post-seeding to monitor proliferation

2.6.3 Alkaline Phosphatase activity

Alkaline phosphatase (ALP), an enzyme marker for osteogenesis, was assessed using a colori-
metric assay.[4], [30] A 1 mg/ml solution of 4-nitrophenyl phosphate disodium salt in tris-HCl
buffer (pH 8.7) was prepared. The medium in contact with samples was filtered to remove
debris, and baseline absorbance was measured at 405 nm. The ALP solution was mixed with
the medium (1:1) and incubated for 20 minutes, then absorbance was measured again at 405

nm. Results were normalized to the cell population from the previous day.

2.6.4 Cell morphology and spreading characterization: nucleus and

cytoskeleton labelling

Cells adherent from the resazurin tests at days 7 and 14 were washed with PBS (pH 7.4) and
fixed with 4% paraformaldehyde (Santa Cruz Biotechnology®) for 20 minutes at room temper-
ature. Cell membranes were permeabilized with 0.1% Triton (Sigma-Aldrich®) in PBS, then
stained with 0.1% Phalloidin CruzFluor™ 488 (Santa Cruz Biotechnology®) for 90 minutes in
the dark. They were then stained with 100 pL of 33 pg/mL DAPI in PBS for 5 minutes in a dark
room. Each step included three PBS rinses and a final rinse with distilled water.

Samples were mounted on glass slides with 10 uL of Mowiol (Sigma-Aldrich®) and observed
under optical microscopy (Nikon Eclipse Ti-S) at 100x and 400x magnification, using excitation
wavelengths of 494 nm for phalloidin and 350 nm for DAPI. Images were processed with Im-

agel."






RESULTS AND DISCUSSION

3.1 Results

3.1.1 ATR-FTIR

The BG's FTIR analysis, from the graphs in Figure 3.1, showed bands between 2990-2900 cm
and 1480-1410 cm', corresponding to C-H stretching vibrations and COs* groups. As BG lacks
carbon and hydrogen, the C-H bands likely stem from isopropanol used for cleaning, while
COs? bands result from atmospheric CO; reacting with non-bridging oxygens. [41]

Bioglass, an amorphous ceramic with a disordered network of phosphorous, silicon, and
oxygen ions, has unbonded sites that attract dipole molecules like H,O and react with CO..
Magnesium doping increases structural instability as a network modifier, described by Sergi,
et al. (2020) [41], and evident from the higher intensity of impurity peaks in the spectra.

The characteristic peaks of BG are observed between 1200 and 400 cm™. Within this range, Si-
O-Si stretching and bending vibrations are identified at 1015 cm™ and 667 cm™, respectively,
while Si-O stretching of non-bridging oxygens occurs at 905 cm™.[67], [68] Additionally, the
shoulder at 867 cm™ and peaks at 730 cm™ and 712 cm™ are typically linked to P-O-P and P-
O stretching, with the latter also associated with COs* bending. The final peak, located at 590
cm’™, corresponds to asymmetric vibrations of PO,*.[42], [67], [68] The FTIR analysis of PCL

" and 2866 cm™' for asymmetric and symmetric C-H

(Figure 3.2) showed peaks at 2945 cm"~
stretching, 1722 cm™ for C=0 stretching, and 1239 cm™ and 1163 cm™ for symmetric and

asymmetric C-O-C stretches.[28], [41], [69] - [72]
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Additionally, other peaks related to the polymer's molecular structure include those at 1419,
1397, and 1294 cm™, linked to C-C bond stretching, and peaks at 1471 cm™ and 1366 cm™,
corresponding to CH, bending and CHs symmetric deformations, respectively.[41], [72] The
peaks between 1000cm™ and 400 cm™ likely correspond to out-of-plane bending, wagging,
and stretching of the polymer chain structure. [70]

Finally, the FTIR analysis of all composites, as illustrated in the graph in Figure 3.3, shows no
new significant peaks. This indicates that no new chemical bonds were formed and the mate-

rials in the films did not undergo any compositional changes.
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Figure 3.3 - PCL/BG composite's Fourier Transform Infrared Spectroscopy analysis

SEM images of BG and Mg-doped BG (Figure 3.4) showed heterogeneous particle sizes with
uniform distribution. ImageJ analysis calculated average particle size from 903 BG and 1077
doped BG particles shown in Figure 3.5 and the parameters values presented in Table 3.1. EDS
analysis (Figure 3.6) confirmed BG elements and Mg doping, with atomic percentages com-

pared to theoretical values in Table 3.2.
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Figure 3.4 - SEM images of BG powder (on the left) and doped BG (on the right) with an ampliation of 500x,
2000x and 10000x (from top to bottom).

The particle size distribution of both BG and doped BG fits a lognormal distribution with the
natural logarithm of particle size producing a normal distribution. The fitting of the distribution
was made with the help of OriginPro® software, that used the lognormal probability distribu-

tion formula (1): [73], [74]

-(nx)-6)\*
f) = = e ) (1)
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Figure 3.5 - Lognormal particle size distribution of BG (on top) and doped BG (on the
bottom), with the respective normal distribution of the logarithm of the particle sizes.

Here, 8 and B represent the mean and standard deviation of the normal distribution of the
logarithm of the values, corresponding to the location and scale parameters of the log-normal
distribution. The relationship between these values and the log-normal distribution parameters
is illustrated by equations (2), (3), (4), and (5).[73], [74]

Median: Med(X) = e )
B?/

Mean: u = e+ /2 (3)

Mode: Mod(X) = e?*+F* 4)

Variance: 62 = (e?° — 1) x 20+ 5 (5)

15



Table 3.1 - Parameters of the lognormal particle size distributions.

Standard
Location (8)  Scale () Med(X) Mean(u) Mod(X) Deviation (o)
BG 1,353 1,120 3,868 7,242 1,103 11,465
Doped BG 1,067 1,068 2,908 5,146 0,929 7,512

The values also suggest that BG generally has larger and more variable particle sizes, whereas
doped-BG shows a tighter distribution with smaller particles. The observed difference in parti-
cle size is unlikely due to Mg doping but rather to SEM imaging limitations, where larger par-
ticles are not fully captured while smaller ones are more easily detected, creating a bias toward
smaller sizes, making the use of this technique a last resort.

All the elements present in BG, such as Si, P, Ca, Na, and O, were represented in EDS images,
as well as Mg in the doped samples. The excessive oxygen content observed is likely the main
cause of the discrepancies, as the relative atomic percentages are interconnected.

Despite this, the relative amounts and order of the elements in the composition chain were
maintained, with the expected ratios remaining consistent. This suggests that while the abso-
lute values might differ due to oxygen contamination, the general composition of both BG and

Mg-doped BG remains structurally intact.

Table 3.2 - Theoretical and real values for Si, P, O, Ca, Na and Mg atomic percentages for SEM-EDS

Si P @) Ca Na Mg Total
56 Theoretical 16,27% 1,84% 55,22% 9,49% 17,18% 0%  100%
Real 10,66% 1,06% 68,93% 6,21% 13,14% 0%  100%
BG-Mg Theoretical 15,81% 1,78% 55,07% 9,22% 16,69% 1,43% 100%
Real 10,24% 1,04% 69,82% 8,84%  9,05% 1%  100%
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Figure 3.6 - EDS images of BG (on top) and doped BG (on the bottom) with an ampliation of 2000x (left). EDS
images demonstrating Ca (a), P (b), O (c), Na (d), Si (e) and Mg (f) concentration (right)

3.1.3 Inductively Coupled Plasma (ICP) - Atomic Emission Spectroscopy

In Figure 3.7, the graphs display the concentrations of Ca, P, Na, Si, and Mg ions in the liquid.
As the apatite layer forms, the composites absorb Ca and P ions from PBS to support growth.
Doped BG consumes fewer ions than undoped BG, while lower BG content composites show
higher ion absorption. Since the apatite layer mainly requires Ca and P, ions like Na, Si, and Mg
are not retained.[43] Na and Si release is higher in undoped BG and composites with more BG,
suggesting Mg-doping stabilizes the BG network and helps retain these ions. Mg release rises
on day two, while Na and Si peak at 24 hours. Ca absorption increases after 24 hours, while P

absorption decreases.[36]
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3.1.4 Bioactivity

The SEM images of the composite films immersed in SBF, presented in Table 3.3, tried to
demonstrate the apatite layer formation in the samples containing BG. Visually , the composites
with magnesium-doped BG exhibited more stable mineralization, as indicated by the more
consistent layer formation.[8], [65]. However, the atomic percentages shown in Table 3.4 do

not corroborate the visual results observed in the images.

Table 3.3 - SEM Images of PCL/BG composite's film surfaces after 0-, 3-, 7- and 14-periods of submersion in SBF,
to assess apatite layer formation

Day 0 Day 3 Day 7 Day 14

PCL

BG20

BG33

DBG
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PCL, composed of light elements, emits low-energy X-rays under electron bombardment, mak-
ing detection challenging and prone to spectral overlap in EDS. Its poor conductivity and beam
sensitivity can further cause artifacts and degradation. [75] - [77] These limitations make EDS
highly unreliable for chemical characterization, as reflected by the atomic percentage values
shown in Table 3.4, but it was used as a last resort since XRD, a more suitable technique, was

unavailable.

Table 3.4 - Ca, Na, P, Si and Mg atomic percentage at film's surface, by EDS Imaging

DAY 0 DAY 3 DAY 7 DAY 14

PCL Calcium 66,64%  10,55% 1,33% ‘ 70,68%
Sodium 9,51% 8,65% | 43,95% ‘ 0,38%
Phosphorus 7,06% @ 80,18% 29,15% 0,76%
Silicon 7,79% 0,46% | 11,57% 27,81%
Magnesium 9,00% 0,16% @ 13,99% 0,36%

BG20 | Calcium 17,96% | 49,68% @ 57,61% | 69,89%
Sodium 1,04% 6,70% 12,91% 3,41%
Phosphorus 60,84% | 35,73% | 21,78% @ 25,17%
Silicon 20,04% 7,82% 2,96% 0,02%
Magnesium 0,11% 0,08% 4,73% 1,51%

BG33 | Calcium 30,97% 39,02% 60,32% 55,65%
Sodium 25,71% 8,01% 4,88% 6,78%
Phosphorus 14,21% 36,60% 31,71% 31,24%
Silicon 29,08% | 14,91% 0,83% 4,54%
Magnesium 0,03% 1,46% 2,26% 1,79%

DBG20 | Calcium 41,78% | 79,01% | 58,63% 57,15%
Sodium 17,23% 0,34% 4,35% 5,88%
Phosphorus 17,28% | 20,04% @ 26,93% | 34,74%
Silicon 23,65% 0,28% @ 10,07% 0,03%
Magnesium 0,06% 0,32% 0,03% 2,20%

DBG33 | Calcium 38,35% 24,44%  46,62% 62,73%
Sodium 15,75% 9,69% | 14,85% 3,04%
Phosphorus 16,51% @ 34,98% 30,62% 33,60%
Silicon 29,36% | 25,07% 5,13% 0,12%
Magnesium 0,03% 5,82% 2,78% 0,51%
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3.1.5 Cytotoxicity

The graph in Figure 3.8 illustrates the viability of a cell culture in contact with different
concentrations of non-passivated PCL, BG, and Mg-doped BG samples. The results show that
PCL maintains high cell viability, confirming its biocompatibility Undoped BG significantly
reduces cell viability, indicating strong cytotoxicity, especially at higher concentrations. This
cytotoxic effect is noticeably reduced in the Mg-doped BG composites, which show improved
viability, suggesting that magnesium doping mitigates the adverse effects observed with
undoped BG. The slight variations in viability across the composites can likely be attributed to
the high ion release, as previously noted by the ICP analysis, between the materials and the
medium, which, in the case of undoped BG, increases pH and reduces cell viability, as shown
by llyas, et al. (2022)[65], Amukarimi, et al. (2024)[37].
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Materials

Figure 3.8 - Cytotoxicity assessment showing cell viability across different concentrations of
PCL and PCL/BG composites.
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3.1.6 Cell Adhesion and Proliferation

3.1.6.1 Cell population analysis

The results of the resazurin assays, displayed in Figure 3.9, align with the expected outcomes
from cytotoxicity evaluation. Since this assay compares resazurin absorption in cells attached
to the different samples with the control cells on the first day, variations in the data may arise
from initial day results.

PCL continues to demonstrate excellent biocompatibility, as expected for an inert material. The
composite with 33% BG shows significantly reduced cell viability, shrinking the cell population
to a small fraction of the PCL-only samples. Lowering the BG concentration to 20% reduces
cytotoxicity, promoting better cell adhesion and proliferation, though it still shows only mar-
ginal improvement over the 33% BG composite film.

Composites containing Mg-doped BG exhibit noticeably improved cell adhesion and prolifer-
ation compared to the undoped BG composites. The 33% Mg-doped BG composite performs
similarly to the 20% undoped BG composite. Notably, the 20% Mg-doped BG composite shows
the best overall results, displaying enhanced cell proliferation, even surpassing that observed

in the PCL samples, as shown in Table 3.5.
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Figure 3.9 - Cell adhesion and proliferation of SaOs-2 on PCL and PCL/BG composites films
over various time periods (1-, 3-, 7-, 10- and 14-days) measured using resazurin assays.
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Table 3.5 - Proliferation of SaOs-2 cells on each material, expressed as final day/initial day percentage.

Materials Proliferation
PCL 423%
BG20 388%
BG33 679%
DBG20 627%
DBG33 641%

3.1.62 ALP

The ALP production data in Figure 3.10, with large error bars likely result from issues in pre-
paring the tris-hydrochloric acid buffer, where excessive hydrochloric acid was required to bal-
ance an initially basic solution, complicating pH calibration and rendering the results scientifi-
cally unreliable.

Despite this, the data in Figure 3.10 clearly indicates that samples with higher cell adhesion did
not exhibit proportional ALP activity. This could be explained by the fact that larger cell popu-
lations have to share limited space in the substrate, potentially lowering their activity and con-
sequently ALP production. For the samples containing Bioglass®, magnesium doping noticea-
bly enhances cell activity. Early on, this effect is more prominent in less concentrated films,
while in later stages, as the cell populations grow, the improvement becomes more apparent

in higher concentration samples.
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Figure 3.10- Cell activity of SaOs-2 on PCL and PCL/BG composites films over
various time periods (8-, 11- and 15-days) measured by ALP production.
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The samples with more adherent cells show lower ALP activity, and Mg-doped samples show
increased ALP production over time, particularly in the more concentrated composites. There
have been multiple reports of these results by Gavinho, et a/ (2023)[8], Sharifianjazi, et a/
(2020)[36], Serqi, et al. (2020)[41] and Moghanian, et al. (2018)[44]

3.1.6.3 Fluorescence

A miscalculation in the phalloidin concentration resulted in the images not displaying any flu-
orescence and the cytoskeleton could not be observed. However, the DAPI staining images in
Table 3.6 clearly reveals numerous cell nuclei, particularly after 14 days of incubation. The im-
ages align with the results from the resazurin assays, showing higher cell concentrations in the

PCL and doped BG samples compared to the undoped BG samples

Table 3.6 - DAPI fluorescence staining images showing the nuclei of cells adhered to the surface of PCL and
PCL/BG composite films after 7 and 14 days of incubation, with ampliation of 100x and 400x.

Day 7 Day 14

100X

PCL

400X

100X

BG 20
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3.2 Discussion

The FTIR analysis from Figures 3.1, 3.2 and 3.3 showed characteristic peaks for both PCL and
BG, confirming the presence of key functional groups. Additionally, no new peaks were ob-
served in the composite, suggesting that the PCL and BG were physically mixed without chem-
ical bonding, as expected. Despite the physical combination, impurities like C-H and COs*
groups were detected, likely introduced during sample cleaning and through atmospheric con-
tamination, as by the atomic percentage analysis of BG and doped-BG powder. [67], [69], [71]
The particle size distribution of BG and doped BG showed a tendency toward smaller particles
because larger ones couldn't fit entirely in the SEM images. This limits the accuracy of the
measurements, so using more advanced techniques such as Static Light Scattering (SLS) and
Dynamic Light Scattering (DLS) is recommended.[73], [74] Magnesium alters BG's mechanical
properties by acting as a network modifier, disrupting Si-O-Si bonds and introducing non-
bridging oxygens. This structural change reduces brittleness and increases hardness, stiffness,
and fracture resistance. Proper testing using methods like Atomic Force Microscopy (AFM) or
Micro-Hardness measurements is crucial to confirm these effects, as they influence the mate-
rial's durability and suitability for bone regeneration applications.[8], [36]

The EDS analysis of BG and doped-BG powders revealed deviations in the atomic percentages
of silicon, calcium, phosphorus, sodium, and magnesium compared to theoretical values, likely

due to excess oxygen contamination or incorporation into the BG's amorphous structure.
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Despite these discrepancies, the overall composition order remained consistent, confirming
the presence of Mg in the doped BG samples. However, accurately detecting these elements
in composite films submerged in SBF proved challenging. The analysis of apatite formation
using EDS and SEM images was inconclusive, largely due to the limitations of the tabletop SEM
used. Its restricted sensitivity, combined with the PCL coating covering the BG particles, hin-
dered the accurate EDS assessment for apatite layer formation on the film surfaces. Utilizing a
XRD technique would improve the ability to analyse the scaffold surfaces and apatite develop-
ment, allowing for a more precise evaluation of bioactivity. [75] - [77]

The ICP analysis results confirm that BG releases a high concentration of sodium and silicon,
while absorbing significant amounts of calcium and phosphorus from the surrounding me-
dium. This ion absorption is linked to faster apatite layer formation, indicating less stable bio-
activity. The high ion release rate also explains the notable pH increase, which contributes to
the observed cytotoxicity. However, doping BG with magnesium reduces both ion release and
absorption, mitigating cytotoxicity and promoting more stable apatite formation. These results
were shown by Jo, et al (2024)[43] and Moghanian, et a/. (2018)[44]

In terms of cytotoxicity, the resazurin assay and ALP tests showed that undoped BG exhibits
some level of toxicity, which negatively affects osteoblast adhesion and proliferation. This cy-
totoxicity can be attributed to the significant ion release from the BG into the medium, as
indicated by the ICP results. The high concentration of released ions alters the pH of the me-
dium, making it unfavourable for cell growth. In contrast, doping BG with magnesium signifi-
cantly reduces the ion release, as evidenced by the lower concentrations of ions detected in
the medium. This reduction in ion release likely explains the decreased cytotoxicity observed
in the doped-BG samples.[37], [48], [65], [78]

Despite the limitations in elemental analysis, the resazurin and ALP assays consistently demon-
strated that doped BG promotes better cell adhesion and proliferation compared to undoped
BG, as shown by Gavinho, et al (2023)[8] and Sharifianjazi, et a/ (2020)[36]. The higher cell
viability observed in PCL and doped-BG samples suggests that magnesium doping improves
the material's biocompatibility by reducing the toxic ion concentration in the medium. This
supports the notion that doping BG can modulate its cytotoxic effects, making it a more suit-

able material for tissue engineering.
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4

CONCLUSION AND FUTURE PERSPECTIVES

The results of this study highlight key findings in the potential of PCL/BG composite films as
surface coatings. Magnesium-doped BG composites were found to exhibit improved bioactiv-
ity, as demonstrated by their ability to promote more stable apatite formation over time com-
pared to undoped BG.

Cell adhesion and proliferation assays, specifically using human osteosarcoma cells (SaOS-2),
further support the superior performance of Mg-doped composites. Not only do these com-
posites have better cell adhesion, but they also promote higher cell viability and proliferation
rates. The study results correlated undoped BG's cytotoxicity to its high ion release concentra-
tion, which altered the pH of the surrounding medium, negatively impacting cell growth. In
contrast, Mg doping mitigates this by stabilizing ion release and reducing the associated cyto-
toxicity.

Thus, Mg-doped BG emerges as a more biocompatible option for bone tissue engineering,
suggesting its potential for future applications in bone regeneration.

Looking forward, several improvements should be explored to optimize the performance of
PCL/BG composite scaffolds for clinical applications. One key area is the printability of PCL/BG
composites. Future research should focus on developing filaments that incorporate these com-
posites, ensuring they maintain both mechanical integrity and biocompatibility during the 3D
printing process. Evaluating the mechanical, biological, and structural properties of these
printed scaffolds is essential to ensure they can meet the physical requirements of bone tissue

regeneration without compromising it.
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Porosity is another critical factor for scaffold design, as it directly impacts cell infiltration, nu-
trient diffusion, and overall tissue growth. Future studies should try and optimize the porosity
of 3D-printed scaffolds, aiming to create structures that mimic the porous architecture of nat-
ural bone.

Additionally, alternative 3D printing techniques should be explored to determine the most ef-
fective method for fabricating PCL/BG composite scaffolds.

Finally, designing 3D-printed scaffolds that are moulded for specific human bone shapes will
be a crucial step in personalizing treatments for bone defects. By combining advanced imaging
techniques with addictive manufacturing, patient-specific scaffolds can be developed to better
fit the defect site, enhancing the integration of the scaffold with the surrounding tissue.

In conclusion, while PCL/BG composite films show significant promise for enhancing the bio-
activity of PLA-based scaffolds, there is a need for further investigation into scaffolding 3D
printability, mechanical and structural properties, and their clinical applicability. By addressing
these challenges, the potential of 3D printing and PCL/BG composite scaffolds in bone regen-

eration can be fully realized.
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Figure A.1 - 3D model of the structure for cell-based tests

Figure A.2 - Printed structures for cell-based tests

39



o ™

. -~ hopt T s
9 w s et e & I At NN

Figure A.3 - Printed structures for cell-based tests with coating
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