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ABSTRACT

Bones make up our skeleton and have several essential roles in the body. Most minor bone fractures or
defects heal without any major intervention. However, large bone damages lack this self-regeneration
ability and require surgical intervention. Given the pressing clinical need, the market for biomaterials-
based treatment for bone repair is growing at a fast rate. In the case of bone repair, scaffolds require
certain desirable properties in order to be effective, such as osteoinductivity, osteoconductivity, capable
of osseointegration and prevent pro-inflammatory responses, but they should also be rigid and resilient
since they will act as the main supporting framework of bone graft, while simultaneously have a porous
morphology. Bioglasses are one of the best biomaterials in terms of rates of bioactivity, which allows for
the formation of a layer of hydroxyapatite that possesses a chemical phase and structure close to the
mineral composition of bones. The presence of species of niobium (Nb) in biomaterials has been shown
to improve their mechanical and bioactive properties, having been reported that Nb ions promote the
mineralization and differentiation of osteogenic cells. The insertion of niobium in ceramic matrices has
also shown great corrosion resistance and very low cytotoxicity. In this work, PCL scaffolds (PCLs),
45S5 BG-PCL scaffolds (45S5BGs), and Nb4%BG-PCL scaffolds (Nb4%BGs) were produced. These
composite scaffolds present a porous network in their internal structure, with the BG scaffolds' pores
around 140 um which is suitable for cell infiltration and growth. The addition of Nb to the Bioglass did
not result in modifications to its network. The passivated (P) scaffolds and BG had more Saos-2 cell
viability than the non-passivated (NP) scaffolds and BG. Nb4%s and powder had more Saos-2 cell via-
bility than 45S5BGs and powder. None of the scaffolds appear to have any anti-bacterial activity. PCLs
showed the highest rate of adhesion and proliferation, followed by Nb4%s and 45S5BGs appear to neg-
atively affect the adhesion and proliferation of Saos-2 cells. Nb4%s present higher ALP production, fol-
lowed by PCLs and 45S5BGs appear to be a hindrance to the production of ALP. Nb4%BG samples pre-
sent results that show that they improve THP-1 cell growth and viability, having achieved more than

100% cell survivability. Both 45S5BGs and Nb4%s were shown to induce M2 macrophage polarization.

Keywords: Bioglass®, Niobium, Scaffold, Bone Tissue Engineering, Bioactivity, Macrophage Polarization
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RESUMO

Os ossos compdem o nosso esqueleto e desempenham varias fungdes-chave. A maioria das fracturas
leves regeneram sem intervencao severa. Mas, danos 0sseos severos nao possuem esta habilidade,
requerendo intervencgdo cirlrgica. No caso de reparagdo éssea, as scaffolds requerem varias
propriedades, como a osteoinductividade, osteocondutividade, a capacidade para a osteointegracao,
prevenirem respostas pré-inflamatérias, possuir uma morfologia porosa, enquanto sendo rigidas e
resilientes. Os biovidros sdo uns dos melhores biomateriais em termos de bioactividade, o que permite
a formacgéao de uma camada de hydroxyapatite, que apresenta uma estrutura e fase quimica semelhante
a composicao mineral dos ossos. Tem sido relatado que a presencga de nidbio (Nb) em biomateriais
promove as suas propriedades bioactivas e mecanicas, e que os ides de niobio promove a diferenciagao
e mineralizacdo de celulas osteogénicas. A insercao de nidbio em ligas metalicas e matrizes de
cerdmica demonstrou superior resisténcia a corrosao e baixa citotoxicidade. Neste trabalho, scaffolds
de PCL (PCLs), scaffolds de 45S5 BG-PCL (45S5BGs) e scaffolds de Nb4%BG-PCL (Nb4%BGs) foram
produzidas. As scaffolds apresentam uma rede porosa, com os poros das scaffolds com BG tendo um
tamanho de cerca de 140 um, o que é adequado para infiltracao e crescimento celular. A adicao de
nidbio ao biovidro ndo resultou em nenhuma modificagao a sua estrutura. As scaffolds passivadas e pé
de biovidro obtiveram melhor viabilidade de células Saos-2 do que as scaffolds nao passivadas e pé de
biovidro. As Nb4BG%s e o pé do mesmo BG obtiveram melhor viabilidade de células Saos-2 do que as
45S5BGs. Nenhuma das scaffolds apresentou actividade antibacteriana. As scaffolds de PCL
demonstraram melhores resultados de adesao e proliferagdo, seguidas das Nb4%BGs e as 45S5BGs
demonstraram afectar negativamente a adesdo e proliferagdo das células Saos-2. As Nb4%s
apresentaram producao de ALP mais elevada, seguidas pelas PCLs e as 45S5BGs demonstram afectar
negativamente a producéo de ALP. As amostras de Nb4% demonstrar melhorar o crescimento celular
e viabilidade de células THP-1 tendo obtido resultados superiores a 100% sobrevivéncia celular. Ambas

as 45S5BGs e Nb4%s demonstraram induzir polarizagao de macrofagos do fendtipo M2.

Palavas chave: Biovidro®, Nidbio, Scaffold, Engenharia de tecidos 6sseos, Polarizagdo de macrofagos
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INTRODUCTION

1.1 Bone

Bones have several essential roles in the body, including enabling movement, providing a framework for
attachment of muscles and other tissues, protecting organs from injury, producing blood cells, main-

taining calcium homeostasis, and buffering acids and bases. '

1.1.1 Anatomy and Physiology

The human skeleton consists of over 206 bones, varying in shape and size. These include long bones,
such as those found in the limbs, as well as short bones such as those in the ankle and wrist, flat bones
present in the skull, and irregular bones like the pelvis. " The extracellular matrix (ECM) of bone is com-
posed of an organic, non-mineralized portion (primarily type-1 collagen) and an inorganic, mineralized
portion, made of plate-like 4 nm thick carbonated apatite mineralites. Additionally, there are over 200
different non-collagenous matrix proteins (such as proteoglycans, glycoproteins, and sialoproteins) that
contribute to the signaling within the bone’s extracellular environment. The nanocomposite structure of
bone, consisting of resilient collagen fibers reinforced with hydroxyapatite (HA) crystals, is crucial for its
remarkable fracture toughness and compressive strength. ' Bone tissue is organized into two types:
cancellous (spongy) or cortical (compact) bone. The cancellous bone is less dense, highly porous, and
arranged in plates, providing a high surface area-to-mass ratio, which enhances its role in ion exchange.
It also offers structural support for the bone marrow it encases. Cortical bone, in contrast, is dense and
composed of tightly packed osteons—cylindrical structures with a central canal containing a blood ves-
sel surrounded by concentric layers of bone matrix. This type of bone encases the marrow cavity and
provides mechanical strength. The outer surface of cortical bone is covered by the periosteum, a mem-
brane rich in osteoblasts and blood vessels, which is activated during bone repair and appositional
growth. Bone is a specialized, dynamic tissue that undergoes continuous remodeling in response to me-

chanical stress, adapting its architecture throughout life. *°



1.1.2 Bone Formation

Bone formation occurs via two primary processes: endochondral and intramembranous ossification.
Both mechanisms begin with the condensation of mesenchymal cells, which form a template for sub-
sequent bone development. In intramembranous ossification, mesenchymal progenitor cells differenti-
ate directly into osteoblasts, resulting in the formation of bones such as the mandible, clavicle, and var-
ious cranial bones. The majority of the bones in the body, including all long bones and vertebrae, are
formed through endochondral ossification. In this process, mesenchymal progenitor cells first differen-
tiate into chondrocytes, which generate a cartilaginous framework that is later mineralized and replaced
by bone. Although there are differences in the composition and structure of bone between the two ossi-

fication pathways, both processes are regulated by similar molecular signals. **

1.1.3 Bone Damage Healing

Bone possesses a remarkable regenerative capacity, especially in younger individuals. ™* When a bone
is fractured, the repair process mirrors aspects of both intramembranous and endochondral ossifica-
tion, and it is notable for healing without scar tissue formation. Initially, a hematoma forms at the injury
site, which triggers an inflammatory response and recruits various signaling molecules involved in bone
regeneration, such as interleukins (ILs), tumor necrosis factor-alpha (TNF « ), fibroblast growth factors
(FGFs), bone morphogenetic proteins (BMPs), platelet-derived growth factor (PDGF), and vascular en-
dothelial growth factor (VEGF). The repair and remodeling process begins within the periosteum, a layer
rich in osteoprogenitors and osteocytes. These cells proliferate and migrate to the fracture site, forming
a bony callus that facilitates healing. Most small fractures or bone defects heal naturally without the
need for significant intervention. ™34

However, larger bone injuries are unable to regenerate on their own and often require surgical repair. The
current gold standard for treating such injuries is autografting, wherein bone is harvested from a non-
load-bearing region of the patient’s body (commonly from the iliac crest) and transplanted to the site of
the defect. Autologous bone grafting yields the best clinical outcomes, as it integrates well with the ex-
isting bone while avoiding immune rejection, which can occur with allogeneic (from human donors) or
xenogeneic (from animals) bone grafts. "3

Unfortunately, autografting is limited by the availability of donor bone and the morbidity associated with
the harvest site. "**This limitation has driven research into alternative bone regeneration methods, par-
ticularly in the field of tissue engineering. One approach involves the use of scaffolds that serve as a

framework to guide the regeneration of new bone tissue. *

1.1.4 Bone Tissue Engineering

The classical framework for bone tissue engineering (BTE) emphasizes several key elements: a biocom-

patible scaffold that mimics the native bone ECM, osteogenic cells that generate bone tissue,



morphogenic signals that drive cellular differentiation into the desired phenotype, and sufficient vascu-
larization to supply nutrients and remove waste. '

A maijor challenge in the field is achieving effective vascularization of tissue-engineered constructs, par-
ticularly for clinically relevant applications, and transitioning from animal models to human systems.
Introducing controlled porosity within scaffolds may enhance permeability, promoting oxygen and nutri-
ent diffusion, and facilitating the formation of a three-dimensional vascular network. Recent strategies
for in-vitro "pre-vascularization" include the use of 3D multiculture systems that incorporate progenitor
cells, mature differentiated cells, and endothelial cells, which are capable of forming organized vessel
networks within the engineered tissue. The administration of angiogenic factors, such as vascular endo-
thelial growth factor (VEGF), can also stimulate the growth of blood vessels. However, the use of potent
biological agents like VEGF and growth factors that are involved in osteogenesis, such as the bone mor-
phogenetic proteins (BMPs, eg., BMP2, and BMP7), has drawbacks. BMP administration is costly and
can sometimes cause heterotopic ossification (bone formation in inappropriate locations). Efforts are
underway to develop more refined delivery systems that address issues such as suboptimal release ki-
netics as well as the need for excessively high concentrations of GFs with short half-lives. Gene therapy
offers another potential approach, allowing for localized and sustained expression of growth factors
through genetically modified cells. However, the delivery vectors require optimization. Importantly, nei-
ther of these strategies fully replicates the complex and temporal sequence of GFs necessary for stable

and stafe bone formation in vivo. "

1.2 Scaffolds and Biomaterials

Given the increasing clinical demand, the market for biomaterial-based treatments for bone repair is
expanding rapidly. Bioactive materials work by interacting with biological molecules or cells to stimulate
tissue regeneration. In bone repair, scaffolds need to exhibit specific properties to be effective, including
osteoinductivity (the ability to promote the differentiation of progenitor cells into osteoblasts), oste-
oconductivity (supporting bone growth and encouraging the in-growth of adjacent bone), and the capac-
ity for osseointegration (integrating with surrounding bone). Additionally, scaffolds must be rigid and re-
silient as they serve as the primary supporting three-dimensional framework for bone grafts, which fa-
cilitate the growth and regeneration of new bone tissue. They also need to be porous to promote nutrient,
oxygen, and waste exchange while creating space for new tissue to form. Furthermore, they must be
biocompatible to avoid triggering an immune response. *Scaffolds should replicate the natural extra-
cellular matrix, enabling cell attachment and proliferation. Over the last two decades, numerous bone
substitute materials have been explored as alternatives to autologous or allogeneic bone. These substi-
tutes typically include bioactive ceramics, bioactive glasses, biological or synthetic polymers, or com-
binations of these materials. According to the principles of tissue engineering, the ideal scenario is for

these materials to be gradually resorbed and replaced by newly regenerated biological tissue, as they



are intended to serve as temporary structures. ' Scaffolds can be constructed from natural materials,

synthetic materials, or composite materials composed of both.

1.2.1 Polymers

Various natural and synthetic polymers have been developed and recognized as biomaterials for bone
tissue engineering (BTE). ®Natural materials used in BTE include biological polymers such as collagen
and hyaluronic acid, as well as inorganic materials like (HA) and j3 -tri-Calcium phosphate ( 3 -TCP). The
fibrous nature of polymers allows them to be easily manipulated during scaffold fabrication, granting
precise control over the structure and porosity of the scaffold. ®” However, the presence of telopeptides
within these polymers can sometimes provoke an immune response, and their inherent limitations—
such as poor rigidity and rapid degradation—restrict their overall effectiveness in bone repair. *

Unlike natural materials, synthetic polymers can be designed and tailored to exhibit highly specific phys-
ical and chemical properties. Such properties enable control over the mechanical characteristics of
scaffolds, such as tensile strength, durability, and degradation rate, while also achieving favorable bio-
logical outcomes, like minimizing risks of toxicity, immune reactions, and infection. eHowever, synthetic
materials lack inherent bioactive properties like biocompatibility, osteoconductivity, and osteoinductiv-
ity, and therefore, must undergo additional modifications prior to use. *

The most commonly used synthetic materials for fabricating three-dimensional scaffolds are saturated
poly- « -hydroxy esters, such as polylactic acid (PLA), polyglycolic acid (PGA), polylactic-co-glycolic
acid (PLGA), and polycaprolactone (PCL). 8 These polymers can be processed through techniques like
gas foaming, phase separation, salt leaching, fused deposition, and 3D printing. ° The selection of poly-
mers and fabrication methods for 3D scaffolds in tissue engineering has become a major field in material
science, with significant advancements made over the past several decades. °

Recognizing that most materials have inherent limitations, researchers have begun designing and devel-
oping composite materials which combine polymers with inorganic minerals. This approach harnesses
the complementary properties of different materials to optimize degradation rates and mechanical per-
formance. The combinations and fabrication techniques for these composites are diverse and continu-
ally evolving. " Additionally, in engineered bone grafts, selecting materials that support vascularization
is critical. Scaffolds with macroporous structures have been developed to promote vascular in-growth
and incorporate vascular signals, such as growth factors or cells, beyond merely acting as osteocon-
ductive platforms. 2

Materials can influence the vascularization process in bone grafts through two main mechanisms: 1) by
supporting the growth of endothelial cells and vessel formation, and 2) by incorporating active mole-
cules that promote angiogenesis. For instance, 3D porous scaffolds made from silk fibroin and PCL have

demonstrated strong support for endothelial cell growth and subsequent vascularization. '3



Meanwhile, scaffolds made of PLGA and polylactide-co-glycolide (PLG) have shown to possess the abil-
ity to incorporate VEGFs and release them locally, enhancing the formation of new blood vessels. 1%

Furthermore, the physical properties of scaffolds, such as porosity and geometry, can also impact their
angiogenic potential. Research by Narayan, et al. demonstrated that pore size significantly affects en-
dothelial cell growth, with smaller pores and reduced inter-pore distances promoting better cell prolif-
eration. ' The influence of the scaffold design on osteoconductive and vascular properties is still not

fully understood and warrants further study. '®

1.2.2 Polycaprolactone (PCL)

PCL is a relatively cheap and elastic synthetic aliphatic semi-crystalline polymer composed of hexano-
ate repeat units, that has been approved by the FDA, USA, and has been extensively used as a scaffold
material in tissue engineering and regenerative medicine due to various desirable properties, such as
excellent mix compatibility with many other materials, slow biodegradability, ease of processing, great
mechanical stiffness and toughness at physiological temperature due to its low glass transition temper-
ature and semi-crystalline nature. '*?* Since It has slow and tuneable degradation, PCL has been
blended with ceramic materials for specific applications, such as to improve its compressive or elastic
modulus and tensile strength, since its inherent mechanical properties, although great compared to
other polymers, still aren't on par with human tissues. '*-2"% The hydrophobic nature of PCL inhibits cell
adhesion and proliferation, which is why combining it with other osteogenic and osteoinductive com-
pounds, such as hydroxyapatite and BG, or even growth factors, can improve its hydrophilicity and bio-

compatibility, to form better composite scaffolds for bone regeneration. %%
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Figure 1. Chemical structure of polycaprolactone (PCL).

1.2.3 Bioglass

The first bioactive glasses were discovered by L.L. Hench in 1969, and they were termed 45S5 Bioglass®,
with a composition by weight of 45% SiO,, 24.5% Na,O, 24.5% CaO, and 6% P,O,. Bioglasses are
among the most bioactive materials due to their ability to form a hydroxyapatite layer, which shares a
similar chemical composition and structure to that of bone minerals. 2® This layer forms as a result of

rapid ion exchange between the bioactive glass and the surrounding physiological environment, allowing



for the migration of Ca’* and PO43' ions to the Bioglass surface, where they create an amorphous cal-
cium phosphate layer that later crystallizes into hydroxyapatite. 2 Factors such as particle size, mor-
phology, and crystallinity must still be carefully considered when designing hydroxyapatite-based bio-
materials to enhance bone regeneration. %

This hydroxyapatite layer imparts Bioglass with valuable properties, such as osteoinductivity, osteoin-
tegrability, and angiogenesis, ?° by promoting the recruitment of stem cells and stimulating their differ-
entiation into osteoblasts, thereby enhancing cell proliferation. Depending on the cell types used, con-
centration levels, and synthesis methods, Bioglass can also serve as a matrix for cell growth and devel-

opment, promote blood vessel formation, and is non-toxic. 262%31

1.2.4 Doped Bioglass

There is also the option of incorporating therapeutic metal ions (TMIs) into the composition of Bioglass,
which can confer additional biological properties. These properties may include antibacterial activity,
enhanced biological functionality, osteoconductivity, or improved mechanical characteristics. *>TMIs
can be added to the Bioglass network for their therapeutic effects and also to influence the glass struc-
ture and processability, as well as to provide extra-functional features like luminescence, fluorescence,
radiation shielding, or anti-inflammatory properties. ** Metallic ions are crucial for human health and
could also be an alternative to expensive pharmaceuticals for imaging, diagnosis, and therapy. 3%

The presence of niobium (Nb) in biomaterials has been shown to improve their mechanical and bioactive
properties. ** Studies have shown that Nb ions promote osteogenic cell differentiation and mineraliza-
tion. ¥ The addition of niobium to ceramic matrices has demonstrated great corrosion resistance and
low cytotoxicity. 2 For instance, Lopes et al. researched 45S5 Bioglass doped with 1%, 2.5%, and 5%
molar concentrations of Nb,O;, prepared using a traditional melt-quenching method. The 2.5% and 5%
concentrations exhibited delayed hydroxyapatite formation compared to undoped Bioglass and the 1%
Nb,O;-doped sample. Cell studies confirmed the cytocompatibility, osteostimulation, and osteoinduc-
tion of Nb-doped Bioglass. In this study, Nb-doped glasses had no adverse effect on BMSCs. Moreover,
osteogenic differentiation of BMSCs was induced at concentrations of 1 and 2.5 mol% Nb,Os in 45S5
BG after 21 days using a glass concentration of 10 mg/mL. %

In arelated study, Miguez-Pacheco et al. explored the in vitro behavior of bone marrow stromal cells (ST-
2) exposed to extracts from 4555 Bioglass containing varying concentrations of Nb,O.. Results indicated
that high concentrations of 1 mg/mL were toxic to cells, while lower concentrations showed no adverse
effects. When compared to undoped 45S5 BG, 0.5Nb content at 0.1 mg/mL showed a slight decrease
in cell proliferation, while 1.0 Nb content presented a more pronounced decrease. At 0.01mg/mL, both
0.5Nb and 1.0Nb content showed a decrease in cell proliferation. Additionally, Nb-containing Bioglass
demonstrated a significant release of VEGF at lower concentrations, suggesting a potential angiogenic

effect. *°



Characterization techniques like X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy
(FTIR) revealed that the addition of Nb did not alter the glass matrix. Raman spectroscopy also confirmed
the presence of additional bands in the Nb-containing glass, associated with distortions in NbOs and
vibration of NbO, units. The increase in NbO, units, compared to NbOe, reduced bioactivity and antibac-

terial effects due to changes in the sample's electrical properties. *°

1.3 Passivation

The process of passivation involves immersing Bioglass powder in distilled water or an incubation me-
dium prior to scaffold production. This step is implemented to better simulate physiological conditions
and to safeguard cells from the initial burst release of ions, which can cause a sharp increase in local pH
levels. Such pH changes can lead to cytotoxicity and potentially obscure the accurate interpretation of
cellular functions. 2324941 By limiting these pH variations, passivation allows for the formation of hy-
droxycarbonate apatite (HCA) to continue without disruption. 2 Research has demonstrated that this
process enhances the in vivo capacity of the scaffold to support bone regeneration. “® Various pas-
sivation protocols exist, differing in terms of duration and concentration. One particular study indicated
that a 72-hour passivation protocol was equally effective as a 24-hour protocol, significantly reducing
pH fluctuations in the culture medium and improving both cell viability and density compared to shorter

protocols of 1, 6, and 12 hours. %

1.4 Enhancing Biofunctionality

To enhance the biofunctionality of scaffolds, integrating osteoinductive signals that attract the patient’s
endogenous stem cells post-implantation could eliminate the need for exogenous cell delivery and ex-
ternal growth factors. Achieving this goal requires creating biomimetic environments that replicate the
natural cellular microenvironment. Cells are highly responsive to the physical cues in their surroundings,
with surface topographies—such as grooves, ridges, and pits—at both the micron and nanoscale shown
to influence cellular behavior. Research highlights that these topographic features can modulate pro-
cesses ranging from cell adhesion to intracellular signaling pathways, thereby affecting transcriptional
activity and gene expression. One study in bone tissue engineering examined the effects of random ver-
sus highly organized nanoscale surface features, revealing that mesenchymal stem cells (MSCs) are
more inclined to differentiate and produce bone mineral when exposed to a certain degree of nanoscale
disorder. The interaction between nanoscale surface topography, protein adhesion, and cellular behav-
ior is complex, with outcomes depending on feature shape, size, and the specific proteins and cell types

involved, necessitating further exploration.



1.5 Macrophages

Macrophages are a type of white blood cell, more specifically, a type of myeloid cell and they are part of

our innate immune system, in which they play a key role. *

1.5.1 Origin and Differentiation

These cells originate from monocytes circulating in the bloodstream and differentiate upon exposure to
growth factors and cytokines present in the tissues they infiltrate. “>“¢ Among their primary functions is
cytokine production, whereby they release signaling proteins that modulate immune responses by re-
cruiting other immune cells to sites of infection or inflammation. 4 Additionally, they are key players in
phagocytosis, engulfing and digesting pathogens, cellular debris, and other harmful particles. ¢ Follow-
ing pathogen digestion, macrophages present antigens on their surface to T cells, an essential step in
the activation of the adaptive immune response. * Beyond their immunological functions, macrophages
contribute to tissue repair and wound healing by clearing apoptotic cells and promoting the regeneration

of healthy tissue. 9%

1.5.2 Polarization

Macrophages are characterized based on their in vitro characteristics in cell culture. Macrophage polar-
ization is referent to the state of activation of a macrophage at a certain pointin time, but due to its plas-
ticity, its polarization state is not fixed and can change based on the integration of signals from other
cells, tissues, and pathogens. ' Macrophage polarization is classified into two distinct phenotypes: the
normally activated M1 macrophages and the alternatively activated M2 macrophages, which are differ-
entiated based on their secretory profiles, functions, and surface receptor expression. *° Recent studies
have shown that macrophages typically exhibit a pro-inflammatory M1 secretory profile during the early
stages of wound healing, and then they transition to an anti-inflammatory M2 gene expression profile
during the later stages of wound healing. ®?M1 macrophages are associated with pro-inflammatory func-
tions, including antigen presentation, the production of interleukins (IL-12, IL-23), and the activation of
type-1 T-cell responses. #’ They also release nitric oxide (NO) and other pro-inflammatory cytokines,
which contribute to tissue damage and inhibition of cell proliferation. M1 macrophages are typically
stimulated by interferon-gamma (IFN- vy ), interleukin-1 8 (IL-1 ), and lipopolysaccharide (LPS), driv-
ing strong immune responses against pathogens. 44650

Conversely, M2 macrophages are characterized by their anti-inflammatory and tissue-repairing roles.
They exhibit limited antigen-presenting abilities, produce low levels of IL-12, and secrete high amounts
of IL-10, IL-4, and IL-13, which contribute to theirimmunosuppressive effects. 4 M2 macrophages pro-

mote cell growth, tissue regeneration, angiogenesis, and clearance of cellular debris following



inflammation. They are also involved in activating type-2 helper T-cell responses (TH2) while suppress-
ing type-1 responses (TH1). 4446:47.80

Although the M1 and M2 phenotypes are often viewed as distinct activation states, recent findings sug-
gest that macrophages can exhibit features of both phenotypes depending on the context. For example,
M2 macrophages may express some M1 markers, albeit at lower levels, and vice versa, highlighting the

plasticity and complexity of macrophage polarization. *®
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MATERIALS AND METHODS

2.1 Synthesis of Bioglasses

The synthesis of the bioactive glass followed the Bioglass formulation established by Hench et al., com-
prising 45 wt% SiO,, 24.5 wt% Na,0, 24.5 wt% CaO, and 6 wt% P,O,. Additionally, 4 mol% Nb,O, was
introduced into the base Bioglass composition. The raw materials used included SiO,, (Sigma-Aldrich,
99.8% purity), P,O4 (Sigma-Aldrich, 99% purity), CaCO, (Sigma-Aldrich, =299% purity), and Na,CO,
(PanReac Applichem, 99.5% purity). These were combined and thoroughly homogenized using a plane-
tary ball mill (Fritsch Pulverisette 5) for 1 hour at 300 rpm, employing agate grinding jars and balls. The
resulting mixture was subjected to calcination at 800°C for 8 hours. The glass was then melted via a
quenching technique in a platinum crucible at 1300°C for 1 hour. To enhance homogeneity, the glass
was re-melted under the same conditions. The obtained material was ground using an agate mortar to
reduce the particle size, followed by additional milling in a planetary ball mill (Fritsch Pulverisette 7) for

1 hour at 300 rpm to achieve finer particles and a uniform size distribution.

2.2 Fabrication of Scaffolds

Composite scaffolds comprising PCL and Bioglass® were manufactured through solvent casting, hot
pressing, and salt-leaching techniques. PCL (Sigma-Aldrich) was dissolved at an 8 wt% concentration
in chloroform (Carlo Erba), to which 4 wt% NaCl particles (ranging from 100 to 200 pm) were added.
Different composite mixtures were incorporated: 4 wt% non-passivated 45S5 BG (np 45S5BGs), 4 wt%
passivated 45S5 BG (p 45S5BGs), 4 wt% non-passivated Nb4%-doped BG (np Nb4%s), and 4 wt% pas-
sivated Nb4%-doped BG (p Nb4%s). Each mixture was stirred vigorously on a magnetic stirrer overnight
to ensure the formation of a homogeneous slurry. Films were cast from the solution, from which disks
measuring 19 mm in diameter were cut. For each scaffold, three of these disks with salt layers between
them were then hot-pressed using a platen press at 60°C under a pressure of 3 tons. Salt was leached

out by soaking the samples in distilled water under continuous agitation for 30 minutes, followed by a
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complete water replacement and additionalimmersion for 24 hours under constant agitation. Afterward,

the samples were left on a Petri dish to dry for 48 hours.

2.3 Chemical Characterization

Small samples were cut from each scaffold type and the structural composition of them was analyzed
using Fourier-transform infrared spectroscopy (FTIR). FTIR analysis was conducted using a Perkin-Elmer

' aresolution of 4cm™" and

Spectrum BX FTIR™ spectrometer, scanning the range from 400 to 4000 cm™
also 128 co-added scans. During data acquisition, environmental conditions were controlled, maintain-

ing room temperature at approximately 25°C and relative humidity at 37%.

2.4 Morphological Characterization

Small samples were cut from each scaffold type and the surface morphology of them was examined via
scanning electron microscopy (SEM) using a TESCAN Vega 3 SEM. To enhance surface conductivity and
reduce electron resistivity, the samples were coated with a thin layer of carbon before visualization. Par-
ticle size and distribution were quantified using ImageJ software, with 15 measurements taken perimage

for accuracy.

2.5 Cytotoxicity Assay (Saos-2 Cell Line)

The potential cytotoxicity of the prepared samples was assessed following the guidelines of ISO 10993-
5, "Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity," using the extract
method and the Saos-2 human osteosarcoma cell line (ATCC® HTB-85™). For the BG powder cytotoxi-
city test, 200 mg of standard 45S5 BG and Nb4% BG were weighed and sterilized at 140°C for 4 hours.
The extracts were prepared at a concentration of 100 mg/mL by incubating the bioactive glass powders
in McCoy’s 5A medium at 37°C for 24 hours. The solution was then centrifuged at 5000 G for 10 minutes,
followed by filtration through a 0.22 um Millipore filter, after which the extract was stored at 4°C. For
passivated extracts, the bioactive glass powders were incubated for an additional 24 hours in fresh
McCoy’s 5A medium at 37°C, with the same subsequent processing steps.

For the scaffold cytotoxicity assay, two scaffolds of each type were selected, cutinto 15mm in diameter
disks, weighed, sterilized with 70% ethanol for 20 minutes, and air-dried in a laminar flow chamber for
24 hours. The scaffolds were rinsed with PBS and incubated in McCoy’s 5A medium at 37°C for 24 hours.
The medium volume was adjusted based on scaffold weight to achieve an extract concentration equiv-
alent to 100 mg of BG per 1 mL of medium.

The Saos-2 cells were seeded at a density of 60,000 cells/cm? in 96-well plates and incubated at 37°C

with 5% CO, for 24 hours. After removing the culture medium, the cells were exposed to the prepared
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extracts. As a control, cells cultured in standard McCoy’s 5A medium served as the negative control,
while cells exposed to 10% dimethyl sulfoxide (DMSO) represented the positive control for cytotoxicity.
After 48 hours of incubation with the extracts, a resazurin-based colorimetric viability assay was per-
formed, with a resazurin-to-medium ratio of 1:1. The reaction proceeded for 3 hours, and absorbance

readings at 571 nm and 601 nm were recorded using a UV-visible plate reader to assess cell viability.

2.6 Antibacterial Activity

With the goal of evaluating the antimicrobial properties of all samples, the agar diffusion method was
employed using E.coli K12 DSM498 (DSMZ, Braunschweig, Germany) and S.aureus COL MRSA (methi-
cillin-resistant strain which was provided by Rockefeller University). The bacterial strains were cultured
overnight in tryptic soy broth (TSB) at 37°C in a humid atmosphere. The test samples, which were pre-
pared as 7 mm diameter and ~2 mm thick disks, were sterilized by submerging in 70% alcohol for 20
minutes and then they were dried for 48 hours in a flow chamber. The two-layer bioassay was performed
with TSB solidified using agar at 1.5% w/v for the base layer and 0.8% w/v for the top layer. Plates were
prepared by pouring 20 mL of base layer and 4 mL of molten seeded overlay containing approximately
10® CFU/mL of the target microorganism. The test material disks were placed in specific locations on
the plates, which were then incubated overnight at 37°C. Images of the resulting inhibition zones were
taken.

Another assay was conducted, where 100 ul of a dilution of 1:10 of the original 108 CFU/mL of the mi-
croorganism in study was poured into a petri dish with solidified agar, then glass spheres were added
and the petri dish was agitated in order to obtain a uniform distribution of bacteria. Then, the samples

were added and photographs of the pellets were taken.

2.7 Adhesion and Proliferation (Saos-2 Cell Line)

In this assay, the scaffolds abillity to support cell adhesion and proliferation was examined. Scaffolds
were cut into 15 mm in diameter disks, sterilized using 70% ethanol, and rinsed with PBS. The sterilized
scaffolds and control materials were placed into 24-well plates and secured with silicone O-rings. Saos-
2 cells were then seeded at a concentration of 20,000 cells/cm? directly onto the scaffold surfaces and
at the bottom of the wells for the control group. The cells were cultured in McCoy’s 5A medium and
incubated at 37°C in a 5% CO, atmosphere for 24 hours. Cell adhesion was quantified using the resaz-
urin reduction method, similar to the cytotoxicity assay. In this assay, the culture medium was replaced
with a 1:1 mixture of resazurin and McCoy’s medium, followed by a 3-hour incubation. The incubated
medium was transferred to a 96-well plate, and absorbance at 571 nm and 601 nm was measured using
a microplate reader (Biotek ELx 800 UV). To monitor cell proliferation, the resazurin assay was repeated

at different timepoints, day 1, 3, 7, 10, and 14. Data from five independent biological experiments were
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statistically analyzed, comparing both all samples at each time point and the performance of individual

samples over time.

2.8 Alkaline Phosphatase (ALP) Activity (Saos-2 Cell Line)

Alkaline phosphatase (ALP), a well-established marker of osteogenic differentiation,  was measured
using a colorimetric assay. The assay involved using 1 mg/mL of p-Nitrophenyl Phosphate (Sigma-Al-
drich) dissolved in a tris-hydrochloric acid buffer. This experiment was performed after days 3, 7, 10, and
14 of the adhesion and proliferation tests. The process began by filtering the culture medium from the
samples through a 0.22 ym Millipore filter, followed by measuring the absorbance at 405 nm to establish
a baseline. The ALP solution was then added to the medium in a 1:1 ratio and incubated at 37°C for 20
minutes. After incubation, absorbance at 405 nm was measured again. Data from five independent bio-
logical assays were statistically analyzed, with comparisons made between samples at different time
points and the same sample over multiple days. The population from the previous day was used for nor-

malization.

2.9 Cytotoxicity Assay (THP-1 Cell Line)

Two samples ((a), and (b)) of PCL scaffolds, standard passivated 45S5BG, and Nb4%-doped BG were
weighed, sterilized in 70% ethanol for 20 minutes, and then dried for 24 hours inside a laminar flow
chamber. Then, they were washed with PBS and placed on a 12-well plate. In order to achieve the same
concentration of medium to weight used as in the adhesion and proliferation assay with the 15mm disks,
802 ul of RPMI medium was added to each well (since the disks used in this assay are 19mm disks).
After 24 hours, the medium was extracted from samples (a) of each scaffold and stored in an Eppendorf
in the fridge at 5 °C until the next step of the procedure, and then another 802 pl of the medium was
added to each well of samples (a). This step was repeated two more times. After 72 hours, the medium
was removed from samples (b) of each scaffold and replaced with new medium. After 24 hours the me-
dium was extracted from samples (b) of each scaffold and stored in the fridge at 5 °C. The THP-1 cell
line was seeded at a concentration of 60kcell/cm? with 8 nM PMA in 96-well plates and incubated for
48h at 37°C with 5% CO..

The culture medium was then replaced with the scaffold extracts. The negative control consisted of cells
cultured in standard RPMI medium, while the positive control was cells exposed to a cytotoxic environ-
ment created by adding 10% DMSO.

After 48 hours of cell culture in the presence of the extracts, a colorimetric viability assay using resazurin
was conducted. A 1:1 mixture of resazurin and medium was incubated with the cells for 3 hours. The

absorbance at 571 nm and 601 nm was measured using a UV-visible plate reader to assess cell viability.
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2.10 Macrophage Polarization (THP-1 Cell Line)

The THP-1 cell line was seeded at a concentration of 60 x 10%cell/cm? with 5 pl of PMA per 10mL of
medium, in 24-well plates and incubated for 48h at 37°C with 5% CO.. Three controls were used, one
with PMA, in order to study the M0 phase of the monocytes, one with 100 ng/mL of LPS and 20 ng/mL of
INF-y, in order to induce M1 phase differentiation of the macrophages, and then one with 20 ng/mL of IL-
4 and 20 ng/mL of IL-13, in order to induce M2 phase differentiation of the macrophages. Timepoints
were taken at 24, 48, and 72 hours of each sample and control. This was done by removing the medium,
washing with PBS, then adding 4% paraformaldehyde (PFA) for 20 minutes, then removing the PFA and
washing with PBS, transferring to another 24-well plate, and leaving each sample and control in PBS
until the immunofluorescence assay.

The immunofluorescence assay was realized by washing each sample with PBS, then adding 400 uL of
0.3% Triton-X100 for 15 min per well, washing with PBS, and adding 400 L of 2% BSA in PBS for 1 hour.
Then washing with PBS and placing the samples and the controls on top of a parafilm sheet over a pipette
tip box filled with water. Primary antibodies were prepared in a concentration of INOS 1:500, and CD163
1:500, in a solution of 0.3% Triton-X100 + 1% BSA in PBS. Then, 100 pL of primary antibodies were added
to each sample and 50 pL of the same primary antibodies were added to each control and the box was
stored at 4°C overnight, covered with an aluminum sheet in the dark.

The next day, the samples and controls were washed with PBS and the secondary antibodies were pre-
pared at a concentration of 1:1000 in 1%BSA. 100 pL of the antibodies were added to each sample and
50 yL to each control, then they incubated at room temperature, in a dark room for 90 minutes. Then,
each sample and control was washed with PBS and 100 pL of 10 uM DAPI solution in PBS was added to
each scaffold, whilst 50 pL of the solution was added to each control for 5 minutes. Then each sample
and control was washed with PBS and distilled water. Then, the samples were mounted in 20 pL of
Mowiol, whereas the controls were mounted in 10 pL of Mowiol, and they were let dry overnight at room
temperature in a dark room. Then, when the Mowiol was completely dry, all of the samples and controls
were stored in the fridge at 4 °C until observation. iNOS is a hallmark M1 macrophage marker, whilst
CD163 is a M2 macrophage marker. The red marker was used for the INOS antibodies, whilst the green

marker was used for CD163.
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3

RESULTS & DISCUSSION

3.1 SEM

With the goal of evaluating the scaffold’s ability to provide a fit environment for cell growth and prolifer-
ation, the samples were analyzed by SEM-EDS. In Figure 2, it is possible to observe that the scaffolds
that contained bioglass have slightly higher pore size, much higher pore density, and interconnectivity
than the PCL scaffolds, probably due to the fact that the scaffolds have less concentration of PCL. The
importance of having pore interconnectivity is high, due to the fact that it is what matters most in terms
of achieving vascularization in the tissue in which the scaffold is implanted, which is crucial for the en-
chondral and intra-membranous ossification process, as well as in consequent bone remodeling and
formation processes, given its importance in supplying nutrients and oxygen to the active bone tissue
and consequent removal of waste products. ** Nevertheless, all scaffolds present a porous network In
their Internal structure, which Is suitable for cell Infiltration, and thus, provides a more suitable environ-
ment for cell growth. In Table 1 we can see the average pore size for each type of scaffold, which is
around 116 um for the PCL scaffolds, and around 140 um for both the standard bioglass scaffolds and
the niobium-doped bioglass scaffolds. This is consistent with a suitable environment for cell growth.
Since SEM Images were only collected for one batch of each scaffold, the sample size of the scaffolds
Is small, since batches can vary among them, and SEM Images of the scaffolds immersed in SBF
throughout several time points could have been taken in order to study the formation of a layer of Ca/P,
which is a composition that could possibly be used as an osteoconductive material in bone repair and
regeneration, thus a larger sample size of SEM Images for each scaffold and in several conditions could
allow for a better characterization of the topography of the surface of the scaffolds, its Internal structure
and its bioactive properties. With this In mind, future investigations should account for this limitation,

eliminating it for more consistent and reliable results.
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Figure 2. SEM images of the surface of the PCLs (a) 45S5BGs (b) and Nb4%BGs (c).
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Figure 3. Pore size distribution per sample of PCL and composite membranes.

Table 1. Average scaffold pore size (um).

Sample Pore Size (um)

PCL 116 + 16
BASE 141 +22
NB4% 143 + 28

3.2 FTIR

The FTIR spectra for PCLs, 45S5BGs, and Nb4%BGs are shown in Figure 4. Based on the images, the
inclusion of niobium into the 45S5 Bioglass network does not influence the typical vibrational bonds. The
characteristic vibration bands of this type of bioactive glass can be seen in the spectrum. The peaks
around 1045 cm™" and 933 cm™" correspond to the asymmetric stretching of Si-O-Si, while the band at
approximately 732 cm™ represents the symmetric stretching of Si-O-Si. Additionally, the band at 524
cm™" is linked to the bending mode of Si-O-Si bonds. The shoulder near 586 cm™" is attributed to the P-
O bending mode from the amorphous phosphate, a feature commonly seen in 45S5 Bioglass. ***%¢ Con-
sequently, it can be inferred that the introduction of niobium into the bioglass structure does not result

in any significant alterations to the glass matrix.

19



-2940 cm”’
2865 cm’’!
m A
e \
4]
=
a) g
wn
& / \W A
m | | "."-‘ ‘ .‘ |
] '
I 1 T T T r T 0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
933 cm’’ B -524 cm™’
A0Bem’ oo 700 e’ Si-O-Si
1365 cm”? stretching bending )
-1396 cm™’ -1045 cm! 732 e -453 cm
Si-0-Si Si-0-Si ;
418emT sgemt  stretching stretching P
8 1720 o T0emT 203 e 1084 om” 841 cm’! bending  -419 cm’
= et o o1 e
O
=
b) €
) 1))
C h —
(©
—
-
T T :
1500 1000 500

Wavenumber (cm™)

Nb4%BGs
45S5BGs

Nb4%BGs
45S5BGs

Figure 4. (a) 4000-400 cm™ and (b) 1800-400 cm™ FTIR spectra of 45S5BGs and Nb4%BGs, with the

relevant vibrations identified and matching wavenumber.

3.3 Saos-2 Cytotoxicity

The goal in this part of the experiments is to determine which of the samples produced have higher cell

survivability and at which concentration they exhibit better performance.

3.3.1 BG Powder Cytotoxicity Assay

Figure 5.a) presents the results from the base powder extract cytotoxicity assay with the Saos-2 cell

line. It shows that by passivating the bioglass powder we can achieve higher cell viability than by not

submitting the powder to this process. This is due to the fact that, when put in contact with water or any

medium for the first time, the bioglass will burst release ions, which results in an extreme increase in

pH, leading to pH-dependent cytotoxicity. *“%°2 Some concentrations of bioglass achieved higher cell
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viability than the control group, confirming that the introduction of bioglass in culture medium provides
a more adequate environment for cell proliferation.

Figure 5.b) presents the results from the niobium-doped powder extract cytotoxicity assay with the
Saos-2 cell line. These results are in accordance with the data from Figure 1, seeing as the passivated
powder attained higher cell viability, supporting the idea that passivating the powder should be the
standard, with the purpose of achieving the highest possible cell viability. It also shows that niobium-
doped BG ensures higher cell survivability than standard BG. Niobium-doped bioglass also provides a
better environment for cell proliferation than standard McCoy medium, as evidenced by the results ob-
tained. This is probably due to the fact that the presence of niobium ions promotes cell growth and pro-

vides a low cytotoxic environment. %
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Figure 5. Cytotoxicity assay results of (a) 45S5BG and (b) Nb4%BG (Nb4) powder.

3.3.2 Scaffold Cytotoxicity Assay

Figure 6 presents the results from the PCLs cytotoxicity assay with the Saos-2 cell line. These results
show that the PCLs are biocompatible with Saos-2, as was expected since this biomaterial has been
extensively researched and is regarded as one of the safest and most used polymers in tissue engineer-

ing.19‘25

21



PCLs
140 4 Control

120 +

;‘gmo- — T

[e2]
o
1

Cell Viability (
3

40

20

m

0
212.3 106.7 53.33 26.66 13.33 C+ C-
Concentration (mg/mL)

Figure 6. PCLs cytotoxicity assay results.

Figure 7.a) presents the results from the non-passivated scaffold cytotoxicity assays. Through observa-
tion of this data, it is possible to conclude that the Nb4%BGs ensure higher cell survivability and prolif-
eration than the 45S5BGs , which is in agreement with the results from Figures 1 and 2. This assay also
shows that niobium-doped BG scaffolds attained higher cell proliferation than the McCoy medium con-
trol group, which shows the potential that Nb-doped BG has in regards to enhancing cell proliferation.

Figure 7.b) presents the results from the passivated scaffold cytotoxicity assays. These results are in
accordance with the literature and with what was stated earlier in regards to passivation granting higher
cell survivability than not passivating the samples. Once again, it also shows that Nb-doped BG provides
a better environment for cell proliferation and survival than standard 45S5BG. The likely explanation for
this is that the presence of Nb ions accelerates the release of Na+ ions, which are exchanged with H+
and H30+ ions from the surrounding medium. This exchange raises the pH of the solution as cations
replace the sodium ions, facilitating the breakdown of the Si-O-Si bonds. As a result, the glass dissolves
more quickly, which leads to the formation of silanol groups that accumulate on the glass surface. These
silanol groups then condense to form a hydrated silica layer that promotes the nucleation of carbonated
hydroxyapatite. 254 This hydroxyapatite layer enhances bioactivity, biocompatibility, and the minerali-

zation and differentiation of osteogenic cells. %%
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Figure 7. Cytotoxicity assay results of (a) non-passivated scaffolds and (b) passivated scaffolds.

3.4 Anti-bacterial Activity

In Figure 8. it is possible to confirm that there was no apparent anti-bacterial activity. This is an unex-
pected result since BG scaffolds have been shown to possess some antibacterial effects. The more
likely causes of this are that since the control medium was later confirmed to be contaminated, there
might have been too high of a bacteria concentration in the Petri dishes, or there might even be cross-
contamination of other bacterial species. Another possibility is that there weren't enough ions diffused
from the scaffolds onto the plaques, which might be explained by a lack of permeability. This lack of ions

diffused might also be explained by a lack of enough BG present in each sample.
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Figure 8. Two-layer bioassay with E.coli (a) and S.Aureus (b) and glass sphere bioassay with E.coli ©

and S.Aureus (d) anti-bacterial activity results.

3.5 Saos-2 Adhesion and Proliferation

An assay was performed over the course of 10 days, with five different replicates for each sample, with
the goal of inferring about the scaffold’s ability to promote cell adhesion and proliferation.

After 24 hours of the cells being seeded, the first evaluation was conducted through a resazurin assay,
which established the first day of viability, and thus, the standard for cell growth (100% mark). Then,
further measurements were taken for 14 days. Through the material control, resazurin control, and first-
day viability control, it was possible to calculate the cell adhesion and proliferation over the expected
course of the experiment. The results obtained are displayed in Figure 9. The PCLs showed the highest
rate of adhesion and proliferation of all the samples, presenting an increase in population throughout the
course of the whole experiment, followed by the Nb4%BGs, with these samples increasing in population
throughout days 1 to 10 and then decreasing slightly between days 10 and 14. Meanwhile, the 45S5BGs
appear to negatively affect the adhesion and proliferation of cells, since the results obtained are of nearly

0% population throughout the whole experiment.
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Figure 9. Cell adhesion and proliferation assay results from Saos-2 cells seeded in the different scaf-
folds. After seeding, measurements were taken on days 1, 3, 7, 10 and 14. The data obtained results

from five biological replicates and statistics.

Table 2. Proliferation rate of each sample.

Sample Proliferation Rate (D14/D1)
PCLs 8.6+3.8

45S5BGs  50.83+27

Nb4%BGs 25.96+ 8.6

cC 6.97 +0.63

3.6 Saos-2 ALP

Through the analysis of ALP production in Figure 10., it is possible to observe that the Nb4%BGs present
higher ALP production, almost as high as the cell control during days 4, 8, and 11. This is indicative of the
fact that the niobium ions promote cell viability and increase ALP activity, as has been reported in other
studies. ¢4 In contrast to these results, the 45S5BGs have shown to be a hindrance to the production
of ALP, which may be related to the low proliferation of the Base BG scaffold throughout every day of the
assay, and throughout every biological replicate. Another study has reported similar results to those of
the 45S5BGs. 7 The PCLs results show that despite being a reliable material, PCL alone is not enough
to induce the level of ALP production that is wanted, which is why it is a material that should be com-

bined with other materials, that can enhance its properties to desirable levels. %222
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Figure 10. ALP assay results from Saos-2 cells seeded in the different scaffolds. After seeding, meas-
urements were taken on days 4, 8, 11 and 15. The data obtained results from five biological replicates

and statistics.

3.7 THP-1 Cytotoxicity

Figure 11 presents the results from the THP-1 cell line cytotoxicity assay. It is possible to confirm that
the scaffolds are not cytotoxic to the THP-1 cell line, with the exception of the 96-hour sample of the
45S5BGs. These results show that it is possible to seed the cells into the samples without any prior
passivation using RPMI medium, seeing as both 24-hour samples achieved higher than 80% cell viability.
Additionally, all NB4%-doped BG samples present results that show that they improve cell growth and
viability, seeing as they have higher cell viability than the negative control group (live cells with RPMI)

making it a promising candidate for a macrophage growth-enhancing material.
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Figure 11. Passivated 45S5BGs and Nb4%BGs THP-1 cytotoxicity assay results.

3.8 THP-1 Immunofluorescence

As mentioned before, INOS is a hallmark M1 macrophage marker, whilst CD163 is a M2 macrophage
marker. The red marker was used for the iNOS antibodies, whilst the green marker was used for CD163.
The blue stained dots in the blue filtered image represent the nucleus of the cells.

In Figures 12, 13 and 14. there appears to be an abundance of cells throughout the 3 days, in all of the
filtered images, with the red-filtered image appearing to have more cells than the green-filtered images.
These images show that there was indeed growth of cells, without much polarization, other than the

natural one.
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Figure 12. Immunostaining images of MO control group at 24 hours of macrophage polarization at x100

Zzoom.



Figure 13. Immunostaining images of MO control group at 48 hours of macrophage polarization at x100

zoom.



Figure 14. Immunostaining images of MO control group at 72 hours of macrophage polarization at x100

zoom.



In Figures 15, 16 and 17. there is once again a great abundance of cells throughout all of the Images, with
the red-filtered image appearing to have more cells than green-filtered image. As it can be observed, with

the red-filtered having many more cells, a successful M1 control group was achieved.

Figure 15. Immunostaining images of M1 control group at 24 hours of macrophage polarization at x100

zoom.
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Figure 16. Immunostaining images of M1 control group at 48 hours of macrophage polarization at x100

zoom.



Figure 17. Immunostaining images of M1 control group at 72 hours of macrophage polarization at x100

zoom.



In Figures 18, 19 and 20. there seems to be less abundance of cells compared to the M0 and M1 control
groups, with day 3 presenting the most amount of cells and the red-filtered image having more visible
cells than the green-filtered image. Contrary to the previous control groups, this one presents much less

cells, and a successful M2 control groups wasn't achieved, seeing as there aren't many green dyed cells.

Figure 18. Immunostaining images of M2 control group at 24 hours of macrophage polarization at x100

zoom.
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Figure 19. Immunostaining images of M2 control group at 48 hours of macrophage polarization at x100

zoom.



Figure 20. Immunostaining images of M2 control group at 72 hours of macrophage polarization at x100

zoom.



In Figures 21, 22 and 23. it is possible to observe the nucleus of the cells in the blue filtered images
throughout days 1 to 3. In Day 1, in the blue filtered image one can observe many cells, whereas there
are less observable cells in the green filtered image and even less in the red-filtered image. In day 2,
one can observe less cells in the blue filtered image compared to day one, whereas in the green fil-
tered image there are roughly as many cells as in day 1, but less cells in the red-filtered image thanin
day 1. In the final day, in the blue-filtered image, there seems to be even less cells than in day 2,
whereas there seems to be the same amount of cells in the green-filtered image than in days 1 and 2,
and it seems that there are more cells in the red-filtered image than days 1 and 2. This results mean

that although there wasn’t much polarization, most of it was into the M2 phenotype.
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Figure 21. Immunostaining images of PCLs at 24 hours of macrophage polarization at x100 zoom.



Figure 22. Immunostaining images of PCLs at 48 hours of macrophage polarization at x100 zoom.



Figure 23. Immunostaining images of PCLs at 72 hours of macrophage polarization at x100 zoom.



In Figures 24, 25 and 26. it is possible to observe the nucleus of the cells in the blue filtered images
throughout days 1 to 3. In Day 1, in the blue filtered image one can observe some cells, about the same
ammount that are observable in the green filtered image, whereas there are none observable in the
red-filtered image. In day 2, one can observe about the same ammount cells in the blue filtered image
compared to day one, whereas in the green filtered image there are many more cells thanin day 1 and
they extremely well illuminated, but in the red-filtered image, like day 1, there are no observable cells.
In the final day, in the blue-filtered image there seems to be about the same ammount of cells thaniin
day 2, whereas there seems to be less cells in the green-filtered image than in day 2 but they are still
very well observable, and it seems that there are once again, no observable cells in the red-filtered im-
age. These results show that standard Bioglass-PCL scaffolds induce much more polarization into the

M2 phenotype.
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Figure 24. Immunostaining images of 45S5BGs at 24 hours of macrophage polarization at x100 zoom.



Figure 25. Immunostaining images of 45S5BGs at 48 hours of macrophage polarization at x100 zoom.
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Figure 26. Immunostaining images of 45S5BGs at 72 hours of macrophage polarization at x100 zoom.



In Figures 27, 28 and 29. it is possible to observe the nucleus of the cells in the blue filtered images
throughout days 1 to 3. In Day 1, in the blue filtered image one can observe some cells, whereas there
are many observable and pronounced cells in the green filtered image, whilst there are no observable
cells in the red-filtered image. In day 2, one can observe about the same ammount cells in the blue fil-
tered image compared to day one, whereas in the green filtered image there is an abundance of cells, it
still seems to be less cells than in day 1, and in the red-filtered image there are still no observable cells.
In the final day, there seems to be more cells present than in day 2, whereas there seems to be even less
cells in the green-filtered image than in days 1 and 2, whilst it seems that there is one observable cellin
the red-filtered image. These results mean that the niobium-doped BG scaffolds induce polarization into
the M2 phenotype.

These results show promise, but there should be more tests conducted, seeing as these results are from
a single biological replicate, meaning that these results could deviate from each experiment done, since
they do not have much statistical relevance, due to having been conducted with only one biological rep-

licate.
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Figure 27. Immunostaining images of Nb4%BGs at 24 hours of macrophage polarization at x100 zoom.



Figure 28. Immunostaining images of Nb4%BGs at 48 hours of macrophage polarization at x100 zoom.



Figure 29. Immunostaining images of Nb4%BGs at 72 hours of macrophage polarization at x100 zoom.
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CONCLUSION AND FUTURE PERSPECTIVES

Serious bone injuries are one of the most common and prevalent health issues worldwide that require
improvements in treatment. In bone tissue engineering there have been attempts at developing scaffolds
that enhance and promote bone regeneration by incorporating several osteogenic and osteoinductive
compounds.

This thesis had the objective of taking a step toward solving this problem, by incorporating niobium-
doped Bioglass® in a PCL scaffold, in order to induce M2 macrophage polarization and cell growth with-
out inducing cytotoxicity. These scaffolds were successfully produced, having a porous network, with
pore interconnectivity and a size around 140 pum, which is a size that promotes cell proliferation. It was
also confirmed that the addition of niobium does not reciprocate in any sort of modification in the struc-
ture of the glass matrix. Through this work, it has also been made clear that passivation is arequired step
in order to achieve desirable levels of cell viability. These Nb4%BGs showed better cell viability and in-
duced more ALP production than standard 45S5BGs and PCLs. But, in contrast, they showed less ad-
hesion and proliferation than the PCLs, and none of the scaffolds presented any anti-bacterial effect.
Both 45S5BGs and Nb4%BGs were shown to induce M2 macrophage polarization, whilst the PCLs did
notinduce much polarization. Further studies should be conducted to confirm if there is no anti-bacterial
effect, and the ion release should be studied. There should be SEM images taken of the scaffolds
throughout several points in time of them being immersed in SBF, in order to have a better understanding
of the scaffold's structure and formation of the Ca/P layer. Further tests on macrophage polarization

should also be conducted, seeing as this test was done with a single biological replicate.
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