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ABSTRACT

The rise in life expectancy in Western countries has led to an increased preva-
lence of bone and cartilage pathologies. Consequently, there is a growing
demand for the optimization of orthopedic implants. While traditional metal-
lic implants have been utilized for many years, their mismatch with the
elastic modulus of cortical bone can pose issues. Polymeric materials, though
generally unable to withstand repetitive loads without plastic deformations,
have exceptions such as polyetheretherketone (PEEK). PEEK, a thermoplastic
polymer, has recently been employed in bone tissue engineering due to its
biocompatibility and mechanical properties comparable to human bone. How-
ever, PEEK is a bio-inert material and, when implanted, fails to interact with
host tissues, resulting in poor integration. Our approach to address this limi-
tation involves the chemical functionalization of PEEK surface with bioactive
motifs. In our grafting strategy, carbonyl groups on the PEEK surface react
with an amino-oxy group (Aoa) ad hoc inserted into a peptide sequence. This
method allows for the covalent anchoring of bioactive peptides in a single step
without the use of condensing agents or organic solvents. In this study, 3D-
printed PEEK disks enriched with biochemical factors, specifically peptides
derived from human proteins: the (351-359) sequence of human Vitronectin
Precursor, its dimeric retroinverted analog D2HVP, and the (48-69) sequence
of human Bone Morphogenetic Protein 2 (GBMP1α), are used to enhance
interaction with human osteoblasts (HOB). Moreover, the PEEK surface was
enriched with self-assembling peptides (SAP) (EAK and EYK). When these
peptides self-assemble, they generate an environment that mimics extracel-
lular matrices, serving as a physiological scaffold to augment cell activities.
The effect of GBMP1α grafted via oxime was compared with the anchoring of
the same sequence through the photoactivation of an azido group introduced
at its N-terminus, while EAK, grafted via oxime, was compared with EYK
self-aggregated onto the PEEK surface. The functionalized PEEK surfaces,
characterized through X-ray Photoelectron Spectroscopy, Water Contact An-
gle, and Force Spectroscopy assays, exhibit improved properties compared
to plain PEEK. Subsequent biological tests, including Live and Dead and
SEM images, AlamarBlueTM and AlizarinRed assays, and Quantitative-Real
Time Polymerase Chain Reaction (qRT-PCR), reveal enhanced cell activities
compared to control. Because surface morphology plays a critical role in cell
interactions the optimal roughness was identified. PEEK sanblasted with
corundum sizes 110 µm (R110-PEEK) shows increased hydrophobicity and
the highest enhancements in cell proliferation. Moreover, R110-PEEK function-
alized simultaneously with GBMP1α and EAK via oxime exhibits synergistic
effects, as demonstrated by heightened cell proliferation, calcium deposition,
and expression of genes related to osteogenic activity compared to plain PEEK.
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1 INTRODUCTION

1.1 Bone Tissue

Bone, a metabolically active and dynamic connective tissue, constitutes a com-
plex hierarchically structured family of materials, encompassing a network of
cells and their interconnected cell processes [1]. The four primary types of bone
cells—osteoblasts, bone lining cells, osteocytes, and osteoclasts—originate
from mesenchymal stromal cells within the bone marrow [2, 3]. Bones serve
crucial functions, including locomotion, support, protection of soft tissues,
and storage of calcium and phosphate, in addition to providing a habitat for
bone marrow [4, 5].

Contrary to its seemingly inert appearance, bone is a highly dynamic or-
gan constantly undergoing resorption by osteoclasts and neo-formation by
osteoblasts [6]. The delicate equilibrium between bone formation and resorp-
tion is crucial for maintaining skeletal integrity throughout an individual’s
life. Recent studies have unveiled two distinct materials within bone: ordered
arrays of mineralized collagen fibrils and associated macromolecules consti-
tute the major component, while a relatively disordered material consists of
individual collagen fibrils with carbonated hydroxyapatite crystals (see Figure
1.1) [1]. Bones can be classified into long, short, and flat bones, each exhibiting
unique structural characteristics, such as the diaphysis and epiphyses in long
bones (Figure 1.2).

The spatial distribution of bone tissue varies, with cortical bone provid-
ing mechanical strength and trabecular bone contributing to flexibility and
shock absorption [8, 9, 10, 11]. Furthermore, bone is a mineralized connective
tissue primarily composed of hydroxyapatite, collagen Type I, and various
non-collagenous proteins [12, 13]. This intricate composition highlights the
multifaceted mechanical and biological roles that bones play, serving as not
only structural support but also as dynamic participants in physiological
processes such as mineral homeostasis and hematopoiesis [14, 15, 16].

1.1.1 Bone structure

There exist two distinct types of bone tissue: cortical and cancellous bone
(refer to Figure 1.3). While both share the same matrix composition, they differ
in terms of density or porosity, 3D structures, and metabolic activity. Cortical
bone, constituting 80% of the adult human skeleton, possesses a porosity of
5%-10% and is renowned for its high torsion resistance, providing the bone
with compressive strength. On the other hand, cancellous bone, comprising
about 20% of the adult human skeleton, exhibits a porosity ranging from
50%-90% and boasts a significantly greater surface area per unit volume com-
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1. INTRODUCTION

Figure 1.1: Hierarchical structuring of bone, involving c-HAP (carbonated
hydroxyapatite), GAGs (glycosaminoglycans), and NCPs (non-collagenous
proteins), is present [1].

Figure 1.2: Long bone anatomy [7].

pared to cortical bone. Cancellous bone displays a higher rate of remodeling
and metabolic activity, responding rapidly to mechanical stimuli, given the
proximity of primary bone cells to circulating growth factors and cytokines
[14, 15].
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1.1. BONE TISSUE

Figure 1.3: Types of bone tissue [17].

From a microscopic point of view, two varieties of bone tissue, woven
and lamellar, are discerned based on the size and distribution of collagen
fibers. Woven bone, characterized by non-uniform mineralization and an
irregular pattern of collagen fibrils, imparts flexibility but is relatively weak.
In contrast, lamellar bone showcases an organized architecture with collagen
fibrils packed in sheets, uniform distribution of bone matrix, and osteocytes.
Lamellar bone, found in both cortical and cancellous bone in the form of
osteons and trabecular structure, replaces woven bone during growth and
later stages of fracture healing (Figure 1.4). It is rigid and robust due to its
highly organized concentric sheet orientation. Four possible shapes of lamellar
bone are identified: osteons, trabecular, circumferential, and interstitial [15].

1.1.2 Bone cells

Bone cells (Figure 1.5) originate from two distinct cell lines: osteoprogenitor
cells, capable of differentiating into osteoblasts and osteocytes, derive from
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1. INTRODUCTION

Figure 1.4: Osteons and trabecular structure [18].

mesenchymal stem cells, while osteoclasts have a hematopoietic origin [14]
[15, 19]. Osteoprogenitor cells, serving as bone stem cells, are found in the
endosteum, periosteum, bone canals, and marrow.

They remain undifferentiated until receiving a signal prompting migration
to a specific site, where they subsequently proliferate and differentiate into
osteoblasts [14]. Osteoblasts form a lining on surfaces, tightly packed together,
and are recognized as bone-forming cells since they produce the bone matrix.
Upon activation, they can differentiate into osteocytes, persist as quiescent
osteoblasts, or revert to the osteoprogenitor cell line [14, 15, 16]. Addition-
ally, osteoblasts secrete crucial growth factors and proteins, such as Bone
Morphogenetic Proteins (BMPs) and Transforming Growth Factors-β (TGF-
βs), playing a vital role in the differentiation, activation, and proliferation of
osteoblasts themselves [14, 19].

4



1.1. BONE TISSUE

Osteocytes constitute 90% of all bone cells and are essentially osteoblasts
that, having fulfilled their function, encapsulate themselves in the formed
bone matrix within lacunar-shaped spaces. As the matrix surrounds them,
they extend cytoplasmic projections that traverse the bone, facilitating di-
rect communication, nutrient exchange, and the transmission of signaling
molecules with other osteocytes. The primary function of osteocytes is to
ensure the maintenance of the formed bone matrix. Following injury, osteo-
cytes can revert to osteoblasts for bone remodeling [14, 15, 19]. Osteoclasts,
on the other hand, are large multinucleated cells responsible for the resorp-
tion of mineralized bone. These cells inhabit depressions on the bone surface,
known as Howship lacunae, and may migrate to deeper areas during bone
remodeling. Upon contact with bone, they attach to the matrix, acidify it,
and subsequently enable its phagocytosis, playing a crucial role in the bone
remodeling process [14, 15, 16, 19].

Figure 1.5: Bone cells [20].
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1. INTRODUCTION

1.1.3 Bone extracellular matrix

The extracellular matrix (ECM) of bone comprises approximately 90% of the
total tissue volume, presenting a intricate composition primarily divided into
an inorganic or mineral matrix (constituting around 65%) and an organic ma-
trix (making up about 35%) [14]. The inorganic matrix serves as a substantial
reservoir of calcium, phosphorus, magnesium, and sodium. Predominantly
composed of needle-like hydroxyapatite crystals, this matrix imparts remark-
able mechanical attributes, contributing to bone strength and exceptional
stiffness in compression test [14, 15].

Osteoblasts are responsible for generating the organic matrix, which is
divided into two main components. The fibrous part, primarily composed of
type I collagen (making up approximately 90%), and the interfibrillar part,
comprising smaller quantities of proteoglycans, glycoproteins, and growth
factors. These elements play a crucial role in osteogenesis, remodeling, and
mineralization of bone. While the organic matrix contributes to shaping the
bone, it also imparts commendable mechanical properties, particularly tensile
strength [14, 15, 19].

Osteons, observed in both cortical and cancellous bone, are longitudinal
cylinders (several millimitres long and about 0.02 millimetre in diameter [21])
comprising 4-20 concentric lamellar sheets parallel to the bone axis. They
consist of concentric lamellae surrounding central Haversian canals, housing
blood and lymphatic vessels and lined by endosteal cells. Canaliculi connect
the central canal to osteocytes, facilitating the diffusion of nutritive substances
through the matrix. Cement lines, layers of organic matrix, separate osteons,
marking the division between bone resorption and new bone formation [14,
15, 19]. Conversely, the trabecular structure (0.1-0.3 thick [22])in cancellous
bone provides a wider surface area, characterized by greater vascularity and
higher metabolic activity compared to cortical osteons. Cancellous trabeculae
lack Haversian canals but permit contact between bone structures and marrow
through sinusoids [14, 15].

Bone lacunae, small depressions (20 × 10 × 5 µm [23])in the matrix, house
osteocytes, and from these lacunae, bone canaliculi extend in all directions
with a diameter of 0.15-0.55 µm [24], enabling communication between adja-
cent lacunae [14, 19]. The periosteum, a two-layer structure, comprises an outer
hypocellular layer continuing into joint capsules that connect adjacent bones
and an inner layer containing osteoprogenitor cells and a vascular plexus. It
covers the external bone surface, providing attachment sites for ligaments
and tendons and contributing to the bone’s blood supply [14, 15]. Meanwhile,
the endosteum, a membranous structure covering the inner surfaces of bone,
contains vasculature and osteoprogenitor cells [15, 19].
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1.1. BONE TISSUE

1.1.4 Bone grafts

Bone grafts represent a surgical approach capable of supporting bone regen-
eration. The effectiveness of bone substitutes lies in their ability to provide
both mechanical support and support for bone regeneration, encompassing
osteoconduction, osteoinduction, and osteogenesis. Osteoconduction involves
facilitating the migration and growth of osteoblasts and osteoprogenitor cells
within the graft, while osteoinduction allows primitive, undifferentiated, and
pluripotent cells to differentiate into cells suitable for bone formation. Osteo-
genesis refers to the generation of new bone tissue by cells derived from the
grafts. The primary types of grafts employed in this context include autografts,
allografts, and xenografts [25, 26].

Autografts

An autograft, also known as an autologous graft, refers to a graft sourced
from one anatomical site within an individual and transplanted to another
body site. Autografts are widely regarded as the gold standard for treating
bone defects due to their biocompatibility, absence of immunogenic reactions,
and ability to facilitate osteogenesis, osteoconduction, and osteointegration
making proficient in promoting bone regeneration. Despite these advantages,
the surgical procedure associated with autografts may lead to issues such as
inflammation, infection, and chronic pain. Additionally, their availability is
limited [25, 26, 27].

Allograft

Allogenic bone grafting entails the utilization of bone tissue collected from
one individual and transferred into another member of the same species with
different genetics. It is deemed a superior option to autografts for individ-
uals facing challenges in healing, dealing with extensive osteoarthritis, or
experiencing multiple fractures. Nonetheless, allografts are associated with
heightened immunogenicity, an elevated failure rate, and the potential risk of
viral transmission, including diseases like hepatitis B or C [25, 26].

Xenograft

Xenogeneic grafts utilize tissue from non-human species. A common challenge
associated with these grafts is their higher antigenicity compared to allografts.
Consequently, meticulous sterilization is necessary, which may lead to a loss of
osteoinductive properties. However, xenogeneic grafts benefit from an ample
supply of donors, making them more cost-effective and granting them an
extended shelf life as a result of the sterilization process [28].
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1. INTRODUCTION

Synthetic bone grafts

One of the advantages of synthetic grafts over autografts and allografts is
their consistency. Since synthetic grafts are manufactured, their properties
are uniform, unlike autografts and allografts, which can vary based on the
individual from whom they are harvested. Synthetic grafts are available in
various forms, including moldable, pellet, injectable, and 3D printed forms.
Moldable and pellet forms are particularly useful in trauma cases or when
a surgery is not preplanned to 3D print a graft. Injectable forms offer the
advantage of minimally invasive surgery. 3D printed scaffolds can be custom-
made to perfectly fit the bone defect area. This involves taking a CT scan of
the defect and using it to create a custom scaffold for the patient. However, the
additional processing involved makes allografts more expensive compared
to autologous grafts. One concern with 3D printed scaffolds is ensuring their
sterilization and quality control.

Calcium phosphate ceramics, which are synthetic mineral salts or highly-
crystalline materials, are created by heating them at temperatures exceeding
1000◦ C. These ceramic materials, however, have the drawbacks of poor me-
chanical strength and difficulty in molding into desired shapes. Calcium
phosphate ceramics encompass tricalcium phosphate, hydroxyapatite, and
biphasic calcium phosphate. Tricalcium phosphate ceramics are often referred
to as the “gold standard” of synthetic bone grafts. The composition of this graft
material closely resembles that of human bone. Tricalcium phosphate is osteo-
conductive and gets resorbed within 13–20 weeks post-implantation. Given its
mechanical strength is similar to that of cancellous bone, tricalcium phosphate
is not utilized in body regions subjected to mechanical load. Tricalcium phos-
phate degrades unpredictably, making it unsuitable for load-bearing areas.
It is best suited for applications such as bone defects resulting from trauma
or tumors. This material was first documented as a bone graft material in
1920 by F.H. Albee. Biphasic calcium phosphate is produced by combining
hydroxyapatite and tricalcium phosphate, harnessing the benefits of both
materials. By adjusting the ratio of hydroxyapatite to tricalcium phosphate,
a range of resorption times and mechanical properties can be achieved. This
combination of resorption time and mechanical stability ensures the material’s
stability while promoting bone growth. Owing to these properties, a biphasic
calcium phosphate bone graft can be used in large defects and in load-bearing
areas. Hydroxyapatite is employed as a bone graft material due to its compo-
sitional similarities to bone, enhancing its biocompatibility. Hydroxyapatite
is osteoconductive and can be osteoinductive under certain conditions. The
resorption of hydroxyapatite is very slow, with the graft material remaining
up to 3 years post-implantation. This slow resorption hinders the bone remod-
eling process, rendering the bone mechanically vulnerable. When compared
to tricalcium phosphate, hydroxyapatite exhibits much higher compression

8



1.2. BONE TISSUE ENGINEERING

and tensile strength.
Bioactive glass, also known as bioglass, is a silica-based biomaterial utilized

in synthetic bone grafts. Unlike other synthetic grafts, bioactive glass can
chemically bond with both bone and soft tissue. The bioactivity of this material
is optimal when its SiO2 content is less than 60% of its weight. Bioactive glass
with SiO2 weight percentages between 45–52% can form bonds with both bone
and soft tissue, while those with SiO2 weight percentages between 55–60%
will only bond with bone. Bioactive glass is named so because it stimulates
the body’s regenerative capabilities. Within 48 hours of implantation, the
bioactive glass starts to dissolve, triggering genes that control osteogenesis.
Bioactive glass has an advantage over hydroxyapatite in that it can bond with
both hard and soft tissues, whereas synthetic hydroxyapatite only binds with
hard tissues. Another benefit of bioactive glass is its antibacterial properties,
which are attributed to its alkaline composition.

Among metals, Titanium and its alloys have been widely used as biomate-
rials for bone implants due to their excellent mechanical properties, corrosion
resistance, and biocompatibility [29, 30]. However, there are several challenges
associated with their use. One of the main issues is the significant difference
in the elastic modulus of the implant material and that of natural bone, which
can lead to stress shielding [30]. Over time, titanium alloys can release harmful
ions [30].

1.2 Bone Tissue Engineering

The twentieth century witnessed an extraordinary increase in life expectancy,
a notable achievement in social and medical realms. However, this progress
has been accompanied by a rise in age-related pathologies such as obesity,
osteoporosis, and various bone disorders [31, 32]. In the specific context of
bone, clinical osseous insufficiency arises from factors like trauma, congenital
malformation, or surgical resection [33]. Given the escalating incidence of
bone diseases, there is a growing focus on bone tissue engineering (BTE), with
autografts currently considered the gold standard for bone implants due to
their histocompatibility and lack of immunogenic reactions [32, 34, 35].

Despite their effectiveness, autografts pose challenges, including addi-
tional surgical procedures, the risk of inflammation, infection, and chronic pain
at the donor site, along with a limited supply for large bone fractures [36, 37].
Consequently, the quest for regeneration in critically sized bone defects has
driven a two-decade search for clinically efficacious tissue-engineering (TE)
therapeutics [38]. Engineered substitutes are sought to fulfill demanding
biological performance standards, encompassing biocompatibility, osteocon-
duction, and early implant loading [39] [40].

TE emerges as a superior choice for bone reconstruction, involving a mul-
tidisciplinary approach integrating cells, engineering techniques, materials,

9



1. INTRODUCTION

and biochemical factors (Fig 1.6) [41]. TE integrates knowledge from physics,
chemistry, materials science, engineering, biology, and medicine to advance
the development of biological substitutes that restore, maintain, or improve
tissue function. The main objective of BTE is bone regeneration, vital for the
body’s structural support, mineral reservoir, muscular contraction support,
and protection of internal organs. This approach employs scaffolds to create
an ideal environment for tissue regeneration, seeded with cells specific to
the new tissue, and stimulated by growth factors or bioreactors [19] [42]. TE
aims to create living tissue-like structures, differentiating it from traditional
biomaterial approaches [43].

Figure 1.6: Schematic representation of bone tissue engineering [44].

1.2.1 Scaffolds

An engineered substitute for BTE necessitates a three-dimensional scaffold
that provides the environment to support and guide cell adhesion, growth,
and proliferation, promoting the formation of new tissue [45, 46]. To obtain
this, following specific characteristics is essential [47]. The key criteria for
designing a suitable scaffold graft for successful BTE are the following:[48]

• Biocompatibility: The capacity to fulfill its function within host tissue
without provoking any immune response. The material must be bio-
compatible, avoiding adverse physiological responses from the host.
Ideally, the scaffold should serve as a temporary structure that degrades
in tandem with new tissue formation over time. The rate of degradation
must closely match the regeneration rate of the natural tissue [48, 49].

10



1.2. BONE TISSUE ENGINEERING

• Biodegradability: Adjustable degradation rate to align with the growth
of new bone tissue, ensuring the scaffold is gradually replaced by newly
formed bone.

• Mechanical properties: Adequate mechanical strength, including stiff-
ness, resistance, and fatigue strength,tensuring the scaffold supports the
defective area and withstants in vivo physiological loading forces for
supporting tissue growth [50, 51].

• Microachitecture: Scaffold structures interconnected to uniformly dis-
tribute stresses throughout the scaffold.

• Osteoinductivity: Possession of osteoinductive properties to attract and
guide osteoprogenitors for differentiation in the defective region.

• Porosity: Optimal surface area, volume, and pore size facilitating tissue
in-growth, neovascularization, mass transport, and osteogenesis. The
scaffold’s porous structure, with an optimal pore size of 100-500 µm for
osteoblasts [51], facilitates cell seeding, migration, matrix deposition,
vascularization, and nutrient transport.

• Surface properties: encompassing topography, surface energy, chemical
composition, wettability, and bioactivity, also influence cellular behavior.

To begin with, the ease of manufacturability and clinical handling is crucial
for addressing gap defects. Modern technologies, such as computed tomogra-
phy and magnetic resonance imaging, facilitate customizing scaffold size and
shape based on the defect region. Techniques like fused deposition modeling
[52] and 3D printing are employed for manufacturing [48, 53]. Biomaterials
for BTE are broadly classified into inorganic (e.g., beta tricalcium phosphate,
hydroxyapatite) and organic materials (e.g., collagen, chitosan, hyaluronic
acid, synthetic polymers).

The main disadvantage of inorganic materials lies in their brittle nature,
which can be problematic in high load-bearing biological applications [38].
Organic polymers, whether naturally occurring or synthetic, offer alternatives.
Naturally derived biomaterials are characterized by biocompatibility, allowing
cell adhesion and migration, but they pose challenges in processing, purifica-
tion, and mechanical properties. Synthetic polymers, while cost-efficient and
customizable, lack biological recognition sites compared to naturally derived
polymers.

The historical context reveals the use of nonbiological materials for medical
purposes, evolving into the contemporary field of biomaterials applied as
scaffolds for TE. The choice of biomaterial depends on its intended application,
considering factors like biostability, biodegradability, bioinertness, bioactiv-
ity, bioresorbability, and biotoxicity. The evolution from bioinert to bioactive
biomaterials in BTE reflects a shift toward enhanced biological response and

11



1. INTRODUCTION

tissue-surface bonding [54]. Methods for inducing bioactivity in bioinert bio-
materials involve surface modification to introduce specific reactive functional
groups [55].

Surface Roughness

The specificity of interactions between cells and surfaces arises, in part, from
the composition and organization of the protein layer, which in turn depends
on how the surface binds water, ions and different biomolecules [56, 57]. This
protein layer forms through a series of biochemical steps and living cells can
adhere even though direct contact with the surface is not mandatory. Notably,
surfaces also influence cell behavior by releasing ions or molecules that can
penetrate cell membranes or activate membrane-bound receptors. Positive
stimuli may be organic or inorganic, while negative stimuli can result from
corrosion. Additionally, micro-topography, roughness, micromechanical prop-
erties, and viscoelastic properties all impact protein-surface and cell-surface
interactions. These factors either enhance or diminish mechanical stress-strain
fields at the interface. In essence, surface composition and roughness signifi-
cantly affect protein-surface and cell-surface interactions [58, 59, 60].

Extensive in vivo investigations on bone-implant interactions consistently
reveal that rougher surfaces promote bone formation, while smoother sur-
faces tend to encourage the formation of a fibrous interface [61, 62, 63, 64]. The
interplay between smooth and rough surfaces results in distinct contact areas
between cells and the surface, leading to diverse bonding mechanisms within
the biological unit. Consequently, researchers have explored various modifica-
tions to surface morphology, including techniques such as plasma-sprayed
materials, sintered beads, and metal fibers. The primary goal of these varia-
tions in surface roughness is to facilitate bony ingrowth, improve bone closure,
and enhance overall functionality [65]. Notably, successful modifications often
share a porous structure that supports osteoblast migration and differentiation
[66, 67, 68]. Cells on rougher surfaces exhibited a more cuboidal morphology
and greater differentiation [69]. Although enhanced surface area may facilitate
binding of attachment proteins and regulatory factors, it could also increase
ion leaching in metal bioimplants [70]. Notably, cells on the roughest surfaces,
characterized by higher densities of rough areas, formed focal attachments
rather than spreading, enabling them to bridge between sites.

Types of scaffolds in Bone Tissue Engineering

There are five primary categories of biomaterials utilized in BTE: polymeric
biomaterials, metals, bioceramics, composite materials, and biologically de-
rived materials [19]. Metallic materials, characterized by a metallic bond and
crystalline structure, excel as conductors of electricity and heat. The biocompat-
ibility of metals such as stainless steel, titanium, titanium-alloys, cobalt-alloys,
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aluminum, and silver depends on their resistance to biological fluid aggression
and corrosion, often mitigated by coating surfaces with oxide layers to prevent
the release of toxic ions. In the biomedical field, these metals are favored for
their outstanding mechanical strength and fatigue resistance [19, 71].

Ceramic materials, formed by combining metallic and non-metallic ele-
ments through covalent or ionic bonds, possess toughness, high-temperature
resistance, and wear resistance, albeit with brittleness [72]. Bioceramics, includ-
ing hydroxyapatite, calcium sulphates, and bioactive glasses, are extensively
used in BTE due to their biocompatibility, bioactivity, osteoconductivity po-
tential, and mechanical strength [71].

Composite materials, composed of a matrix and reinforcing compounds,
exhibit both good mechanical properties and biocompatibility [19]. Biologi-
cally derived materials, encompassing natural proteins and polysaccharides
like collagen, gelatine, elastin, and chitosan, are often combined with synthetic
materials in biomaterial applications [19].

Polymeric materials, exhibit a poorly crystalline structure, limited con-
ductivity, and low density, with low softening and chemical decomposition
temperatures [19]. In regenerative medicine and TE, polymers play a pivotal
role, being categorized into natural and synthetic variants. Natural polymers
like collagen, elastin, actin, keratin, chitosan, and cellulose are prominently
utilized in BTE for their biocompatibility, minimal immunological reactions,
and the ability to foster bone tissue growth in defect sites but potentially
having inferior biomechanical properties and increased immunogenicity risks
[19, 73, 71]. On the other hand, synthetic polymers, including poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), poly(lactide-co-glycolic acid) (PLGA),
poly(polycaprolactone) (PCL), poly(polyurethanes) (PU), poly(ethylene glycol)
(PEG), and Polyetheretherketone (PEEK), are employed due to their availabil-
ity, controllable degradation rate, and ease of adaptation for BTE [19, 74, 71].
Synthetic polymers, easily tunable for specific purposes with no batch-to-batch
variations, are generally biologically inert [75]. Scaffolds designed for BTE
aim to match the mechanical properties and composition of human bone. The
stiffness of polymers is enhanced by blending them with hydroxyapatite (HA),
the main inorganic constituent of bone, in various applications [76, 77, 78].

1.2.2 Biochemical Factors

Creating an effective substitute for BTE relies on facilitating cell adhesion
and proliferation on the scaffold, crucial processes for new tissue formation
and proper functionality. Cell adhesion is intricately linked to cell growth,
migration, and differentiation, especially for "anchor-dependent" cell types
that require attachment for functionality and proliferation. Various proteins,
including fibronectin, collagen, laminin, vitronectin from the ECM, actin,
vinculin from the cytoskeleton, and integrin from the cell membrane, mediate
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adhesion. Interactions between these proteins and their receptors trigger
signal transduction, influencing cell behavior and tissue formation [79, 80].
Integrin, a key membrane receptor, plays a vital role in cell-cell and cell-matrix
interactions. It is a heterodimer with α and β subunits, recognizing signal
sequences as RGD motif of Fibronectin. Fibronectin, a flexible adhesive protein,
is crucial for cell proliferation, induced by growth factors like Fibroblast
Growth Factors (FGFs) [81]. Achieving an ideal bone tissue substitute requires
mimicking the ECM, which is more evident in natural scaffolds but can be
enhanced in synthetic scaffolds through surface chemistry modification and
direct introduction of biochemical factors like peptide sequences and growth
factors [82, 83].

Surface functionalization initially employed cell adhesive proteins, which,
while effective, presented drawbacks such as high costs, insolubility, and
susceptibility to denaturation. The "peptide mimicry technique" emerged as
an alternative, allowing the identification of the shortest biologically active
fragment within a protein for reproducible synthesis. This approach utilizes
smaller, more stable, cost-effective peptides obtained in high quantity and
purity, although generally less active than proteins [84] and prone to enzymatic
cleavage [85, 86].

Peptides differ from proteins in their smaller size and inability to self-
organize into complex structures. Synthetic peptides, especially oligopeptides
(2-20 amino acids) and polypeptides (>20 amino acids), offer advantages
in bioengineering over full-length proteins obtained from living organisms.
Synthetic peptides, produced chemically, carry no risk of immunogenic re-
actions, exhibit greater stability against pH, temperature, solvent changes.
Peptides can be also designed to be less susceptible to enzymatic degradation.
In BTE, surface biofunctionalization with peptides aims to promote osteoblast
adhesion and growth.

Adhesive sequences

Cell adhesion plays a pivotal role in TE, necessitating innovative strategies
to enhance its efficacy. Adhesive peptides, comprising short amino acid se-
quences with minimal motifs essential for binding to cell receptors, have
emerged as powerful tools in improving artificial substrates for TE appli-
cations [87] (Fig 1.7). These functionally modified synthetic systems exhibit
promising outcomes, ranging from heightened tissue integration for titanium
implants [88] to facilitating cell spreading in 3D cultures [89] and reducing
scar formation [90]. Despite the widespread adoption of adhesive peptides, a
substantial majority of studies have primarily focused on the RGD sequence,
first discovered in fibronectin, underscoring redundancy in integrin affinity
across various cell types. IKVAV and YIGSR, both derived from the laminin
sequence, are the second and third most frequently mentioned, accounting for
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just 6% and 4% of the published works, respectively [87]. Other less common
adhesive peptides like DGEA, PHRSN, and PRARI made up less than 1%
of the literature.Additionally, the exploration of heparin-binding sequences,
such as X-B-B-X-B and X-B-B-B-X-X-B-X, in fibronectin, vitronectin, and os-
teopontin has unveiled insights into proteoglycan-mediated mechanisms of
cell adhesion [91]. The nonapeptide HVP, derived from the human vitronectin
precursor (351-359), has demonstrated selective enhancement of osteoblast ad-
hesion through interactions involving membrane glycosaminoglycans (GAGs)
and the heparin binding sites on ECM proteins [92, 93]. Crucially, the retro-
inverted peptide D2HVP, grafted onto surfaces like titanium and bioglass
ceramics, has shown resistance to degradation by proteolytic enzymes, effi-
ciently improving human osteoblast adhesion and spreading. Collectively,
these diverse approaches aim to optimize the interaction between cells and
synthetic substrates, offering invaluable insights for developing biomimetic
environments in TE applications. Another example of adhesive peptide for
BTE is the peptide sequence P-15, a synthetic 15 amino acid peptide that mim-
ics the cell-binding domain of type I collagen. It has been shown to enhance
osteoblast attachment, spreading, and proliferation, and is used in a product
called Ankylos, which is FDA-approved for use in periodontal bone defects
[94]. Instead, Hasenbein et al. affirmed that KRSR-modified surfaces may
be more beneficial than RGD in bone regeneration since they preferentially
bound osteoblasts [95]. To achieve effectiveness, proper orientation of peptides
on the scaffold surface is essential. This can be guaranteed by controlling the
anchoring through covalent grafting with suitable orthogonal groups [96].

Growth factors

Bone fracture healing is a complex, multi-step process that involves various
cell types, including inflammatory cells, vascular cells, mesenchymal progeni-
tor cells, and osteocytes [97]. hese signaling cascades result from the elevated
expression of different pro-inflammatory, angiogenic and osteogenic grow
factors (GFs). Inflammatory cells are recruited to the site of the fracture, where
they release pro-inflammatory signaling molecules. Key inflammatory cy-
tokines include tumor necrosis factor α, fibrobalst GF-2 (FGF-2), interleukin-1
(IL-1), IL-6, and macrophage colony-stimulating factor [98].

A lack of blood supply, or ischemia, is a major risk factor for impaired bone
healing. Blood vessels provide oxygen and additional osteoblasts, promote
cell differentiation, and are necessary for endochondral ossification, a process
involved in bone formation [99].

Angiogenesis, the formation of new blood vessels from pre-existing ones,
is crucial for proper bone regeneration as it provides nutritional support for
the newly formed tissue and a source of cells for further tissue remodeling.
Key pro-angiogenic factors include platelet-derived growth factor (PDGF),
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Figure 1.7: Contrasting the cell microenvironment of natural tissue with that of
a synthetic scaffold: (A) In the native ECM, cells adhere through cell receptors
to polysaccharides and proteins. (B) A 3D synthetic cell microenvironment
consists of a substrate with specified mechanical properties, adorned with
peptide sequences capable of binding to cell receptors. The introduction of
soluble biological signals, such as growth factors, to the artificial matrix can
enhance the replication of native tissue characteristics [87].

BMPs, FGFs, and transforming growth factor-beta (TGFβ) [100].
FGFs, particularly FGF-2, play a key role in angiogenesis, wound healing,

and tissue repair as we can see in the work of Wang et al. [101]. However, de-
livering FGF-2 is challenging due to its very short half-life in vivo, necessitating
carrier methods to extend its action time [102].

Confirmed by Nguyen et al. [103], vascular endothelial growth factor
(VEGF) is a key regulator of angiogenesis during bone formation. VEGF
expression peaks in the early days after a bone fracture and promotes the
formation of new blood vessels, which in turn promotes the recruitment
and survival of bone-forming cells. However, VEGF also induces vascular
permeability, which can lead to systemic hypotension and edema, requiring
careful control of VEGF delivery.

Bone repair relies on the recruitment of progenitor cells, which can dif-
ferentiate into bone-forming osteoblasts. Bone is then formed through endo-
chondral and intramembranous ossification and subsequently remodeled by
osteoclasts to form new intramembranous bone. Osteoblasts deposit organic
ECM components such as fibrillary proteins, glycoproteins, sialoproteins, and
proteoglycans with glycosaminoglycans (GAGs), which play a critical role
through their interaction with growth factors essential for morphogenetic
processes [99]. BMP-2, BMP-4, and BMP-7 are among the most extensively
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studied members of the BMP family. BMP-2 and BMP-7, in particular, have
found clinical applications in the treatment of conditions such as open tibia
fractures, non-union bone injuries, and spinal fusion, and are included in
systems for bone regeneration that have received FDA approval [104]. Conse-
quently, these growth factors hold significant potential for enhancing methods
in BTE.

Due to the complexity of BMP-2’s structure with 396 amino acids, a more
manageable alternative has been sought. This quest led to the identification of
GBMP1α, a 22-amino-acid peptide derived from BMP-2, which has proven
effective in promoting the differentiation of mesenchymal stromal cells toward
an osteoblastic phenotype [105]. Beyond its cost-effectiveness, GBMP1α has
showcased significant enhancements in calcium deposition and the expression
of genes crucial for osteoblast differentiation, presenting itself as a practical
substitute for the intricate BMP-2 in various TE applications [105].

Self-assembling peptides

The advent of self-assembling peptides (SAPs) has brought transformative
possibilities to TE, where these peptides act as innovative scaffolds for cell
growth. Self-assembly, defined as the spontaneous association of molecules
into stable, well-defined aggregates through non-covalent bonds, is a ubiqui-
tous process in nature, observed in phenomena like protein folding and DNA
double helix formation and is a fundamental characteristic of SAPs [106, 107].
When designed in such a way that positively and negatively charged amino
acids are arranged opposite to each other, the SAPs are ionic-complementary
[108] and can be categorized into types like Type I or "Molecular Lego", Type
II or "Molecular Switches", and more, SAPs offer diverse functionalities [109].
The self-assembly process relies on the intrinsic nature and sequence of amino
acids, enabling the creation of specific secondary structures [110]. Driven by
non-covalent interactions like Van der Waals forces, electrostatic interactions,
hydrophobic interactions, and hydrogen bonding, SAPs form ordered struc-
tures with β-sheet secondary structures. The subsequent hydrogels have a
high water content of above 99%, thus aiding diffusional transport of oxy-
gen, nutrients and bioactive factors, and favouring cell ingrowth [111] and
possess various morphologies such as fibrils, nanotubes, and vesicles (Fig-
ure 1.8). pH and temperature are key factors influencing SAP self-assembly,
with changes in these parameters affecting the secondary structure and result-
ing structures [112]. Hydrogels derived from SAPs have proven effective as
scaffolds for growing different kind of cells [113, 110, 114, 115], mimicking
ECM architecture. Notably, SAPs like RADA, marketed as PuraMatrix, have
been utilized as substrates for various applications, including neurite growth,
cartilage development, bone restoration, and angiogenesis promotion. EAK16-
II, an ionic-complementary SAP, consists of an alternating between positive
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(L-Lysine, K) and negative charges (L-glutamic acid, E), and hydrophobic
(L-Alanine, A) and hydrophilic amino acids (K and E). This makes the EAK
peptide capable of self-organizing in stable β-sheets structures thanks to hy-
drogen bondings (Figure 1.9). Discovered at MIT, the first SAP, EAK16-II,
exemplifies the ability of SAPs to fold in ordered structures. These peptides
have implications in drug delivery allowing the encapsulation or chemoselec-
tive ligation of growth factors [116, 117, 118], gene therapy, and scaffolding
for biomineralization, offering potential applications in various clinical fields.
These peptides open new avenues in clinical applications, showing promise in
fields like wound healing and angiogenesis, although certain aspects like their
impact on macrophage polarization remain to be explored further. Another
important SAP is the peptide EYK16-II. In terms of aromatic interactions, aro-
matic residues like Tyrosine (Y) in the EYK16-II peptide can participate in π-π
stacking interactions. These are non-covalent interactions between aromatic
rings, which play a crucial role in molecular recognition processes in biological
systems [119, 120]. Aromatic rings can interact through several different con-
formations including face-to-face, T-shaped, and offset stacked conformation
[119]. Tuning the mechanistic pathways of peptide self-assembly by aromatic
interactions has been explored [120].

Figure 1.8: Possible self-assembled structures [121]

1.2.3 Cells

Following scaffolds and biochemical factors, the final component essential for
TE is cells. In this study, in vitro biological assays utilized human osteoblasts
(HOB).
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Figure 1.9: Diagram illustrating the self-assembly of the EAK peptide. Hy-
drophobic amino acids are highlighted with yellow circles, while hydrophilic
amino acids, including acid amino acids (negatively charged at neutral pH),
are represented by blue squares. Basic amino acids (positively charged at
neutral pH) are depicted by violet diamonds [112].

Human Osteoblasts

Osteoblasts, which constitute approximately 4-6% of the total resident bone
cells, are cuboidal cells positioned along the bone surface. They are widely
recognized for their pivotal role in bone formation, crucial for achieving and
maintaining correct bone mass through intricate interactions with other bone
cells, namely osteoclasts and osteocytes [122]. These osteoblasts originate from
mesenchymal stem cells (MSCs), and their commitment to the osteoprogeni-
tor lineage involves the expression of specific genes in a well-programmed
sequence. This process includes the synthesis of BMPs and members of the
Wingless (Wnt) pathways [123] (refer to Fig 1.10A).

Critical transcription factors for osteoblast differentiation include Runt-
related transcription factors 2 (RUNX2), Distal-less homeobox 5 (DLX5), and
osterix (OSX) [6, 122, 124]. RUNX2, also known as core binding factor alpha1
(CBFA1), acts as a master gene in osteoblast differentiation and upregulates
various osteoblast-related genes such as ColIA1, alkaline phosphatase (ALP),
bone sialoprotein (BSP), BGLAP, and osteocalcin (OCN) [125]. Following the
establishment of a pool of osteoblast progenitors expressing RUNX2 and
ColIA1 during osteoblast differentiation, a proliferation phase ensues, charac-
terized by ALP activity in pre-osteoblasts [6, 122].The SRY-box 9 (SOX9) gene
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is expressed in osteoblast progenitor cells during embryonic development, but
its expression is downregulated during osteoblast differentiation [126]. This
suggests that SOX9 activity has to be tightly controlled for optimal bone for-
mation. The secreted phosphoprotein 1 (SPP1) gene encodes a protein called
osteopontin, which is involved in cell adhesion, migration and activation,
bone mineralization and immune response [127]. The SOX9 and SPP1 gene is
a downstream target of RUNX2, another transcription factor that is crucial for
osteoblast differentiation and function [128, 129].

The transition from pre-osteoblasts to mature osteoblasts involves an in-
crease in OSX expression and the secretion of bone matrix proteins like OCN,
BSP, and collagen type I. Additionally, mature osteoblasts undergo morpho-
logical changes, transforming into large, cuboidal cells [124, 130, 131, 132].
Ultimately, mature osteoblasts become trapped in the newly deposited and
mineralized bone matrix. Some of these osteoblasts extend cytoplasmic pro-
cesses toward the bone matrix, reaching the osteocyte processes [133]. At this
stage, mature osteoblasts may undergo apoptosis, transform into osteocytes,
or become bone lining cells (see Fig 1.10B) [134]. Bone lining cells, charac-
terized by a quiescent flat shape, cover the bone surface and functionally
represent the resting phase of the bone remodeling process. One likely role of
these cells is to prevent direct interaction between osteoclasts and the bone
matrix, particularly when bone resorption should not occur [122, 135].

Figure 1.10: Differentiation process and fate of osteoblasts. (A) Illustrative
depiction of the various stages involved in the multistep process of osteoblast
differentiation. (B) Schematic representation of potential fates for a mature
osteoblast, including becoming a lining cell, transforming into an osteocyte,
or undergoing apoptosis [122].
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Primary cells

Cells play a pivotal role in bone regeneration, necessitating the maintenance of
an appropriate phenotype and the execution of essential biological functions
[136, 137]. In TE, the primary cells and undifferentiated stem cells are the two
main categories employed.

Primary cells, representing mature cells specific to a particular tissue, do
not elicit an immunological response. However, they are differentiated and
lack the ability to self-renew, functioning until they undergo programmed
cell death. Primary cells also face challenges such as de-differentiation during
ex vivo cultivation, resulting in an inappropriate phenotype, and are often
limited in availability [136].

1.2.4 Stem cells

Stem cells, on the other hand, are undifferentiated cells characterized by the
capacity for self-renewal and differentiation into specialized cell types [136].
Commonly used stem cells in TE include multipotent stem cells and pluripo-
tent stem cells[136, 137]. Multipotent stem cells, exemplified by adult stem
cells, possess the ability to differentiate into various cell types and are typi-
cally found within tissues or organs among differentiated cells. Notably, they
exhibit good plasticity and, when autologous, present no ethical or immuno-
logical concerns. Notable examples of adult stem cells include umbilical cord
stem cells, hematopoietic stem cells, and mesenchymal stem cells [138].

Pluripotent stem cells, capable of differentiating into a wide range of
biological tissues, are further divided into embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) [136, 137]. ESCs are derived from the
inner cell mass of the blastocyst, possessing unlimited self-renewal activity
and the potential to give rise to any cell lineage. However, their use may trigger
immunologic rejection due to their extraction during embryonic development
[137, 138]. iPSCs, resembling ESCs, are obtained through reprogramming
adult cells, minimizing immunogenicity as the cells are sourced from the
patient themselves. While iPSCs address ethical concerns associated with
ESCs, they have limitations in pluripotency and may pose a risk of cancer
[136].

1.2.5 Biochemical functionalization

The process of osseointegration and the long-term success of a TE implant are
intricately tied to complex reactions unfolding at the interface of tissue and
material. In BTE, a crucial challenge is to emulate the communication ability
of autogenous grafts within the surrounding biological environment. Recent
evidence highlights that the properties of the insoluble microenvironment play
a pivotal role in guiding cell behaviors, encompassing adhesion, proliferation,
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morphology, and differentiation. The interplay of soluble and insoluble signals,
in conjunction with mechanical cues from the substrate (see Fig 1.11), regulates
cell behavior [139][140].

Figure 1.11: Cell culture systems have the capability to emulate facets of the
cellular microenvironment. (a) Cells cultivated on untreated material attach
to adsorbed serum proteins and engage with soluble signals. (b) Elaborate
biological functionalization introduces insoluble cues originating from the ex-
tracellular matrix. (c) Chemically defined, functionalizable materials (depicted
in red) facilitate the customized presentation of bioactive ligands [140].

Advancements in understanding the molecular processes steering cell
adhesion and growth have prompted a shift in the treatment of biomaterial
surfaces, aligning with the novel paradigm of "biochemical functionalization"
[32]. Biomaterials for TE encompass synthetic and natural materials specially
designed for use in biomedical applications as components of prosthetic struc-
tures. The evolution of biomaterials can be traced through three fundamental
stages: 1st generation biomaterials (bio-inert), 2nd generation biomaterials
(bioactive or re-absorbable), and 3rd generation biomaterials (both bioac-
tive and re-absorbable, often termed biomimetic materials). Third-generation
biomaterials, also known as biomimetic materials, engage adjacent tissues
through biomolecular recognition mechanisms, representing the current and
future trajectory of biomaterials [79].

To enhance the bioactivity of biomaterials and facilitate advantageous
interactions with the biological environment, biochemical functionalization
is employed. This involves applying organic molecules, such as adhesive se-
quences or growth factors, capable of communication with host cells. Various
techniques have been adopted to optimize the biological properties of bone
implants, including conveying proteins and/or small peptide sequences at
the material-biological environment interface (see Fig 1.12). These methods
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include superficial adsorption of biologically active molecules, inclusion of
biomolecules within a resorbable carrier (typically a polymer) used as a coat-
ing for the scaffold, and anchoring molecules to the surface through covalent
bonds. A promising approach for TE substitutes is the decoration of implant
surfaces with adhesive sequences or osteogenic growth factors, employing
sophisticated strategies to ensure selective bonds and appropriate spatial
orientation (Fig 1.13) [118, 141, 96, 142, 143, 144].

Figure 1.12: Securing through a covalent bond in the presence of a spacer (A),
surface adsorption of biologically active molecules (B), and attachment of a
protein from a carrier (C).

Figure 1.13: Aspecific (A) and specific (B) covalent functionalization

Non-covalent interactions are particularly useful when the peptide is
designed to be discharged from the material post-delivery. Adsorption, a
physical process, is the most straightforward method to integrate peptides
into a material. The strength of the adsorption interaction is determined by
the affinity between the surface and the peptide. Micksch and colleagues
conducted a screening of various peptides to evaluate their binding capacity
to zirconium oxide (ZrO2), titanium zircon (TiZr), and titanium oxide (TiO2),
which are frequently used materials in medical implants [145]. Peptides are
covalently anchored to diverse surfaces (e.g., glass, quartz, metal oxides, and
synthetic polymers) through different techniques, depending on the available
chemical groups on the implant’s surface [146, 147]. Additional molecules,
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serving as spacers, are employed during the anchoring process to immobilize
the bioactive peptide while preserving ideal flexibility for receptor interaction
[148]. For example, peptides with aldehyde group introduced in N-terminal af-
ter the oxidation of the L-Serine can bind amino groups on the material surface
to give a Schiff’s base. Then the binding can be stabilized with the reduction of
imines to amines [149, 150]. Amino groups can be introduced with a coating
with (3-Aminopropyl)triethoxysilane. Peptides can be modified with a thiol
group to exploit the link with gold surfaces [151]. Covalent functionalization
is also possible by prior coating the material with pyrrole-3-acetic acid [152].
However, a critical concern raised by the scientific community questions the
practicality of bioactive surfaces, primarily due to the potential masking of ad-
hesive sequences grafted onto biomaterials surfaces by serum proteins in vivo,
thus undermining functionalization [32]. To address this concern, Battista et al.
recently demonstrated that cells penetrate the physio-adsorbed protein layer,
gaining access to submerged chemically bound adhesion motifs. This results
in the establishment of a more robust adhesive structure and the formation
of thicker stress fibers, ultimately enhancing the mechanical stability of the
cytoskeleton [153].

Covalent functionalization via oxime

Chemoselective ligation involves a selective reaction between a peptide group
and another specific group, situated in a protein, another peptide, or a syn-
thetic scaffold. This technique is frequently utilized for the formation of pep-
tide conjugates and the condensation of unprotected peptide fragments. Such
an approach can occur through oxime ligation, a highly efficient strategy that
does not require pre-activation or stabilization steps [154, 155].

Oxime ligation serves as a prototypical instance of "click chemistry," a
concept initially defined by Sharpless et al. This approach entails constructing
intricate compounds from basic molecules, following nature’s examples. A
reaction is considered an example of click chemistry if it meets several criteria:
it must be modular, broad in scope, yield very high amounts, generate only
non-harmful byproducts removable by nonchromatographic methods, and be
stereospecific [156].

Oxime ligation involves the conjugation of an aldehydic or ketonic group
with an aminooxy group through the formation of ketoxime (Figure 1.14) To
achieve such ligation, it is initially necessary to bind an aminooxy group at
the N-terminus of the bioactive sequence synthesized using the Solid Phase
Peptide Synthesis method (SPPS) [157]. In comparison to primary amines,
aminooxy groups exhibit significantly higher reactivity with carbonyl groups,
and the resulting oximes possess the advantage of being highly stable to
hydrolysis [158].
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Figure 1.14: Mechanism via oxime

1.3 Polyetheretherketone

PEEK, a two-phase semi-crystalline aromatic thermoplastic polymer, exhibits
distinctive characteristics with an amorphous and a crystalline phase, the
proportions of which depend on the thermal processing history. The crys-
talline structure of PEEK comprises lamellae organized into larger spherulites,
ranging from 20 to 50 µm in diameter, observable through scanning elec-
tron microscopy (SEM) or polarized light microscopy [159][74]. Its stability
is derived from an interconnected structure of aryl rings through ketone and
ether groups, strategically located at opposite ends of the ring (in the ’para’
position). Its structural formula is (−C6H4 −O−C6H4 −O−C6H4 −CO−)n

(Figure 1.15). This structural arrangement renders the polymer unreactive and
resistant to chemical, thermal, and post-irradiation degradation [159][74].

Figure 1.15: PEEK structure.

Synthesized through step-growth polymerization, PEEK is produced by
dialkylating bisphenolate salts, such as the reaction between the disodium salt
of hydroquinone and 4,4’-difluorobenzophenone (Figure 1.16). The reaction
necessitates very high temperatures (>300 ◦C) to achieve elevated molecular
masses, and it takes place in the presence of aprotic solvents like diphenyl
sulfone. Due to these challenging conditions, PEEK production requires dedi-
cated plant facilities adhering to strict safety regulations, typically operating
in batch processes rather than continuous ones. This contributes to the overall
high cost of the polymer [74].
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Figure 1.16: Synthesis of PEEK.

1.3.1 A brief history of PEEK

PEEK, originally invented in 1978 by the English company Imperial Chemical
Industries (ICI), saw significant advancements and widespread use primarily
due to the efforts of another English group, VictrexTM. The initial commercial-
ization of this innovative polymer occurred in 1981 with the introduction of
VictrexTM PEEK. Initially employed in the aerospace and transport industry for
applications such as aircraft manufacturing, turbine blades, piston parts, cable
insulation, bearings, and compressor plate valves [160] (Figure 1.17a), PEEK’s
appeal stemmed from its capabilities in high-load, high-temperature envi-
ronments. However, its adoption in other industrial sectors was constrained
by its comparatively high cost compared to low-temperature thermoplastics
like polyethylene. Despite these limitations, the PEEK industry experienced
growth, and in 1999, PEEK found its way into the medical field with the
introduction of PEEK-OPTIMATM, commercialized by Invibio Biomedical So-
lutions. In 2001, VictrexTM established Invibio Biomaterial Solutions, focusing
on providing PEEK grades suitable for long-term implantations. All PEEK
polymers by ICI, VictrexTM, and Invibio were manufactured at the same plant
location. Today, PEEK biomaterials, distinguished by the OPTIMATM trade
name, are categorized based on their molecular weight, with different melt
flow properties corresponding to each category. In more recent developments,
two additional manufacturers entered the PEEK medical market. In 2007,
Solvay introduced an implantable grade of PEEK named Zeniva, and in 2009,
Evonik commercialized an implantable grade of PEEK under the trade name
VESTAKEEPTM. However, these products have not yet undergone scientific
studies for their suitability in long-term implants. Invibio and Oxford Per-
formance Materials (OPM) have also explored polyaryletherketone (PAEK)
alternatives to PEEK, such as polyetherketones (PEK), a potential biomaterial
for tribological testing that has not been commercialized, and polyetherke-
toneketone (PEKK), marketed as medical and implantable grades under the
trade name OXPEKKTM. Since the 1990s, PEEK has gained recognition as one
of the prime candidates for substituting metal implants. Widely utilized in
the biomedical industry, PEEK finds applications in orthopedic, and spinal
implants, dental implants, joint replacements, cardiac valves, and stents (refer
to Figure 1.17b). Notably, PEEK has been used for skull defect correction, with
a significant milestone in 2013 when a substantial portion of a human skull
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was replaced with a 3D-printed PEEK replica [161].

Figure 1.17: a: Cervical cage made of PEEK. EisertechTM, LLC. b: Complex
PEEK injection part for Oil & Gas and automotive industry. MING-LITM

Precision Steel Molds CO.

1.3.2 Mechanical Properties

Due to the putstanding mechanical properties, in the late 1990s, PEEK emerged
as a proposed substitute for the metallic components in orthopedic implants.
Specifically, it found applications in femoral prostheses and hip joints [162].
Presently, even dentists are expressing growing interest in PEEK, given its
exceptional mechanical and aesthetic properties [163]. Its elastic modulus is
about 3.6 GPa, closely aligning with that of human trabecular bone (1 GPa)
and cortical bone (18.4-20.7 GPa) but it is significantly less than that of any
metallic material used in typical bone implants, which typically range from
110 to 180 GPa [164, 165, 166]. The Young’s modulus of PEEK can be controlled
through additive inclusion. For instance, incorporating carbon reinforcement
in a PEEK matrix enhances its modulus up to 18 GPa, a value comparable to
the range of cortical bone [167]. Consequently, PEEK implants mitigate the
impact of stress shielding compared to traditional metal implants.

Despite its robust and rigid molecular structure, PEEK exhibits a ductile
behavior, deforming in both tensile and compressive tests [168]. Similar to
other semi-crystalline polymers, PEEK demonstrates good fatigue resistance
and impact strength. However, it’s essential to note that PEEK’s mechanical
properties are influenced by factors such as strain rate, temperature, molecular
weight, and the size and orientation of crystalline regions [169, 170].

PEEK is a thermoplastic polymer, and it melts at a relatively high tempera-
ture (343 ◦C) compared to most polymers in its class [167, 171]. In the range
of its melting temperature, it can be processed using 3D printing. The possi-
bility of employing PEEK polymer in the 3D printing process could increase
scientific interest and its future potential [171, 172].
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1.3.3 Processing techniques

Materials based on PEEK undergo processing using traditional plastic process-
ing methods. While PEEK pellets are typically supplied in a dried state, they
still contain a moisture content of approximately 0.5% w/w. Consequently, a
drying phase becomes essential for specific processing methods, particularly
for injection molding. The primary techniques involved are detailed below.

Injection molding is a batch process suitable for mass production, allowing
the creation of products in various shapes and sizes. PEEK, in the form of
pellets or granules, is deposited into a machine’s hopper. Subsequently, the
pellets are introduced to a heated screw assembly that melts and pressurizes
the polymer, facilitating its rapid flow to a heated mold via a piston. The
mold’s temperature is lower than that of the injection chamber, causing the
material within the mold to solidify. After solidification, the product is ejected,
and the cycle repeats.

Compression molding, typically employed for low-volume productions
and prototypes, is also utilized for components with substantial thickness. This
technique is applicable even to reinforced polymers, such as those containing
glass or carbon fibers, and thermosetting resins. The compression molding
press comprises two heated platens. The lower platen, shaped like the final
product, is filled with resin powder or granules. The upper platen, connected
to a punch, presses the material into the cavity, with heat applied to both
platens for resin consolidation. Once the polymer melts and fills the entire
cavity, taking the desired shape, the material cools and solidifies before being
extracted from the die. While more cost-effective than injection molding,
compression molding has longer time cycles, making it less suitable for mass
production.

Extrusion is a process where material is forced through an orifice with the
same shape as the final product. Similar to injection molding, pellets are fed
into a hopper, melting and pressurizing through a heated screw assembly. The
polymer is then extruded through a heated die and cools along the extrusion
line. Extrusion is advantageous for producing constant-section, elongated
products like rods, sheets, and monofilament fibers.

3D printing involves forming an object by depositing material layer by
layer. This technique has gained popularity for its ability to produce intri-
cate shapes beyond conventional technologies. In the biomedical industry,
3D printing is particularly valuable for creating unique implants tailored to
individual patient needs. Selective Laser Sintering (SLS) and Fused Deposition
Modeling (FDM) are commonly used 3D printing methods for processing
PEEK in medical implants [170, 173, 174, 175].
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1.3.4 Bioactivity and biocompatibility

The biocompatibility of PEEK has undergone thorough examination since
the late 1980s, revealing no adverse effects during testing for systemic and
intracutaneous toxicity, as well as intramuscular implantation.

PEEK has interesting biological properties: it is highly resistant to thermal
degradation, impervious to the attack by organic and aqueous environments,
and resistant to biodegradation [176]. Moreover, it is insoluble at room temper-
ature in all conventional solvents, and its thermal properties make it stable in
the human body. Therefore, PEEK implants are biocompatible but biologically
inert [177]: their applications cause only mild inflammatory responses, and
even their debris (that might be produced after a long period of implanta-
tion) may give rise to normal reactions of the biological tissue to a foreign
body as the worst scenario [178]. Despite being a non-toxic, non-mutagenic,
and non-inflammatory material, PEEK remains a bio-inert material. Surface
properties, crucially influenced by interactions at the material interface, play
a pivotal role in defining the biocompatibility of biomaterials. PEEK inher-
ent bioinertia and hydrophobicity may pose challenges for tissue ingrowth.
Nevertheless, concerns have been raised about the inertness of PEEK due
to its hydrophobic surface, hindering protein absorption and cell adhesion
[179]. Therefore, modifying the PEEK surface becomes imperative to facilitate
improved interactions with surrounding tissues. The growth of new bone
tissue in direct apposition with the implant is desirable for all prostheses
but becomes a necessity when the osseointegration process is critical, i.e., for
elderly patients or patients suffering from multiple pathologies. With this
in mind, modification of the implant surface to enhance the adhesion and
proliferation of osteoblasts is a favorable approach. Taking this into consid-
eration, enhancing the bioactivity of PEEK presents a desirable challenge to
increase the potential benefit from the wide advantages of this material [180].
Commonly employed techniques for surface modification include physical
treatments (such as various plasma modifications) [181], electrochemical treat-
ments [182], thermal spraying [183], and the use of bioactive molecules (Figure
1.18). Physical treatments like plasma modifications involve placing the bioma-
terial in a reactor where reactive particles interact with the surface, modifying
key properties [184][185]. Chemical treatments yield various surface modi-
fications, such as hydroxylated polymer (PEEK-OH), carboxylated polymer
(PEEK-NCO), aminated polymer (PEEK-NH2), and aminocarboxylated poly-
mers (PEEK-GABA and PEEK-Lysine) [169][186]. Coating techniques involve
the deposition of materials with bioactive effects, including hydroxyapatite,
titanium, gold, titanium dioxide, diamond-like carbon, and tert-butoxides,
enhancing bioactivity [177]. The coupling of PEEK with peptide sequences,
bioactive molecules, and biochemical factors further imparts bioactivity to
the material. Surface roughness of PEEK is vital in bone formation and im-
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plant fixation, influencing the adsorption of ECM proteins and osteoblast
adhesion [187][188]. Improved tissue response in vivo can be achieved by
controlling surface properties like chemistry, charge, texture, and porosity,
directly influencing biomaterial biocompatibility [92].

Figure 1.18: Methods for PEEK surface modification [185]
.

1.3.5 PEEK in Bone Tissue Engineering

Many research studies have explored BTE as a strategy to overcome PEEK
bioinertness. Zheng et al. modified the PEEK surface in order to immobilize
GRGD peptide. The carbonyl groups of PEEK were hydroxylated to obtain
P-PEEK-OH, which was then silanized to PEEK-CH=CH2 and carboxylated
to PEEK-COOH (Figure 1.19) [189]. Before the immobilization of RGD, Becker
et al. activated the PEEK surface via Schiff base formation using a diamine.
The coupling was achieved using a diepoxide crosslinker (Figure 1.20) [186].
Yakufu et al. reduced ketone groups, activated the hydroxyl group with N,N’-
disuccinimidyl carbonate, and grafted an osteogenesis growth peptide (Figure
1.21) [190]. Noiset et al. reduced the carbonyl groups of PEEK to alcohol groups
(PEEK-OH). PEEK-OH was then used to obtain isocyanate or amino groups
on the surface, which were reacted with signal sequences for cell adhesion or
proliferation [169, 191].

The use of multiple reaction steps to graft bioactive sequences onto the
PEEK surface makes the functionalization process more complex, potentially
reducing the yield. Research into a single-step reaction to optimize the amount
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Figure 1.19: The protocol of functionalization of Zheng et al. [189].

Figure 1.20: Functionalization approach of Becker et. al [186].

of grafted peptide without introducing new reactive groups that may alter
PEEK biocompatibility becomes necessary. Additionally, exploring bioactive
sequences specific for osteoblast adhesion, activity, and differentiation, distinct
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Figure 1.21: Reaction steps for functionalizing PEEK with an osteogenesis
growth peptide (OGP) [190].

from RGD, which is involved in the adhesion of various cell lines and it is
employed in most of the researches, could be the key for maximizing PEEK
bioactivity.

1.4 Aim of the thesis

This project aims to develop a bone substitute that seamlessly combines
robust mechanical properties with high bioactivity to expedite efficient bone
recovery. Recognizing the absence of an ideal material, our research centers
on a TE approach involving three crucial components: a biomaterial scaffold
for the structural environment, growth-stimulating factors for encouraging
cell activities, and cells as the foundational units for tissue generation.

PEEK has been chosen as the scaffold due to its mechanical prowess,
making it an ideal bone substitute. While PEEK boasts biocompatibility and
induces a mild inflammatory response, its bioinert nature prevents interac-
tion with cells and integration with the biological system, maintaining a gap
between the implant and the newly-generated bone.

Our proposed approach involves the chemical functionalization of PEEK
surfaces with bioactive motifs. The idea is to enrich the biomaterial’s surface
with signal-sequences able to specifically and directly communicate with cells.

In contrast to previous studies with intricate intermediate steps [186, 189,
190], we propose a straightforward single-step anchoring technique. During
Solid-Phase Peptide Synthesis (SPPS), an amino-oxy group was introduced
specifically at the N-terminals of peptides, enabling covalent anchoring to
the carbonyl groups on the PEEK surface without necessitating intermediate
steps.

In this study, we will covalently and selectively attach the nonapeptide
(HVP) derived from the h-Vitronectin protein (sequence 351-359). Addition-
ally, a dimeric retro-inverted analogue D2HVP. The effects of these adhesive
peptides will be compared with those of the fragment (48–69) of the BMP-2

32



1.4. AIM OF THE THESIS

protein (GBMP1α) and with SAPs known for creating an environment that
mimics ECM when self-assembled.

The effects of GBMP1α on cell activity will be compared when it will
be anchored on PEEK surface either via oxime or through photoactivation
of an azido group (introduced in its N-terminal). Also, SAPs will enriched
PEEK in two different ways and their induced modifications will be compared:
covalent binding via oxime and physio-adsorption employing the interactions
of aromatic rings of the SAP EYK16-II and PEEK. The functionalized samples
will undergo physio-chemical, mechanical, and biological investigation. The
surface morphology of an implant is pivotal for its interactions with cells,
and determining the optimal roughness is crucial to create conditions that
enhance cell adhesion and proliferation on the implant surface. PEEK disks
will be subjected to sandblasting with different corundum sizes. Subsequent
superficial and biological characterization will be conducted. Finally, the
synergistic potential of sandblasting and functionalizing with two peptides
that induce the highest osteogenic activity will be thoroughly assessed.
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2 FUNCTIONALIZATION OF PEEK WITH ONE PEP-

TIDE

2.1 Abstract

Polyetheretherketone (PEEK), a widely utilized polymer in bone implants, is
chosen for its outstanding mechanical properties and biocompatibility, which
prevent adverse effects such as stress shielding and severe inflammatory
responses, respectively. However, its significant drawback lies in its bioinert
nature, hindering osteoconduction. In this study, we adopt a tissue engineering
approach to address this limitation.

In this chapter, to enhance interaction with human osteoblasts (HOB),
3D-printed PEEK disks are enriched with biochemical factors. Notably, pep-
tides derived from human proteins—Human Vitronectin Precursor (HVP), its
dimeric retroinverted analog D2HVP, and GBMP1a from Bone Morphogenetic
Protein (BMP) are added. These bioactive sequences are known for inducing
specific biological activity in osteoblasts, with HVP and D2HVP facilitating
osteoblastic adhesion and BMP promoting proliferation and differentiation of
mesenchimal stem cell into osteoblasts.

Additionally, the PEEK surface is enriched with self-assembling peptides
(EAK and EYK), which, when self-assembled, create an environment mimick-
ing extracellular matrices that is the physiological scaffold for enhancing cell
activities. Various techniques are employed to graft these peptides to PEEK,
exploring different coupling methods. It is necessary to remember that adhe-
sive peptides like HVP and D2HVP need to be covalently bind the surfaces
in order to induce their effects, also BMP has widely proven to be effective
was grafted on the scaffolds. Specifically in this work, (i) HVP, D2HVP, BMP,
and EAK were grafted via oxime thanks to the introduction of an amino-oxy
group (Aoa) on their N-terminals during the peptide synthesis that could
react with the carbonyl groups of PEEK. This protocol was also optimized in
this chapter to find the pH and peptide surface densty that maximizes the
cellular adhesion. (ii) Another BMP was synthesized with a phenyalanine
having an azido group (N3) on its N-terminal that once it was photoactivated
could covalently bind several groups of PEEK. (iii) EYK, having no specific
anchoring group for PEEK, could just self-aggregate on its surface.

The functionalized surfaces were then characterized in order to understand
how the presence of the peptide influnced the superficial polymer properties.
Characterization of the functionalized surfaces involves X-ray Photoelectron
Spectroscopy assay to quantify the surface peptide density. Wettability, su-
perficial Young’s Modulus, and Force adhesion are assessed through Water
Contact Angle and Force Spectroscopy assays.
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Subsequently, biological tests have been conducted to understand changes in
HOB activities on non-functionalized and functionalized PEEK.

Live-Dead and SEM images provide qualitative insights into cell viabil-
ity, cytotoxicity, and morphology 48 hours post-seeding. AlamarBlueTM and
AlizarinRed assays determine the influence of peptides on cell proliferation
and mineralization, respectively. Quantitative-Real Time Polymerase Chain
Reaction (qRT-PCR) reveals gene expression changes related to osteoactivity.
Results indicate that PEEK enriched with biochemical factors exhibits overall
improvements in the rate of proliferation and of gene expression, and increase
in calcium deposition 21 days after HOB seeding, suggesting that peptide
functionalization helps in overcoming PEEK bioinertness.

2.2 Results

2.2.1 Optimization of the protocol of functionalization via
oxime

Covalent functionalization via oxime usually takes place under acidic con-
ditions. In our study, we conducted Aoa-HVP grafting experiments under
varying pH conditions, ranging from pH4 to pH6, keeping the peptide con-
centration at 10-3M and assessed the enrichment of immobilized peptide on
PEEK using X-ray photoelectron spectroscopy (XPS) analysis. This allowed us
to draw insights into the functionalization protocol.

According to the data presented in Table 2.1, an increase in pH corresponds
to a higher quantity of Aoa-HVP on the scaffold’s surface. From pH4 to pH6,
the N/C signal raised by 48%. Consequently, we opted to perform subsequent
covalent functionalizations via oxime bonding at pH6.

[h]

Sample N/C
PEEK /

PEEK-AoaHVP_pH4 0.078
PEEK-AoaHVP_pH5 0.086
PEEK-AoaHVP_pH6 0.116

Table 2.1: N/C values from XPS assay. The test has been performed on PEEK
disks covalently functionalized via oxime with Aoa-HVP at 10-3M concentra-
tion and different pH conditions.

To further investigate the functionalizing protocol, PEEK disks were en-
riched with Aoa-F-HVP to allow the specific identification of the surface
peptide using XPS fluorine atom detection. Aoa-F-HVP had a para-Fluoro
Phenylalanine between its bioactive sequence and the Aoa group. This amino
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acid presented a fluorine atom in its side chain that was employed as marker
in the test. The relationship between the F/C ratio and the peptide amount
on the sample’s surface is directly correlated. The results reveal that as the
concentration of the peptide solution varies from 10-5M to 10-3M, the presence
of surface peptide increases, as shown in Table 2.2.

[h]

Sample F/C (%)
PEEK 0.2

PEEK-F-HVP 10-5M 0.2
PEEK-F-HVP 10-4M 0.3
PEEK-F-HVP 10-3M 0.4

Table 2.2: XPS test. F/C values assessed on PEEK disks covalently functional-
ized via oxime with Aoa-F-HVP at different concentrations.

An AlamarBlueTM assay aimed to determine how HOB cells responded
to various peptide concentrations used to functionalize the PEEK scaffolds.
The cell proliferation was quantified on PEEK disks functionalized with Aoa-
HVP at concentrations of 10-5M, 10-4M, and 10-3M. For comparison, untreated
PEEK scaffolds were employed as a control. Figure 2.1 illustrates the vary-
ing metabolic activities of HOB cells on these scaffolds, which consistently
increased over a 12-day culture period, indicating active cell proliferation. No-
tably, starting from day 5, the 10-4M scaffolds exhibited superior performance
compared to the other groups, significantly enhancing the rate of HOB cell pro-
liferation, with an average absorbance peak of 0.256 on day 12. Consequently,
the concentration 10-4M was chosen for the subsequent functionalization of
PEEK disks in subsequent experiments.

2.2.2 Superficial characterization

The characterization was conducted on the smooth surfaces of PEEK disks,
which were functionalized using a 10-4M peptide concentration in phosphatase
buffer at pH6 of Aoa-HVP, Aoa-D2HVP, Aoa-BMP, or Aoa-EAK and des-
ignated as PEEK-AoaHVP, PEEK-AoaD2HVP, PEEK-AoaBMP, and PEEK-
AoaEAK, respectively. Also, the modifications on the PEEK surface function-
alized with N3-BMP and EYK were analysed and named PEEK-N3BMP and
PEEK-EYK.

X-Ray Photoelectron Spectroscopy

For all samples, XPS measurements were carried out at the C1s, N1s, O1s
core levels. XPS data (binding energy BE, full width at half maximum FWHM,
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Figure 2.1: HOB cell proliferation assessment: The quantification of cell prolif-
eration was performed at 3, 5, 7, and 12 days after seeding cells onto PEEK sam-
ples functionalized with varying concentrations of Aoa-HVP (10-5M, 10-4M,
and 10-3M). The results are presented as the mean ± standard deviation. Sta-
tistical significance is indicated as follows: * p<0.05, ** p<0.01, **** p<0.0001,
with a sample size of n=3 for each sample.

atomic ratios) are reported in Table 2.3. Spectra are shown in Figure 2.2 for
C1s, in Figure 2.3 for N1s, and in Figure 2.4 for O1s.

In Figure 2.2, the C1s spectra exhibit four distinct component peaks. The
initial component, serving as a reference point at 284.7 eV, corresponds to
both aromatic and aliphatic carbons. The second component, observed around
286.0 eV, represents C-N and C-O bonds. The third component, appearing
near 287.6 eV, is associated with the C=O bonds present in PEEK, while the
final component, at approximately 288.5 eV, is indicative of the N-C=O bonds
introduced by the immobilized peptide [192].

Moving to the N1s spectra in Figure 2.3, they consist of three component
peaks. The first, located at approximately 398.3 eV, is attributed to the C=N
nitrogen found in Arg and His. The second component, around 399.7 eV,
corresponds to the C-N nitrogen within the peptide chain. Lastly, the third
component, at approximately 401.5 eV, is associated with protonated nitro-
gen [193]. N1s spectrum of PEEK-EYK sample is made of just the last two
components, associated to amino and protonated nitrogens.

O1s spectra (Figure 2.4) are made of two components. The first component
at nearly 531.4 eV is associated to C=O oxygens; the second at nearly 533.0 eV
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Sample Signal Assignment BE (eV) FWHM Internal Atomic ratios (%) Atomic ratios

PEEK-Control

C1s

O1s

Car, C-C
C-O
C=O

C=O
C-O

284.7
286.3
287.7

531.4
533.4

1.52

1.79

73
23
4

51
49

0.61
0.19
0.03

0.08
0.08

PEEK-AoaHVP

C1s

N1s

O1s

C_ar, C-C
C-N,C-O

C=O
N-C=O

C=N
C-N
-N+

C=O
C-O

284.7
286.0
287.5
288.7

398.6
399.8
401.2

531.6
533.2

1.56

1.63

2.15

60
25
9
6

7
82
11

69
31

0.41
0.17
0.06
0.04

0.005
0.07
0.009

0.16
0.07

PEEK-AoaD2HVP

C1s

N1s

O1s

C_ar, C-C
C-N,C-O

C=O
N-C=O

C=N
C-N
-N+

C=O
C-O

284.7
286.1
287.5
288.4

398.2
399.7
400.7

531.4
532.9

1.52

1.58

2.11

75
17
5
3

10
74
16

72
28

0.60
0.14
0.04
0.02

0.007
0.05
0.01

0.095
0.037

PEEK-AoaBMP

C1s

N1s

O1s

C_ar, C-C
C-N,C-O

C=O
N-C=O

C=N
C-N
-N+

C=O
C-O

284.7
286.1
287.7
288.9

398.0
399.8
401.6

531.5
533.1

1.67

1.92

2.16

56
26
14
4

4
87
9

72
28

0.38
0.18
0.09
0.03

0.005
0.09
0.009

0.16
0.06

PEEK-N3BMP

C1s

N1s

O1s

C_ar, C-C
C-N,C-O

C=O
N-C=O

C=N
C-N
-N+

C=O
C-O

284.7
286.1
287.8
288.7

397.6
399.7
401.7

531.5
533.2

1.68

1.90

2.16

56
27
14
5

3
90
7

72
28

0.38
0.18
0.10
0.02

0.003
0.10
0.009

0.16
0.06

PEEK-AoaEAK

C1s

N1s

O1s

C_ar, C-C
C-N,C-O

C=O
N-C=O

C=N
C-N
-N+

C=O
C-O

284.7
286.12
287.3
288.3

398.5
399.9
401.0

531.7
533.3

1.59

1.57

2.04

67
23
5
5

7
77
16

65
35

0.50
0.17
0.04
0.04

0.003
0.03
0.006

0.14
0.08

PEEK-EYK

C1s

N1s

O1s

C_ar, C-C
C-N,C-O

C=O
N-C=O

C-N
-N+

C=O
C-O

284.7
286.0
287.7
288.9

399.7
401.0

531.7
533.3

1.55

1.60

1.97

65
23
9
3

83
17

71
29

0.51
0.18
0.07
0.03

0.05
0.01

0.11
0.05

Table 2.3: XPS results. 39
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Figure 2.2: XPS spectra and peak fitting outcomes for the non-functionalized
and functionalized PEEK samples. This includes the C1s spectra.

Figure 2.3: XPS spectra and peak fitting outcomes for the non-functionalized
and functionalized PEEK samples. This includes the N1s spectra.
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to C-O oxygens.

Figure 2.4: XPS spectra and peak fitting outcomes for the non-functionalized
and functionalized PEEK samples. This includes the O1s spectra.

The peptide immobilization on the PEEK surface is evidenced by the
appearance of the N1s signals typical of the peptide; the N/C ratio are shown
in Table 2.4. Here a further XPS data comparison was conducted on PEEK
functionalized with physio-adsorbed BMP (PEEK-BMP) to compare the effect
of this anchoring without a specific group to the covalent grafting. BMP is a
peptide without specific ancoring groups and can not covalently bind any site
of PEEK.

PEEK-AoaBMP and PEEK-N3BMP had a higher N/C ratio with the respect
to PEEK-BMP: increase of 4.67 and 5.67, respectively.

Water Contact Angle

Most of the peptides used for functionalization significantly improve the
hydrophilicity of the polymer surface, leading to a reduction in the static
water contact angle (WCA) (see Figure 2.5). Only Aoa-BMP slightly increase
the WCA, hence the functionalized PEEK results more hydrophobic. On the
other hand, the development in wettability in PEEK-AoaHVP, PEEK-AoaEAK,
and PEEK-EYK may be attributed to the polar amino acids exposed at the
surface. In particular, the self assembling peptides Aoa-EAK and EYK showed
a high capacity to interact with the water drop, since they decrease the WCA
by 16% and even 45%, respectively.
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Sample N/C
PEEK-Control /

PEEK-AoaHVP 0.12
PEEK-AoaD2HVP 0.089

PEEK-AoaBMP 0.14
PEEK-N3BMP 0.17

PEEK-BMP 0.03
PEEK-AoaEAK 0.056

PEEK-EYK 0.077

Table 2.4: XPS examination. Measurement of the N/C ratio for each modified
scaffold and the unmodified scaffold (PEEK).

Figure 2.5: Water contact angle (WCA) analyses were conducted on both un-
treated and functionalized PEEK surfaces. The reported values are presented
as the mean ± standard deviation (SD). The sample size for each measurement
was n = 3.

Table 2.5 presents the mean WCA values measured for the various samples.

Sample Contact Angle ± Standard Deviation
PEEK 93.41 ± 0.83

PEEK-AoaHVP 81.41 ± 2.69
PEEK-AoaD2HVP 85.90 ± 3.00

PEEK-AoaBMP 95.60 ± 1.30
PEEK-N3BMP 85.30 ± 3.00

PEEK-AoaEAK 78.99 ± 2.08
PEEK-EYK 51.90 ± 9.20

Table 2.5: Water contact angle (WCA) analysis conducted on untreated and
modified PEEK surfaces. Reported values represent the mean ± standard
deviation.
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Force Spectroscopy

Force spectroscopy (FS) was used in order to evaluate modifications produced
by peptide anchoring.

Generally, functionalized PEEK showed an higher superficial Young’s mod-
ulus, since more robust interchain interactions were established (Figure 2.6a).
These increases ranged from a 2-fold to a 3.7-fold change of PEEK-AoaEAK
and PEEK-AoaHVP. The only exceptions are PEEK-AoaD2HVP that had just
a 11% stiffness development and PEEK-N3BMP that has a slight diminishing
effect, reducing the Young’s modulus by 5% compared to unfunctionalized
PEEK.

Regarding, force adhesion between AFM tip and sample surfaces grew up
after the PEEK enrichment with peptides (Fig 2.6b). In fact, the lowest result
was given by PEEK-EYK the increased interactions by 127% while the highest
value was obtained analyzing PEEK-N3BMP (increase of 376%) with respect
to plain PEEK.

Figure 2.6: Spectroscopy analysis was conducted on untreated PEEK and
PEEK functionalized with peptides. The results for surface Young’s modulus
(a) and adhesion forces (b) are depicted. The reported values represent the
mean ± standard deviation, with a sample size of n = 3.

2.2.3 Biological Assays

Viability assay

Examination of Live/DeadTM images confirms the colonization of all test
samples by HOB cells. In general, it is hard to recognize any sign of cell death
(indicated by red cells in Figure 2.7 at 10x and Figure 2.8 at 20x) on the tested
surfaces after 48 hours in culture, suggesting the absence of cytotoxic effects
and the cytocompability of both PEEK and peptides considered. Notably, the
number of live cells (depicted in green) was notably higher on the treated
samples compared to the unmodified PEEK surface (depicted in Figure 2.7a
and 2.8a). On the functionalized samples, cells uniformly covered the entire
scaffold surface too.
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Figure 2.7: Live and dead staining of human osteoblasts cultured for 48 h on
non-functionalized (a) functionalized PEEK with Aoa-HVP(b), Aoa-D2HVP
(c), Aoa-BMP (d), N3-BMP (e), Aoa-EAK(f), and EYK. Lived cells and dead
cells are reported in green and red, respectively. The magnifications used are
10× and the scale bar is 800µm.

Figure 2.8: Live and dead staining of human osteoblasts cultured for 48 h on
non-functionalized (a) functionalized PEEK with Aoa-HVP(b), Aoa-D2HVP
(c), Aoa-BMP (d), N3-BMP (e), Aoa-EAK(f), and EYK. Lived cells and dead
cells are reported in green and red, respectively. The magnifications used are
20× and the scale bar is 800µm.

Scanning Electronic microscopy

We investigated the cellular morphology and adhesion of HOB cells on the
functionalized scaffolds through SEM (Figure 2.9). Remarkably, effective cell
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adhesion was observed across all tested surfaces. In the case of the unmodified
PEEK sample (Figure 2.9a), cells exhibited an elongated shape. In contrast, cells
seeded on the functionalized PEEK surfaces displayed a flattened morphol-
ogy, forming complete surface coverage and effectively establishing cellular
layers. Notably, PEEK-AoaEAK (Figure 2.9f) was the sole exception, as the
morphology shown closely resembled that of cells on untreated PEEK rather
than the functionalized variants.

Figure 2.9: SEM images of HOB cells after 24 hours of seeding on different
surfaces. (a) Unfunctionalized PEEK sample, (b) PEEK-HVP, (c) PEEK-D2HVP,
(d) PEEK-AoaBMP, (e) PEEK-N3BMP, (f) PEEK-AoaEAK, (g) PEEK-EYK. Mag-
nitude = 2000x. Scale bars = 20 µm.

Proliferation assay

The proliferation of human osteoblasts (HOB) on PEEK samples subjected
to various forms of functionalization was assessed at 1, 3, 7, 14, and 21 days
following cell seeding, employing the AlamarBlueTM kit (as illustrated in
Figure 2.10). All the peptides showed to contribute to a better and faster
proliferation at day 1. At this stage, improvements ranged from a 3.71-fold
increase for EYK sample to 5.35-fold increase for the adhesive sequence Aoa-
D2HVP. This last peptide was the only factor able to significantly improve
the cell proliferation at all the time points. At 21 day, all the tested conditions
outcame significant increases compared to the un-treated PEEK again, except
for PEEK-EYK where the SAP is physio-adsorbed on the surface.
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Figure 2.10: Human Osteoblast proliferation assessment. Data were obtained
at intervals of 1, 4, 7, 14, and 21 days following cell seeding. Significance levels
are represented as follows: * for p-value < 0.05, ** for p-value < 0.01, *** for
p-value < 0.001, and **** for p-value < 0.0001.

Mineralization

As shown in Figure 2.11, all functionalized surfaces promoted a greater av-
erage calcium deposition 21 days after HOB seeding in comparison to the
control. However, both Aoa-HVP and Aoa-D2HVP peptides, derived from the
Vitronectin protein, did not yield any statistically significant differences com-
pared to plain PEEK. On the contrary, the remaining functionalizaed samples
significantly enhanced the mineralization after 21 days in culture. Specifically,
PEEK-AoaBMP, PEEK-N3BMP, PEEK-AoaEAK, and PEEK-EYK increased the
calcium moles on the surface by 13.4%, 25.9%, 37.0%, and 40.5%, respectively
compared to plain PEEK.

Gene expression

Gene expression analysis was performed to quantify the transcripts of proteins
from specific genes of interest associated with bone formation. Gene regulation
is an important part of cell and tissue development, with different genes being
turned on and off during the different stages of development. It is well known
that environmental and local factors can impact the genes expressed. Hence, in
this study, the functionalized biomaterials were investigated for their potential
to influence the enhancement of the expression of osteogenic genes.

Comparison PEEK-AoaHVP vs PEEK-AoaD2HVP
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Figure 2.11: Mineralization assessment: Examination of calcium deposition
on PEEK disks with distinct forms of functionalization after 21 days. The
significance levels are indicated as follows: * for p-values less than 0.05, ** for
p-values less than 0.01, and **** for p-values less than 0.0001.

Figure 2.12a,b, and c illustrates that the SOX9 gene were up-regolated
on day 1,7, and 14 in cells seeded on both the functionalized samples when
compared to the control (Figure 2.12a).

RUNX2 displayed no statistically differences in comparison to the control
on any time points (Figure 2.12).

The trends for ALP and OCN expression, which respectively serve as early
and late markers of mineralization activity, showed contrasting dynamics.
ALP was up-regolated in the early time points due to the presence of peptides,
but it decreased at later days. In contrast, OCN displayed an increasing trend,
reaching the most significant enhancements in gene expression on day 21
(Figure 2.12d) for surfaces enriched with peptides compared to the control.

Comparison PEEK-AoaBMP vs PEEK-N3BMP

HOB seeded on PEEK-AoaBMP showed upregulations of SOX9 and ALP
genes compared to PEEK, exhibiting increases of approximately 3.5-fold and
3.8-fold, respectively, on day 1 (as shown in Figure 2.13a). Furthermore, on
day 7, cells cultured on PEEK-AoaBMP maintained an upregulation of ALP
by 80% compared to the control (Figure 2.13b). In contrast, PEEK-N3BMP
enhanced the expression of osteogenesis-related genes, namely ALP and OCN,
by 67% and 95%, respectively. This can also be observed in Figure 2.13c, where
PEEK-N3BMP induced a 2.5-fold and 4.3-fold increase in the upregulation
of these genes, respectively. Additionally, always on day 14, it showed an
overexpression of RUNX2 by 172% compared to the control. On day 21 (Figure
2.13d), both functionalization conditions led to increased expression of OCN
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Figure 2.12: Quantitative real-time polymerase chain reaction (qRT-PCR) anal-
ysis was performed to evaluate the gene expression of SOX9, RUNX2, ALP,
and OCN in PEEK samples with various forms of functionalization with
Vitronectin-derived HVP and D2HVP at four specific time points: 1 day (a), 7
days (b), 14 days (c), and 21 days (d) post-seeding with HOB cells. Statistical
significance is denoted as * for p-values < 0.05, ** for p-values < 0.01, and ****
for p-values < 0.0001.

in comparison to unfunctionalized PEEK, with PEEK-AoaBMP demonstrating
an approximately 3.8-fold increase compared to the control.
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Figure 2.13: Quantitative real-time polymerase chain reaction (qRT-PCR) anal-
ysis was conducted to assess the gene expression of SOX9, RUNX2, ALP,
and Ocn in PEEK samples with distinct forms of functionalization with BMP
peptide at four specific time points: 1 day (a), 7 days (b), 14 days (c), and 21
days (d) after seeding with HOB cells. Levels of statistical significance are
indicated by * for p-values < 0.05, ** for p-values < 0.01, *** for p-values <
0.001, and **** for p-values < 0.0001.

Comparison PEEK-AoaEAK vs PEEK-EYK

From day 1 PEEK-AoaEAK showed statistically up-regolations in SOX9,
ALP, and OCN genes compared to both untreated PEEK and EYK physio-
adsorbed on PEEK, that down-regolated RUNX2. However, at day 7 also
PEEK-EYK increased the expression of OCN and SOX9. On both day 14 and
day 21, the functionalized samples up-regolated OCN gene again (Figure
2.14).
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Figure 2.14: Quantitative real-time polymerase chain reaction (qRT-PCR) anal-
ysis to examine the gene expression of SOX9, RUNX2, ALP, and OCN in PEEK
samples subjected to different forms of functionalization with SAPs at four
specific time points: 1 day (a), 7 days (b), 14 days (c), and 21 days (d) post-
seeding with HOB cells. The significance levels are indicated as * for p-values
< 0.05, ** for p-values < 0.01, *** for p-values < 0.001, and **** for p-values <
0.0001.

2.3 Conclusions

In this study the peptide grafting on PEEK was assessed as strategy to over-
come PEEK bioinertness. Our novel contribution was to covalently graft via
oxime different peptides that can induce different responses from HOBs. The
proposed anchoring method via oxime offers a distinct advantage in its re-
markable simplicity and complete absence of undesired reactions or adverse
effects, such as the persistence of condensing agents or the presence of residual
organic solvents.

Initially, we conducted experiments to determine the best operative con-
ditions in the functionalizing protocol resulted in different surface peptide
densities. First, the contribution of pH was investigated in this chemical reac-
tion that occurs in acidic environment. Given a 10-3M concentration solution
of Aoa-HVP, XPS analysis returned higher N/C ratio in samples using pH6
over pH5 and pH4.

Therefore, we investigated whether varying concentrations of peptides
resulted in different surface peptide densities. To facilitate XPS analysis, we
employed a fluorine-labeled analog of the HVP peptide. The XPS data re-
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vealed that an increase in peptide concentration in the solution correlated
with higher surface peptide densities. This was evident through the augmen-
tation of the F/C ratio as we transitioned from the baseline concentration
of 10-5 M to a concentration of 10-3M. Subsequent investigations focused on
evaluating cell proliferation at different surface peptide densities. The data
we acquired demonstrated that a concentration of 10-4 M in the HVP function-
alization solution effectively promoted the proliferation of human osteoblast
cells throughout the study period.

The protocol at pH6 and 10-4M was utilized to functionalized PEEK
with different peptides in order to obtain the following functionalized sur-
faces: PEEK-AoaHVP, PEEK-AoaD2HVP, PEEK-AoaBMP, and PEEK-AoaEAK.
PEEK was also modified grafting covalently N3-BMP (radical way) and physio-
adsorbing the SAP EYK. In this way, comparisons of the effects given by
analogs of HVP (Aoa-HVP and Aoa-D2HVP) and given by different function-
alizing strategies (via oxime and via photoactivation of an azido group or
physio-adsorption) were feasible.

Surface enrichment with adhesive peptides was confirmed through XPS
analysis. In contrast to untreated PEEK, which lacks nitrogen atoms, observing
N/C ratios greater than zero in the tested samples serves as evidence for the
presence of peptides on the polymer surface.

Considering D2HVP N/C ratio, we can estimate that the surface concen-
tration of D2HVP is approximately one-third of that achieved using the HVP
peptide (0.089 vs 0.12, respectively) because D2HVP is a double sequence
compared to HVP resulting in a double nitrogen content.

The N/C ratio is quite the same in the functionalization outcome via oxime
and via photoactivation strategies (0.14 and 0.17). An additional XPS analysis
revealed a high disparity in the N/C ratio when PEEK is functionalized with
BMP physio-adsorbed and with Aoa-BMP or N3-BMP (covalently grafted).
The N/C ratio when determined for a PEEK-BMP was 0.03 markedly lower
than observed with PEEK-AoaBMP and PEEK-N3BMP. This strongly indicates
that the latter two peptides do not merely physio-adsorb onto PEEK; instead,
they form covalent bonds to deliver higher amount of nitrogen on the PEEK
surface. The PEEK functionalized with the SAPs showed a lower N/C ratios
compared to the mentioned covalent functionalizing conditions. Additionally,
PEEK-EYK exhibited a slightly higher nitrogen content in comparison to
PEEK-AoaEAK (0.077 vs. 0.056, respectively).

The introduction of peptides induced modifications in the surface char-
acteristics of the material. In general, these bioactive factors rendered PEEK
more hydrophilic, thereby enhancing its suitability for cellular interactions.
Notably, Aoa-BMP exhibited a slight increase in the contact angle between
the surface and a water droplet, primarily due to its extended hydrophobic
sequence. Conversely, SAPs significantly improved surface hydrophobivity.
Specifically, PEEK-EYK had the higher wettability, substantially increased
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compared to untreated PEEK by 45%.
The assessment of Young’s modulus using FS revealed that surface func-

tionalization enhances both the stiffness of the material and the adhesive
forces between the AFM tip and the interphase. This enhancement can be
attributed to the ability of peptides to facilitate intermolecular interactions
with the instrument tip.

The findings related to Young’s modulus are particularly noteworthy
following the functionalization with the shorter HVP peptide. The hypothesis
here is that the smaller size of the HVP peptide, compared to D2HVP, enables it
to fill the gaps between the surface polymer chains more effectively. In contrast,
the retro-inverted dimer, D2HVP, does so only partially due to greater steric
hindrance. (Figure 2.15a)

The functionalization with BMP peptides yielded varying surface Young’s
modulus values when accomplished through the oxime or azido groups. In
the former case, the bond with PEEK is double and consequently more rigid,
while in the latter case, it is single. Hypothesis could explain why the reaction
of aminooxy groups increasing the stiffness by nearly fourfold, whereas azido
groups decreased it by only 5%. (Figure 2.15b)

SAPs, on the other hand, increased the Young’s Modulus by a factor of
1.99 to 2.37, with PEEK-EYK exhibiting a greater rigidity compared to PEEK-
AoaEAK by 18.8%. (Figure 2.15c)

Moving on to the in vitro tests, at 48h no cytotoxicity was induced by the
peptide of the PEEK surface, as reported in live and dead assay results; a large
number of viable cells attached to all the surfaces, and only a few red dead
cells were visible on the functionalized samples. In this case, dead cells are
more likely caused by cellular overcrowding than by cytotoxicity. Cellular
overcoming induces space and nutrient scarcity, waste acculumation, and
negative cell-cell interactions that may increase the number of dead cells. Gen-
erally, the functionalization of PEEK induced a better colonization by HOB
cells and cell adhesion was observed to be homogeneous. Moreover, SEM
showed that functionalized PEEK induced cells to adhere to the whole surface,
forming layers, while the unfunctionalized PEEK did not. The visual informa-
tion obtained through the live and dead and SEM assays was consistent with
the proliferation tests.

In fact, peptide functionalization increased the rate of HOB proliferation.
Quantification of the cells at different time points was assessed with the
AlamarBlueTM test. On day one, an increase in the number of adhered cells
was observed on all functionalized surfaces when compared to the control,
resulting in a faster and better HOB colonization. The highest values were
achieved by the Vitronectin-derived peptides that increased the proliferation
by about 300% in accordance with the adhesive nature of the sequence. At the
subsequent time points (4, 7, and 14 days), the surface functionalized with the
D2HVP peptide induced a greater proliferation than the control. At 21 days
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Figure 2.15: Superficial Young’s modulus determined for untreated PEEK and
PEEK functionalized with peptides. The results are for PEEK-AoaHVP and
PEEK-AoaD2HVP in panel a, PEEK-AoaBMP and PEEK-N3BMP in panel b,
PEEK-AoaEAK and PEEK-EYK in panel c. The reported values represent the
mean ± standard deviation, with a sample size of n = 3.

post-seeding, all the functionalized surfaces had a significantly higher number
of cells than the control again, except for EYK, the only physio-adsorbed
peptide.

Moreover, the functionalization with peptides notably augmented the ex-
pression of genes associated with osteoactivity. SOX9 exhibited upregulation
under all functionalization conditions at day 1, except for PEEK-N3BMP and
PEEK-EYK, which required 7 days to manifest this increase. This is supported
by the overexpression also of the ALP gene, linked to early-stage differenti-
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ation and calcification [194], and OCN at later stages in the functionalized
samples.

Overall, PEEK functionalization appeared to induce more rapid expression
of the mentioned genes, with significant upregulations compared to other
anchoring strategies. Specifically, as depicted in Figure 2.13a, PEEK-AoaBMP
vs. PEEK-N3BMP in SOX9 and ALP, and in Figure 2.14a, PEEK-AoaEAK
vs. PEEK-EYK in SOX9, ALP, and OCN. Additionally, PEEK-AoaHVP and
PEEK-AoaD2HVP showed enhancements in the expression of SOX9 and ALP
one day after HOB seeding. Notably, the dynamics in the expression of ALP
and OCN, markers for early and late-stage osteoactivity, were observed. All
samples initially displayed upregulations in ALP, followed by upregulations
in OCN in the later days tested, with some down-regulations in ALP. This
suggests that the presence of peptides induced higher expression rates of these
genes compared to untreated PEEK.

These upregulations associated with calcification mechanisms align with
the results of calcium deposition. Indeed, functionalized scaffolds increased
the amount of calcium deposited on the surface 21 days after HOB seeding.
However, only BMP and SAPs were able to statistically improve this data,
while the Vitronectin-derived peptides could not, possibly due to their late
upregulation in OCN (Figure 2.12d).

2.4 Materials & Methods

2.4.1 Materials

Acetic acid, acetone, acetonitrile, Fmoc-protected amino acids, Bis-Boc-aminooxy
acetic acid (Aoa), Dichloromethane (DCM), N,N-Diisopropylethylamine (DI-
PEA), N,N-dimethylformamide (DMF), Ethyl cyano(hydroxyimino)acetate
(Oxyma Pure), Methanol, Rink-Amide MBHA resin, Triethylamine (TEA),
Triethylsilane (TES), and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) were purchased from Merck Millipore (Burling-
ton, MA, USA). Diethyl ether and Trifluoroacetic acid (TFA) were obtained
from Biosolve (Valkenswaard, Holland). 2-Propanol for HPLC (free from
aldehyde and ketone impurities) was purchased from PanReac AppliChem
(Darmstadt, Germany). Ethanol was purchased from Carlo Erba (Milan, Italy),
and N-Methyl-2-pyrrolidone (NMP) was acquired from Iris Biotech GmbH
(Marktredwitz, Germany).

2.4.2 Peptide Preparation

The following peptide have been synthesized for this work: Aoa-HVP, Aoa-
F-HVP, Aoa-D2HVP, Aoa-GBMP1α, N3-GBMP1α, BMP, Aoa-EAK, EYK, and
EAK (Table 2.6).
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Name of the peptide Sequence
Aoa-HVP Aoa-x-F-R-H-R-N-R-K-G-Y
Aoa-F-HVP Aoa-x-F(p-F)-F-R-H-R-N-R-K-G-Y
Aoa-D2HVP Aoa-x-FD-RD-HD-RD-ND-RD-KD-GD-YD-FD-RD-HD-RD-ND-RD-KD-GD-YD

Aoa-BMP Aoa-x-P-F-P-L-A-D-H-L-N-S-T-N-H-A-I-V-Q-T-L-V-N-S
N3-BMP F(p-N3)-G-γAbu-P-F-P-L-A-D-H-L-N-S-T-N-H-A-I-V-Q-T-L-V-N-S

BMP S-x-P-F-P-L-A-D-H-L-N-S-T-N-H-A-I-V-Q-T-L-V-N-S
Aoa-EAK Aoa-x-A-E-A-E-A-K-A-K-A-E-A-E-A-K-A-K
EYK Y-E-Y-E-Y-K-Y-K-Y-E-Y-E-Y-K-Y-K
EAK A-E-A-E-A-K-A-K-A-E-A-E-A-K-A-K

Aoa = Aminooxyacetic acid
F(p-F) = para-Fluoro Phenylalanine residue
F(p-N3) = para-Azido Phenylalanine residue
x = 7-aminoheptanoic acid
Subscript letter D indicates the D-enantiomer of the amino acid
The peptides presented amino groups at their N-termini and amide groups at
their C-termini

Table 2.6: Sequences of the peptides synthesized for this work.

The peptides were synthesized using the SPPS on Rink amide MBHA
resin by a Syro I synthesizer (Multisyntech, Witten, Germany). All the amino
acids were protected with a Fmoc group on the N-terminus and different
group on the side chain. The list of amino acids used is: Fmoc-Ala-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Asn(trt), Fmoc-Asp(OtBu)-OH, Fmoc-Phe-OH, Fmoc-
p-azido-Phe-OH, Fmoc-Phe(4-F)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gln(trt)-
OH, Fmoc-Gly-OH, Fmoc-His(trt)-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBU)-OH, Fmoc-
Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-7-amino-heptanoic acid-OH, Bis(Boc)-Aoa-
OH.

Every amino acid was introduced through a double coupling with five
equivalents of each amino acid, five equivalents of activating agent HBTU/Ox-
ima Pure, and ten equivalents of DIPEA with respect to the resin reactive
groups used. Each coupling reaction was left for 45 min. Aoa was added to
the sequence through a double coupling with five equivalents of each amino
acid, five equivalents of activating agent HATU/Oxima Pure, and ten equiva-
lents of collidine with respect to the resin reactive groups were used for each
coupling of 45 min. After the coupling of the last amino acid, the peptides
were cleaved from the resin and deprotected from Bis-Boc of Aoa (when pre-
sented) and the side-chain protecting groups using 4.75 mL TFA, 0.125 mL
TES, and 0.125 H2O for 1.5 h at room temperature. The resin was filtered off,
and the solution that was concentrated and added with cold diethyl ether to
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precipite the product, was finally filtered. Then it was filtered. The identity
of the peptide was determined by mass spectrometry with either ESI-TOF
(Mariner System 5220, Applied Biosystem, PerkinElmer, Foster City, CA, USA)
or MALDI-TOF (SCIEX-TOF 4800 instrument, Foster City, CA, USA) (Table
2.7).

Name of the peptide Theoretical mass Experimental mass Instrumentation
Aoa-HVP 1432.58 Da 1431.82 Da ESI-TOF

Aoa-F-HVP 1450.50 Da 1450.32 Da MALDI-TOF
Aoa-D2HVP 2647.98 Da 2647.02 Da MALDI-TOF

Aoa-BMP 2587.86 Da 2587.81 Da MALDI-TOF
N3-BMP 2718.00 Da 2717.27 Da ESI-TOF

BMP 2571.94 Da 2571.09 Da MALDI-TOF
Aoa-EAK 1813.99 Da 1813.66 Da ESI-TOF

EYK 2351.62 Da 2350.08 Da ESI-TOF
EAK 1614.49 Da 1614.79 Da MALDI-TOF

Table 2.7: Theoretical and experimental molecular weight of the synthesized
peptides

The peptide Aoa-x-HVP was purified by semipreparative Reverse Phase-
High Performance Liquid Cromatography (RP-HPLC) and characterized by
analytical RP-HPLC. Prior to purification, BMP was reacted with sodium
periodate to convert the N-terminal of the Serin in an alpha-oxo aldehyde
group that could not bind any sites in PEEK [195] (Figure 2.16).

The HPLC analytical conditions were the followings:

• Column: Vydac C18 (5 µm, 300 Å, 4.6 x 250 mm) or Jupiter C18 column
[5 µm, 300 Å,4.6 x 250 mm] for Aoa-F-HVP only;

• Eluent A: 0.05% TFA in MilliQ water;

• Eluent B: 0.05% TFA in 40% isopropanol and 60% MilliQ water for
Aoa-peptide, or 0.05% TFA in acetonitrile for the other peptides;

• Flux rate: 0.5ml/min for Aoa-peptide, or 1ml/min for the other peptides;

• Detector: at 214 nm;

• Gradients: are reported in Table 2.8;

• Retention time: are reported in Table 2.8;
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Peptide Gradient Retention time
Aoa-HVP 5 to 45% B in 40 min 32.510 min

Aoa-F-HVP 20 to 50% B in 30 min 14.688 min
Aoa-D2HVP 5 to 45% B in 40 min 32.510 min

Aoa-BMP 55 to 70% B in 30 min 23.116 min
N3-BMP 27 to 37% B in 20 min 9.874 min

BMP 27 to 37% B in 20 min 10.508 min
Aoa-EAK 25 to 35% B in 15 min 11.179 min

EYK 15 to 25% B in 20 min 11.487 min
EAK 5 to 20% B in 30 min 21.621 min

Table 2.8: Conditions in analytical RP-HPLC for peptide characterization

Figure 2.16: Oxidation of Serin residue into aldehyde group through a rection
involving sodium periodate [195].

2.4.3 3D-printing of PEEK Scaffolds

The process involved the utilization of Autodesk Fusion 360, a computer-aided
design (CAD) software from San Rafael, CA, USA, for the creation of PEEK
disk files. These files were then exported in STL format and subsequently
imported into Simplify 3D software (Cincinnati, OH, USA). Within Simplify
3D, the files were sliced to generate G code suitable for 3D printing.

The actual printing was carried out using an Apium P155 PEEK filament
printer, manufactured by Apium Additive Technologies GmBh in Willy, Karl-
sruhe, Germany. The printer employed PEEK filament (sourced from Vitrex
Rotherham, Rotherham, UK) with a diameter of 1.75 mm. This filament was
extruded through a 0.4 mm diameter nozzle at a temperature of 485◦C, onto a
print bed maintained at a temperature of 130◦C. The print speed was config-
ured at 33.3 mm/s.

The resulting 3D-printed PEEK disks possessed a flat surface on one side
and a patterned surface on the other. These PEEK disks were designed to have
dimensions of 10 mm in diameter and 4 mm in height, featuring a 100% infill.
Specifically, they were designed with a flat lower side and a patterned upper
surface, as depicted in Figure 2.17. The patterning was achieved by extruding
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the PEEK filament in both horizontal and vertical lines, with a 0.5 mm step
applied across the surface of the disk.

Figure 2.17: Surface with a distinct pattern on the 3D-printed PEEK disk.

The 3D-printing of PEEK disks have been conducted in the laboratory of
professor Coward at the King’s College of London, UK.

2.4.4 PEEK Surface Functionalization

Anchoring method was determined by the chemical group located at the
N-terminal of the peptide. Sequences featuring Aoa or N3 were capable of
forming covalent bonds with PEEK surface. In contrast, EYK, BMP, and EAK
was physio-adsorbed onto the material surface.

Covalent Functionalization via Oxime

This functionalization was carried out using all different sequences (HVP,
D2HVP, BMP, and SAPs). The connection between the amino-oxy group lo-
cated at the N-terminus of the peptide chain and the ketonic groups on the
PEEK surface represents a chemoselective ligation. Each peptide was dissolved
in a 40 mM monobasic sodium phosphate solution at pH6 and allowed to react
with PEEK samples for 24 hours at room temperature. Peptide concentrations
of 10-5, 10-4, and 10-3 M were initially employed. From these concentration,
10-4M was then selected for the following tests of superficial characterization
and biological tests. Subsequently, the disks were subjected to three rinses
with buffer and three rinses with MilliQ water.

Covalent Functionalization through photoactivazion of Azido groups

The physioadsorption of N3-BMP was carried out by dissolving the peptide
in MilliQ water and allowing the solution to interact with the PEEK disks.
This physio-adsorption was carried out for a duration of 3 hours at room
temperature. Subsequently, the samples were subjected to vacuum drying in
the presence of P2O5 for 3 hours.
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A UV lamp was employed to irradiate the dried samples for 30 minutes
at a wavelength of 254 nm, maintaining a distance of 1 cm from the lamp.
The specific UV lamp model used was UVSL-15 mineralight lamp 220 V, 50
Hz, 0.12 AMPS, provided by Ultraviolet Products INC, San Gabriel, CA, USA
[196].

The functionalized disks underwent a final washing step consisting of
two rinses with acetonitrile followed by two rinses with MilliQ water. Subse-
quently, they were dried under vacuum for 1 hour. The peptide concentration
utilized in this process was 1 mg/mL.

Peptide self-aggregation

EYK was let to self-aggregate onto the PEEK surface. In detail, one droplet
of 10-3M peptide solution was applied to the PEEK surface and left to dry at
room temperature and atmosphere pressure. Subsequently, the sample was
rinsed three times with MilliQ water.

Peptide physio-adsorption

The peptides BMP and EAK were physio-adsorbed in the same conditions
explained in Paragraph "Covalent Functionalization via Oxime".

2.4.5 Superficial characterization

X-Ray Photoelectron Spectroscopy

A specially constructed apparatus consisting of ultra-high-vacuum (UHV)
chambers for preparation and analysis, as previously described in [197], was
employed to perform XPS analysis. Before the analysis, the samples were
allowed to undergo outgassing overnight within the preparation chamber,
where the base pressure reached approximately 10−8 Torr. Subsequently, they
were transferred to the analysis chamber, which maintained a vacuum pres-
sure between 10−8 and 10−10 Torr throughout the measurements.

XPS investigations were conducted on flat PEEK surfaces, utilizing non-
monochromatized Mg Kα (1253.6 eV) X-ray radiation. All spectra were energy-
calibrated using the C 1s signal of aromatic-aliphatic carbons, which appeared
at a BE of 284.7 eV, as the reference point. Following the subtraction of a
Shirley-type background, curve-fitting analysis of the C1s, N1s, and O1s
spectra was executed using Gaussian curves as fitting functions. A uniform
FWHM value was employed for all individual photoemission peaks within
a complex spectrum. Atomic ratio values and surface atomic concentrations
were derived from peak areas, employing Scofield’s atomic sensitivity factors
for accurate quantification [198].

These experiments were collected in the laboratory of professor Iucci at
the university of "Roma TRE", Italy.
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Water Contact Angle

Surface wettability was assessed by measuring the static WCA. An OCA30
instrument from Dataphysics was employed at a temperature of 25◦C and
a relative humidity of 65%. Droplets of probe liquid with a volume of 2 µL
were carefully dispensed onto various regions of each sample surface. Digital
image analysis was used to determine the static contact angle, which was
obtained as the tangent to the drop at the point where it made contact with
the surface, both on the right and left sides. At least three measurements were
taken for each sample, and the results were averaged. It’s important to note
that the WCA analyses were conducted on flat PEEK surfaces.

These experiments were collected in the laboratory of prof. Marletta at the
university of Catania, Italy.

Force Spectroscopy

The Young’s modulus was derived from the force-distance curves obtained
using an NTEGRA Atomic Force Microscope (NTE-AFM) manufactured by
NT-MDT in Moscow, Russia. Stiff single-crystal silicon cantilevers with a
symmetrical tip shape (model Tap300Al-G, provided by BudgetSensors in
Sofia, Bulgaria) were used for this purpose. These cantilevers had a nominal
frequency of 300 kHz, a nominal spring constant of 40 Nm-1, and a tip radius
of less than 10 nm.

The AFM measurements were conducted in triplicate, and the cantilever’s
spring constant was determined using the Sader method [199]. To calibrate
each probe, a force curve was performed on a thoroughly cleaned substrate,
specifically a <100> silicon wafer, where no indentation occurred. This calibra-
tion was essential for establishing the probe’s sensitivity and spring constant.

The Derjaguin–Müller–Toporov (DMT) model [200] was employed to cal-
culate the Young’s modulus from the experimental force-distance curves:

Which yields:

F + Fad =
4ES

3(1 − v2
s)
R

1
2 δ

3
2 (2.1)

In this equation, F represents the applied force, Fad stands for the adhesion
force, Es signifies the Young’s modulus, vs denotes the Poisson’s ratio for
the sample, R represents the radius of the spherical indenter, and δ is the
elastic indentation depth. Multiple surface areas were indented for each sam-
ple, yielding approximately three hundred curves. A consistent tip-sample
approach rate of 0.3 m/s was maintained across all force curves.

The DMT model was used to fit the experimental curves within the elastic
region and subsequently compute the Young’s modulus. The distribution of
the elastic modulus was analyzed using OriginPro 8.5 software.

For adhesion force measurements, Au-coated silicon nitride tips with
spring constants ranging from 0.003 to 0.13 N/m were employed. These tips
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were calibrated using the Sader method. The adhesion force was determined
by measuring the pull-off force required to separate the AFM tip from the sur-
face. Multiple regions of the PEEK surfaces were probed, generating around
three hundred approach-retract cycles for each system. The tip-sample ap-
proach velocity was held constant at 0.3 µm/s for all force curves.

To calculate the adhesion force between the tip and surface, Hooke’s law
was utilized. The formula for Hooke’s law is as follows:

F = k × L (2.2)

Here, F denotes the force in nanonewtons (nN), k represents the spring con-
stant of the cantilever, and ∆L signifies the deflection distance in nanometers
(nm).

All AFM analyses were conducted on flat PEEK surfaces.
These experiments were collected in the laboratory of prof. Marletta at the

university of Catania, Italy.

2.4.6 Biological Assays

The PEEK disks produced through 3D printing were enriched with peptides
onto their patterned surfaces and were employed in all biological experiments.
The biological assays have been conducted in the laboratory of professor Di
Silvio at the King’s College of London, UK.

Cell Colture

To assess the bioactivity of the functionalized PEEK disks, primary HOB
obtained from Human Osteoblasts PromoCell (Catalog Number: C-12720,
Heidelberg, Germany) were utilized. Before seeding, the PEEK specimens
underwent sterilization in 70% ethanol for 24 hours, followed by rinsing with
PBS.

The cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10 mL of 1 M HEPES, 5 mL of 200 mM L-glutamine, 5
mL of 100x penicillin/streptomycin, 50 mL of Fetal Calf Serum (FCS), 5 mL
of minimal essential medium, and 0.075 g of solid ascorbate acid. HOB cells
were seeded at a density of 1 × 105 cells per disk on the surfaces of the PEEK
disks and were incubated at 37◦C with 5% CO2 for the specified duration of
each experiment. For gene expression analysis, a cell density of 2 × 105 HOB
cells per disk was used. The culture medium was refreshed every three days
to maintain optimal growth conditions.

Viability assay

To assess cell viability, the LIVE/DEADTM Viability/Cytotoxicity Kit from
Thermo Fisher Scientific (Waltham, MA, USA) was employed after 48 hours
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of cell culture. Before applying the live/dead stain, the samples underwent
two rinses with PBS. Images of the stained samples were captured using an
Olympus IX51 fluorescent microscope (Olympus, Tokyo, Japan). Subsequently,
ImageJ software (version 1.8.0_322) was utilized to merge the images of living
cells (green fluorescence at 530 nm) and dead cells (red fluorescence at 600
nm) from the same location into a single image for further analysis.

Scanning Photoelectron microscopy

The morphology of HOB cells on the 3D-printed PEEK structures was exam-
ined using SEM with a GeminiSEM 360 instrument from Zeiss (Jena, Germany)
operating at a voltage of 10 kV. To preserve the cell structure, samples were
fixed with a 2.5% glutaraldehyde solution in 0.1 M sodium cacodylate buffer
for a minimum of 24 hours at 4◦C, 48 hours after cell seeding.

Subsequently, the samples were rinsed with a 0.1 M sodium cacodylate
buffer solution and treated with a 1% osmium tetroxide solution in 0.1 M
sodium cacodylate buffer for 1 hour. This was followed by treatment with a
1% tannic acid solution in 0.1 M sodium cacodylate buffer for 1 hour. After the
treatment steps, the samples underwent dehydration in a sequence of aqueous
ethanol solutions (20%, 30%, 40%, 50%, 60%, 70%, 90%, 96%, and 100%), with
each concentration applied twice for 5 minutes each time.

Following dehydration, the samples were allowed to air-dry and were
then sputter-coated with gold before being subjected to SEM observation.

Proliferation assay

The proliferation of osteoblasts on functionalized and non-functionalized
PEEK disks was evaluated over a 21-day period using the AlamarBlueTM

assay. Fluorescence measurements were taken at a test wavelength of 570
nm and a reference wavelength of 630 nm using a microplate reader (Opsys
MRTM 96-well microplate reader, Dynex Technologies, Chantilly, VA, USA).
To ensure the accuracy of the results, each sample was measured in triplicate.
Data were collected at five time points, namely 1, 4, 7, 14, and 21 days, to track
the temporal pattern of osteoblast proliferation.

Mineralization

To assess calcium deposition in HOB cells, we employed alizarin red S stain-
ing. Alizarin red S is an anthraquinone dye known for its reactivity with
calcium ions, resulting in the formation of a birefringent alizarin red S/cal-
cium complex. HOB cells were cultivated for a period of 21 days. After this
incubation period, the PEEK disks were subjected to a series of procedures:
they were first rinsed in PBS, then fixed in 10% formal saline for 15 minutes,
and subsequently washed thrice with deionized water. Following these steps,
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the specimens were exposed to a 2% alizarin red S solution for 15 minutes,
followed by five washes in a solution consisting of 50% ethanol.

The stained scaffolds were evaluated according to the method developed
by Lee and colleagues [201]. To release the alizarin red S that had bound to
the cells on the disks, 1 mL of a 10% cetylpyridium chloride (CPC) solution
was added to each well in a 24-well plate and left overnight. Subsequently,
aliquots of 100 µL were extracted from the supernatant and subjected to
measurements using a microplate reader (Opsys MRTM 96-well microplate
reader, Dynex Technologies, Chantilly, VA, USA) at a wavelength of 570
nm. Quantification was achieved by referencing a standard curve containing
known concentrations of alizarin red S within a CPC solution. The results
pertaining to cell mineralization were expressed in moles of calcium per well,
given that each mole of alizarin red S binds to 2 moles of calcium in the form
of an alizarin red S–calcium complex [202].

Gene expression

The primary objective of this study was to explore the levels of mRNA tran-
scripts associated with specific genes in HOB cultured on both functionalized
and non-functionalized PEEK surfaces at four different time points: 1, 7, 14,
and 21 days. To initiate this investigation, total RNA was extracted from the
cells at the conclusion of the incubation period using the SV Total RNA Isola-
tion System kit (Promega, Milan, Italy). To eliminate any residual DNA, the
RNA samples underwent DNase I digestion (Omega Bio-Tek, Norcross, GA,
USA).

The process of cDNA synthesis and subsequent polymerization was con-
solidated into a single step, facilitated by the iTaq Universal SYBR Green One-
Step Kit (Bio-Rad, Hercules, CA, USA). This reaction mixture comprised a 200
nM forward primer, a 200 nM reverse primer, iTaq universal SYBR Green reac-
tion mix, iScript reverse transcriptase, and 200 ng of total RNA. Quantitative
Real-time Polymerase Chain Reaction (qRT-PCR) analysis was executed using
the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Milan,
Italy). Data analysis was performed through the DDCT method, wherein
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as the
reference gene for normalization. The PCR primers employed in this study
are presented in Table 2.9, and both target and reference genes exhibited
amplification efficiencies close to 100%.

SOX9 functions as a transcription factor closely related to SRY, and it is
essential for the activation of genes associated with cartilage in the developing
skeletal system. Consequently, it is linked to the process of bone formation.
RUNX2, on the other hand, is recognized for its role in overseeing the growth
of osteoblast progenitors and their subsequent transformation into osteoblasts.

ALP, an early indicator of osteogenesis, exhibits high expression in cells
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Gene Sequence
GAPDH fw: 5’-acagttgccatgtagacc-3’ rv: 5’-ttgagcacagggtacttta-3’

SOX9 fw: 5’-aggaagctcgcggaccagtac-3’ rv: 5’-ggtggtccttcttgtgctgcac-3’
RUNX2 fw: 5’-cccagtatgagagtaggtgtcc-3’ rv: 5’-gggtaagactggtcataggacc-3’

ALP fw: 5’-caacgaggtcatctccgtgatg-3’ rv: 5’-taccagttgcggttcaccgtgt-3’
OCN fw: 5’-cgctacctgtatcaatggctgg-3’ rv: 5’-ctcctgaaagccgatgtggtca-3’

Table 2.9: Sequences of the oligonucleotides utilized for qRT-PCR analysis.

within mineralized tissue, playing a crucial role in the development of hard
tissue. Its mechanism involves enhancing the local concentration of inorganic
phosphate, thereby promoting mineralization. Additionally, ALP contributes
to the reduction of extracellular pyrophosphate concentration, an inhibitor of
mineral formation.

As a subsequent marker in the differentiation process, OCN is selectively
expressed by osteoblasts and stands out as the most prevalent non-collagenous
protein in bone. Its presence significantly influences matrix mineralization,
marking it as a crucial factor in bone development.

2.4.7 Statistical analysis

All experiments were meticulously replicated in triplicate, and the outcomes
are delineated as mean values with accompanying standard deviations. Statis-
tical analysis and data manipulation were diligently executed utilizing Prism
software (GraphPad Software 9). The alizarin red S assay outcomes were sub-
jected to one-way analysis of variance (ANOVA) for thorough examination,
and Tukey’s multiple comparisons test was subsequently conducted to make
meticulous condition comparisons. The AlamarBlueTM assay and the gene
expression data underwent comprehensive scrutiny via two-way ANOVA
tests, followed by diligent application of Tukey’s post hoc test. Throughout
this study, a significance level of 5% was employed to gauge the statistical
significance of the results.
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3.1 Abstract

The surface morphology of an implant plays a critical role in its interactions
with cells. Identifying the optimal roughness is essential for maximizing
conditions that facilitate cell adhesion and proliferation on the implant surface.
Polyetheretherketone (PEEK), a frequently utilized polymer in bone implants,
is chosen for its outstanding mechanical properties and biocompatibility,
addressing issues like stress shielding and severe inflammatory responses.
However, its significant drawback lies in its bioinert nature, which hinders
osteoconduction. In this chapter, PEEK disks underwent smoothing using a
2000 Grit Paper. Some were maintained as controls (PEEK), while others were
subjected to sandblasting with corundum sizes of 60 and 110 µm, resulting in
R60-PEEK and R110-PEEK, respectively.

Subsequent characterization using a white light interferometer included
obtaining parameters outlined in ISO 25178. Additionally, the hydrophobicity
of the distinct surfaces was assessed through a Water Contact Angle assay.
Finally, a proliferation test was conducted seven days after seeding human
osteoblasts. R110-PEEK exhibited the roughest surface, and despite an in-
crease in hydrophobicity, it demonstrated the highest enhancements in cell
proliferation.

3.2 Results

In order to exploit both the addition of biochemical signals and surface rough-
ness, a study on PEEK surface was necessary. Consequently, patterned 3D-
printed PEEK disks have been smoothed with 2000 Grit Paper (in the following
paragraphs it will be just called PEEK) and sandblasted with grain sized 60
or 110 µm (named R60-PEEK and R110-PEEK, respectively), able to create
different roughness [203].

3.2.1 Superficial characterization

White light interferometer analysis

The topographic data if the differently rough surfaces of PEEK samples are
presented in Table 3.1. The unmodified PEEK scaffold demonstrated a rela-
tively smoother surface, with Spk and Svk values of 2.38 µm and 14.97 µm,
respectively. In contrast, the introduction of a 110 µm grain size during sand-
blasting (R110-PEEK) resulted in a marked increase in peak height (Spk = 4.30
µm) and valley depth (Svk = 4.57 µm). The intermediate profile of R60-PEEK,
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modified with a 60 µm grain size, showcased values between the unmodified
and extensively modified surfaces. The detailed analysis of height parameters,
including Sa, Sku, Smean, Sp, Sq, Ssk, Sv, and Sz, further underscores the subtle
topographical changes induced by the modification process.

PEEK R60-PEEK R110-PEEK
ISO 25178 / Functional

Spk (µm) 2.38 2.57 4.30
Svk (µm) 14.97 2.57 4.57

ISO 25178 / Height
Sa (µm) 1.50 1.80 2.43
Sku (µm) 189.94 6.37 16.04

Smean (µm) 0.0186 0.0007 0.000083
Sp (µm) 10.65 28.45 52.09
Sq (µm) 5.54 2.36 3.44
Ssk (µm) -12.48 -0.04 0.56
Sv (µm) 108.16 22.89 35.74
Sz (µm) 118.81 51.34 87.83

Table 3.1: ISO 25178 data from white light interferometer. The samples eval-
uated was smooth PEEK, PEEK sandlablasted with 60µm (R60-PEEK) and
110µm (R110-PEEK) sized grain.

Water Contact Angle

WCA measurements were conducted to explore the impact of surface rough-
ness on changes in surface wettability. As illustrated in Figure 3.1, it becomes
evident that the size of the sandblasting particles plays a role in influencing
wettability. Notably, the WCA values increase as surface roughness becomes
more pronounced. The average values ± standard deviation are reported in
Table 3.2. R60-PEEK and R110-PEEK increased the hydrophocity compared to
PEEK.

Sample Contact Angle ± Standard Deviation
PEEK 71.35 ± 8.14

R60-PEEK 79.43 ± 6.99
R110-PEEK 87.79 ± 13.67

Table 3.2: Water contact angle (WCA) analysis conducted on smooth and sand-
blasted PEEK surfaces (R60-PEEK and R110-PEEK. Reported values represent
the mean ± standard deviation.
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Figure 3.1: Water contact angle (WCA) analyses were conducted on both
untreated and sandblasted PEEK surfaces (R60-PEEK and R110-PEEK).

3.2.2 Proliferation assay

HOB proliferation test performed after 7 days of cells seeding PEEK, R60-
PEEK, and R110-PEEK. This evaluation aimed to determine how HOB cells
responded to various roughness we introduced to PEEK disks, R60-PEEK and
R110-PEEK. The test revealed that both the sandblasted samples significantly
improvements the HOB activity compared to smooth PEEK. (Figure 3.2) From
data, a direct correlation appeared between the level of roughness and the
amount of cell proliferation. Indeed, not only R110-PEEK had a 1.82-fold
increase compared to natural PEEK but also its improvement in cell activity
was significant with respect to R60-PEEK (+25.7% compared to PEEK) by
45.2%.
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Figure 3.2: HOB proliferation test at 7 days after cells seeding. Significance
levels: * <0.05, ** < 0.01, *** < 0.0001.

3.3 Conclusions

In Chapter 2, we have demonstrated the potent effects of peptide function-
alization on osteoblastic activity. The study aimed to further explore the
synergistic potential of the superficial roughness of the scaffold. Utilizing
PEEK polymer disks from prior research, the surfaces were initially lapped
for smoothness and subsequently subjected to sandblasting with 60µm and
110µm particle sizes, creating distinct surface roughness profiles to investigate
their impact on osteoblast response. Comprehensive analyses encompassed
surface, mechanical, and biological assessments. Surprisingly, WCA mea-
surements demonstrated an increase in contact angle with escalating surface
roughness, likely influenced by the "geometric barrier" Further, osteoblast
proliferation tests on non-functionalized PEEK disks improved cell adhesion
on the R110-PEEK surface compared to both the smooth counterpart (control)
and the R60-PEEK surface. The R60-PEEK surface, despite its lower Spk values
of 2.57µm, exhibited a notable increase in osteoblast proliferation, suggesting
that surface roughness positively correlates with the available binding sites
for adhesive proteins—a pivotal factor for cell adhesion and proliferation.

3.4 Materials & Methods

3.4.1 PEEK Sample Preparation

The surface of PEEK disks 3D-printed as in Paragraph 2.4.3 were modified
in order to obtain environments more suitable to cell adhesion, proliferation,
and differentiation.

68



3.4. MATERIALS & METHODS

The disks have been smoothed with a 2000 Grit Paper. Therefore, a dental
sandblaster (Emmevi Apparecchi Dentali, Settimo Milanese, Italy) has been
used to modify the surface roughness of smooth PEEK disks. (Figure 3.3a,d,g)
Sandblasting is a mechanical process by which the superficial part of a ma-
terial is eroded through abrasion, obtained through a high-speed stream of
aluminium oxide particles propelled by compressed air. The PEEK disks were
kept at a distance of 2-3 cm from the compressed air outlet, which was kept
constant by means of a manual controller. Each disk was held in the blasting
machine for approximately 10 seconds. Two corundom sizes were used to
define different superficial roughness: 60 and 110 µm. (R60-PEEK in Figure
3.3b,e,h and R110-PEEK in Figure 3.3c,f,i)

Figure 3.3: Microscope images of 2000-grit paper smooth PEEK (a-c), R60-
PEEK (d-f), R110-PEEK (g-i). Magnification at 6.3x(a,d,g), 12.5x (b,e,h), and
32x (c,f,i).

3.4.2 Superficial characterization

3.4.3 White light interferometer analysis

The mapping of surface topography produced on PEEK, R60-PEEK and R110-
PEEK scaffolds was conducted utilizing the white light interferometer (WLI).
The WLI, specifically the MicroXam by ADE PhaseShift, was equipped with
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a 50× Mirau objective featuring a numerical aperture of 0.55 and a working
distance of 3.4 mm. This setup allowed for measurements across an area of 276
µm × 205 µm, offering a lateral resolution of 0.4 µm × 0.4 µm and a maximum
detectable slope of approximately 25◦ [204]. Employing the WLI was essential
in unveiling surface topography and obtaining a quantitative characterization
of surface roughness. Surface topography measurements were conducted
according to ISO 25178 standards. Key parameters (Table 3.3), including Spk,
Svk, Sa, Sku, Smean, Sp, Sq, Ssk, Sv, and Sz, were quantified to characterize the
surface features of the scaffolds.

These analysis were conducted in the laboratory of professor Lucchetta at
the university of Padova, Italy.

Parameter Description

Spk Peak height: The maximum height difference between the
highest peak and the mean plane of the surface.

Svk Valley depth: The maximum depth difference between the
lowest valley and the mean plane of the surface.

Sa Arithmetic mean height: The average height deviation of
all points on the surface from the mean plane.

Sku Kurtosis: A measure of the sharpness of the surface peaks
and valleys.

Smean Root mean square height: The root mean square of the
height deviations of all points on the surface from the mean
plane.

Sp Maximum height of the surface: The maximum height de-
viation of any point on the surface from the mean plane.

Sq Root mean square slope: The root mean square of the slope
of the surface.

Ssk Skewness: A measure of the asymmetry of the surface
heights about the mean plane.

Sv Maximum pit or peak volume: The volume of the largest
pit or peak on the surface.

Sz Maximum height of the surface above the material ratio
curve: The maximum height deviation of any point on the
surface from a material ratio curve.

Table 3.3: Description of Key Parameters for Topographic Analysis.

Water Contact Angle

The experiment to assess wettability in different roughned surfaces was ex-
plained in Paragraph 2.4.5.
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3.4.4 Biological Assays

The biological assays have been performed at the laboratory of professor Brun
at the university of Padova, Italy.

Cell colture

Human osteoblast cells were obtained from explants of cortical mandible bone
collected during a surgical procedure. After collection, the bone fragments
were cultured at 37 ◦C in 5% CO2 and 95% humidity in a complete medium
(DMEM supplemented with 10% v/v heat-inactivated fetal bovine serum, and
penicillin-streptomycin solution, all provided by ThermoFischer) and incu-
bated until the cells migrated from the bone fragments. At the cell confluence,
the bone fragments were removed, and the cells were detached using trypsin
EDTA (Gibco) and cultured in a complete medium supplemented with 50
mg/mL ascorbic acid, 10 nm dexamethasone, and 10 mM β-glycerophosphate
(all purchased from Merck). The osteoblast phenotype was confirmed by the
von Kossa staining. The study was approved by the Ethical Committee of
the University Hospital of Padova. The patients were informed of the study’s
aims and protocol and gave their written informed consent [205] .

Proliferation assay

Proliferation tests were carried out on PEEK disks with different surface rough-
ness, in order to identify the surface improving osteoblasts proliferation and
differentiation. The cells were incubated at 37 ◦C for 10 min in a prewarmed
PBS containing 0.1% v/v BSA and a 25 mM carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE, Molecular Probe, Invitrogen). Staining was quenched
by adding five volumes of ice-cold culture media. The cells were then washed,
counted using Trypan blue, seeded at 8 × 104 cells/mL, and incubated in
a fresh culture medium at 37 ◦C for 72 h. Cell proliferation was evaluated
by the partitioning of a fluorescent dye between daughter cells using a BD
FACS-Calibur flow cytometer [205].

3.4.5 Statistical analysis

The statistical analysis were performed as explained in Paragraph 2.4.7.
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4.1 Abstract

Previous chapters extensively explore strategies to overcome PEEK bioin-
ertness. The material surface is enhanced through the covalent binding of
biochemical factors. Chapter 2 demonstrates remarkable outcomes when the
polymer surface is functionalized with peptides inducing specific actions in
human osteoblasts. Chapter 3 focuses on studying the surface morphology of
the polymer, recognizing that well-executed roughness can lead to improve-
ments in cell proliferation. Results in Chapter 3 reveal higher cell proliferation
in rough samples compared to smooth ones.

In this chapter, the bioactivity of PEEK is evaluated by combining the
aforementioned strategies. PEEK disks, produced through 3D printing and
smoothed with 2000-grit paper, are sandblasted with corundum particles of
110 µm. To further enhance interactions with human osteoblasts (HOB), PEEK
disks are enriched with GBMP1a from Bone Morphogenetic Protein (BMP)
and the self-assembling peptide EAK. BMP promotes proliferation and dif-
ferentiation of mesenchymal stem cells into osteoblasts, while EAK creates
an environment mimicking extracellular matrices, serving as a physiological
scaffold for enhancing cell activities. BMP and EAK are grafted via oxime, fa-
cilitated by the introduction of an amino-oxy group (Aoa) on their N-terminals
during peptide synthesis, enabling reaction with the carbonyl groups of PEEK.
This technique has been optimized in the choice of the solvent that increased
the yield of functionalization. Chapter 2 reveals that samples functionalized
with BMP and EAK exhibit favorable outcomes in cell proliferation, calcium
deposition, and scaffold wettability. Consequently, this chapter investigates
the potential synergistic effects of these peptides.

The presence of grafted peptides is confirmed through X-ray photoelec-
tron spectroscopy while water contact angle assay and force spectroscopy
explore how peptide functionalization affects the polymer’s surface properties.
Ultimately, biological tests with HOBs demonstrate that sandblasted PEEK
functionalized with BMP and EAK concurrently exhibits heightened cell pro-
liferation, calcium deposition, and expression of genes related to osteogenic
activity compared to plain PEEK.

4.2 Results

From the results of the previous chapters the peptide sequences, the function-
alizing technique, and the PEEK roughness that maximizes the interactions
with the cells have been selected. In this chapter we are going to evaluate the
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combined effects given by BMP and EAK functionalized via oxime on PEEK
sandblasted with 110µm-sized grains.

4.2.1 Optimization of functionalizing protocol

The use of the solvent was investigated for a further optimization of the
functionalizing protocol via oxime. Since the hydrophobic nature of PEEK
(see Figure 2.5), several hydrophobic solvents have been studied in order to
improve the interactions with the liquid and the polymer. A necessary feature
of the solvent was to be free from any contaminants containing aldehyde
or ketone groups that may bind to the Aoa groups on the N-terminal of
the peptides inactivating them. The solvents 50% DMF/MilliQ water, 50%
Dimethylsulfoxide(DMSO)/MilliQ water, and DMSO have been chosen since
they had been already employing in functionalization via oxime [206, 207, 154,
208]. In the Figure 4.1, 2µl of each solution (plus MilliQ water as control) have
been dropped of the surface of PEEK and pictures were taken. The choice of
solvent was made by qualitatively assessing the best dispersion.

From the Figure 4.1b,c,d we noted that the organic solvents increase the
contact angle of the drop on the surface over water. We obtained the highest
dispersion with pure DMSO (Figure 4.1d) over the diluited DMF and DMSO
(Figure 4.1 b and c, respectively).

Figure 4.1: Qualitative evaluation of drop dispersion on PEEK disks of a:
Water, b: 50% DMF/MilliQ water, c: 50% DMSO/MilliQ water, and d: DMSO.

For this reason we further investigated the method used by Chen et al.
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[206]: we functionalized PEEK with AoaEAK as explained in Paragraph 2.4.4
but the solvent was 1eq of AcOH in DMSO this time and evaluated the yield
of functionalization with XPS.

The XPS results are reported in Table 4.1

Sample N/C
PEEK-Control /

PEEK-AoaEAK (in 1eq of AcOH in Dimethylsulfoxide) 0.07

Table 4.1: XPS examination. Measurement of the N/C ratio for PEEK as control
and PEEK-AoaEAK functionalized as explained in Paragraph 2.4.4 in 1eq of
AcOH in DMSO.

4.2.2 Superficial characterization

In this chapter the superficial characterization has been performed on 3D-
printed disks of functionalized with AoaBMP and AoaEAK simultaneously
dissolved in 1eq AcOH/DMSO. This sample will be called PEEK-AoaBMP+AoaEAK.
The tests have been conducted on the smooth surface and the results will be
compare with 3D-printed disks of untreated PEEK.

XPS analysis were planned in order to evaluate the yield of functionaliza-
tion and compare it with the previous data. Unfortunately, given malfunction-
ing of the instrument, the analysis were not possible to perform within the
deadline for submitting the thesis.

Water Contact Angle

The presence of AoaBMP and AoaEAK on PEEK surface gave at the same
time long hydrophobic amino acid chains and several charged amino acid
chains, respectively. The resulted tradeoff was a slight increase in wettability
of the functionalized sample by 4% (see Figure 4.2).

Force Spectroscopy

Force Spectroscopy spotted the presence of the peptides on the polymer as a
higher interchain interactions that caused a 40% increase in superficial stiffness
(Figure 4.3a). Also the force adhesion between AFM tip and sample surfaces
have grown up after the PEEK enrichment with peptides of a 1.56 factor
(Figure 4.3b).

4.2.3 Biological tests

Biological tests have been conducted on smooth unfunctionalized PEEK sur-
face and sandblasted PEEK (R110-PEEK) functionalized with Aoa-BMP and
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4. FUNCTIONALIZED PEEK WITH TWO PEPTIDES

Figure 4.2: Water contact angle (WCA) results obtained from untreated PEEK
and PEEK enriched with AoaBMP and AoaEAK simultaneously.

Figure 4.3: Force spectroscopy. Young’s Modulus (a) and Force adhesion (b) of
untreated PEEK and PEEK enriched with AoaBMP and AoaEAK simultane-
ously.

Aoa-EAK, simultaneously.

Proliferation assay

Figure 4.4 shows the proliferation on untreated PEEK in blue and sandblasted
PEEK functionalized with Aoa-BMP and Aoa-EAK after one day and seven
days from HOB seeding. The proliferation was already increase by 11.5% at
day 1 by when the samples were functionalized compare to non-functionalized
PEEK, however the difference was not statistically significant. On the other
hand, on day 7 HOB proliferation was statistically developed by 49.3% by
PEEK-AoaBMP+Aoa-EAK with respect to plain PEEK.
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4.2. RESULTS

Figure 4.4: AlamarBlueTM data for non-functionalized PEEK and PEEK func-
tionalized with Aoa-BMP and Aoa-EAK simultaneously. Data were obtained
at intervals of 1, 7 following cell seeding. Significance level is represented as
follows: **** p-value < 0.0001.

Mineralization assay

After 7 days, the functionalized PEEK induced cells to deposit greater amount
of calcium on the scaffold compared to untreated PEEK. The values of ab-
sorbance read on PEEK-AoaBMP-AoaEAK were higher by 87% than PEEK
(Figure 4.5).

Figure 4.5: AlizarinRed assay for evaluating calcium deposition data on plain
PEEK and PEEK functionalized with Aoa-BMP and Aoa-EAK simultaneously
after 7 days. Significance level is represented as follows: **** p-value < 0.0001.
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4. FUNCTIONALIZED PEEK WITH TWO PEPTIDES

Gene expression assay

qRT-PCR was employed to analysed the expression of RUNX2, SPP1, and
human Vitronectin (VTN) genes by HOB cells one day after they have been
seeded on plain PEEK and PEEK-AoaBMP+AoaEAK. The treatment with
sandblast and biochemical enrichment statistically increase the regolations
of expression of all the considered genes. After one day, RUNX2, SPP1, and
VTN were up-regolated by the the treated samples compared to plain PEEK
by 146.5%, 77.0%, and 63.0%, respectively (Figure 4.6.)

Figure 4.6: Quantitative real-time polymerase chain reaction (qRT-PCR) anal-
ysis was performed to evaluate the gene expression of RUNX2, SPP1, and
VTN in PEEK samples non-functionalized and functionalized with Aoa-BMP
and Aoa-EAK simultaneously 1 day post-seeding with HOB cells. Statistical
significance is denoted as **** for p-values < 0.0001.

4.3 Conclusions

Given the remarkable results from Chapter 2 and Chapter 3, the investigation
of this section focused on the potential sinergic effectiveness of sandblasting
and functionalizing PEEK with Aoa-BMP and Aoa-EAK on the same samples.
Making the polymer surface rougher showed to improve cell proliferation over
smooth PEEK (Chapter 3). The two bioactive sequences, EAK and BMP, were
selected based on previous assays performed on surfaces functionalized via
oxime with one bioactive sequence. In particular, the self-assembling peptide
provided good results in the 21-day mineralization assay. In the proliferation
assays, if the adhesive peptides had provided significant increases compared
to the control in the early times of proliferation (1 and 7 days), the EAK
and BMP peptides had given good results in proliferation at 14 and 21 days.
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4.3. CONCLUSIONS

From a gene expression point of view, BMP up-regulates ALP at 1 and 7 days,
SOX9 at 1 day, and OCN at 21 days while EAK up-regulates SOX9 at 1 and
7 days, ALP at 1 day, and OCN at 1, 7, 14 and 21 days. The chapter starts
with a optimization of the peptide covalent binding via oxime. After a visual
contact angle assay, a functionalization with Aoa-EAK dissolved in 1eq of
AcOH in DMSO have been conducted on PEEK disks. XPS reported that this
functionalized samples had higher content of Nitrogen (and then of peptide)
compared to the PEEK-AoaEAK when the anchoring reaction occured in
40mM monobasic sodium phosphate (Table 4.2). The increase was by 25%.
For this reason the following functionalization have been conducted in the
organic solvent.

Sample N/C
PEEK-Control /

PEEK-AoaEAK (in 40 mM monobasic sodium phosphate at pH 6) 0.056
PEEK-AoaEAK (in 1eq of AcOH in Dimethylsulfoxide) 0.07

Table 4.2: Comparison with XPS data from 2.4. Measurement of the N/C
ratio for each modified scaffold with AoaEAK in different solvents and the
unmodified scaffold (PEEK).

The characterization of modifications induced by peptide functionalization
occured on the smooth PEEK surface. The presence of Aoa-BMP and Aoa-EAK
(that increased and decreased the WCA in PEEK-AaaBMP and PEEK-AoaEAK,
respectively) induced a tradeoff between the hydrophobic and hydrophilic
nature of the sequences (Figure 4.7). The WCA of PEEK-AoaBMP+AoaEAK
resulted lower than PEEK-AoaBMP (by 6%) and higher than PEEK-AoaEAK
(by 13%). Nonetheless, the two peptides increased the wettability of PEEK by
4% (Table 4.3).

Sample Contact Angle ± Standard Deviation
PEEK 93.41 ± 0.83
PEEK-AoaBMP 95.60 ± 1.30
PEEK-AoaEAK 78.99 ± 2.08
PEEK-AoaBMP+AoaEAK 89.68 ± 2.55

Table 4.3: Comparison with Water contact angle (WCA) data from Table 2.5.
WCA analysis conducted on untreated and modified PEEK surfaces PEEK-
AoaBMP, PEEK-AoaEAK, and PEEK-AoaBMP+AoaEAK. Reported values
represent the mean ± standard deviation.

FS confirmed the presence of the peptides on PEEK surface as the function-
alization incresed both Young’s modulus and force adhesion. The results are
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4. FUNCTIONALIZED PEEK WITH TWO PEPTIDES

Figure 4.7: Graph data with Water contact angle (WCA) values from Figure 2.5.
WCA analysis conducted on untreated and modified PEEK surfaces PEEK-
AoaBMP, PEEK-AoaEAK, and PEEK-AoaBMP+AoaEAK.

consistent with the single-peptide functionalization (Figure 4.8) The higher
Young’s modulus could be be attributable to the ability of peptides of filling
the gaps between the surface polymer chains, while greater adhesion forces is
given by intermolecular interactions with the instrument tip.

Figure 4.8: Comparison with Force spectrospy data from Table 2.6. Analysis on
superficial Young’s modulus and Force adhesion were conducted on untreated
and modified PEEK surfaces PEEK-AoaBMP, PEEK-AoaEAK, and PEEK-
AoaBMP+AoaEAK.

The biological findings reveal an increase in proliferation at 1 and 7 days
for the surface functionalized with the two peptides compared to the control,
with a notably significant difference observed at 7 days. The mineralization
assay underscores a substantial difference at 7 days between the samples
functionalized with the two peptides and the control, practically doubling
the mineralization and providing a more pronounced and quicker outcome
than previously observed. Gene expression data for RUNX2, SPP1, and VTN
demonstrate a significant increase in functionalized surfaces compared to plain
PEEK. The results suggest a positive performance of the matrix functionalized
with the two sequences.
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4.4. MATERIAL & METHODS

4.4 Material & Methods

4.4.1 Peptide Preparation

In this chapter, AoaBMP and AoaEAK were selected for the experiments. In
Paragraph 2.4.2 their synthesis, characterization, and purification are reported.

4.4.2 PEEK sample preparation

In Paragraph 2.4.3 we explained how we obtained the samples that underwent
to the experiments. In Paragraph 3.4.1, we performed the experiments on the
smooth PEEK and on R110-PEEK as control and functionalized samples,
respectively.

4.4.3 PEEK Surface Functionalization

The PEEK samples have been functionalized with both AoaBMP and AoaEAK.
The reaction occured via oxime as explained in Paragraph 2.4.4. Although in
this chapter the solvent used was either 40 mM monobasic sodium phosphate
at pH 6 or 1eq of AcOH in DMSO. Both the peptides were at concentration of
10-4M.

4.4.4 Superficial characterization

Modifications in superficial characteristics was assessed by XPS, WCA, and
FS. These techniques have been already reported in Paragraph 2.4.5.

4.4.5 Biological Assays

Primary HOBs were derived from residual cortical mandible bone obtained
during the extraction of deeply impacted third molars from a 39-year-old
male (research protocol No. 4899/AO/20, Ethics Committee Azienda Os-
pedaliera/Università di Padova). Initially, bone fragments were cultured
in D-MEM/F12 (1:1) supplemented with 20% v/v fetal bovine serum, 1%
v/v sodium pyruvate, 1% v/v nonessential amino acids, 1% v/v antibi-
otic–antimycotic solution, and 1 U mL−1 insulin (all provided by Gibco,
Invitrogen, Milan, Italy) until cells migrated from the tissue. Upon reach-
ing confluence, bone fragments were removed using sterile tweezers. Sub-
sequently, cells were detached using Trypsin–EDTA (Gibco) and cultured in
complete culture medium (CM) or in differentiation culture medium (DM),
defined as the CM medium supplemented with 50 µg mL−1 ascorbic acid, 10
nM dexamethasone, and 10 mM β-glycerophosphate (all provided by Sigma,
Milan, Italy). Cells were utilized between passages 3 in cultures and 2 × 105

cells were seeded to each sample. All the following biological assays were
conducted at the laboratory of prof. Brun at the university of Padova, Italy.

81



4. FUNCTIONALIZED PEEK WITH TWO PEPTIDES

Proliferation assay

The proliferation tests have been conducted has described in Paragraph 2.4.6.

Mineralization assay

After 7 days from seeding, the cells were washed in distilled water to remove
biomaterials, and samples were stained with 40 mM Alizarin red (pH 4.2) for
40 min in darkness at room temperature. The samples were incubated at 85 ◦C
for 10 min and centrifuged (10 min, 13,000 rpm); the pH of the supernatants
was neutralized before reading the absorbance of Alizarin red at 405 nm using
a microplate reader (MultiPlateReader VictorX2).

Gene expression assay

Primary HOBs (2 × 105 cells) were cultured in direct contact for 24 h in 1 mL
of CM or DM medium and afterwards specific mRNA transcript levels coding
SPP1, RUNX2, and VTN, were quantified. Total RNA was extracted from
cells attached to the biomaterials using the SV Total RNA Isolation System
kit (Promega, Milan, Italy). Contaminating DNA was removed by DNase I
digestion; 5 µg of total RNA were used to generate randomly primed cDNAs
with Moloney murine leukemia virus reverse transcriptase (Applied Biosys-
tems, Milan, Italy). qPCR was performed using an ABI Prism 7700 sequence
detector (Applied Biosystems) for 40 cycles at 60 ◦C of annealing temperature.
Reactions were carried out using TaqMan Universal PCR Master Mix and
Universal Probe Library (Roche, Milan, Italy), having a fluorescent dye, ac-
cording to the manufacturer’s instructions. Expression of the target genes was
normalized to the endogenous control gene, GAPDH. Data were normalized
using the 2−∆∆CT method and are reported as fold change over osteoblasts
cultured on cell-treated plastic surface. The oligonucleotide sequences and
probe are listed in Table 4.4.

Gene Sequence
GAPDH fw: 5’-acagttgccatgtagacc-3’ rv: 5’-ttgagcacagggtacttta-3’

SPP1 fw: 5’-cgcagacctgacatccagta-3’ rv: 5’-ggctgtcccaatcagaagg-3’
RUNX2 fw: 5’-cagtgacaccatgtcagcaa-3’ rv: 5’-gctcacgtcgctcattttg-3’

VTN fw: 5’-ggaggacatcttcgagcttct-3’ rv: 5’-gctaatgaactggggctgtc-3’

Table 4.4: Oligonucleotides sequences utilized for qRT-PCR analysis.

4.4.6 Statistical analysis

The statistical analysis were performed as explained in Paragraph 2.4.7.
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5 DISCUSSION

In this research study, we demonstrated that the synergy between different
strategies could represent a valid alternative to obtain from PEEK a next-
generation scaffold for BTE, able to osteointegrate. With this in mind, we
combined in the same proposal:

• Selection of biochemical sequences: peptide selectivelly for HOB ad-
hesion (HVP and D2HVP), fragment from the growth factor BMP and
SAPs;

• Design of grafting techniques: anchoring via oxime with its optimization
and comparison with covalent binding through photoactivation of azido
group and self-aggregation;

• Quantification of peptide density and study of the nature of the binding;

• In vitro evaluation of the interaction with HOB;

• Design of PEEK surface shape for mimic ECM roughness.

Contrasting with the Schiff base anchoring method previously proposed
by Becker M. et al. for PEEK functionalization [186], the oxime-based anchor-
ing approach avoids a readily reversible reaction, eliminating the need for
Schiff base reduction to an amine. In fact, dynamic co-assembly [209] does
not contribute significantly to the creation of biomaterials that promote cell
adhesion, as it is the stable anchoring of the adhesive sequence to the material
that plays a pivotal role in mediating cell adhesion. Conversely, the release
of the adhesive sequence from the material’s surface can hinder adhesion, as
it functions as a soluble molecule that interferes with cell integrins [210]. At
the beginning we set the condition of functionalization via oxime that maxi-
mizes the interactions with cells, first through pH and peptide concentration
and then through the choice of solvent. Cells are known to be responsive to
adhesive peptide concentrations in the range of pmoles/cm2 or fmols/cm2

[211, 212]. However it remains crucial to experimentally determine the specific
range of anchored peptide concentrations that maximize the desired biologi-
cal function, whether it’s cell adhesion, proliferation, or differentiation since
the concentration that optimizes cell adhesion may differ from the peptide
concentration required for promoting cellular proliferation [213]. The chosen
protocol is to let react for 24 hours and room temperature (as from literature)
a DMSO solvent where 10-4M peptide concentration was dissolved. After the
functionalization of the 3D-printed PEEK disks with the techniques and the
peptides showed in the thesis, we performed the characterization of the sam-
ples. XPS analysis showed the presence of the peptides on the PEEK surface
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5. DISCUSSION

through the individuation of Nitrogen atoms, since natural PEEK has not any.
Also, given the luminescent properties of PEEK that did not allow to employ
traditional techniques (e.g. NMR, FT-IT, Raman spectroscopy) to study the
nature of peptide-scaffold binding, we conducted ulterior XPS analysis as
alternative way to study it. We compared the N/C ratios of the peptide BMP
bound to PEEK covalently (both via oxime and through photoactivation of a
azido group) and the same peptide having no specific anchoring group for
PEEK that could only be physio-adsorbed onto the material. In the first case
obtained much higher results (0.14 and 0.17) than the second (0.03). This sug-
gests that when Aoa-BMP and N3-BMP are used for enriching PEEK surface
not only physio-adsorbtion occurs (since it has low functionalization yield)
but also one contribution takes place, much likely the covalent binding as
design in the first place. The presence of peptide on the surface was also
witnessed by modifications in superficial Young’s modulus and force adhe-
sion. Generally, peptide increased the both the values (except for N3-BMP
that increased the stiffness by only 5%) given the ability of the sequence of
filling the gaps between the surface polymer chains and promoting the in-
teractions with the samples and the tip of AFM. It is worth noting that this
modifications do not interfere with the excellent PEEK bulk properties that
they discriminate this polymer from the other materials for bone implants. In
fact, Young’s modulus of PEEK obtained through AFM is approximately 280
MPa, differs from the value reported in the literature, which is around 3.6 GPa.
This disparity is due to the fact that the Atomic Force Spectroscopy used here
is a method for determining mechanical properties on the nanoscale, whereas
the literature value represents a mean value for the bulk polymer [214]. The
wettability is also increased when the peptide is bound to the polymer. Except
for Aoa-BMP that given its long amino acidic chain is highly hydrophobic
and increased PEEK WCA, HVP and its analog D2HVP and SAPs increased
the wettability, given their polar amino acids. Especially, the SAPs are able to
retain water and have higher interactions with is and were able to have the
greatest results with improvements over plain PEEK by 16% when the peptide
was anchored to the surface and 45% when it was self-aggregated. But is when
we consider the results in the in vitro tests performed at the laboratory of
professor Lucy Di Silvio at the King’s College of London that we understand
the real potential of bioactive PEEK with peptides. Already from images taken
by staining with Live and Dead kit and SEM after 48 hours from HOB seeding,
the functionalized samples shown higher HOB density and coverage. In the
SEM images, the HOB spreading is more appreciable and also overlapped
layers of cells are detectable, without cytotoxicity as just few dead cells (in red
in Live and Dead images) can be noted. These conclusions are supported from
data by AlamarBlueTM. All the functionalized samples significanty improved
cell proliferation over non-functionalized PEEK after one day from seeding.
At this time point, the adhesive peptides maximized the results as expected.
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The improvements were about 400% compared PEEK. Also, the resistance of
enzimatic degredation of D2HVP is noted over all the time points considered
as it always induced statistacally improvements in cell proliferation over the
non-functionalized control [32]. After 21 days, also the deposition of calcium
on PEEK disks was augmented when the polymer presented peptides on its
surface. Unlike the adhesive sequences HVP and D2HVP, the fragments from
growth factors Aoa-BMP and N3-BMP and the SAPs had induced significant
improvements compared to natural PEEK. Here, we noted also that BMP
linked in a radical way (N3-BMP) and then less selective than Aoa-BMP and
had statistically higher results than PEEK-AoaBMP by 13%. The mineraliza-
tion is due to the HOB activities. Through qRT-PCR was possible investigating
which genes were more expressed by the cells, and which genes were induced
to be up-regolated by peptide functionalizations. The peptide functionaliza-
tion were able to induce many up-regolations in SOX9, ALP, and OCN. SOX9
expression has previously been noted in the in vitro osteogenic differentia-
tion of hMSCs [215]. The heightened expression observed in this study may
suggest a potential role for SOX9 in mature osteoblasts directly involved in
osteogenesis. This is supported by the overexpression of the ALP gene, linked
to early-stage differentiation and calcification [194], and OCN at later stages
in the functionalized samples, prompting further investigation. ALP and OCN
genes are strictly correlated in the process of bone formation. ALP sets the
stage by facilitating mineralization promoting the conversion of pyrophos-
phate to phosphate, creating for a favorable environment for mineralization.
On the other hand, OCN is synthesized as osteoblasts actively produce bone
matrix. OCN binds to the mineralized matrix, enhancing its stability and
strength contributing to bone strength and overall health. ALP and OCN work
synergistically during bone formation. Understanding this interplay helps
indicate whether the process of new bone deposition is performing correctly
[216, 217]. Although the same pattern have been found in the successful min-
eralization of rat bone in Weinreb et al. work [218], further studies are required
for assessing the possible correlation. From gene expression assay, we noted
that, although anchoring via oxime induced lower yield of functionalization
detected by XPS as N/C ratio compared the other techniques considered in
this work (PEEK-AoaBMP had 0.14 vs PEEK-N3BMP 0.17 and PEEK-AoaEAK
had 0.056 vs PEEK-EYK 0.077), functionalizations with Aoa showed faster
up-regolations in genes related to osteogenic activities. It is complex to un-
derstand the mechanisms behind these differences: they might be the spatial
disposition of the peptides on PEEK surface, their orientation, or the sterical
hindrance.

Motivated by these findings, our study aimed to further explore the poten-
tial of the superficial roughness of the scaffold. In the literature it is easy to find
out that the activity of osteoblasts is related from the capacity of the material
of creating the right environment for the cells to adhere and proliferate [203].
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The surfaces were first lapped to achieve smoothness and then underwent
sandblasting with particle sizes of 60µm and 110µm. This process generated
distinct surface roughness profiles, allowing for an investigation into their
influence on osteoblast response.

Surprisingly, WCA measurements revealed an unexpected increase in
contact angle with increasing surface roughness, as reported by Deng et
al. [219]. Our intriguing result, likely influenced by the "geometric barrier"
effect proposed by Ourahmoune et al. [220], underscores the complexity of
surface interactions. Furthermore, proliferation tests on HOBs conducted on
non-functionalized PEEK disks confirmed that the range of roughness was
suitable for inducing effects in the mechanisms of HOB adhesion. Also positive
correlation was spot between surface roughness and available binding sites
for adhesive proteins—a crucial factor for cell adhesion and proliferation,
affirming findings from Deng et al. [219]. Indeed, the results significantly
improved cell adhesion on the R110-PEEK surface compared to both the
smooth counterpart (control) and the R60-PEEK surface.

Finally the investigation of this section focused on the potential sinergic
effectiveness of sandblasting and functionalizing PEEK with Aoa-BMP and
Aoa-EAK on the same samples has been naturally conducted as the previ-
ous experiments outcame outstanding results. The two bioactive sequences,
EAK and BMP, were selected based on previous assays. The functionalization
induced a tradeoff between the hydrophobic and hydrophilic nature of Aoa-
BMP and Aoa-EAK increasing the wettability of PEEK by 4%. FS confirmed
the presence of the peptides on PEEK surface as the functionalization incresed
both Young’s modulus and force adhesion (results coherent with the previous
investigation). Regarding biological assays, sandblasted PEEK functionalized
with two bioactive sequences via oxime provided new biomimetic surfaces
that were seeded with human jaw osteoblasts at passage 3. The biological
results demonstrate increases in proliferation at 1 and 7 days for the surface
functionalized with the two peptides compared to the control: the difference
at 7 days is significant. The mineralization assay highlights a marked differ-
ence at 7 days between the samples functionalized with the two peptides
and the control. The mineralization practically doubles, providing a more
marked and shorter-term result than previously observed. Gene expression
data performed for RUNX2, SPP1, and VTN highlight a significant increase
in functionalized surfaces compared to plain PEEK. The data concern expres-
sions of genes different from those evaluated in London. The results are not
strictly correlated with those obtained on surfaces functionalized with a sin-
gle peptide as the cellular systems are different but they seem to indicate a
positive performance of the matrix functionalized with the two sequences,
especially for the mineralization data.

Scaffolds play a significant role in cell adherence, a major contributing
factor to subsequent morphology, proliferation, and maturation of cells. The
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presence of bioactive sequences on the PEEK surface allowed the realization
of an engineered surface able to promote the proliferation and differentiation
of HOBs. Results have shown an increase in adherence, proliferation, and
maturation of osteoblasts. To further examine and elucidate the mechanistic
actions of these peptides, future studies will explore their role in the induction
of stem cells towards the osteogenic lineage and examine regulatory signaling
pathways in vitro.
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