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Abstract

Antzela Tzagiollari

Development of a Bioresorbable and Biomimetic Bone Adhesive for the Regeneration
of Bone Defects

Phosphoserine is a ubiquitous molecule found in numerous proteins and demonstrates the
ability to generate an adhesive biomaterial capable of stabilising and repairing bone fractures.
This study aimed to develop phosphoserine-modified calcium phosphates (PM-CPC), which
incorporate phosphoserine, with alpha-tricalcium phosphate (a-TCP) and calcium silicate for
bone stabilisation and regeneration. The PM-CPC formulation was characterised and
optimised using Design of Experiments (DoE) with the following inputs: grinding cycles of
a-TCP, liquid to powder ratio (LPR) and the molar ratios of phosphoserine and calcium
silicate. Also, a dual syringe-mixed PM-CPC adhesive was developed and assessed. The
optimal PM-CPC formulation either hand-mixed or through the mixing system, necessitated
a mixing time of 20 s and displayed an initial setting time between 3-4 min, and a bone-to-
bone bond strength of 1.05+£0.3 MPa under wet environment providing suitable properties for
surgeons to apply and stabilise bone fractures. Cell viability >70% and cell proliferation were
obtained after indirect cytotoxicity study in both PM-CPC adhesives. The in vivo study in
mini pigs clearly demonstrated the ability of PM-CPC to stabilise dental implants with
implant stability quotient (ISQ) values of 65-85 after 15 min that indicates the level of
stability and osseointegration in dental implants. The PM-CPC-bone-implant interface was
sufficiently mature enough to have a measurable mechanical effect (pull-out force=287 N,
torque strength=80 Ncm) at 8 weeks post-surgery. Qualitative histological analysis on an in
vivo study of trabecular bone demonstrated newly formed bone around the implants and in
the adhesive bone interface. The design, characterisation and development of the proposed
bone adhesive and associated delivery device represent a major step forward in both
orthopaedic and dental injuries and has the potential to improve patient outcomes.
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1.1. Overview

Bone fractures are a common orthopaedic injury and a significant health problem that affects
millions of people worldwide. According to the Global Burden of Disease Study, annually an
estimated 178 million individuals (53% males and 47% females) worldwide suffer bone
fractures, an increase of approximately 34% since 1990 [1]. The prevalence of fractures varies
depending on age, sex, and underlying medical conditions [2]. Osteoporotic fractures alone
account for 1.7 million disability-adjusted life years lost annually and the economic impact
of fractures is substantial with estimates suggesting that the direct and indirect costs of

osteoporotic fractures will exceed $25 billion in the US by 2025 [3,4].

Traditional methods of fracture treatment involve immobilisation of the affected limb using
casts or braces, and in more severe cases, surgical fixation with plates, screws, or other
hardware. While these methods can be effective, they are associated with a range of
complications including infection, non-union (failure of the bone to heal), and hardware
failure especially in the treatment of complex bone fractures [5,6]. Specifically, in cases where
multiple fragments of bone have resulted from multiple breaks, there is currently no
convenient way to stabilise the small fragments of the fractured bone and prevent gaps
between the bone fragments. Currently developed bone cements are either used in joint
replacement surgeries or as bone void fillers, rather than directly binding small bone
fragments, filling spaces between bone fragments and implants to create a stable composite
structure. Overall they mainly provide stability and support in fracture sites, ensuring the

alignment and mechanical strength during the healing process.

In addition to orthopaedic challenges, bone loss and bone defects can also pose challenges in
oral implantology or tooth [7]. Teeth and oral implants rely on being anchored in the alveolar
bone, however tooth loss or implant weakness/failure can occur due to oral diseases [8].

According to the Global Oral Health Status Report, approximately 50% of the population



suffer from at least one form of oral disease, with a low number of available oral care
providers globally. Dental implants represent a widely employed treatment modality for tooth
replacement, with titanium being the preferred metal due to its proven superiority in terms of
corrosion resistance, biocompatibility, and mechanical strength [9]. While titanium dental
implants yield satisfactory results, ongoing research and innovation in the improvement of

implant materials has the potential to further enhance treatment outcomes [10].

Advances in materials science and tissue engineering have led to the development of a range
of biomaterials that can be used to promote bone healing, including calcium phosphate
cements (CPCs), which are biocompatible and can be engineered to have a range of
mechanical and biological properties [11]. Such materials are capable of stabilising the
fractured bone, creating a bond between the metal implant and bone, or bone to bone [12].
For instance, in biological fluids, alpha-tricalcium phosphate (a-TCP) when used as a cement
component, transforms into hydroxyapatite phase, however a-TCP without the use of any
additive is not able to promote bone remodelling providing only mechanical support within a
void. This class of calcium phosphate offers the advantage of improved biological properties,
controlled biodegradation, suitable moulding capabilities, and ease of delivery [13]. However,
limitations relating to the use of cements remain, including inflammatory responses, stress
shielding and mechanical failure that can lead to premature implant failure [14,15]. Therefore,
improving our understanding of the underlying mechanisms of fractures, identifying
modifiable risk factors, and developing effective prevention and treatment strategies are
critical for reducing the burden of fractures and bone regeneration/remodelling on individuals

and society.

Recently, to overcome these drawbacks, research relating to bone fracture healing and
fixation has been focused on the development of bone adhesives enhanced with additives

found on terrestrial organisms and marine animals to improve properties of current cements



[16]. These bone adhesives incorporate amino acid additives with calcium phosphates
enhancing handling and setting properties, templating mineralisation of nanoscale amorphous
calcium phosphate, and achieving metastable ceramic phase stabilisation—thereby improving

mechanical properties and cell attachment, survival and proliferation [17,18].

The development of such biomaterials could provide solutions to clinical challenges
associated with non-degradable and non-adhesive fixation devices used in bone
reconstruction procedures. Biocompatible and biodegradable bone adhesives with
satisfactory bone adhesive and cohesive strength could introduce new advanced therapies in
the fields of orthopaedics and oral implantology.

1.2. Bone

Human bones are a vital part of the musculoskeletal system with remarkable adaptability,
dynamic structure, and metabolic activity. The human skeletal system consists of over
200 bones, which are categorised into different groups based on their type (long, short, flat,
or irregular), location (axial or appendicular), composition (cortical or trabecular) or
predominant tissue support [19]. The extracellular components of skeletal system are
mineralised, providing substantial strength and toughness [20-22]. Bone provides internal
support through countering the force of gravity, forming specific cavities which serve to
protect vital internal organs and provides attachment sites for muscles allowing motion to
occur at specialised bone-to-bone linkages. The mechanical integrity and performance of
bone under various loading conditions are directly affected by its mechanical properties and
geometric characteristics, which are both indicators of bone health and underpin bone

strength.

Bone consists of cells, mineralised matrix (i.e., composed primarily of calcium and
phosphate), and ground substance [19,23,24]. The bone matrix is composed of both organic

and inorganic components. The organic matrix, which makes up approximately 20% of the



wet weight of bone, is primarily comprised of type I collagen, with smaller amounts of other
proteins and proteoglycans. Collagen gives bone its flexibility, and non-collagenous proteins
and proteoglycans serve several important functions during osteoblast differentiation, tissue
mineralisation, cell adhesion, and bone remodelling [25]. The inorganic matrix is
predominantly composed of calcium hydroxyapatite crystals, which contribute to bone's
stiffness and serve as an ion reservoir storing approximately 99% of total body calcium,
approximately 85% of phosphorus, and between 40% and 60% of the body's sodium and

magnesium [24].

Bone continuously modifies and regenerates itself in the presence or absence of mechanical
loading, involving the careful cellular regulation and coordination of osteoblasts and
osteoclasts [26,27]. Osteoblast cells are responsible for building new bone tissue, while
osteoclast cells break down old bone tissue to make way for new growth. A further cell group,
known as osteocytes, biochemically promote osteogenesis in response to loading demands by
regulating and co-ordinating osteoblast and osteoclast activity. To fulfil these mechanical
roles bone needs to be stiff to resist deformation, yet flexible to absorb energy. Also, it needs
to be able to meet important auxiliary functions such as maintaining calcium homeostasis and

haematopoiesis.

1.2.1. Bone Macro- and Microscopic Structure

Important information related to the function and properties of the bone can be obtained
through understanding the predominant tissue type in a specific bone or bone region. Cortical
and trabecular bone are the two main types of bone tissue (macroscopically), which have the
same matrix composition but differ in structure, function, and distribution within bones

(Figure 1.1).

Cortical bone forms the outer shell of bones, providing strength and helping with bone

metabolism and marrow production [24,28-30]. Cortical bone makes up 80% of skeletal



tissue mass and is characterised by its high matrix mass and low porosity. It is primarily found
in the diaphysis (cylindrical shaft) of long bones in the appendicular skeleton, providing
strength and rigidity for weight bearing and muscle action. Cortical bone includes concentric
layers along the periosteum (a dense fibrous membrane forming the outside layer) and
endosteum (a thin membrane forming the inner layer) of the diaphyseal shaft, and contains
cells responsible for bone modelling and remodelling [31,32]. The thickness and distribution
of cortical bone plays a significant role in fracture risk, particularly at the femoral neck.
Despite the dense structure, cortical bone does contain a porosity of approximately 10% of
total cortical bone volume for vascular/neural supply and delivery of nutrients [19,23]. The
degree of porosity can change with age, disease states, and pharmacological intervention,
impacting bone strength and fracture risk. Cortical bone surrounds trabecular bone, but its
distribution and composition differ among different bones within the skeleton. The unique
structural and compositional characteristics of cortical bone contribute to its mechanical

properties and function in the skeletal system.

Trabecular bone (or cancellous bone), in contrast to cortical bone, has high porosity with
pores comprising 50-90% of total trabecular bone volume [3,19,20]. Trabecular bone is
characterised by an organised network of vertical and horizontal plate- and rod-like structures
called trabeculae, giving it a sponge-like appearance. Although trabecular bone has reduced
compressive strength compared to cortical bone, due to its lower matrix mass per unit volume
and high porosity, it serves important functions such as providing increased surface area for
red bone marrow, blood vessels, and connective tissues to be in contact with bone [23]. This
facilitates the role of bone in haematopoiesis (formation of blood cells) and mineral
homeostasis (maintenance of mineral balance in the body). Furthermore, the trabecular bone
can provide internal mechanical support by allowing for even distribution of load and energy

absorption, especially near joints. Trabecular bone is also important during aging, as it tends



to be lost earlier and at a faster rate than cortical bone, which contributes to osteoporosis in
areas rich in trabecular bone. The strength of trabecular bone depends on various factors such
as the number, thickness, spacing, distribution, and connectivity of trabeculae, with
connectivity being of particular importance [33]. Studies have shown that loss of trabecular
connectivity has a greater negative impact on bone strength than the presence of thin but well-
connected trabeculae. This is evident in women with low bone mass and vertebral fractures,
who have a higher number of unconnected trabeculae compared to women without fractures,
despite having similar bone mineral density [34,35]. This suggests that trabecular connectivity
is a critical factor in determining bone strength. Overall, trabecular bone contributes to the
mechanical and structural integrity of bone, playing an important role in bone health and

function.

Cortical and trabecular bone have two types of tissue structure: woven and lamellar [36,37].
Woven bone is disorganised and primarily found during embryonic development, in
pathological conditions or after injury. It is flexible but less stiff than lamellar bone [38].
Lamellar bone is organised into layers or lamellae, similar to plywood. Lamellar bone is stiffer
compared to woven bone and is gradually formed during later stages of healing. In cortical
bone, lamellae form osteons, while in trabecular bone, they form packets. The arrangement
of lamellae differs in cortical and trabecular bone, with outer lamellae forming first in cortical
bone, and the first lamellae forming toward the centre of trabeculae in trabecular bone[19].
Each successive lamella is deposited concentrically in cortical bone, and parallel layers away
from the centre of trabeculae toward the bone surface in trabecular bone. This organisation of
lamellar bone provides strength and stability to the bone tissue [29]. Overall, the presence of
both woven and lamellar bone in different stages of bone development and healing allows for
flexibility and strength as needed for various functional requirements of bone. It also

highlights the dynamic nature of bone tissue remodelling and adaptation.
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Figure 1.1: Bone Structure - The hierarchical macroscopic and microscopic anatomy and
physiology of bone.

1.2.2. Bone Cells

Bone development, regulation, and maintenance is mediated by four key cells: osteoblasts,
osteoclasts, osteocytes, and extra-cellular lining cells (Figure 1.2) [31,39,40]. Osteoblasts are
responsible for producing new bone material by synthesizing and calcifying newly generated
collagen [40]. They can also transform into bone lining cells or osteocytes during the
osteogenic process. Osteoclasts, on the other hand, degrade, dissolve, and resorb bone
material, often in response to material damage or disuse. Osteoclasts have a limited lifespan,
undergoing apoptosis (programmed cell death) within 2 to 4 weeks of osteoclastogenesis [41].
Osteoblasts and osteoclasts work independently during bone creation and formation
(modelling), and co-operatively via a basic multi-cellular unit during bone maintenance and
homeostasis (remodelling) [39]. Osteocytes are central to bone development and renewal as

the most abundant residential cell in bone, accounting for approximately 90% to 95% of all

11



bone cells. Osteocytes, the most abundant residential cell in bone, are descendants of
osteoblasts produced during osteogenesis and are responsible for forming a well-connected
network of sensory channels to detect environmental alterations and communicate reactionary
processes to other bone cells. The well-connected network, proliferate through canaliculated
passages to provide a functional and mechanosensitive platform integral to the detection of
mechanical load and associated microdamage [39]. This mechanically sensitive function,
known as mechanotransduction, enables bone to physiologically detect and convert
mechanical energy into proportionate biochemical signals in order to promote growth and
repair processes. The process of mechano-transduction is essential for bone adaptation, which
is the ability of bone to modify its structure and composition in response to mechanical

loading, and is dependent on the activation of osteocytes and their signalling pathways [31].

Osteogenic Cells
Stem cells- Develop into

Osteoblast an osteoblast
Builds bone matrix

Osteocytes
Maintains bone and communicate
with other organs

"\ Funcion i reortin,the
destruction of bone matrix
Figure 1.2: Cells Found within Bone Tissue - Osteogenic cells are undifferentiated and
develop into osteoblasts which get trapped within the calcified matrix and changes into
osteocytes. Osteoclasts develop from monocytes and macrophages and differ in appearance
from other bone cells.
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1.2.3. Bone Fractures

Complex bone fractures generally consist of multiple fragments and pose several challenges
in terms of diagnosis, treatment, and management [42]. Bone fractures range in severity, from
hairline cracks to complex fractures which require surgical intervention [43,44]. Due to the
association of fractures with various complications such as non-union, mal-union, and
infection, prolonged recovery times and increased morbidity can occur. For instance, a recent
systematic review and meta-analysis found that hip fractures were associated with a two-fold
increase in mortality risk over ten years in older adults. These fractures therefore present

significant challenges for orthopaedic surgeons and often lead to poor clinical outcomes [45].

Surgical treatment approaches are aimed at establishing stability to the broken bones, both
above and below the fracture site, with internal or external supports [46]. Post-operative
management may involve physical therapy and rehabilitation to promote healing and restore
function [47]. Furthermore, pain management, nutritional support, and monitoring for
potential complications, which may require additional surgical interventions are considered

current challenges.

The most common types of challenging bone fractures are distal radius fractures, facial bone
fractures and foot/ankle bone fractures (Figure 1.3) [48-50]. Currently, 20% of distal radius
fractures and 71% of facial fractures require surgical intervention, with almost 20% of facial
fracture requiring secondary surgical procedures [51,52]. The number of fractures that require
surgical intervention is reportedly increasing among the younger patient population, with 45%
of fractures in those under 25 years old and 37.5% of fractures in the age group of 25-30 years
old requiring surgical intervention [52]. Scaphoid fractures are the most common carpal bone
fractures (70% of all carpal bone fractures) that cause long-term pain and frequently require
surgery [53]. Facial bone fractures also occur frequently with an increased number of fractures

being reported annually [52,54-56].
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In terms of long bone fractures, it is estimated that there are 9 million incidents worldwide
annually caused by medical conditions such as osteoporosis [57]. According to Fisher et al.
[58], 20% of fractures result in one or more complications such as deep infections (i.e., pain,
erythema and pus discharge), fixation or implant failures (i.e., loosening of the screws and re-
fracture following mobilisation), delayed union/non-union due to deep infection or failure of
implant/fixation and re-fracture through the site of original injury or the screw hole.
Treatment of long bone fractures at more than one anatomical site presents many clinical
challenges and requirements due to the weakness of the osseous tissue, which ultimately leads
to poor clinical outcomes [59,60]. Proximal humeral fractures are also complex and
challenging to manage and treat due to the complexity of the bone anatomical site [61].
Conventional surgical treatment for fracture of the proximal humeral bone normally results
in a reduction in the range of motion, poor restoration of anatomical congruity, pain and a risk
of infection [60]. The cost of treating complex fractures can be substantial, particularly in
cases involving prolonged hospitalisation and surgical interventions. A study by Metsemakers
et al. reported that the mean cost of treating complex tibial fractures was approximately
€16,000 per patient between 2009 and 2014 [4]. As complex fractures are very painful and
difficult to recover from, the treatment plan must be carefully designed to achieve the best

clinical outcomes.
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Figure 1.3: Types of Bone Fractures - Complex fractures occur most frequently in the long
bones, carpal, facial, ankle and foot bones. The wrist, facial, ankle and foot bones contain

several small bones close to each other, leading to complex fractures.
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1.2.4. Natural Bone Healing Mechanism

Bone is a biomaterial well-suited for physiological and biomechanical investigation due to its
mechanical receptivity, biological adaptability, and metabolic activity. The skeleton has the
ability to construct (model) and reconstruct (remodel) itself through cellular processes in

response to developmental and mechanical loading demands.

During the normal bone healing process, three overlapping stages occur: (1) inflammation,
(2) bone production and (3) bone remodelling (Figure 1.4). Initial bleeding into the fracture
area is followed by inflammation and clotting of blood at the fracture site. These processes
involve haematopoietic and immune cells within the bone marrow and mesenchymal stem
cells (MSCs) from the surrounding tissue and bone marrow [32,62]. Clotted blood is replaced
with fibrous tissue and cartilage (soft callus) within 2 to 4 weeks. Callus formation around
the fractured bone provides early stabilisation and protects the repair tissue from external
forces [63]. Subsequently, the calcium formation that is laid down in the matrix within the
next 4 to 12 months results in the callus becoming visible on radiographic images. The
successful restoration of the original shape and structure of bone (i.e., bone remodelling) is
the final stage in the normal healing process. In some incidences, bone healing does not occur
in accordance with the normal bone repair processes. For example, micromotion at the repair
site can interrupt the healing process and lead to other possible complications such as bleeding
into a joint space that causes the joint to swell (hemarthrosis), and blood clot formation that
can cause blockage within a blood vessel locally or elsewhere in the body. Non-union
fractures occur when the broken bones are not able to heal due to insufficient nutrition, limited
blood supply or inadequate stability (poor immobilisation). In these cases, the healing process
can last from months to years. Fractures that contain small bone fragments require careful
management in order to achieve fracture repair and bone remodelling [5]. The objective of

early fracture management is to control bleeding, prevent ischemic injury (i.e. bone death)
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and remove sources of infection such as foreign bodies and dead tissues [64]. Fracture
management includes reduction of the fracture followed by maintenance of the fraction

reduction using immobilisation techniques.

Week 0 - 1: Haematoma Week 1 —4: Soft Callus Formation Week 4 - 48: Hard Callus Formation_& Bone R d "1g__:::_"::;--_17._.‘_'
i

Figure 1.4: Natural Bone Healing - Stages of bone healing: (1) haematoma formation from
stem and macrophage cells at the fracture site (week 0-1), (2) soft callus formation at the
fracture site, from chondroblast, osteoblast, fibroblast and osteoclast, replaces the hematoma
(week 1-4) and (3) hard callus replaces the soft callus, using chondroblast cells and after week

6-8 bone starts to replace the hard callus (week 4-48).
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1.3.  Current Surgical Approaches — Orthopaedic

Currently used immobilisation techniques range from the use of a cast or wrap
(i.e. non-operative therapy) for simple fractures to the use of metal hardware (i.e. operative
therapy). Metallic plates and wires have been used to provide compression and stabilisation
between the fractured bone fragments in internal fixation procedures for +100 years. Surgical
treatment approaches are aimed at establishing stability to the broken bones above and below
the fracture site with internal or external support. Another purpose of surgical intervention is
to supply of fracture site and surrounding soft tissue with blood and to remove the dead bone
and any poorly vascularised or scarred tissue from the fracture site to encourage healing.
Sometimes healthy soft tissue along with its underlying blood vessels may be removed from
another part of the body and transplanted at the fracture site to promote healing. More
complicated fractures require surgical intervention such as open reduction and internal

fixation (ORIF) or external fixation.

1.3.1. Open Reduction and Internal Fixation (ORIF)

ORIF is a surgical procedure where the fracture site is adequately exposed, and reduction of
fracture is conducted. Several devices have been used for the internal fixation of bone
fractures, including plates, interlocking nail devices, intramedullary compression nail
devices, bridging devices, and balloons [65]. There are a number of different types of plates
with the most common being dynamic compression plates. Dynamic compression plate
(Figure 1.5a and 1.5b) are designed to exert dynamic pressure between the bone fragments,
which is achieved either by attaching a tension device to a plate or by using a special plate.
For the placement of the tension device, a longer surgical incision is required and there is a
possibility of re-fracture after the plate is removed. The benefits of dynamic compression
plates include low incidence of malunion and stable internal fixation, allowing immediate

movement. However, the use of dynamic compression plates for fracture repair have several
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disadvantages such as delayed union, existence of microscopic fracture gaps and cortical bone
loss after plate removal [6]. For instance, Mardam-Bey et al. reported outcomes for tibial
eminence fracture repair using screw fixation on dynamic compression plates, reporting that
20% of patients show anterior screw relaxation following treatment and 10% of patients

experience rotational instability and loss of motion [66].

Intramedullary compression nails [67] (Figure 1.5c¢) and interlocking nails [68] (Figure 1.5d)
are also widely used in bone fracture repair. The intramedullary compression and interlocking
nail are inserted into the medullary cavity of a bone to re-join and reinforce the broken bone
parts and permit the functional rehabilitation of the limb within a few days. These nails usually
do not demonstrate sufficient mechanical strength to enable full load-bearing capability,
therefore functional use of the limb is not possible until the healing process is complete.
Consequently, immobilisation of the limb for long periods is required, which can impact the
patient’s quality-of-life and ability to work during that time and also poses risks of muscle
atrophy and other ailments. The interlocking nail method is frequently used for the treatment
of complex and unstable fractures of the femoral shaft. Generally, femoral shaft fractures are
considered relatively uncommon but serious injuries, often resulting from high-energy trauma
like vehicle accidents or falls from height and represent about 3% of all fractures. This is a
technically challenging procedure due to the requirement for accurate placement of locking

and stabilisation screws that secure the compression nail in place.

A bridging device is an expandable fracture fixating device used for internal fixation by
implanting the device within the medullary cavity (marrow conduit) of the bone and
positioning it across the fracture (Figure 1.5e) [69]. These expandable and hollow structures
are able to “bridge” the bone fracture site, fixate the site upon expansion and allow the
maintenance of the majority of the bone marrow volume. Their use has been shown to enhance

bone health, healing and the ability of the body to generate red blood cells [70]. This device
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can be implanted for the temporary stabilisation and fixation of bone fractures, but after a
period, surgical removal is required. These devices are part of a broader category of
intramedullary fixation methods and are commonly used for long bone fractures, such as those
of the tibia, femur, and humerus. Tibial shaft fractures, represent about 37% of all long bone
fractures in adults, with an overall incidence of 17-21 per 100,000 population. A similar
method developed by Berger et al. involved the use of a balloon catheter fixation device [71].
In this approach, a balloon catheter was placed either proximal or distal to the fracture site,
adding compressive force to enable reduction and stabilisation of the fracture (Figure 1.5f).
The main objective of these devices is, firstly to stabilise the fracture site and secondly to
increase the rate of healing. The elastic property of the catheter that is tightened against the
rigid immobile force of the anchoring balloon allows the fractured segments of the bone to

align and come in intimate contact.

While these expandable fixation devices are considered to be minimally invasive, they
are limited to long bones only, due to their length. Also, complications may occur such as
persistent infection (e.g. chronic osteomyelitis) of bone or bone marrow since it requires
delivery and penetration into the medullary cavity. For example, a meta-analysis found the
incidence of hardware irritation to be approximately 22%, soft tissue problems around 9%,
and infection also around 9%. These complications can vary depending on the specific type
of fracture and the overall health and circumstances of the patient. Infections, including
chronic osteomyelitis, can be as high as 2.4% for deep infections, with other studies indicating
infection rates between 5% and 16% depending on the fracture location and patient
conditions. Treatment of such infections requires, hospitalisation and treatment with
antibiotics or surgical drainage and curettage [65]. Post-surgical infections are one of the
major complications associated with the application of all internal fixation devices.

Frequently these infections result in bone or tissue necrosis and in severe cases can result in

20



the death of patient - therefore additional surgical intervention and therapy is required.
Although most bone fractures heal without complications, in some cases successful healing

is not achieved resulting in delayed unions or non-unions, necessitating a bone graft.
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Figure 1.5: Surgical Approaches used for Internal Bone Fixation - (a) dynamic
compression plates for ulna and radius and (b) ankle bone fractures, including screws for the
bone stabilisation, (c) intramedullary compression nail, (d) interlocking nail, (e) metallic stent
to the fracture site “bridge” and (f) balloon application to the fracture site.
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1.3.2. External Fixation

External fixation is a procedure in which the fracture stabilisation is achieved at a distance
from the site of fracture. It helps to maintain bone length and alignment without casting.
Devices used for external fixation are made of metal or carbon fibre and, as with skeleton
traction methods, these devices have pins placed into the bone directly through the skin [72].
External fixation has evolved from being used primarily as a last resort fixation method to
becoming a mainstream technique used to treat bone and soft tissue pathologies. Percutaneous
techniques are used for the treatment of tibia periarticular [73] and femoral shaft [68] complex
fractures, leading to the enhancement of biologic fracture healing and a decrease in the
complications observed with other open reduction techniques. Development of unilateral
frames and circular frames [72] have been reported (Figure 1.6). Unilateral and circular
frames are positioned on one side of or around the limb with the use of pins, allowing the
limb to remain functional, avoiding the complications associated with immobilisation, and
providing bone stability. However, these techniques are characterised by a high risk of wound
and pin tract infection and incisional morbidity as well as damage to surrounding tissue,
nerves, skin, blood vessels, or nearby organs [65]. Furthermore, these devices require

substantial attention and care to prevent inflammation.

Despite the widespread use of metal hardware, they have associated limitations and frequently
result in poor healing, such as mal-unions [74]. In particular, the loosening of bone plates,
screws and pins often occurs over time post-surgery while external plates and frames require
removal, which can lead to cortical bone loss or post-surgery complications [6]. In cases
where multiple fragments of bone have resulted from multiple breaks, there is currently no
convenient way to stabilise the small fragments of the fractured bone and prevent gaps
between the bone fragments. An alternative approach to overcome some of the challenges

relating to the use of metal hardware in fracture repair is the use of bone adhesive materials.
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Unilateral Frames 1 4

Figure 1.6: Surgical Approaches used for External Bone Fixation - Fixation devices such
as unilateral frames [75] placed on one side of the ankle or distal bone and miniplates or
screws including pins for molar bones and circular frames [76] placed around the long bone,

allowing functionality and bone stability during the bone healing process.

1.4. Dental Prosthetics or Implants

The mouth, also known as the oral or buccal cavity, acts as the entrance to our digestive
system, facilitating the intake of food and air into the body [77]. When it comes to materials
used in dentistry, certain essential biological qualities are needed, including non-toxicity,
biocompatibility, prevention of bacterial microleakage, low plaque formation, and the

capacity to facilitate tissue regeneration [78].

Dental implants and prosthetics are used to replace missing or damaged teeth with more than

90% success rate [79]. There are three main types of dental implants, each suited for different
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situations and patient needs: endosteal or endosseous, subperiosteal, and transosteal (Figure

1.7).

Endosteal Subperiosteal Transosteal
/{/

\\ \\:L*,T /
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Figure 1.7:Types of Dental Implants — Endosteal implants placed directly into the jawbone,

2

subperiosteal implants consist of a metal frame that is fitted onto the jawbone just below the

gum tissue and transosteal implants inserted through the jawbone from underneath the chin.

1.4.1. Endosteal or Endosseous Dental Implants

Endosseous dental implants serve as substitutes for dental roots and are typically placed
within the mandible or maxilla. These implants are commonly constructed using titanium due
to their heightened resistance to corrosion, increased strength, and excellent biocompatibility.
Endosseous implants can be further categorised into two main types: root implants and blade
implants [80]. Root implants are utilised for supporting dentures or replacing damaged tooth
roots and can be inserted in either the mandible or maxilla, depending on the location of the
damage. The choice of implant type depends on factors such as the patient's root cavity
condition, the nature of the damage, and the patient's age. Root implants are available in
various designs, including screw-threaded, solid-body press-fit, and porous material-coated

designs [81].

Extensive research has been conducted to enhance the success rates of screw-threaded
implants. Factors such as implant diameter, length, geometry, and threading have been

investigated in depth [82,83]. Typically, the length of root screws ranges from 8 mm to
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15 mm, with diameters spanning from 3 mm to 7 mm [80]. Longer screws distribute stress
across a larger surface area, promoting effective osseointegration. Wider screws engage with
more substantial bone areas and are well-suited for removal torque tests. The addition of
threads to the root implant enhances initial stability, increases initial contact, and enlarges the
surface area [84]. On the other hand, blade implants are custom-made anchors for dental
prosthetics. These implants support abutments using metal plates placed laterally rather than
vertically along a dental root. An essential consideration in the design of blade implants is
their flexibility, allowing them to align parallel to the curved mandible or maxilla while

maintaining abutment alignment [85].

While endosteal dental implants offer a highly effective solution for tooth replacement and
denture support, it's important to acknowledge their limitations [86]. One notable limitation
is the requirement for a sufficient quantity and quality of bone in the implantation area [87].
In cases where the patient has experienced significant bone loss or has an inadequate bone
structure due to various factors, such as long-term tooth loss or periodontal disease, endosteal
implants may not be feasible without prior bone augmentation procedures. Additionally, the
healing process and osseointegration, which are critical for implant success, can be affected
by factors such as patient health, smoking habits, and certain medical conditions [87].
Moreover, the placement of endosteal implants necessitates a surgical procedure, which
carries inherent risks and may not be suitable for patients with certain medical conditions or
preferences. Finally, the cost of endosteal dental implants and associated procedures can be a
limiting factor for some patients, making affordability a consideration in treatment planning

[88].

1.4.2. Subperiosteal Dental Implants
Subperiosteal implants are designed to sit between the jawbone and the gum tissue, eventually

becoming securely anchored to the jawbone through osseointegration [77]. Within this
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category, there are two primary types of implants: dentures and ramus frames [89,90].
Dentures can be further categorised into fixed dental dentures and removable dentures. Based
on placement technique and patient requirements, removable dentures can be classified as
partial or full. Currently, removable partial dentures are the preferred choice for many patients
due to considerations related to anatomy, physiology, and cost-effectiveness however there is
need for rehabilitation in either the maxillary or mandibular region. Subperiosteal implants

are particularly useful when conventional implant support placements are lacking.

1.4.3. Transosteal Implants

Transosteal implants come into play when patients face severe resorption and jaw damage
due to inadequate implant support [77]. This implant type involves affixing a metal plate with
screws that penetrate through the jawbone, securing it to the lower mandible. The metal rods
from other implants extend from the superior mandible to the inferior border, effectively
serving as a horizontal support beam. The procedure requires both intra- and extra-oral
incisions to ensure proper stability, often referred to as a mandibular staple. It's important to
note that transosteal implants are not commonly employed due to their prohibitive cost, with

more cost-effective alternatives typically explored.

1.5. Type of Adhesives

Bone adhesive present a promising approach for bone fracture stabilisation, repair and
regeneration applications, with the potential to overcome limitations of existing fracture
repair techniques [16,91]. For a bone adhesive to be suitable for use in bone fracture
stabilisation and repair applications it must meet several clinical requirements [12,91-94].
Bone adhesives must provide early mechanical stability combining optimal adhesive and
cohesive properties. Appropriate adhesion to the bone under clinically relevant situations such
as a moist environment, presence of bleeding and uneven surfaces, as well as stability under

internal or external forces (e.g., tensile, compression or shear forces) must be achieved
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[92,95]. Biocompatibility is also an important requirement in order to avoid cytotoxic
responses and facilitate fracture healing through osteogenesis and ultimately bone
regeneration [96]. The bone adhesive also needs to be biodegradable and bioresorbable with
non-toxic by-products such as gases (e.g., COz), water and inorganic salts that can be

processed naturally by the body without causing cytotoxic effects [97].

A number of the synthetic naturally derived and biomimetic-based bone adhesives that have
been previously discussed have been explored and adapted for use in bone repair applications
including fracture fixation, bone defect repair and prosthetic implant bonding to soft/hard
tissue [95,98]. These bone adhesives have the potential to overcome the disadvantages of

conventional invasive surgical techniques and meet clinical requirements.

1.5.1. Synthetic and Natural Derived Adhesives

Early investigations into the use of bone adhesives in bone repair applications involved the
development of epoxy resin-based bone adhesives such as phenol-formaldehyde resins. While
these materials offered a high mechanical strength, they have been reported to lack
biocompatibility [99]. Cyanoacrylate- (e.g. cyacrin) and polyurethane-based synthetic
polymers have also been proposed as bone adhesives due to the high bonding strength and
ability to achieve adhesion in a wet environment [100]. Although, these cyanoacrylate- and
polyurethane-based bone adhesive demonstrated high tensile and adhesion properties, high
infection rates, non-union (e.g., fracture displacement), low biodegradation and severe local
reactions have been reported [99,101]. The poor outcomes from these initial materials have
resulted in research into alternative bone adhesives with more suitable functional properties

and improved clinical outcomes.

One such study investigated the application of a non-elastomeric crosslinked
polyurethane-based bone adhesive for the stabilisation and repair of bone fragments from the

tibia [102]. The bone adhesive was improved by incorporating calcium and phosphate
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compounds. In vivo results demonstrated that stabilisation and bonding of the bone fragments
as well as de novo bone growth were achieved with no evidence of inflammation/infection at
the fracture site, as well as some biodegradation and good biocompatibility [102]. A similar
polyurethane-based bone adhesive was developed by Schreader et al. for bone-to-bone
fixation. This material consisted of a foam-like bone adhesive containing 4,4-methylene
diphenyl diisocyanate and caprolactone-based diol (polyol) reinforced with hydroxyapatite
nanoparticles [103]. The crosslinking occurred via moisture-curing polyurethane chemistry
which can influence the physical properties. However, the final physicochemical and
functional properties were dependent on the chemistry and structure of polyol. This bone
adhesive demonstrated strong bone-to-bone bonding with an adhesion strength of 4.47 MPa
after 20 h, which is four-fold greater than conventional poly(methyl methacrylate)

(PMMA)-based bone cement.

Several studies have focused on the development of PMMA-based bone adhesives for bone
repair applications. These bone adhesives have been predominantly used in dentistry and
orthodontics due to their weak adhesion to bone, especially in a wet environment [104].
Another issue is the exothermal reaction that occurs during the polymerisation that can lead
to cell death and bone tissue necrosis [105]. Enhancement of the adhesive strength of
PMMA-based bone adhesives has been reported by enriching the bone adhesive with
hydroxyapatite particles [106]. However, despite the increase in adhesion strength, the lack
of biodegradability has limited the clinical application as a bone adhesive for bone repair
applications [107]. A bone adhesive that shows improvements in adhesive properties
particularly in an environment with high humidity as well as improved biodegradation have
been achieved by Wistlich et al. [108]. They developed a bone adhesive for bone repair
applications using a photocurable poly(ethylene glycol) dimethacrylate (PEGDMA) matrix,

adding an isocyanate functional (six-armed) star-shaped prepolymer with ethylene oxide and
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propylene oxide copolymerised (NCO-sP(EO-stat-PO)) in a ratio of (4:1). The
NCO-sP(EO-stat-PO) enhanced the biodegradation properties and demonstrated a low level
of cytotoxicity. Furthermore, improved adhesive properties were achieved by modifying the
matrix PEGDMA with biodegradable ceramic adjuvants. In addition to improving the
adhesive properties of the bone adhesive, these ceramic-based adjuvants also increased the
porosity of the adhesive, leading to ingrowth of new bone via ion release. This bone adhesive
has also been shown to be cytocompatible, easy to apply, demonstrate appropriate
bone-to-bone adhesion in a wet environment, as well as supporting bone formation during

fracture healing.

In 1982, researchers investigated the potential applications of fibrin glue in oral and
maxillofacial surgery, primarily as a haemostatic agent for managing soft tissue injuries [109].
However, the true breakthrough came in 1985 when Keller et al. introduced fibrin glue as a
composite of fibrinogen and thrombin, highlighting its suitability as a scaffold for enhancing
bone regeneration in craniofacial bone reconstruction [110,111]. This research was significant
due to fibrin glue's remarkable biocompatibility, biodegradability, and its ability to facilitate
cell binding. Subsequent investigations have demonstrated the multifaceted benefits of fibrin
glue in various aspects of oral and maxillofacial surgery [112-114]. From these studies it was
found that that they can lead to reduced operative durations during periodontal surgery, along
with accelerated and improved healing of grafts that are isolated from the oral cavity.
Moreover, fibrin glue has proven instrumental in enhancing the bone graft healing process
and the bone graft incorporation and remodelling, thereby reducing the risk of infection and

hospitalization in maxillary surgeries [109].

Results of another study on the use of autogenous bone combined with fibrin glue for
maxillary sinus grafting and simultaneous implant placement led to significantly higher

volume of bone formation [115]. Additionally, this combination exhibited the potential to
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improve the osseointegration of dental implants in sinus floor augmentation procedures with
simultaneous implant placement [110]. Autologous bone graft has been considered for
reconstructing oral and maxillofacial defects their application is still limited due to its
disadvantages [116,117]. These drawbacks include the necessity for an additional surgical
site, donor site-related morbidity and infection risks, as well as the potential for bone graft

particles to shift during placement [117].

Fibrin-based natural polymers have also been applied clinically as bone adhesives, providing
biocompatibility, biodegradability and cost effectiveness [117]. Fibrin glue is a biological
adhesive made from fibrinogen and thrombin, which are components of the blood coagulation
cascade. These bone adhesives have been extensively used in bone tissue engineering
applications, mainly for the acceleration, union and revascularisation of osteochondral
fragments [118,119]. Nihouannen et al. [120] developed a bone adhesive by incorporating
macro- and micro-porous biphasic calcium phosphate (BCP) ceramic granules within a fibrin-
based sealant (i.e., Tissucol). 60% hydroxyapatite and 40% beta-tricalcium phosphate (B-
TCP) were incorporated into the fibrin-based sealant and the osteoinductive properties
evaluated. The formation of a well mineralised ectopic bone was observed between the BCP
particles within the dorsal muscles of sheep, proving the ability of the BCP-fibrin-based
sealant to promote osteogenesis [120]. Cassaro et al. [121] developed a bone adhesive that
included a fibrin-based biopolymer, which demonstrated haemostatic, sealant, adhesive,
scaffolding and drug-delivery properties. The adhesive further included biphasic calcium
phosphate particles and MSCs. Cassaro et al. [121] demonstrated the bone adhesive to be
cost-effective to manufacture, offering good biocompatibility, as well as effective repair of

fractured bone and the formation of new bone in the male Wistar rats.

Polysaccharide-based bone adhesives have also been developed for bone repair applications.

For instance, Kumbar et al. [122] investigated bone adhesives from cellulose derivatives such
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as cellulose acetate and ethyl cellulose, which are linear polysaccharides of D-glucose units
linked by B(1—4) glycosidic bonds. The hydrogen-bonded structure resulting from the
B(1—4) glycosidic bonds led to good biocompatibility and high mechanical properties. This
study reported that the polysaccharide-based bone adhesive can form adhesive bonds between
cellulose and bone through the carboxylic acid groups, as well as demonstrate a compressive
strength (27-33 MPa) close to human trabecular bone. Two component bone adhesives
derived from polysaccharides were developed by combining biocompatible chitosan or
dextran with degradable starch [123]. Initially, the polysaccharides were oxidised with
periodic acid (L-3,4-dihydroxy-I-phenylalanine (L-DOPA)) to generate aldehyde groups,
which is the main component found in mussels to help them adhere to the surface of a rock.
In this bone adhesive, a covalent bond that is developed enabled a strong adhesion bond at
the bone-bone interface as well as a high cohesion strength within the bone adhesive. This
bone adhesive demonstrated excellent biocompatibility with higher mechanical properties

than fibrin glues.

L-DOPA, a hydroxylated form of tyrosine, has also been incorporated with the functional
binder (mussel-derived adhesive protein) to effectively retain deproteinised bovine bone
mineral within the bone defect for bone tissue engineering applications [124]. Assessment of
the biomechanical properties demonstrated the formation of an aggregate by the binding of
the particles. An improvement in osteoconductivity and acquisition of osteoinductivity was
observed, which resulted in an acceleration in bone remodelling and regeneration with the
density of new bone similar to the normal bone. The different applications sites as well as
properties and drawbacks of the synthetic-based bone-adhesive materials described in this

section are summarised in Table 1.1.
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1.5.2. Biomimetic-Based Adhesives

Some terrestrial organisms as well as marine plants and animals use combinations of proteins
and polysaccharides for the formulation of bioadhesives to meet specific requirements to
function in the natural environment (e.g. settlement, hunting, and defense) [101]. In many
cases, these bioadhesives demonstrate higher mechanical properties compared to the currently
developed synthetic or natural polymer-based adhesives and adhesion within a wet
environment. Specifically, these types of adhesives are able to create ionic and/or covalent
bonds with the bone surface or bone collagen. The ability to cure at physiological
temperatures, and to achieve a high bonding strength to biological materials including bone
materials has prompted research into its use as a bioadhesive for bone tissue engineering
applications.

To date, a number of bioadhesives that mimic these animals and plants have been investigated
and/or developed but the bioadhesive produced have not yet been translated for clinical use
for bone tissue engineering applications. Different types of biomimetic adhesives discussed,
and the properties are summarised in Table 1.2. There are a number of terrestrial organisms
that are capable of forming bioadhesives, including the Australian frog (e.g. Notaden bennetti)
and Caddisfly (e.g. Trichoptera). The Notaden bennetti, can form a protein-based elastic
hydrogel-based adhesive that is able to function in moist environments, bind to biological
tissues as well as other surfaces [92]. The bonding is achieved by covalent bonding with
amines present in the bone collagen matrix. These frog-derived bioadhesives performed
significantly better than fibrin glues in cartilage repair models, providing biocompatibility
and resorbability although they did not outperform cyanoacrylates in terms of adhesion
strength [125]. Overall, the unique properties of these biomimetic copolymers suggest that
they could have great potential for application as bioadhesives for bone tissue engineering

applications. However, the research related to this bioadhesive is still at a primary stage and

32



further investigation is required to evaluate this material as a bioadhesive for bone fragments
stabilisation and repair [126].

Stewart et al. described a bioadhesive, that mimics caddisfly silk, combining
phosphate-functionalised and amino acid-based poly(ester urea) copolymers for the
enhancement of the mechanical properties [127]. These bioadhesives demonstrated higher
levels of adhesion to bovine bone when crosslinked with Ca®* ions.

Marine animals, such as the blue mussel (e.g. Mytilus edulis), barnacle (e.g. Balanus hameri)
and the sandcastle worm (e.g. Phragmatopoma calfornica) also produce adhesive proteins.
Mytilus edulis have the ability to strongly attach themselves to both inorganic and organic
host surfaces at various levels of salinity and humidity at ambient temperature [137]. The
functionality of these mussel-derived bioadhesives is based on an extremely complex
interaction between different proteins. These bioadhesive usually consists of four main
components: (1) acid mucopolysaccharides acting as a primer, (2) polyphenolic proteins as
adhesive proteins rich in both L-DOPA and lysine, (3) fibrous proteins between mussel and
the substrate as an attachment thread and (4) polyphenoloxidase to promote intermolecular
cross-linking [138]. In the context of bone repair, adhesion is achieved through ionic bonding
between catecholic hydroxyl and carboxylic acid groups of the adhesive system with Ca?*
present on the surface of bone. The complex interactions between the proteins within
mussel-derived bioadhesives causes technical difficulties relating to protein extraction
resulting in high production costs that hamper clinical application. Many studies have been

conducted to evaluate the properties of mussel-derived bioadhesives [139].
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Table 1.1: Comparison of the different properties of all the synthetic-based adhesives.

Cyanoacrylates
[128-131]

Application Advantages Disadvantages
Craniofacial, Max adhesive Partial bone
osteochondral and strength of 9 MPa formation/non-
trabecular fractures degradable

Bone formation and
fragments fixation

Enhancement or
replacement of
screws/plates

Enhanced tensile &
shear bond in wet

and dry environment.

Higher shear
strength (1-2 MPa)
than screws & plates

Less efficient than
screws with low
mechanical properties

Chronic inflammatory
response and tissue
Necrosis

Cytotoxicity to cells in
vitro & dermatitis in
Vivo

Bone formation and
fragments fixation

Bone to bone

High adhesive of
4.9 MPa or/and
cohesive strength of
2.2 MPaOsteogenic,

Bond failure between
bone and adhesive

Low biodegradability

Polyurethane | adhesion . .
[101-103] non-toxic and Infection
Closure of fractures | biocompatible . .
Tissue necrosis
Degradation in wet
environment
Scaffold in bone Faster degradation in | Mechanical stability
regeneration wet environment during degradation
. . than polyurethane- .
Polyester Tissue adhesion base dp y Inflammation at the
application site-
132-134 . . .
[132-134] High mechanical & | cytotoxicity
adhesion strength of .
4.1.5.5 MPa Low yield strength
Bone fragment and | Increased bonding to | Low adhesive strength
implant fixati il .
implant fixation \évt(:te rt]);)tr:]e 0(]'Een5| e Thermal necrosis of
PMMA ives i '
Adhfeswes in 62-83.0 MPa) bone tissue
[135,136] | dentistry Lack of

Bone formation

Easy application

Cytocompatibility

biodegradability

34




Initial efforts to mimic these materials have focused on the development of synthetic polymers
and cell attachment proteins that mimic the components that provide mussels with strong
adhesion. Mussel-derived bioadhesives assessed for bone tissue engineering applications
have demonstrated good biodegradability, non-immunogenicity and a greater adhesion on
various substrates (e.g. metal, glass, plastic, and biological substances) [140,141] compared
to polymer-based adhesives. The mechanical properties of mussel-derived bioadhesives
include an adhesion strength of 10 MPa, low Young’s modulus of 0.9 GPa and residual
resilience of 53% following mechanical assessment under fatigue loading. Initially,
pre-modified intestinal bacteria combined with an enzyme capable of inserting in the amino
acid named DOPA (a key component in the mussel proteins) was developed, using
photochemical crosslinking [142]. Apart from photochemical crosslinking, mussel-derived
bioadhesives can be successfully crosslinked using oxidation agents (e.g. iron). lIron-induced
networks showed strong adhesion, biodegradability, low cytotoxicity, and a low exothermic
reaction suitable for the bonding of sternal bones [143]. Furthermore, positive results were
exhibited in terms of the suitability of these mussel-derived bioadhesives for bonding titanium
prosthetic implants to bone. Other bioinspired approaches include the use of allyl,
methacrylamide, and thiol groups for bone priming using a layer-by-layer coating technique
leading to improved shear strength (0.3 MPa) and cellular response [144]. Inspired from the
mussel-derived bioadhesives, further research is on-going to investigate the incorporation of
DOPA into a range of different synthetic polymers to synthesize new copolymers with
adhesive properties. Researchers have demonstrated that the bonding strength increased as a
function of DOPA content, copolymer solution concentration, copolymer molecular weight,
and curing temperatures or by incorporating a crosslinker (e.g. tyrosinase, hydrogen peroxide,

or basic aqueous solution) [142,145]. While the capability of these bioadhesive to bond
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various materials has been demonstrated, their suitability as bioadhesives for bone tissue
engineering application is still under investigation.

Another marine creature, which has inspired the improvement of bioadhesive properties is the
sandcastle worm (i.e. Phragmatopoma calfornical), which produces an adhesive commonly
known as ‘sandcastle glue’ comprising of polyphenolic proteins. The sandcastle worm
produces an adhesive that can bind seashell fragments, grains, and sand to each other. The
maximum adhesion strength of this adhesive is achieved in less than 30 s in water and it fully
hardens within 1-2 h [146]. Cost-effective adhesion can be achieved using only small amounts
of the secreted adhesive instead of typical amounts of 5 g to 10 g required for other adhesives.
The glue includes phosphate and amine side groups, which are well-known bioadhesive
groups that can be used for bone tissue engineering applications. The suitability of this
bioadhesive for underwater adhesion makes this hybrid naturally-derived model an attractive
potential bioadhesive for the stabilisation and repair of hard tissue (e.g. bone). A range of
synthetic-based materials, which mimic the adhesive function of the sandcastle glue have
been developed. For instance, Ailei Li et al. developed a sandcastle glue-derived copolymer
using bone block specimens from bovine femur cortical bone, which exhibited an in vitro
bone-bond strength of 0.1 MPa [147].

Another sandcastle worm-based bioadhesive was developed by combining
O-phospho-L-serine, which is a phospho-related amino acid component of many proteins
with tetracalcium phosphate [95] or alpha-tricalcium phosphate (a-TCP) [148]. This
bioadhesive provided high levels of bone-to-bone bonding with a fast setting in a wet
environment. Furthermore, the shear strength observed was 10-fold higher than
PMMA-calcium phosphate-based bioadhesives and 40-fold higher than commercial
cyanoacrylate-based bioadhesives, with an appropriate biodegradation rate that promoted

osteointegration and supported effective bone ingrowth. An alternative approach by Kirillova
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et al., comprising of O-phosphoserine and tetracalcium phosphate, led to the development of
another bone adhesive, which exhibited a setting time of less than 10 min and the ability to
achieve high bone-to-bone adhesive strength [95]. This bone adhesive demonstrated a shear
strength ten-fold higher than calcium phosphate cements and PMMA bone cements. In
addition to the high adhesive strength achieved, both sandcastle worm-derived bone adhesives
also demonstrated osteointegration, bone ingrowth and biodegradability.

A new class of sandcastle worm-derived calcium phosphate-based bone adhesives was
reported by Pujari-Palmer et al. that have the potential to bond soft/hard tissue together and
bond soft/hard tissue to metallic and polymeric prosthetic implants [148]. Pajari-Palmer et al.
reported that phosphoserine can create an amorphous stable bone adhesive within a wet
environment, improving the physicochemical properties since they exhibited atomic-scale
and macroscale interactions [148]. Furthermore, they reported that the existence of
phosphoserine within the bone adhesive can lead to accelerated bone regeneration without
causing any inflammation or adverse responses [149]. The assessment of the biodegradation
behaviour of phosphoserine-based bone adhesives in physiological fluid ex vivo demonstrated
the decrease of degradation increasing the density (lower porosity) and the surface area of the
adhesive [118]. For bone tissue engineering applications, an effective bone adhesive requires
high mechanical strength, low biodegradation and retention of bond strength within the initial
days and weeks post-fracture stabilisation. The phosphoserine-based bone adhesive
demonstrated a relatively high bond strength (39-50 MPa) and slow biodegradation (8-14%
mass loss after 14 days) until the formation of new hard tissue, while also presenting
amorphous calcium phosphate and metastable o-TCP on the surface of the bone adhesive
[150]. Hulsart-Billstrom et al. [119] demonstrated the first in vivo biological safety
assessment of a phosphoserine-based bone adhesive for bone tissue engineering applications.

The study demonstrated that the phosphoserine-based bone adhesives investigated supported
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a rate of cell proliferation of 45-64% with no evidence of redness, swelling, inflammation,
fibrotic tissue, disruption or bleeding. The lack of increased immune response and absence of
ectopic bone formation demonstrated in this study confirms the highly desirable
characteristics of sandcastle worm adhesives in order to achieve effective gluing of bone

fragments while successfully guiding osteogenesis to promote bone repair and regeneration.
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Table 1.2: Comparison of the different biomimetic-based adhesives.

Description

Application

Advantages

Disadvantages

Notaden bennetti
frog bioadhesives

Protein-based elastic
glue

Bone adhesion and fragments
fixation (cartilage bone repair)

Binding to biological tissues as

Better biocompatibility and
biodegradation than fibrin glues
Function in moist environments

Adhesion of 16.5+2.2 MPa on

Lower adhesion strength
than cyanoacrylates

[125,151] well as other surfaces metals
Phosphate- Bovine bone adhesion . Cohesive failure
Caddisflv silk functionalised and (orthopaedic) / Scaffold materials {Adhesion strength of 1.17 MPa . 0 Kinetics and
addisfly si Amino acid-based ow curing kinetics an

bioadhesives
[95,152,153]

polyester copolymers

for spinal cord injury

Mesh grafts to treat hernias,
ulcers, and burns

Biodegradable in vitro and in vivo

Higher interface compliance

adhesive properties on
translationally relevant
substrates

Balanus hameri
barnacle
bioadhesives [154—
157]

Polyacrylamide-based
copolymer with
hydroxyl and hexyl
groups

Repeatable and robust underwater
adhesion to various substrates

Material transfer, temporary
fixation (orthopaedics), and
material separation/Bovine bone
adhesion

Tensile shear strength of 2 MPa

Enhanced toughness and cohesion
strength

Rapid and reversible adhesion in
water

Poor adhesion to bovine
bone approx. 363 kPa

Low mechanical strength
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Mytilus edulis blue
mussel bioadhesives
[139,140,144,145]

Adhesives based on
complex interaction
between different
proteins

Strong attachment to inorganic/
organic surfaces at dry/wet
environment

Reliable crosslinking using
oxidation agents, such as iron

Suitable for joining titanium
implants to a bone and/or bonding
sternal bones

Non-immunogenicity and low
cytotoxicity

Greater adhesion on various
substrates with adhesion strength
of up to 10 MPa

Good biodegradability

Low exothermic reaction for the
bonding of sternal bones

Difficulties relating to
protein extraction
resulting in high
production costs,
hampering the practical
use

Further research needed
to determine the
suitability of this
adhesive as bone
adhesive

Calfornica
sandcastle worm
bioadhesives
[95,147,148,158]

Polyphenolic protein
and phosphoserine-
based adhesive

Strong attachment in a wet
environment

Reconstruction of craniofacial
fractures

Bonding of wet bone fragments

Bond tissues to metallic and
polymeric biomaterials

Maximum adhesion strength of
107 + 24.7 kPa and hardness in
<30s

Osteointegration, bone ingrowth,
and resorbability

Small amount of adhesive needed
to achieve the optimal properties

Biodegradable and
osteoconductive

Further in vitro and in
vivo studies need to be
conducted to verify the
suitability to natural bone
adhesion
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1.6. Clinical Requirements of Adhesives

Bioadhesives present a promising approach for bone fracture stabilisation, repair and
regeneration applications, with the potential to overcome the limitations of existing fracture
repair techniques. In addition to the clinical imperative to develop adhesives that can replace
the surgical requirement for metal hardware, there is also a high demand for the development
of an adhesive that could be used in conjunction with traditional metal hardware to improve
fracture stabilisation and potentially reduce the risk of micromotion and loosening of these
devices over time. In order for a bone adhesive to be suitable for use in bone fracture
stabilisation and repair applications, it must meet several clinical requirements (Figure 1.8)
[92]. In particular, adhesives must provide early mechanical stability, combining optimal
adhesive and cohesive properties such as an adhesion strength greater than 2.5 MPa following
orthopaedic recommendations. Appropriate adhesion to the bone under clinically relevant
situations such as a moist environment, presence of bleeding and uneven surfaces, as well as
stability under internal or external forces (e.g., tensile, compression or shear forces), must be
achieved. Biocompatibility is also an important requirement in order to avoid cytotoxic
responses and facilitate fracture healing through osteogenesis and, ultimately, bone

regeneration.
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Figure 1.8: Clinical requirements - Requirements for suitable application of adhesive for
bone repair and stabilisation.
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1.7. Reinforcement of Current Adhesives

In recent years, bone adhesives with improved mechanical properties that can provide
effective and faster bone fracture healing (e.g., osseointegration or stable microenvironment,
osteoinduction and osteoconduction) have been developed. This has been achieved through
the incorporation of fibres or organic/inorganic fillers (i.e., poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone
(PCL)). For instance, a mussel inspired bone adhesive was developed containing tetracalcium
phosphate enhanced with PLGA fibres, leading to a biodegradable bone adhesive with
excellent osseointegration properties [159]. Incorporation of PLGA fibres into the
formulation resulted in a compressive strength of 62 + 8 MPa, shear strength of
3.5+ 0.6 MPa, stability of shape on setting and rapid setting time in a wet environment.

Excellent bioresorbability and osteoconductivity was also observed.

An alternative reinforcement strategy involved using different percentages of chitosan lactate
solution instead of pure water, leading to finer and more homogeneously dispersed pores
within the adhesive, has been shown to achieve higher mechanical strength than the PLGA
reinforced adhesive [160]. While the bone adhesive provided biocompatibility,
biodegradability, and osteoconductivity, a lack of elasticity was observed indicating that

further research, using higher percentages of polymer, is required.

Enhancement of the covalent, ionic and hydrogen bonding between adhesive and bone has
become an area of interest, for improving the osseointegration properties. Initial attempts
involved the addition of guar gum into soybean protein isolate (SPI) glues that resulted in an
approximately three times higher bond strength of SPI bone adhesives onto porcine bones
[161]. The higher strength was achieved due to increase in the hydrogen bonding, density of
protein aggregates and zero-shear viscosity of SPI adhesives. Enhancement of hydrogen

bonding has also been achieved by incorporating a supramolecular hydrogel network [162].
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This bone adhesive provided improvement of the interfacial toughness between disparate
substrates and additional functionality such as reversibility and self-healable adhesion.
Similar biomechanical strength with PMMA, while significantly enhancing biodegradability
and osteointegrative capacities, was achieved by Liu et al. [163] by incorporating starch and
barium sulphate into a CPC. In addition to these properties, this new cement demonstrated
appropriate injectability and setting time, highlighting the attractive potential of this

composite bone adhesive for bone applications.

Another class of bioactive pore forming bone adhesive was developed by incorporating
poly(ethylene glycol) (PEG) porogens with encapsulated bioactive glass in 2-octyl
cyanoacrylate (OCA) [164]. The reinforced adhesive exhibited rapid hydroxyapatite (HA)
formation abilities and excellent bioactivity under physiological conditions with superior
mechanical properties, instant bonding and a high efficiency of bone regeneration compared
to cement containing calcium phosphate alone. This method is defined as a strategy to design
bone adhesives with high cell ingrowth efficacy. Poly propylene fumarate-based adhesives
have been also enhanced with nanobioactive glass particles [165]. In vitro bioactivity,
biodegradability, biocompatibility, bone adhesion and high cell viability verified the potential
of this composite as a biodegradable glue for use in orthopaedic surgery. Due to the excellent
osteoconductivity of calcium phosphates such as HA and tricalcium phosphate (TCP) and
their very good mechanical properties, they have been used widely in bone fractures. Another
study evaluated the reinforcement of adhesives based on chitosan hydrogels with HA and
calcium carbonate particles [166]. The new formulation demonstrated a potential candidate
for clinical use in orthopaedics since it presents superior adhesion strength in both dry and
aqueous conditions combined with normal cell growth and excellent biocompatibility in vitro.
Polyurethane-based bone adhesive with the incorporation of nano sized HA were developed

and characterised by Schreader et al. [103]. Increased adhesion was demonstrated compared
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to other conventional adhesives while biocompatibility was demonstrated through in vitro and
preliminary in vivo analysis. However, long-term observations and additional tests are needed
to demonstrate full biocompatibility. Erken et al. [167] and Lie et al. [168] fabricated
polyurethane-based adhesives with B-TCP enhancing the mechanical properties and
osteoconductivity. In addition, high cell viability was recorded, and the ability of the material
to facilitate the growth of cells and bone tissues was demonstrated.

1.8.  Summary

Considering the disadvantages of existing surgical approaches for the treatment of complex
bone fractures, bone adhesives for bone tissue engineering applications present significant
potential as an alternative minimally invasive surgical approach. One main challenge relating
to development of bone adhesives is the requirement to achieve high bond strength within the
challenging clinical environment (i.e., wet environment). However, bone adhesives have the
potential to  offer  advantageous  properties including biocompatibility,
biodegradation/bioresorbability, osteoconductivity and high bond strength to hard tissue (i.e.,
bone), and to date a range of such bone adhesives have been investigated including synthetic-
polymer-, biological-polymer- and biomimetic-based adhesives. Many studies have focused
on the development of bone adhesives with the ability to provide a high bond strength within
a wet environment, while at the same time combining the requirement for biocompatibility,
and biodegradability. Despite these challenges, several promising approaches, such as
polysaccharide- or protein-based bone adhesives that achieve high levels of adhesion through
covalently bonding to hard/soft tissue, are currently at the early stages of clinical testing.
However, these bone adhesives are not suitable for application within a wet environment due

to the low adhesive strength, which presents a significant limitation for clinical use.

Biomimetic-based bone adhesives that have been inspired by examples of adhesives found in

nature present an attractive alternative approach and are rapidly gaining momentum in the
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field of biologically applicable bone adhesives. They offer a significant advantage as they can
function in a wet environment. Currently the scientific knowledge and understanding of the
mechanisms involved in achieving successful adhesion in a wet environment is limited and
thus considerable research efforts are being invested to study adhesion in living systems. With
more substantial and exhaustive investigation relating to the interplay of environmental and
chemical/biological factors, chemistries, and mechanisms for effective natural adhesion, it
has been demonstrated that biomimetic-based bone adhesives have a potential role to play in
the effective stabilisation and repair in bone tissue engineering applications, including the
treatment of complex bone fractures. Comparing these biomimetic-based bone adhesives,
systems that mimic the sandcastle worm are considered the most promising. For instance, the
sandcastle worm-inspired bone adhesive that uses the addition of a phosphorylated amino
acid (e.g., phosphoserine) to calcium phosphate-based adhesives can be considered as a highly
effective bone adhesive for bone fracture stabilisation and repair. Phosphoserine can create
novel properties in bioceramics, such as high adhesion within a few seconds and a reduction

in the inherent brittleness displayed by bioceramic materials.

Research development of the bone adhesives is focused on exploring the potential of these
materials as a vehicle for the controlled and localised delivery of cells, growth factors and
small molecules [169-171], focusing on the synchronisation of the load and release of these
bioactive elements in line with the timeline of normal tissue healing/repair. Another area of
research focus relates to the tuning of the in vivo biodegradation of bone adhesives, which

would complement localised delivery of a particular cargo [95,148,158,171].

In conclusion, bone adhesives have gained increasing recognition for their potential in
fracture repair, bone filling, and implant augmentation. However, due to the different clinical
requirements across different applications there is need optimise bone adhesives for specific

clinical scenarios, aiming to facilitate bone repair and formation. In order to achieve that, it is
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essential to emphasise on the understanding of how various factors influence the properties
of these adhesives which remains limited in the current research. Despite substantial progress
has been made, there is still significant room for improvement in enhancing the mechanical
and physical properties of these adhesives, particularly when considering large-scale
production. Parameters such as handling properties, adhesion strength and injectability need
further refinement, especially in the context of promoting biocompatibility for supporting
tissue integration, particularly in wet conditions. Simultaneously, there is a growing demand
for adhesives that can be easily administered through minimally invasive surgical techniques
and offer on-demand and precise mixing/delivery capabilities. For those reasons the novelty
of the developed bone adhesive formulation within this thesis lies in its unique composition
and enhanced performance characteristics compared to existing phosphoserine-based
adhesives. Unlike conventional formulations, this adhesive incorporates a synergistic blend
of bioactive components that significantly improve its mechanical properties, such as
adhesion strength and durability, particularly in wet conditions, which are critical for effective
bone repair and integration. Furthermore, the formulation has been optimised for better
handling properties and injectability, making it more suitable for minimally invasive surgical
techniques. This adhesive also features an innovative on-demand mixing and delivery system,
allowing for precise application and reducing the risk of premature setting. These
advancements address the specific clinical needs for different applications, facilitating more

efficient bone repair and formation.
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1.9.  Aim and Objectives

Considering the complexity of the bone defects and the increased proportion of incidence that
require very complicated surgical intervention, this PhD is focused on the development of a
bone adhesive with unique physical and mechanical properties, able to adhere or bond to
biological-based tissues. The overall aim is to develop an optimised injectable phosphoserine-
modified calcium phosphate cements (PM-CPC) comprised of a-TCP, phosphoserine,
calcium silicate and deionised water, capable of achieving effective repair of bone fractures

using an on-demand minimally invasive surgical approach.

The specific objectives of this project are:

Objective 1: Design and formulation of phosphoserine-modified calcium phosphate adhesive.

Objective 2: Characterisation of biomechanical properties of phosphoserine-modified

calcium phosphate adhesive.

Objective 3: Design and fabrication of a dual syringe-mixed phosphoserine modified calcium

phosphate adhesive for on-demand mixing and minimally invasive delivery.

Objective 4: In vitro evaluation of phosphoserine-modified calcium phosphate adhesive.

Objective 5: In vivo evaluation of phosphoserine-modified calcium phosphate adhesive.
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Chapter 2:  Analysis and Optimisation of
the Phosphoserine-modified Calcium
Phosphate (PM-CPC) Adhesive

Composition
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2.1. Introduction

Apatite form cements named alpha- and beta-tricalcium phosphate (a- and B-TCP) are
currently used in several clinical applications in dentistry, maxillo-facial surgery and
orthopaedics, with a-TCP being the major constituent of the powder component of various
bone cements [172]. It can remain in a metastable state at room temperature and its stability
range is influenced by ionic substitutions. It is as biocompatible as $-TCP, but more soluble,
and hydrolyses rapidly to calcium-deficient hydroxyapatite (HA), which makes a-TCP useful
in the development of self-setting osteotransductive bone cements and biodegradable
bioceramics and composites for bone repair [173]. The increasing interest in a-TCP as a bone
implant material stems from its biodegradability. It is more easily absorbed by the body
compared to HA, B-TCP, and biphasic bioceramics (HA/B-TCP) commonly used in clinical
practice [174,175]. From a biological point of view, a-TCP is non-toxic, osteoconductive and
bioactive, both in vitro and in vivo [176]. This characteristic makes a-TCP an ideal implant
material that can be replaced by new bone at a faster rate than other calcium-phosphate-based
materials available on the market [172,177]. In summary, o-TCP presents an appealing option
for designing new biomaterials for emerging bone repair therapies based on tissue engineering
and regenerative medicine [178,179]. Despite their advantages, a-TCP based cements lack of

injectability and biomechanical integrity limiting their effectiveness as bone substitute.

The physical and biological properties of calcium phosphate cements (CPCs) are still inferior
to native tissue due to their inorganic chemistry, which results in randomly-organised
networks of entangled crystals, however they are brittle with poor tensile and shear properties
[180,181]. The lack of effective bone adhesives can be attributed to the multiple and complex
criteria for adequate bone repair, including adequate mechanical stability in wet conditions,
sufficient working time for the surgeon to apply the adhesive, osteogenesis and

biocompatibility [16]. For that reason, inorganic and organic compounds, such as citric, tannic

53



acid, silicic acid salt, etc., have been used widely to recreate biological and mechanical
properties through physicochemical modifications, providing effective and faster bone
fracture healing [182-186]. The addition of these compounds improves mechanical properties
with stability of shape, reduces setting time in wet environments, and provides excellent

bioresorbability and osteoconductivity [94].

Inorganic silicic acid salt such as calcium silicate can affect the properties of an
adhesive-based material. Calcium silicate (Ca2SiO4) is known for its osteoconductive nature
and its capacity to facilitate the formation of hydroxyapatite [187]. The beneficial effects of
Ca»SiO4 based materials on inducing bone formation were first found on glass by Hench et al.
in the early 1970s [188]. Glasses with this composition were able to bond to soft and hard
tissues forming a carbonated HA layer when exposed to biological fluid. The fabrication
process, mechanical properties, biocompatibility and the degradation and osteoconductivity
of CaxSiO4 based glass and glass-ceramics have been well documented [189-191]. Enhanced
cell attachment and proliferation were found in an in vitro study using Ca,SiO4 based glasses,
compared to B-TCP ceramics, while the release of calcium (Ca) and silicate (Si) ions enhanced
the expression of osteoblast-related genes and promoted differentiation [191,192].
Incorporation of calcium silicate into magnesium phosphate cements not only enhanced the
mechanical properties, but also demonstrated apatite mineralisation, bioactivity and
biodegradation ability in vitro [193,194]. This interaction with the body's natural processes
promotes integration between the adhesive and the surrounding bone, promoting enhanced
bonding and overall stability [189,195]. An in vivo study further demonstrated that calcium
silicate bioceramics could stimulate osteogenesis by accelerating new bone formation at
defective sites in the femur [196]. Furthermore, calcium silicate's unique physicochemical
properties can influence the setting time, viscosity, and workability of the adhesive, thus

affecting the ease of surgical application and the subsequent performance of the adhesive in
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clinical scenarios [197]. However, these materials also have some disadvantages such as low
flowability and mechanical properties, dry consistency, and rapid degradation (dissolution

rate should be properly controlled for improved biological outcomes) [198,199].

The addition of organic acids such as amino acids offer an attractive alternative to synthetic
monomers, organic acids, or chemical modification. Specifically, amino acid additives can
enhance handling and setting properties, template mineralisation of nanoscale amorphous
calcium phosphate, and stabilise metastable ceramic phases—thereby improving mechanical
properties and cell attachment, survival and proliferation [17,18]. Interestingly, amino acids
can create macroscale disorder in cements by adsorbing to crystal surfaces or directly
incorporating into the crystal lattice, potentially increasing the dissolution rate and release of
bioactive ions such as calcium and phosphate [200-203]. Phosphoserine is an amino acid
predominantly found in phosphoproteins such as osteopontin (OPN). OPN is a
non-collagenous bone sialoprotein involved in mineralisation in vertebrates. It is also
involved in a wide range of biological processes, including adhesion/cohesion of hard and
soft tissue under wet environments, load dissipation in animals, and biomineralisation of
calcium phosphate precipitation via matrix proteins and matrix vesicles [204,205]. In
biological fluids a-TCP, transforms to metastable phases (i.e., octacalcium phosphate (OCP)),
or directly to HA within a relatively short period. This results in a relatively short resorption
and mineralisation of cells to the cement surface (i.e., the release of bioactive ions)
[13,206,207]. Phosphoserine significantly influences a-TCP dissolution and improves HA
morphology, as well as cell proliferation and mechanical strength [205]. The use of
phosphoserine as an adjuvant can recreate complex architectural and material properties in o-
TCP-based cements, producing entirely novel properties and stability under wet environments
[101,148,150]. In particular, a strength of 40-100 times higher than that of commercial

cyanoacrylates and surgical fibrin glues has been achieved under wet conditions, creating a
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nanoscale organic/inorganic microstructure and templating of nanoscale amorphous calcium
phosphate nucleation [148,160]. In addition to its high adhesion strength, the safety of this
adhesive has been proven without any harmful effects on the surrounding soft tissue [119],
while also enhancing cell proliferation and differentiation [205]. However, they lack of

elasticity [208] and degradability [160,209].

While several studies show the potential of phosphoserine-based adhesives for tissue repair,
an in-depth understanding of the influence of various process parameters on the properties of
these adhesives is lacking [141,210-216]. The ideal combination of liquid and powder
constituents remains uncertain, and there is a lack of clarity regarding potential interactions
among adjustable factors, including the liquid-to-powder ratio (LPR), the weight percentage
of calcium phosphates, and the particle size of the powder. The optimised adhesive
composition needs to meet the specific requirements (e.g., handling and mechanical
properties) of different application sites and fracture types. Thus, it is necessary to identify a
composition that can effectively tailor the relevant properties to achieve efficacy and

effectiveness given the diverse range of clinical applications for bone adhesives.

By systematically investigating the different compositions and properties using scientific
methods, researchers can design and develop adhesives suitable for orthopaedic and dental
applications, which demonstrate improved mechanical properties, biocompatibility, and
durability. However, the development process is often limited by a single component, and as
a result, computer-based optimisation technique such as a Design of Experiments (DoE)
approach based on response surface methodology (RSM) are commonly used [217]. DoE is
a systematic and scientific approach to planning, conducting, analysing, and interpreting

experiments or tests [218]. To date, DoE has been used in various fields (including
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engineering, manufacturing, chemistry, biology, and social sciences) to improve product

quality, reduce costs, increase efficiency, and solve problems [219].

The first stage of the DoE process involves identifying the critical factors that affect the
process or product performance using a structured experimental design [220]. The critical
factors affecting bone adhesive properties can be divided into two categories: material and
environmental factors. Material factors include the composition, molecular weight, surface
chemistry, and morphology of the adhesive material. These factors can affect the adhesive

strength, setting time, viscosity, and biocompatibility of the adhesive.

The second stage of DoE involves finding the optimal levels of the significant factors that

maximise or minimise the response variable [221].

The third stage of DoE involves verifying the validity and reliability of the optimised process
or product performance under different operating conditions or in different environments.
This can be achieved using additional experiments or tests to ensure that the optimised process
or product performance meets the desired specifications and requirements. DoE can provide
significant benefits over traditional trial-and-error methods, as it provides a systematic and
scientific approach by identifying and optimising the critical factors that affect process or

product performance and validating the optimised performance under different conditions.
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2.2.  Chapter Aim

The primary aim of this chapter was to develop greater understanding of influence of different
properties on process responses, thereby contributing to a more comprehensive understanding
of the adhesive. The research involves evaluating a variety of phosphoserine-modified
calcium phosphate adhesives, referred to as PM-CPC, to assess their physical, handling, and
mechanical properties, as well as adequate adhesion/cohesion strength under wet-field
conditions—with the optimal properties benchmarked against industry defined values. The
initial focus of the chapter was on the synthesis and analysis of an a-TCP powder, which
forms the primary component of the PM-CPC bone adhesive. DoE software was used to
optimise the fabrication and experimental processes, allowing the refinement of
experimentation resource usage and time, and establishing a cost-effective approach

compared to conventional methods.

The specific objectives of this chapter were to:

e Synthesise and analytically assess micro-sized a-TCP ceramic particles.

e Investigate the influence of process parameter on the properties of PM-CPC using the
DoE approach, with the key inputs being the molar ratios of the a-TCP, phosphoserine,
and calcium silicate, LPR ratio and particle morphology.

e Optimise the composition of PM-CPC using DoE and validate the DoE studies by
comparing the optimal predicted values with the actual experimental properties through

t-test analysis.
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2.3.  Material and Methods
2.3.1. Synthesis of Micro-sized Ceramic Particles (a-TCP)

The o-TCP powder was obtained by thermal transformation of a mixture of calcium
phosphate (CaHPO4) and calcium carbonate (CaCOs) (both from Sigma Aldrich, Ireland) at
a molar ratio of Ca/P = 3:2 (both from Sigma Aldrich). The two powders were turbo-blended
and heat-treated in a furnace (Elite BRF1600°, Elite Thermal Systems Ltd., UK) for 6 h at
1400°C [178]. For the heat-treatment, the powder mixture was transferred to alumina
cylindrical crucibles (CC30A Alumina Cylindrical, Almath Crucibles, with Product
No. 30019) suitable for high temperatures. Following the heating process, rapid quenching
using compressed air with a pressure of 500 kPa was carried out. Upon synthesis of the a-TCP
powder, the powder was categorised as non—passivated a-TCP, with a number of defects
within the boundaries of the a-TCP-microstructure. To reduce the number of defects or
impurities, a passivation process was carried out. In particular, the passivation of a-TCP
powder involves reducing defects and impurities to enhance the material's properties. The
defects present in non-passivated a-TCP include point defects like vacancies and interstitials,
line defects such as dislocations, planar defects at grain boundaries, and volume defects like
voids and inclusions. Grain boundaries, being high-energy interfaces between different
crystalline grains, are particularly prone to defects and can significantly affect the material's
mechanical and chemical stability. The passivation process typically includes surface
treatment to remove contaminants, annealing to reduce internal stresses and heal defects,
chemical stabilisation to form a protective layer, and sintering to bond particles and reduce
porosity. These steps collectively improve the mechanical strength, chemical stability, and
powder properties. For this process to take place, the a-TCP powder was transferred to
zirconium dioxide (ZrO2)crucibles, prior to the grinding process, and placed back in the

furnace for an additional thermal treatment [222]. The thermal treatment for the passivation
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of the powder included the heating of the furnace from the room temperature to 500°C at a
rate of 5°C/min. The powder was held at this temperature for 24 h, before the temperature

was returned to room temperature at a rate of 5°C/min.

The a-TCP powder was mixed with ethanol and then was subjected to particle
attrition/grinding using 50 agate balls with a diameter of 10 mm in a planetary mill
(Pulverisette 6, Frisch, Germany) at a rotating speed of 600 + 5 RPM for 2, 6, 9, 10, 11, 13,
15 and 17 cycles. Each grinding cycle consisted of 5 min of grinding followed by a 5 min

dwell time between each grinding cycle.

2.3.2. Analytical Assessment of a-TCP Powder

2.3.2.1 Chemical Properties: Identification of a-TCP Phase — Purity

The purity of the fabricated a-TCP powder was assessed using X-ray diffraction (XRD,
Bruker D8 diffractometer, Bruker, Germany). Scans were conducted with a scan speed of
2 26°/s at 30 kV and 10 mA, with Cu-Ka radiation in a range of 26 between 20° to 60°. The
peaks in the spectra were identified using Rietveld analysis and compared to the International
Centre for Diffraction Data (ICDD) diffraction patterns for a-TCP (ICDD923) and beta-TCP

(ICDD619).

High-quality Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer Spectrum 100)
equipped with a room-temperature lithium tantalate detector and a standard optical system
with KBr windows for data collection was used. FTIR spectroscopy is a valuable technique
for the qualitative identification of functional groups and crystalline phases in materials
validated the accuracy of quantitative XRD results. Dried a-TCP powder was placed into the
sample holder and the spectral range of 4500-400 cm™ was selected. Each test included 64

scans to account for a satisfactory signal-to-noise ratio. Characteristic functional groups were
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identified based on reported absorbance ranges for similar organic and inorganic compounds

within the literature.

2.3.2.2 Physical Properties: Particle Size-Morphology-Zeta Potential

The average particle size distribution of the a-TCP powder was determined using the Malvern
Mastersizer Particle Analyser (Mastersizer 3000, Malvern Panalytical, UK). The
measurement of the size distribution of particles was guided by the ISO 13320 standard,
which is applicable to particle size ranging from approximately 0.1 um to 3 mm. The
identification of particle size was conducted by analysis of the particle (spherical or
non-spherical) angular light scattering pattern. The particle size analyser was set up for
non-spherical calcium-based particles with a particle refractive index between 1.53-1.63,
with water selected as the dispersant. The values of D1g, Dso and Dgo Were recorded, which
corresponded to the cumulative distribution at 10%, 50% and 90% of the total distribution of
particle sizes. An average of six readings was recorded for every sample, with the results

calculated in um.

Scanning electron microscopy (SEM) was used to examine powder morphology using the
Zeiss EVOLS15 Scanning Electron Microscope (ZEISS, Germany) with an acceleration
voltage of 15 kV extra—high tension (EHT). Prior to imaging, powder samples were
sputter-coated with gold to enhance conductivity. Each SEM images (n=6) with a
magnification of x20 um was analysed using Image J software (Version 1.53t, Image
Processing and Analysis in Java, National Institutes of Health and Laboratory for Optical and
Computational Instrumentation) to determine the circularity of the particles, with a circularity

of 1 denoting a spherical shape, while a circularity of O corresponds to a straight line.

Surface analysis was conducted to measure the zeta potential of the powder with Laser

Diffraction (LD) (Zetasizer Advance Range, Malvern Panalytical, UK) analysis. High purity
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deionised (DI) water filtered through a 0.22 um membrane was used as the dispersion
medium for a-TCP powder. a-TCP powder of 100 mg was carefully dispersed into 100 mL
of water in a clean glass beaker and stirred at low speeds with a magnetic stirrer. The
dispersed a-TCP sample was transferred into a disposable zeta potential cell specifically
designed for LD analysis which then was placed in the instrument. The LD instrument was
set to measure the zeta potential at a scattering angle of 90°. The instrument exposed the

a-TCP particles to the laser beam, and the scattering pattern was captured by the detector.

2.3.3. Box-Behnken Factorial Design

After the verification of purity and suitability of the a-TCP powders comparing to the
literature data, the Box-Behnken Factorial Design from Design of Experiments software
(Design-Expert V5 Software, Stat-Ease Inc., USA) was used to specify the factors in the
process that affects the process performance to the greatest extent. The design includes four
numerical factors: A) (liquid:powder ratio [LPR], B) weight % [wt.%] phosphoserine,
C) wt.% Ca»SiO4, and D) number of grinding cycles; and one categorical factor denoted as
E) post-process (Table 2.1). Three different studies were conducted with the number of
grinding cycles increased for each study. In Study 1 (Appendix 2.1): the particles underwent
2,6 and 10 grinding cycles, Study 2 (Appendix 2.2): 9, 11 and 13 grinding cycles, and Study 3
(Appendix 2.3): investigated 13, 15 and 17 grinding cycles. Each study employed a
Box-Behnken design that consisted of 46 experimental runs, combining the min, max and

midpoint of each factor.

2.3.4. Formulation of PM-CPC Adhesive
Various compositions of the PM-CPC bone adhesive were fabricated by premixing the liquid
phase (DI water) with the powder phase [a-TCP, phosphoserine (Flamma, S.p.A. Italy) and

calcium silicate (Sigma Aldrich)]. DI water was added at a predetermined LPR ranging from
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0.2 mL/g to 0.5 mL/g as specified by the DoE. The powder phase consisted of defined weights
(wt.%) of each component in accordance with the DoE, ranging between 60-90% for a-TCP,
10-40 wt.% for phosphoserine and 0-2 wt.% for calcium silicate (Table 2.1). To determine
the limits for the factors for the DOE study, a comprehensive approach was utilised. Initially,
an extensive review of relevant literature was conducted to understand the known effects and
typical ranges of each factor. This helped establish a theoretical foundation and identify
commonly studied boundaries. Following this, a series of preliminary experimental tests was
performed to empirically assess the behaviour of the factors within these ranges. The
preliminary testing allowed the identification of values where changes had negligible or no
observable effects, thus refining the practical limits to those that were most meaningful for
the study. This two-step process ensured that the selected limits were both scientifically
grounded and empirically validated, enhancing the robustness and relevance of the

experimental design.

For every run specified by DoE, 1 g of PM-CPC was hand mixed until all the components
were homogenously combined, achieving uniformity and consistency. The completion of
mixing time was estimated by visually observing the mixture and looking for signs of
complete homogeneity, specifically when no remaining powder particles were visible, and
the texture became smooth and shiny. The homogenous mixture was placed in different
moulds to fabricate specimens with the required shape and dimensions for subsequent
characterisation techniques. All specimens were incubated for 72 h in Ringer’s solution
(Ringer Tablets, Merck, Ireland) at 37°C and 100% relative humidity to simulate the

biological environment.
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2.3.5. Analytical Assessment of PM-CPC Adhesive

2.3.5.1 Initial and Final Setting Time

Initial (ti) and final (t) setting times (i.e., the handling properties) of the PM-CPC adhesive
were determined using the Gillmore needle apparatus, in accordance with ASTM C266-99.
The apparatus consisted of a weighted needle of 113.4 = 0.5 g and a weighted needle of 453.6
+ 0.5 g for measuring ti and tr respectively (Figure 2.1). For every run specified by the DoE
study, 1 g of PM-CPC, with the appropriate amount of a-TCP, phosphoserine and calcium
silicate, was solubilised in DI water at the required LPR. The completion of mixing time was
estimated by visually observing the mixture and looking for signs of complete homogeneity,
such us texture (smooth and shiny). The homogenous mixture of PM-CPC was transferred
into polytetrafluoroethylene (PTFE) moulds (h=8 mm, d=10 mm). The specimens were stored
in an incubator at 37°C to simulate the clinical environment. The t; and ts values were defined
as the time when the adhesive could resist the indentation from the lighter and heavier needles

without causing damage to the adhesive surface.

Initial setting $
(wt.=113.4 g) |

Final setting
J(wt.=453.6 g)

Figure 2.1: Setting Time Analysis — Set up of the Gillmore needle used for the determination

of initial and final setting time of the different PM-CPC adhesives.
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Table 2.1: Numerical and categorical factors and their levels used for the three different DoE studies, changing the levels of grinding cycles.

Numerical Factors Responses
Factors Units Lower Limit Upper Limit
LPR mL/g 0.2 0.5
a-TCP wt.% 60 90
Phosphoserine wt.% 10 40
ti (S)
Ca2SiOa wt.% 0 2
tr (S)
Study 1 2 10 Compressive Strength (MPa)
o Adhesive Strength (MPa)
Grinding Cycles Study 2 9 13
Study 3 13 17

Categorical Factors

Passivation - NO YES
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2.3.5.2 Mechanical Properties

The compressive strength of the PM-CPC adhesive was determined in accordance with
1SO5833:2002 [223]. For mechanical testing, the PM-CPC formulation was placed into
custom-made polytetrafluoroethylene (PTFE, Radionics, RS Stock No.:680-678) moulds
(h=8 mm, d=10 mm), resulting in the fabrication of cylindrical-shaped specimen, as can be
seen in Figure 2.2. The cylindrical-shaped specimens were placed in Ringer’s solution
(Ringer’s tablets from Sigma Aldrich) for 72 h in an incubator set to 37°C. Compressive
strength was recorded using the Zwick Testing Machine (Zwick Roell, UK), fitted with 5kN
load cell. Each compression specimen was placed in the test rig between two platens and
loaded at a crosshead speed of 1 mm/min. A load vs. deformation plot was subsequently
produced. The load at failure/fracture, or the offset load or the upper yield-point load,
whichever occurred first, was recorded. (Figure 2.2) Compressive strength was then
determined as per (Equation 2.1). A total of 6 compression specimens were tested per run (as
stipulated by the DoE design) and the mean and standard deviation for compressive strength

were determined.

2.3.5.3 Adhesion Properties

Adhesion properties of the PM-CPC adhesive were assessed by performing the bond strength
test on stainless steel cubes. Stainless steel cubes with a 1 cm? contact area were used. For the
adhesion/bond strength testing, a 0.25 g layer of PM-CPC was applied to one surface of a 1
cm? stainless steel cube, and a second stainless steel cube was placed on top of the PM-CPC
layer. The two cubes were clamped together using universal grips, and then incubated in
Ringer’s solution at 37°C for 72 h before testing. Each sample was then loaded to failure
using the set up that can be seen Figure 2.3 on a Zwick mechanical testing machine, fitted

with a 5 kN load cell with a crosshead speed of 1 mm/min. The specimens were tested until
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failure, and the compressive strength and bond strength were determined from the resultant

stress—strain curves.

Equation 2.1: Conversion of compression force (N) to compressive strength (MPa)

Force (N) (2.1)
Original Cross Section Area (mm?)

Compressive strength (MPa) =

Force (N)

\ 4

/ h=12 mm

d=6 mm

PM-CPC Samples

6 mm

12 mm

Figure 2.2: Compression Test — Set up of 5kN Zwick machine for the compression test of

PM-CPC cylindrical-shaped specimens.

Force (N)

\ 4

Stainless Steel adhered
with PM-CPC

Stainless Steel
10x10 mm cubes

-
AN

PM-CPC

Figure 2.3: Adhesive Shear Test — Set up of 5kN Zwick machine for the adhesive shear test
of PM-CPC adhesive within two stainless steel cubes.
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2.3.6. DoE Modelling and Optimisation

Upon completion of the experimental testing, the data collected was analysed using Design
Expert software. Models that relate the study inputs and outputs were developed. Regression
equations were derived to ascertain the significance of the terms within each equation,
employing sequential F-tests, lack-of—fit evaluations, and the Analysis of Variance (ANOVA)
method. Statistical significance was established for p—value below 0.05. The Whitcomb
Score, a recognised metric in the field [224], was used to select the most suitable model(s)

and determined the influence of every factor on every response.

To determine the optimal composition of the PM-CPC adhesive, a numerical optimisation
approach was used, guided by the following criteria: initial setting time (ti) > 60 s, final setting
time (tr) <200 s, compressive strength >10 MPa [225], and adhesive strength > 2.5 MPa [12].
Inputs from the orthopaedic surgical community were sought to establish the setting times (ti
and tf) that would facilitate rapid setting, fragment stability, and prevent adhesive
leakage [226]. The DoE optimisation was conducted using the desirability function approach,
where each response was assigned a desirability function (d;). The di value ranged between 0
and 1, with 0 representing the worst acceptable value and 1 denoting the optimal performance
with respect to the studied factors. Subsequently, the optimal composition of PM-CPC was

identified, followed by synthesis and evaluation to validate the DoE study.
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2.4. Results
2.4.1. Analytical Assessment of a-TCP Powder

2.4.1.1 Chemical Properties: Identification of a-TCP Phase - Purity

The XRD patterns were analysed using Rietveld software and were compared with database
patterns for HA, B-TCP, and beta-calcium pyrophosphate (B-CPP) phases. The characteristic
peaks indicative of all these phases were observed in the 20 range of 22—-35° (Table2.2) The
XRD spectra revealed prominent peaks at 20 of 22.74°, 22.93°, 30.70°, 34.16°, corresponding
to the (211), (112), and (202) crystallographic planes. The presence of these peaks confirmed
the presence of an o-TCP only phase (Figure 2.4).No additional phases were detected,
indicating the complete transformation of the CaHPO4 and CaCOs into a-TCP, resulting in

100% phase purity without any residual calcium phosphates.

The purity of the a-TCP phase was also validated from the FTIR spectra, as seen in Figure 2.5.
According to spectra the a-TCP phase was observed from the bands between 960-1120 cm™
and two bands within 559-597 cm™* wavenumber. All bands refer to high energy phosphate
bonds. The four bands within 960-1120 cm™ and the five bands within 559-597 cm™

wavenumbers indicate the existence of P-O (PO+*) and O-P-O bonding respectively.
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Table 2.2: Characteristic peaks of a-TCP, HA, B-TCP, B-CPP phases as appeared in Rietveld

software after analysing XRD data.

a-TCP B-TCP B-CPP HA
22.74° 26.25° 26.20° 25.99°
99 93° 27.82 26.41 99.05°
. . 30.90° 27.30°
Diffraction Angle 30.70° 31.93°
(20) 34.42° 28.92°
34.16° 29 45° 33.01°
32.25° 34.17°
20 ;I“ ‘I Ii | ‘Ill\ \II 1 I' r} Hrl‘ rlll} I‘ \; I\IEI‘HIHIIIHI I\I\“T }I‘I‘H\I\\}r\ll‘ }rll\li\ I I‘Hlll\illll‘I I‘Ilil H‘\I\Ill‘\l‘\lllulll\llll‘llg‘ HI'I‘II,:I‘IIII‘IIIHI‘;IIII‘I‘I”I“I‘ II\III\I‘I‘III‘lI\‘II‘I!I\IrIIIl‘rll:\l‘IIIII\I‘',IIIII‘IEITI;I:]ISII\EIHLII:-III'.‘Ijj
’é‘ E — ;i:iilapame _;
@ oF =
Il |
s E
B 0 : ﬁ k (ﬂ ﬂ L A FAN Rﬁ“ seda s »Aﬂjﬁ\w"ﬁw/\*}t Wl\whwmﬂ“}h%{%

Diffraction Angle (°20)

Figure 2.4: X-ray Diffraction (XRD) Analysis — Assessment of o-TCP powder confirmed
the presence of a highly pure a-TCP phase, with a purity of 100%. This was evident from the
pronounced peaks observed at 20 angles of 22.74°, 22.93°, 30.70° and 34.16°. The patterns
matched the reference patterns ICDD923 for a-TCP, further confirming the phase purity.
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Figure 2.5: FT-IR Analysis — FT-IR spectra of a-TCP powder after the rapid quenching

using compressed air for the identification of a-TCP purity.
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2.4.1.2 Physical Properties: Particle Size-Morphology-Zeta Potential

The morphology of a-TCP particles as a function of different grinding cycles (i.e., 2, 6, 10,
and 11, 13 and 17 cycles) can be observed in Figure 2.6. SEM analysis confirmed a correlation
between particle size and attrition time, with a decrease in mean particle size distribution as
a function of increasing milling times. Image J analysis demonstrated a circularity of 0.35 £
0.2, with a normal distribution of non-spherical particles. There was no significant effect on

the particle size distribution after passivation of the a-TCP powder.

Particle size of the micro-sized powders was determined using laser diffraction, with
cumulative particle size distribution results summarised in (Table 2.3). Micro-sized a-TCP
powder exhibited a decrease in particle size from D1 6.7 + 0.4 pm, Dso 25.3 = 0.7 um,
Dgo 58.6 = 4.9 um for 2 cycles to D10 0.92 £ 0.2 um, Dsp 4.05 = 1.3 pm, Dgo 12.6 + 2.5 um
for 17 cycles of particle attrition. The particle size Dsg of the powder reduced as a function of

the number of attrition cycles.

The zeta potential of the a-TCP ranged from -13.2 mV to -18.4 mV (Table 2.3). The negative
zeta potential suggests that the particles have a relatively strong negative surface due to the
negatively charged functional groups or ions on the particle surface, which indicates a stable
colloidal system. The stability of the colloidal system can be attributed to the electrostatic
repulsion between the negatively charged particles, preventing aggregation and ensuring
dispersion. No significant variation in zeta potential was observed between a-TCP powders
with varying particle sizes (p-value > 0.05). This indicates that the particle size did not have
an impact on the surface charge, demonstrating that other factors such as surface chemistry

and composition were the dominant factors affecting the surface charge.
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Figure 2.6: SEM Analysis and Particle Size — Distribution plot of a-TCP particles at

different grinding cycles and accompanying SEM images of a-TCP powder. For all cycles
non-spherical particles with an average circularity of 0.35 £ 0.2 resulted.



Table 2.3: Particle size distribution and zeta potential of a-TCP powder as a function of

increasing the particle attrition cycles.

Attrition D(10) Do) D(90) Dspan Zeta Potential
cycles (pum) (pum) (pum) (mV)
2 6.7+04 253%0.7 586+49 1.8 -15.9+2.0
6 3.7+05 133%+24 30558 2.0 -13.2+1.3
10 25+05 11.7+15 288%32 2.1 -148+3.2
11 21+04 69+15 210+28 2.5 -17.1+3.0
13 19+03 6.2%£15 17.2+3 2.6 -16.4 + 4.6
15 1.7+03 51+%13 158+25 2.7 -184+2.1
17 09+02 41+13 126+25 2.9 -15.8+3.2
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2.4.2. DoE Assessment of Different PM-CPC Composition

2.4.2.1 Initial and Final Setting Time

From all the three DoE studies it was observed that the setting times was significantly affected
by both the LPR and phosphoserine content, with a linear relationship observed as suggested
by the Fit summary (p—value < 0.05). All parameters and their values presenting the relative
importance of each factor for all the three Doe studied and indicate the significant interactions
found between factors are presented in Appendix 2.4 (1% Study) Appendix 2.5 (2" Study)
and Appendix 2.6 (3" Study). According to the sum of squares provided by ANOVA analysis
for both the LPR and phosphoserine, the percentage of contribution to the setting properties
(i.e., the initial and final setting times) was greater than 40%, while the other factors (amount
of calcium silicate and amount of a-TCP) provided a contribution of 2-7%. All three DoE
studies demonstrated that the increase of the LPR influenced both the initial (p-value<0.05)
and final setting times (p-value<0.01) (Figure 2.7a, Figure 2.7b). In particular, when the
amount of DI water was increased and the phosphoserine amount was held constant at
25 wt.%, both tiand tr increased by 30-40%. Conversely, increasing the phosphoserine content
from 25% to 40%, while maintaining a constant LPR of 0.35 mL/g, resulted in a three-fold
increase in the setting properties (tiand tr), as seen in Figure 2.8a and Figure 2.8b. The addition
of high amounts of phosphoserine (> 25wt.%) within the PM-CPC composition delayed the

setting times, with tj increasing to 6-9 min from 0.5-1.5 min and tfto 7-10 min from 1-2 min.

Furthermore, the interaction between LPR and phosphoserine content was observed for both
setting times at low levels of LPR. Figure 2.9a and Figure 2.9b illustrates that in order to
achieve fast setting times (ti=1-3 min and tr=2-5 min) at low levels of LPR (< 0.35 mL/g), a
low amount of phosphoserine is required. The higher quantity of phosphoserine within the
formulation can delay the setting reaction instead of speeding it up, resulting in setting times

of 10-20 min (initial) and 15-25 min (final).
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Notably, the duration of setting times decreased significantly with higher grinding cycles. In
the first set of experiments (1st study), grinding cycles of 2, 6, and 10 were used, resulting in
an tj ranging from 3 min to 10 min and a tr between 4 min to 12 min. The second study
involved grinding cycles of 9, 11, and 13, which yielded a ti of 1 min to 5 min and a tf of
3min to 6 min-these values have greater similarity to those set out by the clinical
requirements. Lastly, the third study involving grinding cycles of 13, 15 and 17 cycles resulted
in a tj range of 0.5-1.0 min and a tr between 0.7-1.0 min. The results indicate a notable trend
in the impact of a-TCP grinding cycles on the setting time of the PM-CPC composition. As
the number of grinding cycles increased, there was a consistent reduction in both ti and tr.
Additionally, the smaller particle sizes facilitated easier mixing of the PM-CPC, leading to a
significantly reduced mixing time of 20 s for a-TCP powders that underwent 10-17 grinding
cycles, compared to 90s for a-TCP powders that underwent 2-9 grinding cycles
(p-value<0.01). The grinding process has a significant influence on the solidification
properties of the composition. The observed decrease in setting time can be due to several
mechanisms. For instance, the grinding cycles contribute to a reduction in particle size and
an increase in surface area, leading to enhanced reactivity and faster setting Kinetics.
Additionally, the grinding process may introduce defects and microstructural changes,

facilitating nucleation and growth of solidification products.

Examining the influence of passivated and non-passivated a-TCP on the handling properties
of PM-CPC, showed an interaction was observed between passivation and grinding cycles.
The passivated a-TCP powder at grinding cycles between 2-9 cycles led to slower setting
(ti = 4.2-8.4 min and tr=5.6-9.5 min) while the non-passivated powder provided faster setting
and reduced setting times (ti = 3.4-3.8 min and t;= 4.8-5.5 min) (Figure 2.9c and Figure 2.9e).

However, by increasing the number of grinding cycles (10-17 cycles) and thus reducing the
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particle size, the non-passivated powder demonstrated setting properties closer to clinical

ranges, as can be seen in Figure 2.9d and Figure 2.9f.
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Figure 2.7: LPR Influence on Setting Properties — DoE graphs illustrating the impact of
LPR on the (a) initial (t)) and b) final (tr) setting time of PM-CPC adhesive using a-TCP at
different grinding cycles. *p-value < 0.05, **p-value < 0.01 and tfp=value < 0.001,
ttfp=value < 0.001 indicate the decrease of setting time at 9-13 cycles and 13-17 cycles
respectively, compared with the values from 2-6 cycles.
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Figure 2.8: Phosphoserine Influence on Setting Properties — DoE graphs illustrating the
impact of phosphoserine amount on the (a) initial (t;) and (b) final (tf) setting time of PM-CPC
adhesive using o-TCP at different grinding cycles. **p-value < 0.01 and ffp-value < 0.01,

ttp=value < 0.001 indicate the decrease of setting time at 9-13 cycles and 13-17 cycles

respectively, compared with the values from 2-6 cycles.
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Figure 2.9: Interactions on Setting Properties — LPR and amount of phosphoserine
interaction for (a) initial and (b) final setting time obtained from DoE analysis. Interaction
between passivation process and a-TCP grinding cycles after analysing initial setting time at
(c) 2-9 cycles and (d) 10-17 cycles and final setting time at (e) 2-9 cycles and (f) 10-17 cycles.
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2.4.2.2 Mechanical Properties

The use of passivated a-TCP powder showed no statistically significant difference in
compressive strength compared to non-passivated a-TCP. In the first study group (after 2, 6,
and 10 cycles), the PM-CPC specimens exhibited compressive strengths ranging from
17 MPa to 23 MPa. This results indicate that decreasing the particle size by adding more
grinding cycles there is an increase in the mechanical properties, presenting the influence of
particle size on the mechanical integrity of the sample. In the second study, increasing more
the number of grinding cycles (9, 11 and 13 cycles) and thus decreasing particle size, the
PM-CPC specimens displayed an average compressive strength of 23.5+3 MPa. Lastly, the
third study (13, 15 and 17 cycles) obtained the lowest compressive strengths between 18 MPa
to 20 MPa (Figure 2.10a). The trend of decreasing compressive strength values observed in
the third study suggests a potential loss of structural integrity over time. Comparing the three
different DoE studies, it can be observed that varying the numbers of particle grinding cycles
demonstrated an increase in the compressive strength (p-value<0.001) when the grinding
cycle number increased from 2 cycles to 11 cycles (Figure 2.10a). The increase of grinding

for more than 11 cycles led to reduction on mechanical properties.

The DoE analysis found that the compressive strength of PM-CPC was influenced by two
factors, the LPR and the amount of phosphoserine within the PM-CPC. According to the sum
of squares and the contribution of each factor provided from ANOVA analysis, the factor
with the greatest influence on this response is the LPR with a contribution greater than 20%.
The effect of the factors on the compressive properties is shown in Figure 2.10b and Figure
2.10c. A reduction in compressive strength was observed with increasing the LPR (Figure
2.10b), while a non-linear influence of compressive strength was observed when increasing
the phosphoserine content (Figure 2.10c). Increasing the phosphoserine content from 10 wt.%

to 25 wt.% led to an increase of compressive strength while a decrease of compressive
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strength was demonstrated with more than 25 wt.% of phosphoserine within the PM-CPC

adhesive.
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Figure 2.10: LPR and Phosphoserine Influence on Compressive Strength — DoE graphs
describing the impact of (a) grinding cycles, (b) LPR and (c) phosphoserine content on the
compressive strength of PM-CPC adhesive for a-TCP at different grinding cycles. The results
demonstrate that increasing the LPR leads to a reduction while the increase in phosphoserine
up to 25% enhanced the strength. The significance levels are denoted as **p-value < 0.01,
***p-value < 0.001.
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2.4.2.3 Adhesion Properties

Increase of adhesive strength was observed for smaller particle sizes of a-TCP (higher number
of grinding cycles). Specifically, the adhesive strength was significantly (p-value<0.01)
increased at 5.5+0.8 MPa after 13 cycles compared to 4+0.5 MPa after 2 cycles (Figure
2.11a). Further increase of grinding cycles led to a decrease in the adhesive strength by 1 MPa
leading to an adhesive strength 4.5+0.5 MPa. In all three separate studies, an increase in the
LPR from 0.2 mL/g to 0.5 mL/g resulted in an average adhesive strength of 4.5+0.5 MPa and
4.0£0.3 MPa, as illustrated in (Figure 2.11b). Conversely, there was a statistically significant
(p-value<0.001) enhancement in adhesive strength with an increase in the amount of
phosphoserine, leading to a strength of 5.0+0.5 MPa from an initial strength of 2.4+0.8 MPa,
as shown in (Figure 2.11c). The highest adhesive strength values were observed when a-TCP

was ground through more than 10 grinding cycles.

The LPR and amount of phosphoserine were the factors that most significantly influenced the
adhesive strength for all three DoE studies (Figure 2.11b and Figure 2.11c)-a similar finding
to compressive strength. A higher contribution (approx. 44%) was demonstrated from LPR
to the final model, with increasing LPR leading to the linear decrease in adhesive strength.
Increasing the phosphoserine content enhanced through a non-linear relationship the adhesion
properties compared to the addition of DI water, indicating an interrelationship between these
two factors. Furthermore, the results demonstrate that increasing the phosphoserine content
up to 25% enhanced adhesive strength. The higher number of grinding cycles did not have a

significant impact on adhesive strength (p-value > 0.05).
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Figure 2.11: LPR and Phosphoserine Influence on Adhesive Strength — DoE graphs
demonstrating the impact of (a) grinding cycles, (b) LPR and (c) phosphoserine content on
the adhesive strength of adhesive for the three DoE studies. The significance levels are
denoted as *p-value < 0.05, **p-value < 0.01, indicating significant changes observed in all
three studies (i.e., 2-6, 9-13, and 13-17 grinding cycles).
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2.4.3. DoE Optimisation and Validation

The models generated for each response from the DoE analysis were then used to optimise
the PM-CPC according to a set of clinical informed optimisation criteria as per Table 2.4. The
optimal PM-CPC composition was determined to be 74 wt.% a-TCP (after 11 grinding
cycles), 25 wt.% phosphoserine, 1 wt.% calcium silicate, with a LPR of 0.3 mL/g. This
composition achieved a di of 0.92, indicating an optimal performance. The predicted
responses for the optimal composition of PM-CPC and the experimental values are shown in
Table 2.4. To verify the accuracy of these predicted values, an experimental validation study
was conducted using t-test analysis. The results showed a non-significant difference (p-value
= 0.1) between the predicted and experimental values, with a percentage of difference of 5%
for both setting properties (Table 2.4) and lower than 14% difference for mechanical
properties (Table 2.4). Furthermore, the DoE studies demonstrated high accuracy, as the
experimental values were within the standard deviation of the predicted responses, with a

non-significant difference between experimental and predicted values.
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Table 2.4: Results of DoE optimisation of the PM-CPC composition showing the acceptable clinical ranges for each factor and validation of the

models by comparing the difference between predicted responses for the optimal PM-CPC composition and the actual values from experimental

data.
DoE Optimal PM-CPC Adhesive Composition
74 wt.% non-passivated aTCP after 11 cycles 25 wt.% phosphoserine 1 wt.% calcium silicate
Responses Clinical Requirements DoE Prediction Experimental Values Difference (%)

Initial Setting Time (s) 60>t >120 110+ 10 115+10 4.4
Final Setting Time (s) 120 > t:>200 200 + 20 192 +10 4.1
Compressive Strength (MPa) >10 25.7%3 29.5+4.6 13.8
Adhesive Strength (MPa) >2.5 42+0.3 39+09 7.4
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2.5. Discussion

This chapter aimed to evaluate a range of PM-CPC adhesive compositions, to gain an in-depth
understanding of the influence of variable factors on PM-CPC properties under wet field
conditions for bone repair and stabilisation. Initially, the o-TCP powder was synthesised and
analytically characterised and this was then followed by investigating the influence of various
process parameters (setting time, compressive and adhesive strength) on the properties of PM-
CPC using DoE studies. DoE analysis highlighted the influence of the most significant factors
(LPR, amount of phosphoserine and a-TCP powder particle size) on the final properties of
the adhesive. Optimisation of the process yielded an injectable bone adhesive with setting,

mechanical and adhesion properties suitable for clinical bone defect repair.

Phase pure a-TCP was fabricated, with XRD and FT-IR analysis confirming the presence of
a-TCP without any evidence of other calcium phosphates present, such as B-TCP [227] or
HA [228]. The presence of other phases could compromise the mechanical and biological
properties of the resultant adhesive, therefore, achieving high phase purity is crucial to ensure
biocompatibility and desired functionality, and to reduce the risk of implant failure or
rejection [229-231]. The synthesised a-TCP powder had an irregular, non-spherical, and
polyhedral shape, with a circularity of 0.35 + 0.2—values which align with the reported
morphology for a-TCP powders obtained through mechanical milling [232]. As expected,
there was a negative correlation (R2 =0.90) between particle size and number of grinding
cycles, consistent with previous findings [13]. The reduction in particle size can be attributed
to the mechanical force exerted during the grinding process, which breaks down larger
particles into smaller ones. The negative zeta potential obtained herein is advantageous for
bone tissue engineering applications as it facilitates the adsorption of Ca?" ions, promoting

cell adhesion, proliferation and new bone formation [233,234].
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A DoE study was then conducted to gain a comprehensive understanding of the factors
influencing the handling, mechanical and adhesion properties of the PM-CPC adhesives. An
interesting outcome of this study was the lack of a statistically significant difference in
handling and mechanical properties between passivated and non-passivated a-TCP. The
likely expectation would have been that passivation—a process aimed at creating a protective
coating or layer to reduce chemical reactivity—would cause distinct changes in the properties
of a-TCP [235]. However, a number of studies obtained minimal difference in the mechanical
properties after passivation process similar to our findings [222,236]. Furthermore, as
mentioned already passivation offers a protective barrier without inducing significant changes
to the material's surface roughness or porosity which can explain the low effect on handling

properties.

Another important finding was the effect of the number of grinding cycles, which had a
significant impact on the setting behaviour of PM-CPC. It has been determined from the
results that the particle size of a-TCP significantly influences the setting properties of
PM-CPC. Fine-tuning the particle size through grinding can be a strategic approach to
achieving optimal handling properties for specific clinical scenarios. In the case of lower
grinding cycles or bigger particle sizes for a-TCP powder, the DoE indicated a slower setting
time. This delay in setting may be attributed to the surface area of particles, which plays a
crucial role in determining their reactivity [237]. Having a powder of a larger particle size
mean there is a reduced surface area available for dissolution, which is a critical step in the
setting reaction of many bone cements, thus slowing down the overall setting time [238,239].
This observation suggests that for specific clinical applications requiring a more extended
working time, a-TCP of larger particle size may be a suitable choice. Conversely, when
a-TCP particle size was small the setting process was accelerated. This rapid setting could be

advantageous in situations demanding quick surgical procedures and immediate fixation of
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bone fragments. However, this faster setting might pose challenges in terms of handling and
application precision. The findings in this study corroborate previous works [240,241], further
emphasising the importance of optimising particle size and grinding conditions for desired
properties in applications using a-TCP. The understanding of this fundamental principle is

essential especially when balancing factors like mechanical strength, setting time.

In addition to grinding cycles, the DoE analysis demonstrated that the LPR, phosphoserine
content, had a significant impact on both handling and mechanical properties, with the LPR
showing the highest contribution. Increasing the LPR resulted in a more injectable adhesive
with slow setting and low mechanical properties. These results align with findings from
previous studies which similarly observed that increasing LPR values in adhesive
formulations resulted in a more malleable and injectable mixture [13,242,243]. Conversely,
increasing the phosphoserine content led to faster setting times and higher mechanical
properties, particularly for low levels of LPR. This observation is consistent with prior
research examining the setting and mechanical characteristics of cements based on a-TCP
and B-TCP in relation to varying phosphoserine concentrations [148,244]. With the trade-offs
between setting time, and mechanical properties brought about by variations in LPR and

phosphoserine content, careful calibration of these parameters is required.

A challenge when attempting to produce optimal PM-CPC is that the material properties are
interrelated [242], therefore improving the compressive strength has a negative effect on the
handling properties. The influence of the LPR on mechanical properties can be attributed to
the effect of water content on the porosity of the adhesive after setting, where a higher water
content results in increased porosity and poorer mechanical properties [245]. A larger amount
of water resulted in an increase in the porosity content of the cement and consequently, a
material demonstrating poorer mechanical properties [246]. This interaction mechanism on

mechanical properties is an area of research that requires further investigation. The DoE
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analysis exhibited a non-linear relationship between phosphoserine content and the
mechanical properties. As the phosphoserine content is increased from 10 wt.% to 25 wt.%,
there is a linear increase in compressive strength. This indicates a positive correlation between
phosphoserine content and the mechanical properties of the CPC. However, beyond 25 wt.%
of phosphoserine, a linear reduction in compressive strength was observed. This non-linear
relationship between phosphoserine content and the mechanical properties of the PM-CPC
suggests the presence of an optimum or threshold concentration. At lower phosphoserine
levels (10-25 wt.%), the incorporation of phosphoserine enhances the interfacial bonding and
chemical interactions within the matrix, leading to improved compressive strength. However,
at higher phosphoserine levels (beyond 25 wt.%), an excess of phosphoserine might disrupt
the formation of the adhesive matrix or introduce structural irregularities, resulting in a
decrease in compressive strength. Overall, the DoE modelling provided important insight into
the relationships between multiple input and output variables in the context of the PM-CPC

synthesis, enabling efficient optimisation of the process.

Optimisation of the PM-CPC adhesive was then completed using the DoE models to identify
the optimal PM-CPC composition for clinical use, that demonstrates a satisfactory
injectability and workability, and setting times within an appropriate range, along with
enhanced mechanical and adhesion performance. The optimal composition for PM-CPC
adhesive, meeting these clinical requirements, was determined to be 74 wt.% a-TCP (after 11
grinding cycles), 25 wt.% phosphoserine, 1 wt.% calcium silicate, and an LPR of 0.3 mL/g.
The optimal composition proposed by the DoE studies resulted in an injectable adhesive with
setting times and static mechanical properties that met the required clinical specifications for

the treatment of challenging bone fractures.
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2.6. Conclusions

In conclusion, this chapter successfully addressed its primary aim, which was to contribute to
a more comprehensive understanding of the factors affecting the responses of the PM-CPC
adhesive. The successful fabrication and analytical assessment of a-TCP powders was
achieved, confirming their phase purity through XRD and FTIR analysis. Monitoring a-TCP
purity ensures that the final adhesive’s characteristics remain consistent, avoiding potential
deviations in its behaviour. By employing a DoE approach, the particle size of a-TCP, LPR
and phosphoserine content were found to significantly influence the handling, mechanical,
and bond properties of the PM-CPC adhesive. Optimisation through DoE allowed us to
identify an optimal composition of PM-CPC, aligning with clinical requirements for setting
times as well as compressive and bond/shear strength after a 24-h setting reaction. The
adaptability of a DoE model extends its relevance beyond single-use optimisation. As clinical
requirements evolve, the established DoE model can be recalibrated appropriately,
eliminating the need to start the analysis from scratch. Thus, it not only facilitates in-depth
initial analysis and understanding of the key process parameters affecting PM-CPC
properties, but also streamlines future improvements, making it an enduring tool in adhesive

formulation and optimisation.

These studies can be considered as a preliminary design to understand the factors and levels
that had the greatest impact on fabrication of the adhesive. The transition from lab-scale
volumes to industry-relevant volumes presents challenges and the implications of scaling up
remain to be seen. Given the promising properties of the PM-CPC adhesive, its optimal
composition was selected for further analysis and validation in larger and more varied
settings. This will confirm its suitability for clinical use as a calcified tissue adhesive under

wet conditions and assess its scalability for industrial production volumes.
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Chapter 3:  Functional Assessment of
Optimal Phosphoserine-modified Calcium
Phosphate Adhesive (PM-CPC) for Bone

Repair and Implant Augmentation
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Levingstone, N.J. Dunne, Multi-objective property optimisation of a phosphoserine-
modified calcium phosphates for orthopaedic and dental applications using Design of
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3.1. Introduction

While the natural healing process of bone fractures is generally effective at repairing bones,
some bone fractures, defects or loss often require the use of metal hardware to achieve
effective stabilisation [32,62]. In recent research efforts, phosphoserine-modified calcium
phosphate cement has emerged as a potential standout in the realm of biomedical adhesives

under wet environments [101,148,150,215,247,248].

Although most research studies in the field focus on evaluating specific phosphoserine-
modified adhesive compositions and comparing them with existing cement formulations, they
lack knowledge about the mechanical and physical properties of these adhesives, particularly
when considering large-scale production. Furthermore, parameters such as adhesion strength,
degradation rate and bioactivity of the bone adhesive on bones or the ability to stabilise
metallic implants and enhance their mechanical properties are unclear, particularly in wet

conditions [16].

Following the initial DoE study (Chapter 2), the optimal composition was determined based
on its handling and mechanical attributes, which are key criteria for orthopaedic and dental
applications. Given these initial promising findings, this chapter focus on a thorough
analytical assessment of the selected composition. The aim is to validate its efficacy in
broader settings, ensuring its suitability as a wet-condition calcified tissue adhesive, and to
evaluate its potential for large-scale production. Scaling up can introduce challenges, from
ensuring consistent material quality to batch-to-batch variability and batch size. Hence, part
of this chapter will explore the implications and potential obstacles of scaling up the adhesive,
ensuring that the properties we have observed in controlled settings are maintained when
produced in larger volumes. With this focused approach the optimal PM-CPC composition
will be translated from promising laboratory results to practical, large-scale applications,

particularly in orthopaedic and dental application.

95



3.2.  Chapter Aim

The overall aim of this chapter is to conduct a comprehensive characterisation of the
properties exhibited by the optimal PM-CPC composition, as previously identified in
Chapter 2. This in-depth analysis is essential to verify its suitability for clinical application as
a calcified tissue adhesive. The initial focus was the hand-mixing of the optimal PM-CPC
composition in higher batch sizes to determine whether it is feasible for the adhesive to be
produced in industry-relevant volumes properties. Once mixed, the adhesive was
characterised to assess their handling and mechanical properties. Furthermore, chemical,
architectural, biological and degradative properties were determined. The ability of the
adhesive to be used as an augmentation material for both orthopaedic and dental application

was also investigated.

The specific objectives of this chapter are to:

e Assess of the increased batch size from 1g to 10 g determining the setting and mechanical
properties.

o Assess of the stability, degradation and bioactivity of the PM-CPC bone adhesive.

e Assess of the pull-out and removal torque properties to ensure that the adhesive meets

the requirements to be used as implant augmentation.

3.3.  Material and Methods
3.3.1. Formulation of Optimal PM-CPC Adhesive

The optimal PM-CPC adhesive was formulated by mixing the powder phase
(74 wt.% o-TCP, 25 wt.% phosphoserine and 1 wt.% calcium silicate) with 0.3 mL/g DI
water. The liquid and powder phases were mixed with a spatula for 15-20 s and then placed

in different moulds to fabricate specimens with the required shape and dimensions for the
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various characterisation techniques. All specimens were incubated for 72 h in Ringer’s

solution at 37°C and 100% relative humidity to simulate the biological environment.

3.3.2. Analytical Assessment of Optimal Hand-mixed PM-CPC Adhesive

3.3.2.1 Handling and Mechanical Properties

To assess the clinical applicability of the adhesive, additional characterisation of the optimal
PM-CPC was conducted. In particular, the scalability of the optimal PM-CPC was evaluated
by increasing the batch size from 1 g to 10 g to determine whether it is feasible for the adhesive
to be produced in industry-relevant volumes. The influence of the increased batch size on the
optimal PM-CPC properties was evaluated by determining the mixing, setting and mechanical
properties (i.e., compressive and adhesive shear strength) as per Section 2.3.5.1. for setting
time, and Section 2.3.5.2 and Section 2.3.5.3 for compressive and adhesion strength

respectively.

3.3.2.2 Washout Resistance

The stability of the PM-CPC in a wet-field environment simulating the biological
environment was assessed using a washout resistance test [249]. The washout resistance test
was performed using two different configurations: (1) manually shaped PM-CPC with a
volume of approximately 0.50 mm?3, and (2) injected PM-CPC, which was delivered through
a syringe without a nozzle (extrusion diameter = 2.25 mm), these techniques mimics the
shear forces and dynamic environment the material would encounter during actual injection
into a bone defect or cavity. The larger extrusion diameter compared to the manually shaped
configuration ensures that the material's flow characteristics and resistance to washout are

accurately represented under realistic conditions.

In both cases, the specimens were transferred to a beaker containing 20 mL of phosphate

buffered solution (PBS). The specimens were incubated at 37°C, with visual inspections every
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minute for 5 min (qualitative analysis). The specimen was considered to have passed the
washout resistance test if it did not visibly disintegrate in the solution. In addition, for
quantitative measurement, the weight of manually shaped PM-CPC was recorded before the
immersion in PBS. The weight of the specimens was measured every 1 min for the next 5

min. The disintegrated amounts (percentage of mass loss) were then calculated.

3.3.2.3 Degradation and In vitro Degradation Properties

Cylindrical PM-CPC specimens (12 mm height, 6 mm diameter) were incubated in PBS
solution (pH 7.4) at 37°C on a plate shaker for time intervals of 4, 6, 8, 14, 30, 60, 90, and
120 days. The solution was replaced every 4 weeks. At each time-point, three specimens were
removed from the degradation media, washed with DI water, and dried under vacuum for 2
days at 37°C. The dry mass of the specimens was then determined. Enzymatic-based in vitro
degradation was also assessed. Here specimens were placed in a porcine pancreas lipase-
phosphate buffer solution (PPL)-PBS solution. The PPL concentration was 10 U/mL PPL
(>3,000 U/g, Merck Life Science Limited, Ireland). The same procedure as with PBS-only

was followed.

3.3.2.4 Biological Activity
To evaluate the bioactivity, the formation of bonelike apatite on the specimens (4 mm height,
8 mm diameter) was examined in a simulate body fluid solution, at 37°C and a pH of 7.4. The
ion concentrations in the solution was almost identical to those in human blood plasma [250].
The solution was replenished every 3 days, with specimens removed from incubation after 24
h, 3 days and 7 days. Subsequently, the specimens were washed with DI water and dried in
an oven at 50°C for 3 h. Changes in the surface morphology of specimens were characterised

using SEM, equipped with energy-dispersive X-ray spectroscopy (EDX). The SEM images
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were further analysed using Image J for the determination of the crystal’s morphology and

size.

Additionally, XRD analysis as per Section 2.3.2.1 was performed to evaluate the crystalline
phases present in PM-CPC adhesive at different time points, including after mixing and
during the setting reactions. The XRD analysis was performed on hardened specimens
following immersion in Ringer’s solution at timepoints of 24 h, 3 days, and 7 days post
fabrication to assess the time-dependent phase transition. For this analysis, each sample was

dried and ground to a powder using a mortar and pestle.

3.3.2.5 Adhesion Strength on Dental Implants

Sockets (4.0 mm inner hole and 8.4 mm outer) were created in blocks of low-density synthetic
bone material (5PCF solid rigid polyurethane foam (Sawbones Europe AB, Sweden)), as can
be seen in Figure 3.1. The PM-CPC adhesive was manually mixed prior to injection into
predrilled sockets followed by the insertion of a dental implant (augmented) while as control
was used the dental implant without PM-CPC adhesive (non-augmented). The injection was
completed at ambient conditions (T=22 °C and humidity=45+5%) while simultaneously
ensuring that the adhesive adequately covered the entire endosteal area (surface-modified
region). The dental implant (Strauman ITI standard non-octagon Morse taper, Switzerland)
was inserted using an implant driver (Hexagonal screwdriver, Straumann, Switzerland) into
the “wet” adhesive before the final setting time and left to set for 20 min. Pull-out and removal
torque testing was conducted for both augmented and non-augmented dental implants to

determine the effect of PM-CPC on the mechanical stability of dental implants.

The effect of blood on the adhesive properties of PM-CPC was also investigated during both
pull-out and removal torque tests to account for any potential bleeding at the implant site

when delivering the adhesive in an in vivo environment. The tests were conducted using
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porcine blood (obtained from a Dublin-based butcher) to simulate the in vivo environment.
The blood was added in the socket one min before the injection of PM-CPC (Figure 3.1),

which was manually mixed at ambient conditions.

The pull-out force was measured using a Zwick Testing System with a 5 kN load cell. The
system was fitted with tensile grips and equipped with an extensometer for strain
measurements. Experiments were conducted according to American Society for Testing and
Materials International (ASTM) F543 standards, with a speed rate of 5 mm/min and a 0.1 N
pre-load force. All samples (non-augmented implant, augmented implant and augmented
implant + porcine blood) were tested to failure (n=6). The torque force was measured using a
digital torque screwdriver. The removal torque forces without PM-CPC, with PM-CPC and

with blood and PM-CPC were recorded and compared.

3.3.2.6 Adhesion Strength on Orthopaedic Screws

The ability of PM-CPC to augment the mechanical stability of orthopaedic screws was also
determined through a pull-out force test (Figure 3.2). For the pull-out test, two different types
of screws were selected: (1) the Cortex screw (Smith & Nephew, UK) (cortical screw,
diameter 2.7 mm, h=36 mm) and (2) Osteopenia screw (Smith & Nephew, UK) (cancellous
screw, diameter 4.0 mm, h=36 mm). Initially, the predrilled hole with a diameter of 2 mm in
low-density synthetics blocks (5PCF solid rigid polyurethane foam (Sawbones Europe AB,
Sweden)) was filled with PM-CPC, followed by the insertion of each screw to a depth of
20 mm within the defect while the PM-CPC is still in liquid-paste form and has not been fully
set. The axial pull-out test was conducted 10 min after PM-CPC mixing in PM-CPC
accordance with ASTM F543 at a crosshead rate of 5 mm/min and a 0.1 N pre-load force

(n=6).
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Figure 3.1: Set-up of Pull-out and Torque Removal Test for Dental Implants — Schematic

representation of the set-up for mechanical characterisation of non-and augmented dental

implants with and without the presence of blood.
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Figure 3.2: Set-up of Pull-out Test for Orthopaedic Implants — Illustration of the pull-out

test set up in terms of the grip and sample position for the application of the axial force.

3.3.2.7 Bone-to-Bone Adhesion Properties

Sample Preparation

Bovine femur bones were selected for use in bone-to-bone adhesion testing, due primarily to
their favourable cortical thickness. Bovine femora were purchased from a Dublin-based
butcher to obtain both cortical (Figure 3. 3a) and cancellous (Figure 3. 3b) bone specimens.
After removal of soft tissue, each femoral bone was wrapped in PBS-soaked gauze. During
all cutting and machining operations, the bone material was frequently and liberally sprayed
with saline solution to keep it cool and wet. Each bone was sectioned into rectangular slices
measuring LengthxWidthxThickness of 35x15x3 mm (n=6) and cuboid-shaped specimens

measuring 20x10x10 mm (n=6) using a Titan TTB705BDS electric bandsaw (Screwfix,
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Ireland) with water cooling. To ensure uniform thickness, each bone specimens was ground
using a Metkon Forcimat (Bursa, Turkey) grinding-polishing machine with P80 grade silicon

carbide paper (TMQ Ltd., Ireland).

Testing

Lap shear and tensile tests were conducted to assess bone-to-bone adhesion under wet
conditions (n=6 specimens). The lap shear test used rectangular-shaped bone specimens,
while the tensile test employed cuboid shaped bone specimens. Each test sample was prepared
by applying a 0.2 g layer of the optimal PM-CPC adhesive onto one surface of a bone sample,
covering a surface area of 100 mm?. A second bone sample was then placed on top. The
specimens were immersed in Ringer’s solution and incubated at 37°C for 24 h and 72 h. Each
sample was tested to failure using a Zwick Testing System, fitted with a 5 kN load cell. The
system was fitted with tensile grips and equipped with an extensometer for strain
measurements. Lap shear and tensile test specimens were designed so that the highest strains
would occur in the central portion or gauge region of the specimen. Fracture surfaces were
examined using SEM to identify the mode of failure, which could be adhesive (failure
between adhesive and bone substrate), cohesive (failure within the adhesive), or mixed

(involving both cohesive and adhesive failure).
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Figure 3. 3: Bovine Femur Specimens for Bone-to-Bone Adhesion Test — Porcine bovine femur bone sample preparation from the (a) cortical
bone for lap shear testing and (b) cancellous bone for tensile testing.
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3.4. Statistical Analysis

All experiment testing was completed using a minimum of three repeats (n=3) and a
maximum of 6 samples (n=6). Data is presented as the mean £SD. The statistical significance
of data for difference comparison was determined using t-test, with a p < 0.05 defined as the
minimal level of significance. All statistical analysis was performed using GraphPad

(GraphPad_Prism Software, Version 8.0.2).

3.5. Results
3.5.1. Handling and Mechanical Properties

After adjusting the batch size of PM-CPC powder and mixing, a homogeneous paste was
obtained within 20 s. As illustrated in Figure 3.4a, this consistency was observed for the 1g,
5¢, and 10g batch sizes after manually mixing with a spatula. A similar texture was observed
irrespective of batch size, with a smooth and shiny PM-CPC mixture achieved within 20 s
(Figure 3.4b). Similarly, the initial and final setting times for all three batch sizes remained
within the clinical specifications (Figure 3.4c). There was no significant difference

(p-value>0.05) between the setting times for the different batch sizes tested.

The average compressive and adhesive strength were unaffected by the change in batch size
leading to non-significant difference (p-value>0.05). With average compressive strength of
29.5 £ 4.6 MPa and adhesive strength of ~ 3.9 £ 0.9 MPa across the three different batch sizes
(Figure 3.5a). The values for compressive and adhesive strength align with the clinical

requirements for bone adhesives.

Analysis of the fracture surfaces showed cohesive failure modes (n=6), characterised by a
noticeable adhesive layer. This layer was found on both fractured surfaces in four instances
(n=4 out of 6), and solely on one of the metallic (stainless steel) surfaces in two instances

(n=2 out of 6), as depicted in (Figure 3.5b). These observations demonstrate the cohesive and
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adhesive properties of the optimised PM-CPC bone adhesive, particularly in its interactions

with stainless steel surfaces.
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Figure 3.4: Setting Times of PM-CPC Adhesive — (a) mixing time, (b) mixture texture after

homogenisation and (c) setting properties of the optimal PM-CPC composition were not

affected by the increase of batch size from 1 g to 10 g. ns= non-significant, (n=6).
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Figure 3.5: Static-Mechanical Properties of PM-CPC Adhesive — (a) Mean compressive
strength and adhesive strength of the PM-CPC adhesive were not affected by increase of batch
size from 1 g to 10 g. (b) Images of the stainless steel cubes after testing of the adhesive
properties, with both cohesive and adhesive failure modes observed. ns= non-significant,

(n=6).
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3.5.2. Washout Resistance

Qualitative analysis of the adhesive demonstrated stability and integrity after 5 min, showing
no visible signs of dissolution, as seen in Figure 3.6a. Within the first two timepoints (i.e.,
two minutes), despite the adhesive not being completely set, it maintained a stable shape
within the PBS solution. When injected directly into the PBS bath, the injected PM-CPC
retained a stable shape without displaying any signs of disintegration (Figure 3.6b). This
observation demonstrates the adhesive's capacity to maintain its structural integrity even
when injected in a wet environment. Subsequent washout resistance testing demonstrated that
PM-CPC set before any visible disintegration occurred, thus the material passed the washout

resistance test.

The quantitative analysis showed that the PM-CPC adhesive maintained good stability and
strength when immersed in a PBS solution at 37°C (Figure 3.6¢). Within the first minutes of
immersion, before the adhesive fully set, a minimal mass loss of 2.9 + 0.1% was noted,
demonstrating the adhesive’s robust resistance to degradation in wet conditions. Despite this,
no visible disintegration was observed, indicating the adhesive's structural integrity and

excellent stability under wet-field conditions.

3.5.3. Degradation and In vitro Degradation Properties

The degradation behaviour of the PM-CPC adhesive in PBS was evaluated over a 120-day
period, with an approximate total mass loss of 18 + 4% observed (Figure 3.7a). Over the initial
five days, the degradation led to a roughly 5 £ 0.5% reduction in mass. Subsequently, the
degradation rate decelerated, with an average daily mass loss of approximately 0.55%
observed between Day 5 and Day 30. From Day 30 onward, the mass loss stabilised once
again, with no statistical difference between values recorded between Day 30 until Day 120

with an average daily mass loss of 0.05%.
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Furthermore, the enzymatic degradation of the PM-CPC adhesive was investigated. During
the initial five days of enzymatic degradation, the mass loss was 11.8%. Subsequently, the
rate of mass loss slowed, exhibiting a degradation pattern like that observed in the PBS-only
study. The addition of PPL accelerated the degradation rate, leading to an approximate

25 + 6% mass loss by Day 30 (Figure 3.7a).

Figure 3.6: Washout Resistance of PM-CPC Adhesive — Evaluation of the washout
resistance of the PM-CPC in PBS after being (a) manually shaped and (b) injected in the
beaker through a syringe showing no disintegration at 5 min after setting. (c) Measurement
of mass loss for PM-CPC at different timepoints for a total of 5 min after setting.
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3.5.4. Biological Activity

After 24 hours of immersion in SBF, around 30% of the a-TCP phase transformed into HA
crystals, a progression that continued over the next four days. XRD analysis verified this
transformation, showing that ~50% of the calcium phosphate phase had converted into HA
after a span of seven days (Table 3.1). This phenomenon is shown in Figure 3.7b, where the
appearance of three distinct peaks attributed to HA at 26°, 28.5° and 33.1° are highlighted
(indicated by the purple dashed line). Furthermore, the primary peak corresponding to the a-
TCP structure at 30.7° undergoes a shift towards higher angles, reaching 31.9°. Notably, this

angle aligns with the principal peak exhibited by HA-based structures.

SEM images depicted a newly formed layer of HA crystals on the surface of the PM-CPC
after 24 h of SBF immersion (Figure 3.7c). The formation of needle-shaped crystals was
observed, with a length ranging from 7.7 £ 0.4 um to 27.0 + 1.3 um, and diameters between
1.5+ 0.2 um and 3 £ 0.4 um. After three days of immersion, specimens displayed a rise in
the quantity and size of HA crystals, compared to those seen after 24 h. These crystals formed
clusters on the surface of the PM-CPC adhesive. In contrast, the PM-CPC immersed for 7
days demonstrated a complete apatite layer consisting of needle-shaped crystals with lengths
between 70.2 + 4.3 um and 145.1 + 7.1 um and a diameter of 7.1 + 2.6 um. Additionally,
medium-sized (length=8.3 *+ 1.7 um, thickness=3.4 + 0.4 pm) and large-sized
(length=82.3 + 5.3 um, thickness=19.9 + 4.1 um) platelike HA crystals were observed. The
SEM-EDX analysis confirmed the predominance of Ca and P elements on the surface,
exhibiting chemical similarity to HA. The PM-CPC adhesive after 7 days exhibited Ca/P and
Ca/O molar ratios of 1.6 and 0.44 respectively Table 3.1, demonstrating an increase of both

molar ratios from the typical ratios of a-TCP (Ca/P =1.5, Ca/0=0.38).
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Figure 3.7: Degradation and Biological Activity of PM-CPC Adhesive — (a) Degradation
analysis of the PM-CPC immersed in PBS and PBS-PPL at 37°C, demonstrated a total mass
loss of 20% and 28% respectively after 120 days. (b) XRD analysis and (c) SEM images
showing the bioactivity and conversion of the a-TCP to HA crystals with approximately 50%

conversion after 7 days showing a needle-shaped morphology compared to Day 1.
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Table 3.1: Percentage of a-TCP and HA phase from XRD data and Ca/P and Ca/O molar

ratios after 1-, 3- and 7-days immersion of PM-CPC bone adhesive in Ringer’s solution.

XRD Analysis
Day a-TCP (%) £ SD HA (%) + SD
1 71.7+7.1 28.3+6.1
3 66.5+ 6.8 335+6.8
7 49.2+7.3 50.8+7.3

SEM-EDX Analysis

Day Ca (wt.%) P (wt.%) O (wt.%) Ca/P Ratio Ca/O Ratio

1 23.9+15 152+1.2 56.63+2.0 1.58 0.42
3 241+15 148+1.2 524+22 1.62 0.46
7 245+1.7 149+13 498 +2.2 1.64 0.49
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3.5.5. Adhesion Strength on Dental Implants

The analysis of the torque force measured on removal the dental implant showed that the PM-
CPC adhesive significantly improved the resistance to rotational forces in augmented dental
implants. The average torque removal force for the augmented implants of 53.8 £ 3.5 Ncm
was greater than the non-augmented implants (30 + 4 Ncm) (p-value<0.001) Figure 3.8).
These results indicate that the PM-CPC improved the adhesive strength between the implant
and the surrounding bone. Additionally, the impact of the presence of blood within the socket
on the adhesive properties of PM-CPC was evaluated, which had a negligible effect on the
adhesive strength when PM-CPC was used. For the augmented implant group with the
presence of blood, the torque removal force was measured at 43.8 £ 2.1 Ncm compared to
53.0 £ 3.6 Ncm without blood (n=6) (Figure 3.8). This difference between the augmented

group with and without blood was not statistically significant (p-value>0.05).

The analysis of the pull-out force measurements demonstrated that augmenting the screw
fixation with PM-CPC led to a significant enhancement in the bonding strength. The
non-augmented dental implant exhibited a pull-out force of 241.3 £ 17.5 N, while the
augmented implants showed higher pull-out forces of 639.4 £ 24.0 N and 610 + 18.7 N with
and without the present of blood, respectively (p-value<0.001 and p-value<0.01) (Figure
3.9a). This substantial increase indicates that augmenting the screw fixation with PM-CPC,
led to a much stronger and more stable connection between the implant and the surrounding
bone. The presence of blood did not have a significant impact (p-value>0.05) on the pull-out

force (from 639.4 + 24.0 N to 610 + 18.7 N) (Figure 3.9a).

When a pull-out force was applied, synthetic bone particles were observed on the surface of
the implant. The existence of synthetic bone residue indicates that the implant resistance
encountered during the pull-out test was attributed to the implant's structural features and

design, which contributed to its stability. Observation of the failure modes after the pull-out
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test for the augmented implant with and without blood provided valuable insights into the
behaviour of the adhesive and its interaction with the bone. The predominant failure mode,
observed in both cases, occurred within the interface of adhesive and bone, as seen in Figure
3.9b. This indicates that the adhesive strength achieved using PM-CPC played a crucial role
in determining the overall adhesive strength between the implant and the bone. The observed
failure mode indicated that the PM-CPC effectively bonded to both the implant surface and
the bone, creating a strong adhesive interface that resisted pull-out forces. The presence of
blood during the implant procedure did not appear to influence the type of failure mode, as

both cases showed similar patterns with failures occurring mainly within the adhesive.
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Figure 3.8: Torque Removal Forces of Dental Implants — An increase in torque force was
observed after implant augmentation with PM-CPC bone adhesive with and without blood
compared to the non-augmented group. Statistical significance is denoted by *p-value < 0.05
and ***p-value < 0.001, (n=6).
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Figure 3.9: Pull-out Forces of Dental Implants — (a) Pull-out forces of dental implants
before and after augmentation with and without PM-CPC bone adhesive and blood. Images
revealing the (b) cohesive failure mode after the test. Statistical significance is denoted by
**p-value < 0.01 and ***p-value < 0.001, indicating an increase in pull-out forces observed
after implant augmentation with and without blood compared to non-augmented. (n=6).
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3.5.6. Adhesion Strength on Orthopaedic Screws

The pull-out testing results for both the Osteopenia and Cortex bone screws, conducted on a
synthetic bone, demonstrated a significant force difference between the non-augmented and
PM-CPC-augmented configurations. Specifically, the non-augmented Osteopenia screw
obtained a pull-out force of 65.8 + 9.5 N, whereas the PM-CPC-augmented group showed a
significant (p-value<0.001) force increase, reaching 343.4 + 22.4 N (Figure 3.10a). Similarly,
the results from the pull-out testing of the non-augmented Cortex screw were found to be 46.7
+ 7.3 N, while the augmentation of the screw with the PM-CPC adhesive yielded a
significantly increased force of 299.8 £ 14.0 N (Figure 3.10a). A significant (p<0.001) five-
fold increase in pull-out forces was observed when contrasting the non-augmented
arrangement with the PM-CPC-augmented configuration for both screw types. These findings
demonstrate the impact of the PM-CPC adhesive on the pull-out forces for both cancellous
and cortical bone screws, thus underscoring its potential to enhance the stability and efficacy
of these screws across varying bone types.

After pull-out testing, it was observed that the non-augmented screws were stripped out of the
foam (Sawbone) without any traces of foam remaining adhered to the screw, while the
augmented screws demonstrated cohesion failure since traces of foam were observed on the
adhesive around the screw. The samples failed at the bone-adhesive interface, leading to the
removal of the adhesive as a single mass with no remaining adhesive within the defect (Figure
3.10b). PM-CPC was evenly distributed along the length of the screw threads and along the
inner surfaces of the defect. The PM-CPC was mainly contained within the threads indicating

that there was a strong bonding between the adhesive and screw.
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Figure 3.10: Pull-out Forces of Orthopaedics Implants — (a) Graph presenting the pull-out
forces and (b) images revealing the bone-adhesive interface failure mode observed in
orthopaedic screws before and after augmentation with PM-CPC bone adhesive. Statistical

significance is denoted by ***p-value < 0.001, indicating the increase in pull-out forces (n=6).
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3.5.7. Bone-to-Bone Adhesion using PM-CPC

The adhesive strength of the optimal PM-CPC adhesive was evaluated using cancellous and
cortical bone samples. Two different bond tests, tensile and lap shear testing, were conducted
in wet environments. Results showed that the optimal PM-CPC demonstrated lap shear
strength at 0.95 + 0.28 MPa and tensile strength at 0.64 £ 0.14 MPa (p-value<0.001) for
cancellous bone samples (Figure 3.11a). Similar trends were observed for the cortical bone
samples, where lap shear and tensile strength values of 0.80 + 0.15 MPa and 0.50 + 0.10 MPa,
respectively were recorded. Bone specimens bonded with PM-CPC and tested under wet
conditions demonstrated strong resistance to shear and tensile forces. They were able to
withstand forces of 100 N prior to exhibiting signs of failure. Additionally, the adhesive
strength displayed by both the cortical and cancellous bone specimens was higher to that of
traditional tissue adhesives like Histoacryl, Palacos LV, and BSA-Glue [251] (p-value<0.05)
(Figure 3.11a). Testing using a lap shear joint configuration produced higher forces at failure
compared to testing using a tensile joint arrangement due to the increased exposure of osteons
resulting from the cross-sectional cut, potentially enhancing micro-mechanical bonding, and

consequently the adhesive strength [252].

To examine the failure mode of the optimal PM-CPC, SEM analysis was conducted on the
surfaces of cortical and cancellous bone specimens following failure. The results showed a
mixed-mode failure in both lap shear and tensile testing of cancellous and cortical bone
specimens. PM-CPC was present on approximately 50% of the fractured surfaces of the
cortical bone after analysing three fracture sites, indicating that cohesive failure occurred in
these regions (covering an average area of 50 mm? out of 100 mm?) and adhesive failure
occurred in the remaining regions (representative Figure 3.11b). After the tensile and lap

testing of cancellous bone samples, fully adhesive-mode failure and mixed-mode failure,
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comprising of cohesive-mode failure (average area=82.6 mm?) and adhesive-mode

(average area=17.4 mm?), was observed as can be seen in the representative Figure 3.11c.
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Figure 3.11: Bone-to-Bone Adhesion Properties — (a) Lap shear and tensile strength (n=6)
shows the ability of optimal PM-CPC to adhere both cortical and cancellous bones
withstanding a force of approx. 100 N at 37°C in a wet-field environment significantly higher
than conventional adhesives (Histoacryl, Palacos LV, and BSA-Glue). SEM images (n=3)
illustrating representative images of mixed-mode failure mode at the fracture surfaces of (b)
cortical and (c) cancellous bone after failure. *p-value < 0.05, **p-value < 0.01 and
***p-value < 0.001.
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3.6. Discussion

This chapter focuses on the comprehensive evaluation of the optimal PM-CPC composition
for its suitability as a bone adhesive in both orthopaedic and dental applications. The
assessment includes the PM-CPC's handling and mechanical properties, particularly its ability
to retain these characteristics when produced in larger batches. The aim was to ensure that the
material's efficacy, observed in controlled laboratory conditions, could be translated to
practical, large-scale applications without compromising its desirable properties.
Furthermore, properties, which are crucial for potential use in clinical settings were evaluated
such as the adhesive's performance under wet conditions, the stability, and the consistency of

the degradation properties.

In terms of PM-CPC's performance, the main observation was the consistency in achieving a
homogenous adhesive within a short span of 20 s, irrespective of the batch size. This not only
implies a consistent mixability but also suggests that the PM-CPC adhesive maintains its
inherent characteristics even when the volume is scaled up. The optimal PM-CPC
composition after increasing the batch size demonstrated average initial and final setting times
of 2.5 min to 3.5 min, respectively, without any significant difference. The fast setting
indicates accelerated HA nucleation in the presence of phosphoserine, providing working and
setting times within an acceptable range for surgeons to apply and stabilise bone fractures,
thereby, eliminating batch size as a variable affecting the setting phase [119,253]. The average
compressive and adhesive strength values remained unaffected despite changes in the batch
size further emphasising its reliability. The ability of PM-CPC to maintain its qualitative and
quantitative properties irrespective of batch size enhances its potential to be produced in

industry-relevant volumes.

The optimal PM-CPC demonstrated the ability to remain stable after mixing and before

setting in a wet-field environment. The absence of disintegration in the adhesive suggests its
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ability to effectively bond to the bone surface and withstand external stresses. This
characteristic is crucial for ensuring long-term durability and reliability in clinical
applications. The optimal PM-CPC also demonstrated suitable degradation properties, with
~25% degradation observed by week 2. The degradation results were consistent with previous
studies of CPC [254,255], showing slow degradation rates under physiological conditions.
For instance, Ruhe et al. [256] fabricated calcium phosphate cements enhanced with PLGA
that had degradation of 30-40% after 12 weeks, with only 10-20% degradation during the
initial 6 weeks. The overall slow rate of degradation aligns with the normal rate of bone
healing and new bone formation showing the potential of the adhesive to provide initial bone
fragments stability [63]. Furthermore, the presence of an interfacial apatite layer on the PM-
CPC surface, formed after immersion in SBF for seven days, confirms its bioactivity and
suitability for biomedical applications. The formation of a chemically similar HA layer on the
surface of the PM-CPC and the presence of characteristic needle-shaped and platelet crystals
validates its potential for promoting osseointegration and bone regeneration. The formation
of an interfacial apatite layer at the bone-biomaterials interface is a common characteristic of
bioactive materials [257]. In addition to the HA crystal formation PM-CPC adhesive after 7
days exhibited Ca/P and Ca/O molar ratios of 1.60 and 0.44 respectively approaching the
typical values of HA (Ca/P =1.67, Ca/O=0.55). Overall, the slow degradation rate means that
the PM-CPC can provide effective support and stability to bone fragments during the initial

stages of the natural bone healing process [258,259].

The pull-out and removal torque testing conducted on both augmented and non-augmented
dental and orthopaedic implants aimed to assess the effect of PM-CPC as an adhesive
enhancer. The analysis of the results indicates that PM-CPC effectively enhances the bonding
strength of implants, facilitating better adhesion. These results are in line with existing

literature, which wused tetracalcium phosphate and Tetranite Stabilisation-Material
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(LaunchPad Medical) respectively [213,214]. Both studies have shown that the use of
PM-CPC effectively enhances mechanical properties and stability. However, the force
obtained using the PM-CPC adhesive was found to be approximately twice the torque force
obtained from Tetranite, with an average torque force of 45 Ncm compared to 22.2 Ncm.
Additionally, in vivo investigations have further substantiated the method's efficacy,
highlighting that implants positioned in oversized osteotomies can be securely stabilised
during placement through the application of a highly osteoconductive, and resorbable
adhesive [248]. Furthermore, the presence of blood during the implant procedure had no
impact on the adhesive properties of PM-CPC, indicating that its effectiveness was not
significantly compromised by the existence of blood. These findings highlight the potential
clinical significance of PM-CPC as an adhesive enhancer for both dental implants and
orthopaedic screws, particularly in augmented cases. The results demonstrated that the
application of PM-CPC in implant surgeries can contribute to improved implant stability and

success rates.

The observation of failure modes following the pull-out testing provides valuable information
about the effectiveness of PM-CPC at enhancing the adhesion to metallic-based implants. The
adhesive failure observed demonstrates a strong bond between the implant and adhesive. This
type of failure thus highlights the importance of achieving a robust and continuous interface
between the adhesive and the bone surface. Failure at the interface could be attributed to
various factors, such as inadequate surface preparation, poor penetration of the adhesive into

the bone's micro-structure, or potential contamination during the implantation process.

In addition to the optimal handling and mechanical properties, the PM-CPC provided
effective bone-to-bone bonding when used to adhere cancellous and cortical bovine femoral
bone. The setting condition (dry or wet) significantly influenced the bond strength, with the

optimal PM-CPC adhesive exhibiting a higher bond strength in dry environments compared
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to wet environments for both cancellous and cortical bone samples. This finding is consistent
with previous studies reporting the adverse effects of moisture on the bonding properties of
various biomaterials, including dental adhesives and bone cements [260]. Lower bond
strength values under wet-field conditions can be attributed to the presence of moisture, which
interferes with the PM-CPC-bone interface and induces hydrolytic degradation of the
adhesive. Despite lower bond strength values under wet-field conditions, all femora bone
samples withstood forces > 50 N before fracture, with a maximum load of 100 N recorded.
This provides significantly higher adhesion compared to other available adhesives, which
demonstrated an average force of 47 N and a max load of 55 N [261]. The mixed-mode failure
observed in the lap shear and tensile testing of cancellous and cortical bone samples indicates
the presence of both molecular and physical bonds at the PM-CPC-bone interface [251,261].
The cohesive failure obtained leads to 100% adhesion between the adhesive and substrate,
improving mechanical stability and reducing stress concentrations within the PM-CPC
adhesive. This cohesive failure observed during SEM analysis of the fracture surfaces
indicates the formation of strong bonding between the PM-CPC and the substrate of the bone
specimen, a desirable property for clinical applications. The adhesive provided early
mechanical stability, tuning of the resorption time to the rate of new bone substitution
promoted by the material [247] and exhibit optimal adhesive and cohesive properties in

wet-field conditions.

3.7. Conclusions

Overall, the optimal composition of PM-CPC demonstrated clinically relevant handling
properties, allowing for homogenous mixing and precise delivery. Notably, PM-CPC
demonstrated a high bone-to-bone and implant adhesive bond strength under wet-field
conditions displaying its potential for effective bonding in challenging clinical scenarios in

both orthopaedic and dental application. Furthermore, PM-CPC exhibited a slow degradation
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rate during the initial five days, which could provide initial stability to bone fragments during

the critical early stages of the natural bone healing process.

In conclusion, the optimal composition of PM-CPC shows promise in meeting the clinical
requirements for a calcified tissue adhesive used in bone and implant stabilisation and repair.
However, a significant challenge lies in the current requirement for manual mixing of the
powder and liquid phases before injection, coupled with limited setting time. While premixed
injectable CPCs have been developed, they still have limitations related to thorough powder-
liquid mixing and precise injection timing as well as phase separation. So, there is still a need
for the development of an adhesive designed to be mixed on demand and delivered minimally

invasively.
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Chapter 4. Development of an Injectable
Phosphoserine-modified Calcium
Phosphate (PM-CPC) and a Minimally

Invasive Delivery Device
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4.1. Introduction

Despite promising properties offered by CPCs, there are still challenges relating to their
application [262—264]. In particular, the in-theatre powder to liquid mixing of CPCs within a
surgical environment has been shown to lead to variations in adhesive properties and poor
injectability restricting their applicability [178,265,266]. CPC must meet specific handling
requirements to enable effective mixing and delivery for minimally invasive procedures such
as spinal applications, vertebroplasty, bone void filling in closed fractures, and osteoporotic
bone reinforcement [267]. One critical issue is the continuous change in material properties
during the working phase which leaves a limited window for preparation and application.
There is a growing need to develop injectable, ready-to-use CPCs to address these limitations.
Consequently, numerous studies have been conducted to enhance the minimally invasive

delivery of CPCs and thus expand their clinical applications [249,268,269].

For traditional formulations of CPCs, phase separation during injection has been a significant
obstacle, as it can result in a higher-than-desired liquid content, potentially leading to leakage
from the surgical site and compromising the final properties of the set CPC [262,270,271].
New formulations that aim to overcome these challenges have been explored. For example,
aqueous injectable CPCs have been developed, but these face challenges related to thorough
powder-liquid mixing and the requirement for precisely controlled timing of injection to the
surgical site [272]. Premixed injectable CPCs have also been explored, but issues such as
phase separation and the inability to regain the original consistency upon stimulus removal
have posed challenges [273]. Furthermore, previous injectable CPCs had poor mechanical

properties [249,274].

Furthermore, new delivery systems for the minimally invasive delivery of CPCs have also
been explored. Prior investigations on cements for dental application have demonstrated the

benefits associated with the minimally invasive administration of a biphasic calcium
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phosphate adhesive, facilitated through the use a dual-phase syringe system [211,262,275].
Therefore, it is envisaged that transitioning from the current manual mixing approach to a
mechanised on-demand mixing technique will enable the precise and minimally invasive

application of the PM-CPC developed herein.

To address the drawbacks of the existing PM-CPCs and contribute to the field's advancement,
there is a need to develop premixed PM-CPCs that can be prepared in advance under
controlled conditions and remain stable in storage and within syringes. This approach offers
advantages such as reduced processing time, lower risk of contamination, enhanced
reproducibility, and immediate injection of the mixture into the host tissue defect. Previous
studies achieved stability of CPC when mixed with non-agueous solutions such as
poly(propylene glycol), glycerol, chitosan malate, etc. [181,249,276]. However, this
formulation had a relatively long setting time due to the poor mixing between the powder and
liquid phases, when exposed to a physiological solution, which could be clinically
problematic. Therefore, there is need to develop an approach that will provide an improved

and rapid-setting, mixing time and adequate homogeneity.

This study proposed using a dual (paste-paste) syringe-mixed PM-CPC adhesive. This
adhesive with the new mixing technique should provide rapid setting, adhesion and sufficient
mechanical strength immediately after placement in a defect site. This approach aims to
address the limitations of current systems associated with setting time, moisture effects during
storage, and the material shelf life, ultimately offering an adhesive that will enhance the

clinical use of CPC in bone defect treatments.

4.2.  Chapter Aim

The overall aim of this chapter was to adapt the optimal PM-CPC adhesive composition from

Chapter 3 to achieve a two component adhesive that can be delivered minimally invasively
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using a dual syringe system, without affecting the setting, mechanical, biological and
adhesion properties of the final product. The chapter focuses on the development of a new
dual syringe-mixed PM-CPC adhesive and assessment of the physical, handling, mechanical
properties, and adhesion/cohesion strength under wet-field conditions—with the optimal

properties benchmarked against industry defined values.

The specific objectives of this chapter were the:

e Synthesis and analytical assessment of a two-component PM-CPC adhesive designed
for minimally invasive delivery using a dual syringe system.

e Systematic comparison of the dual syringe-mixed PM-CPC with the optimal
hand-mixed PM-CPC bone adhesive to gain insights into the potential advantages and

applicability of the new premixed formulation in bone adhesive applications.

4.3. Material and Methods
4.3.1. Formulation of Hand-Mixed PM-CPC Adhesive

The liquid phase 0.3 mL/g of DI water was added to the optimal powder phase (a-TCP,
phosphoserine and calcium silicate) composition as defined in Chapter 2 and subsequently

hand-mixed for 20 s as described in Section 3.3.1.

4.3.2. Formulation of Dual Syringe-Mixed PM-CPC Adhesive

Component 1 — Accelerator Paste:

The first component of the dual syringe-mixed PM-CPC adhesive formulation was the
accelerator paste. This component consisted of two key powder phases: phosphoserine and
calcium silicate. Phosphoserine was incorporated at a specific weight percentage, serving as
a significant bioactive agent and accelerator, whereas calcium silicate provides desirable

mechanical properties and biocompatibility. The two powders were manually mixed in a
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predetermined weight percentages as per optimal PM-CPC adhesive composition

(25 wt.% phosphoserine and 1 wt.% calcium silicate).

The powder phase of each component was mixed with biocompatible oil phase (Kolliphor
EL) and its components are often used to increase the solubility of both hydrophilic and
hydrophobic substances by reducing surface tension [277]. The Koliphor oil was prepared
by combining two surface-active agents, Polyoxyl 35 castor oil (Kolliphor® EL, Merck Life
Sciences Ltd, Ireland) and hexadecyl-phosphate (Merck Life Sciences Ltd, Ireland) (ratio of
0.3 wt./wt.) [276]. This property is particularly useful in ensuring that phosphoserine, which
might otherwise have limited solubility, is evenly distributed throughout the cement mixture.
The improved solubility and dispersion of phosphoserine can lead to better integration and
performance of the cement, enhancing its adhesive properties and overall functionality as a

bone adhesive.

The powder and oil phase were combined at different oil/powder weight ratios, ranging from
0.3mL/g to 0.6 mL/g, enabling adjustments to achieve the desired consistency and
workability of the paste. A mortar and pestle were used to mix and ensure uniform dispersion
and homogeneous mixture of the powder and oil phase. The final homogenous paste was
dispensed into 3 mL and 5 mL syringes, which were shielded with a female Luer lock caps.

The filled syringes were then stored at room temperature, until further use.

Component 2 — a-TCP Paste:

The second component, the a-TCP paste, forms an integral part of the PM-CPC paste
adhesive system. This paste was designed to provide the necessary mechanical properties and
structural support to the adhesive composition. This paste contains a predominant powder
phase consisting of a-TCP (74 wt.% of the total powder phase of PM-CPC adhesive). a-TCP

powder and Koliphor oil were mixed, at different oil/powder weight ratios, ranging from 0.3
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mL/g to 0.6 mL/g, to achieve the desired consistency and workability of the paste. Initial
mixing was conducted using a stainless steel mixer (IKA-Labortechnik RW 20 digital
overhead stirrer, Merck Life Sciences Ltd, Ireland) until homogenous. The mixed paste was
then transferred into a 500 mL zirconia beaker and further mixed and homogenised with 8
zirconia balls of 100 g each in a planetary ball mill for 3 h at 300 RPM. The final homogenous
paste was dispensed into 3 mL and 5 mL shielded syringes. The filled syringes were then

stored at room temperature (22 °C) with a humidity of 45-50%, until further use.

Dual Syringe-mixed PM-CPC Adhesive:

The mixing of the two components (Componentl: accelerator and Component 2: a-TCP
pastes) was achieved using a double syringe mixing system through a mixing nozzle (Figure

4.1).

Figure 4.1: Double Syringe Mixing System used for the injectable and on-demand mixed
PM-CPC adhesive.

4.3.3. Analytical Assessment of Individual Components

4.3.3.1 Phase Separation
To assess the influence of varying oil content on phase separation within the paste, an oil-to-

powder phase separation test was conducted following centrifugation [276,278]. Paste

131



formulations were prepared by systematically adjusting the oil to powder ratio within the
paste from 0.3 mL/g to 0.6 mL/g. 2 g of prepared paste samples were transferred to 15 mL
tubes followed by centrifugation at 2400 RPM for 20 min. Following centrifugation, the
centrifuge tubes were inverted and the volume of oil drops separating from the paste was
determined. The percentage of phase separation was then quantified (Eq. 4.1). The paste was

considered stable when no oil drops separated from the paste.

Equation 4.1 — Percentage of Phase Separation between oil and powder phase:

. Separated Oil Phase Volume
Phase Separation (%) = Tt Paste Volume x 100

4.3.3.2 Injectability

Quantitative evaluation of injectability was carried out by determining the percentage of the
paste delivered prior to solidification under set loading conditions [270,279,280]. The paste
(volume of 5 ml) was transferred to a commercial syringe with an aperture of 2 mm (13 mm
diameter cartridge with nominal capacity of 10 mL). Loading was applied vertically on the
top of the plunger using the Zwick Universal Testing Machine fitted with a 500 N load cell.
A crosshead speed rate of 10 mm/min was applied until the max force of 140 N was reached
and the paste was no longer injectable. The samples tested were narrowed down based on the
phase separation results for that reason the injectability test was conducted for the oil to
powder phases of 0.3 mL/g to 0.4 mL/g. The force-displacement curves obtained from Zwick
machine were generated and compared while the percentage of the paste delivered under these

conditions was then quantified (Eq. 4.2).
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Equation 4.2 —Injectability:

Wt.before test (W;) — Wt.after the test (W,)

Injectability (%) = ,
Wt.before test (W;) — Wt.of empty syringe (W)

4.3.3.3 Paste Stability

The structural integrity and homogeneity of the optimal oil to powder phase paste (0.4 mL/g),
as defined after testing the phase separation and injectability characteristics, was assessed by
monitoring the viscosity at regular time intervals. The paste was transferred within a syringe
and stored at room conditions (T=22 °C, humidity=45+5%) over a period of 48 Weeks. At
different time points the paste samples were transferred to a 100 mL beaker and the viscosity
was obtained using a viscometer (IKA ROTANISC hi-vi Il, IKA-Werke GmbH & Co,
Germany) at a rotation speed of 100 RPM at room temperature (22 °C). The spindle SP12 was

used from the standard spindle set SP set-2 (IKA-Werke GmbH & Co, Germany).

4.3.4. Analytical assessment of dual syringe-mixed PM-CPC Adhesive

The comprehensive analysis of the two-component PM-CPC adhesive mixed using a
double-syringe mixing system (Double Syringe, 5mL, 4:1, Medmix, Baar, Switzerland), with
a mixing nozzle (Mixer,DN3,4:1, Medmix, Baar, Switzerland) was carried out to assess its
performance across various aspects using the detailed methodologies presented in a
Chapter 3. The evaluation included a thorough investigation of its handling and mechanical
properties, washout resistance, degradation behaviour, and biological activity. A number of 6
specimens were used for each test. In addition, as per the analytical assessment of optimal
PM-CPC adhesive, the ability of the dual syringe-mixed PM-CPC adhesive to enhance
adhesion of dental and orthopaedic implants as well as facilitating bone-to-bone bonding. The
double-syringe mixed PM-CPC adhesive was systematically compared with the optimal

hand-mixed PM-CPC bone adhesive from Chapter 3.
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4.4. Statistical Analysis

Each test was repeated a minimum of three and up to a maximum of six times. Where feasible,
results were analysed for statistical significance. One-way or two-way analysis of variance
(ANOVA) was conducted for the comparison of means, following confirmation of normality
of data and homogeneity of variance. Where data from two independent samples were
required to be tested for statistical significance a two-tailed t test was used. For all other
dependents, regression analysis was used. A probability value of less than 0.05 was
considered significant. All statistical analysis was performed using GraphPad

(GraphPad_Prism Software, Version 8.0.2).

45. Results

45.1. Analytical Assessment of Individual Components

4.5.1.1 Phase Separation

During the analysis, the mixing of individual Component 1 and 2 was carried out using
varying oil/powder ratios, ranging from 0.3 mL/g to 0.6 mL/g. Smooth and uniform pastes
were achieved for all ratios. However, the ratios were found to significantly impact
(p-value<0.05) the paste consistency and mixing behaviour. Ratios exceeding 0.5 mL/g led
to separation of the oil phase, which is clearly visible in Figure 4.2a. Specifically, a ratio of
0.5 mL/g resulted in low viscosity pastes, displaying 4.67% phase separation for Component
1 and 1.47% for Component 2 upon centrifugation (Figure 4.2b). Similarly, at a 0.6 mL/g
ratio, phase separation reached 7.5% for Component 1 and 2.5% for Component 2 (Figure
4.2b). Conversely, using oil phase ratios below 0.3 mL/g yielded granular materials, thereby
rendering such ratios unfit for further analysis. Both Component 1 and 2 exhibited a complete
absence of phase separation when maintained at 0.3 mL/g and 0.4 mL/g oil ratios,

demonstrating 0% phase separation under these conditions.
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Figure 4.2: Phase Separation of Individual components — (a) Visual representation of oil
separation observed in Component 1 and 2 pastes with varying oil/powder ratios ranging from
0.3 mL/g to 0.6 mL/g. (b) Graphical illustration of the relationship between the applied ratios
and the extent of phase separation observed in the paste formulations (n=3).

4.5.1.2 Injectability
Due to the phase separation at ratios > 0.5 mL/g, the mixing of individual components was

carried out using ratios ranging from 0.3 mL/g to 0.4 mL/g. The force-displacement graph
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shows the extrusion characteristics of the material exhibiting an initial escalation in
force— representing the yield stress required to instigate paste flow—progressing into a
stable plateau phase indicative of consistent material flow, concluding with a rapid increase

in force when the material has finished coming out.

In Component 1, the extrusion force showed an initial steady state, or a slight elevation for
both 0.35 mL/g and 0.4 mL/g compositions Figure 4.3a. Notably, a rapid increase in the
extrusion force was observed for the 0.3 mL/g paste, possibly attributed to phase separation
effects. Similarly, Component 2 exhibited analogous behaviour, with the 0.4 mL/g
composition displaying the longest displacement/smooth plateau as can be seen in
force-displacement graph Figure 4.3b. This prolonged displacement indicates enhanced
injectability compared to the other two compositions. Comparing the maximum forces
required for initial paste injection, of Component 1, as the oil/powder ratio varied from 0.3
mL/g to 0.4 mL/g led to a significant force reduction, dropping from 61.2 N to 22.2 N.
Similarly, for Component 2, the maximum force dropped from 43.3 N to 15.9 N as the ratio
increased from 0.3 mL/g to 0.4 mL/g. This trend indicates the influence of the oil/powder
ratio on extrusion force, implying that higher ratios result in lowered forces necessary for

initiating paste extrusion.

The percentage of injectability for both individual pastes was notably influenced by variations
in the oil/powder ratio. The ratio of 0.35 mL/g significantly (p-value<0.01) improved the
injectability percentage, with the accelerator paste reaching 63.9% and the a-TCP paste
achieving 49.4%, as shown in Figure 4.3c. This represents an injectability that is roughly two
to three times higher than what was observed with a 0.3 mL/g ratio. Which refers to
approximately 2-3 times greater injectability compared to 0.3 mL/g ratio. With a further
increase in the oil/powder ratio to 0.4 mL/g, the injectability of the adhesive reached an upper

threshold, registering at about 71.2% for the accelerator paste and 67.6% for the a-TCP paste
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Figure 4.3c. This pattern demonstrated that increasing the oil-to-powder ratio enhances the

injectability, presenting as the ideal ratio the 0.4 mL/g for optimal performance.
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Figure 4.3: Injectability of Individual Pastes — Extrusion curves for (a) Component 1 and
(b) Component 2 with different oil/powder ratios, (c) the percentage of injectability increasing

the ratio from 0.3-0.4 mL/g. Statistical significance is denoted by **p-value < 0.01 and
***p-value<0.001 (n=6).
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4.5.1.3 Paste Stability

A paste stability test was conducted to assess the injectability and viability (through viscosity)
of the paste over an extended period, crucial for its applicability through a dual syringe
system. The viscosity of the accelerator paste was initially determined on Day 1, referred to
as Week 0, and was measured to be 10.7 mPa*s (Figure 4.4a), indicating a relatively low
viscosity, which generally suggests good injectability. The viscosity remained consistent over
the first 12 weeks of observation. Subsequent evaluations at Week 24 and Week 36 obtained
a slight non-significant (p-value>0.05) increase in viscosity, with values of 13.6 mPa*s,
indicating a sustained stability without significant alterations. However, a significant increase
(p-value<0.05) was observed at Week 48, with a viscosity of 18.5 mPa*s, nearly twice the
value recorded on Day 1. Despite the increase, the paste remained injectable, indicating its
sustained usability even after an extended period of 48 weeks. In particular, the injectability
forces was found to be stable during the first 12 weeks with force values of 7010 N. Slightly
increase was observed at week 24 and week 36 with the force reaching 85+8 N, however, the

paste was still injectable with no significant (p-value>0.05) increase in extrusion forces.

For Day 1, the viscosity of a-TCP paste was measured at 32.35 mPa*s. This viscosity
remained consistent for 4 weeks, with an increase of approximately 30% noted at Week 12.
Following this, at Weeks 24 and 36, a significant increase (p-value<0.01) in viscosity was
observed, with the value reaching 50.5 mPa*s. Similarly at Week 48, a statistically significant
increase in viscosity was observed (p-value<0.001), reaching 72.5 mPa*s—twice the value
of Day 1. Importantly, Figure 4.4b illustrates that despite this increase, the paste maintained
its injectability, underlining its ongoing suitability for application even after an extensive 48-

week period.
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Figure 4.4: Variation of Viscosity over Time for the Optimal Components— Change of
viscosity for (a) Component 1 and (b) Component 2 paste with oil/powder ratio of 0.4 mL/g
over a 1-year duration (48 weeks) as well as the injectability of the pastes. Despite the
observed variations in viscosity, the paste maintained its injectable characteristics. Statistical

significance is denoted by *p value < 0.05, **p value < 0.01 and ***p-value < 0.001 (n=3).
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4.5.2. Analytical Assessment of Dual Syringe-mixed PM-CPC Adhesive

4.5.2.1 Handling Properties

The initial and final setting times were determined for hand-mixed adhesive as ti=2.01 min
and ts= 3.15 min, respectively (Figure 4.5).While the setting times of the dual syringe-mixed
PM-CPC adhesive were found to be significantly higher (p-value<0.05) with a ti=3.10 min
and t=3.80 min. Despite this observation, both initial and final setting times remained within
the clinical specifications (ti=1.5 min, tr=4 min, (Figure 4.5), ensuring the adhesive's
suitability for practical usage. This finding underlines the dual syringe-mixed PM-CPC
adhesive’s ability to meet the essential criteria for setting time while offering the advantage
of being conveniently mixed and delivered on site using the double syringe mixing system

(Figure 4.5).
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Figure 4.5: Handling Properties of the Dual Syringe-mixed and Hand-mixed PM-CPC
Adhesive — Handling properties of the dual syringe-mixed PM-CPC adhesive in comparison
with the hand-mixed PM-CPC adhesive. Statistical significance is denoted by *p-value < 0.05
(n=6).
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4.5.2.2 Mechanical Properties

The mechanical properties of the adhesive as a consequence of different mixing techniques
were determined. The compressive strength was found to be ~ 20 MPa for the dual syringe-
mixed PM-CPC adhesive and ~ 25 MPa for the hand-mixed adhesive Figure 4.6a. The mean
adhesive strength of the hand-mixed adhesive was determined to be 3.15 MPa while the dual
syringe-mixed adhesive obtained a 2.95 MPa adhesive strength as can be seen in Figure 4.6b.
When compared the two adhesives mixed using different techniques no significant difference
(p-value>0.05) was observed with the mechanical properties meeting the clinical

requirements (compressive strength>10 MPa and adhesive strength>2.5 MPa) for both.
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Figure 4.6: Mechanical Properties of the Adhesive as a Consequence of Different Mixing
Techniques — (a) The compressive and (b) adhesive strengths of dual syringe-mixed PM-

CPC adhesive in comparison with the hand-mixed PM-CPC adhesive.

4.5.2.3 Washout Resistance

The qualitative assessment of the washout resistance of the dual syringe-mixed PM-CPC
adhesive showed that it maintained its stability and integrity when applied in a wet
environment. During the initial three-minute timepoint, the adhesive was seen to maintain its

structural integrity within the PBS solution despite not being fully set. No observable signs
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of dissolution were present after 5 min, indicating the adhesive’s ability to set before

encountering any visible disintegration (Figure 4.7a).

Through quantitative analysis, it was established that the dual syringe-mixed PM-CPC
adhesive exhibited only a minimal mass loss of 5.2% after a 5 min immersion, signifying its
limited degradation during its early stages (Figure 4.7b). The dual syringe-mixed PM-CPC
adhesive when compared to the hand-mixed PM-CPC adhesive presented a similar promising

trend displaying a significantly (p-value<0.01) lower mass loss of 2.95%.
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Figure 4.7: Washout Resistance of the Dual Syringe-mixed and Hand-mixed PM-CPC
Adhesive — (a) Qualitative and (b) quantitative assessment of the washout ability of the dual
syringe-mixed and hand-mixed PM-CPC adhesive, showing no disintegration within the first
5 min. Statistical significance is denoted by *p-value < 0.05 (n=3).
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4.5.2.4 In vitro Degradation

The assessment of the degradation behaviour of the dual syringe-mixed PM-CPC adhesive
was carried out over a 120-day duration. The adhesive exhibited a cumulative mass loss of
approximately 35% (Figure 4.8a). The initial five days were characterised by a relatively fast
degradation phase, accounting for a mass loss of about 12%. Post this phase, a noticeable
decrease in the degradation rate was observed, with the dual syringe-mixed PM-CPC adhesive
obtaining an average daily mass loss of roughly 0.65% from Day 5 to Day 30. Beyond Day
30, the mass loss stabilised, displaying a statistically insignificant variance in the values until

Day 120, maintaining an average daily mass loss of approximately 0.085%.

A comparison between the dual syringe-mixed and the hand-mixed PM-CPC adhesive in
terms of degradation behaviour highlighted similar trends within the 120-day period. Despite
variation in formulation techniques and composition, both adhesives showed comparable
degradation behaviours. The initial phase of rapid degradation, followed by a phase of high
mass loss and final stabilisation of the degradation rate, highlighted the similarities in the
degradation dynamics of the two adhesive variants (Figure 4.8a). However, it is worth
highlighting that the dual syringe-mixed adhesive exhibited a relatively higher degree of
degradation within the 120-day period, with a total mass loss of 35%, in contrast to the

hand-mixed adhesive, which displayed a total mass loss of 28%.

4.5.2.5 Biological Activity

The investigation into the biological activity of the dual syringe-mixed adhesive within a
7-day timeframe involved SEM analysis of the adhesives prepared using the different
techniques. The micrographs showed the surface characteristics and crystal formations
resulting from the interaction with simulated body fluid (SBF). After 24 h of SBF immersion,
newly formed layer of needle-shaped HA crystals were evident the surface of the adhesive

with lengths spanning from 8.26 um to 16.56 um and diameters averaging at 2.4 £ 0.3 um
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(Figure 4.8b). Upon extending the immersion period to 7 days, the dual syringe-mixed PM-
CPC adhesive exhibited a more developed apatite structure, which consisted of medium-sized
platelike HA crystals (Figure 4.8b). These crystals had dimensions of approximately
15.6£0.7 um in length and 10.4+0.4 pm in thickness. Furthermore, the presence of

larger-sized platelike HA crystals was observed with a length of 63.8£0.5 um and thickness

of 31.4£0.6 pm,
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Figure 4.8: Degradation of the Dual Syringe-mixed and Hand-mixed PM-CPC Adhesive
and Biological Activity of the Dual Syringe-mixed Adhesive — (a) Degradation analysis of
the dual syringe-mixed PM-CPC adhesive immersed in PBS-PPL at 37°C, demonstrated a
total mass loss of 28% respectively after 120 days, and (c) SEM images showing the
bioactivity and conversion of the a-TCP to platelike HA crystals after 7 days.
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4.5.2.6 Adhesion Strength on Orthopaedic Screws

Pull-out testing results for both the cancellous and cortical screws presented significant
(p-value<0.001) differences in forces between the non-augmented and augmented screws. For
the non-augmented cancellous screw, the pull-out force registered at 65.7 + 3.2 N. However,
with the incorporation of the dual syringe-mixed adhesive before screw insertion, a significant
increase (p-value<0.001) was observed, elevating the pull-out force to 330.4 £ 25.5 N, which
was slightly below the force of 343.4 + 25.8 N achieved with the augmented screw using the
hand-mixed adhesive (Figure 4.9). Similarly, in the case of the non-augmented cortex screw,
the pull-out force was recorded as 46.7 + 2.5 N. Upon augmentation with the dual syringe-
mixed adhesive, a substantial and statistically significant (p-value<0.001) force enhancement
was obtained, resulting in a force of 275 £ 13.7 N (Figure 4.9). A fivefold increase in pull-
out forces was noted when comparing the non-augmented configurations to both
augmentation methods with either dual syringe-mixed PM-CPC adhesive or hand-mixed

adhesive PM-CPC for both screw types.

4.5.2.7 Bone-to-Bone Adhesion

The investigation of bone-to-bone adhesion using the dual syringe-mixed PM-CPC adhesive
led to significantly (p-value>0.05) high strength (Figure 4.10). In wet conditions, cancellous
bones adhered with the dual syringe-mixed PM-CPC adhesive exhibited a lap shear strength
0f 0.98+0.21 MPa, a value comparable to the strength achieved by bone samples adhered with
the hand-mixed PM-CPC adhesive. Similar trends were evident in the case of cortical bone
samples, where wet conditions yielded a lap shear strength of 0.68 = 0.11 MPa. Although the
adhesion values for the dual syringe-mixed PM-CPC adhesive used in augmentation were
lower compared to the hand-mixed version, the consistency of the dual syringe-mixed
adhesive was higher. This was indicated by lower standard deviations in its measurements. A

lower standard deviation implies that the adhesion values were closer to the mean, suggesting
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a more reliable and predictable performance of the dual syringe-mixed adhesive in clinical
applications. These outcomes indicate the ability of the dual syringe-mixed PM-CPC adhesive

to establish robust bone-to-bone adhesion strength.
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Figure 4.9: Maximum Pull-out Forces of Augmented Orthopaedics Screws — Graph
presenting the pull-out forces in orthopaedic screws before and after augmentation with dual
syringe-mixed and hand-mixed PM-CPC adhesive. Statistical significance is denoted by

***p-value < 0.001, indicating the increase in pull-out forces (n=6).
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Figure 4.10: Bone to Bone Adhesion Properties — Lap shear strength shows the ability of
dual syringe-mixed and hand-mixed adhesive to adhere both cortical and cancellous bones
withstanding a force of ~100 N at 37°C in a wet-field environment. Statistical significance is

denoted by *p value < 0.051, indicating the increase in lap shear strength (n=6).
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4.6. Discussion

In this Chapter, the optimal PM-CPC adhesive composition was used for the development of
a dual syringe-mixed adhesive with the aim of successful injectability without affecting the

setting, mechanical, biological and adhesion properties of the final product.

Initially, ratios above 0.5 mL/g, decreased the structural integrity of the mixture, leading to
separation in oil and powder phases in phase separation tests. The investigation of the effect
of varying oil/powder ratios on Component 1 and Component 2 led to the determination of
key characteristics and behaviours critical to their eventual application as injectable on-
demand mixed adhesive. The decreased extrusion forces required for both components as the
ratio approached 0.4 mL/g indicates a determining effect of ratio on ease of application. This
trend not only indicates reduced mechanical limitations, but also highlights the potential for
a smoother, less disruptive delivery mechanism, which is fundamental to clinical settings
[281-283]. Whereas the separation of powder granules was seen below 0.3 mL/g. In
particular, separation in the needle was observed during injectability since the added force

caused the liquid phase to flow along the needle quicker than the solid [280,284].

Following this analytical assessment of each component and their behaviour at different
powder/oil ratios, the optimal ratio was determined to be 0.4 mL/g for both paste components.
This formulation achieved uniformity in consistency and stability, preventing phase
separation, while ensuring smooth extrusion. The viscosity analysis of this optimal
components over an extended period showed a time-dependent increase in viscosity [285].
The observed increase in viscosity over time could be theoretically linked to the slow
evaporation of the oil phase or possible polymerisation reactions within the components,
leading to a denser network and consequently, higher viscosity [286]. The measured increase

in viscosity, although significant, did not affect the applicability of the pastes over a 48-week
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period. This consistent stability is essential to ensure consistent performance and reliability

in real-time applications.

The investigation into the setting time, mechanical properties, stability, degradation
behaviour, and biological activity of the 0.4 mg/L formulation of the dual syringe-mixed PM-
CPC adhesive were then investigated to assess the impact of the new formation on its clinical
applicability. For instance, the handling properties demonstrated the ability of the dual
syringe-mixed PM-CPC adhesive to maintain the handling properties of the hand-mixed
adhesive, meeting the essential criteria for setting time while offering the advantage of being
mixed and delivered on-demand using the double syringe mixing system. The results further
reinforce the suitability of the adhesive for various clinical scenarios where proper setting
within the specified time range is crucial for successful outcomes. Rapid setting is essential
since it provides initial mechanical stability after injection, avoiding implant disintegration as
proved from the wash-out test. Proper cohesion and shape retention in a wet environment was
found which is in line with other studies [249,287] and indicate potential reduction of

associated inflammatory reactions observed previously [288].

In addition, the mechanical performance of the adhesive, including its compressive and
adhesive strength, aligns with the necessary clinical requirements. Comparing the dual
syringe-mixed adhesive with the hand-mixed adhesive slightly lower mechanical strengths
(~8.70%) were observed. Nonetheless, the observed consistency in results, as indicated by
lower standard deviations, demonstrates a more reliable and reproducible performance of the
dual syringe-mixed PM-CPC adhesive compared to the hand-mixed adhesive [289,290]. The
mechanical performance of the dual syringe-mixed PM-CPC adhesive (>20 MPa) was found
to be also significantly higher than a previously reported injectable CPC which consisted of
CPC combined with glycerol which led to a strength of 6 MPa [274]. Similarly, a CPC-

glycerol paste-based system developed in another study investigated the performance of CPC-
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chitosan, CPC-tartaric and CPC-monocalcium phosphate monohydrate adhesives, however

none of them exceeded the strength of 10 MPa [249].

Over the first few days of a 120-day observation period, both the hand-mixed and dual
syringe-mixed PM-CPC adhesives demonstrated a rapid mass loss of about 35%. This
suggests that chemical dissolution and the body's natural resorption processes begin early
after implantation. This finding aligns with previous research indicating early-stage
degradation is a common characteristic for these types of materials [291]. The SEM analysis
showed the formation of an apatite layer and HA crystals within a short period of immersion
in Ringer’s solution indicative of its bioactivity and potential for osseointegration. The
variation in crystal morphology and size over the immersion period aligns with the theories
suggesting that the ionic exchange and supersaturation levels in the SBF influence the
crystallisation process [292,293]. The degradation rate combined with the SEM results
demonstrate the high in vitro bioactivity of those materials. This degradation rate and apatite
formation were found to be more similar to natural bone than other CPCs therefore exhibits a

higher resorbability than other CPCs [249,276,294,295].

Furthermore, it was observed that the dual syringe-mixed PM-CPC adhesive not only
exhibited satisfactory handling and mechanical characteristics but also demonstrated effective
adhesion to bovine femur samples and potential in augmenting orthopaedic and dental
implants. Specifically, all femur bone samples bonded with the dual syringe-mixed adhesive
withstood forces exceeding 50 N, with some reaching up to 100 N, which is comparable to
the hand-mixed adhesive's performance. Notably, despite the adhesion strength being
marginally lower for the dual syringe-mixed adhesive compared to the hand-mixed form, its
consistency was superior, as reflected by the lower standard deviations. This suggests a more

uniform and predictable bonding, which is advantageous for clinical reliability.
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4.7. Conclusion

In conclusion, the study successfully formulated a two-component PM-CPC adhesive system
that can be efficiently mixed via a syringe-based method. The adhesive's comprehensive
evaluation revealed that its quality, including setting time, mechanical strength, stability,
degradation behavior, and bioactivity, is comparable to that of the traditionally hand-mixed
adhesive. This innovation offers a practical solution for on-demand mixing and precise
application, significantly enhancing the efficiency of minimally invasive surgical procedures
in orthopedic and dental settings. It stands as a testament to the progress in surgical adhesives,
promising improved clinical outcomes through enhanced handling and application control.
This advancement represents a significant progress in the development of surgical adhesives,
with the potential for better clinical outcomes due to their improved handling and application

control.

Even if these studies demonstrated the handling mechanical and adhesion properties of the
hand-mixed and dual syringe-mixed PM-CPC adhesive, there is still need to investigate their
interaction with surrounding tissues and cells. In vitro studies are essential to assess the
adhesive’s biocompatibility, and ability to support cell attachment and proliferation. Also, the
study was conducted in a controlled laboratory environment, which does not entirely replicate
the in vivo conditions within the human body. Therefore, in vivo studies would be suitable to

understand the adhesive's behaviour and performance in a more physiological context.
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Chapter 5:  In Vitro and In Vivo

Evaluation of PM-CPC Adhesive:

Biocompatibility and Efficacy as a
Bioadhesive for Implant Stabilisation and

Bone Repair
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5.1. Introduction

The incorporation of phosphoserine into a-TCP leads to a composite that more closely
resembles the structure and physical characteristics of natural bone tissue. Studies conducted
ex vivo organisms have showed that adhesives modified with phosphoserine exhibit a quicker
remodelling rate compared to traditional a-TCP cement [119,148]. These modified adhesives
tend to transition into brushite rapidly instead of the gradual conversion into HA observed in
unmodified variants which mimic the natural mineralisation process seen in bone healing
[296]. When phosphoserine is added, the modified adhesives exhibit a much faster transition
into brushite (dicalcium phosphate dihydrate, DCPD). Brushite formation occurs more
rapidly due to the presence of phosphoserine, which likely acts as a catalyst or facilitator for
this specific crystallization pathway. This accelerated conversion is beneficial because
brushite is more soluble and can remodel more quickly in biological environments, leading
to faster integration and replacement by natural bone tissue compared to the slower-forming

and more stable HA seen in unmodified a-TCP cements.

There have been not many in vitro studies evaluating the cellular mechanisms underlying the
cell-level and tissue-level changes that occur during healing, which are unique to
phosphoserine-based cements. In particular, there is one study by Billstrom et al. [119] that
have investigated how cells react to phosphoserine modified cements. However, in this study
there is no information on how the composition of phosphoserine modified adhesive affects
the cells involved in bone regeneration. VVrchovecka et al. [210] published the first study that
evaluated how phosphoserine modified cements formulation affects osteogenic cell
differentiation, cytocompatibility, and ion release, using in situ curing conditions similar to
conditions in vivo. This in vitro study demonstrated cytocombatibility after curing the

adhesive. However, the study was mainly focused on investigating ion release and pH
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influence on different cell types, aiming to develop an in vitro environment closer to the in

Vivo.

Furthermore, the incorporation of calcium silicate into magnesium phosphate cements has
been documented to not only enhance mechanical properties but also to exhibit in vitro apatite
mineralisation, bioactivity, and biodegradation capabilities [187,193,194]. This interaction
with the body's natural processes promotes integration between the adhesive material and the
surrounding bone tissue, thereby augmenting bonding strength and overall stability [189,195].
Moreover, in vivo investigations have demonstrated that biomaterials containing calcium
silicate can stimulate osteogenesis by accelerating new bone formation [196]. However, some

studies have reported cytotoxic effects [297-299].

Taking into account the positive results for PM-CPCs further in vitro exploration need to be
conducted for the specific PM-CPC formulations developed during this study. Specifically,
the injectable dual syringe adhesive need to be analysed in vitro and compared to the standard

adhesive.

Early in vivo studies have investigated phosphoserine modified cements formulations with
low (<5%) percentages of phosphoserine in rats and mini pigs [215,300]. One in vivo study
was conducted in rats demonstrating high bone remodelling rates and bone formation, while
the second one it was conducted in mini pigs showing accelerated resorption. Furthermore, in
vivo studies have shown osteointegration and histocompatibility of phosphoserine cements
[119,212,215,301], where the tissue healing response is improved without pathological
inflammation, and is remodelled into new bone rapidly [119]. The current in vivo studies have
explored bone stabilisation while phosphoserine modified adhesives have not been

investigated previously for implant stabilisation and possible dental applications.
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Besides biological requirements, dental materials must exhibit functional properties that
ensure their long-term reliability [302-304]. Among these properties, the resistance to
fracture and wear (interaction between surfaces which leads to the gradual removal of
material) holds significant importance [305,306]. This is particularly crucial in preventing
various wear-related modes that are often implicated in implant failures [307]. The success
and long-term use of dental implants depend on biological and mechanical properties. The
biological aspect refers to proper osseointegration, precise implant placement, bone
augmentation procedures, and the absence of implant-related toxicity. On the mechanical
front, implant strength, resistance to fractures, stability of screw joints, and prevention of
loosening are key considerations [308]. Key for this assessment is exploring mechanical

stability following in vivo implantation.

5.2. Chapter Aim

This chapter aims to evaluate the cytotoxicity and cell proliferation of the dual syringe-mixed
and hand-mixed PM-CPC adhesives in comparison to other materials such as HydroSet
(commercial control) and a-TCP cement. Furthermore in vivo study was conducted focusing
on the stability of the interfaces between the PM-CPC adhesive and bone and between the
adhesive and the implant surface over time through implant stability quotients (1SQ), pull-out
and torque out values. More specifically, the use of PM-CPC adhesive for stabilising implants
under sub-optimal geometrical conditions (conditions that would normally cause low or no

primary implant stability) was examined.

The specific objectives of this chapter were the:

e Assess and compare the cytotoxicity of PM-CPC adhesives mixed using different

technique, HydroSet, and a-TCP cement, in two cell types.
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e Assess the cell proliferation induced by the dual syringe-mixed and hand-mixed
PM-CPC adhesives.

e Investigation of the in vivo stability of the interfaces between the hand-mixed PM-CPC
adhesive and different bone types and hand-mixed PM-CPC adhesive and the implant

surface over time.

5.3.  Material Methods
5.3.1. In Vitro Assessment of the Dual Syringe-mixed and Hand-mixed PM-CPC

adhesives

5.3.1.1 Sample Preparation

PM-CPC adhesive was created by hand-mixing powder phase with liquid phase as described
previously (Chapter 3) with a defined weight percentage of each component (n=6). Dual
syringe-mixed PM-CPC adhesive specimens (n=6) were prepared by mixing the two
components through the dual syringe mixing system as described in Chapter 4. To investigate
the effect of phosphoserine in the PM-CPC adhesive, a-TCP cements were also prepared
without phosphoserine combining a-TCP powder with 0.35 mL/g of 1 M sodium dihydrogen
phosphate (Na2HPO) [309]. HydroSet (HydroSet®, HA bone Adhesive, Stryker, Michigan,
US) cement samples (n=6), as a commercial control, were also prepared as per instructions to
compare the HA-based and a-TCP-based cements. Specifically, HydroSet was selected as a
comparison adhesive in this study because it is a commercially available HA-based bone
adhesive widely recognised for its clinical efficacy and mechanical properties. This choice
provides a benchmark for evaluating the performance of the newly developed PM-CPC and
phosphoserine-modified a-TCP cements. By comparing the novel adhesives to HydroSet,
which is well-documented and extensively used in clinical settings, the study can effectively
assess the relative advantages and improvements offered by the new formulations. This

comparison allows for a direct evaluation of how the new adhesives measure up to a standard,
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ensuring that any observed benefits or differences are meaningful and relevant to current
medical practices. Additionally, HydroSet’s established performance metrics offer a reliable
baseline for evaluating properties such as setting time and biocompatibility, thus providing a
comprehensive context for interpreting the results of the experimental adhesives. Disc-shaped
specimens, with dimensions of 12 mm in diameter and 2 mm in thickness, were formed using
silicone moulds. These specimens were examined in two states: as initially cast without any
curing (non-cured), and after being incubated in Ringer's solution at 37°C for over 24 h
(cured) [310]. Prior to cell culture experiments the non-cured and cured discs were sterilised
through immersion in 70% ethanol for 10 min and washed thrice with PBS to remove any
residues.

5.3.1.2 Cell Culture

The mouse mesenchymal stem cells (Gibco™ MSCs, generally isolated from tibia and
femoral marrow, Thermo Fisher Scientific, Ireland) were cultured in Dulbecco's modified

Eagle's medium (Gibco™ DMEM, Thermo Fisher Scientific, Ireland).

The pre-osteoblast cell line (MC3T3 E1, Mouse C57BL/6 calvaria, Merck Life Science
Limited, Ireland) was expanded in alpha modified Eagles medium (Gibco™ MEMa,

nucleosides, no ascorbic acid, Thermo Fisher Scientific, Ireland).

Each medium was supplemented with 10% Foetal Bovine Serum (FBS, Merck Life Science
Limited, Ireland) and 1% penicillin/streptomycin (Merck Life Science Limited, Ireland) at 37
°C ina 5% COzatmosphere. For in vitro procedures, cells were trypsinised with 0.25% trypsin
(Thermo Fisher Scientific, Hemel Hempstead, UK), collected via centrifugation (800 RPM
for 5 min) and resuspended in fresh media to be used in below studies. The cell morphology
was observed by an inverse phase-contrast microscope (Olympus Microscope, EVIDENT,

Ireland) at x10 magnification.
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5.3.1.3 Cytotoxicity Analysis

The cytotoxicity, of the dual syringe-mixed and hand-mixed PM-CPC adhesive, HydroSet
and a-TCP cement to the MSCs and MC3T3 cells, was investigated. Cytotoxicity was
analysed in accordance with the extraction method outlined in ISO 10993-12 and ISO 10993-
5 [311]. The ISO standards for toxicity set 70% cell survival as the limit for “non”
cytotoxicity. The extract based method is routinely used to evaluate if biomaterial
composition is cytotoxic to cells [312-315]. The disc-shaped samples were immersed in

culture medium at a ratio of 0.2 g/mL and incubated for a total of 72 h at 37°C.

MSCs were seeded in a 96-well plate at a density of 5x102 cells/well and allowed to adhere
for 24 h. The cells were exposed to the disc extract for 24 h, 48 h, and 72 h. After incubation
periods, cell viability was assessed using the 5 mg/mL multi-transaction translator (MTT)
assay (Thiazolyl Blue tetrazolium bromide, Thermo Fisher Scientific, Ireland dissolved in
sterile 1xPBS, yellow). MTT solution was added to each well, and the plate was incubated at
37 °C for 4 h, allowing viable cells to convert MTT to formazan crystals. The formazan
crystals were dissolved in DMSO (Dimethyl sulfoxide >99.9%, Merck Life Science Limited,
Ireland) with the use of a shaker (Microplate shaker, MTS 2/4 digital, VWR International
Ltd., Ireland) and the absorbance was measured at 570 nm using a microplate reader (Infinite
200 PRO plate reader, TECAN, Switzerland). A DMSO-only background blank was
subtracted from all readings as Negative Control (NC). NC readings were averaged and set

as 100% viable. Cell viability (%) was then determined by Equation 5.1.

Equation 5.1- Calculation of cell viability %:

Experimental Abs 540 nm
( , ) x 100%
Mean Negative Control Abs 540 nm
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MC3T3-E1 cells were seeded at a density of 4 x 10° cells/cm? on a 96-well plate and were
cultivated for 48 h until reaching approximately 60% confluency. As per MSC cells, the
medium was subsequently replaced with the bone adhesive disc extract medium after 24 h,
and cells were exposed in the extract for an additional 24, 48 and 72 h. The metabolic activity
of MC3T3-E1 cells was measured by alamarBlue. The alamarBlue assay is based on the
measurable reduction of resazurin to resorufin by metabolically active cells [316]. After the
incubation period the cells were washed with sterile PBS and the 10% alamarBlue diluted in
the a-MEM media was added. The plates were incubated for 4 h to allow the reduction of
resazurin and 100 pL of new reduced media from each well was transferred to a 96-well plate
for measurement. A 10% alamarBlue-only background blank was subtracted from all readings
as Negative Control (NC). Reduction of alamarBlue was determined by measuring
absorbance at wavelengths of 570 nm and 600 nm and comparing the standard curve. Cell
viability (%) was determined as the percentage of alamarBlue reduction (Equation 5.2). The
manufacturer guidelines provided the relevant values for the molar extinction coefficients (E)

for oxidised (Eoxi) and reduced (Ereq) alamarBlue.

Equation 5.2— Percentage (%) reduction of alamarBlue reagent:

((oni600 X A570) - (E,.;570 X A600)
(E;0q570 X €600) - (E;q600 X C570)

)xlOO%

Where, A570/600 — Absorbance (sample) at 570/600 nm, C570/600 — Absorbance (NC) at
570/600 nm, Eoxi 570 = 80,586, Eoxi 600 = 117,216, Ereq 570 = 155677 and Ereq 600 = 14,652.
5.3.1.4 Cell Proliferation

MC3T3-E1 cells were collected from 75 cm? culture flasks via trypsin treatment and
resuspended in 1-2 mL MEMa media and then were counted using the trypan blue exclusion

method. Specifically, 10 pL of cells/trypan blue suspension was added to a haemocytometer
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and cells in the four corner quadrants were counted to determine the volume needed for cell
seeding. MC3T3-E1 cells were seeded onto the bone adhesive discs at a density of
25x103 MC3T3-E1 cells. The discs were placed in a 24-well plate, and 1 mL of the
supplemented o-MEM was added to each well. The cells were then incubated for

predetermined time intervals (Day 1, 4, 7, 14 and 21) to assess proliferation.

Cell proliferation was assessed using the alamarBlue assay. The culture medium was removed
from the wells, and cells were washed with PBS. Then, 10% v/v alamarBlue reagent was
added to each well in fresh culture medium. The plates were then incubated at 37°C for 4 h
in a humidified atmosphere with 5% CO.. A 10% alamarBlue-only background blank was
subtracted from all readings as Negative Control (NC). Reduction of alamarBlue was
determined by measuring absorbance at wavelengths of 570 nm and 600 nm and comparing
the standard curve. Cell viability (%) was determined as the percentage of alamarBlue

reduction Equation 5.2.

5.3.2. In Vivo Assessment of PM-CPC Adhesives

Because | contributed to the optimisation and development of the optimal PM-CPC
formulation, 1 was part of an in vivo study conducted on mini pigs for that reason HydroSet
was not used as a comparison. The main hypothesis of this study was that the interfaces
associated with the adhesive material (bone/adhesive and adhesive/implant) are stable over
time when the material is used in artificial extraction sockets (native trabecular bone) and that
the use of the material can enable bone healing. In order to prove this hypothesis, the stability
of the interfaces between adhesive-bone and adhesive implant was evaluate over time.
Additionally, the objective of this study was to assess the healing and resorption behaviour in
response to the hand-mixed PM-CPC adhesive (this decision was primarily driven by the
partnering company that had a particular interest in the hand-mixed version of the adhesive),

when used in conjunction with implant placement. This focused approach allowed for a
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detailed assessment of the new adhesive’s performance in a realistic biological environment,
providing critical insights into its potential clinical application and effectiveness. Including
HydroSet in the in vivo study would have shifted the focus from optimising and understanding
the novel PM-CPC adhesive to a comparative analysis, which was not the primary goal of

this specific investigation.

During the surgeries, my primary responsibility involved the preparation of the PM-CPC
adhesives, ensuring they were optimally formulated for application within the surgical
cavities. Post-surgery, my involvement was focused on the mechanical evaluation (1SQ, pull-
out and torque out test) of the implants. This critical phase of the study was conducted in
collaboration with the research team from Institute Straumann. My role was the assessment
of the mechanical stability and integrity of the implants of each mini pig's involvement in the
study, providing vital insights into the performance and efficacy of our PM-CPC formulation

in a realistic biological context.

While I was not directly involved in the histological studies conducted by Institute Straumann
and the University of Bern, their findings played a complementary role in my research. The
histological images they provided were instrumental in reinforcing the evidence gathered
from my mechanical analysis. These images, showcasing the adhesive-bone and implant-
adhesive interfaces, were incorporated into this chapter to enhance the understanding of the
implant stabilisation process and to support the mechanical results | had observed. The
integration of these histological observations with my mechanical findings offered a more

comprehensive view of the PM-CPC's behaviour and effectiveness in vivo.

5.3.2.1 Animal Model and Management
A total of 13 female Gottingen Minipigs (20—-23 months, Ellegaard Gottingen Minipigs A/S,

Dalmose, Denmark), weighing 31-51 kg at the time of teeth extraction, were employed for
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the in vivo study. Goéttingen Minipigs were chosen due to their close resemblance to human
bone anatomy, structure, healing, and remodelling, thereby being representative for
investigations in bone regeneration in implant dentistry [317,318]. The minipig mandible
shares similarities in movement, shape, size, and anatomy with humans, and the bone
regeneration rate of adult minipig mandible is comparable to that of young skeletal mature
humans [319,320]. Essential parameters related to the bone physiology of the minipigs and
their similarities in bone mineral density and concentration to human bone were taken into
consideration. One animal was sacrificed 2 h post-implantation (T=0), to allow for full blood
coagulation at the surgery sites. Four animals were sacrificed at 2 (T+2), 4 (T+4) and 8 (T+8)
weeks post implantation (Figure 5.1). Termination was performed by inducing cardiac arrest

with an injection of Euthanimal (400 mg/mL, at a dose of 0.3 mL/kQ).

The study was conducted at Ellegaard Gottingen Minipigs A/S, Dalmose, Denmark. The
study adhered to the ethical guidelines and received approval from the Ministry of Food,
Agriculture and Fisheries of Denmark (Ethics approval number: 2021-15-0201-00876). This
study was performed in accordance with ISO 10993-6 Biological evaluation of medical
devices — Part 6: Tests for local effects after implantation. Strict adherence to the principles
of replacement, refinement, or reduction (3Rs) was maintained, and the derived data were
intended to provide valuable insights into tissue behavior at different biomaterials, devices,

or implant surfaces, given the ethical constraints for similar studies in humans.

5.3.2.2 PM-CPC Adhesive Preparation

The adhesive assessed as part of the in vivo study was the hand-mixed PM-CPC adhesive
(total mass=1.5 g) as described in Chapter 3. Each PM-CPC adhesive was double packed in
Tyvek/Film pouches to maintain sterility and integrity. The adhesive underwent gamma

irradiation sterilisation (STERIS Radiation Technology Centre, UK), with a dose ranging
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between 26.7 to 31.1 kGy, ensuring the material remained free of any contaminants or

microbial agents.

Prior to implant placement, sterile deionised water was added to the powder phase and the
PM-CPC adhesive was hand mixed thoroughly for 20 s to achieve a uniform consistency.
Post-mixing, the adhesive was transferred to a conventional syringe within a time frame of
50 s. This timely transfer was crucial to ensure the application of the adhesive before the onset

of the final setting time (3.4 + 0.6 min). The mixed adhesive, now in the syringe, was

accurately injected into the prepared osteotomies.

5.3.2.3 Surgical Procedures

Minipigs underwent two surgical procedures under general anaesthesia after overnight
fasting. All medications were administered following standard veterinary practice. One-sided
extractions of mandibular premolars and molars (P2-P4, M1) were performed 12 weeks prior
(T-12) to implant placement, and on the day of the surgery (T=0), extractions were performed
on the remaining side (ES) as shown in Figure 5.1, followed by immediate implant placement.
The mandibular alveolar ridge was exposed and prepared. Five oversized osteotomies
(diameter of 5.3 mm x depth of 9 mm) were created in the mandible. PM-CPC adhesive was
applied to the osteotomy prior to implant (Bone Level (BL) implants, @3.3 mm x 8mm
endosteal length, materials: Roxolid, surface: SLActive) (Straumann Holding AG, Basel,
Switzerland) placement, ensuring a 1 mm subcrestal placement. Excess adhesive was
removed, and closure caps and membranes were applied.

5.3.2.4 Mechanical Characterisation

The mechanical stability including implant stability quotients (1SQ), pull-out and torque
values were determined over the duration of the study (0, 2, 4 and 8 weeks). However, prior

to harvesting the hemi-mandibles, the mechanical stability was measured determining the 1ISQ
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values on the BL implants 30 min after the implant placement. Subsequently, ISQ was
assessed at the point of termination by exposing the implants, prior to removing the

hemimandibles.

The hemi-mandibles were then harvested and mounted in the material testing machine for the
determination of the pull-out force under tensile loading as described in Section 3.3.6.
Furthermore, the torque values required for implant removal were determined using a
handheld torque meter fitted with a 350 Ncm torque cell (Mark-10, NY, USA). During the
measurement, the peak removal torque required to release the implant from the implantation
site, at the various time points, was recorded. The pull-out was implemented to assess the
interface between the adhesive and the bone while the torque-out was implemented to assess

the interface between the adhesive and the implant.
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Figure 5.1: Overall in vivo study design — The scheme demonstrated only one layout of the sample distribution. The
“Artificial extraction sockets”, in the form of @5.3 mm osteotomies (green for torque out and orange for pull-out) were used
to assess the changes at the PM-CPC/Trabecular bone interface. Following implantation, one animal was terminated at T=0, 4

animals at T+2 w, 4 animals at T+4 w and 4 animals at T+8 w.
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5.4. Results
5.4.1. In Vitro—Cytotoxicity Analysis

The cytotoxicity of HA-based (HydroSet), a-TCP cements and dual syringe-mixed and
hand-mixed PM-CPC adhesives were tested using two cell types after 24 h and 72 h cell
exposure to sample extract. Initially, the samples were tested non-cured. The data from the
non-cured samples showed that the viability of the MC3T3-E1 cells was below the 70%
threshold at both 24 h and 72 h timepoints (Figure 5.2). For the MSC cells after 24 h exposure
to the sample extract, the PM-CPC adhesive showed the highest viability (percentage
viability=95.4 + 20.8%), and no statistically significant differences (p-value>0.05) in viability
were observed compared to the negative control for all samples except HydroSet
(p-value<0.001) (Figure 5.2). Similarly, after 72 h, there was no significant (p-value>0.05)
difference, when MSC cell used, between the o-TCP cement, hand-mixed and dual
syringe-mixed PM-CPC adhesive groups, and the NC (Figure 5.2). Even though low cell
viability was observed for non-cured samples, the o-TCP-based adhesives (a-TCP cement,
hand-mixed and dual syringe-mixed PM-CPC adhesive) showed to be more cytocompatible

than HydroSet (HA-based cement).

After curing, all samples showed viability of >70% indicating an acceptable level of
cytocompatibility (Figure 5.3). Higher cell viability (p-value<0.01) was observed on
hand-mixed and dual syringe-mixed PM-CPC adhesive groups compared to HydroSet for
both cell types at both time points (24 h and 72 h). Furthermore, for both cell types at both
timepoints, higher viability (p-value<0.05), with values close to 100%, was observed for the
hand mixed and dual syringe-mixed PM-CPC adhesives compared to a-TCP cements,
indicating that the addition of phosphoserine and calcium silicate positively influenced cell
viability and promoted cell proliferation. After 72 h exposure of cells to the undiluted extract

non-significant change of cell viability was observed for hand-mixed and dual syringe-mixed

168



PM-CPC adhesive, while HydroSet appeared slightly toxic. Overall, the cured materials
showed greater cytocompatibility with cell viability of >70% achieved for hand-mixed and
dual syringe-mixed PM-CPC adhesive and a-TCP cement. Furthermore, MSC maintained

higher cell viability than MC3T3 when in contact with the extract.

The higher MSC cell viability observed in the a-TCP cement and the PM-CPC adhesive
compared to HydroSet can be attributed to several key factors related to the material
composition and properties. Firstly, the incorporation of phosphoserine into the a-TCP
cement likely enhanced the bioactivity and biocompatibility of the adhesive. Phosphoserine,
being a naturally occurring amino acid derivative, may promote better cell adhesion and
proliferation by providing bioactive sites that facilitate cellular interactions. Additionally, the
microstructure and porosity of the a-TCP cement can significantly influence cell viability.
The optimized PM-CPC formulation, with its tailored porosity and surface characteristics,
may have provided a more favourable environment for MSC attachment and growth

compared to the denser, less porous structure of HydroSet.

Furthermore, the chemical composition of the a-TCP cement, which transitions more rapidly
into brushite rather than hydroxyapatite (HA), could create a more conducive environment
for early cell proliferation and differentiation. Brushite is known for its higher solubility and
faster resorption rates, which can lead to quicker remodelling and integration with the host
tissue, thereby supporting better initial cell viability and activity. In contrast, the slower-
converting HA in HydroSet might not provide the same level of initial bioactivity and
resorption dynamics, resulting in comparatively lower MSC viability. Overall, these factors
combined to make the a-TCP cement and PM-CPC adhesive more conducive to supporting

MSC viability and promoting better overall cellular responses.
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Figure 5.2: Cell Viability of Non-Cured Samples — Cytotoxicity analysis in viability level
of two cell lines incubated with samples extracts at either 24 h or 72 h. Dashed line at 70%
represents the threshold whereby materials are considered cytotoxic if cell viability decreases
below this value. Statistical significance is denoted by *p value < 0.05, **p value < 0.01 and
***p-value < 0.001, (n > 3).
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Figure 5.3: Cell Viability of Cured Samples — Cytotoxicity analysis in viability level of two
cell lines incubated with samples extracts at either 24 h or 72 h. Dashed line at 70% represents
the threshold whereby materials are considered cytotoxic if cell viability decreases below this

value. Results shown are mean + SD (n > 3).

5.4.2. In Vitro—Cell Proliferation

The 21-day alamarBlue study (Figure 5.4) showed that both PM-CPC adhesive had a
significant increase in the reduction of alamarBlue when compared to their Day 1, 4 and 7
counterparts (p-value <0.001) indicating that cells. During the first week (Day 1- Day 7) there
was no significant difference in the reduction of alamarBlue. At Day 14, a significant
(p-value<0.01) alamarBlue reduction was observed in both adhesives, which was further
increased (p-value<0.01) after 21 days reaching a mean reduction of 50-59%. These results
indicate that cell proliferation leads to an increase in cell numbers at Day 14 and Day 21.
Comparing the PM-CPC adhesive under different mixing conditions no significant difference

(p-value>0.05) was observed on their ability to promote cell proliferation.
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Figure 5.4: Cell Proliferation — Significant reduction of alamarBlue by MC3T3-E1 cells on
hand-mixed and dual syringe-mixed PM-CPC adhesive at Day 14 and Day 21. No significant
difference was observed between hand-mixed and dual syringe-mixed PM-CPC adhesive.

Statistical significance is denoted by **p value < 0.01 and ***p-value < 0.001, (n = 6).
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5.4.3. In Vivo—Mechanical Characterisation

In vivo experiments demonstrated the ability of PM-CPC adhesive to mechanically stabilise
the implant within the trabecular bone (8 weeks post-implantation). The primary ISQ values
of 45 were found 15 min post implantation, however, a high standard deviation was observed
(Figure 5.5a). However, over time and specifically 24 h after surgery the 1SQ values were
increased and stabilised obtaining lower standard deviation. This indicates that the system is
further stabilising which might be related to blood coagulation at the surgical site. Similar
observations have been reported previously [321] where I1SQ values increased and stabilised
within the first 24-48 hours post-implantation, attributing this to early biological processes
including blood clot formation and initial wound healing responses. This pattern suggests that
ISQ is more reliable for assessing functional stability after the initial healing phase rather than
immediate post-implantation stability. The adhesive material showed a slight expansion, over
time. This might also explain the increased I1SQ values over the first 24 hours at it could
potentially meant that the material is applying pressure to the walls of the bone defect. This,
however, has yet to be confirmed in future studies. Therefore, ISQ might not be a reliable
measurement to assess immediate stabilisation but might be useful to assess functional
loading after healing. Over the 8-week period the ISQ values remained stable averaging at

70, indicating that the implant was not loosening over time.

In terms of the pull-out forces no significant differences were found between the groups,
however, there appears to be a trend toward increasing average values, relative to the 24 h
time point. As can be seen from Figure 5.5b after 4 weeks, the average pull-out force increased
by ~16% compared to Day 1, reaching 287 N. Pull-out increase significantly (p-value<0.01)
from 24 h to 4 weeks post-implantation indicate positive effects at the PM-CPC-bone
interface. These results are in line with other studies [322,323] where it was reported that

bioactive bone adhesives can enhance the mechanical integration of implants. Their studies
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showed similar increases in pull-out forces over time, correlating with the bone formation and
maturation around the adhesive material. The gradual increase in pull-out strength in your
study suggests effective osseointegration, a critical factor for long-term implant success. The
pull-out force remained at values above 150 N for the next 8 Weeks, without any significant
change. The pull-out setup consistently allowed for assessing the strength of the
bone/adhesive interface (as indicated by the adhesive still being attached to the implant,
following the pull-out procedure). As a result, the data indicates that the bone/adhesive
interface is further stabilised, over time, suggesting that the adhesive provides a platform for

osseointegration.

The torque required for the removal of the implant was above 35 Ncm on Day 1, with similar
values recorded at Day 14 and Day 28. Torque increases significantly (p-value<0.05) at later
timepoints (Day 56 and Day 84) post implantation, with a 50% at Day 56 compared to Day 24,
reaching ~75 Ncm (Figure 5.5¢). The consistent trend for the first time points indicate that
the integrity of the material is maintained over time and the increased maximum values at the
8-week time point indicates that new bone is being formed around the implant that was mature
enough to have a measurable mechanical effect. Comparable findings are reported by Wang
et al. [324], who observed that the removal torque of implants stabilized with bioactive
cements increased significantly over a similar timeframe. This increase was attributed to the
maturation and mineralization of new bone, enhancing the overall mechanical interlock
between the implant and the surrounding bone tissue. No significant differences were found
between the groups; however, it is noted that the removal torque values appear consistent over
the first time points of the study and with a tendency for increased maximum forces at the 8-

week time points.
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5.4.4. Histological Analysis
The histological images were obtained and used as evidence for mechanical stability. The
assessment was made by an expert with extensive experience in the field of histological

assessment (Dieter Bosshard, University of Bern, Switzerland).

Observing the histological images 24 h after implantation (Figure 5.6a), direct contact
between the adhesive and bone is observed for the artificial extraction socket, indicated the
direct contact of bone-adhesive and implant-adhesive. This image also presents the
homogenous application and distribution of the PM-CPC adhesive between implant and bone.
At 2 weeks as can be seen from Figure 5.6b both primary contact (PC) and secondary contact
(SC) points are observed. This indicates that the adhesive-bone contact is maintained, and
bone formation has started to take place at the surface of the adhesive material. As a result,
the observed increase in pull-out force after 2 weeks of implantation can be correlated with
the formation of new bone and the existence of both the PC and SC points. At 4 weeks (Figure
5.6¢), there is still direct contact between the dense cortical bone and the adhesive while signs
of adhesive resorption are shown the defect site along with the formation of new bone. Eight
weeks following the implantation, there is a noticeable development where the newly formed
bone reaches the surface of the implant (Figure 5.6d). Concurrently, there's a reduction in the
volume of the adhesive, predominantly around the coronal part of the implant. This change
in the bone-adhesive interface significantly enhances the mechanical stability and
characteristics of the implant. This improvement is further corroborated by the observed
increase in both pull-out and torque forces, indicating a successful integration of the implant
with the surrounding bone tissue. However, on left side it can be observed the existence of

periodontal ligament (PDL) which has occupied the space between the root and the implant.
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Figure 5.5: Mechanical Characterisation of the PM-CPC-Bone and Implant-PM-CPC
Interface — (a) 1SQ values and (b) pull-out forces indicating forced between bone-adhesive
and c) implant removal torque indicating forced between implant-adhesive over 86 days
in vivo. The results demonstrate the mechanical characteristics and stability of the dental

implants over time. Statistical significance is denoted by **p value <0.01, (n = 4).
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Figure 5.6: Representative images from the histological sections prepared from
specimens of artificial extraction sockets —Analysis at (a) 24 h, and (b) 2 weeks, (c) 4 weeks,
and (d) 8 weeks post-implantation, showing adhesive-implant and bone-adhesive interface

and new bone formation.
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5.5. Discussion
Within this chapter two PM-CPC adhesives—one mixed using a dual syringe system and the

other mixed by hand—were evaluated in vitro against a commercial control and a-TCP
cement. Furthermore the in vivo study was designed to examine the performance of the hand
mixed PM-CPC adhesive within artificial extractions sockets. Following the various healing

periods, mechanical fixation was assessed by removal torque and pull-out measurements.

When comparing the behaviour of the two different cell types (MC3T3-E1 and MSC), it was
observed the variation in cellular sensitivity, with the MC3T3-E1 exhibiting greater
sensitivity. The MC3T3-E1 cells exhibited lower survival rates post-exposure to the materials,
highlighting the necessity of considering cell-specific responses when evaluating biomaterial
cytocompatibility. Similar behaviour in terms of the sensitivity of MC3T3-E1 cells was
observed by Pujari-Palmer et. al., [210] when carrying out cytotoxicity testing using three

different cell types including MC3T3-E1.

The hand-mixed and dual syringe-mixed PM-CPC adhesives demonstrated significantly
enhanced cytocompatibility across both cell types compared to the HA-based (HydroSet).
The consistently higher cell viability observed with a-TCP based adhesives confirming their
ability to promote cellular activity and viability, a crucial property for successful tissue
integration and regeneration [325-329]. Another finding was the impact of phosphoserine and
calcium silicate on cellular behaviour, which is in line with other studies on phosphoserine
modified adhesives [148,212,330-332]. The PM-CPC adhesive either hand-mixed or mixed
using the dual syringe-mix system demonstrated high cell viability, approaching 100%. The
obtained cell viability not only demonstrated its compatibility but also its ability to promote

cell proliferation, [333,334].

Post-curing, all samples were non-cytotoxic, with an important increase in cell

viability[299,335]. The 21-day alamarBlue study presented the behaviour of the hand-mixed
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and dual syringe-mixed PM-CPC adhesive regarding cell proliferation over time. During the
initial week it was observed no significant differences in the reduction of alamarBlue. This
suggests that both PM-CPC adhesives obtained an initially stable phase, wherein the cellular
activities remain constant. While at Day 14, a significant increase in alamarBlue reduction
was observed for both PM-CPC forms, indicating the enhancement in cell proliferation. The
increase continued, reaching a mean reduction between 50-59% by Day 21. The results show
that PM-CPC adhesives promote cell growth over time, making this adhesive suitable for
long-term use in bone healing and regeneration. Furthermore, similar behaviour was observed
between hand-mixed and dual syringe-mixed PM-CPC adhesives. The lack of significant
difference between the two PM-CPC adhesives in promoting cell proliferation demonstrate a
consistent performance even if different mixing technique was used. This consistency is
advantageous as it broadens the applicability of PM-CPC, allowing for flexibility in choosing
the most suitable form for specific clinical scenarios without compromising the biological

outcomes.

Considering the positive outcomes regarding cytocompatibility and cell proliferation, both
the PM-CPC adhesives are considered as promising candidates for further research and
potential clinical applications. However, the osteogenesis and polymerase chain reaction
(PCR) of both hand-mixed and dual syringe-mixed PM-CPC adhesive should be explored to

determine changes in gene expression profiles.

In vivo experiments clearly demonstrated the ability of PM-CPC to rapidly stabilise the
implant within the trabecular bone with primary 1SQ values of 65-85 after 15 min. By
4 weeks, the average pull-out force was increased ~16% compared to Day 0, reaching 287 N.
Torque increased by 50% between days 28 and 56 reaching ~80 Ncm, indicating that newly
formed bone that had reached the implant was mature enough to have a measurable

mechanical effect. The tendency towards an increase from the 8-week time point indicate that
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the material is being remodelled and replaced by bone which is also confirmed by the
histological images. These findings parallel previous works indicating that stable I1SQ values
and increasing pull-out forces are indicative of positive bone-implant interactions, which is
fundamental for the long-term success of dental implants [214]. Furthermore, long-term
stability throughout a 12-month follow-up period was achieved when tetracalcium phosphate
(61.5% w/w of solids), phosphoserine (38.5% wi/w of solids), and water was used as adhesive

formulation [248].

Additionally histological images showed bone infiltrated the PM-CPC adhesive and new bone
grew into and through the material implanted without detectable gaps or voids, further
confirming the adhesive's suitability in a clinical setting. These positive outcomes not only
reflect the potential of PM-CPC adhesives to replace traditional options but also highlight
their role in advancing minimally invasive surgical techniques. The PM-CPC adhesives offer
a balance of biocompatibility and mechanical integrity necessary for successful dental and
orthopaedic implant surgeries. However, some data showed that when non-erupted wisdom
tooth was impacted during the preparation of the socket the PDL was often found to have
proliferated to fill the space between the bone and the adhesive, which resulted in no direct

contact between adhesive and bone and, therefore, non-optimal mechanical stabilisation.

While the in vivo study provided valuable insights into the stabilisation capabilities of
PM-CPC adhesive in a live model, it is important to note the limitation due to the absence of
a control group. Without comparing the outcomes against a baseline or control—such as non-
augmented implant, bones treated with a different adhesive, or a placebo—the results lack a
point of reference to contextualise the efficacy of PM-CPC adhesive. This makes it
challenging to draw definitive conclusions about the material's performance, as the observed
improvements cannot be definitively attributed to the adhesive without comparative data.

Future studies would benefit from including a control to fully understand the adhesive's
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relative effectiveness. Also, quantitative analysis, possibly with higher resolution or
cross-sectional images, would be necessary to make a more definitive assessment, including

the determination of the bone volume present and the degree of osseointegration.

5.6. Conclusion

These in vitro and in vivo studies have provided pivotal insights into the potential of PM-CPC
in dental implantology, demonstrating its promising properties in cytocompatibility, and
mechanical stability compared to HydroSet and a-TCP cements. Key findings include the
differential cellular sensitivity between MC3T3-E1 and MSC cell lines, emphasising the
importance of a diverse cellular approach in evaluating biocompatibility. Remarkably,
PM-CPC formulations, demonstrated superior cytocompatibility across both cell types,
reinforcing a-TCP's potential as a preferred material for bone regeneration. The incorporation
of phosphoserine and calcium silicate in PM-CPC adhesive led to significant enhancements
in cell viability and proliferation, highlighting a promising strategy for optimising biological
performance of bone cements. Additionally, the study underscored the crucial role of the
curing process in ensuring material biocompatibility and highlighted the consistent
performance of both hand-mixed and dual syringe-mixed PM-CPC adhesives. Significant cell
proliferation observed from Day 14 and consistent 1SQ values alongside increased pull-out
forces, point towards positive bone-implant interactions and long-term implant success.
Furthermore, histological analysis demonstrated new bone formation and adhesive resorption
with sufficient contact between implant adhesives. Overall, the data show that if the ingrowth
of soft connective tissues is prevented, the material is a promising candidate for providing

primary stability to non-stable dental implants.
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Chapter 6:  Overall Discussion,
Concluding Remarks and Future
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6.1. Overall Discussion

CPCs are considered highly attractive for orthopaedic and dental applications due to their ease
of moulding, osteoconductive and natural biodegradability, however they still lack
mechanical integrity and injectability [11,172,181,336]. To align with bone's mechanical
strength and promote bioactivity, CPCs are frequently enhanced with organic and inorganic
additives [337-339]. Innovations in this area include adhesives inspired by nature, known as
biomimetic adhesives. These are particularly promising because they work well in wet
environments, which is crucial for stabilising and repairing bone tissue in engineering
applications. The development of an effective bone adhesives wide ranging potential
applications, avoiding the complications associated with metal hardware, offering surgical
efficiency and enhanced patient safety [16,151].

This research specifically focuses on a bioinspired adhesive, using phosphorylated amino
acids to improve the characteristics of calcium phosphate-based adhesives. The thesis aims to
design, characterise, and evaluate a PM-CPC, targeting the unmet clinical need for a bone
adhesive that provides substantial and instant fragment stability and suitable mechanical
properties under wet environment. Within this chapter, the key findings of this thesis are

presented.

1. Synthesis of a highly pure a-TCP powder with different sizes: A range of a-TCP
powders were successfully and repeatably synthesized using heat treatment followed by rapid
guenching with compressed air. This controlled-rate fabrication technique allowed for the
synthesis of a highly pure powder of 100% a-TCP phase with an irregular non-spherical shape
(0.35+0.2). According to literature, the phase purity is crucial for biocompatibility and
functionality in clinical applications, thus mitigating the risk of implant failure [340-342].

The resultant powder obtained a variety of particle sizes presenting the effect of grinding
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cycles on the particle size distribution as observed from previous studies on calcium
phosphate powders [13,343,344]. Furthermore, a negative zeta potential (-17.1+3.0) was
obtained, which has been reported to be an important property for effective cell adhesion and

bone formation [345,346].

2. In-depth understanding of the individual factors on the final properties of PM-CPC
adhesive: The DoE approach was used to analyse and understand the influence of each
component as well as of the a-TCP particle size, identifying a-TCP particle size, LPR and
amount of phosphoserine as significant factors influencing both handling and mechanical
properties of the adhesive. The number of grinding cycles had a significant impact on the
setting behaviour of PM-CPC. Particle sizes with a Dso<11.7 £ 1.5 um led to faster setting
times, which can be beneficial for quick surgical procedures. Conversely, the Dso values of
the particle sizes closer to 25.3 + 0.7 um, due to slower setting may be more appropriate for
clinical scenarios that need longer working times. The LPR had the highest contribution
(p-value<0.001) to handling and mechanical properties. However, improvements in
compressive strength negatively affected handling properties due to increased porosity from
higher water content. In addition, this study presented a non-linear relationship between
phosphoserine content and mechanical properties, indicating a threshold concentration for
phosphoserine that maximises adhesive strength without compromising other properties
[347]. Optimisation of the PM-CPC adhesive was then carried out using the DoE models to
identify the optimal PM-CPC composition for clinical use, guided by the following criteria:
initial setting time (ti) > 60 s, final setting time (tr) < 200 s, compression strength >10 MPa
[225], and bond strength > 2.5 MPa [12]. Inputs from the orthopaedic surgical community
were sought to establish clinically relevant setting times (ti and tf) that would facilitate rapid

setting, achieve the required fragment stability and prevent adhesive leakage [226]. These
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setting times were considered as the most important responses in the optimisation process.
Experimental validation has shown that these models are both accurate and reliable. They
enhance efficiency and adaptability by allowing for the assessment of many variables at once.
This approach also quickly indicates the most important factors and their best levels, requiring
fewer tests than conventional methods.

Overall, this is considered a pivotal study in this as it advanced knowledge about how the
composition of PM-CPC adhesives affects their performance in wet conditions for bone
healing, contributing new insights to existing research. Presently, research on
phosphoserine-based adhesives primarily examines the properties of a single composition,
which restricts the range of application sites [152,332,348]. By varying the composition and
particle size distribution of the ceramic powder, a broader spectrum of uses could be achieved.
The development of the BBD for factorial analysis not only clarifies the impact of each
separate factor but also provides a reusable framework. This allows for various numerical
optimisation studies to be conducted, adapting to new clinical needs based on the specific site

of application, in order to create an appropriate PM-CPC adhesive composition.

3. Development of an optimal hand-mixed PM-CPC adhesive composition suitable for
clinical bone defect repair: The study identified that the optimal PM-CPC composition can
achieve a homogenous mixture within 20 s, regardless of the batch size underscoring the
adhesive's reliability. The setting times for the PM-CPC adhesive ranged from 2.5-3.5 min.
The findings of this study highlight the efficacy of PM-CPC in providing rapid setting times,
which is critical for time-sensitive surgical procedures such as bone fracture and implant
stabilisation. This timeframe for setting achieved by the incorporation of phosphoserine,

meets the immediate needs of surgical intervention.
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The homogeneous mixing capability, consistent handling and mechanical properties of
PM-CPC, regardless of batch size, ensures that biomaterials can be scaled up for widespread
clinical use without compromising quality. The successful application in wet conditions and
the controlled degradation that aligns with the natural bone healing timeline extend the
material's applicability to a range of clinical scenarios, from dental to orthopaedic
applications. The slow degradation rate of PM-CPC, combined with its resistance to washout,
provides insights into the design of materials that offer initial stability and gradually transfer
load to regenerating tissue.

PM-CPC adhesive significantly improved the mechanical stability of both dental and
orthopaedic implants, as evidenced by pull-out and removal torque testing. The results
demonstrated that PM-CPC could enhance the bond strength between implants and bone, a
crucial factor for the success of surgical interventions. Under wet-field conditions, all femoral
bone samples withstood forces > 50 N before fracture, with a maximum load of 100 N
recorded. This provides significantly higher bonding compared to other commercially
available cements [261]. The adhesive significantly improved the bonding strength of
implants, as evidenced by pull-out and removal torque testing [214], while the presence of
blood during the implant procedure did not compromise the effectiveness of PM-CPC
adhesive, indicating its robust performance in realistic surgical scenarios. In summary, the
study concludes that PM-CPC, exhibits excellent mechanical and adhesive properties,
stability, and bioactivity, making it a highly suitable adhesive for clinical applications in

orthopaedics and dentistry.

4. Development of a dual-syringe mixed PM-CPC adhesive with suitable setting,

mechanical, and adhesion properties for clinical bone defect repair:
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On a broader scientific scale, the shift from manual to on-demand mixing and delivery
techniques for PM-CPC adhesive, as suggested by the research, progress the movement in the
biomedical sciences toward precision medicine and minimally invasive procedures
[211,262,275]. Such innovations are vital not only for improving patient outcomes, but also
for advancing the current scientific methodologies and biomedical engineering techniques.
As highlighted previously a rapid setting time was identified as being clinically preferable for
the PM-CPC adhesive as it enables rapid fixation and stabilisation. However, this rapid setting
time poses challenges relating to its injectability, particularly when being mixed by hand. A
dual-syringe system was developed ensuring precise, on-demand mixing and delivery of
PM--CPC adhesive, allowing for a more accurate and less invasive application during surgical
procedures.

For the development of this injectable dual component syringe mixed adhesive Koliphor oil
was used as gelling agent in each component. Initially an optimal balance was achieved
between the oil/powder ratio to ensure stability, prevent phase separation, and maintain
injectability and viscosity over time, which is crucial for its clinical applicability. With this
new system, the PM-CPC adhesive maintains its beneficial properties, such as injectability
and phase stability, over extended periods (48 weeks), indicating its suitability for clinical
use. For the scientific community, this work provides insights into the design of advanced
biomedical materials, emphasising the importance of injectability, stability, and mechanical
strength in developing effective bone adhesives.

The adhesive also demonstrates robust mechanical strength and the ability to adhere bones or
to enhance orthopaedic and dental implant stability in wet conditions, providing a practical
solution for surgical applications. Another observation was that the dual-syringe mixed
PM-CPC adhesive exhibited smaller standard deviations in mechanical and adhesion property

measurements. This consistency is important because it ensures predictable and reliable
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performance, essential in clinical applications where precision and reproducibility are needed.
In the context of current hand-mixed adhesives, which can show significant variability in
properties due to human error during mixing, the dual-syringe system provides an
improvement. The reduced variability ensures that surgeons can depend on the adhesive’s
performance during procedures, minimising the risk of failure due to the material's
inconsistencies. For the scientific community, this advancement provides a clear pathway to
refining the standardisation of biomedical materials, which can lead to more uniform
outcomes in clinical trials and, eventually, in clinical practice. The impact of this finding
extends beyond the operating room; by ensuring uniformity and reliability, such systems can
greatly contribute to the evolution of surgical techniques and the development of

next-generation biomaterials.

5. In vitro and in vivo evaluation of the PM-CPC adhesive, investigating its
biocompatibility and efficacy as a bioadhesive for implant stabilisation and bone repair:
The fifth chapter of the thesis presents an investigation into the performance of the PM-CPC
adhesive, focusing on its biocompatibility and potential for clinical applications in bone repair
and implant stabilisation. The study explores the adhesive's cytocompatibility, and
mechanical stability, providing an in-depth understanding of how this material interacts with
biological tissues both in vitro and in vivo.

The PM-CPC adhesive has shown promising results regarding cell viability, significantly
better than bone cements like HydroSet and a-TCP. The incorporation of phosphoserine into
the adhesive's formula enhances its biological performance significantly, which is evidenced
by the cell proliferation outcomes from alamarBlue assays. Furthermore, significant cell
proliferation over time was observed, particularly after 14 days, suggesting the material's

suitability for long-term bone regeneration.
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Mechanical characterisation in vivo has demonstrated that the PM-CPC adhesive can
effectively stabilise implants within trabecular bone. This was observed over an 8-week
period, during which the adhesive's bond strength with the bone increased, indicating ongoing
osseointegration. Histological assessments further supported these findings, showing new
bone formation at the material-bone interface, which is indicative of the adhesive's
pronounced osteoconductivity and biocompatibility. When positioned against the existing
literature, the PM-CPC adhesive represents a considerable step forward in bioadhesive
technology. The innovative addition of phosphoserine to the cement matrix not only improves
its physical properties but also appears to actively support cellular viability and proliferation,
which are critical for tissue integration.

The research conducted enhances existing knowledge by demonstrating the multifaceted
advantages of the PM-CPC adhesive, from its ease of handling and robust mechanical

attributes to its supportive role in biological processes essential for bone healing.

6.2. Concluding Remarks

This research thesis has fabricated and characterised a range of phosphoserine-modified
calcium phosphate adhesives aiming to develop and optimal formulation that not only aligns
with the mechanical strength and bioactivity of natural bone but also overcomes the
limitations of current cements in terms of mechanical integrity and injectability.

The synthesis of a highly pure a-TCP powder with controlled particle sizes marked the first
step towards achieving this goal ensuring biocompatibility and functionality. Furthermore, an
in-depth understanding was achieved of how PM-CPC adhesive composition and particle size
can influence the adhesive's handling and mechanical properties, leading to the identification
of the optimal PM-CPC composition. In particular, this optimal composition demonstrated
rapid setting times and high adhesion forces, regardless of batch size, ensuring its scalability

and reliability for clinical use. Moreover, the adhesive's performance in wet conditions and
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its controlled degradation aligned with the natural bone healing timeline, extending its
applicability across various clinical scenarios. A significant step and achievement was the
development of a dual-syringe mixed PM-CPC adhesive without significantly affecting the
handling and mechanical properties even if a gelling agent was added. The in vitro and in vivo
evaluations of the PM-CPC adhesive further established its biocompatibility and efficacy as
a bioadhesive for implant stabilisation and bone repair. The adhesive showed promising
results in cell viability and mechanical stability, indicating its potential as a promising
candidate and alternative to existing bone cements.

Overall, this research has successfully achieved its objectives by developing a PM-CPC
adhesive that offers mechanical stability, biocompatibility, and ease of use. The findings from
this research contribute valuable knowledge to the scientific community, offering new

perspectives on the design, optimisation, and application of bioinspired adhesives.

6.3. Future Perspectives

Building upon the current research on the PM-CPC adhesive, several key areas of future work
stand out as essential to providing a comprehensive understanding of this innovative material

and to achieve the full potential of the study:

Development of the optimal dual-syringe system for on-demand mixing and precise
delivery of the PM-CPC adhesive.

While the dual syringe-mixed PM-CPC adhesive was effective for the application, there is a
need to further refine and optimise this dual-syringe delivery mechanism. Future work could
focus on enhancing the precision, control, and ease of use of the delivery system, potentially
through automation or the integration of smart technologies that can adjust to the varying

conditions of surgical procedures.
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Assessment of long-term stability and effects of product sterilisation in terms of
physiochemical, rheological, setting, mechanical and degradation properties.

This evaluation includes a detailed analysis of the physicochemical properties to ensure that
the optimal composition and structure of the adhesive are maintained over extended periods,
especially after sterilisation processes. For instance, rheological properties, after sterilisation
and long-term storage, need to be investigated since they are related to the ease and
consistency of application during surgical procedures. Additionally, the setting and
mechanical properties to ensure that the adhesive's curing time and strength remains optimal
for clinical use even after undergoing sterilisation, ensuring reliable performance in bone
repair and implant stabilisation. Finally, the degradation properties can be assessed to confirm
that the adhesive degrades at a controlled rate, aligning with the natural bone healing timeline,
and does not undergo any adverse changes.

Investigate in vitro and in vivo proprieties in terms of osteoconductive properties.
Future research can be focused deeply into investigating the osteoconductive properties of the
optimal hand-mixed and dual syringe-mixed PM-CPC adhesive, both in vitro and in vivo.
This comprehensive approach can lead to a deeper understanding of how the adhesive
supports and facilitates bone growth under various conditions. From the in vitro study the
adhesive’s ability to create a conducive environment for bone cell growth can be identified.
This aspect of research is crucial for understanding the bioactive properties of the adhesive
and its potential to enhance bone formation at the cellular level.

In vivo assessments of the optimal PM-CPC adhesive need to be conducted in fracture models
in animals such as rabbits or rats, closely mirroring human bone fractures. This will enable
an in-depth evaluation of the adhesive's ability to aid in bone healing and integration. To

validate its efficacy, the adhesive can be benchmarked against the current gold standard
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treatments, such as clinically established bone cements or fixation methods, in these models.
The study needs to include both negative controls (untreated fractures or those treated with
inert materials) and positive controls (fractures treated with standard methods), providing a
comprehensive comparison. This approach aims to establish the adhesive as a viable
alternative for fracture management, focusing on its potential benefits over existing therapies

in terms of healing efficiency and patient outcomes.
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Appendices

Appendix 2.1: BBD design developed for the 1%t DoE study for the analysis of o-TCP
powder after 2 to 10 grinding cycles.

Factors Responses

' s | vea) (uea) O
0.2 40 6 3.52 17.37 470 890
0.35 25 6 5.12 18.17 50 65
0.5 10 6 1.28 9.23 130 255
0.35 40 10 4.15 13.06 729 860
0.5 40 6 2.35 8.64 162 270
0.35 25 6 4.92 17.96 50 90
0.35 10 10 3.03 12.61 148 217
0.2 25 2 5.21 19.70 405 530
0.35 25 6 5.22 20.01 57 90
0.35 25 6 4.15 18.58 60 80
0.35 40 2 5.52 15.86 760 940
0.35 25 6 4.70 21.71 64 102
0.2 25 10 3.27 29.69 290 338
0.2 10 6 2.02 12.66 41 72
0.5 25 10 2.89 19.85 355 657
0.5 25 2 4.08 18.56 333 472
0.35 10 2 5.60 13.97 170 290
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Appendix 2.2: BBD design developed for the 3rd DoE study for the analysis of oo TCP
powder after 9 to 13 grinding cycles.

Factors Responses
o onnang | ST ST

' (MPa) (MPa) (s) (s)
0.35 25 11 5.65 14.89 57 80
0.35 40 9 5.03 5.452 860 920
0.35 40 13 4.46 24.79 40 80
0.2 10 11 1.55 14.33 40 45
0.35 10 9 3.38 8.10 170 375
0.2 40 11 5.66 11.05 627 840
0.35 25 11 5.02 21.39 64 85
0.35 10 13 1.86 4.02 54 60
0.2 25 9 3.97 29.69 290 338
0.5 25 13 5.38 12.01 90 120
0.35 25 11 5.32 21.41 62 154
0.5 40 11 2.53 1.769 180 330
0.5 10 11 4.71 8.22 180 230
0.35 25 11 5.33 13.57 60 82
0.35 25 11 5.17 17.81 57 75
0.2 25 13 451 33.01 20 50
0.5 25 9 3.89 19.86 355 657
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Appendix 2.3: BBD design developed for the 3 DoE study for the analysis of o-TCP

powder after 13 to 17 grinding cycles.

Factors Responses

' el IO © O
0.35 35 17 3.16 7.25 25 40
0.35 10 17 7.35 9.12 40 75
0.5 22.5 17 5.74 10.58 90 140
0.35 22.5 15 0.84 16.24 20 35
0.35 22.5 15 3.38 18.02 30 55
0.35 22.5 15 5.11 16.36 40 55
0.35 22.5 15 7.49 20.04 67 78
0.2 22.5 17 4.29 37.22 7 10
0.35 35 13 4.29 25.31 40 80
0.35 10 13 3.07 4.05 54 60
0.5 35 15 4.73 8.26 60 75
0.2 35 15 7.94 5.01 20 30
0.5 10 15 2.07 5.64 89 150
0.2 10 15 6.04 7.80 30 40
0.2 22.5 13 7.03 33.30 20 50
0.5 22.5 13 212 12.17 90 120
0.35 22.5 15 6.96 15.64 30 60
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Appendix 2.4: Coefficients in Terms of Coded Factors (Sum Contrasts)from the BBD
design developed for the 1% DoE study for the analysis of a TCP powder after 2 to 10

grinding cycles.

Eactor Coef_ficient Standard 95% CI 95% Cl

Estimate Error Low High

1st DoE study

Intercept 4.62 0.06 4.50 4.73
A-L/P ratio 0.00 0.04 -0.09 0.10
B-Phosphoserine 0.72 0.04 0.63 0.81
C-Grinding cycles -0.17 0.04 -0.26 -0.08
Initial Setting | D-Passivation -0.59 0.06 -0.71 -0.48
Time AB -0.56 0.06 -0.69 -0.43
AC 0.12 0.06 -0.01 0.25
AD 0.01 0.04 -0.08 0.10
BD 0.00 0.04 -0.10 0.09
CD 0.11 0.04 0.02 0.20
Intercept 13.36 0.43 12.46 14.25
A-L/P ratio -0.18 0.34 -0.89 0.53
B-Phosphoserine 6.12 0.34 5.41 6.83
Final Setting C-Grinding cycles -1.62 0.34 -2.33 -0.91
Time D-Passivation -3.92 0.38 -4.72 -3.12
AB -5.44 0.48 -6.44 -4.43
AC 2.27 0.48 1.27 3.28
BD 0.13 0.34 -0.58 0.84
CDh 1.08 0.34 0.37 1.79
Intercept 3.09 0.04 3.00 3.18
A-L/P ratio -0.12 0.04 -0.19 -0.04
B-Phosphoserine 0.00 0.04 -0.08 0.08
C-Grinding cycles -0.04 0.04 -0.12 0.04
Compressive | D-Passivation -0.17 0.04 -0.24 -0.09
Strength | AB 0.02 0.05 -0.09 0.13
AD -0.07 0.04 -0.15 0.01
BC -0.15 0.05 -0.26 -0.04
BD 0.05 0.04 -0.03 0.13
CDh 0.06 0.04 -0.02 0.14
Intercept 511 0.44 4.21 6.01
A-L/P ratio -041 0.34 -1.12 0.30
Adhesive B-Phosphoserine 0.05 0.34 -0.66 0.76
Strength C-Grinding cycles 0.07 0.34 -0.64 0.78
D-Passivation -0.43 0.24 -0.92 0.06
CD -0.95 0.34 -1.66 -0.24
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Appendix 2.5: Coefficients in Terms of Coded Factors (Sum Contrasts)from the BBD

design developed for the 2" DoE study for the analysis of o TCP powder after 9 to 13

grinding cycles.

Eactor Coefficient | Standard | 95% CI | 95% ClI
Estimate Error Low High
2nd DoE study
Intercept 89.20 20.91 45.43 132.97
A-L/P ratio 0.13 16.53 -34.48 34.73
B-
Initial Phosphoserine 158.31 16.53 | 123.71 192.92
Setting Time | c-Grindi
: C-Grinding 12731| 1653 | -161.92| -92.71
cycles
AB -100.75 23.38 | -149.69 -51.81
BC -118.62 23.38 | -167.56 -69.69
Intercept 4.80 0.08 4.64 4.95
A-L/P ratio 0.29 0.06 0.17 0.42
Final Setting | > . 0.54 006 | 041 0.66
Time P ospho_serme
C-Grinding -0.57 006| -069| -0.44
cycles
AB -0.65 0.09 -0.82 -0.47
Intercept 20.04 1.69 16.59 23.48
Compressive | A-L/P ratio -4.15 1.79 -7.80 -0.49
Strength | g_
: -1.59 1.79 -5.24 2.07
Phosphoserine
Intercept 4,72 0.21 4.27 5.17
A-L/P ratio 0.14 0.19 -0.26 0.54
B- . 0.76 019 036 1.15
. Phosphoserine
Adhesive C-Grinding
Strength cycles -0.40 0.19 -0.80 0.00
AB -1.06 0.27 -1.62 -0.49
AC -0.58 0.27 -1.14 -0.01
BC -0.21 0.27 -0.78 0.35
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Appendix 2.6: Coefficients in Terms of Coded Factors (Sum Contrasts)from the BBD
design developed for the 3" DoE study for the analysis of o TCP powder after 13 to 17

grinding cycles.

. 95% | 95%
Eactor Coeffluent Standard Cl Cl
Estimate Error -
Low | High
3rd DoE study
Intercept 44.24 3.38 | 36.99| 5148
Initial A-Liquid to powder ratio 31.50 493 | 2093 | 42.07
Setting Time [ p_
B-Amount of 8,50 493 | -19.07| 207
Phosphoserine
Intercept 67.82 511 | 56.87| 78.78
Final Setting | A-Liquid to powder ratio 44.37 744 | 28.41| 60.34
Time -
B-Amount of 11250 744 | 2846 | 3.46
Phosphoserine
Intercept 0.06 0.01 0.04 0.08
A-Liquid to powder ratio 0.02 0.01 0.00 0.04
B-Amount of
Compl’eSSive Phosphoserine -0.03 0.01 -0.05 -0.01
Strength | ¢_Grinding cycles 0.00 001 -002| 002
AB -0.03 0.01| -0.06| -0.01
BC 0.06 0.01 0.03 0.09
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