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ABSTRACT

The preservation and functional stability of platelet-rich fibrin (PRF) are critical for its
translational use in craniofacial bone tissue engineering. Preservation methods for
frozen PRF (FPRF) remain controversial; freeze-thaw cycles can compromise fibrin
structure and diminish bioactivity. Lyophilisation presents an alternative strategy that
may enhance storage stability, handling and clinical shelf life while maintaining
microarchitecture and biological efficacy. This study aimed to evaluate and compare
the physicochemical and biological properties of LyPRF and FPRE. PRF samples were
prepared from venous blood obtained from healthy donors and processed into LyPRF
and FPRF. Comprehensive physicochemical characterisation was conducted using
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The
kinetic release pattern of Growth factor (PDGF-AB, PDGF-BB, and TGF-f31) were
quantified via enzyme-linked immunosorbent assay (ELISA), while biocompatibility
was assessed using the MTT assay on human gingival fibroblasts (HGFs). SEM analysis
demonstrated a more porous and interconnected fibrin network in LyPRF compared to
FPRF. EDX analysis revealed higher mineral retention in LyPRF, and both FTIR and
XRD confirmed the preservation of fibrin-associated protein structures in both groups.
Notably, LyPRF exhibited sustained release of growth factors and enhanced fibroblast
metabolic activity over 72 hours relative to FPRF. The aforementioned results
demonstrates LyPRF exceptional physicochemical and biocompatibility characteristics,

establishing it as a promising biomaterial for craniofacial bone tissue engineering.
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CHAPTER 1
INTRODUCTION

1.1 Resear ch Background

Craniofacial malformations encompass a broad spectrum of congenital or
acquired abnormalities that affect the structure and function of facial bones. Genetic
mutations, abnormalities during embryonic development, or external causes, such as
trauma, inflammation, and illnesses, can cause these deformities. The most common
congenital malformations are cleft lip and palate (CLP), craniosynostosis, and
micrognathia that can significantly affect the patient’s appearance and overall quality
of life (Heydari et al., 2024). Craniofacial deformities present a significant clinical
challenge encompassing a range of congenital and acquired conditions impacting both
functional and aesthetic aspects of a patient’s life. The prevalence of these deformities
israther high, affecting around 1 in 600800 live births for conditions such as CLP and
1 in 2000-2500 live births for craniosynostosis. Current treatment approaches,
including surgical correction such as aveolar bone grafting (ABG), often face
l[imitations and challenges regarding effectiveness, patient-specific customisation, long-
term outcomes, and donor-site morbidity (Kim & Kim, 2024; Vyas et al., 2020).
Therefore, advances in genetic research, regenerative strategies, and biomaterials that
can enhance tissue repair and reconstruction are essential for improving treatments of
craniofacial malformations.

The aetiology of these conditions involves complex interactions among
genetic and environmental factors. Mutations and variations of genes involved in
craniofacia development have been implicated in the emergence of these deformities.
The genesareintegral to cellular processes, including cell proliferation, attachment, and
differentiation. Whilst environmental risk factors play a critical role in modulating
genetic susceptibility. Therefore, maternal smoking, alcohol consumption, use of
certain drugs or medications, and nutritional deficiencies can disrupt normal
craniofacial development and lead to craniofacial deformities (Heydari et al., 2024;
Stanbouly et al., 2022). Additionally, epigenetic modifications involving changes in
gene expression without altering DNA sequences play a significant role in both genetic



predispositions and environmental exposure. Therefore, advances in genetic research,
surgical treatments, and regenerative medicine are essential for improving early
detection and providing alternative treatments for craniofacia deformities.

A multidisciplinary team approach to treating craniofacial malformations aims
to address both the functiona impairments and aesthetic concerns associated with the
condition. Surgical intervention is the primary treatment for craniofacial deformities,
intending to restore normal body and soft tissue anatomy and function. Autologous
ABG is the gold standard treatment for craniofacial malformations, particularly in the
context of CLP, by targeting the restoration of alveolar bone continuity in the maxillary
arch. For ABG, graft material istypically derived from the patient’ s bone from theiliac
crest and transplanted into the alveolar cleft to stabilise the maxillary segments and
provide support for subsequent orthodontic treatments. Additionally, successful
alveolar cleft reconstruction has a significant impact on the patient’'s speech and
mastication, alongside improving their facial aesthetics (Paradowska-Stolarz et al.,
2022). Despite itswidespread use and success, ABG presents several disadvantages and
challenges. One significant drawback is the donor site morbidity associated with
autologous bone grafts. It can lead to postoperative pain, gait abnormalities, intestinal
herniation, infection, nerve damage, and growth retardation (Tonk et al., 2022).

Bone tissue engineering (BTE) offers an alternative treatment for craniofacial
deformities, addressing the limitations of traditional approaches such as ABG
incorporating autografts or allografts. BTE aimsto overcome these issues by utilising a
combination of biomaterials, stem cells, and growth factors to promote bone
regeneration and integration. However, current biomaterials used for BTE, such as
platelet-rich plasma (PRP) and platelet-rich fibrin  (PRF), lack adequate
biocompatibility and osteoinductivity and are constrained by short shelf life, making
them less usable in long-term clinical settings (Arshad et al., 2021). These limitations
highlight the necessity for innovative approaches, including enhanced biomaterials with
a more consistent fabrication technique and methods to extend their shdf life.
Addressing these challenges is essential for the advancement of BTE, especially for
clinical applications.

Alternative treatments are being explored to address the limitations and
challenges of traditional surgical interventions for craniofacial deformities such as
ABG. One promising approach is the use of tissue engineering techniques, including
the application of stem cells, growth factors, and scaffolds to promote bone tissue

2



regeneration. For instance, tissue engineering combines the use of biomaterials, cells,
and growth factors to regenerate and repair damaged or missing tissues (Alonzo et al.,
2021). The development of advanced biomaterials, such as scaffolds that offer structural
support for the formation of tissues, and the incorporation of mesenchymal stem cells
(MSCs) into the scaffolds enhances the process of tissue regeneration and integration.
These scaffolds can be engineered to mimic the extracellular matrix of natural tissue,
thereby facilitating cellular adhesion, proliferation, and differentiation (Almouemen et
al., 2019; Bhushan et al., 2022). Despite this, severa notable disadvantages, including
the limited bioactivity of the synthetic scaffolds, hinder the clinical application of
scaffolds for tissue engineering, affecting cell attachments, proliferation, and
differentiation.

Therefore, to address the disadvantages of current scaffolds, growth factors are
integrated to further enhance osteogenesis and angiogenesis, crucial for successful bone
tissue repair. Using these new developments in tissue engineering could lead to more
effective and less invasive treatments, lowering the need for autologous grafts and
avoiding donor site morbidity (Bhushan et al., 2022; Grzelak et al., 2024; Ren et al.,
2023). Platelet-rich fibrin (PRF), an autologous biomaterial derived from the patient’s
blood through a centrifugation protocol, is one of the most promising alternative
biomaterials for bone tissue engineering. PRF is a fibrin matrix rich in platelets,
leukocytes, and various growth factors that are vital in promoting cellular processes
such as proliferation, differentiation, and angiogenesis (Jia et al., 2024; Kim & Kim,
2024). Unlike earlier platelet concentrates, PRF does not require anticoagulants or
thrombin, preserving the natural healing properties of blood constituents. The fibrin
network within PRF aids in cell migration and attachment, thereby facilitating the
formation of new bone tissue. Additionally, its ability to release growth factors in a
sustained manner ensures prolonged stimulation of the healing process, enhancing the
integration and functionality of the engineered tissue (Park et al., 2024). PRF is
predominantly used as a same-day treatment due to its inherent biological and structural
properties. However, its restricted preservation capacities hinder its wider use in
therapeutic applications.

To address this issue, PRF is lyophilised to enhance its stability, extend its
shef life, and facilitate its use in tissue engineering applications. This process
effectively removes moisture from the PRF matrix through sublimation, which
minimises enzymatic degradation and microbial contamination, thereby maintaining the

3



viability and functionality of the embedded growth factors (Li et al., 2014). The
lyophilised PRF (LyPRF) retains its bioactivity, enabling a controlled release of growth
factors upon rehydration, which is critica for promoting cell proliferation,
differentiation, and tissue regeneration. Moreover, the dry, stable form of LyPRF is
more manageable for clinical applications, as it can be easily stored at room
temperature, increasing its shef life and prolonging its usability. Furthermore,
lyophilised PRF can be reconstituted with various carriers or combined with other
biomaterials to create composite scaffolds, enhancing its versatility in tissue
engineering (Andiaet al., 2020; Dashore et al., 2021).

Therefore, thisresearch aimsto fabricate and characterise the physicochemical
and biological properties of LyPRF. This study will assess the physicochemical and
biocompatibility of LyPRF as a potential biomaterial for tissue engineering in clinical
settings. Ultimately, this study seeksto contribute to the ongoing development of tissue
engineering and improve patient quality of life by preventing invasive surgical

procedures.

1.2 Problem Statement

PRF has emerged as a promising autologous biomaterial in BTE due to its
biocompatibility, fibrin-based architecture, and intrinsic reservoir of bioactive growth
factors that support angiogenesis, osteogenesis, and tissue regeneration. Despite these
advantages, the clinical trandation and widespread application of PRF remain
constrained by its limited preservation stability and short shelf life. Conventional PRF
must be prepared and applied immediately following centrifugation, as prolonged
storage leads to rapid degradation of its fibrin network and a concomitant loss of
biological activity. This requirement for immediate use significantly limits its
practicality, reproducibility, and scalability in clinical settings, particularly for complex
regenerative procedures that require pre-prepared, transportable, or storable
biomaterials.

The inability to preserve PRF for extended periods restricts its versatility in
clinical workflows and precludes its integration into tissue banking systems or off-the-
shelf regenerative strategies. Consequently, there is a growing need for preservation
approaches that can maintain the structural integrity and biological functionality of PRF



while improving its storage stability and handling characteristics. Lyophilisation, or
freeze-drying, has been proposed as a promising preservation technique to address these
limitations, as it removes water under low temperature and pressure conditions, thereby
minimising structural and biochemical degradation. LyPRF has the potential to offer
extended shelf life, ease of storage at ambient or controlled temperatures, and improved
handling properties, while enabling rehydration prior to clinical application.
Furthermore, LyPRF may function as a stable reservoir for the sustained release
of growth factors, a critical feature for promoting long-term tissue regeneration in BTE
applications. The ability to preserve PRF in a dry, stable form also opens new
opportunities for its use in tissue banking and regenerative medicine platforms,
enhancing its clinical accessibility and translational potential. However, despite these
anticipated advantages, the physicochemical and biological properties of LyPRF have
not been comprehensively characterised. Concerns remain regarding whether the
Iyophilisation process alters the structural composition, chemical integrity, or
biocompatibility of PRF, which are essential determinants of its regenerative efficacy.
Therefore, there is a clear knowledge gap in understanding the impact of
lyophilisation on PRF and its suitability as a biomaterial for clinical bone tissue
engineering applications. Addressing this gap is essential to validate LyPRF as a stable,
safe, and effective alternative to conventional PRF. Accordingly, this study aims to
fabricate and systematically characterise lyophilised platelet-rich fibrin by evaluating
its physicochemical properties and biocompatibility, thereby assessing its potential as a
preserved autologous biomaterial for bone tissue engineering and regenerative

medicine.

1.3 Research Questions

a) What are the physicochemical characteristics of LyPRF in comparison with
FPRF, as determined by X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX),
and Fourier-transform infrared spectroscopy (FTIR)?

b) What are the differences in the kinetic release patterns of platelet-derived growth
factor AB (PDGF-AB), platelet-derived growth factor BB (PDGF-BB), and
transforming growth factor-f1 (TGF-f1) between LyPRF and FPRF, as

analysed using enzyme-linked immunosorbent assay (ELISA)?



¢) Is lyophilised platelet-rich fibrin biocompatible with human gingival fibroblast

(HGF), as evaluated through cytotoxicity testing using MTT assay?

14 Research Objectives

a) To characterise the physical and chemical properties of lyophilised platelet-rich
fibrin, and frozen platelet-rich fibrin using x-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), energy dispersive x-ray
spectroscopy (EDX), and Fourier-transform infrared spectroscopy (FTIR).

b) To analyse and compare the kinetic release pattern of platelet-derived growth
factor AB (PDGF-AB), platelet-derived growth factor BB (PDGF-BB), and
transforming growth factor-1 (TGF-f1) from lyophilised and frozen platelet-
rich fibrin using enzyme-linked immunosorbent assay (ELISA).

¢) To evaluate the biocompatibility of lyophilised platelet-rich fibrin, and frozen
platelet-rich fibrin by conducting cytotoxicity testing (MTT Assay) using
human gingival fibroblast (HGF) cell.

1.5 Significance of Study

The characterisation of lyophilised platelet-rich fibrin (LyPRF) aids in
advancing its application in regenerative medicine, particularly in craniofacial and bone
tissue engineering. Understanding its physical and chemical properties provides vital
understanding into its structural stability, and bioactivity, which directly influence its
therapeutic efficacy. The results of this research will contribute to the standardisation
of PRF-based biomaterials, providing a scientific foundation for its use in tissue
regeneration, and wound healing, in addition to facilitating its reproducibility in

regenerative therapies.

1.6 Research Hypothesis

The hypothesis of this study is that lyophilisation enhances the physicochemical
stability, biological reliability, and bioactivity of platelet-rich fibrin (PRF), positioning
lyophilised PRF (LyPRF) as a superior alternative to frozen PRF (FPRF) for bone tissue

engineering applications.



Specific hypothesis:

a)

b)

The physicochemical characteristics and chemical integrity of LyPRF, including
its microstructural morphology and crystallinity shows significant difference in
comparison to FPRF, as characterised by XRD, FESEM, EDX, and FTIR
analyses.

LyPRF demonstrates increased sustained kinetic release pattern of key growth
factors (PDGF-AB, PDGF-BB, and TGF-$31) compared to FPRF, indicating
improved preservation of bioactive components.

LyPRF is expected to exhibit biocompatibility potential with HGF cells
compared to FPRF, as assessed by the MTT assay, supporting its safety and

suitability for bone tissue engineering and regenerative applications.



CHAPTER 2
LITERATURE REVIEW

A part of this chapter has been published online as an original research articlein

Tissue Engineering Part B titled, “PHYSICOCHEMICAL AND BIOLOGICAL
PROPERTIES OF LYOPHILISED PLATELET RICH FIBRIN: A SYSTEMATIC
REVIEW”

A part of this chapter has been submitted online as an original research article in

Sains Malaysiana titled “STANDARDISING LYOPHILISED PLATELET-RICH
FIBRIN PROTOCOLS FOR BONE TISSUE ENGINEERING: A SYSTEMATIC
REVIEW”.

2.1 Craniofacial Defor mities

2.1.1 Prevalence

Bone is a dynamic living tissue distinguished by its complex, highly
vascularised hierarchical structure. This structure consists of a complex matrix of
collagen fibres and mineral deposits, primarily hydroxyapatites (HA). Craniofacia
deformities are among the most prevalent skeletal abnormalities that refers to a broad
spectrum of congenital and acquired malformationsthat affect the structure and function
of the skull and face. The degree and nature of these diseases can vary, ranging from
minor abnormalities that may go unnoticed to serious deformities that can have a
substantial impact on an individua's health and quality of life. These abnormalities are
relatively common, with an approximate occurrence rate of 1 in 600-800 live births for
diseaseslike CLP and 1 in 2000-2500 live births (Vyaset al., 2020). The prevalence of
these deformities can vary significantly across different populations due to genetic,
environmental, and epigenetic factors. Advances in genetic screening and diagnostic
imaging have improved early detection and classification rates of these malformations.
Therefore, the development of multidisciplinary approaches involving surgery,
orthodontics, speech therapy, and regenerative treatments has enhanced the
management and outcomes for affected individuals (Heydari et al., 2024).



2.1.2 Aetiology

The aetiology of craniofacial malformations is multifaceted and involves an
array of genetic, environmental, and epigenetic factors such as congenital anomalies,
trauma, oncological surgery, degenerative conditions, infections, tumour excision, or
accidents (Dang et al., 2018). One of the significant causes of this deformity is the
mutations and variation of genes linked to the development of craniofacial features,
including cells involved in cellular processes such as cell proliferation, growth, and
differentiation. For instance, research has proven that the underlying causes of
craniofacia deformities, such as Apert's and Crouzon's syndromes, stem from
mutations in key regulatory genes, notably FGFR2 and TWIST1 (Vyas et al., 2020).
Environmental factors are aso significant contributors to the development of
craniofacial abnormalities. Maternal behaviours and heath conditions, including
smoking, alcohol use, utilisation of certain medications, and inadequate nutrition, are
the primary influences on foetal craniofacial development. Therefore, the exertion of
teratogenic effects and nutritional deficiencies disrupts normal  craniofacia
development, leading to conditions such as CLP (Heydari et al., 2024). Additionally,
epigenetic modifications, characterised by the alterations in gene expression without
altering the DNA sequence, contribute another layer of complexity to the aetiology of
craniofacia malformations. Epigenetic factors known as transgenerational epigenetic
inheritance significantly influence the development process of craniofacial deformities.
Therefore, understanding the etiological mechanisms underlying craniofacial
malformations is crucial for the development of prevention strategies, early detection,
and precise treatments to effectively manage these deformities (Stanbouly et al., 2022).

2.1.3 Treatments

The management of craniofacial malformations requires a multidisciplinary
approach that addresses both the functional impairments and aesthetic concerns
associated with these deformities. Current treatment strategies integrate advanced
surgical techniques, orthodontic interventions, and emerging regenerative therapies to
restore form and function. Among these, surgical intervention remains the primary
modality, with procedures tailored to the specific type and severity of the deformity.



Bone augmentation is frequently employed, utilising various biomaterials to facilitate

osteointegration and restore structural integrity (Figure 2.1).

TREATMENTS OF CRANIOFACIAL

( ABNORMALITIES \

— —

Bone Tissue Engineering Alveolar Bone Grafting

Figure 21 Overview of Common Treatment Approaches for Craniofacia
Abnormalities.

One of the most widely practiced and effective surgical procedures is alveolar
bone grafting (ABG), predominantly applied in the management of cleft lip and palate
(CLP). The primary objective of ABG isto stabilise the maxillary segments and provide
adequate support for subsequent orthodontic and implant procedures (Vuletic et ah,
2014). This procedure commonly utilises different types of bone grafts—such as
autografts and alografts—to restore alveolar ridge continuity and support tooth
eruption. Autogenous bone grafts (autografts), typically harvested from the patient's
iliac crest, are consdered the gold standard due to their superior osteogenic,
osteoinductive, and osteoconductive properties, as well as their high biocompatibility
and integration potential (Paradowska-Stolarz et ah, 2022).

Despite their clinical success, autografts present severa disadvantages,
including donor site morbidity, postoperative pain, gait disturbances, intestinal
herniation, infection, nerve injury, growth retardation, and a limited supply of available
graft material (Tonk et ah, 2022). Allogeneic bone grafts (allografts), sourced from
human cadaveric donors, have been introduced to overcome the limitations of autografts
by increasing material availability and eliminating donor site morbidity. While
alografts exhibit favourable osteoconductive properties, they are associated with
potentia risks of immune rejection and disease transmission (Ferraz, 2023; Georgeanu
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et al., 2023). Moreover, ABG generally lacks sufficient biological activity to promote
optimal bone healing in craniofacial defects.

Therefore, existing therapeutic approaches for craniofacial deformities remain
constrained by severa inherent limitations, including variable clinical outcomes, the
necessity for highly specialised surgical expertise, donor site morbidity, and the
potential risks of immunological rejection and disease transmission. Consequently,
recent advancements in regenerative medicine, genetic screening, and diagnostic
imaging offer promising prospects for improving therapeutic efficacy, enabling earlier
and more precise diagnosis and classification of congenital anomalies, and addressing
the limitations of conventional treatment modalities (Heydari et al., 2024).

2.2 Bone Tissue Engineering

2.2.1 Introduction

Boneis aliving, adaptive tissue with a complex vascularised architecture made
up of collagen fibers and hydroxyapatite minerals. It plays a crucial role in maintaining
body structure, supporting weight, and facilitating movement through muscle
attachment. However, when a defect surpasses the critica size threshold, natural

regeneration becomes insufficient, requiring medical intervention.

2.2.2 Definition

Bonetissue engineering (BTE) has emerged as a promising alternative approach
for the treatment of bone abnormalities, including craniofacial deformities. This
multidisciplinary strategy aimsto regenerate and repair damaged or diseased bonetissue
by integrating principles of biology, materials science, and engineering. The primary
objective of BTE is to construct a functional bone substitute through the combination
of scaffolds, cells, and bioactive molecules. Achieving this requires a comprehensive
understanding of bone architecture, mechanical properties, and tissue development
processes.

Fundamentally, three components are necessary to execute this approach:
scaffolds, cells, and signalling molecules (i.e., cytokines and growth factors). Alonzo et



al. (2021) conceptualised the integration of these three components as the BTE triad
(Figure 2.2). Sceffolds act as a three-dimensional (3D) framework that facilitate cell
attachment, proliferation, and differentiation, while mimicking the extracellular matrix
(ECM) of natural bone. These scaffolds are designed to promote the production of bone
matrix and tissue development by incorporating cells, particularly sem cdls like
mesenchymal stem cells (MSCs). Bioactive molecules, including growth factors and
cytokines, are incorporated to enhance osteogenesis and modulate cellular activity
(Almouemen et al, 2019; Bhushan et al, 2022).

Bioactive
Molecules

Scaffolds

* Natural
* Synthetic
* Hydrogel

+ Growth Factors
« Small Molecules
+ Cytokines

Bone
Tissue
Engineering

* Autologous
* Differentiated
* Stem Cells

Figure2.2 Bone Tissue Engineering Triad. The Three Factors That Need to Be
Considered when Designing a Suitable Structure for Bone Tissue
Engineering Applications.

Overdl, BTE seeks to develop bioengineered bone grafts capable of
integrating seamlessly with host tissue, restoring both the structural and functional
properties of bone, and ultimately improving clinical outcomes in patients with bone
deformities.



2.2.3 Scaffolds

Scaffold is a crucial element of the triad, serving as the foundational structure
for the bone graft utilised in BTE. This three-dimensional (3D) structures are designed
to mimic the extracellular matrix (ECM) of natura bone, providing both structural
support and biological signals necessary for tissue development in BTE. Consequently,
scaffolds are essential for the promotion of cell adhesion, proliferation, and
differentiation, thereby facilitating the formation of novel tissues. Additionaly,
scaffolds are designed to possess specific characteristics, including porosity,
mechanical strength, and degradation rates, that are compliant with the needs of the
target tissue and enable successful interaction with its biological systems (Figure 2.3)
(Almouemen et al, 2019; Bhushan et al, 2022).

Highly Porous
{oo! ° - 4+ I
Supports Cell PROPERTIES OF B
SCAFFOLD FOR Biocompatible
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M Sett;&ag[ (r:]al 4 9% Morphology
Biodegradable

Figure 2.3 Essential Properties of Scaffolds for Optimal Bone Tissue Engineering.



These properties are critical for the proper ingrowth and vascularisation of
tissue, thus ensuring that the engineered constructs are structurally solid, biologicaly
active, and capable of integrating with the host tissue, thereby facilitating effective and
long-lasting bone regeneration. The porosity of the scaffold is also essential, as it
facilitates the diffusion of nutrients and waste products, while its mechanical properties
must have comparable mechanical characteristics to the bone tissue. Furthermore, the
scaffold's biodegradability is an important factor in ensuring that the resorption rate is
concurrent with the rate of bone formation. This enables the osteoblaststo produce their
own natural matrix structure and subsequently replace the patient's own tissue (Alonzo
etal., 2021). Additionally, bioactive molecul es such as growth factors have the potential
to alter scaffolds, thereby improving cell behaviour and tissue formation for clinical
applications (Siqueira et al., 2024).

2.24 Cdls

Célls play a pivota role in BTE as the fundamental biological component
responsible for regenerating, repairing, and ensuring functiona integration of bone
tissue, ensuring its overall health and function. Different types of cells can be utilised
to achieve suitable functionality of bone tissue, which can be derived into two main
categories. undifferentiated cells (stem cells) and differentiated cells (Almouemen et
al., 2019). Osteogenic cells, such as osteoblasts, osteoclasts, and M SCs, are commonly
utilised due to their inherent capacity to proliferate, differentiate, and produce bone
matrix. MSCs are favoured for their multipotency and ability to differentiate into
osteoblasts, the primary cells responsible for bone formation and resorption. This is
accomplished by synthesising and secreting the organic matrix of bone, therefore
regulating the mineral ions between the bone matrix and the extracellular space of the
bone (Bhushan et al., 2022; Stamnitz & Klimczak, 2021). These cells are often
harvested from bone marrow, cultured in alaboratory, and seeded onto the scaffolds.

Moreover, cells are integral in the production of ECM, a complex network of
proteins that provides structural and biochemical support to surrounding cells. ECM
provides structural support for scaffold integration in BTE, facilitating cell adhesion
and signalling, regulating cell behaviour, and acting as a reservoir for growth factors
(Kargozar et al., 2019). Additionally, the incorporation of growth factors such as bone
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morphogenic proteins (BMPs), vascular endothelial growth factor (VEGF), and
transforming growth factor beta (TGF-3) can enhance the osteogenic potential of these

cells (Kargozar ef al., 2019; Stamnitz & Klimczak, 2021).

2.2.5 Bioactive Molecules

To facilitate effective bone regeneration in BTE, bioactive molecules are
essential to coordinate the complex processes of bone regeneration, including cell
proliferation, differentiation, and migration. Additionally, bioactive molecules are
required to stimulate the processes of osteogenesis, angiogenesis, and ECM synthesis
necessary for the formation of functional bone tissue. These bioactive molecules can be
biochemical, such as growth factors and cytokines, or biophysical, including
mechanical forces and electromagnetic fields (Bakhshandeh et al., 2023; Dang ef al.,
2018). Growth factors are the primary signal employed in bone tissue engineering.
These are soluble proteins found in cells that attach to specific transmembrane receptors
on target cells to regulate various cellular activities, such as proliferation, migration,
and differentiation (Stone et al., 2024).

Growth factors, such as bone morphogenetic proteins (BMPs), transforming
growth factor beta (TGF-f), platelet-derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF), are crucial in stimulating the development of bone
cells, the formation of new blood vessels, the creation of the ECM, and facilitating bone
healing (Oliveira E et al., 2021). BMPs, particularly BMP-2 and BMP-7, are effective
growth factors used to stimulate the differentiation of MSCs into osteoblasts, thereby
promoting the synthesis of bone matrix and facilitating new bone formation. TGF-f
influences both the proliferation and differentiation of osteoblasts and enhances the
structural integrity of the regenerating tissue (Xu ef al., 2018b). PDGF is a significant
growth factor used in BTE to enhance crucial cellular processes necessary for bone
repair, including cellular proliferation, migration, and extracellular matrix synthesis.
The incorporation of PDGF into scaffolds creates a bioactive environment that closely
mimics natural bone healing processes; therefore, it accelerates bone repair, improves
the quality of regenerated bone, and ensures better integration with the host tissue (Sun

et al., 2020; Zhang ef al., 2018). The integration of these growth factors into scaffold
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materials for BTE mimics the natural bone healing factor, thereby optimising the

regenerative process and ensuring the formation of functional bone tissue.

2.3 Platelet Concentrate

2.3.1 Definition

Among the various biomaterials, recent research shows a focus on platelet
concentrates (PC) as abiomaterial used to fabricate scaffolds dueto its ability to deliver
an abundance of bioactive molecules during bone regeneration aongside its
osteoinductivity (Ngah et al., 20214a). Platelet concentrates (PCs) are biologically active
blood-derived products obtained from the patient’s own blood, designed to enhance
tissue repair and regeneration. These concentrates are prepared by centrifugation to
separate the platelets from other blood components, thereby increasing the
concentration of growth factors and cytokines. PCs are important in regenerative
medicine, especially BTE, because they help with many physiological processes, such
as cell growth, adhesion, differentiation, extracellular matrix production, and blood
vessel formation. These processes aid in accelerating bone healing and improve the
integration and functionality of engineered tissues. Additionally, the autologous nature
of platelet concentrates reduces the risk of immunological responses and disease
transmission, making them a safe and effective option for therapeutic applications
(OliveiraE et al., 2021; Stamnitz & Klimczak, 2021).

PCs are developed from the concept of isolating platelets from whole blood
used in homeostasis and tissue repair to enhance healing processes in various medical
and dental applications. The foundational understanding of PCs containing numerous
growth factors and cytokines leads to the development of techniques to concentrate
these cells from whole blood. These advancements lead to the development of platelet-
rich plasma (PRP) and platelet-rich fibrin (PRF), characterised by their preparation
methods, content, and intended clinical applications (Ngah et al., 2021b).
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2.3.2 Platelet-Rich Plasma

Platelet-rich plasma (PRP), introduced in the early 1980s as a significant
advancement in the use of platelets for therapeutic purposes, is considered the first
product derivative of PCs. PRP, a concentrated form of autologous blood plasma,
contains a high concentration of platelets that aid in the body's innate healing
mechanism. The clinical application of PRP was introduced by Marx in the 1990s by
highlighting the efficacy of PRP in bone grafting and BTE (Marx et al., 1998; MoS$cicka
& Przylipiak, 2021).

Centrifuging a blood sample separates the plasma and platelets from other
blood components to obtain PRP. The resulting product is enriched with growth factors
and cytokines, including PDGF, TGF-f, and vascular endothelial growth factor
(VEGPF). These bioactive molecules are essential for cell proliferation, differentiation,
and migration, thus enhancing tissue repair and regeneration (Asmundo et al., 2024).
The abundance of these bioactive molecules found in PRP leads to its various clinical
applications, including BTE for craniofacial regeneration. Additionally, the autologous
properties of PRP minimize the risks of immunological responses or disease
transmission, ensuring a high level of biocompatibility for patients. However, PRP has
several significant drawbacks that limit its clinical effectiveness and consistency. These
drawbacks include its lack of a continuous release mechanism for growth factors,
resulting in a rapid and short-lived biological impact that affects its therapeutic
outcome. Another limitation of PRP is the addition of anticoagulants during its
fabrication, thereby introducing risks of adverse reactions and further complicating the
treatment process (Asmundo ef al., 2024; Grzelak et al., 2024; Patel et al., 2023). These
limitations highlight the necessity for advancements that must be addressed to improve
its bioactivity and provide a more precise and prolonged therapeutic impact in

regenerative applications.

2.3.3 Platelet-Rich Fibrin

Platelet-rich fibrin (PRF) is a second-generation platelet concentrate (PC), and
an advanced autologous biomaterial derived from a patient’s own blood. It is

characterised by a dense fibrin matrix enriched with platelets and leukocytes, which
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collectively enhance its regenerative potential. Developed by Choukroun et al. (2006),
PRF was introduced to overcome the limitations of platelet-rich plasma (PRP),
particularly its dependence on anticoagulants and rapid growth factor release
(Choukroun et al., 2006).

PRF has emerged as a highly suitable biomaterial for scaffold fabrication in
bone tissue engineering (BTE) owing to its intrinsic biological composition and its
ability to promote both bone and soft tissue regeneration. The fibrin network provides
a natural three-dimensional (3D) scaffold that supports cellular attachment, migration,
and proliferation while enabling the sustained release of growth factors crucial for tissue
healing. Due to its autologous origin, ease of preparation, and regenerative efficacy,
PRF has gained significant clinical popularity across dental and medical applications
(Jiaet al., 2024; Roshan et al., 2024). Consegquently, numerous studies have explored
its biological characteristics, therapeutic potential, and clinical outcomes in various
craniofacial and dental procedures.

The regenerative capacity of PRF is largely attributed to its reservoir of
bioactive molecules, particularly growth factors that stimulate cell proliferation,
angiogenesis, and extracellular matrix synthesis. These biological processes
collectively contribute to enhanced wound healing, osteogenesis, and soft tissue repair.
A magor advancement in PRF preparation is its simplified, single-step centrifugation
process, which eliminates the need for anticoagulants and allows natural coagulation to
form a stable fibrin matrix. This approach promotes a gradual and sustained release of
growth factors while ensuring consistency in platelet and cytokine concentrations (Jia
et al., 2024; Wong et al., 2023). The 3D architecture of PRF further facilitates controlled
growth factor delivery, thereby improving its effectiveness in promoting bone
regeneration and tissue repair.

Moreover, PRF's sustained release mechanism and absence of synthetic
additives minimise the risk of adverse reactions, making it a safe and biocompatible
biomaterial. It has demonstrated superior outcomes compared to PRP, particularly in
bone regeneration, soft tissue healing, and implantology (Jia et al., 2024; Park et al.,
2024; Roshan et al., 2024). Despite these advantages, PRF presents certain limitations,
notably its short shelf life and the necessity for immediate clinical use, as the fibrin
matrix is prone to degradation over time. Therefore, continued advancements in
biomaterial development for BTE are essential to address these challenges and improve
the long-term applicability of PRF in regenerative therapies.
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2.3.4 Frozen Plateet-Rich Fibrin

To maintain the use of PRF efficiently in BTE, amethod of preserving PRF was
developed by freezing it at -80°C. Fresh PRF required immediate post-preparation use;
thereby, it poses complications for a standardised clinical use in regenerative medicine
and limits scheduling alternatives for staged or multi-session treatments (Jia et al.,
2024). Consequently, frozen PRF enables its preservation and subsequent utilisation by
decelerating its biological activities while maintaining the growth factors and the
structural integrity of its fibrin matrix (Choukroun et al., 2017). However, frozen PRF
requires storage at a stable temperature of -80 °C, complicating its transportation.
Additionally, meticulous thawing is crucial to prevent the degradation of growth factors
and cellular elements. This limits the usability of frozen PRF, prompting further
research (Banyatworakul et al., 2021).

24 Lyophilised Platelet-Rich Fibrin

2.4.1 Definition

A recent advancement in the preservation of platelet-rich fibrin (PRF) involves
its lyophilisation, leading to the development of Iyophilised platelet-rich fibrin
(LyPRF). Lyophilisation, or freeze-drying, removes moisture from the PRF through
controlled freezing and sublimation, converting it into a dry, porous solid while
maintaining its essential biological properties (Ngah et al., 2021b).

Currently, LYPRF has gained popularity as an advanced PRF, undergoing a
two-step process that involves centrifugation and lyophilisation of collected blood to
increase the concentration of platelets and fibrin in PRF. The lyophilisation, or freeze-
drying, process removes moisture from the biomaterial through freezing and
sublimation, transforming the PRF into a dry, porous solid material. This process
enhancesits stability by preserving the structural integrity and bioactivity of the growth
factors and cellular components. LyPRF's dried, solid form makes it easier to store and
transport, thereby extending its shelf life (Grzelak et al., 2024; Jiaet al., 2024).
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LyPRF maintains the integrity of its growth factors and bioactive components
and can be reconstituted when a suitable liquid is present, thereby preserving its
regenerative properties. Additionally, the dry, powdery form of LyPRF enhances its
biocompatibility, thereby easing its integration with other biomaterials to enhance its
bioactivity processes. LyPRF's versdtility enhances its functionality in tissue
engineering and regenerative procedures by tailoring it to the patient's specific
requirements for craniofacial regeneration. This is because the fibrin matrix of LyPRF
acts as a natural scaffold that supports the biomaterial's integration with other
biomaterials and the host tissue, facilitating more effective tissue repar and
regeneration. Moreover, the extended shef life, improved stability, versatility, and
convenience of use provided by LyPRF optimise its effectiveness and applicability in
BTE (Bhushan et al., 2022; Grzelak et al., 2024; Milano et al., 2023).

2.4.2 Fabrication

The fabrication of LyPRF involves a systematic procedure that improves the
stability and functionality of PRF for clinical application. Initially, venous blood is
obtained from the patient without anticoagulant, lowering the risk of adverse reactions
from foreign substances and increasing the biocompability of LyPRF. The collected
blood sample is then subjected to centrifugation, separating the blood components into
three distinct layers and concentrating platelets and fibrin within the PRF layer.
Following the centrifugation, the PRF layer is extracted and prepared for lyophilisation
by freezing the biomaterial at -80  and subsequently freeze-dried overnight at -51
This procedure stabilises the biomaterial by removing its moisture through sublimation
under reduced pressure, thereby enhancing its shelf life while preserving its bioactive
components, including growth factors and cytokines. The lyophilised form of LyPRF
can be reconstituted with a suitable liquid, making it easier to mix with other
biomaterials and facilitating its application in various regenerative therapies such as
tissue regeneration and wound healing. The fabrication process of LyPRF is crucial for
ensuring its effectiveness and safety in promoting tissue repair and regeneration, as it
overcomes the limitations of PRP and Fresh PRF (Andia et al., 2020; Dashore et al.,
2021; Kardoset al., 2018; Liu et al., 2019a).
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24.3 Standardised Fabrication of LyPRF

Following comprehensive searches employing a three-stage search
methodology, the literature collected from the designated databases was integrated with
the online search capabilities of Endnote literature management software. This process
involved the removal of duplicates via the software's verification function, and a
meticulous screening of titles and abstracts was conducted to assess the eligibility of
the literature in accordance with the established inclusion and exclusion criteria. The
collected material was published between 2019 and 2024, and any publications in
languages other than English were excluded from consideration.

The electronic search across four databases initially yielded 3,047 records.
SCOPUS (2,592), Web of Science (81), ScienceDirect (285), and PubMed (89). After
removing 1,049 pre-2019 records and 401 duplicates, 1,597 records remained.
Screening excluded 742 non-original articles and 48 non-English publications. Of the
remaining records, 352 were retrieved for full-text review, while 455 were
inaccessible. After applying inclusion and exclusion criteria, 337 articles were excluded
for reasons such as lacking LyPRF focus or using other platelet concentrates.
Ultimately, 15 in vitro studies on LyPRF were selected for data extraction.

The fifteen (15) included studies involve the extraction of PRF from various
sources, differing amounts, centrifugation durations and speeds, as well as variability
in the temperature and duration of lyophilisation. The details of the fabrication protocols
carried by each literature are compiled and summarised in Table 2.1. Five (5) studies
utilised human venous blood for the extraction of PRF, whereas four (4) studies
employed blood taken from rabbits and three (3) studies used blood from rats for the
blood collection methodology (Anaya-Sampayo et al., 2024; Ngah et al., 2024; Sui et
al., 2023b; Sun et al., 2023b). The specified amount of blood collection was generally
reported to be 10mL as evaluated in ten (10) studies, with two (2) studies collecting an
amount of 14mL and one (1) with 12mL of blood collected (Anaya-Sampayo €t al.,
2024; Gan et al., 2023b; Warin et al., 2022). In terms of centrifugation duration and
speed, anumber of nine (9) studies uses 3000 RPM for 10 minutes to separate the fibrin
layer for collection (Gan et al., 2023b; Liu et al., 2022a; Ngah et al., 2021a). The
removed PRF clot wasisolated for cryopreservation at -80 , asdocumented in thirteen
(13) studies, typically for aduration of 24 hours (Sui et al., 2023a; Wang et al., 2019a).
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However, three (3) studies reported to freeze the PRF clots for 30 minutes at the same
temperature as previously mentioned (Liu et al., 2022a; Ngah et al., 2024). In regards
of the lyophilisation process, it is typically freeze-dried at a temperature of -51  for a
duration of 24 hours as recorded by six (6) studies (Liu et al., 2022a; Liu et al., 2019b;
Ngah et al., 2021a; Wang et al., 2019a). However, one (1) study prolong the
lyophilisation processto 48 hoursat -80  and another study reported lyophilisation at
atemperatureof -60 for 4 hours(Nieet al., 2020a; Wong et al., 2021a). Thefinalized
LYPRF product was thereafter stored correctly for analysis or integration into other
biomaterials.
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Table 2.1 Standardised Fabrication of LyPRF in The Included Journals.

Sample

Human

Rabbits

Rabbits

Rat

Human

Rabbits

Amount
(mL)

10

10

NA

10

NA

Duration of

Centrifugation Speed

(min)

14

10

10

10

10

NA

1500
RPM
3000
RPM

3000
RPM

3000
RPM
3000
RPM

NA

Duration
of
Freezing
(hrs)

NA

NA

24

NA

05

24

Temperature
Freezing

-80°C

-80°C

-80°C

-80°C

-80°C

-80°C

23

Duration of

Lyophilisation

(hrs)

24

24

24

24

Temperature

L yophilisation Notes References
(Ansarizadeh
-40°C -
et al, 2019)
(Liu et al.,
-51°C -
2019a)
PRF Clot was
compressed (Wang et al.,
_45°C
for 10s before  2019b)
lyophilisation
(Niee€far/.,
-80°C -
2020b)
(Ngah et al.,
-51°C -
20214)
-60°C Water was (Wong et al.,



added and 2021b)
immediately
removed
using paper
tissues
3000 (Liu et al.,
Human 10 10 05 -80°C 24 -51°C -
RPM 2022hb)
3000 (Qimet al.,
NA 10 10 NA -80°C 12 -51°C -
RPM 2022)
L abrador
. (Warm et al.,
Retriever 10 14 IO0Og 05 -80°C 24 -51°C -
2022)
Dogs
PRF was
compressed
3000 _ (Gmet al.,
Rat NA 10 24 -40°C 24 -50°C using forceps
RPM 20234)
before
centrifugation
Rat 5 10 3000 24 -80°C 24 NA LyPRF was (Smetal.,
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RPM grounded to  2023a)
powder
PRF Clot was
_ compressed (Sun. et al.,
Rabbits 20 10 1200g NA NA NA NA
for 10s before  2023)
lyophilisation
Anaya-
2700 (Anay
Human NA 12 RPM NA -80°C 24 -51°C - Sampayo et
al, 2024)
(Chuang et
NA NA NA NA NA NA NA NA -
al, 2024)
3000 (Ngah et al.,
Human  NA 10 05 -80°C 24 -51°C -
RPM 2024)
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25 Physicochemical

The literature obtained from the designated databases was integrated with the
online search capabilities of EndNote literature management software after
comprehensive searches were conducted using a three-stage search methodology.
During this process, the software's verification function was used to eliminate
duplicates, and a meticulous review of titles and abstracts was conducted to evaluate
the literature's eligibility in accordance with the established inclusion and exclusion
criteria. Any publications in languages other than English were excluded from
consideration, and the compiled material was published between 2019 and 2024.

Initially, 3047 publications were identified through the electronic search of the
four databases that were examined: SCOPUS (2592), Web of Science (81), Science
Direct (285), and PubMed (89). After eliminating 401 duplicates and excluding 1,049
publications prior to 2019, 1,597 articles are left for screening. The initial screening
phase excluded 742 publications, which were categorised as reviews, meta-analyses,
book chapters, books, editorials, and conference abstracts. Additionally, 48 publications
were eliminated because of their publication in languages other than English. 352 of the
1597 literary works were deemed suitable for full-text retrieval; however, 455 were not
effectively accessed. Consequently, the residual 352 pieces of literature were
meticulously assessed for eligibility in accordance with the established inclusion and
exclusion criteria. A total of 337 publications were excluded from the review for a
variety of reasons, including the following: (i) the publications did not address the
lyophilisation of PRF; (ii) the studies used other platelet concentrates instead of PRF;
(iii) the publications lacked isolated analysis of LyPRF; and (iv) the publications
exclusively conducted in vivo and/or clinical studies without including in vitro studies).
In this systematic literature review, a total of 15 scholarly works that featured in vitro
analyses of LyPRF were selected for data extraction and subsequent analysis after a
comprehensive screening and evaluation phase.

The 15 included papers showcase diverse characterisation analyses undertaken
to illustrate the structural and chemical potential of LyPRF in regenerative medicine
(Table 2.2). Scanning Electron Microscopy (SEM) is the predominant analytical
technique utilised in the literature to ascertain surface morphology, fibrin network, pore
sizes, and cellular entrapment of biomaterials. The predominant results of this analysis
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indicate an irregular and porous surface structure, as demonstrated by four (4) and five
(5) studies, respectively. Additionally, the fibrin network of LyPRF was examined and
shown to display an irregular configuration characterised by a three-dimensiona (3D)
structure with many trimolecular branch junctions, fibrin fibres, and fibrillae (Liu et al.,
2022a). In regard to the pore size measured, studiesindicate atypically larger pore size
in scaffolds with LyPRF and a homogeneous entrapment of cells and platelets (Anaya-
Sampayo et al., 2024).

Additionally, Fourier Transform Infrared Spectroscopy (FTIR) was
implemented in two studies to evaluate any modifications in the chemical groups of the
biomaterial subsequent to its incorporation with LyPRF. It was demonstrated that the
FTIR peak consistently identifies peaks associated with Amide I, Amide |1, and Amide
I11 (Chuang et al., 2024). The elemental composition of the biomaterial was determined
using Energy Dispersive X-ray Spectroscopy (EDX) to support the physicochemical
properties of LyPRF. In thisreview, a study that employed EDX identified the presence
of carbon (C), sodium (Na), silicon (Si), chloride (ClI), potassium (K), nitrogen (N),
oxygen (O), phosphorus (P), and calcium (Ca) in varying concentrations, thereby
demonstrating its capacity to mimic the composition of bone tissue, including the
presence of these elementsin LyPRF (Anaya-Sampayo et al., 2024).
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Table 2.2 Physicochemical Characteristics of LyPRF in The Included Journals.

Scanning Electron Microscopy (SEM)

Arrangement  Fibrin
NA NA NA
Porous Sponge fibrin-like
Structure appearance
Three-dimensional
network
_ (trimolecular
Disordered _ ) NA
branch junctions,
fibrin fibres,
fibrillag)

Pore Size

Platelets

NA

NA

Present among
the fibrin

Fourier Transform
Infrared Spectroscopy
(FTIR)

Bands (cm-1)

Amidel (1659), Amidell
(1553), Amide 111 (1235)

NA
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Energy Dispersive X-
ray Spectroscopy
(EDX)

Elements

NA

NA

NA

References

(Ansarizadeh
et al., 2019)

(Livetal.,
2019a)

(Wang et al.,
2019a)



Irregular and
Porous

Irregular

Porous
Structure

Porous
Structure

Sponge-like

microstructure

NA

Porous

NA

Dense 3D fibrin
framework

Fibrous Network

NA

NA

NA

NA

151 + 0.75

NA

NA

NA

NA

NA

87.80 £18.65

Cells embedded
within the
fibrous

structure

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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NA

NA

NA

NA

NA

NA

NA

(Nieet al.,
2020b)

(Ngah et al.,
20214a)

(Wong et al.,
2021b)

(Livetal.,
2022b)

(Qianet al.,
2022)

(Warin et al.,
2022)

(Gan et al.,



Structure

NA

Irregular

NA

NA

Irregular

NA

Fibrin network
with trimolecular

branch junctions

Porous Structure

NA

Fibrin network
with a condensed,
inter-connected,

pm

NA

NA

NA

NA

146 + 23.69

NA

NA

Small particles

distributed

homogeneously

NA

Presence of
cellsand
platelets

Amidel (1661), Amidell
(1599)

NA

NA

Amide | (1650), and Amide
Il (1542)

NA
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NA

NA

Carbon (C),

Nitrogen(N), Oxygen
(O), Phosphorus (P),
Calcium (Ca)

NA

Sodium (Na), Silicon
(Si), Calcium (Ca),
Phosphorus (P),

2023Db)

(Sui et al.,
20233)

(Sun et al.,
20233)

(Anaya-
Sampayo et
al., 2024)

(Chuang et
al., 2024)

(Ngah et al.,
2024)



and densely entangled in the Chloride (ClI),
packed framework fibrin network Potassium (K)
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251 FESEM Analysis

Field Emission Scanning Electron Microscopy (FESEM), an advanced imaging
technique, provides precise, high-resolution three-dimensional surface morphology for
samples. FESEM utilises a field emission gun as the electron source that produces a
narrower and more coherent electron beam, resulting in higher spatial resolution and
greater depth of field. Pertaining to its high-resolution imaging capabilities, FESEM
provides a comprehensive analysis of the microstructure and surface morphology of
LYPRF by capturing images at the nanometre level. This is essential to acquire a
comprehensive understanding of the surface morphology, microarchitecture, pore sizes,
and fibrin matrix's integrity. Additionaly, this analysis allows for the examination of
the porous structure and fibre arrangement within the LyPRF, revealing the effects of
the fibrin network on the distribution of platelets and growth factors. Moreover, FESEM
enables the analysis of LyPRF porosity and surface characteristics that influence its
integration with scaffolds for the use of BTE. This detailed morphological information
is essential for optimising LyPRF's fabrication process, ensuring its effectiveness as a
regenerative biomaterial, and improving its applications in tissue engineering for
craniofacia regeneration (Orasugh et al., 2020; Wong et al., 2017).

252 EDX Analysis

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique
frequently used in conjunction with FESEM to provide comprehensive characterisation
and elemental analysisof samples, such as LyPRF. EDX isthe objective of thisanalysis
is to identify and quantify the elemental composition of LyPRF. The functioning
concept of EDX involves detecting the properties of the X-ray emitted from LyPRF
when it is exposed to an electron beam. It allows for the accurate detection and
measurement of elements found in the LyPRF matrix, including calcium and
phosphorus. The distribution and concentration of elements detected from LyPRF
provide information that aids in understanding its characteristics, safety, and efficacy
for regenerative applications. Therefore, this analysis enables the evaluation of the
guality and consistency of LyPRF preparation and assesses its potential for integration
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with other biomaterials (Milano et al., 2023; Scimecaet al., 2018; Siqueiraet al., 2024,
Wong et al., 2017).

253 FTIR Analysis

Fourier-transform infrared spectroscopy (FTIR) is an analytical equipment used
to identify and characterise the molecular composition and functional groups within a
sample. This is achieved by measuring the absorption of infrared light by the sample
based on its wavelength, resulting in a variety of distinctive absorption spectra.
Therefore, FTIR provides adetailed analysis of the biomaterial and structural properties
of LyPRF by examining the molecular composition and its functional groups. The
primary functional groups detected by FTIR for this biomaterial are the amide | and
amide Il bands, which are used to determine the denaturation rate, the stability of the
fibrin network, and the conformational composition of LyPRF. The amide | band
reveals the C=0 stretching vibrations of peptide bonds and helps identify changes in
the secondary structure of fibrin proteins, including the presence of apha-helices and
beta-sheets. The amide Il band correlates with N-H bending and C-N stretching,
providing information on the hydrogen bonding and stability of the proteinsin LyPRF.
This analysis is crucial for ensuring that LyPRF maintains its effectiveness and
suitability for BTE and wound healing (Khan et al., 2024; Monaghan et al., 2023;
Usoltsev et al., 2019).

254 XRD Analysis

A fundamental analysis method, X-ray diffraction (XRD), evauates the
crystalline structure of materials. The method involvesdirecting X-rays at a sample that
diffracts upon interaction with the periodic arrangement of atoms within the crystalline
material. Therefore, XRD anaysis of LyPRF allows for the investigation of its
crystalline structure, phase composition, and the identification of any crystalline
impurities that may be present in the biomaterial. The analysis of the crystalline salts or
mineras that may have formed during the lyophilisation process is essentia to
evaluating LyPRF biocompatibility and performance in clinical applications such as
BTE. Furthermore, changes in the diffraction patterns influence the stability of LyPRF
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and indicate alterations in its structural properties, thereby disturbing cellular processes
including cell attachment, proliferation, and tissue regeneration. Therefore, XRD
analysis is crucial in ensuring the quality and effectiveness of LyPRF in craniofacial

regeneration (Ali et al., 2022; Shokouhinejad et al., 2023).

2.6  Biological Analysis

The biological characterisation of LyPRF is crucial for assessing its cellular
compatibility, bioactivity, and osteogenic potential in tissue engineering applications
(Table 2.3). The Enzyme-linked Immunosorbent Assay (ELISA) is the primary
technique utilised in the observed studies to quantify vital bioactive proteins,
particularly growth factors including Platelet-Derived Growth Factor (PDGF),
Transforming Growth Factor (TGF-3), and Vascular Endothelial Growth Factor
(VEGF). The ELISA results showed a constant and gradual release of growth factors,
demonstrating that LyPRF maintains the growth factor bioavailability required for bone
tissue engineering. This is apparent since the kinetic release pattern of growth factors
from the included studies revealed consistency throughout the analysis period (Liu et
al., 2022a; Warin et al., 2023).

The LyPRF biocompatibility analysis was frequently conducted using the 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay to determine
cell proliferation. Ten (10) studies have reported that LyPRF statistically increases the
proliferation of fibroblast cells, osteoblastic cell line MC3T3-E1, and bone marrow
stromal cells (BMSCs) (Ansarizadeh ef al., 2019). Furthermore, a study conducted by
Gan et al. employed the cell counting kit-8 to observe cell proliferation and reported
that the addition of LyPRF to the scaffold significantly enhanced cell proliferation (Gan
et al., 2023b). The osteogenesis potential of the LyPRF was assessed in three (3) of the
included studies using the alkaline phosphatase (ALP) activity assay. The osteogenic
differentiation potential of LyPRF was reported to be improved by bone mesenchymal
stem cells (BMSCs) (Wang et al., 2019b). Moreover, the effectiveness of LyPRF in
facilitating wound closure was evaluated through a scratch wound assay. Warin et al.
reported that LyPRF enables the complete closure of wounds by fibroblast cells within
24 hours.
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Table 2.3 Biological Characteristics of LyPRF in The Included Journals.

Kinetic Release of Growth Factor Cell Proliferation
Enzyme-linked Immunosorbent Assay 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
References

(ELISA) kit Cell bromide (MTT Assay)
Maximum Duration Cell Proliferation / Viability

LyPRF shows a significantly positive cell viability (Ansarizadeh et al.,
NA NA MSCs

effect on the membrane 2019)

TGF-p1:407.69 ng/l
The addition of LyPRF shows a statistically increase in
VEGF: 79.63 ng/l 28 Days BMSC (Liu et al., 2019a)

cell proliferation
PDGF-AB: 525.74 ng/1

PDGF-BB: 1380.9 pg/mL
VEGF: 230.1 pg/mL LyPRF has a significant, dose-dependent and durable

14 Days BMSC (Wang et al., 2019a)
TGF-p: 30.1 pg/mL stimulative effect on cell proliferation

FGF: 55.7 pg/mL

NA NA MEC3T3-El LyPRF shows a higher cell proliferation potential (Nie et al, 2020b)
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PDGF-AB: 418.66 pg/mL

TGF-P: ~180 ng/mL
IGF: -55 ng/mL
VEGF: -300 ng/mL

TGF-pi: -13000 ng/L
VEGEF: -50 - 100 (Based on
wiv)

PDGF-AB: 3800 ng/L

PDGF-AA: 10638.55 +1577.43
pg/mL (total release)

TGF-pi: 2700 pg/mL
VEGF: 1485.4 pg/mL
PDGF-BB: 1601 pg/mL

TGF-P: 7.31% + 0.34%
PDGF-AB: 7.36% * 0.29%

28 Days

10 Days

28 Days

21 Days

3 Days

21 Days

NA

MECSIT3-E2

SHED

NA

Fibroblast

BMSC

NA

Cell Viability is significantly higher with the addition of

LyPRF

The addition of LyPRF shows significant improvement
in cell proliferation

NA

Cell Proliferation of LyPRF is significantly higher
compared to FPRF

NA
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(Ngah et al., 2021a)

(Wong et al., 2021b)

(Liu et al., 2022b)

(Qian et al., 2022)

(Warm ef ar/,, 2022)

(Gan eral., 2023b)



VEGF: -200 pg/ml
PDGF: -80 pg/ml
TGF: -510 pg/ml

NA

FGF: NA
PDGF-BB: NA

NA

PDGF-AB: -4000 pg/ml

35 Days

NA

7 Days

NA

28 Days

MC3T3-E1

BMSC

DSPSC and
OB-DPSC

NA

MC3T3-E1

Biomaterial shows significant proliferation after 3 days

of culture

NA

Presence of LyPRF demonstrate lower cytotoxicity and
higher viability

NA

Presence of LyPRF demonstrates a significant increase
in cell proliferation
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(Sui etal., 2023a)

(Sun et al., 2023a)

(Anaya-Sampayo et
al., 2024)

(Chuang "a/., 2024)

(Ngah eral., 2024)



2.6.1 Kinetic Release Pattern of Growth Factor Analysis Using ELISA

The kinetic release pattern of growth factors in LyPRF significantly influences
its therapeutic efficacy for bone regeneration, osteogenesis, angiogenesis, and
extracellular matrix formation that are essential for BTE. This is because LyPRF is rich
in growth factors such as PDGF, VEGF, and TGF-f that are essential in promoting bone
regeneration and wound healing. The timing and intensity of cellular reactions are
influenced by the kinetic release pattern of growth factors released from LyPRF. The
kinetic release pattern is typically characterised by an initial burst release that stimulates
the tissue with a high concentration of growth factors, followed by a sustained release
that is crucial for tissue regeneration. The enzyme-linked immunosorbent assay
(ELISA) measures this kinetic release pattern by using antibodies that specifically bind
to the target molecules, allowing detection even at low concentrations. This is achieved
by tracking the temporal release of growth factors of LyPRF, allowing an assessment
of the bioavailability and stability of these molecules over time. This analysis is
essential to understanding the preservation and release patterns of growth factors that
influence the regenerative capacity of LyPRF. Therefore, a suitable kinetic release
pattern of growth factors in LyPRF can be determined to optimise the therapeutic
potential of LyPRF in BTE, ensuring the efficacy of LyPRF on long-term tissue healing
and bone regeneration (Liu ef al., 2022b; Liu et al., 2019a; Ngah ef al., 2021a).

2.6.2 Cytotoxicity Analysis Using MTT Assay

A cytotoxicity assay is an in vitro test used to evaluate the potential toxic effects
of substances, such as LyPRF, on living cells by measuring whether the lyophilisation
process, or any residual compounds associated with it, adversely affects cellular health,
including cell damage or death. The cytotoxicity assay involves exposing cultured cells
such as fibroblasts or osteoblasts to LyPRF. Colorimetric assays, particularly MTT
assays, assess the viability of this test by monitoring its metabolic activity.
Understanding the cytotoxicity of LyPRF is essential in determining the
biocompatibility of LyPRF after lyophilisation and ensuring its safety for use in clinical

applications such as wound healing and bone tissue engineering. Therefore, cytotoxicity
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assays are a fundamental tool in assessing the suitability of LyPRF as a regenerative
biomaterial for BTE (He et al., 2020; Vijayan et al., 2023).
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CHAPTER 3
RESEARCH METHODOLOGY

3.1  Research Design

This study adopts a cross-sectional experimental research design to fabricate and
characterise LyPRF and FPRF for potential application in BTE applications. The
research design encompasses both physicochemical and biological characterisation to
comprehensively evaluate and compare the properties of the two biomaterials. Venous
blood samples were collected and processed to obtain PRF, which was subsequently
subjected to two preservation techniques. freezing and lyophilisation. The
lyophilisation process was conducted under controlled temperature and vacuum
conditions to remove moisture and enhance the structural stability and shelf life of the
material.

The physical and chemical properties of both LyPRF and FPRF were analysed
using a combination of analytical techniques. X-ray diffraction (XRD) was employed
to determine crystallinity and phase composition, field emission scanning electron
microscopy (FESEM) to examine microstructural morphology, energy dispersive X-ray
spectroscopy (EDX) to assess elemental composition, and Fourier-transform infrared
spectroscopy (FTIR) to identify functiona groups and chemica bonds. Collectively,
these analyses provided a comprehensive understanding of the materials
microstructure, elemental distribution, and chemical stability.

To evaluate biological performance, the biocompatibility of LyPRF and FPRF
was assessed using human gingival fibroblast (HGF) cells through a cytotoxicity assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT assay). This
assay determined the effects of both materials on cell viability and metabolic activity,
providing insight into their safety and potential for clinical application. The
experimental data were subsequently subjected to statistical analysis to compare the
physicochemical properties and cytocompatibility of LyPRF and FPRF.

Overall, thisresearch design integrates comprehensive material characterisation
and biological evaluation to assess and validate LyPRF as a stable, biocompatible, and
clinically applicable biomaterial for BTE.



3.2 Ethical Approval

Ethical approval for the research was obtained from University Teknologi
MARA (UiTM) under the governance of UITM Research and Innovation and
University Research Committee (REC/08/2024 (PG/MR/378)).

3.3 Participant Recruitment

Human venous blood was taken from three healthy individuals with the purpose
of FPRF and LyPRF fabrication for the study (Aizawa et al., 2020; Ngah et al., 2024).
Participants were recruited based on the inclusion and exclusion criteria and given a
detailed explanation of the research protocol, risks, expected benefits, and the future
potential of its clinical use for the community, therefore, informed consent was
obtained. The inclusion criteriaincluded individuals in the age range of 20 to 30 years
old, fit and healthy, non-smokers, and with no history of recent aspirin intake within 3
months or anticoagulant drugs (Nakajima et al., 2024). The study excluded participants
that do not meet the stated inclusion criteria, individuals with chronic illnesses, and
participants taking anticoagul ants, aspirin or NSAIDs (non-steroidal anti-inflammatory
drugs) for the last 3 months. Table 3.1 summarises the inclusion and exclusion criteria

applied in this study.

Table 3.1 Inclusion and Exclusion Criteria

Inclusion Exclusion
Aged between 20 to 30 yearsold ~ Smokers

American Society of History of Recent Anticoagulant, Aspirin, or
Anaesthesiologists (ASA) Class|  NSAIDs (Non-Steroidal Anti-Inflammatory
Individuals Drugs) for the last 3 months.
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34 Fabrication of LyPRF and FPRF

The fabrication protocol isillustrated in Figure 3.3. Venous blood was collected
without anticoagulant into 10 mL vacuum-sealed tubes (Dr. Choukroun's Glass A-PRF
Tubes; Process for PRF, Nice, France) and processed within 1 minute following
Choukroun's protocol. Centrifugation was carried out at 3000rpm (approximately
400 x g) for 10 minutes using a standard tabletop centrifuge (Kubota Compact Tabletop
Centrifuge, Model 2420; Kubota Corporation, Tokyo, Japan), resulting in the separation
of three distinct layers: an upper acellular plasma layer, a middle PRF clot, and a lower
red blood cell layer (Ngah et ah, 20214).

The PRF layer, located between the plasma and red blood cedl layers, was
carefully extracted using sterile forceps, and any residua red blood cells were trimmed
with sterile surgical scissors. The harvested PRF clots were measured, recorded, and
initially stored at -80 °C in a biomedical freezer (SANYO MDF-U73VC VIP Series,
Panasonic Healthcare, Japan). A portion of the samples was then lyophilised overnight
at -51 °C using afreeze-dryer machine (Labconco FreeZone 2.5 Liter Benchtop Freeze
Dryer) to produce LYPRF for subsequent physicochemical and biological analyses
(Figure 3.1). Following lyophilisation, both the LyPRF samples and the remaining
frozen PRF samples (FPRF) were stored at -20 °C in a biomedical freezer (SANYO
MDF-U537; Panasonic Healthcare, Japan) until further analysis in this study.

Figure 3.1 Labconco FreeZone 2.5 Liter Benchtop Freeze Dryer
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Figure 3.2  Schematic Representation of The Fabrication Protocol for LyPRF,
Outlining Blood Collection, Centrifugation, Fibrin Clot Isolation,
Freezing, and Lyophilisation Steps

Following the fabrication of LyPRF and FPRF, the resulting samples were
carefully weighed to determine their initial mass prior to further physicochemical and
biological analyses. Sample weights were measured using a calibrated analytical
balance (GF3000, AND Instruments, Japan) with areadability of 0.1 mg to ensure high
precision. Prior to weighing, the balance was levelled and tared to ensure accuracy, and
the measurements were conducted under controlled environmental conditions to
minimise measurement variability. After the weight of the samples was recorded, the
mean weight was calculated to assess uniformity between preparations.

35 Scanning Electron Microscopy (SEM) Analysis

Lyophilised platelet-rich  fibrin  (LyPRF) samples were prepared for
morphological observation using scanning electron microscopy (SEM). The samples
were initialy fixed in 2.5% glutaraldehyde (Sigma-Aldrich, USA) for 1 hour at room
temperature to preserve their microstructural architecture. Subsequently, the samples
were dehydrated through a graded ethanol series of 20%, 40%, 60%, and 80% (Merck,

43



Germany) for 10 minutes at each concentration. After dehydration, the samples were
air-dried and sputter-coated with a thin layer of palladium (Quorum SC7620 SEM
Sputter Coater) to improve electrical conductivity and imaging quality (Figure 3.4).

Figure 3.3  Quorum SC7620 SEM Sputter Coater

Field emission scanning electron microscopy (FESEM) imaging of LyPRF was
performed using a Thermo Scientific Apreo 2S at magnifications of 200x, 600x, 1000x,
and 1200x under an accelerating voltage of 5 kV. Complementary SEM analysis was
carried out using a Hitachi TM3000 at smilar magnifications and voltage settings
(Figure 3.5). Both analyses were conducted to evaluate surface morphology, fibrin
network organization, fibrin thickness, porosity, and interconnectivity. Identical sample
preparation and imaging protocols were applied to FPRF samples, which served as the
control group for comparative morphological assessment (Ngah et ah, 2021a; Wong et
ah, 2017).
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A
Figure 34 SEM analysis. (A) Thermo Scientific Apreo 2S and (B) Hitachi TM 3000
3.6 Energy Dispersive X-ray (EDX) Analysis

Energy dispersive X-ray (EDX) anaysis was performed to determine the
elemental composition of LyPRF, with the same procedure applied to FPRF samples
for comparative evaluation(Ngah et ah, 2024; Wong et ah, 2021b). The analysis was
conducted using an EDX detector integrated with the FESEM system under high
vacuum conditions and an accelerating voltage of 15kV to ensure optima X-ray
generation and detection. Spectra were collected from multiple regions of each sample
to provide representative elementa profiling. Elements were identified based on their
characteristic energy peaks, and their weight (%) and atomic (%) compositions were
quantified using the system's software. Additionally, elemental mapping was
performed to visualise the spatial distribution of mgor components, including carbon
(C), oxygen (O), cadcium (Ca), and phosphorus (P), within the fibrin matrix.
Comparative analysis between LyPRF and FPRF was then conducted to assess
compositiona changes associated with the lyophilisation process.

3.7 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier Transform Infrared Spectroscopy (FTIR) was employed to identify the
functional molecular groups present in LyPRF and FPRF. Samples were trimmed to
approximately 0.5 cm x 0.5 cm and directly placed on the sample stage of the FTIR
Spectrometer (PerkinElmer Spectrum One FT-IR Spectrometer). Spectral acquisition
was conducted according to the manufacturer's protocol (Haghparast-Kenarsari et ah,
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2024). The characteristic absorption peaks associated with essential biochemical
groups, such as amide I, amide 11, amide 111, hydroxyl, and carboxyl functional groups,
were identified in the FTIR spectra that were generated. A comparative analysis was
conducted using FPRF, which allowed for the assessment of the biochemical fidelity of
LyPRF. This approach confirmed the retention of functional groups that are indicative
of the integrity of the fibrin matrix and platelet-derived proteins (Xie ez al., 2019). FTIR

analysis was conducted in triplicate to validate the consistency of the results.

3.8 X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was performed to investigate the
crystallographic structure and phase composition of LyPRF and FPRF using a
PANalytical X'Pert Pro system. Samples were carefully crushed to fit the XRD holder,
ensuring a uniform and flat surface, and securely mounted with adhesive to prevent
displacement during scanning. Measurements were carried out using Cu Ka radiation
(A= 1.5406 A) at 45kV and 40 mA. Scans were performed over a 26 range of 5°—90°
at a rate of 2°/min with a step size of 0.02°, and additional scans at 8°/min over 20°—
70° were conducted to ensure detailed peak resolution. The resulting diffraction patterns
were analysed to identify crystalline phases, semi-crystalline features, and potential
impurities within the fibrin matrix (Sui ef al., 2023a). To ensure reproducibility and

consistency, all analyses were performed in triplicate.

3.9 Kinetic Release Pattern of PDGF-AB, PDGF-BB, TGF-[31

The spatiotemporal release kinetics of selected growth factors from LyPRF and
FPRF were quantified using an ELISA kit for PDGF-AB, PDGF-BB, and TGF-
B1 (ELK Biotechnology Co., Ltd. ELISA Kits). PDGF-AB and TGF-B1 were the
analytes that were specifically targeted. To produce the conditioned media, the initial
weight of each sample was standardised using the average weight of intact LyPRF and
FPREF clots. The samples were subsequently incubated in 6-well plates at 37°C under
a humidified 5% CO atmosphere for 21 days in 4 mL of Dulbecco's Modified Eagle
Medium (DMEM; low glucose with L-glutamine and sodium pyruvate; Biosera,

France; Biosera, France). At predetermined intervals (days 1, 7, 14, and 21), the
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conditioned media were collected and promptly replaced with an equivalent volume of
fresh DMEM following each collection. All harvested mediawere stored at —-80°C until
they were subjected to additional analysis. The ELISA assay was peformed in
accordance with the manufacturer’ sinstructions. A microplate reader (Synergy™ HTX,
BioTek Instruments, USA) was employed to measure absorbance at 450 nm, with a
reference wavelength of 540 nm. The results were reported as the mean + standard
deviation, and all measurements were performed in triplicate. The temporal release
profiles of the growth factors were evaluated through statistical analysis (Xu et al.,
2018a).

310 MTT [3-(4,5-Dimethylthiazol-2-yl)-2-5-Diphenyltetrazolium  Bromide]
Assay

Human gingival fibroblasts (HGF) were used in this study to evaluate the
proliferative response to lyophilised PRF (LyPRF) and frozen PRF (FPRF). The cells
were cultivated in complete Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS) (Sigma-Aldrich, Merck KGaA,
Germany) and 1% penicillin-streptomycin (Gibco™, Thermo Fisher Scientific, USA).
The medium was refreshed every three days, and the cultures were maintained at 37 °C
in a humidified incubator with 5% CO (lzumiyaet al., 2021). Cells from passages P3
to P10 were used for all experiments to ensure consistency. All instruments and
consumables were sterilised using 70% ethanol (Chemiz®, Chemiz Sdn. Bhd.,
Malaysia) and exposed to ultraviolet light for 30 minutes. Media and reagents were
pre-warmed in a 37°C water bath, and all procedures were conducted in a Class II
biosafety cabinet (Esco Lifesciences Class|l Biological Safety Cabinet) under sterile
conditions.

LyPRF samples were pre-equilibrated in complete DMEM at 37°C with 5%
CO prior to cell seeding. After equilibration, the LyPRF samples were retrieved for
cell proliferation analysis (Huang et al., 2020). The MTT assay was performed to
evaluate cell proliferation at 24, 48, and 72 hours, in accordance with the manufacturer's
guidelines. The wells were treated with MTT reagent at each time point, and the
formazan crystals that were produced by metabolicaly active cells were dissolved in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Merck KGaA, Germany). Absorbance

a7



was measured at 570nm using a microplate spectrophotometer. The data were
presented as the mean + standard deviation, and all experiments were conducted in
triplicate. To evaluate variations in cell proliferation over time and between groups,
statistical analysis was implemented.

3.11 Statistical Analysis

Statistical analysis was performed to comprehensively evaluate the physical,
structural, and biochemical properties of the fabricated FPRF and LyPRF samples. All
guantitative data were expressed as mean + standard deviation (SD) to represent data
variability and ensure consistency across experimental assessments. Each experiment
was performed at least twice, with samples prepared in triplicate (n = 3) for each
volunteer at the designated intervals. Statistical analyses were conducted using
GraphPad Prism software (GraphPad Prism 6, CA, USA), while schematic illustrations
of the experimental workflow were generated using BioRender (BioRender.com).

The analysed parameters included physical measurements (weight and length),
surface  morphology and elemental composition (FESEM, EDX), structural
characterisation (XRD), functional group identification (FTIR) and kinetic release
pattern of growth factor (ELISA). Comparative analyses between FPRF and LyPRF
groups were performed using either two-way analysis of variance (ANOVA) followed
by Tukey’'s post hoc test or an unpaired t-test, depending on the dataset. Two-way
ANOVA was applied tothe MTT assay, ELISA kinetic release profiles, and SEM-based
cell entrapment analysis, while unpaired t-tests were used for fibrin network thickness
and porosity measurements obtained from SEM analysis. A p-vaue < 0.05 was
considered statistically significant.



CHAPTER 4
RESULTS

41 Fabrication of Lyophilised Platelet Rich Fibrin and Frozen Platelet Rich
Fibrin

Following venous blood collection and immediate centrifugation, the middle
PRF layer was carefully extracted using a sterile forceps, together with athin portion of
the underlying red blood cell (RBC) layer (Choukroun et ah, 2017). The isolated
fraction corresponded to the fibrin-rich clot, presenting as a yellowish structure
consistent with previously described PRF morphology as illustrated in (Figures 4.1 A
and 4.1B). To preserve the PRF for further analysis and applications, the clots were
subjected to a two-step preservation process involving initiad freezing followed by
lyophilisation (Figure 4.1C and 4. ID).

Figure 4.1 Fabrication of Platelet-Rich Fibrin. (A) Isolated PRF Matrix Fraction. (B)
Fresh PRF. (C) Frozen PRF. (D) Lyophilised PRF
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The weight of the observed PRF and LyPRF from the four samples were
measured and shown in (Table 4.1). The FPRF had a mean weight of 1.11 + 0.34 mg,
and its mean length was reported as 3.18 + 0.34 cm, whereas the mean weight for
LyPRF was 0.14 + 0.07 mg, and the mean length was 2.73 £ 0.26 cm. It was observed
that weight loss of LyPRF in comparison to FPRF was approximately 87%.
Additionally, the mean percentage of difference in length of the two sample phases were
observed to be 14%. Statistical analysis revealed a significant reduction in the weight
of LyPRF compared to FPRF (P < 0.05). In contrast, no statistically significant
difference was observed in sample length between the two groups (P > 0.05) (Figure
4.2 and 4.3) display the physical and morphological differences between FPRF and
LyPRF.

Table 4.1 Comparative Weight and L ength of FPRF and L yPRF.
Sample Sample Sample Sample Mean+ Satistics' P-Value"

A B C D D (df)
Weght LyPRF 012 0.08 024 013 014 0.0096 i
(mg) 0.07
FPRF 100 0.76 158 110 111+
0.34
Length LyPRF 250 3.10 2.70 2.60 273+ 0.0843 ns’
(cm) 0.26
FPRF 270 350 320 330 318+
0.34

@ Unpaired t-test
® The mean weight of the samplesis significantly different by post-hoc test (Welch's t-test)
® The mean length of the samplesis not significantly different by post-hoc test (Welch's t-test)



Figure 4.2 Lyophilised PRF (A, B, C, D) display variations in the size and shape
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Figure 43 Frozen PRF (A, B, C, D) Display Variationsin The Size and Shape
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4.2 Microstructure of LyPRF and FPRF Analysed using FESEM

4.2.1 Surface Morphology

The surface morphology of LyPRF and FPRF observed using FESEM were
revedled to have distinct differences. LyPRF exhibited a highly porous, sponge-like
architecture with rough surface morphology and visible pores (Figure 4.4). In contrast,
FPRF showed an irregular fibrin matrix with fewer visible pores and smoother surface
features, reflecting its hydrated, gel-like state (Figure 4.5).

2024/12/18 14:48 N D4.4 x100 2024/12/19 1525 N D58 x50k 20 um

2024/11/21 1005 N D56 x2 Ok 30 um 2024/12/18 1427 N D55 x1 Ok 100um

Figure 44  Representative SEM Micrographs of The Microstructure of LyPRF
Showing its Porous Surface Morphology. SEM Scale bar: (A) 1mm, (B)
20um, (C) 30um, (D) 100um.
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2024/12/19 1016N D41 x1 Ok 100 um

2024/12/19 10:18 N D41 x2Ok 30 um

Figure 4.5 Representative SEM Micrographs of The Microstructure of FPRF
Showing Its Loose Surface Morphology. SEM Scale bar: (A) 1mm, (B)
20um, (C) 30um, (D) 100um.



4.2.2 Porosity

Cross-sectional analysis of the porous microstructure in LyPRF and FPRF
revealed clear differencesin pore morphology and distribution, as summarised in (Table
4.2) and illustrated in (Figures 4.6 and 4.7). LyPRF exhibited larger and more
heterogeneous pores, with a mean pore size of 97.85 £ 58.06 um. In contrast, FPRF
demonstrated comparatively smaller pore dimensions, with a mean pore size of 54.79 +
54.67 um. However, the difference in mean pore sizes between LyPRF and FPRF is not
statistically significant (P>0.05). Qualitative microstructural evaluation further revealed
that LyPRF possessed a more interconnected pore network, whereas FPRF primarily
exhibited isolated, concave depressions with limited interconnectivity. Collectively,
these observations suggest that although LyPRF demonstrates a more favourable and
interconnected pore architecture, the quantitative differences in pore size did not reach
statistical significance.

Table 4.2 Mean Pore Size, P-value, and Statisticall Comparison Between LyPRF and
FPRF.

Mean Pore Size (+ SD)  Satistics™ (df) P - value'
LyPRF  97.85 % 58,06 um 0.0287 4
FPRF 54.79 = 54.67 pm

@ Unpaired t-test
® The mean pore size of the samples is significantly different by post-hoc test (Welch's t-test)



2024/12/19 ll.ON D6.1 xI.Ok 100 um

ft

Figure 4.6Cross-Sections of LyPRF Demonstrating Its Porosity and Measurements of
The Mixture of Different Pore Sizes. SEM Scale Bar: (A) 30um, (B) 100um, (C)
200um, (D) 500um.

2024/12/18 14:14 N D54 x500 200um 2024/12/19 1546 N 064 x200 500 um

.

ks
20241218 1054N D55 x20k  30um 20241218 1052N D64 x1Ok 100

2024129 0856N D48 «500 200um 20241218 1043IN DS54 200 500 um

Figure 4.7Cross-Sections of FPRF Demonstrating Its Porosity and Measurements of
The Mixture of Different Pore Sizes. SEM Scale Bar: (A) 30um, (B) 100um, (C)
200um, (D) 500um.
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4.2.3 Fibrin Network

FESEM analysis revealed that LyPRF exhibited a more established 3D fibrin
framework in the cross-sectional view compared to FPRF. This observation was
supported by fibrin thickness distribution analysis derived from SEM measurements,
which demonstrated that L yPRF possessed a broader range of fibrin network sizes from
0.5to 3.5 um, whereas FPRF exhibited a narrower distribution limited to 0.0 to 2.0 um,
as summarised in (Table 4.3). Quantitative comparison of mean fibrin network
thickness further indicated that LyPRF had significantly larger fibrin structures (1.278
+ 0.491 pm) compared to FPRF (0.561 + 0.305 um) (Table 4.4). The disparity between
fibrin thickness of LyPRF and FPRF is statistically significant (P<0.005) as illustrated
in figure 4.8 and 4.9. Morphologically, the fibrin network in LyPRF appeared as a
densely well-distributed, interconnected mesh with uniform porosity and clearly
distinguishable fibrin strands. In contrast, FPRF exhibited a more compact and less
defined fibrin architecture, characterised by loosely packed fibres and reduced
interconnectivity, likely attributable to its hydrated and frozen state.

Table 4.3. Frequency Distribution of The Fibrin Networks in LyPRF and FPRF.

Bin (fim) LyPRF FPRF
00- 05 0 151
05- 10 89 119
10 - 15 138 29
15 - 20 39 1
20-25 24

25-30 8

30-35 2 0
Total Value 300 300

Table 4.4 Mean Fibrin Network Size and Corresponding P-value for LyPRF and FPRF.

Mean Fibrin Size (+ SD) Satistics' (df) P - Value"
LyPRF 1.278 £ 0.491 0.0059 D
FPRF 0.561 + 0.305

@ Unpaired t-test
® The mean fibrin size of the samples is significantly different by post-hoc test (Welch's t-test)
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2024/12/19 1612 N DS3 x50k 20 um

y =

2024/11/21 1245 N D50 x2 2024/12/19 16:07 N D53 x20Ok  30um

Figure 4.8Microstructure of LyPRF Showing a Porous and Loosely Arranged Fibrin
Network. SEM Scale Bar: (A) 20um, (B) 20um, (C) 30um, (D) 30um.

2024/12/18 11:57 N D55 x50k 20 um 2024/12/18 11:53 N D55 x2.0k 30um

2024/12/18 11:49 N D55 «1 0k 100um 2024N12M8 MO N DSS 200 500um

Figure 4.9Microstructure of FPRF Displaying a Compact and Less Defined Fibrin
Network. SEM Scale Bar: (A) 20um, (B) 20um, (C) 30um, (D) 30um.
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424 Cél Entrapment

Analysis of cell entrapment, including platelets (~2-4 um) and leukocytes (~6-
15 um), within LyPRF and FPRF revealed notable differences in both distribution and
density, with mean values reported in (Table 4.5) and representative images shown in
(Figures 4.10 and 4.11). LyPRF demonstrated a higher concentration of entrapped cells,
with both platelets and leukocytes clearly visualised throughout its porous,
interconnected fibrin matrix. In contrast, FPRF showed sparse cellular components,
predominantly localised near the surface, with fewer cells embedded within its dense
fibrin network. Notably, leukocytes in FPRF were not clearly observable under SEM,
in contrast to LyPRF where they were readily visualised. Quantitatively, the mean
platelet size in LyPRF was 3.852 um = 0.422 um and the mean leukocyte size was
6.076 um = 0.490 um, while the platelets observed in FPRF measured 2.034 um *
1060 um. The analysis revealed statistically significant differences between LyPRF
platelets and LyPRF leukocytes (p < 0.005), as well as between LyPRF platelets and
FPRF platelets (p < 0.005). A more pronounced difference was observed between
LYPRF leukocytes and FPRF platelets (p < 0.0001), indicating distinct cellular
distributions and preservation profiles between LyPRF and FPRF. Overdl, these
findings highlight the differences in cell sizes, alowing more accurate quantification in
LyPRF compared to FPRF. Therefore, these findings indicate that LyPRF provides
superior quantification and quality of cellular components, due to its interconnected

porous structure compared to FPRF.

Table 4.5 Observed Sizes of Platelets and L eukocytes in LyPRF and FPRF.
Mean Cdl Sze (+ D) Satistics™ (df) P - Value"
Platelets  LyPRF 3.852 um * 0.422 um 0.0081 D
FPRF  2.034 pm = 1.060 pm
Leukocytes LyPRF 6.076 um £ 0.490 um
FPRF

# Two-Way ANOVA test
® The mean cell size of the samples is significantly different by post-hoc test (Turkey's test)




2024/12/19 11:21 N D47 x10k 10um

2024/11/22 09:48 N D5.4 x50k 20 um 2024/11/22 10:44 N D44 x2.0k 30 um

Figure 4.10 SEM Micrographs of LyPRF Showing Cells Within a Porous Fibrin
Matrix. Red Circles: Platelets; Yellow Squares: Leukocytes. SEM Scale Bar: (A)
3.0um, (B) IOum, (C) 20um, (D) 30um.

20241218 1622N D56 x1.0k 100 um 20241218 620N D58 x500 200 um

Figure 4.11 SEM Micrographs of FPRF Showing Cells Within a Porous Fibrin Matrix.
Red Circles: Platelets. SEM Scale Bar: (A) 20um, (B) 30um, (C) I00um, (D) 200um.
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4.3 Energy Dispersive X-Ray Spectroscopy (EDX) Analysis

An EDX analysis was performed to ascertain the confirmation of PRF's
elemental composition in both samples. The analysis revealed that LyPRF and FPRF
contained a predominant number of essential elements that are frequently found in
biological tissue, including carbon (C), oxygen (O), calcium (Ca), and phosphorus (P)
(Figure 4.12). In LyPRF, carbon constituted 69.95 wt%, followed by nitrogen at 17.38
wt% and oxygen at 7.27 wt%. Comparatively lower values were observed in FPRF,
with carbon, nitrogen, and oxygen accounting for 68.94 wt%, 16.38 wt%, and 6.65 wt%,
respectively. Furthermore, trace amounts of calcium and phosphorus were detected in
both groups, with a higher phosphorus content observed in LyPRF and a higher calcium
content observed in FPRF. In FPRF, calcium and phosphorus were recorded at 0.28
wt% and 0.74 wt%, respectively, whereas LyPRF exhibited 1.19 wt% phosphorus and
0.08 wt% calcium.

Additionally, magnesium (Mgq), zinc (Zn), silicon (Si), copper (Cu), and iron
(Fe), were identified in trace amounts in both LyPRF and FPRF, with dlight variations
between the two biomaterials. The presence of these elements, along with other minor
constituents, isillustrated in (Figure 4.12). Overall, LyPRF exhibited a higher relative
abundance of elemental components compared to FPRF. Both samples were
predominantly composed of organic elements (C, N, O), while mineral-associated
elements, including Ca, P, Mg, Zn, Fe, Si, and Cu, were detected in trace amounts.
Therefore, the presence of these elements may contribute to better bioactivity and
cellular interactions of the biomaterial.
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cps/eV Element Mass Norm (%)
s LyPRF| ~cabon (0 69.95
8 Nitrogen (N) 17.38
; Oxygen(O) 7.27
Sulphur (S) 197
Sodium (Na) -
Chlorine (CI) 0.46
Phosphorus (P) 119
Potassium (K) 0.46
Iron (I-'e) 025
Calcium (Ca) 0.08
Zinc (Zn) 012
L 22 Copper (Cu) 012
2 4 6 8 10 12 14 16 Silicon (S) 0.04
Energy [keV] Magnesum (Mg)  0.04
FPRF
cpsfeV Element Mass Norm (%)
Carbon (C) 68.94
1 Nitrogen (N) 16.38
Oxygen (0) 6.65
Sulphur (S) 248
K] Sodium (Na) 131
Chlorine (Cl) 195
Phosphorus(P) 0.74
. Potassium (K) 0.38
eiInt Iron (Fe) 045
y’iN,:R S,\'i,?lh | x Calcium (Ca) 0.28
1 %A L» A Zinc (Zn) 0.20
6 Ignergy e \}]o 12 14 16 Copper (Cu) 0.16
Silicon (S) 0.04

Magnesium (Mg) 0.03

Figure 4.12 EDX Analysis of Samples (A) LyPRF, and (B) FPRF, Presenting FESEM
Micrograph, and Corresponding Elemental Spectra
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44 Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy was conducted to assess the preservation of key biochemical
components in LyPRF and FPRF, with particular emphasis on amide |, amide 11, O-H,
and N-H functiona groups. The FTIR spectra of both LyPRF and FPRF, recorded over
the range of 4000-650 cm™, are presented in (Figure 4.13). Both samples displayed
characteristic absorption bands corresponding to amide | (-1650 cm') and amide |1
(-1540 cm?'), indicating the retention of protein secondary structures following the
respective preservation processes. In addition, a broad absorption band observed at
approximately -3300 cirr® in both groups was attributed to O-H and N-H stretching
vibrations, reflecting the presence of hydrogen bonding within the protein matrix.
Collectively, these results confirm that the essential protein-related biochemical
features of PRF were well preserved in both lyophilised and frozen forms,
demonstrating that neither preservation method caused significant alterations to the
molecular integrity of the fibrin-based matrix.

C-0

- (-H/N-H

Amide 11

FPRF

Amide I

+— C-0

+——0-H/N-H

«—— Amide 11

LyPRF

Amide I

Figure 4.13 FTIR Spectra of (A) FPRF, and (B) LyPRF, Indicating Characteristic
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Peaks Corresponding to O-H/N-H Stretching, Amide |, and Amide |l Bands
4.5 X-Ray Diffraction

The XRD analysis was performed to examine the crystalline characteristics of
LyPRF and FPRF samples (Figure 4.14). All samples exhibited broad diffraction
patterns, indicating a largely amorphous structure consistent with fibrin-based
biomaterials. A notable diffraction peak was observed in the range of 30°-31° (29)
across both LyPRF and FPRF, suggesting the presence of crystalline calcium phosphate
phases. LyPRF generaly display a more prominent peak intensity in this region in
comparison to FPRF. Additional minor peaks were detected at lower intensities, but no
other mgjor diffraction peaks were observed. These results confirm the presence of
limited crystalline content, with LyPRF samples exhibiting dightly higher peak
intensities than FPRF.

LyPRF 2

1200- ouv.usoz | 31.9207 LyPRF 1
FPRF 2

1000- FPRF1
800-

>
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> 600-

I 400-

O
200-

0_.
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26

Figure 4.14 XRD Patterns of Samples FPRF and LyPRF, Illustrating the Crystalline
Phases and Comparing the Diffraction Peaks Associated with Their Structura
Composition



4.6 Enzyme-Linked Immunosorbent Assay (ELISA)

4.6.1 Kinetic Release Pattern of PDGF-AB, PDGF-BB, and TGF-f31

The kinetic release patterns of PDGF-AB, PDGF-BB, and TGF-f31 from LyPRF
and FPRF were quantitatively evaluated over a 21-day period utilising a commercial
ELISA assay technique. The calibration data for each growth factor are presented in
Figure 4.15 as bar graphs, illustrating the relationship between optical density and
concentration and ensuring accurate quantification across the measured range. Notably,
PDGF-AB and PDGF-BB exhibited a characteristic biphasic Kkinetic release
pattern released in two stages. This is defined by initial rapid initial burst phase, where
a substantial amount of the growth factor is rapidly liberated from the PRF matrix. This
is followed by a second, slower sustained phase, during which the remaining growth
factors are gradually released as the fibrin network continues to degrade. This two-stage
release pattern reflects the combined influence of surface-associated release and deeper
matrix-controlled release mechanism. In contrast, TGF-1 demonstrated a distinctly
different release profile, characterised by a single early peak followed by a gradual,

continuous decline with no subsequent secondary peaks.
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Kinetic Release Pattern of PDGF-AB
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ure 4.15 Kinetic Release Pattern of PDGF-AB, PDGF-BB, and TGF-P, from FPRF
and LyPRF over 21 days
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The concentrations of PDGF-AB analysed and reported in (Table 4.6)
demonstrated a distinct biphasic release pattern in both LyPRF and FPRF. This pattern
was characterised by an initial burst release within the first 24 hours, followed by a
continuous and sustained release phase up to day 14. Notably, LyPRF exhibited a higher
initial PDGF-AB release (1.045 + 0.682 pg/ml) compared to FPRF (0.761 + 0.475
pg/ml), suggesting that the lyophilisation process facilitates sustained release of
bioactive molecules. The peak release occurred on day 14, with LyPRF reaching 1.562
+ 0.487 pg/ml and FPRF attaining 1.019 + 0.482 pg/ml. Overal, the extended-release
profile observed in LyPRF indicates enhanced molecular stability and sustained matrix
integrity following lyophilisation, thereby supporting prolonged bioavailability of
PDGF-AB.

Table 4.6 Kinetic Release Pattern of PDGF-AB.

Days LyPRF (pg/ml) FPRF (pg/ml) Satistics™  (df) P - value"
1 1045 +0.682  0.761 + 0474  0.4286 ns’

7 0.986 + 0529  0.528 * 0.209

14 1562 + 0.487 1.019 + 0.482

21 0.621 +0.853  0.820 * 1.066

@ Two-Way ANOVA test
® The mean interaction of the samples is not significantly different by post-hoc test (Turkey’s test)

Similarly, PDGF-BB exhibited a comparable biphasic release profile, as
reported in (Table 4.7), characterised by a pronounced initia surge on day 1 followed
by a gradual and sustained increase up to day 14. At the early time point, LyPRF
demonstrated a higher release of PDGF-BB (97.41 £ 62.28 pg/ml) compared to FPRF
(65.78 £ 49.65 pg/ml), indicating more effective preservation and subsequent rel ease of
growth factors in the lyophilised form. The maximal PDGF-BB release was observed
on day 14, with LyPRF reaching 153.26 + 42.25 pg/ml, in contrast to 85.74 + 47.88
pg/ml for FPRF.
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Table 4.7 Kinetic Release Pattern of PDGF-BB.

Days LyPRF (pg/ml) FPRF (pg/ml) Statistics”  (dfy P - value”

1 97.407 £62.277 65.778 +49.648  0.3764 ns’
7 94.296 + 58.003 38.444 + 20.240
14 153.259 +42.244 85.741 +47.877
21 47.963 +89.520 63.407 + 108.001

%ﬁi‘lﬁiﬁ ﬁqlt\i?a\c/t?o;eitf the samples is not significantly different by post-hoc test (Turkey’s test)

Conversely, as presented in (Table 4.8), TGF-B1 exhibited a distinct release
profile compared to PDGF-AB and PDGF-BB, with the highest kinetic release observed
on day 1 for both LyPRF and FPRF. During this initial phase, LyPRF demonstrated a
substantially higher release of TGF-B1 (165.72 + 201.04 pg/ml) compared to FPRF
(55.94 = 113.05 pg/ml), which is consistent with the early release of TGF-f1 associated
with the fibrin surface and platelet membranes. Following this peak, TGF-1 levels in
both preparations declined sharply, reaching undetectable levels in FPRF by day 14,
while LyPRF retained a minimal residual concentration (3.389 £ 71.207 pg/ml) at the

same time.

Table 4.8 Kinetic Release Pattern of TGF-B1.

Days LyPRF (pg/ml) FPRF (pg/ml) Statistics”  (df)y P - value"”
1 165.722 £201.041 55.945 +113.052 0.0513 ns’

7 115.167 + 164.704 -76.167 +26.965

14 3.389 + 71.207 -70.000 +44.531

21 -72.444 *+ 30.348 -71.889 +69.661

* Two-Way ANOVA test
* The mean interaction of the samples is not significantly different by post-hoc test (Turkey’s test)

Overall, the kinetic release pattern analysis indicates that LyPRF demonstrated
a trend towards a more prolonged and quantitatively higher release of PDGF-AB and
PDGF-BB compared to FPRF, while also maintaining detectable levels of TGF-f31
beyond the acute release phase. Nevertheless, statistical analysis revealed that these
differences were not significant (P > 0.05) Although the observed release profiles
suggest enhanced growth factor retention and sustained release behaviour in LyPRF,
these trends should be interpreted with caution. Collectively, the findings suggest that

LyPRF shows potential as a biomaterial for sustained growth factor release for BTE.
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46.2 Cumulative Release Pattern of PDGF-AB, PDGF-BB, and TGF-pi

The cumulative release profiles of PDGF-AB, PDGF-BB, and TGF-pi from
LyPRF and FPRF were quantified over 21 days using ELISA assay. All growth factors
exhibited a time-dependent increase in concentration, demonstrating sustained release
behaviour throughout the analysis period (Figure 4.16). In general, LyPRF consistently
showed higher cumulative release levels compared to FPRF, suggesting enhanced long-

term availability of growth factors. The statistica analysis, performed using Tukey's
post hoc test, is presented in (Table 4.9).
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Figure 4.16 Cummulative release pattern of PDGF-AB, PDGF-BB, and TGF-P from
FPRF and LyPRF over 21 days
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Table 4.9 Multiple Comparison Turkey Post-Hoc for LyPRF vs FPRF.

Time Comparison Satistics™ (df) P-value"
Day 1 PDGF-AB 0.7536 ns’
PDGF-BB 0.7223 ns’
TGF-B1 0.4315 ns’
Day 7 PDGF-AB 0.4163 ns’
PDGF-BB 03319 ns’
TGF-B1 0.0687 ns’
Day 14 PDGF-AB 0.1675 ns’
PDGF-BB 0.0953 ns’
TGF-B1 0.0453 *C
Day 21 PDGF-AB 0.2392 ns’
PDGF-BB 0.1235 ns’
TGF-B1 0.0453 *C

a Two-Way ANOVA test and Turkey’s post-hoc analysis

PDGF-AB exhibited a gradual cumulative release over the 21-day period.
LYPRF released 1.045 pg/mL on day 1, increasing steadily to 2.031 pg/mL, 3.593
pg/mL, and 4.214 pg/mL on days 7, 14, and 21, respectively. In contrast, FPRF
displayed lower release values at dl time points, beginning at 0.761 pg/mL on day 1
and rising to 1.289 pg/mL, 2.308 pg/mL, and 3.128 pg/mL on the corresponding days.
Although LyPRF consistently showed higher PDGF-AB release, the differences were
not statistically significant at any time point (P > 0.05).

The release profile of PDGF-BB followed a similar cumulative trend but with
substantially higher absolute concentrations. LyPRF increased from 97.407 pg/mL on
day 1 to 191.703 pg/mL on day 7, reaching 344.962 pg/mL and 392.925 pg/mL on days
14 and 21, respectively. FPRF exhibited a slower cumulative progression, releasing
65.778 pg/mL, 104.222 pg/mL, 189.963 pg/mL, and 253.370 pg/mL at the
corresponding time points. Although LyPRF demonstrated higher cumulative PDGF-
BB release, these differences were not statistically significant at any time point (P >
0.05). The gradual dope after day 14 suggests a sustained late-phase release, consistent
with prolonged bioactivity potential.
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TGF-31 exhibited a distinct release pattern, characterised by a rapid early
release followed by plateauing. LyPRF released 165.722 pg/mL on day 1, rising to
280.889 pg/mL on day 7 and stabilising at approximately 284.278 pg/mL on days 14
and 21. In contrast, FPRF showed markedly lower and Ilargely unchanging
concentrations, remaining around 55.944 pg/mL across all time points. While
differences in TGF-[1 release were not statistically significant on days 1 and 7 (P >
0.05), LyPREF exhibited significantly higher release compared to FPRF on days 14 and
21 (P <0.05). The extended release from LyPRF suggests that lyophilisation preserved
latent TGF-f31 stores within the fibrin mesh, allowing slow enzymatic degradation and
diffusion throughout the incubation period.

Collectively, these data indicate that lyophilisation modifies the release kinetics
of key growth factors by attenuating premature diffusion and prolonging late-phase
availability. Among the examined growth factors, PDGF-BB showed the highest
cumulative release, followed by TGF-31 and PDGF-AB.

4.7 MTT Assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide)

The biocompatibility analysis conducted on HGF using MTT assay
demonstrates the cell proliferation trends for LyPRF, FPRF, and the medium as an
additional control group over 24, 48 and 72 hours is presented in (Table 4.10) and
illustrated in (Figure 4.17). At 24 hours, both LyPRF (0.656 + 0.079) and FPRF (0.713
+ 0.065) demonstrated higher metabolic activity compared to the control group (0.538
+ 0.012). Statistical analysis of the MTT assay data (Table 4.11) showed that FPRF
induced significantly higher cell proliferation compared with the control group (p <
0.005). In contrast, no statistically significant differences were observed between

LyPRF and FPRF (p > 0.05) or between LyPRF and the control group (p > 0.05).
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Table 4.10 Descriptive Analysis of Cell Proliferation of HGF Over Time.

24 Hours 48 Hours 72Hours
Lyophilised Platelet- 0.656 + 0.079 0.672 + 0.094 0.737 + 0.065
Rich Fibrin (LyPRF)
Frozen Platelet-Rich 0.713 + 0.065 0.750 + 0.029 0.562 + 0.050
Fibrin (FPRF)
Control 0.538 + 0.012 0.583 + 0.032 0.441 + 0.035

Table 4.11 Multiple Comparison Turkey Post-Hot for HGF Proliferation.

Time Comparison P-value Significance
24 Hours LyPRF vs FPRF 0.4705 ns
LyPRF vs Control 0.0590 ns
FPRF vs Control 0.0068 *
48 Hours LyPRF vs FPRF 0.2717 ns
LyPRF vs Control 0.2184 ns
FPRF vs Control 0.0041 *
72 Hours LyPRF vs FPRF 0.0043 *x
LyPRF vs Control 0.0004 *kk
FPRF vs Control 0.0189 *

# Two-Way ANOVA test and Turkey's post-hoc analysis

MTT Assay Analysis
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Figure 4.17 Biocompatibility Evaluation by MTT Assay on Human Gingival
Fibroblasts (HGF) Exposed to FPRF and LyPRF
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A similar trend was observed at 48 hours, with LyPRF maintaining a moderate
proliferation rate (0.672 £ 0.094), and FPRF exhibiting the highest cell proliferation
(0.750 = 0.029), where both biomaterials exceeding the control group (0.583 + 0.032).
Statistical analysis at this time point revealed a significant difference between FPRF
and the control group (p < 0.005). In contrast, no statisticaly significant differences
were observed for comparisons involving LyPRF, including LyPRF versus FPRF and
LyPRF versus the control group (p > 0.05).

In contrast, the observed cell proliferation results at 72 hours demonstrated
LyPRF having the highest proliferation rate (0.737 £ 0.065), which is notably higher
than both FPRF (0.562 + 0.050) and the control group (0.441 + 0.035). Statistical
analysis demonstrated that LyPRF exhibited significantly higher cell proliferation
compared with both FPRF (p < 0.005) and the control group (p < 0.0005). Although
FPRF showed a reduction in proliferative activity at this time point, it remaned
significantly greater than the control (p < 0.05).

Overadll, the MTT analysis exhibited higher proliferation for both LyPRF and
FPRF in comparison to the control throughout all time points. Moreover, the analysis
demonstrates FPRF supported stronger early-stage cell proliferation, particularly during
the initid 24 and 48 hours. In contrast, LyPRF provided a more favourable
microenvironment for sustained cellular growth over time, as it demonstrates the
highest metabolic activity at 72 hours. This sustained proliferative response highlights
the potential of LyPRF to support longer-term cellular viability and growth, that are

advantageous for tissue regeneration applications.
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CHAPTER 5
DISCUSSION

5.1 Participant Recruitment

The participant recruitment was conducted using a standardised protocol of
predetermined criteria, in accordance with previously established literatures (Nakgima
et al., 2024; Ngah et al., 2021a). The selection process was designed to ensure that all
recruited participants met the physiological and health requirements necessary to
produce reproducible and biologically consistent platelet concentrate-based material.
By adhering to these standards, the study ensured methodological consistency and
standardisation throughout the experimental procedures.

The number of participantsin this study is consistent with previous reports, as
similar studies involving autologous biomaterials have employed a limited number of
participants (Anaya-Sampayo et al., 2024; Liu et al., 2022b; Ngah et al., 2021a). This
is aimed to enhance the reproducibility of the fabricated biomaterials while minimising
biological variability that may arise during preparation. It also ensures that the
comparative analysis of FPRF and LyPRF characteristics remains consistent and
scientifically valid for bone tissue engineering applications. To provide a reliable
baseline for tissue regeneration, participants were selected from a homogeneous group
of healthy young adults aged between 20 and 30 years. This age range was chosen
because it represents the optimal physiological window for platelet activity, fibrinogen
concentration, and leukocyte function. Restricting recruitment to this demographic
helps to eliminate age-related variations in coagulation dynamics, fibrin network
density, and growth factor release, which could otherwise introduce confounding effect
(Ygamanya et al., 2016). This is because the differences in platelet activity, fibrin
polymerisation rates, and the baseline concentration of bioactive molecules tend to
fluctuate across different age groups. This variability influences the biomaterial-related
outcomes through its clot formation, structural integrity, and the subsequent kinetic
release pattern of key regenerative signals, including growth factors (Calciolari et al.,
2025; Piplani et al., 2025). By narrowing the age range of participants, the study
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minimises physiological heterogeneity and enhances the reliability and internal validity
of the comparative analyses between LyPRF and FPRF.

Another significant criteria that were taken into consideration in this study are
the lifestyle and health of the participants. This is because the biological composition
and regenerative potential of the biomaterial are directly influenced by the lifestyle and
health of an individual. Therefore, non-smokers were an important criteria of the
participants recruited, as smoking has been documented to impair platelet aggregation,
vascular function, and angiogenesis, thereby compromising the biological activity of
PRF in this study (Srirangargjan et al., 2021). Furthermore, to prevent pathological
changes in blood composition that could potentially impact the fibrin structure and
growth factor retention of the sample in this study, individuals with chronic systemic
illnesses were excluded. Additionally, participants who had taken aspirin or NSAIDS
medications within the three months prior of the blood collection were excluded, as
these medications are known to interfere with platelet activity and fibrin polymerisation
of PRF (Mahmoodabadi et al., 2023).

Overall, the implementation of strict inclusion and exclusion criteria based on
previous protocol in literature ensured that all participants represented a healthy
physiological baseline, thereby strengthening the internal validity of the study. This
careful selection process minimised donor-related variability and provided a consistent
foundation for subsequent physicochemical and biological anayses of FPRF and
LyPRF.

5.2 Fabrication of LyPRF and FPRF

This study highlights the fabrication of both FPRF and LyPRF using previously
established protocols by Liu et al. (2022) and Ngah et al. (2024), with minor
modifications tailored, specificaly designed to accommodate the intended application.
The methodological reproducibility and comparability with previous findings are
ensured by the implementation of an established fabrication protocol while enabling the
optimisation of this biomaterial for bone tissue engineering purposes.

PRF was fabricated through the standard centrifugation technigque without the
use of anticoagulant which enables the natural activation of the coagulant cascade from
the biomaterial. This process allows platelets and leukocytes to become entrapped
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within a dense fibrin matrix, forming a biologically active clot capable of sustaining
growth factor release. This technique reflects the original protocol introduced by
Choukroun et al (2006), which describes PRF as an autologous biomaterial derived from
venous blood without the addition of anticoagulant agents. This further enhances the
functionality of this biomaterial due to its ssmplicity and biocompatibility, ensuring its
safety and clinical practicality, specifically in craniofacial regeneration.

To produce FPRF, the freshly prepared biomaterial was subjected to afreezing
protocol, aiming to preserve its structura integrity and biological components by
stabilising the fibrin matrix. This procedure offers an innovative approach to prolong
the clinical shelf life of PRF and preserves its bioactive potential for physicochemical
analysisand BTE applications(Liu et al., 2024a). However, FPRF introduces a different
set of limitations. While its prolonged clinical shelf lifeis advantageous, the biomaterial
requires highly specific storage conditions, particularly continuous maintenance at
ultra-low temperatures (-80 °C). This requirement increases logistical complexity and
operational cost. Furthermore, transportation becomes challenging, as the biomaterial
must remain strictly within the ultra-low temperature range throughout transit to ensure
preservation of its physicochemical properties and biological functionality (Palangques-
Pastor et al., 2025).

To address these limitations, LyPRF was developed with the aim of improving
storage stability, enhancing transportability, and clinical half-life. Therefore, it enables
the potential of using LyPRF as a tissue bank biomaterial. LyPRF is produced by
lyophilising FPRF under controlled low-temperature and low-pressure conditions, a
process that removes moisture from the biomaterial while preserving its structural and
biological integrity (Bhambere et al., 2015). Lyophilisation stabilises the fibrin matrix
and prevents the degradation of the embedded cellular components and growth factors
in the biomaterial. Therefore, the bioactivity of the bio scaffold can be preserved over
extended periods without dependence on continuous low-temperature storage
conditions. This improvement enhances the clinical half-life, storage capability and
transportation requirements of LyPRF. Furthermore, this method increases the
versatility of LyPRF as a readily available, off-the-shelf product for BTE and
regenerative applications, particularly in craniofacial regeneration (Jiaet al., 2024; Liu
et al., 2022b).

As evident by the analysis conducted, LyPRF retains the essential physical
characteristics of fresh PRF, such asits dry, sponge-like morphology and porous fibrin
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network. The preservation of these characteristics indicates that the structural
framework of the fibrin matrix remains largely intact despite the lyophilisation process,
thereby maintaining its functional role as a bio scaffold for BTE (Krishani et al., 2023).
Nevertheless, some observable changes in the physical dimensions of the PRF matrix
were detected following lyophilisation. LyPRF demonstrated a substantial reduction in
both weight and length compared to FPRF, primarily attributed to the complete removal
of moisture during the sublimation stage of the lyophilisation process (Ngah et al.,
2021a). This transformation produces a lightweight scaffold, enhancing the handling
and storage potential of the biomaterial while maintaining a stable, sponge-like texture
suitable for BTE applications. The porous, compressible nature of this sponge-like
structure facilitates the integration of LyPRF with other biomaterials commonly used in
BTE, thereby broadening its versatility in composite scaffold fabrication (Li et al.,
2024a; Lutzweiler et al., 2020).

From a clinical standpoint, these changes are advantageous for future clinical
application, astheresulting biomaterial is easier to handle, and transportable, exhibiting
an improved storage capability. This innovation reduces the fabrication, storage, and
transportation constraints commonly associated with PRF-based materials and facilitate
wider clinical usability. Consequently, LyPRF presents a potential solution as a
clinicaly versatile and shelf-stable biomaterial, aligning with the growing demand for
personalised medicine, and platelet-based scaffolds in BTE (Huang et al., 2025b;
Pardeshi et al., 2023).

5.3 Microstructure of LyPRF and FPRF Analysed using FESEM

The analysis of the microstructure of LyPRF and FPRF using FESEM provides
an in-depth visual evauation of the morphological characteristics that are fundamental
to the biological performance of the biomaterials. Through FESEM imaging, the fibrin
architecture of both LyPRF and FPRF can be observed clearly, revealing a dense and
interconnected porous network that serves as a natural scaffold for cellular interaction
during tissue regeneration. This fibrous matrix is essential in supporting key cellular
functions including cell proliferation, adhesion, and migration, which are vital for BTE
(Wong et al., 2017). In addition, the visible porosity and fibrillar arrangement of these
biomaterials facilitate the entrapment and gradual release of bioactive materials such as
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platelets, leukocytes, and growth factors, thereby establishing a sustained biological
microenvironment conducive to wound healing and osteogenic activity (Sun et al.,
2023a). During the dehydration process achieved through lyophilisation, LyPRF
demonstrated the abundance of dense fibrin structure of fresh PRF and FPRF while
introducing subtle morphological alterations. These structural changes potentially
enhance the stability and handling properties of the biomaterial without compromising
its cellular activitiesincluding cell proliferation, migration and adhesion. Moreover, we
speculate that the porous microstructure of both LyPRF and FPRF promotes vascular
ingrowth, facilitates cell attachment and proliferation, and supports efficient nutrient
diffuson and waste removal critical in regeneration process (Anaya-Sampayo et al.,
2024). Overall, the FESEM analysis demonstrated that LyPRF preserves the essential
microarchitectural required to function as an effective bio scaffold, despite undergoing

lyophilisation process.

5.3.1 Surface Morphology

The analysis of the surface morphology of both LyPRF and FPRF highlights
distinct structural differences that may significantly influence key biological responses,
particularly craniofacial regeneration. FESEM imaging revealed distinct surface
morphological differences between the two biomaterials, demonstrating the differential
effects of the lyophilisation and freezing processes towards PRF structure. LyPRF
exhibited a rough and irregular surface microarchitecture, which enhancesits functional
suitability as a bio scaffold by providing a larger surface area for cellular attachment
and proliferation. This topographical advantage supports more efficient adhesion of
osteogenic and endothelial cells to the fibrin matrix, thereby promoting favourable
cellular responses essential for bone tissue regeneration. The interconnected porous
structure also facilitates cellular migration that are essential for neovascularisation and
new tissue formation within bone defects (Abbasi et al., 2020; Sun et al., 2023a).

Moreover, the surface irregularities and micro-roughness observed in LyPRF
contribute to the enhanced protein adsorption, a critical factor in the integrin-mediated
signalling pathways, thus aiding in mediating cell adhesion. Abbasi et al discovered that
proteins such as fibronectin and vitronectin, when adsorbed onto the rough surface,
function as bioactive anchors that facilitates the binding of osteoblasts and fibroblasts,
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thereby promoting rapid cell proliferation and matrix synthesis (Hamraoui, 2025). The
increase surface roughness also provides microenvironments that promotes platelet
adhesion and activation, sustaining the localised release of essential growth factors such
as PDGF, VEGF, and TGF-f. The synergistic effect of these growth factors is essential
for the effective regeneration of craniofacial bone tissue, considering this process
promotes angiogenesis, collagen synthesis, and osteoblastic differentiation (Aghali,
2021).

In contrast, the FPRF samples demonstrated a comparatively smoother and
homogenous appearance compared to LyPRF. We speculate this material demonstrates
less favourable environment for cellular attachment and proliferation (Jia et al., 2024).
Moreover, the number of active binding sites accessible for cell adhesion is reduced in
correlation to the decreased roughness of its surface morphology, thus potentially
limiting cell migration and subsequent regenerative mechanisms. In addition, it was
demonstrated that the loose architecture of FPRF allows for a faster diffusion and
release of growth factors, resulting a shortened duration of biological activity (Ngah et
al., 2021a). Therefore, the FPRF retaining the smoother morphology of FPRF
compromises the sustained release and spatial distribution of bioactive molecules,
thereby restricting its long-term regenerative efficacy compared to LyPRF.

These finding collectively indicates that the surface morphology of LyPRF
demonstrate a distinct functional advantage over FPRF. The rough surface morphology
of LyPRF mimics natural ECM, providing a 3D framework that facilitates cellular
interactions and promotes tissue regeneration (Liu et al., 2024b). Furthermore, the
sponge-like microstructure of LyPRF enhances its capacity to retain and gradually
release bioactive factors, resulting in a sustained stimulatory microenvironment that
promotes osteogenesis and angiogenesis over time. This is particularly advantages for
BTE applications, where prolonged signalling and cellular integration are required for
craniofacial regeneration (Sun et al., 2023a). Therefore, it is evident that lyophilisation
produces a spongier and more roughened surface in LyPRF, while simultaneously
extending its shelf life. This enhancement improves the biomaterial’s suitability for
transportation and long-term storage without compromising its capacity to support

essential cellular activities.
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5.3.2 PoreSizes

The porosity of a biomaterial refers to the presence of interconnected pores or
void spaces within its structure, which plays a fundamental role in BTE. The pores are
essential for the formation of new regenerative tissue by supporting essential
physiological processes, including nutrient and oxygen diffusion, waste removal,
cellular migration, proliferation, and vascularisation. These regenerative functions are
attributed to the inherently high porosity of PRF-based materials, asreported in previous
literature (Altalbawy et al., 2025; de Lima Barbosa et al., 2023) . The interconnected,
tunnel-like porous morphology within the fibrin matrix facilitates efficient nutrient and
waste exchange. In addition, it provides pathways for cell migration and vascul arisation,
thereby creating a microenvironment conducive to sustained tissue regeneration
(Lutzweiler et al., 2020; Wong et al., 2021b) . Therefore, the porous biomaterial
enhances mechanica interlocking between the scaffold and the native bone and
improves its overal stability as a bio scaffold. This properties is further supported by
adequate pore interconnectivity, which facilitates communication between
microenvironments within the biomaterial, enabling synchronised cellular signalling
and matrix remodelling essential for effective tissue regeneration. (Hasan et al., 2025;
Karageorgiou & Kaplan, 2005). The porosity demonstrated by both LyPRF and FPRF
represents one of the most critical morphological parameters influencing their cellular
efficacy. This physical characteristic facilitates key cell activities, including migration,
proliferation, differentiation, and vascularisation. The efficacy of this process is
dependent on the degree of porosity, pore size distribution, and the extent of
interconnectivity within the fibrin matrix (Khan et al., 2025).

Based on the FESEM analysis conducted in this study, LyPRF exhibited
significantly higher porosity compared to FPRF, with pore sizes ranging from 40 to 250
;" and a mean pore diameter of 104.6 ; " . These values is within the optimal pore size
range of 100 to 200 ;" , that has been reported in previous studies as ideal for
facilitating osteoconduction and angiogenesis (Gan et al., 2023a). Pore sizes within this
range support the migration of osteogenic cells, endothelial cells, and mesenchymal
stem cells (MSCs), thereby promoting concurrent bone matrix deposition and
vascularisation essential for tissue regeneration (Jasmine et al., 2021). The larger pore
sizes observed in LYPRF reflect the structura modifications caused by the
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lyophilisation process by removing water content while preserving the fundamental
integrity of the biomaterial. Previous studies have similarly reported a maximum pore
size of approximately 250 um, which Anaya-Sampayo et al. and Wong et al. have
speculated is optimal for promoting angiogenesis (Anaya-Sampayo ef al., 2024; Wong
et al., 2021b). The microarchitecture observed is characterised by a sponge-like
framework with interconnected pores, capable of maintaining mechanical stability
while simultaneously facilitating extensive cellular migration, thereby supporting tissue
regeneration. Therefore, this enhanced porosity provides multiple pathways for cell
migration and integration for leukocytes and platelets within the biomaterial,
contributing to prolonged growth factor release and modulation of the inflammatory
phase during early healing (Altalbawy et al., 2025; Anaya-Sampayo et al., 2024).

In contrast, FPRF exhibit a loose and less porous biomaterial, with an average
pore size of approximately 48.2 ; " . Although isolated larger pores up to 121 ;" were
occasionally identified, these appeared irregular and concave, indicating a limited level
of interconnectivity and restricted pathways for cellular migration. These smaller pore
sizes restrict oxygen and nutrient diffusion, thus compromising cellular activities and
reduce the overall regenerative efficacy of this biomaterial (Abbasi et al., 2020).
Additionally, the limited porosity of FPRF contributes to a more rapid release of
entrapped growth factors, thereby reducing the duration of bioactivity at the defect site
and diminishing its regenerative potential compared to LyPRF. This observation has
been documented and discussed in previous studies by Jia et al. and Ngah et al (Jia et
al., 2024; Ngah et al., 2021a).

Therefore, the bigger pore sizes observed in LyPRF presents significant
advantages for BTE. The interconnected porous structure facilitates early-stage cellular
migration and provides sufficient space for ECM deposition and mineralisation during
later phases of healing. This interconnectivity is critical for angiogenesis, ensuring an
adequate blood supply to support cell viability, growth, and integration of the newly
formed bone tissue (Feng et al., 2023). Furthermore, the presence of larger pores in
LyPRF supports the cellular migration of macrophages and MSCs, which play an
essential role in modulating inflammation and promoting tissue regeneration.
Collectively, these microstructural features demonstrate that the lyophilisation process
prolongs the shelf life of PRF in addition to enhance its structural characteristics, thus
make it comparable to the porous architecture of native bone ECM (Jia ef al., 2024;

Narayanaswamy et al., 2023). Therefore, the FESEM analysis confirms that LyPRF is
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a more promising biomaterial for BTE application, due to its favourable porous

characteristics.

5.3.3 Fibrin Network

The architecture of the fibrin network is a critical determinant of the
physicochemical and biological performance of LyPRF and FPRF in BTE. This fibrous
matrix acts as a natural derived bio scaffold that replicates the organisational and
biochemical characteristics of natural ECM, thereby providing structural framework
that facilitates essential cellular activities such as cell adhesion, migration,
proliferation, and differentiation (Aazmi et al., 2024). This structural matrix is formed
through the polymerisation of fibrinogen under the catalytic action of thrombin,
resulting in the formation of fibrin glycoproteins essential for the activation and
stabilisation of blood coagulation cascade. This process results in a 3D fibrous network
capable of entrapping biological components, including platelets, leukocytes, and
growth factors. The entrapment of these bioactive components within the fibrin matrix
contributes to the formation of a mechanically stable bio scaffold and enables a
sustained and controlled release of growth factors such as PDGF, TGF- 3, and VEGF.
These growth factor molecules are crucial in promoting angiogenesis, osteogenic
differentiation, and facilitating ECM deposition, thereby enhancing the overall
effectiveness of the biomaterials for tissue regeneration (Jia et al., 2024). Moreover, the
architecture of the fibrin network is essential in modulating the biological performance
of both LyPRF and FPRF, directly influencing its degradation kinetics and regenerative
efficacy. This is because fibrin network represents the primary structural framework of
these biomaterials. Therefore, the density and organisation of this physical
characteristic determine the rate of degradation, the sustained release of growth factors,
and the overall potential to support cellular activities necessary for tissue regeneration
(Li et al., 2024a).

The analysis conducted by FESEM in this study demonstrate distinct
morphological differences between LyPRF and FPRF in terms of fibrin network
organisation. LyPRF exhibits a heterogenous, 3D fibrin matrix characterised by the
densely packed, irregularly oriented fibrin fibers, and trimolecular junctions, forming a

sponge-like microarchitecture. This structural pattern is consistent with the fibrin
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network analysis reported by Sun et al and Wang et a (Sun et al., 2025; Wang et al.,
2019b). Therefore, it is speculated to be advantageous for promoting cellular activities
including cell attachment, migration, and vascularisation, thereby creating afavourable
environment that supports both osteogenic and angiogenic activities (Wang et al.,
2024). The presence of fine fibrillae and inter-fibrillar matrix in LyPRF further
enhances the permeability and surface area of LyPRF, which are critical for the
sustained release of nutrients and bioactive molecules. Thus, it contributes to a more
gradual and extended release of growth factors, supporting a continuous cellular
signalling throughout the phases of BTE (Wong et al., 2021D).

In contrast, FPRF displayed aless organised fibrin matrix, with reduced quantity
of pore interconnectivity and a lower fiber density, resulting to aloose and less porous
microarchitecture. Therefore, it disrupts effective cellular migration and nutrient
transport, leading to a limited internal cellular activity of the biomaterial. As reported
by previous literatures, the loose fibrin arrangement of FPRF facilitates a rapid release
of growth factors. Despite its advantage during early inflammatory phase of healing,
the biomaterial’ s sustained bioactivity gradually diminishes, thereby limiting its long-
term regenerative potential (Orasugh et al., 2020). The limited duration of growth factor
signalling in FPRF is primarily due to the rapid release of these bioactive molecules,
resulting from the less dense fibrin matrix’s ineffective binding and retention capacity.
This rapid initial burst leads to quick depletion or degradation of growth factors,
producing a short effective haf-life and preventing the sustained, sequential signalling
necessary throughout the healing process. Consequently, both osteogenesis and
angiogenesis are impaired, resulting in insufficient or delayed healing, and disrupts the
tissue regeneration process (Abbasi et al., 2020; Wang et al., 2017). Therefore, it is
speculated that the relatively lower fibrin density and reduced structural integrity in
FPRF create aless favourable microenvironment for tissue regeneration. In contrast, the
denser, sponge-like fibrin matrix of LyPRF provides an improved growth factor
retention that preserves their bioactivity and supports the prolonged cellular activity
required for successful tissue regeneration.

In addition to enabling the sustained and controlled release of bioactive
molecules, previous studies indicate that the dense fibrin network of LyPRF slows the
kinetic degradation of the biomaterial. Thisisbecause its compact structure reduces the
diffusion and activity of fibrinolytic enzymes such as plasmin, which are responsible
for fibrin breakdown (Li et al., 2024a; Risman et al., 2022). In contrast, the less compact
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fibrin architecture of FPRF results to a faster enzymatic diffuson and activity.
Consequently, FPRF undergoes a more rapid degradation, therefore, with its inherently
faster growth factor release, it limits the biomaterial’s ability to provide prolonged
regenerative signalling beyond the early stages of healing. Conversely, the compact
fibrin structure of LyPRF supports a more gradual degradation profile and sustained
release of growth factors, thereby promoting continuous tissue regeneration throughout
the entire healing process.

Collectively, the FESEM analysis indicates that the fibrin network
microarchitecture of LyPRF is highly advantageous for BTE applications. Its dense,
highly interconnected, and irregular fibrin network forms a 3D framework that closely
mimics the structural organisation of natural ECM. This configuration enhances critical
cellular activities such as adhesion, migration, and proliferation, while providing
structural support for angiogenesis and facilitates efficient diffuson of nutrients and
oxygen essential for tissue regeneration. Moreover, the irregular and dense fibrin
network promotes the gradual and sustained release of growth factors, ensuring
continuous stimulation of osteogenesis and vascularisation throughout the healing
process. (Liu et al., 2019a; Wang et al., 2019a). In contrast, the less compact fibrin
network observed in FPRF exhibits limited interconnectivity, thus restricting cellular
activity, particularly cell migration. In addition, the loose fibrous structure accelerates
the release of growth factors and reduces its regenerative potential. Overall, these
findings suggest that the lyophilisation process preserves the intrinsic fibrin framework
of PRF and enhancesits regenerative functionality, establishing LyPRF as a structurally
and functionally superior biomaterial for BTE applications.

534 Cell Entrapment

Célular entrapment within the fibrin network is a fundamental characteristic
that contributes to the biological efficacy of PRF-derived biomaterials in BTE. The
fibrin matrix forms a 3D microarchitecture that facilitates cellular entrapment and
regulates essential biological processes throughout the different phases of tissue
regeneration. In particular, the integration of leukocytes and platelets within the fibrin
network is crucial in modulating early inflammatory response, sustain the controlled
release of growth factors, and promotes subsequent tissue repair and regeneration



(Zapata-Sifuentes ef al., 2024). The complementary role of these two cell types is
essential for a successful tissue regeneration outcome.

Leukocytes are essential for immunomodulation by regulating the inflammatory
phase of tissue regeneration through the secretion of cytokines, thereby coordinating
the transition from inflammation to tissue repair. In addition, these cells contribute to
antimicrobial defence by releasing antimicrobial peptides that aids in preventing
infection at the implantation site (Mariano et al., 2022; Moon et al., 2023). Conversely,
platelets serve as natural reservoirs of growth factors, gradually releasing the signalling
molecules during fibrin degradation to promote angiogenesis, osteoblast proliferation
and ECM synthesis (Jia et al., 2024). Therefore, the synergistic interaction between
leukocytes and platelets within the fibrin matrix supports a balanced healing
microenvironment, thereby enhancing tissue regeneration for BTE applications (Huang
et al., 2025b; Jia et al., 2024). The analysis of LyPRF and FPRF revealed clusters of
leukocytes and platelets entrapped within the fibrin network. This identification is
supported by the observed cell sizes, with smaller cells measuring approximately 2—3
;" corresponding to platelets, and larger cells measuring 7—15 ;" consistent with
leukocytes (Handtke & Thiele, 2020). The morphology of these cellular clusters aligns
with previously reported findings, indicating that both biomaterials retain their
biological integrity and remain suitable for BTE applications (Biswas et al., 2023; Ngah
et al., 2024). The presence of these cellular components within the fibrin matrix is
biologically significant because of its direct influence on the biomaterial’s regenerative
capability and overall suitability for BTE applications.

The presence of leukocytes, which were prominently observed in LyPRF
compared to FPRF, emphasises its crucial role in immunomodulation by regulating the
inflammatory phase of tissue regeneration. These regulations were mediated through
the controlled release of cytokines, such as interleukin-6 (IL-6), interleukin-10 (IL-10),
and tumour necrosis factor-alpha (TNF-a), thus preventing chronic inflammatory
responses during tissue repair and remodelling. Furthermore, according to Sindhusha et
al, leukocytes contribute to antimicrobial defence by secreting antimicrobial peptides
and generating reactive oxygen species, thereby limiting infection at the surgical site
(Sindhusha & Ramamurthy, 2023). These coordinated mechanisms suppress microbial
proliferation and reduce the risk of post-implantation infection, ensuring a
microbiologically regulated regenerative environment essential for successful bone

tissue engineering applications (Mariano et al., 2022; Warin et al., 2023). Additionally,
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the entrapped leukocytes act as a primary defensive barrier by actively phagocytosing
and eliminating bacteria, further strengthening the biomaterial’s antimicrobial function
throughout the healing process (Feng ef al., 2020).

In addition to leukocytes, platelets entrapped within the fibrin matrix act as
natural reservoirs for key growth factors, including PDGF, TGF-f3, and VEGEF. These
bioactive molecules play crucial roles in promoting angiogenesis, stimulating osteoblast
proliferation, and facilitating ECM synthesis (Wu ef al., 2022; Zhang et al., 2024). To
ensure the gradual release of these bioactive molecules, a slowed degradation process
is required to ensure a prolonged regenerative signalling, and continuous osteogenesis
and vascularisation at the defect site. Furthermore, the cooperative presence of
leukocytes and platelets within the fibrin matrix establishes a synergistic
microenvironment that integrates inflammatory modulation, antimicrobial defence, and
growth factor—mediated tissue repair (Sui ef al., 2023a).

With these information, FESEM analysis revealed distinct differences in the
distribution and density of entrapped cells between LyPRF and FPRF. LyPRF was
observed to have a higher concentration and visualisation of both leukocytes and
platelets distributed throughout its interconnected fibrin network. The cells appeared
more uniformly dispersed and deeply integrated within the fibrin matrix, indicating
successful migration into the internal 3D network. This finding suggests that the
lyophilisation process preserves the cellular integrity of PRF and facilitates
homogeneous cell entrapment within the fibrin architecture (Sun. ef al., 2023).

In contrast, FPRF exhibited fewer visible cells, which were predominantly
localised near the surface layer. This reduction in cellular distribution is attributable to
the nucleation and growth of ice crystals within the fibrin matrix during freezing,
resulting in structural disruption and partial collapse of the fibrin network. Such
alterations reduce the matrix’s ability to uniformly entrap platelets and leukocytes
throughout its structure (Dao et al., 2022). In addition, ice crystal expansion may
compromise cellular integrity, thereby contributing to reduced cell viability (Farag et
al., 2024). These effects collectively indicate limited cellular migration and sparse cell
distribution within the inner regions of FPRF, ultimately diminishing its biological
efficacy and restricting its regenerative potential. Consequently, FPRF demonstrates
less efficient and less stable cell entrapment compared with matrices in which fibrin

architecture is better preserved.
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These findings demonstrate that LyPRF enhances the preservation and
stabilization of cellular components within the PRF matrix, resulting in more efficient
and uniform cellular entrapment compared to FPRF. The cellular entrapment observed
in LyPRF facilitates immunomodulation, and promote prolonged tissue regeneration
(Hasan et al., 2025). Therefore, LyPRF exhibits a greater potential as a biomaterial for
BTE due to its enhanced ability to entrap and stabilise key cellular components,
including leukocytes and platelets, within its fibrin architecture. This enhanced cellular
entrapment is collectively achieved by the combined physical characteristics of LyPRF,
including surface morphology, pore sizes, and fibrin network. Thus, this physical
characteristic contributes to a more favourable biological response and improves the
tissue regeneration outcomes for BTE applications.

5.4 Elemental Composition of LyPRF and FPRF Analysed using EDX

The elemental composition obtained by EDX analysis provides an important
understanding of the intrinsic elemental characteristics of LyPRF and FPRF,
particularly in relation to their effectiveness for BTE. The analysis demonstrates the
abundance of elemental composition that contributes to the biochemical stability and
biocompatibility of LyPRF and FPRF. Notably, the predominance of organic elements
reflects a composition that mimicsthe ECM environment of natural bone tissue, thereby
facilitating optimal cell-matrix interactions. Consequently, this composition enhances
the regenerative potential of the biomaterials for BTE applications (Liu et al., 2024b).
The anaysis conducted revealed that both LyPRF and FPRF are predominantly
composed of carbon (C) and oxygen (O). These elements form the fundamenta basis
for identifying the organic framework of fibrin matrix. Their high abundance reflects
the protein-rich fibrin microarchitecture that constitute the primary structural
component of the scaffold, essential for supporting cellular adhesion and ECM
formations (Anaya-Sampayo et al., 2024; Zhao et al., 2024). Specificaly, the presence
of carbon corresponds to the organic content of natural bone tissue, including proteins
and amino acid residues. Conversely, the presence of oxygen is associated with peptide
bonds and glycoproteins that contributes to the biomaterial’s molecular architecture.
Collectively, this organic composition closely mimics the biochemical environment of
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natural bone tissue, thereby supporting favourable cell-matrix interactions and enhances
the regenerative potential of both LyPRF and FPRF (Huang et al., 2025a).

In addition to carbon and oxygen, LyPRF and FPRF demonstrate the presence
of calcium (Ca) and phosphorus (P), elements fundamental to bone mineralisation and
apatite formation. Calcium acts as a key structural ion that facilitates the nucleation and
growth of hydroxyapatite (Ca (PO) (OH) ), while phosphorus functions as a
complementary anionic component that stabilisesthe crystalline lattice of bone minerals
(Pandey et al., 2021; Serna & Bergwitz, 2020). The detection of these elements, even
in trace amounts, indicates the intrinsic osteoconductive potential of PRF-based
biomaterials, including both LyPRF and FPRF, and reflects their ability to preserve the
elemental composition characteristic of fresh PRF. Based on the analysis conducted,
LyPRF exhibited arelatively higher phosphorus content compared to FPRF, indicating
an enhanced capacity to support mineral deposition and bone-matrix integration
(Hughes et al., 2019). In contrast, the concentration of calcium in LyPRF was slightly
lower compared to FPRF. This reduction is advantageous as the kinetic release pattern
of growth factors is dependent on both intracellular and extracellular calcium ions
concentration. Therefore, lower calcium concentration influences the slower and
controlled release pattern of growth factors, thereby prolonging its availability
(Martineau et al., 2004; Zhang et al., 2022). This finding is speculated to be due to the
lyophilisation process effectively preserves the ionic and protein constituents of LyPRF,
thereby maintaining its elemental characteristics tissue regeneration (Dias et al., 2020).

In addition to the magjor elements, the retention of trace bioactive elements such
as magnesium (Mg), zinc (Zn), silicon (Si), copper (Cu), and iron (Fe) further reflects
the multifunctionality of LyPRF and FPRF in regenerative potential (Anaya-Sampayo
etal., 2024; Ngah et al., 2024). These trace elements exhibit distinct but complementary
biological functions that collectively regulate bone tissue metabolism, matrix
mineralisation, and cellular activities essential for effective tissue regeneration.
Magnesium promotes osteoblast proliferation and activates alkaline phosphate, thereby
facilitating fibrin matrix mineralisation and stabilises bone crystal formation (Galdling
et al., 2013). Zinc modulates osteogenic differentiation and collagen synthesis through
the regulation of osteoblast-specific transcription factors, such as Runx2, while exerting
antioxidant and antimicrobial effects (Molenda & Kolmas, 2023). In addition, silicon is
essential during the early phases of osteogenesis and angiogenesis by enhancing
collagen crosslinking and stimulating osteoblast differentiation (Gotz et al., 2019).
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While, copper contributes to angiogenesis by functioning as a cofactor for lysyl oxidase,
an enzyme responsible for collagen and elastin crosslinking, which supports
neovascularisation and matrix maturation (Diao et al., 2024). Furthermore, iron is
essential for oxygen metabolism, serving as a vital component of haemoproteins that
sustain cellular respiration and promote tissue vitality throughout the healing process
(Obeagu, 2025a).

Therefore, the interaction of these trace elements with the organic and inorganic
congtituents of LyPRF and FPRF emphasises their essentia contribution to the
biochemical and regenerative functions of the biomaterial for BTE (Dias et al., 2020;
Scimeca et al., 2018). The EDX findings indicate that LyPRF demonstrates superior
retention of essential elemental components, along with a higher abundance of trace
elements, compared to FPRF. This enriched elemental composition contributes to the
enhanced overall bioactivity of LyPRF. In particular, the relatively higher phosphorus
and trace ion content in this biomaterial improvesits mineral deposition, strengthensits
biological interactions, and increases the regenerative potential of LyPRF. Therefore,
these compositional advantages enhance osteoconductivity, promote angiogenesis, and
facilitate biomaterial-tissue integration, thereby reinforcing LyPRF's potential as an
innovative and versatile biomaterial for BTE applications.

5.5 Functional Group of LyPRF and FPRF Analysed using FTIR

The functiona group analysis of LyPRF and FPRF using FTIR spectroscopy
demonstrates similar peaks mimicking previous analysis of PRF reported by Ngah et a
and Wijayanti et al. These analysis aidsin the preservation of biochemical integrity and
structural stability within the protein matrix of the biomaterial. The preservations of the
functional groups are a fundamenta influence on the biological functionality and
regenerative potential of both LyPRF and FPRF (Ngah et al., 2024; Wijayanti et al.,
2025). Detailled FTIR spectral evaluation revealed distinct vibrational bands
corresponding to characteristic functional groups within the fibrin structure, confirming
the preservation of key molecular bonds and secondary protein conformations. These
findings provide a comprehensive understanding of the molecular interactions that are
essential for the bioactivity and overall regenerative performance of the biomaterial,
thereby emphasises its suitability for BTE applications.



The FTIR spectra of both LyPRF and FPRF demonstrate characteristic amide |
(~1650 cm 1) and amide 11 (~1540 cm 1) absorption bands, confirming the preservation
of the fibrin protein’s secondary structural components, predominantly a-helices and -
sheets (Usoltsev ef al., 2019). This finding aligns with the analysis reported by Boskey
et al., indicating that the FTIR spectra of both LyPRF and FPRF share key
compositional features with natural bone. Such spectral similarity suggests that these
PRF-derived matrices possess biochemical characteristics conducive to bone tissue
engineering applications (Boskey & Pleshko Camacho, 2007). Therefore, this structural
retention is essential to represent the maintenance of the intrinsic fibrin
microarchitecture of PRF responsible for biomaterial’s viscoelastic and mechanical
stability. Specifically, the amide I band primarily represents the C=0 (carbonyl group)
stretching vibration of the protein polypeptide backbone. This signal is crucial for
determining protein conformation and structural integrity, which influences the
biomechanical properties and biological function of the PRF scaffold in promoting
tissue regeneration (Baronio & Barth, 2020). In contrast, the amide I band originates
from N—H bending and C—N stretching vibrations of the peptide bond, providing
complementary information to the amide I band regarding the overall protein structure
and composition. Collectively, these bands reflect the preservation of the fibrin
network’s molecular organisation and help explain the scaffold’s regenerative potential
(Chatterley ef al., 2022).

Furthermore, evident by previous studies by Kim et al, the preservation of
functional group in the biomaterial aids in its capability to maintain the biological
functionality of its protein contents, thereby facilitating cellular adhesion, proliferation,
and differentiation (Kim ef al., 2021). In addition, the integrity of the fibrin network
regulates enzymatic activity, and enables the controlled release of key growth factors,
including PDGF, TGEF- B, and VEGF, serving as essential regulators of angiogenesis,

osteogenesis, and ECM formation during tissue regeneration (Li et al., 2024a).

Moreover, the broad absorption band observed at ~3300 cm * corresponds to O-
H and N-H stretching vibrations, indicating the presence of extensive hydrogen bonding
networks within the fibrin matrix. These hydrogen bonds are essential in maintaining
the biomaterial’s hydration state, biocompatibility, and molecular cohesion under
physiological conditions. These characteristics are necessary for the biomateria to
integrate successfully with host tissues (Jarvis, 2023). In addition, the absorption peaks
detected at ~1440 cm * and 1080 cm ! corresponds to C-H bending and C-O stretching
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vibrations respectively. These bands indicate the presence of carbohydrate and lipid
residues within the fibrin matrix. These biochemical components aid in improving
interfacial interactions between cells and the biomaterial, thereby enhancing cellular
adhesion and metabolic activity essential for osteogenic differentiation during tissue
regeneration.

Based on the observed FTIR spectra profile, both LyPRF and FPRF
demonstrate the preservation of fundamental biochemical features of PRF through their
ability to maintain the core structural and molecular integrity of fresh PRF matrix.
However, subtle comparable spectral characteristics in peak intensities are apparent
between the two biomaterials. These subtle variations suggest that lyophilisation
process induces minor conformational modifications within the fibrin network,
improving the chemical stability and degradation behaviour of LyPRF. These
characteristics enhances the biomaterial’s ability to sustain growth factor release over
time, thus supporting prolonged cellular activity and ECM mineralisation compared to
FPRF. Moreover, these structural modifications contribute to the improved handling
characteristics and storage stability of LyPRF.

The FTIR anaysis demonstrates that LyPRF preserves the fundamental
functional groups of PRF, including its secondary protein structure and hydrogen-
bonding framework. This preservation is achieved through the lyophilisation process,
which removes water under low temperature and vacuum conditions. By eliminating
water, lyophilisation prevents hydrolytic and enzymatic reactions that can denature
proteins, while the low-temperature environment minimises thermal stress, stabilising
the fibrin network and protecting both the protein structure and bioactive molecules
from degradation (Abbas et al., 2020). These characteristics collectively reinforce
LYPRF's potential as a durable, biocompatible, and effective biomaterial for BTE
applications, capable of supporting long-term cellular viability and facilitating efficient
tissue regeneration (Khan et al., 2024; Monaghan et al., 2023).



5.6 Crystallographic Characterisation of LyPRF and FPRF Analysed using
XRD

The crystallographic characterisation of LyPRF and FPRF using XRD
emphasises the predominance of amorphous structural features, consistent with the
intrinsic nature of fibrin-based matrices. In contrast to conventional crystalline
biomaterials, such as synthetic polymers, fibrin lacks the highly ordered internal atomic
arrangement and long-range structural periodicity (Bayer, 2022). The observed
diffraction patterns in both biomaterials confirm the extensive crystallisation does not
occur during the fabrication method of both LyPRF and FPRF, thereby maintaining the
physiological properties of the native fibrin scaffold.

Notably, a distinct diffraction peak observed at approximately 30°—31° (20)
indicates the presence of calcium phosphate phases within the matrix. This
characteristic is significant to BTE applications because calcium phosphate
(#W,(Y$,),) serves as of nucleation sites for hydroxyapatite formation, thereby
facilitating osteoconduction, and promotes bone tissue mineralisation (Jeong ef al.,
2019). The presence of #W,(Y$ ), in LyPRF highlights its biomimetic properties,
reflecting the mineral composition of natural craniofacial bone. Comparative analysis
demonstrates that LyPRF exhibits higher peak intensity to FPRF, indicating an
enhanced retention and stabilisation of the mineral-associated crystalline domains. This
enhanced mineral preservation results from the lyophilisation process, effectively
removing water while preserving the integrity of the fibrin-mineral composite, thereby
ensuring both the mechanical stability and biofunctional properties of the biomaterial
(Sui et al., 2023a).

The synergistic coordination of predominantly amorphous fibrin network with
stabilised mineral compositions in LyPRF presents a dual advantage for tissue
regeneration applications. The amorphous fibrin network ensures mechanical flexibility
and preserves the bioactive microenvironment necessary for cellular attachment, and
proliferation. Furthermore, the mineral components enhance the biomaterial’s
osteoconductive potential, promoting mineral deposition and accelerating bone matrix
maturation (Sindhi ef al., 2025). These amorphous characteristics emphasises the
suitability of LyPRF as a biologically active biomaterial, capable of supporting both the

biochemical and structural requirements essential for effective tissue healing BTE.
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5.7 Kinetic Release Pattern of Growth Factors from LyPRF and FPRF
Analysed using ELISA

Platelet-derived growth factors (PDGF-AB and PDGF-BB) and transforming
growth factor beta 1 (TGF-f1) represents major growth factor released from both
LyPRF and FPRF, essential for tissue regeneration in BTE applications. The kinetic
release pattern of these growth factors exhibits a characteristic biphasic pattern,
consisting of an initial burst followed by a sustained, gradual release phase. This
spatiotemporal pattern is critically aligned with the sequential stages of tissue healing,
reinforcing the ability of these biomaterials to provide molecular cues to coordinate
tissue regeneration (Zhang et al., 2018). Furthermore, the sustained presence of growth
factors creates a continuous stimulatory environment that supports essential cellular
activities, including cell proliferation, migration, adhesion, and vascularisation which
are critical for effective tissue regeneration. Based on the ELISA analysis conducted,
LyPRF exhibited higher and more prolonged growth factor release due to the
lyophilisation process that stabilises its fibrin matrix, thus enhances its regenerative
potential compared to FPRF (Ngah et al., 2021a). Therefore, it emphasises the

translational significance of LyPRF in BTE applications.

5.7.1 Platelet Derived Growth Factor-AB (PDGF-AB)

Platelet-derived growth factor-AB (PDGF-AB) is a key growth factor that
regulates cellular activities, including cell migration, proliferation and ECM formation
throughout tissue regeneration. It functions as a chemotactic and mitogenic signal for
regenerative processes such as angiogenesis, osteogenesis, and tissue regeneration. The
analysis revealed that LyPRF demonstrates a significantly higher release during the
initial stage and leads to a greater cumulative release of PDGF-AB for 21 days
compared to FPRF, emphasising its potential to enhance early angiogenesis and cellular
migration (Obeagu, 2025b).

During the inflammatory phase, PDGF-AB functions as a potent chemotactic
signal, attracting macrophages, MSCs, and endothelial cells essential for initiating bone
regeneration. This effect is achieved through the coordinated roles of key cellular

components, whereby macrophages regulate cytokine signalling, MSCs promote
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osteogenic differentiation, and endothelial cells facilitate neovascularisation (Romero-
Lopez et al., 2020). The observed sustained release of PDGF-AB from LyPRF up to
day 14 corresponds with the proliferative phase of tissue healing, during which the
growth factor stimulates fibroblast and osteoblast proliferation, and facilitate ECM
synthesis. This extended bioavailability ensures a continued anabolic stimulus essential
for forming a well-vascularised and mechanically competent tissue fibrin matrix (Xu et
al., 2018b).

During the remodelling phase, the sustained release of PDGF-AB from LyPRF
supports the maturation and stabilisation of newly formed bone by promoting
angiogenesis, collagen deposition, and extracellular matrix remodelling (Alizadeh et
al., 2023). In contrast, FPRF exhibits a lower and shorter PDGF-AB release, limiting
its regenerative potential due to reduced cellular stimulation during healing. The
sustained release of growth factors observed in LyPRF is attributed to the stabilisation
of its fibrin network achieved through lyophilisation. By removing water under low
temperature and vacuum conditions, lyophilisation preserves the structural integrity of
the fibrin matrix and protects the embedded growth factor reservoirs from hydrolytic
and enzymatic degradation. This prevents premature breakdown of the growth factors,
allowing their gradual and controlled release, which is essentia for maintaining
bioactivity and supporting effective tissue regeneration (Liu et al., 2022b).

The kinetic release pattern analysis in this study emphasis that LyPRF functions
as an effective autologous reservoir, providing a sustained release of growth factors
compared to FPRF. By delivering both an early burst and prolonged bioactivity, LyPRF
supports the sequential phases of tissue regeneration, including the stimulation of
cellular proliferation, migration, and extracellular matrix deposition, ultimately
facilitating effective tissue repair. This controlled and sustained release profile
underscores the potential of LyPRF as a suitable and reliable biomaterial for bone tissue
engineering, particularly in craniofacia regenerative applications.

5.7.2 Platelet-Derived Growth Factor-BB (PDGF-BB)

Platelet-derived growth factor-BB (PDGF-BB) on the other hand, is a key
proliferative and chemotactic growth factor that is essential in angiogenesis,

osteogenesis, and fibroblast proliferation during tissue regeneration. This growth factor
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is consistently recognised as a fundamental growth factor in PRF-based biomaterials
(Mihaylova et al., 2018). Thisis because, PDGF-BB plays a crucia role in regulating
cell proliferation, migration, and ECM synthesis. The kinetic release pattern of PDGF-
BB observed from both LyPRF and FPRF exhibited a distinct biphasic kinetic pattern,
characterised by an initial burst release followed by a secondary peak at day 14.
Although levels decline after day 14, they remain consistent throughout day 21,
demonstrating a sustained release of growth factor. Therefore, this kinetic release
pattern indicates that PDGF-BB contributes to both the early inflammatory and
proliferative phases of tissue healing and sustain its activity into the later remodelling
phases of tissue regeneration, reflecting its various involvement in regulating tissue
regeneration (Paek et al., 2020).

The coordinated release of PDGF-BB and PDGF-AB ensures complementary
and synergistic signalling dynamics that enhance cellular proliferation, angiogenesis,
and vascular stabilisation. In the inflammatory phase, both PDGF-AB and PDGF-BB
function synergistically to ad cellular migration of macrophages, MSCs, and
endothelial cells to the defect site, initiating tissue regeneration. PDGF-BB provides a
strong chemotactic and proliferative signal, thus facilitating cell proliferation and
migration (Mihaylova et al., 2018). In addition, this growth factor promotes
neovascul arisation and the establishment of nutrient-rich microenvironment, supporting
subsequent osteogenic activity. The early burst observed at day 1 corresponds with the
acute inflammatory phase, while the secondary release peak at day 14 corresponds with
a sustained regenerative signalling phase that aligns with the ECM formation and early
bone tissue regeneration.

During the proliferative phase, the presence of PDGF-BB stimulates tissue
formation, fibroblast proliferation, and ECM deposition. It promotes the differentiation
of MSCs toward the osteoblastic lineage and enhances the synthesis of collagen and
non-collagenous fibrin matrix, thereby accelerating new bone formation (Liu et al.,
2018). The sustained bioavailability observed in LyPRF throughout the observed
duration, ensures prolonged stimulation of these cellular processes, advantageous for
successful continuous tissue regeneration. Moreover, the angiogenic effects of PDGF-
BB facilitates the coupling of vascular and bone tissue regeneration for BTE
applications.

According to previous literature, the sustained presence of PDGF-BB during the
remodelling phase supports the maturation and mineralisation of the newly formed bone
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matrix. By maintaining angiogenic, and osteoblast signalling, PDGF-BB supports
vessel stabilisation, bone matrix turnover, and the establishment of long-term integrity
(Li et al, 2025). Comparatively, the reduced and shorter release duration of PDGF-BB
observed in FPRF limits the biomaterial’s ability to sustain prolonged anabolic
signalling, potentially compromising its regenerative efficacy in defects requiring
extended healing timeframes or substantial vascularisation.

The prolonged kinetic release pattern of PDGF-BB from LyPRF is associated
with the structural preservation and stabilisation caused by the lyophilisation process,
enhancing growth factor entrapment within the fibrin network and reduces degradation
rate (Liu er al, 2022b). The preserved structural integrity of LyPRF enables it to
function as a bioreservoir that regulates the sustained release of growth factors, thereby
synchronising their availability with the physiological stages of tissue regeneration.
This is supported by findings from Jia et al., who reported that the slow, physiologically
relevant release of these growth factors enhances bone regeneration by promoting
vascular formation as well as cell proliferation and migration (Jia et a/, 2024). In
contrast, the comparatively reduced and shorter release from FPRF may limit prolonged
signalling, diminishing its regenerative efficacy in defects requiring extended healing.

Therefore, the analysis conducted using ELISA assay establish PDGF-BB as a
key growth factor to facilitate bone regeneration and strengthen LyPRF's potential as a
beneficial biomaterial for BTE applications. By providing both rapid and sustained
release phases, LyPRF ensures continuous cellular stimulation across all stages of
healing including inflammation to remodelling phases, thereby optimising the
regenerative microenvironment. These characteristics reinforce LyPRF as an advanced
autologous biomaterial for clinical use in maxillofacial and craniofacial bone
regeneration, facilitating angiogenesis and osteogenesis for successful tissue

regeneration.

5.7.3 Transforming Growth Factor-pi (TGF- pi)

Transforming growth factor-3 1 (TGF-[31) is a multifunctional growth factor that
facilitate cell proliferation, differentiation, and ECM synthesis during tissue
regeneration (Deng ef al, 2024). The kinetic release analysis demonstrates that LyPRF
exhibited a sharp initial peak of TGF-31 on day 1, followed by a gradual and sustained
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decline until day 7, without a secondary biphasic peak. In contrast, FPRF demonstrated
a rapid drop after day 1, indicating a less stable release profile. Both materials showed
no detectable TGF-f1 release beyond day 7 for LyPRF and day 1 for FPRF. This short
yet sustained early release from LyPRF highlights its contribution during the initial
stages of tissue regeneration, ensuring timely growth factor availability necessary for
early healing processes. These findings are partially consistent with the slower release
reported by Ehrenfest et al (Ehrenfest ef al., 2009). However, differences in sampling
intervals may explain the discrepancies. In the current study, data could not be collected
consistently at all time points due to limitations in sample volume and assay sensitivity,
as well as the rapid depletion of detectable growth factor in FPRF. Consequently, these
constraints may have limited the ability to fully capture the complete kinetic release
pattern, particularly any later-phase or biphasic release events.

During the inflammatory phase, TGF-f1 have demonstrated that it is able to
facilitate immune dynamics by stimulating fibril recruitment, directing immune cell
chemotaxis, and initiating ECM synthesis (Massagué & Sheppard, 2023). These
coordinated activities establish a favourable microenvironment that complements the
chemotactic and mitogenic effects of PDGF. The coordination between TGF-f1 and
PDGF ensures effective bioactivity between inflammation resolution and the reparative
tissue regeneration, essential for stable BTE applications (Deng ef al., 2024).

In the proliferative phase, previous studies revealed that TGF-31 facilitates
MSC migration and differentiation into osteoblasts, enhances collagen synthesis, and
supports ECM organisation (Irma ef al., 2025). These effects collectively strengthen the
structural integrity of newly formed bone tissue. As regeneration progresses into the
remodelling phase, TGF-B1 activity diminishes more rapidly than that of PDGF;
however, its residual presence contributes to stabilising the ECM and facilitating the
subsequent actions of PDGF-AB and PDGF-BB.

In contrast, the limited and short-lived TGF-31 release observed in FPRF
diminishes its capacity to support early immune modulation and extracellular matrix
organisation, which can ultimately compromise osteogenic progression. These findings
highlight TGF-B1 as a crucial growth factor for early remodelling. The sustained release
of TGF-B1 from LyPRF further reinforces its potential as an improved autologous

biomaterial for craniofacial regeneration in BTE applications.
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5.8 Biocompatibility of LyPRF and FPRF Analysed using MTT Assay

The biocompatibility analysis of LyPRF and FPRF was assessed using an
indirect MTT assay in accordance with 1SO 10993-5, ensuring standardised, reliable
evaluation of the biocompatibility of the biomaterials for BTE applications (Garcia et
al., 2024). Biocompatibility is a fundamental characteristic for biomaterials intended
for clinical application, as it ensures safe interaction with host tissues without eliciting
adverse cellular or systemic effects. The MTT assay, awidely accepted method, enables
quantitative assessment of cell viability, metabolic activity, proliferation, and
morphological integrity, offering critical insight into the safety and regenerative
potential of LyPRF and FPRF for bone tissue engineering applications (Khalef et al.,
2024). Human gingival fibroblasts (HGFs) were selected as the representative cell line
for the MTT assay to evaluate the biocompatibility of LyPRF and FPRF. Thisis because
HGFs has been used widely in craniofacial studies due to its compatibility and cellular
responses relevant to tissue regeneration applications (Savabi et al., 2024). The results
indicate that both LyPRF and FPRF exhibit excellent biocompatibility with host cells,
supporting their application in craniofacial BTE. The absence of structural alterations
or adverse cellular responses suggests that these biomaterials can maintain cellular
viability and function, which is essential for effective tissue regeneration (Li et al.,
2024b; Vyaset al., 2023). Thisfinding isconsistent with previous studies demonstrating
that PRF-based materials provide a favourable microenvironment that promotes cell
proliferation and osteogenic activity. The strong biocompatibility observed in LyPRF
further highlights its potential as a stable, clinically translatable alternative to
conventional FPRF.

The observed biocompatibility of HGF cells in this study is consistent with the
autologous nature of PRF, which inherently minimizes the risk of immune
incompatibility (Vahabi et al., 2019). This biocompatibility is further enhanced by the
fabrication protocol, which excludes exogenous additives such as anticoagulants or
crosslinking agents that are known to influence biocompatibility. Collectively, these
factors indicate that PRF provides a biologically favourable microenvironment that
supports cell viability and function, reinforcing its suitability for craniofacial bone
tissue engineering applications. As a natural fibrin matrix, PRF entraps platelets,
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leukocytes, and various growth factors, creating a microenvironment that promotes cell
adhesion, metabolic activity, and tissue regeneration (Jia ef al., 2024).

Fresh PRF is widely utilised as a biologically active scaffold for cell
preservation and tissue repair in craniofacial regeneration. However, its clinical
applicability is constrained by its inherently short half-life, as the material rapidly
degrades, loses structural integrity, and cannot be stored after preparation (Jia et al.,
2024; Park et al., 2024). This temporal limitation poses challenges for handling, storage,
and standardisation, thus restricting its broader use in clinical settings. The MTT assay
in this study revealed subtle differences in the temporal biocompatibility profiles of
LyPRF and FPRF. FPRF demonstrated a stronger stimulatory effect during early
incubation, reflecting its higher initial release of growth factors such as PDGF-AB,
PDGEF-BB, and TGF-1. This rapid release of bioactive molecules enhances fibroblast
metabolic activity and proliferation, supporting the early cellular responses necessary
for tissue regeneration (Ashour ef al., 2023). However, this effect was temporary,
reflecting the faster degradation and limited growth factor retention of FPRF. In
contrast, LyPRF demonstrated more stable and sustained metabolic activity,
maintaining higher cell viability at later time points. This prolonged activity is attributed
to the preserved fibrin matrix, which enables controlled degradation and gradual release
of entrapped growth factors, thereby providing a supportive microenvironment for

continued cellular function and tissue regenerative processes. (Wong et al., 2021b).
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CHAPTER 6
CONCLUSION

This study comprehensively characterised the physicochemical properties and
biocompatibility of LyPRF in comparison to FPRF for potential application in
craniofacial bone regeneration. The findings demonstrate that LyPRF preserves the
essential structural and biochemical integrity of conventional PRF while offering
additional advantages in terms of stability, handling, and long-term storage.
Microstructural, elemental, and crystallographic analyses demonstrated that LyPRF
retained a porous, sponge-like fibrin architecture with a favourable pore size
distribution and enhanced cellular entrapment, while preserving key elemental
composition, functional protein groups, and mineral-associated phases associated with
osteoconduction and biomimetic mineralisation. In addition, the release profiles of
PDGF-AB, PDGF-BB, and TGF-f1 indicated that LyPRF functioned as an effective
autologous reservoir, exhibiting higher and more sustained growth factor release in
accordance with the sequential inflammatory, proliferative, and remodelling phases of
tissue regeneration. Biocompatibility assessment further confirmed that LyPRF
supported prolonged fibroblast viability and metabolic activity, with no evidence of
cytotoxic effects. Collectively, these findings indicate that LyPRF exhibits structural
and biological properties superior to FPRF, attributable to its biomimetic resemblance
to native craniofacial bone, and support its potential application as a biomaterial for

craniofacial bone tissue engineering.

6.1 Strength and Contribution of The Study

This study presents a systematic and comprehensive evaluation of the
physicochemical properties and biocompatibility of LyPRF in comparison FPRF,
thereby advancing current understanding of platelet concentrate optimisation for BTE
applications. A key strength of this work is the integration of multiple complementary
analytical techniques, including XRD, FESEM, EDX, and FTIR, which collectively
enabled a detailed assessment of the structural integrity, compositional stability, and

mineral-associated characteristics of LyPRF. Additionally, the correlation of these

99



physicochemical parameters with biological outcomes derived from MTT assays
established a coherent structure—function relationship linking material properties to
biocompatibility and regenerative potential.

Moreover, the inclusion of growth factor kinetic release analysis provided
critical insight into the preservation and sustained bioavailability of key growth factors
essential for effective tissue regeneration. The findings demonstrate that LyPRF retains
the fundamental fibrin architecture, elemental composition, and biological activity of
native PRF while offering enhanced storage stability and improved handling
characteristics. By addressing the inherent limitation of conventional PRF related to its
short shdlf life, this study positions LyPRF as amore practical and versatile biomaterial
for potentia clinical translation. Overall, this work contributes novel and foundational
evidence supporting LyPRF as an advancement over conventional PRF and provides a
robust scientific basis to inform future preclinical, translational, and clinical

investigations in craniofacial bone regeneration.

6.2  Limitations of The Study

While this study provides valuable insights into the physicochemical and
biological characteristics of LyPRF, several limitations should be acknowledged. The
experimental investigations were conducted exclusively under in vitro conditions,
which do not fully replicate the complex physiological environment associated with
bone healing and tissue regeneration in vivo. Consequently, critical factors such as
immune responses, vascularisation, and mechanical loading were not accounted for,
which may influence the translational relevance of the findings. In addition, the scope
of biological evaluation of the LyPRF was limited. Although the MTT assay offered
important information regarding cellular viability and biocompatibility, it does not
comprehensively reflect other essential biological processes, including osteogenic
differentiation, angiogenic potential, or long-term cell-material interactions.
Collectively, these limitations underscore the necessity for further in-depth biological
assessments and in vivo studies to more fully establish the regenerative capacity and

clinical applicability of LyPRF.
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6.3 Future Studies

Future research should aim to build upon these findings throughin vivo
preclinical studies using animal models of craniofacial bone defects to evaluate the
regenerative efficacy, degradation behaviour, and host tissue response of LyPRF.
Investigating the mechanical properties and degradation kinetics of LyPRF under
physiological conditions were provide a deeper understanding of its functional
performance. Additionally, the combination of LyPRF with other biomaterials, such as
bioglass, hydroxyapatite, or chitosan should be explored to create composite scaffolds
that enhance mechanical strength, bioactivity, and controlled growth factor release.
Ultimately, translational research involving clinical trials were be essential to validate
the safety, reliability, and therapeutic benefits of LyPRF-based constructs, paving the
way for their integration into next-generation regenerative therapies for craniofacial

reconstruction.
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PHY SICOCHEMICAL AND BIOLOGICAL PROPERTIES OF
LYOPHILISED PLATELET-RICH FIBRIN: A SCOPING REVIEW
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Physicochemical and Biological Properties of Lyophilized
Platelet-Rich Fibrin: A Scoping Review

Wan Nur Irdina Rusman, BSc,* Siti Noor Fazliah Mohd Noor, BDS, MClindent, PhD,? Tin Wui Wong, BSc, PhD2-*
and Nurul Aida Ngah, DDS, MClinDent, PhD*

Multiple studies have been conducted recendy to fabricate lyophilized platelet-rich fibrin (LyPRF) as a biological
agent. These analyses have also encompassed the integration of LyPRF into various biomaterials for the objective of
bone tissue engineering (BTE). However, a definitive manufacturing procedure has not yet been established, and pre-
cise data regarding the characterization of LyPRF are till lacking. This systematic literature review aimed to compile
existing evidence on the physicochemical and biological properties of this biomaterial as a scaffold for BTE. A com-
prehensive literature search was performed in SCOPUS, ScienceDirect, PubMed, and Web of Science to identify eli-
gible articles published related to the various in vitro analyses conducted on the biomaterial for its characterization.
The inclusion criteria allowed us to concentrate on papers published in English between 2019 and 2025. The study
excluded review papers, meta-analyses, editorials, conference pieces, theses, methodological articles, and research
that conducted clinical trials or exclusively in vivo analyses. This classification also includes literature with no open
access. The preliminary database search produced 3,047 publications, of which only 15 were selected following the
application of inclusion and exclusion criteria. LyPRF is beneficia to lengthen the shelf life of the product and can be
incorporated into other biomaterials to improve compatibility and reduce degradation time. Therefore, based on the
compiled analysis of the included studies, it is found that the surface morphology of LyPRF is irregular, porous,
densely populated with fibrin network, and exhibits a uniform aggregation of cells. Furthermore, it is shown that
LyPRF demonstrates elements that are analogous to craniofacial bone properties, thereby enhancing its utility in BTE.
Additionally, the lyophilization process preserves growth factors present in LyPRF, leading to its consistent and grad-
ual release, increasing the cell proliferation potential of this biomaterial. Existing evidence indicates that LyPRF isa
promising candidate for BTE. Future research should prioritize comparative eval uations of fabrication protocols and
rigorous biocompatibility testing to establish its suitability as abiomaterial for bioscaffold production in BTE.

Keywords: lyophilized platelet-rich fibrin, tissue engineering, bioscaffold, tissue regeneration, hard tissue

Impact Statement

This systematic review highlights current evidence on the physicochemical and biological properties of lyophilized platelet-rich
fibrin (LyPRF), emphasizing its potential as abioactive scaffold for bone tissue engineering. This study addresses a critica gap in
the LyPRF fabrication protocol by demonstrating structural similarity to craniofacial bone, sustained growth factor release, and
compatibility with other biomaterials, thereby underscoring its potential for clinical trandation in regenerative medicine.

Introduction structure and function of bones, specifically craniofacial
such as congenital anomalies, trauma, oncological surgery,

Bone is a dynamic and highly vascularized living tissue  degenerative conditions, infections, tumor excision, or acci-
composed of a complex matrix of collagen fibers and dents, can lead to various craniofacial abnormalities.*
mineral deposits, primarily hydroxyapatites. Defects on the  Therefore, to treat bone deformities, a variety of clinical
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*Non-Destructive Biomedical and Pharmaceutica Research Centre, Smart Manufacturing Research Ingtitute, Universiti Teknologi
MARA, Puncak Alam Campus, Sdangor, Mdaysia
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APPENDIX 2

STANDARDIZING LYOPHILIZED PLATELET-RICH FIBRIN PROTOCOLS
FOR BONE TISSUE ENGINEERING: A SYSTEMATIC REVIEW

STANDARDIZING LYOPHILIZED PLATELET-RICH FD3RIN PROTOCOLS FOR BONE
TISSUE ENGINEERING: A SYSTEMATIC REVIEW
Wan Nur IrdinaRusman ', Siti Noor Fazliah Mohd Noor 2, Nurul AidaNgah '
1. Faculty of Dentistry, Universiti Teknologi MARA (UiTM), Sunga Buloh Campus, Selangor,
Maaysa
2. Craniofacid and Biomaterials Group, Advanced Medica and Dental Ingtitute, Universiti Sains

Maaysa, Kepda Batas, Pulau Pinang, Maaysia

Abstract

Background: The application of lyophilized platelet-rich fibrin (LyPRF) as a bioactive materid in
bone tissue engineering (BTE) particularly for craniofacia regeneration, has gained increasing
interest in recent years. While multiple studies have demondtrated the integration of LyPRF into
scaffolds for BTE applications, the lack of a standardized fabrication protocol remains a significant
hurdle. Objectives. This systematic review aimed to identify and compile the current evidence
regarding the fabrication protocol for LyPRF, intended as a potential growth factor reservoir and
bioscaffold for bone regeneration. Methods: A comprehensive literature search was conducted across
SCOPUS, ScienceDirect, PubMed, and Web of Science databases for digible articles published
related to LyPRF fabrication protocol published between 2019 and 2025 following PRISMA 2020
Guidelines. Results: Fifteen (15) articles were found eligible and included from the 3047 initial
records identified and assessed. The review reveded that LyPRF offers better clinical shelf-life and
can be combined with other biomaterials to enhance scaffold compatibility and bone regeneration
properties. An optima fabrication protocol involved centrifugation a 3,000 rpm for 10 minutes
followed by lyophilization a -80°C for 24 hours. Conclusion: The aforementioned results identified
the mogt effective methodology for fabricating LyPRF that preserved its physicochemical, biologicd,
and biocompatible properties as a promising biomateria for BTE.

Keywords: Plateet-rich Fibrin, Tissue Engineering, Bioscaffold, Tissue Regeneration
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