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GENERAL OVERVIEW OF THE THESIS

Introduction

It is still debated whether platelets can be considered as cell fragments or small non-
nucleated blood cells [1], but they are known to be responsible for the activation and release of
biomolecules. Platelet-rich fibrin (PRF) is an autologous material that is easily produced. It can
be derived from human blood by centrifugation and is used to promote wound healing and
tissue regeneration. PRF can be used in various fields of medicine, including dentistry and
maxillofacial surgery [2].

The leukocytes in the PRF promote wound healing, and PRF contains growth factors that
are released over time. There is a great interest in PRF antimicrobial activity, such as oral and
maxillofacial surgery, plastic surgery, cardiac surgery, and dentistry [3]. The structural
complexity, inhomogeneous nature, and clotting ability of PRF make its antimicrobial effect
evaluation complicated. Nevertheless, most antimicrobial testing methods used are based on
antibacterial agent diffusion ability in culture media. Since the most common use of PRF is in
the oral and maxillofacial region, its antimicrobial activity evaluation also prevails in the oral
microbiome. PRF prepared according to a specific protocol (depending on the surgical site) can
ensure antibacterial and anti-inflammatory properties, and it can be a beneficial clinical tool in
oral and maxillofacial surgery [4]. In the last decade, there have been few studies that combine
antibiotics with PRF to provide an antibacterial effect. Based on the gathered literature
regarding the antibacterial properties of PRF, it appears advantageous to integrate it with drugs
to create a unified system rather than employing separate drugs and PRF individually [5].

Currently, there is a growing need for clindamycin in oral and maxillofacial surgery, where
it is commonly used as a substitute for patients allergic to penicillin. Doctors claim that in
addition to the bactericidal power of clindamycin, it has increased oral absorption, significant
distribution in tissues (achieving a high concentration of the drug in bones), and a low level of
resistance [6]. Prodrugs, inactive precursors that transform into active substances in the body,
are frequently favored over the direct use of active substances in pharmaceuticals. This
preference arises from their ability to enhance drug stability, solubility, and bioavailability,
improving therapeutic outcomes. Clindamycin phosphate (CLP) is a prodrug of clindamycin
with no antibacterial activity. CLP is reported to be rapidly hydrolyzed to the active base
(clindamycin) in the blood [2]. In this PhD Thesis, the ability to convert CLP into an active
form by combining it with PRF is investigated. Additionally, to explore broader possibilities of
using active substances in PRF, Vancomycin hydrochloride (VANKA) was also studied.
VANKA is a water-soluble tricyclic glycopeptide antibiotic [7] that prevents/destroys several
gram-positive microorganisms, which are the most common pathogens. VANKA, like
clindamycin, is applied in cases when penicillin is ineffective or causes allergic reactions, as
well as for treating infections where other antibiotics are resistant [8], [9].

The drug's essential pharmacological characteristics can be enhanced by employing a
suitable drug delivery system that allows their administration as a free molecule [10]. A drug
delivery system is a technique or technological approach used to systematically and precisely
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deliver therapeutic substances (such as drugs or medications) to the human body. This process
entails creating and implementing systems that improve the effectiveness and safety of drug
treatments. The primary objective of these systems is to finely tune the delivery of drugs to
particular tissues or cells, with a concurrent effort to minimize any potential side effects [11],
[12]. For example, VANKA can be encapsulated into liposomes, unique medication carriers,
because they overcome the disadvantages of the peroral or intravenously administered drugs.
As an alternative, polymeric microparticles from poly lactic-co-glycolic acid (PLGA) have
been studied to encapsulate VANKA. Both liposomes and PLGA microcapsules have
drawbacks regarding encapsulation efficiency, but encapsulation of VANKA in carrier provides
high clinical benefits for the long-term use of antibiotics. Therefore, adjusting VANKA carrier
composition and the drug release rate in autologous samples is essential. Current studies on
drug carriers within the autologous PRF samples are limited [13].

In addition to the PRF combination with drug delivery systems that provide controlled drug
delivery, PRF incorporates growth factors and cytokines that can be released directly at the
administration site. Several authors described the effect of different centrifugation protocols on
growth factor and cytokine release and confirmed the substantial impact of the protocols. It has
been demonstrated that variations in growth factors and cytokine release patterns exist not only
among different platelet concentrates but also within each type of PRF [14]. Platelet concentrate
mainly contains platelets, but PRF is additionally mixed with fibrin-forming proteins that
promote tissue healing. Related research in existing literature explores the combination of PRP
or PRF with chitosan/fucoidan complex or gelatin/chitosan hydrogel [15], [16]. In these studies,
both types of platelet concentrates are blended within a chitosan solution, and the quantity of
proteins released is assessed for the resulting materials. Implementing the methodologies
described in these publications would complicate medical procedures, involving multiple
stages. Prior studies have explored the impact of PRF both independently and when integrated
into polymer matrices, focusing on bone formation and regeneration [17]. Xu et al. incorporated
granule-lyophilized platelet-rich fibrin (G-L-PRF) into polyvinyl alcohol (PVA) hydrogels,
achieving sustained release of growth factors from G-L-PRF/PVA scaffolds for up to 9 days
[18]. One ex vivo study analyzed the ability of the i-PRF matrix to be an autologous growth
factor delivery system in combination with 5 collagen-based membranes. Thus, this was the
first study that attempted to understand the ability and suitability of biomaterials to incorporate
PRF [19].

Several fucoidan (FU) based composites have recently been established for bone tissue
engineering purposes because FU increased the proliferation capacity of osteoblast-like cells
and enhanced osteoblast-mediated mineral deposition [20]. FU's similarity to the human
extracellular matrix and impressive qualities, like high biocompatibility and renewability, have
recently intrigued researchers. It shows promise in developing regenerative medicine materials,
particularly for wound treatment [21]. FU, a heparin-like molecule, enhances growth factor
effects on cell proliferation, osteogenic differentiation, and mesenchymal stem cell activity
[22]. Several studies [23], [24] have reported that FU can interact with growth factors (such as
bFGF and TGF-B) to control their release and activity by binding and regulating signaling
pathways. These are highly important in autologous PRF samples to support the release of
growth factors from the matrices.



In general, the structure and properties of chitosan are similar to glycosaminoglycan (GAG),
a natural polysaccharide and the main component of the extracellular matrix (ECM) [25].
Chitosan, a natural cationic copolymer, has generated significant interest for its potential in
hydrogel formations. This polymer's hydrophilic nature allows it to degrade using human
enzymes, ensuring biocompatibility and biodegradability, two crucial properties for medical
devices. Chitosan-based hydrogels could serve as scaffolds for tissue repair success [26].
Chitosan accelerates wound healing by activating and modulating inflammatory cells and
promoting granulation tissue formation. Its ability to bind negatively charged red blood cells
enhances clotting, making it a crucial component in wound dressings [27].

So far, a method for the controlled release of growth factors from PRF in combination with
other biomaterials has not yet been investigated, providing the possibility for longer-lasting
therapy. In this study, we developed a hydrogel composed of fucoidan (FU) and chitosan (CS)
due to their biocompatibility and ability to form polyelectrolyte complexes via self-assembly
[28]. The formation of polyelectrolyte complexes between oppositely charged groups of
chitosan and fucoidan makes the incorporation of factors possible due to electrostatic
interactions [29]. Thus, fucoidan/chitosan hydrogels were used in the Thesis, investigating their
potential for further use as PRF storage material.

In this PhD Thesis, the following goals were set: 1) investigating the potential of PRF's role
in converting prodrug to the active form, using clindamycin phosphate as a model drug; 2)
assessing PRF s ability to decelerate the burst release of the active substance by incorporating
it in PLGA microcapsules and liposomes, using VANKA as a model drug; and 3) investigate
the controlled release of bioactive molecules within PRF by incorporating them into carrier
systems, using marine polysaccharide (fucoidan and chitosan) hydrogel as a model carrier
system.



Aim and Objectives

The aim of this Thesis was to develop PRF-based matrices that can provide antibacterial
properties through the addition of drugs or their delivery systems, as well as ensure controlled
delivery of bioactive molecules within PRF by evaluating different carriers. To achieve the
goal, the following tasks were set:

1. To investigate the potential of PRF as an imitator for the conversion of the clindamycin
phosphate (CLP) into the active drug form clindamycin, ensuring more effective
antimicrobial properties.

2. To evaluate the influence of drug delivery carriers (PLGA microcapsules or liposomes)
and their interaction with PRF matrices on the release kinetic of antibiotic drug
VANKA.

3. To develop a methodology for obtaining fucoidan/chitosan hydrogel, combining it with
PRF to ensure delayed release of bioactive molecules within PRF.

Theses to Defend

1. CLP incorporation in PRF as a carrier matrix upregulates its antibacterial properties as
transformation to its active form — clindamycin is ensured.

2. The release of antibiotic drug VANKA can be modeled from six to ten days, depending
on the carriers (PLGA microcapsules or liposomes) used in the PRF matrices.

3. Sustained release (from 6 h to 7 days) of bioactive molecules from PRF can be achieved
by combining PRF with fucoidan/chitosan hydrogel, based on the ability of fucoidan to
regulate the release and activity of bioactive molecules.

Scientific Novelty and Main Results

The scientific novelty of the Thesis lies in the dual perspective of PRF application: first, the
development of an innovative hydrogel capable to modulating the release of bioactive
molecules within PRF, and secondly, the development of a new drug delivery system involving
controlled antibiotic or particle delivery, where the particles are incorporated into PRF and act
as carriers of biologically active molecules.

A new method has been developed to encapsulate bioactive molecules within PRF in marine
polysaccharide (fucoidan/chitosan) hydrogels, thereby achieving their sustained release.
Environmentally friendly materials, chitosan and fucoidan, are used in this method, forming
hydrogels through polyelectrolyte self-assembly. Unlike traditional drug delivery system
preparation methods, this hydrogel production method does not rely on chemical crosslinkers.

Additionally, a new methodology for utilizing PRF as a carrier of biologically active
molecules to enhance the antibacterial properties of drugs has been developed. PRF as a carrier
extends the applications of prodrugs (e.g., clindamycin phosphate), which have fewer side
effects than the active form. The obtained drug/PRF combination demonstrates the need for
lower prodrug concentrations compared to the required prodrug amount without PRF. In the



future, this methodology will be further developed to enhance the antibacterial properties of
drugs more broadly.

Practical Significance

PRF properties and its combinations with various drug delivery systems and matrices were
investigated, and the application of its use was found in the development of the following
combinations:

1. Clindamycin phosphate with PRF as a carrier matrix for maxillofacial surgery, thus
obtaining an active drug form that would provide an antibacterial effect in the
postoperative period.

2. Combining PRF with various carriers (PLGA microcapsules or liposomes) of
biologically active substances (such as VANKA), reducing the need for oral drug
administration and adjusting the duration of biologically active substance therapy.

3. A new and environmentally friendly method of obtaining fucoidan/chitosan hydrogels

combined with PRF, thus ensuring the long-term release of bioactive molecules within
PRF.

Structure and Volume of the Thesis

This Doctoral Thesis was prepared as a collection of thematically related scientific
publications dedicated to the development of autologous fibrin matrices for medical
applications. The Thesis unites three original publications in SCI journals and one review
article.

Publications and Approbation of the Thesis

The Thesis results are reported in three original experimental publications. One review
article has been published. The main results were presented at 14 conferences.

Scientific publications

1. Egle, K., Dohle, E., Hoffmann, V., Salma, 1., Al-Maawi, S., Ghanaati, S., Dubnika, A.
Fucoidan/Chitosan Hydrogels as Carrier for Sustained Delivery of Platelet-Rich Fibrin
Containing Bioactive Molecules. Int. J. Biol. Macromol., 2024, 262 (1), 129651. doi:
10.1016/j.ijbiomac.2024.129651.

2. Egle, K., Skadins, 1., Grava, A., Micko, L., Dubniks, V., Salma, 1., Dubnika, A.
Injectable Platelet-Rich Fibrin as a Drug Carrier Increases the Antibacterial
Susceptibility of Antibiotic — Clindamycin Phosphate. International Journal of
Molecular Sciences, 2022, 23(13), 7407. doi: 10.3390/ijms23137407 (Scopus, Open
Access).

3. Dubnika, A., Egle, K., Skrinda-Melne, M., Skadins, 1., Rajadas, J., Salma. I
Development of Vancomycin Delivery Systems Based on Autologous 3D Platelet-Rich
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Fibrin Matrices for Bone Tissue Engineering. Biomedicines, 2021, 9(7), 814. doi:
10.3390/biomedicines9070814 (Scopus, Open Access).

Egle, K., Salma, 1., Dubnika, A. From Blood to Regenerative Tissue: How Autologous
Platelet-Rich Fibrin Can Be Combined with Other Materials to Ensure Controlled Drug
and Growth Factor Release. International Journal of Molecular Sciences, 2021, 22(21),
11553.doi: 10.3390/ijms222111553 (Scopus, Open Access).

The results of the Thesis were presented at the following conferences

1.

2.

Egle, K., Dohle, E., Hoffmann, V., Salma, 1., Al-Maawi, S., Ghanaati, S., Dubnika, A.
Exploring Platelet-Rich Fibrin Microstructure and Histology: with and without Hydrogel
Carriers. 64th International Scientific Conference of RTU: Materials Science and
Applied Chemistry, Riga, Latvia, October 6, 2023 (oral presentation).

Egle, K., Dohle, E., Hoffmann, V., Salma, 1., Al-Maawi, S., Ghanaati, S., Dubnika, A.
Fucoidan/Chitosan Hydrogels for Sustained Delivery of Platelet-Rich Fibrin Containing
Growth Factors. 33rd Annual Conference of the European Society for Biomaterials,
Davos, Switzerland, 4-8 September 2023 (poster).

Dubnika, A., Egle, K., Skadins, I., Skrinda-Melne, M., Micko, L., Grava, A., Dubniks,
V., Salma, I. Development of Drug Delivery Systems Based On Autologous 3D Platelet-
rich Fibrin Matrices, TERMIS-AM 2023 Annual Conference, Boston, MA, 11-14 April
2023 (poster).

Micko, L., Salma, I., Skadins, L., Salms, G., Dubnika, A., Egle, K. Platelet-rich fibrin
immunological testing methodology using Elisa assay, RSU International Research
Conference on Medical and Health Care Sciences: Knowledge for Use in Practice,
Riga, Latvia, 29-31 March 2023 (oral presentation).

Micko, L., Skadins, I., Salma, I., Dubnika, A., Egle, K., Salms G. Platelet-rich fibrin
antibacterial activity against Klebsiella pneumoniae, RSU International Research
Conference on Medical and Health Care Sciences: Knowledge for Use in Practice,
Riga, Latvia, 29-31 March 2023 (oral presentation).

Egle, K., Skadins, 1., Grava, A., Micko, L., Dubniks, V., Salma, 1., Dubnika, A.
Injectable platelet-rich fibrin as a drug carrier increases the antibacterial susceptibility
of antibiotic-clindamycin phosphate. /6th Annual Meeting for Scandinavian Society for
Biomaterials, Roros, Norway, 21-24 March 2023 (poster).

Micko, L., Egle, K., Grava, A., Skadins, 1., Salma, 1., Salms, G., Dubnika, A.
Antimicrobial activity of platelet-rich fibrin. 26" Congress of the European Association
for Cranio-Maxillo-Facial Surgery, Madrid, Spain, 27-30 September 2022 (poster).
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Biomaterials, Bordeaux, France, 4-8 September 2022 (poster).
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June 2021 (poster).

Skadins, 1., Micko, L., Salma, 1., Dubnika, A., Egle K. Antibacterial properties of
platelet-rich fibrin matrices saturated with vancomycin. Scandinavian Society for
Biomaterials, Jurmala, Latvia, June 14, 2021 (poster).

Dubnika, A., Egle, K., Skadins, 1., Salma, I. Commercial vs autologous fibrin-handling
from the material point of view. RSU International Research Conference on Medical
and Health Care Sciences: Knowledge for Use in Practice, Riga, Latvia, 24-26 March
2021 (oral presentation online).

Skadins, 1., Dubnika, A., Egle, K., Dovbenko, A., Salma, 1., Micko, L. Antibacterial
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Other scientific publications published during the research for Ph. D Thesis

1.

Micko, L., Salma, 1., Skadins, 1., Egle, K., Salms, G., Dubnika, A. Can Our Blood Help
Ensure Antimicrobial and Anti-Inflammatory Properties in Oral and Maxillofacial
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MAIN RESULTS OF THE THESIS

Pathway from Patient Blood Samples to Injectable PRF

Blood is a mixture of plasma, platelets, and red and white blood cells that flow throughout
the body. Blood is drawn from the patient, and by subjecting it to centrifugal force, the different
components, including platelets and fibrin, naturally separate based on their densities [30]. PRF
is derived from blood through a simple centrifugation process. It is widely used to accelerate
soft and hard tissue regeneration. This was first described by Choukroun and his group in 2001
in France. PRF is a modification of platelet-rich plasma (PRP) and, at the same time, an
autologous fibrin matrix used to improve bone regeneration and clinically used for soft tissue
augmentation. Compared to other platelet concentrates, PRF is a platelet-rich fibrin clot that
does not require the use of thrombin (procoagulant is used to accelerate gelation) but only
centrifuged blood without any impurities. It is a new biomaterial that resembles an autologous
cicatrical matrix but, at the same time, is neither a fibrin glue nor a classic platelet concentrate.
In addition, PRF contains a high concentration of host immune cells, which are needed to heal
wounds and reduce infections [5].

Different PRF derivatives are used today depending on the application and the desired
properties. As mentioned by Wend et al., in addition to solid PRF (A-PRF), there is a clinical
need to develop injectable PRF (i-PRF) matrices for various clinical procedures and to improve
angiogenic potential through the ability to combine i-PRF with various biomaterials [5], [31].
Figure 1 shows the advantages of i-PRF and A-PRF.

e

v Mimic the physiology and
immunology of wound healing v Easier to prepare and apply
¥ Used as a strong membrane v Rapidly converted to fibrin
v Drugs can be given using a v Combines many of the
syringe ) healing and immune
+ Includes more neutrophils, enhancers
which ensures tissue v Allows the mixing of
regeneration and blood vessel drugs and drug delivery
formation systems

A-PRF i-PRF

Fig. 1. Comparison of the advantages of two autologous platelet-rich concentrates i-PRF and
A-PRF. Figure created with Biorender.com [5].
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i-PRF is liquid injectable PRF and allows the incorporation of drugs and drug delivery
systems prior to coagulation. i-PRF is a recently introduced platelet concentrate that can be
easily combined with various biomaterials to improve the properties of the biomaterial. i-PRF
contains not only autologous growth factors found in the blood but also cells involved in the
wound healing process (Fig. 2). Panel B shows that not all elements in the blood enter the PRF
layer after centrifugation.

A B "
Fibrin
i ') Stem cell
<M
PDGF @ lymphooyte o e VEGF eosinophil Y Leukocyte
oy PRF k.
% ° % o % 9o ]

— Growth factor
Platelet

< Ssier i
neutrophil leukocyte monocyte TGF-B basophil p‘a:e et

% _ ,*t

» @

Fig. 2. Main elements of blood (A) and PRF (B). Figure created with Biorender.com [5].

PRF itself may demonstrate antibacterial activity, but it has not been relatively well studied,
and there is insufficient data on what affects it. Antimicrobial activity can be defined as the
destruction or inhibition of the growth of microorganisms (bacteria, fungi, and viruses) [32]. In
the human body, wound healing is compromised by possible infection, especially in wounds in
the oral region. Thus, the success of the use of PRF may be connected with its antimicrobial
properties. Fully autologous second-generation PRF with no additives as prepared using one
centrifugation may most directly reflect the antimicrobial potential of blood-derived material.
Another critical and fundamental property of PRF is its ability to release various growth factors
and cytokines at supraphysiologic concentrations, rendering it a significant agent in medical
applications, particularly in tissue regeneration [4]. Growth factors are a heterogeneous group
of proteins secreted by leukocytes and platelets with a short biological half-life rapidly
eliminated from the bloodstream; they act mainly locally. Platelets are involved in hemostasis
and store growth factors in alpha granules, which are activated to release these factors at the
injury site [33].

Studies in the literature have shown that PRF is frequently used in combination with
medications like metronidazole, clindamycin, penicillin [34], VANKA, teicoplanin,
gentamicin, or amikacin to eradicate bacteria and expedite the healing process [35]. In
contemporary oral and maxillofacial surgery, there is a growing requirement for clindamycin
as a pharmaceutical agent. Clindamycin and VANKA are commonly considered an alternative
for patients who exhibit allergic reactions to penicillin [36]. In the last decade, few studies have
combined antibiotics with PRF to provide an antibacterial effect. Based on the gathered
literature regarding PRF's antibacterial characteristics, an optimal approach would involve
amalgamating PRF with drugs to create a unified system rather than employing distinct drugs
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and PRF independently [4]. It should also be mentioned that the PRF can serve not only as a
drug delivery system but also as a matrix of other materials. Scientists have tried to combine
silk fibroin powder from Bombyx mori with Choukroun PRF, which showed the ability to
prevent peri-implant defects [37]. While searching for articles on the treatment of periodontitis,
it was found that PRF, in combination with other materials, can also be used to treat intrabony
defects. Summarizing all available studies, it is observed that when using PRF as matrices or
including it in another carrier system, there is no need to add growth factors, as PRF itself
includes certain growth factors. The only thing to consider is the encapsulation of the desired
drug and its interaction with other carriers that will be included in the PRF. It is also important
to investigate whether the used carrier system will be able to ensure the controlled release of
the growth factors in the PRF [5].

This PhD Thesis highlights the multifaceted potential of platelet-rich fibrin (PRF) in
biomedical applications. The subsequent chapters will delve into specific aspects, including 1)
the capacity of PRF to enhance the antibacterial sensitivity of clindamycin phosphate, 2) the
influence of delivery systems on drug release from the PRF matrix, and 3) the impact of carrier
systems on the release of bioactive molecules within PRF. These chapters aim to provide a
comprehensive understanding of how PRF can be harnessed and optimized for targeted and
effective medical interventions.

The Potential of PRF to Stimulate CLP Antibacterial Susceptibility

Infections are one of the most common postoperative risks caused by pathogenic and
opportunistic bacteria. S. aureus and S. epidermidis are gram-positive opportunistic bacteria
present in the normal human microbiome [2]. Opportunistic bacteria are usually harmless when
residing in the human or animal body but can cause illness or infection when conditions allow,
such as a weakened immune system [38].

For the treatment of community-acquired, methicillin-resistant, and methicillin-susceptible
S. aureus infections, clindamycin has been recommended for many years, and it can also reduce
the susceptibility of methicillin-resistant S. aureus clinical isolates [39], [40]. Currently, there
is a growing need for clindamycin in oral and maxillofacial surgery, particularly for preventing
and treating jaw osteonecrosis [41]. It is widely considered an alternative for patients with an
allergic reaction to penicillin [36]. Clindamycin phosphate (CLP) is a prodrug of clindamycin
that has no antibacterial activity [42]. It is reported that CLP is rapidly hydrolyzed to the active
base (clindamycin) in the blood [43]. The aim was to investigate the change in CLP antibacterial
properties against reference culture and clinical isolates of S. aureus and S. epidermidis using
PREF as a carrier matrix. Determination of minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) is one of the main ways to assess this. See the PRF_CLP
sample preparation scheme in Fig. 3.
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Fig. 3. CLP sample preparation scheme. Figure created with Biorender.com.

Fourier transform infrared spectrometry (FTIR) was used to examine the structural changes
after combining clindamycin phosphate (CLP) with PRF (Fig. 4). Antibacterial tests were used
to verify whether the combination of CLP with PRF shows an antibacterial effect and confirms
the theory that in the presence of PRF, a lower concentration of CLP is required to kill and
prevent bacterial growth (Fig. 5).

FTIR spectra show the interaction of CLP with PRF during the seven-day incubation period.
Partial hydrolysis and conversion of CLP to clindamycin were observed. After seven days of
incubation, a new bond formation (C-C at 1080 cm™') and a maximal increase in phosphate
group absorbance over time were observed, indicating structural changes, possibly suggesting
the conversion of CLP into the active drug — clindamycin.
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Fig. 4. FTIR spectra: A — PRF, PRF_CLP samples, CLP and clindamycin samples in the full
spectral range; B — PRF_CLP samples at incubation time points in the range of 1800-400cm™!

(2].

The composition of the blood from each donor affects the antibacterial properties of the
sample, specifically, the amount of CLP required to achieve the antibacterial activity.

Comparing the MIC and MBC values of the PRF_CLP samples with pure CLP samples for
all bacteria strains, a decrease in these values is observed by adding PRF to the CLP.
Antibacterial tests showed that the addition of PRF enhances the antibacterial activity of CLP
not only against staphylococcal reference cultures but also against clinical isolates. It can be
seen that against the clinical isolates of S. aureus and S. epidermidis, higher CLP concentrations
are required in PRF_CLP samples to provide a lower MBC value compared to both bacteria
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reference cultures. Each donor has different blood properties (such as different white blood cell

counts or vitamin D levels) that drastically affect the antibacterial effect. Studies by Schilcher
et al. [44], [45] and Kuriyama et al. [46] showed that the MIC of pure clindamycin in clinical
isolates against methicillin-resistant S. aureus (MRSA) can reach > 256 mg/L. Summarizing all
the data, it can be seen that CLP with PRF is a better antibacterial material than pure CLP; and
compared to the literature, we have obtained lower MIC values (ranging from 62.5 pg/mL to

145.8 pg/mL depending on the bacterial strain) than required for clindamycin (> 256 pg/mL)

Depending on the bacterial strain, the concentration of the drug has to be adjusted (Fig. 5).
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Fig. 5. MIC and MBC value differences between CLP and PRF_CLP samples against four
bacteria stains (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228), S. aureus (clinical
isolate), S. epidermidis (clinical isolate) for all three donors. Samples were prepared from
Donor 1 blood (D1 PRF_CLP); samples were prepared from Donor 2 (D2 PRF_CLP);
samples were prepared from Donor 3 (D3 PRF_CLP). *p > 0.05; ** p <0.05 [2].

The ability of PRF to degrade naturally is considered an advantage for its use as a

“warehouse” of controlled drug release systems. The release data indicated that the PRF_CLP

sample can be used for a one-day local therapy, ensuring maximum CLP release (80 %) within

1 h (Fig. 6).
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Fig. 6. CLP release from PRF matrices in Dulbecco's modified Eagle medium (DMEM);
an average of the three donors’ release data [2].

Impact of Delivery System on Drug Release from PRF Matrix

Systematically used drugs, without a specific carrier, spread throughout the body, and often,
the drug degradation rate is relatively short. It ensures not only a positive effect on the damaged
tissue but may also induce adverse side effects on healthy tissues [47]. As observed in the
previous study [2], simply mixing the drug into PRF enhances its antibacterial properties;
however, the drug is released very rapidly. The aim of drug delivery systems is to achieve the
highest therapeutic effect with the lowest drug concentration [48]. In this study, antibiotics
VANKA encapsulated in PLGA microcapsules (PLGA _pC_VANKA) and liposomes were
used. Figure 7 shows the preparation schemes of both types of delivery systems. Both developed
VANKA delivery methods were incorporated into PRF matrices, testing the ability of PRF to
release drugs uniformly.
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Fig. 7. Sample preparation scheme: 1) liposomes with/without VANKA; 2) microcapsules
with/without VANKA. Figure created with Biorender.com.

Transmission electron microscopy (TEM) analysis showed that prepared VANKA-loaded
liposomes have a heterogeneous population in which it is possible to observe a close presence
of two-layer structures. Also, Fig. 8 shows that the majority of liposomes are spherical particles.

1000 nm

Fig. 8. TEM pictures of VANKA-loaded liposomes [13].

The release kinetics of VANKA from PRF/VANKA liposomes is higher than from VANKA
liposomes without PRF matrix (Fig. 9). The increased concentration of VANKA can be
explained by the fact that the Ca®* ions in PRF form a shell around the lipids, compressing them
and thus destroying the liposomes [49], [50]. Based on the results, it can be concluded that Ca?*
ions adversely affect the liposomes; therefore, VANKA is released faster and in higher
concentrations.
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Fig. 9. Drug release from PRF/VANKA liposomes and VANKA liposomes [13].

On the other hand, scanning electron microscopy (SEM) photographs of PLGA
microcapsules showed spherical particles with smooth surfaces, which indicated the absence of
any drug crystal on the surface and confirmed the even distribution of the drug in the polymeric
matrix (Fig. 10 B).

Fig. 10. SEM pictures of the surface of PLGA microcapsules without (A and C) and with (B
and D) VANKA [13].

Based on the VANKA release studies from PLGA microcapsules (Fig. 11), the kinetics of
VANKA  release from PRF with VANKA-loaded PLGA  microcapsules
(PRF/PLGA _nC_VANKA) scaffolds are reduced fivefold compared to PRF with VANKA-
added as free drug powder, non-encapsulated (PRF/VANKA) samples, ensuring controlled
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VANKA release (from 6 to 10 days) and preventing burst release. In contrast, comparing
PLGA pC VANKA with PRF/PLGA uC VANKA scaffolds, it can be observed that the
VANKA release concentration is reduced twofold. This suggests that the PRF scaffold inhibits
the rapid release of VANKA. Also, VANKA in PRF scaffolds without a carrier system does
not ensure controlled delivery of active VANKA form at the therapeutic effect level.
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Fig. 11. Drug release from PRF/VANKA, PLGA pC _VANKA, and PRF/ PLGA uC
_ VANKA scaffolds [13].

The maximum duration of antibacterial effect for VANKA-containing samples
(PLGA_pC_VANKA) was observed for 48 hours. For the first 24 hours, the mean diameter of
the sterile area around the samples was 30 mm. For the next 24 hours, the diameter of the sterile
area was reduced by 50 % (Fig. 12). As one of the possible solutions for further research,
obtained samples could be placed in a bacterial suspension and incubated, preventing sample
drying.
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Fig. 12. Antibacterial properties of PRF/PLGA_nuC_VANKA samples: (A) inhibition zones
in mm; (B) sterile areas around the PRF/PLGA nC VANKA samples after 24 h incubation;
(C) sterile areas around the PRF/PLGA _pC VANKA samples after 48 h incubation. The
diameter of the petri dishes is 8.5 cm [13].

Beyond its capacity for controlled drug release, PRF possesses another vital characteristic:
its role in promoting healing and tissue regeneration, which is made possible by the presence
of growth factors and cytokines within PRF.

Effect of Carrier Systems on the Release of Bioactive Molecules within PRF

In this study, we developed a hydrogel composed of fucoidan (FU) and chitosan (CS) due
to their biocompatibility and ability to form polyelectrolyte complexes via self-assembly [28],
as well as the ability of fucoidan to bind growth factors [24]. See the FU CS hydrogel
preparation scheme in Fig. 13. To determine the optimal amount of PRF and the release kinetics
of the bioactive molecules it contains, the following parameters were investigated for the
hydrogels: 1) stability, deformation and flow behavior and 2) release kinetics of the bioactive
molecules.
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Hydrogels' degradation and rheological properties were analyzed as key determinants of
their mechanical behavior and susceptibility to breaking down. Thus, finding out whether the
addition of PRF will be able to improve the properties of the hydrogel (Figs. 14 and 15). Then,
the released amount of bioactive molecules (TGF-1, PDGF-BB, VEGF, EGF, and IL-8) from
pure PRF matrix and combined with hydrogel was determined (Fig. 16).

The degradation of FU_CS hydrogels with/without PRF and pure PRF during two weeks in
TRIS-HCI and citric acid was determined, and it is illustrated in Fig. 12. Based on the results,
the addition of PRF to FU_CS hydrogels slowed down the degradation rates of both PRF and
FU_CS hydrogels. Statistical analysis reveals no significant difference in media between
FU_CS and PRF/FU_CS hydrogel samples. There is a notable gap in PRF degradation, with
87.26 £ 8.21 % in TRIS-HCl and 96.21 + 1.71 % in citric acid within 14 days.
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Fig. 14. Degradation degree of PRF, FU_CS and PRF/FU_CS hydrogels in TRIS-HCI (with
a solid line) and citric acid (with dashed line) at 37 °C. All data is represented as average
+SD, n=3[51].
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Rheological experiments were used to explore the deformation and flow behaviors of PRF,
FU_CS and PRF/FU_CS hydrogels. All samples exhibited characteristic gel-like behavior, with
the storage modulus (G") substantially exceeding the loss modulus (G'") (Fig. 15). The
amplitude sweep test identified a consistent linear viscoelastic region (LVER) down to
€~2.5 % for all samples (marked with a black line in Fig. 15 A), and G’-G"" crossing point
was observed at € = 14 % for FU_CS hydrogel, € = 28 % for PRF/FU_CS hydrogel, and at
€= 55 % for PRF (marked with colored lines). In rheology, "e" typically represents strain, how
much a material has deformed under a certain amount of stress or force. In all frequency ranges,
G’ remained constant for all samples (Fig. 15 B), indicating a solid-like and stable internal
structure.
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Fig. 15. Mechanical properties of scaffolds: A —amplitude sweep test of hydrogels
with/without PRF was obtained at 1 Hz frequency; B — frequency sweep test of FU_CS
hydrogels with/without PRF was obtained at 0.2 % strain. All data is represented as average
+ SD (n = 3) [51].

The data obtained show that the hydrogel, as a result of electrostatic interaction, allows the
growth factors contained in PRF to be encapsulated and ensures their gradual release. For all
analyzed growth factors and cytokines (TGF-1, PDGF-BB, VEGF, EGF, and IL-8), a general
trend of higher released concentrations from pure PRF matrices than from PRF/FU _CS
hydrogel matrices was observed. This indicates that the FU_CS hydrogel can effectively sustain
the release of bioactive molecules and incorporate them into the hydrogel matrix, ensuring their
long-term availability for tissue engineering purposes.
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Fig. 16. Cumulative release of growth factor and cytokine. A and B show growth factor
and cytokine release (IL-8 and EGF, respectively) at each time [51].

Histological studies have also shown that PRF penetrates the FU_CS hydrogel matrix,
enabling the release of growth factors. After three and seven days, the comparison between
unmodified PRF and PRF/FU_CS hydrogel reveals a reduction in cell count within the PRF
matrix, indicating the release of bioactive molecules. The obtained data also confirm that after
seven days, PRF is still incorporated into the FU_CS hydrogel structure (Fig. 17).
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After 3 days

After 7 days

Fig. 17. Fibrin morphology after three and seven days of incubation. (Scale bar: 100 pum,
increases have scale bar = 20 pum; yellow arrows show the presence of PRF and black arrows
the presence of hydrogel) [51].

The use of hydrogels to modulate PRF growth factor release schedules, particularly in
combination with drugs (potentially prodrugs), would offer a promising opportunity to enhance
antibacterial activity. Future research should focus on optimizing drug-hydrogel interactions,
exploring sustained release patterns, and assessing the capability of other drugs to convert into
active forms in the presence of PRF, providing valuable insights for advanced therapeutic

applications.

28



CONCLUSIONS

. The addition of PRF affects the antibacterial activity of CLP against S. aureus and S.
epidermidis bacterial strains (both reference cultures and clinical isolates), resulting in
lower MIC values (ranging from 62.5 pg/mL to 145.8 ng/mL depending on the bacterial
strain) compared to clindamycin (MIC > 256 pg/mL).

. The use of phosphatidylcholine liposomes as drug delivery systems in PRF matrices
fails to provide a controlled release of VANKA, as their stability is influenced by the
Ca2+ ions present in the PRF, thereby releasing a high concentration of the drug.

. The use of PLGA microcapsules as a drug delivery system in PRF matrices can ensure
the controlled release of VANKA for six to ten days.

. The FU CS hydrogel, created through electrostatic interactions, enables the
encapsulation of PRF bioactive molecules (TGF-1, PDGF-BB, VEGF, EGF, and IL-8)
and ensures their gradual release over seven days.
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