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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Misdienas joprojam tick diskutSts par to, vai trombocitus var uzskatit par asins $tnu
fragmentiem vai sikam bez kodola asins §tinam [ 1], tacu ir zinams, ka tie atbild par biomolekulu
aktivesanu un atbrivo$anu. Ar trombocitiem bagatinats fibrins (PRF) ir autologs materials, ko
centrifug€Sanas cela var iegiit no cilvéka asinim. PRF izmanto, lai veicinatu bricu dzisanu un
audu regeneraciju, ka ari dazadas medicinas jomas, tostarp zobarstnieciba un sejas zoklu
kirurgija [2].

PRF sastava esoSie leikoctti veicina bric¢u dziSanu, un tas satur augSanas faktorus, kas
izdalas laika gaita. Mutes un sejas zoklu kirurgija, plastiska kirurgija, sirds kirurgija un
zobarstnieciba ir liela interese par PRF antimikrobialo iedarbibu [3]. PRF strukturas
sarezgitiba, neviendabigais raksturs un recé$anas sp&ja apgriitina ta antimikrobialo iedarbibas
noveérteSanu. Janem vera, ka lielaka dala izmantoto test€Sanas metozu antimikrobialas
iedarbibas izvertésanai ir balstitas antibakterialo Iidzeklu sp&ja difundét barotné. PRF visbiezak
izmanto mutes un sejas Zoklu regionos, tapéc ta antimikrobialas aktivitates novertéjums ir
plasak apskatits mutes mikrobioma. PRF, kas sagatavots saskana ar noteiktu protokolu
(atkariba no kirurgiskas vietas), var nodro$inat antimikrobialas un pretiekaisuma pasibas un
var bt noderigs lidzeklis kliniskaja praksé mutes un sejas zoklu kirurgija [4]. Pe€dgjo 10 gadu
laika veikti vairaki petijumi, kuros antibiotikas kombinétas ar PRF, lai nodroSinatu
antimikrobialo efektu. Pamatojoties uz apkopoto literatiru par PRF antimikrobialajam
Ipasibam, ir ieteicams taja integret zales, lai izveidotu vienotu sist®mu, nevis izmantotu zales
un PRF atseviski [5].

Mutes un sejas zoklu kirurgijas pacientiem, kuriem ir alergija pret penicilinu, ka aizstaj&ju
lieto klindamicinu, lidz ar to palielinas nepiecieSsamiba §0 medikamentu izpétit padzilinati. Arsti
min, ka papildus baktericidajai iedarbibai klindamicinam ir augstaka perorala uzsiikSanas,
ievérojams sadalijums audos (radot augstaku zalu koncentraciju kaulos) un zems rezistences
limenis [6]. Turklat biezi vien priekSroka tiek dota zalvielu prekursoriem, neaktiviem
prekursoriem, kas organisma tiek parveidoti par aktivam vielam, nevis tieSai aktivo vielu
lietodanai farmacija. Si izvéle ir saistita ar to sp&ju uzlabot zalu stabilitati, $kidibu un
biopieejamibu, uzlabojot terapeitiskos rezultatus. Klindamicina fosfats (CLP) ir klindamicina
zalvielu prekursori, kam nav antimikrobialas aktivitates. Tiek zinots, ka CLP asinis atri
hidrolizgjas par aktivo bazi (klindamicinu) [2]. Promocijas darba pétita sp&ja parveidot CLP
aktivaja forma, apvienojot to ar PRF. Turklat pétits arT vankomicina hidrogénhlorids (VANKA),
lai apskatttu plasakas aktivo vielu izmantoSanas iesp&jas kombinacija ar PRF. VANKA ir ident
skistosa triciklisko glikopeptidu antibiotika [7], kas novér§/iznicina noteiktus grampozitivus
mikroorganismus, kas ir visizplatitakie patogeni. VANKA, tapat ka klindamicins, tiek lietots
gadijumos, kad penicilins ir neefektivs vai izraisa alergiskas reakcijas, ka art tadu infekciju
arstéSanai, kuras citas antibiotikas ir rezistentas [8,9].

Zalu pamata farmakologiskas ipasibas var uzlabot, izmantojot piem&rotu zalu piegades
sistému, kas nodrosina to ievadiSanu ka brivu molekulu [10]. Zalu piegades sisteéma ir metode
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vai tehnologiska pieeja, ko izmanto, lai sistematiski un precizi ievaditu terapeitiskas vielas
(pieméram, ziles vai medikamentus) cilvéka organisma. Sis process ietver tadu sistemu izveidi
un ievieanu, kas uzlabo arstéSanas efektivitati un drodibu. So sistému galvenais mérkis ir
precizi kontrolét zalu piegadi konkrétiem audiem vai §inam, vienlaikus cenSoties samazinat
iespejamas blakusparadibas [11, 12]. Piem&ram, VANKA var iekapsulét liposomas, unikalos
zalu nesgjos, jo tas var parvaret perorali vai intravenozi lietojamo zalu trikumus. Ka alternativa
VANKA iekapsulé$anai ir pétitas ari polipien-ko-glikolskabes (PLGA) poliméru mikrokapsulas.
Gan liposomam, gan PLGA mikrokapsulam ir zema iekapsuléSanas efektivitate, bet, neskatoties
uz to, VANKA iekapsulésana nes€ja nodrosina augstus kliniskos ieguvumus ilgstosai antibiotiku
lietoSanai. Tap&c ir butiski pielagot VANKA nesgja sastavu un zalu izdaliSanas atrumu no
autologajiem paraugiem. PaSreizgjo petijumu skaits par zalu nes€jiem, kas integréti autologajos
PRF paraugos, ir icrobezots [13].

Papildus PRF kombinacijai ar zalu piegades sistémam, kas nodroSina kontrol&tu zalu
piegadi, PRF ietver augSanas faktorus un citokinus, ko var atbrivot tiesi ievadiSanas vieta.
Vairaki autori aprakstijusi dazadu centrifugéSanas protokolu ietekmi uz augSanas faktoru un
citokinu izdaliSanos, apstiprinot pagatavosanas protokolu biitisko ietekmi uz PRF 1pasibam. Ir
pieradits, ka augSanas faktoru un citokinu izdaliSanas modelu atSkiribas pastav ne tikai starp
dazadiem trombocitu koncentratiem, bet ari katra veida PRF [14]. Trombocitu koncentrats
galvenokart satur trombocttus, savukart PRF ir papildus sajaukts ar fibrTna Skiedru veidojoSiem
proteiniem, kas veicina audu dziSanu. EsoSaja literatira pétitas trombocitiem bagatinatas
plazmas (PRP) vai PRF kombinacijas ar hitozana/fukoidana kompleksiem vai Zelatina/hitozana
hidroggliem [15, 16]. Sajos p&tTjumos abu veidu trombocitu koncentrati tika iejaukti hitozana
Skiduma, un ieglitajiem materialiem novertts atbrivoto olbaltumvielu daudzums. Jaunu
metodologiju ievieSana, balstoties $ajas publikacijas, sarezgitu mediciniskas procediiras, kas
ietveru vairakus izstrades posmus. Iepriek$&jos petijumos noteikta gan individuala PRF ietekme
uz kaulu veido$anos un regeneraciju, gan integréjot to poliméru matricas [17]. Xu et al. ieklava
granulu-liofilizétu trombocitiem bagatinatu fibrinu (G-L-PRF) polivinilspirta (PVA)
hidrogglos, panakot ilgsto$u augSanas faktoru izdalianos no G-L-PRF/PVA pamatném lidz
devinam dienam [18]. Cita ex vivo pétijuma tika analiz&ta injicgjama PRF kombinacija ar
piecam dazada veida kolag€na bazes membranam un to sp&ja nodrosinat autologu augSanas
faktoru piegadi. Tadgjadi $is bija pirmais pétijums, kurd méginats izprast biomaterialu sp&ju un
piemérotibu ieklaut PRF [19].

Nesen kaulaudu inzenierijas noliikos izstradati vairaki fukoidanu (FU) saturosi
kompozitmateriali, jo FU palielina osteoblastiem Iidzigo §tinu proliferacijas sp&ju un uzlabo
osteoblastu veidoto mineralu nogulsn&sanos [20]. FU lidziba cilvéka arpus$inu matricai un
plasas IpaSibas, pieméram, augsta biologiska saderiba un atjaunotiba, ir ieinteresgjuSas
pétniekus. Sis Tpadibas ir nozimigas regenerativas medicinas materialu izstradg, ipasi brii¢u
arsteSanai [21]. FU ir heparinam lidziga molekula un tas uzlabo aug8anas faktoru ietekmi uz
§tinu proliferaciju, osteogéno diferenciaciju un mezenhimalo cilmes $tnu aktivitati [22].
Vairakos pétijumos [23, 24] aprakstits, ka FU var mijiedarboties ar augSanas faktoriem
(pieméram, bFGF un TGF-p), lai kontrol&tu to izdaliSanas atrumu un aktivitati, saistoties un



regulgjot signala vadiSanas celus. Signala vadiSanas celi ir loti svarigi autologos PRF paraugos,
lai nodrosinatu augsanas faktoru izdaliSanos no matricam.

Kopuma hitozana struktiira un Tpasibas ir lidzigas glikozaminoglikanam (GAG),
dabiskajam polisaharidam un galvenajai arpus§tinas matricas (ECM) sastavdalai [25]. Hitozans
ir dabisks katjonu kopolimers, kas radijis ievérojamu interesi par ta potencialu hidrogglu
izstrade. ST poliméra hidrofila daba nodrosina ta noardiSanos cilvéka fermentu darbibas
rezultata, tadgjadi veicinot biologisko saderibu un biologisko noardisanos, kas ir divas butiskas
medicinisko ieri€u TpaSibas. Hitozana balstiti hidrog€li varétu kalpot ka pamatnes audu
atjaunoSanai [26]. Hitozans paatrina brii¢u dziSanu, aktivgjot un modul&jot iekaisuma $tinas un
veicinot granularo audu veidoSanos. Ta spgja saistit negativi ladétas sarkanas asins §tinas uzlabo
rec€Sanu, padarot to par biitisku briicu parsg€ju sastavdalu [27].

Lidz $im kontrol€tas augSanas faktoru piegades metodes, kas balstitas PRF kombinacija ar
citiem biomaterialiem, nodroginot ilgstosdkas terapijas iespgjas, nav pétitas. Saja darba tika
izstradati hidroggli, kas sastav no fukoidana (FU) un hitozana (CS), nemot véra to biologisko
saderibu un sp&ju veidot polielektrolitu kompleksus passavienoSanas cela [28]. Polielektrolitu
kompleksu veidoSanas starp pret€ji ladétam hitozana un fukoidana aktivajam grupam padara
iesp&jamu PRF sastava eso$o aug8anas faktoru ieklausanu FU un CS hidroggla elektrostatiskas
mijiedarbibas rezultata [29]. Tad&jadi promocijas darba izstradati fukoidana/hitozana hidroggéli,
petot to turpmakas izmantoSanas iesp&jas ka materialus, lai iecklautu un uzglabatu PRF.

Saja promocijas darba tika izvirziti $adi mérki: 1) izp&tit PRF potencialu zalvielu prekursoru
parveidosana aktivaja forma, izmantojot klindamicina fosfatu ka vienu no zalvielu
prekursoriem piemé&riem; 2) noverteét PRF sp&ju paléninat aktivas vielas straujo sakotngjo
izdaliSanos, ieklaujot aktivo vielu PLGA mikrokapsulas vai liposomas, izmantojot VANKA ka
vienu no aktivas vielas piemériem; 3) izp&tit PRF sastava esoso bioaktivo molekulu kontroletu
izdalisanos no PRF saturo$am jiiras polisaharidu (fukoidana un hitozana) hidrogglu piegades
sisttmam.



Meérki un uzdevumi

Promocijas darba meérkis ir izstradat PRF balstitas matricas, kas var nodro$inat
antimikrobialas ipasibas, pievienojot zales vai to piegades sistémas, ka ari nodrosinat kontrol&tu
PRF sastava esoso bioaktivo molekulu piegadi, izvertgjot dazadus PRF nesgjus. Lai sasniegtu
merki, tika definéti vairaki uzdevumi.

1. Izpetit PRF ierosinasanas potencialu klindamicina fosfata parveidoSanai par aktivo zalu

formu klindamicinu, nodro$inot efektivakas antimikrobialas Tpasibas.

2. Novertet PRF matricu mijiedarbibu ar zalu piegades sisttmu nesgjiem (PLGA
mikrokapsulas vai liposomas) un to ietekmi uz antibiotiku (VANKA) izdaliSanas
kingtiku.

3. Izstradat fukoidana/hitozana hidrog€lu iegisanas tehnologijas metodiku to apvieno$anai
ar PRF, lai nodro$inatu PRF sastava esoSo bioaktivo molekulu aizkavétu izdaliSanos.

Tezes aizstaveéSanai

1. CLP ieklausana PRF ka nesgjmatrica paaugstina ta antibakterialas ipasibas, nodrosinot
zalvielu prekursora parveidosanos par ta biologiski aktivo formu klindamicinu.

2. PRF matricas ieklauto antibiotiku VANKA izdali$anas kin€tiku var modeleét no sesam
lidz 10 dienam atkariba no zalu piegadei izmantota nes€ja (PLGA mikrokapsulas vai
liposomas).

3. Balstoties fukoidana spgja regulét bioaktivo molekulu izdaliSanos un aktivitati, ilgstosu
bioaktivo molekulu izdaliSanos (no se$am stundam lidz septinam dienam) no PRF var
panakt, apvienojot PRF ar fukoidana/hitozana hidrogg€liem.

Zinatniska novitate un galvenie rezultati

Zinatniska novitate balstas uz perspektivu dualu PRF lietojumu. Pirmkart, inovativa
hidroggla izstrade ar sp&u modulét PRF sastava esoSo bioaktivo molekulu izdalisanos, un,
otrkart, jaunu zalu piegades sistemu izstrade, ietverot kontrol&tu antibiotiku vai dalinu piegadi,
kura dalinas ieklautas PRF un darbojas ka biologiski aktivo molekulu nesgji.

Darba izstradata jauna metode, lai nodroSinatu PRF sastava esoSo bioaktivo molekulu
iekapsul€Sanu jliras polisaharidu fukoidana un hitozana hidrogélos, tadéjadi panakot to ilgstosu
izdalidanos. Saja metodé izmantoti videi draudzigi materiali hitozans un fukoidans, kas
polielektrolitu passavienoSands cela veido hidrogglus. AtSkiriba no tradicionalajam zalu
piegades sist€mu sagatavoSanas metodém $1 hidrog€lu ieguSanas metode nav atkariga no
Kimiskiem skérssaistitajiem.

Paraléli izstradata ari jauna metodologija PRF izmantoSanai ka bioaktivo molekulu
nesg&jam, lai uzlabotu zalu antibakterialas Tpasibas. PRF ka nesgjs paplasina zalvielu prekursoru
(pieméram, klindamicina fosfata), kam ir mazak blakusparadibu neka akftivajai formai,
izmantoSanas iesp&jas. leglita zalu/PRF kombinacija uzrada nepiecieSamibu p&c zemakas



zalvielu prekursoru koncentracijas, salidzinot ar nepiecieSamo zalvielu prekursoru daudzumu
bez PRF. Nakotng $1 metodologija tiks attistita plasakai zalu antibakterialo TpaSibu uzlabosanai.

Praktiska nozime

Darba petitas PRF 1pasibas un ta kombinacijas ar dazadam zalu piegades sisttmam un

matricam. Atrasts PRF lietojums talak mingto inovativo kombinaciju izstrade.

1. PRF ka nesgjmatrica zalvielu prekursoram — CLP mutes, sejas un zoklu kirurgija,
tadgjadi iegtstot aktivo zalu formu, kas nodroSinatu antibakterialu iedarbibu
peécoperacijas perioda.

2. PRF kombin&8ana ar dazadiem biologiski aktivo vielu (pieméram, VANKA) nesgjiem
(PLGA mikrokapsulas vai liposomas), samazinot nepiecieSamibu péc peroralas zalu
lietoSanas un pielagojot biologiski aktivas vielas terapijas ilgumu.

3. Jauna un videi draudziga metode fukoidana/hitozana hidrogglu iegiiSanai kombinacija
ar PRF, nodros$inot ilgstoSu PRF sastava esoSo bioaktivo molekulu izdaliSanos.

Darba struktiira un apjoms

Promocijas darbs ir sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas veltita
pétijumiem par autologo fibrina matricu izstradi mediciniskiem noliikiem. Darbs ietver tris
originalpublikacijas SCI zurnalos un vienu apskatrakstu.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati public&ti tris zinatniskajos originalrakstos. Promocijas
darba izstrades laika sagatavots viens apskatraksts. Promocijas darba rezultati prezentéti
14 zinatniskajas konferences.

Zinatniskas publikacijas

1. Egle, K., Dohle, E., Hoffmann, V., Salma, I., 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, I., Grava, A., Micko, L., Dubniks, V., Salma, I., 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, I|., Rajadas, J., Salma. I.
Development Development of Vancomycin Delivery Systems Based on Autologous 3D
Platelet-Rich Fibrin Matrices for Bone Tissue Engineering. Biomedicines, 2021, 9 (7),
814. doi: 10.3390/biomedicines9070814 (Scopus, Open Access).

10


https://doi.org/10.1016/j.ijbiomac.2024.129651
https://doi.org/10.3390/ijms23137407
https://doi.org/10.3390/biomedicines9070814

4.

Egle, K., 1.Salma, A.Dubnika. 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).

Promocijas darba rezultati ir prezent&ti 14 zinatniskajas konferencgs.

1.

Egle, K., Dohle, E., Hoffmann, V., Salma, I., Al-Maawi, S., Ghanaati, S., Dubnika, A.
Exploring Platelet-Rich Fibrin Microstructure and Histology: with and without
Hydrogel Carriers. 64™ International Scientific Conference of RTU: Materials Science
and Applied Chemistry, Riga, Latvia, October 6, 2023 (mutiska prezentacija).
Egle, K., Dohle, E., Hoffmann, V., Salma, I., Al-Maawi, S., Ghanaati, S., Dubnika, A.
Fucoidan/Chitosan Hydrogels for Sustained Delivery of Platelet-Rich Fibrin Containing
Growth Factors. 33™ Annual Conference of the European Society for Biomaterials,
Davos, Switzerland, 4"-8" September 2023 (stenda referts).
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 (stenda referats).
Micko, L., Salma, ., Skadins, I., Salms, G., Dubnika, A., Egle, K. Platelet-rich fibrin
immunologocal 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 (mutiska prezenticija).
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 (mutiska prezentacija).
Egle, K., Skadins, 1., Grava, A., Micko, L., Dubniks, V., Salma, I., Dubnika, A.
Injectable platelet-rich fibrin as a drug carrier increases the antibacterial susceptibility
of antibiotic-clindamycin phosphate. 16" Annual Meeting for Scandinavian Society for
Biomaterials, Roros, Norway, 21 — 24™ March 2023 (stenda referits).
Micko, L., Egle, K., Grava, A., Skadins, I., Salma, I., 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 (stenda
referats).
Egle, K., Dohle, E., Hoffmann, V., Salma, I., Al-Maawi, S., Ghanaati, S., Dubnika, A.
Fucoidan/chitosan hydrogels as matrices for sustained delivery of platelet-rich fibrin
containing bioactive molecules. 32" Annual Conference of the European Society for
Biomaterials, Bordeaux, France, 4"-8" September 2022 (stenda referats).
Salma, 1., Micko, L., Egle, K., Dubnika, A. Development of protocol for obtaining
autologous liquid PRF for local drug delivery systems. 32" Annual Conference of the
European Society for Biomaterials, Bordeaux, France, 4M-8™ September 2022 (stenda
referats).
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10. Egle, K., Micko, L., Grava, A., Salma, |., Skadins, 1., Dubnika, A. Study on the effect
of fibrin matrice on the antibacterial activity of clindamycin phosphate. Scandinavian
Society for Biomaterials 2022 15" Annual Meeting, Jurmala, Latvia, 13" — 15" June
2022 (stenda referats).

11. Egle, K., Salma, 1., Dubnika, A. From blood to regenerative tissue: how autologous
platelet-rich fibrin can be used as drug carrier system. 62" International Scientific
Conference of RTU: Materials Science and Applied Chemistry, Riga, Latvia, October
22,2021 (stenda referats).

12. Egle, K., Dubnika, A. Development of fibrin matrices for sustained drug delivery. 31%
Conference of the European Society for Biomaterials, Porto, Portugal, 5"-9" September
2021 (stenda referats).

13. Egle, K., Salma, 1., Skadins, I., Dubnika, A. Study of autologous fibrin matrices for
controlled drug delivery. Scandinavian Society for Biomaterials, Jurmala, Latvia, 14"
June 2021 (stenda referats).

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

15. Dubnika, A., Egle, K., Skadins, 1., Salma, I. Commercial vs autologous fibrin-handling
from 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 (mutiska prezentacija tie$saiste).

16. Skadins, 1., Dubnika, A., Egle, K., Dovbenko, A., 1.Salma, L.Micko. Antibacterial
effect of autologous matrices. RSU International Research Conference on Medical and
Health Care Sciences: Knowledge for Use in Practice, Riga, Latvia, 24" — 26" March
2021 (stenda referats).

17. Egle, K., Dubnika, A. Development of fibrin matrices for controlled drug delivery. 61
International Scientific Conference of RTU: Materials Science and Applied Chemistry,
Riga, Latvia, October 23, 2020 (stenda referats).

18. Egle, K. Development of autologous fibrin matrices for controlled drug delivery. 61%
Riga Technical University Student Scientific and Technical Conference, Riga, Latvia,
May 22, 2020 (mutiska prezentacija).

Citas zinatniskas publikacijas, kas public€tas promocijas darba izstrades laika

1. Micko, L., Salma, ., Skadins, 1., Egle, K., Salms, G., Dubnika, A. Can Our Blood Help
Ensure Antimicrobial and Anti-Inflammatory Properties in Oral and Maxillofacial
Surgery? International Journal of Molecular Sciences, 2023, 24 (2), 1073.doi:
10.3390/ijms24021073 (Scopus, Open Access).

2. Grava, A., Egle, K., Dubnika, A. Enzymatically Crosslinked In Situ Synthesized
Silk/Gelatin/Calcium Phosphate Hydrogels for Drug Delivery. Materials, 2021, 14 (23),
7191. doi: 10.3390/ma14237191 (Scopus, Open Access).
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PROMOCIJAS DARBA GALVENIE REZULTATI

Cels no pacienta asins paraugiem Iidz injicéjamam PRF

Asinis ir plazmas, trombocTtu, sarkano un balto asins §inu maisijums, kas cirkulé pa visu
kermeni. Pacienta asinis tiek savaktas, un, paklaujot tas centrbédzes spekam, sastava esosie
komponenti, tostarp trombociti un fibrins, tiek dabiski atdaliti atkariba no to blivuma [30]. Lidz
ar to PRF tiek iegiits no asinim, izmantojot vienkarsu centrifugésanas procesu. Misdienas PRF
plasi izmanto, lai paatrinatu miksto un cieto audu atjaunosanos. 2001. gada Francija pirmo reizi
pétnieks Choukroun et al. aprakstija PRF. PRF ir ar trombocitiem bagatinatas plazmas (PRP)
modifikacija, autologa fibrina matrica, ko mediciniski izmanto kaulu regeneracijas uzlabo$anai
un miksto audu paplasinasanai un stiprinaSanai. Salidzinot ar citiem trombocitu koncentratiem,
PRF ir ar trombocitiem bagatinats fibrina receklis, kura iegisanai nav nepiecie$ams izmantot
trombinu (prokoagulantu, kas paatrinatu koagulaciju). To iegiist, centrifug€jot asinis bez
jebkadiem piemaistjumiem. PRF ir jauns biomaterials, kas [idzinas autologai rétu matricai, bet
taja pasa laika nav ne fibrina Iime, ne klasisks trombocitu koncentrats. Turklat PRF satur augstu
saimniekorganisma esoSo imun§inu koncentraciju, kas nepiecieSama bric¢u dziSanai un
infekciju samazinasanai [5].

Miisdienas tiek izmantoti dazadi PRF atvasindjumi atkariba no to lietojuma un vélamajam
Tpasibam. Ka minéts Wend et al. pétjjumos, papildus blivajam PRF (A-PRF) pastav kliniska
nepieciesamiba izstradat injic€jamu PRF (i-PRF) dazadam mediciniskam procediiram, ka arf,
lai uzlabotu angiogéno potencialu, balstoties iespgja kombingt i-PRF ar dazadiem
biomaterialiem [5, 31]. 1. attéla paraditas i-PRF un A-PRF prieksrocibas.

S—
v Atdarina bracu dziSanas
fiziologiju un imunologiju v Viegli sagatavot un uzklat
¥ Izmanto ka izturigu v Atri parversas par fibrinu
mer{lbranu ) o ) v Apvieno daudzas
v Zales var ievadit, izmantojot dziedino3as un iminds
§lirci - - pasibas
¥ Satur vairak l'lelt\lOfllLIJ kas v Lauj iejaukt zdles un zalu
nodro$ina audu regeneraciju piegades sistémas
un asinsvadu veidoSanos

A-PRF I-PRF

1. att. Divu autologo trombocitiem bagatinato koncentratu i-PRF un A-PRF prieksrocibu
salidzinajums. Attéls izveidots ar Biorender.com [5].
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i-PRF ir $kidrs injicgjams PRF, kas nodroSina iespgju ieklaut zales un zalu piegades
sist€émas pirms koagulacijas. i-PRF ir nesen klinika ieviests trombocitu koncentrats, ko var
viegli kombinét ar dazadiem biomaterialiem, lai uzlabotu biomaterialu ipasibas. i-PRF satur ne
tikai asinis esoSos autologos augsSanas faktorus, bet ari $tinas, kas iesaistitas briicu dziSanas
procesa (2. att.). 2. att€la B puse redzams, ka ne visi elementi, kas ir asinis, p&c centrifugéSanas
nonak PRF slani.

A B
Fibrins
— *5 %) Cilmes suna
PDGF limfocits e eozinofils . _
® o O eritrocits P il c LeIkOCITS
> o N PrF * oY

Augsanas faktors

" ol i Trombocits

®
leikocits monocits TGF-B bazofils trol

neitrofils

5 @

2. att. Galvenie asins (A) un PRF (B) elementi. Att€ls izveidots ar Biorender.com [5].

PRF piemit antibakteriala aktivitate, ta¢u ta ir salidzino$i maz pétita, un nav pietiekami
daudz datu par to, kas to ictekm&. Antimikrobialo aktivitati var definét ka mikroorganismu
(bakt@riju, séniSu un virusu) iznicinaSanu vai augSanas kaveSanu [32]. Cilvéka organisma ir
apgriitinata briicu dziSana iesp&jamo infekciju dél, 1pasi briicem, kas atrodas mutes dobuma.
Tadgjadi PRF izmanto$anas panakumi varétu bit saistiti ar ta pretmikrobu Tpasibam. Pilniba
autologs otras paaudzes PRF bez piedevam, kas sagatavots, vienreiz centrifuggjot, var
visprecizak atspogulot no asinim ieglita materiala pretmikrobu potencialu. V&l viena biitiska
PRF 1pasiba ir ta sp&ja atbrivot dazadus augSanas faktorus un citokinus suprafiziologiskas
koncentracijas, padarot to par nozimigu medicinisko lidzekli, Tpasi audu regeneracija [4].
Augsanas faktoriem ir Tss biologiskais pussabruksanas periods, tie atri tiek izvaditi no asinsrites
un darbojas galvenokart lokali. Tos ka neviendabigu olbaltumvielu grupu izdala leikociti un
trombocTti. Trombociti ir iesaistiti hemostaze un aiztur augSanas faktorus alfa granulas, kas tiek
aktivizétas, lai atbrivotu Sos faktorus traumas vieta [33].

Literatira minétie pétijumi liecina, ka PRF biezi lieto kombinacija ar tadam zalem ka
metronidazols, klindamicins, penicilins [34], VANKA, teikoplanins, gentamicins vai amikacins,
lai izskaustu baktgrijas un paatrinatu dziSanas procesu [35]. Misdienas mutes, sejas un zoklu
kirurgija novérota pastiprinata klindamicina ka farmaceitiska lidzekla nepiecieSamiba.
Klindamicinu un VANKA parasti izskata ka alternativos Iidzeklus pacientiem, kuriem ir
alergiska reakcija pret penicilinu [36]. P&dgja desmitgadé dazos pétijumos PRF apvieno ar
antibiotikam antibakteriala efekta nodroSinasanai. Pamatojoties uz apkopoto literatiiru par PRF
piemito$ajam antibakterialajam TpaSibam, optimala pieeja biitu PRF apvienoSana ar zalem
pirms lieto$anas kliniski, lai izveidotu vienotu sist€mu, nevis atsevi$ku zalu un PRF ievadisanu
[4]. Janem véra ar tas, ka PRF var kalpot ne tikai ka zalu piegades sist€ma, bet arT ka citu
materialu matrica. Zinatnieki ir parbaudijusi iesp&jas apvienot Bombyx mori zida fibroina
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pulveri ar PRF, kas iegiits péc Choukroun izstradatas metodikas. Izstradatais materials uzradija
sp&ju noverst periimplanta audu defektus [37]. lzskatot literatiiru par periodontita arstéSanu,
tika konstatets, ka PRF kombinacijas ar citiem materialiem var izmantot ar1 intraalveolaru
defektu arstésanai. Apkopojot visus piecjamos pétijumus, noverots, ka, izmantojot PRF ka
matricas vai ieklaujot to cita nesgju sist€ma, nav nepiecieSams papildus pievienot augSanas
faktorus, jo pats PRF ietver noteiktus augSanas faktorus. Vienigais, kas janem véra, ir vélama
medikamenta ickapsuléSanas process un ta mijiedarbiba ar citiem nes€jiem, kas tiks ieklauti
PRF. Svarigi ir ari izp&tit, vai izmantota nesgjsistéma spés nodrosinat kontrolétu PRF sastava
esoso augsanas faktoru izdaliSanos [5].

Sis promocijas darbs izce] ar trombocitiem bagatinata fibrina (PRF) daudzpusigo potencialu
biomedicinas lietojumam. Nakamajas nodalas padzilinati aplikoti konkréti aspekti, tostarp:
1) PRF spgja uzlabot klindamicina fosfata antibakterialo jutibu; 2) piegades sistému ietekme uz
zalu izdaliSanos no PRF matricas; 3) nesgjsistému ietekme uz PRF sastava esoSo bioaktivo
molekulu izdali$anos. So nodalu mérkis ir sniegt visaptverou izpratni par to, ka PRF var
izmantot un optimiz&t mérktiecigam un efektivam arstnieciskdm manipulacijam.

PRF potencials stimulét CLP antibakterialo jutibu

Viens no visbiezak sastopamajiem p&coperaciju riskiem ir infekcijas, ko izraisa patogénas
un oportiinistiskas bakterijas. S. aureus un S. epidermidis ir grampozitivas oportinistiskas
bakterijas, kas atrodas normala cilvéka mikrobioma [2]. Oportiinistiskas bakterijas parasti ir
nekaitigas, ja tas uzturas cilvéka vai dzivnieka kerment, bet var izraisit slimibu vai infekciju, ja
apstakli to atlauj, piem&ram, ja ir novajinata imiinsisteéma [38].

Klindamicinu jau daudzus gadus iesaka, lai arstétu sabiedriba iegutas, pret meticilinu
rezistentas un pret meticilinu jutigas S. aureus infekcijas, un tas var ar samazinat izturibu pret
meticilinu rezistentu S. aureus klinisko izolatu jutibu [39, 40]. Patlaban pieaug nepiecieSamiba
izmantot klindamicinu mutes, sejas un zoklu kirurgija, ipasi zokla osteonekrozes profilaksei un
arstéSanai [41]. To plasi izskata ka alternativu pacientiem ar alergisku reakciju pret penicilinu
[36]. Klindamicina fosfats (CLP) ir klindamicina zalvielu prekursors, kam nav antibakterialas
aktivitates [42]. Literattra aprakstits, ka CLP asinis atri hidroliz&jas par aktivo formu
(klindamicinu) [43]. Pétjjuma mérkis bija izpétit CLP antibakterialo ipasibu izmainas pret S.
aureus un S. epidermidis references kultiram un kliniskajiem izolatiem, izmantojot PRF ka
nes€ja matricu. Viens no galvenajiem veidiem, ka novértét antibakterialas ipa$ibas, ir
minimalas inhib&josas koncentracijas (MIK) un minimalas baktericidas koncentracijas (MBK)
noteikSana. PRF_CLP paraugu sagatavoSanas shéma paradita 3. attela.
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3. att. PRF_CLP paraugu sagatavoS$anas shéma. Attéls izveidots ar Biorender.com.

Furjé transformacijas infrasarkana spektrometrija (FTIR) darba izmantota, lai pétitu
strukturalas izmainas p&c klindamicina fosfata (CLP) apvienoSanas ar PRF (4. att.). CLP un
PRF kombinaciju antibakteriala efekta noteikSanai izmantoti antibakterialie testi, paraleli
apstiprinot teoriju, ka PRF klatbiitné nepiecieSama zemaka CLP koncentracija, lai izskaustu un
noverstu bakteriju augsanu (5. att.).

FTIR spektros att€lota CLP mijiedarbiba ar PRF septinu dienu inkubacijas perioda,
noverota dalgja hidrolize un CLP parveérSanas par klindamicinu. P&c septinam inkubacijas
dienam tika novérota jaunas saites veidosanas (C-C pie 1080 cm™) un maksimalais fosfatu
grupas absorbcijas picaugums laika gaita, liecinot par strukturalam izmainam, kas, iesp&jams,
ir CLP parvérsanas aktivas zalés — klindamicina.
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4. att. FTIR spektri: (A) PRF, PRF_CLP, CLP un klindamicina paraugi pilna spektra
apgabald; (B) PRF_CLP paraugi inkubacijas laika punktos 1800-400 cm™ apgabala [2].

Katra donora asins sastavs ietekmé parauga antibakterialas Tpasibas, specifiski — arT CLP
daudzumu, kas nepieciesams, lai sasniegtu antibakterialo aktivitati.

Salidzinot PRF_CLP paraugu MIK un MBK vértibas ar CLP paraugiem, novérota $o
veértibu samazinaSanas pret visiem analiz&tajiem baktériju celmiem PRF_CLP paraugiem.
Antibakterialie testi paradija, ka PRF pievienoSana CLP uzlabo antibakterialo aktivitati ne tikai
pret stafilokoku references kulttram, bet arT pret kliniskajiem izolatiem, salidzinot ar tiru CLP
paraugu. Noteikts, ka pret S. aureus un S. epidermidis bakteriju kliniskajiem izolatiem
PRF_CLP paraugos ir nepiecieSama augstaka CLP koncentracija, lai nodrosinatu zemaku MBK
vertibu, salidzinot ar abam bakt@riju references kultiiram. Katram donoram asins Ipasibas ir



atSkirigas (piemé&ram, atskirigs balto asins §tnu skaits vai D vitamina limenis), kas krasi var
ietekm@&t arT antibakterialo iedarbibu. Literatira aprakstitie Schilcher [44, 45] un Kuriyama [46]
grupu petijumi paradija, ka tira klindamictna MIK vertibas klmiskajos izolatos pret meticilinu
rezistentu S. aureus (MRSA) var sasniegt > 256 ug/mL. Savukart, apkopojot iegiitos datus,
redzams, ka CLP ar PRF nodrosina labakas antibakterialas ipasibas neka tirs CLP, un, salidzinot
ar literatiiru, ir iegaits materials, kas nodrosina zemakas MIK vértibas (svarstas no 62,5 pg/mL

lidz 145,8 pg/mL atkariba no bakteriju celma) neka nepiecieSams klindamicinam

(> 256 mg/mL). Atkariba no bakteriju celma ir japielago izmantota zalu koncentracija (5. att.).
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5. att. MIK un MBK vértibu atskiribas starp CLP un PRF_CLP paraugiem pret Cetriem
baktériju celmiem (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228), S. aureus
(kliniskais izolats), S. epidermidis (kliniskais izolats) visiem trim donoriem. Paraugi
sagatavoti no 1. donora asinim (D1 PRF_CLP); paraugi sagatavoti no 2. donora asinim (D2
PRF_CLP); paraugi sagatavoti no 3. donora asinim (D3 PRF_CLP).
*p >0,05; ** p < 0,05 [2].

PRF spg&ja dabiski noardities tiek uzskatita par priekSrocibu, izmantojot to ka kontroletu
zalu atbrivosanas sistému “noliktavu”. CLP izdali$anas dati liecina, ka PRF_CLP paraugu var
izmantot vienas dienas lokalai terapijai, nodrosinot maksimalo CLP izdali$anos (80 %) vienas
stundas laika (6. att.).
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6. att. CLP izdalisanas no PRF matricam Dulbeko modificéta Igla vide (DMEM); vidgjie CLP
izdaliSanas dati no tris donoru CLP_PRF paraugiem [2].

Ievadito piegades sistému Ipasibu ietekme uz zalu izdalisanos no PRF
matricas

Sistematiski lietojot zales bez noteikta nesgja, tas izplatas pa visu organismu, un bieZi vien
zalu noardi$anas atrums ir salidzinosi 1ss. Tas nodrosina ne tikai pozitivu ietekmi uz bojatajiem
audiem, bet var izraisit arT nelabvéligas blakusparadibas veselajiem audiem [47]. Ka nov&rots
ieprieks aprakstitaja petijuma [2], iejaucot zales PRF, tiek uzlabotas to antibakterialas ipasibas;
tom@r zales izdalas loti atri. Zalu piegades sisttmu mérkis ir sasniegt augstako terapeitisko
efektu ar zemako zalu koncentraciju [48]. Saja pétijuma tika izmantotas antibiotikas VANKA,
kas iekapsulétas PLGA mikrokapsulas (PLGA uC VANKA) un liposomas. 7. att€la redzamas
abu veidu piegades sistému sagatavo$anas shémas. Abas izstradatas VANKA piegades metodes
ieklautas PRF matrica, parbaudot PRF sp&ju kontroléti atbrivot zales no $adam zalu piegades
sistemam.
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7. att. Paraugu sagatavosanas shéma: 1) liposomas ar/bez VANKA; 2) mikrokapsulas ar/bez
VANKA. Attéls izveidots ar Biorender.com.

Transmisijas elektronu mikroskopijas (TEM) analize paradija, ka sagatavotajam VANKA
saturo$ajam liposomam ir neviendabiga izméru variacija, turklat novérojama liposomu divslanu
struktlira. ArT 8. attéla redzams, ka lielaka dala liposomu ir sferiskas dalinas.

8. att. VANKA saturo$u liposomu TEM attéli [13].

VANKA izdali§anas kinétika no PRF/VANKA liposomam liecina par VANKA straujaku
izdaliSanos, salidzinot ar VANKA liposomam bez PRF matricas (9. att.). Paaugstinata VANKA
koncentracija ir skaidrojama ar to, ka PRF sastava esodie Ca?* joni veido ¢aulu ap lipidiem, tos
saspiezot un tadgjadi sagraujot liposomas [49, 50]. Pamatojoties uz iegiitajiem rezultatiem, var
secinat, ka Ca?* joni nelabvéligi ietekmé liposomas, tapéc VANKA izdalas atrak un lielaka
koncentracija.
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9. att. Zalu izdalisanas kin&tika no PRF/VANKA liposomam un VANKA liposomam [13].
Savukart VANKA saturosu PLGA mikrokapsulu skengjosas elektronu mikroskopijas (SEM)

att€los bija redzamas sferiskas dalinas ar gludu virsmu, kas liecinaja par zalu kristalu neesamibu
uz virsmas un apstiprindja vienmérigu zalu sadalfjumu poliméru matrica (10. B att.).

10. att. PLGA mikrokapsulu virsmas SEM attéli bez (A, C) un ar (B, D) VANKA [13].

Pamatojoties uz VANKA izdaliSanas pétijumiem no PLGA mikrokapsulam (11. att.),
VANKA izdalisanas kinétika no PRF ar VANKA saturosam PLGA mikrokapsulam
(PRF/PLGA_uC VANKA) ir piecas reizes zemaka, salidzinot ar PRF, kam VANKA pievienots
neapstradata pulvera forma (PRF/VANKA paraugi), nodro$inot kontrolétu VANKA izdalisanos
(no sesam lidz 10 dienam) un novérSot strauju izdaliSanos. Savukart, salidzinot
PLGA pC VANKA ar PRFIPLGA pC VANKA matricam, var novérot, ka VANKA izdali$anas
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koncentracija samazinas divas reizes. Tas liecina par to, ka PRF matrica aizkavé VANKA strauju
izdaliSanos. Turklat, PRF matricas ienesot VANKA bez nesgjsisteémas, netiek nodroSinata
kontroléta aktivas VANKA formas piegade terapeitiska efekta Itment.
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11. att. Zalu izdaliSanas no PRE/VANKA, PLGA_uC _VANKA un PRF/PLGA_uC VANKA
matricam [13].

Maksimalais antibakterialas iedarbibas ilgums paraugiem, kas satur VANKA
(PLGA_uC VANKA), tika noverots lidz 48 stundam. Pirmajas 24 stundas sterilas zonas vid&jais
diametrs ap paraugiem bija 30 mm. Nakamo 24 stundu laika sterilas zonas diametrs samazinajas
par 50 % (12. att.). Ka viena no risinajuma iesp&jam turpmakiem pé&tijumiem var€tu biit iegiito
paraugu ievieto$ana bakteriju suspensija un inkub&$ana, noversot paraugu izzusanu.
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12. att. PRF/PLGA_uC VANKA paraugu antibakterialas ipasibas: (A) inhibicijas zonas mm;
(B) sterilas zonas ap PRF/PLGA_uC _VANKA paraugiem péc 24 stundu inkubacijas;
(C) sterilas zonas ap PRF/PLGA_uC VANKA paraugiem péc 48 stundu inkubacijas. Petri
traucinu diametrs ir 8,5 cm [13].

Papildus spgjai nodrosinat kontrolétu zalu izdaliSanos PRF piemit v&l viena bitiska
pasiba — ta loma audu regeneracijas veicinasana, kas saistita ar autologu augSanas faktoru un
citokinu esamibu PRF sastava.

Nesgjsistemu ietekme uz PRF sastava esoso bioaktivo molekulu izdaliSanos

Turpmakaja petijuma tika izstradati hidroggli, kas sastav no fukoidana (FU) un hitozana
(CS), balstoties to biologiskaja saderiba un spgja veidot polielektrolitu kompleksus
passavienoS$anas cela [28], ka arT fukoidana sp&ju piesaistit aug$anas faktorus [24]. FU_CS
hidroggla sagatavosanas shéma redzama 13. attela. Lai noteiktu optimalo PRF daudzumu un
taja eso$o bioaktivo molekulu izdaliSanas kinétiku, hidrog€liem tika pé&titi $adi parametri:
1) stabilitate, deformacija un pliismas ipasibas; 2) bioaktivo molekulu izdaliSanas kinétika.
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13. att. FU_CS hidrogglu sagatavosanas shéma. Attéls izveidots ar Biorender.com [51].

Hidrogelu degradésanas un reologiskas ipasibas tika analizétas ka galvenie faktori, kas
nosaka to mehanisko uzvedibu un jutigumu pret sadali$anos, tadejadi noskaidrojot, vai PRF
pievienoSana spg&j uzlabot izstradato hidrogglu ipasibas (14. un 15. att.). Ka nakamais solis bija
izdalito bioaktivo molekulu (TGF-1, PDGF-BB, VEGF, EGF un IL-8) daudzuma noteik$ana
no nemodificétas PRF matricas un PRF apvienojuma ar hidrogglu (16. att.).

Darba noteikta FU_CS hidrogglu ar/bez PRF un tira PRF degradésanas kin&tika divu nedélu
laika TRIS-HCI un citronskabg, un iegttie dati redzami 14. att¢la. Pamatojoties uz rezultatiem,
PRF pievienoSana FU_CS hidroggliem paléninaja izveidota kompozita hidrogela degradésanas
atrumu. Statistiska analize neatklaja butisku atskiribu inkubacijas vides ietekmei uz FU_CS un
PRF/FU_CS hidrogglu paraugu degradésanas kin&tiku. Tacu pastav ievérojama atskiriba PRF
degradacijas kingtikai — 14 dienu laika PRF svara zudums novérots 87,26 + 8,21 % TRIS-HCI
un 96,21 £ 1,71 % citronskabes vide.
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14. att. PRF, FU_CS un PRF/FU_CS hidrogélu degradésanas kinétika TRIS-HCI (ar
nepartrauktu Iiniju) un citronskabg (ar punktétu liniju) 37 °C temperatiira. Visi dati ir attéloti
ka vidgjais = SD, n = 3 [51].
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Reologiskie eksperimenti izmantoti, lai izp&titu PRF, FU_CS un PRF/FU_CS hidrogglu
deformacijas un pliismas Tpasibas. Visiem paraugiem raksturiga zelejveida uzvediba, krajuma
modulim (G") ievérojami parsniedzot zuduma moduli (G*") (15. att.). Izmantojot amplitidas
mainas testu oscilacijas reZima, tika noteikts konsekvents linearais viskoelastiskais regions
(LVER) lidz ¢ = 2,5 % visiem paraugiem (atziméts ar melnu linijju 15. A attela), G'-G™
krustoSanas punkts novérots pie € ~ 14 % FU_CS hidrogélam, ¢ ~ 28 % PRF/FU_CS

[IP%L)

hidrogélam un pie € = 55 % PRF (atziméts ar krasainam linijam). Reologija “c” apzimé
deformaciju, cik daudz materials ir deformgjies noteikta sprieguma vai spéka ietekmé. Visos
frekvencéu diapazonos G' palika nemainigs visiem paraugiem (15. B att.), liecinot par cietai

struktiirai lIidzigu un stabilu ieks€jo strukttiru.
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15. att. Hidrog€lu mehaniskas Tpasibas. (A) Amplitidas mainas tests oscilacijas rezima
FU_CS hidroggliem ar/bez PRF pie frekvences 1 Hz; (B) frekvences izmainas tests FU_CS
hidrogglu ar/bez PRF pie deformacijas 0,2 %. Visi dati ir att€loti ka vidgjais lielums + SD
(n=3) [51].

Iegiitie dati liecina, ka izstradatais hidroggels, kas iegiits elektrostatiskas mijiedarbibas
rezultata, lauj iekapsulét PRF sastava esoSos augSanas faktorus un nodroSina to pakapenisku
izdalisanos. Novérots, ka visiem analizétajiem augSanas faktoriem un citokiniem (TGF-1,
PDGF-BB, VEGF, EGF un IL-8) izdalisanas koncentracija no nemodificétiem PRF paraugiem
ir augstaka neka no PRF/FU_CS hidrogélu matricam. Tas liecina par to, ka FU_CS hidroggls
var efektivi ieklaut bioaktivas molekulas hidroggla matrica un ilgstosi tas izdalit, nodro§inot to
ilgtermina pieejamibu audu inZenierijas nolakos.

26



25000

200004

15000

10000

5000

IL-8 koncentracija [pg/mL]

PRF—e— PRF/FU_CS hidroggls

]

kX
s

1200

4— PRF—e— PRF/FU_CS hidroggls
1000 | T I
3 | ——11
E) I | !
2 800 1
&
& @i ;
<
E 400 |
<3
O
=200
0 T T T T T T
6h 1d 2d 3d 6d 7d

16. att. AugSanas faktora un citokina kumulativa izdaliSanas. A—B parada augSanas faktora un

citokina (attiecigi IL-8 un EGF) izdalisanos katra laika punkta [51].

Histologiskie pétijumi apstiprinaja PRF icklausanos FU CS hidrogéla matrica, attiecigi

laujot atbrivot augSanas faktorus. P&c trs un septinam dienam salidzinajums starp nemodificétu
PRF un PRF/FU_CS hidrogglu atklaj $tnu skaita samazinaSanos PRF matrica, tadgjadi
izskaidrojot bioaktivo moloekulu atbrivoSanos. legiitie dati arT apliecina, ka péc septinam
dienam PRF joprojam ir ieklauts FU_CS hidroggla struktara (17. att.).
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17. att. Fibrina morfologija p&c tris un septinu dienu inkubacijas. (Mérogs = 100 pm,
palielinajumam ir mérogs — 20 um; dzeltenas bultinas norada PRF klatbiitni, melnas
bultinas — hidroggla klatbatni) [51].

Hidrogglu izmantoSana, lai modulétu PRF augSanas faktoru izdaliSanas kin&tiku, tpasi
kombinacijas ar zalem (potenciali zalvielu prekursoriem), piedavatu daudzsoloSu iesp&ju
uzlabot materialu antibakterialo aktivitati. Turpmakajos p&tijumos biitu jakoncentréjas uz zalu
un hidrogglu pasibu mijiedarbibas optimizéSanu, ilgstoSas izdaliSanas modelu izpéti un citu
zalu sp&ju PRF klatblitné parveidoties aktivaka forma, sniedzot vertigu ieskatu uzlabotu
terapeitisko materialu izmantoSana.
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SECINAJUMI

PRF pievienoSana ietekmé CLP antibakterialo iedarbibu pret S. aureus un
S. epidermidis baktgriju celmiem (gan references kultiiram, gan kliniskajiem izolatiem),
ka rezultatd iesp&ams nodroSinat zemakas MIK vertibas (no 62,5 pg/mL Iidz
145,8 ug/mL atkariba no bakterijas celms) neka klindamicinam (MIK > 256 ug/ml).

. Fosfatidiholinu liposomu ka zalu piegades sistému izmantoSana PRF matricas nespgj
nodrosinat kontroletu VANKA izdaliSanos, jo to stabilitati ietekm& PRF sastava esoSie
Ca?" joni, tadgjadi izdalot augstu zalu koncentraciju.

PLGA mikrokapsulu izmantoSana ka zalu piegades sistéma PRF matrica var nodrosinat
kontroletu VANKA izdaliSanos no sesam lidz 10 dienam.

. FU_CS hidroggls, kas izveidots elektrostatiskas mijiedarbibas rezultata, lauj ickapsulét
PRF bioaktivas molekulas (TGF-1, PDGF-BB, VEGF, EGF un IL-8) un nodrosinat to
pakapenisku izdaliSanos septinu dienu laika.
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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.
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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
systems.
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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
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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, I., Al-Maawi, S., Ghanaati, S., Dubnika, A.
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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, I., 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, I., Rajadas, J., Salma. I.
Development of Vancomycin Delivery Systems Based on Autologous 3D Platelet-Rich
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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.

—

v Mimic the physiology and
immunology of wound healing / Easier to prepare and apply
7 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.
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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

44



amalgamating PRF with drugs to create a unified system rather than employing distinct drugs
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
PRF 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™

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



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 puC 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.

10008, S : 1000 rm

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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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_pC 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_pnC VANKA with PRF/PLGA pnC 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_pC
_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 PRE/PLGA pC_VANKA samples: (A) inhibition zones in
mm; (B) sterile areas around the PRF/PLGA_nuC_VANKA samples after 24 h incubation; (C)
sterile areas around the PRF/PLGA nC 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
g = 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, "€" 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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Fig. 17. Fibrin morphology after three and seven days of incubation. (Scale bar: 100 pm,
increases have scale bar = 20 um; 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.
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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 pg/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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Abstract: The purpose of this review is to examine the latest literature on the use of autologous
platelet-rich fibrin as a drug and growth factor carrier system in maxillofacial surgery. Autologous
platelet-rich fibrin (PRF) is a unique system that combines properties such as biocompatibility
and biodegradability, in addition to containing growth factors and peptides that provide tissue
regeneration. This opens up new horizons for the use of all beneficial ingredients in the blood
sample for biomedical purposes. By itself, PRF has an unstable effect on osteogenesis: therefore,
advanced approaches, including the combination of PRF with materials or drugs, are of great interest
in clinics. The main advantage of drug delivery systems is that by controlling drug release, high drug
concentrations locally and fewer side effects within other tissue can be achieved. This is especially
important in tissues with limited blood supply, such as bone tissue compared to soft tissue. The ability
of PRF to degrade naturally is considered an advantage for its use as a “warehouse” of controlled
drug release systems. We are focusing on this concentrate, as it is easy to use in manipulations and
can be delivered directly to the surgical site. The target audience for this review are researchers
and medical doctors who are involved in the development and research of PRFs further studies.
Likewise, surgeons who use PRF in their work to treat patients and who advice patients to take the
medicine orally.

Keywords: platelet-rich fibrin; endogenous growth factors; carrier systems; drug delivery; platelet
concentrates; tissue engineering; autologous growth factors

1. Introduction

Although many approaches to bone tissue engineering have traditionally focused on
synthetic materials (such as polymers or hydrogels), nowadays new emerging methods
involve the use of natural materials due to their biological properties, such as autologous
bone grafting. It is still debated whether platelets can be considered as cell fragments
or whole cells [1], but they are known to be responsible for the activation and release of
biomolecules. The growth factors that accelerate the wound healing process. Due to this,
the use of platelet concentrates has been known for more than four decades [2]. Platelet-rich
fibrin (PRF) is an autologous material that is easily produced; it can be derived from a
person’s own blood and is used to promote wound healing and tissue regeneration. PRF
can be used in various fields of medicine, including dentistry and maxillofacial surgery [3].
PRF is expected to have a direct effect on enhancing tissue regeneration by saturating these
tissues with growth factors from the blood. The autologous nature of PRF makes it the
preferred choice for a variety of biomaterials in use today.

In this review, we considered 4 types of platelet concentrates as a possible drug
delivery systems listed in Table 1.
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Table 1. Abbreviation of different platelet concentrates.

Abbreviation Platelet Concentrate Explanation

First-generation platelet concentrate with

PRP Platelet-rich plasma high platelet concentrations [4]

PRF Platelet-rich fibrin Second-generation platelet concentrate [5]

Advanced version of PRF in liquid
i-PRF Injectable platelet-rich fibrin ~ form which can be injected and contains stem
cells with high regenerative potential [6]

An autogenous blood product with

A-PRE Advanced platelet-rich fibrin applications in dento-alveolar surgery [7]

Several studies have reported that these platelet concentrates are most commonly used
in medicine. There are also articles on other platelet concentrates, such as pure platelet-rich
plasma (P-PRP), leukocyte-platelet-rich plasma (L-PRP), pure platelet-rich fibrin (P-PRF),
and leukocyte- and platelet-rich fibrin (L-PRF). These concentrates are used alone or in
combination with bone grafts. To promote tissue regeneration the platelet concentrates
should contain not only platelets, but also substances in our blood, such as growth factors
and host immune cells. Various growth factors are known to promote wound healing, with
PRF being able to release them slowly. In addition, when combined with drugs, they can
provide faster recovery and reduce the risk of infections. Platelet-rich plasma contains
large amounts of platelets and is injectable, while not as easy to prepare and use it [8].

The second type of platelets, platelet-rich fibrin (PRF), plays an important role in
modern medicine and is used as one of the components in the production of biomaterials.
As mentioned in several sources, PRF is a second-generation platelet concentrate derived
from centrifuged blood [5] and, in addition to platelets, also contains white blood cells,
serum and concentrated growth factors [9], such as platelet-derived growth factor (PDGF),
transforming growth factor-B (TGF-f3) and insulin-like growth factor 1 (IGF-I) [10]. The
properties of growth factors and cytokines within the PRF are shown in Table 2.

Table 2. Description of growth factors and cytokines within the PRFE.

Abbreviation

Growth Factor/Cytokine Properties

PDGF Platelet-derived growth factor

Provides fibroblast chemotaxis [11], extracellular matrix modification
[12], and increases TGF-f3 release from macrophages [13]. Its addition
ensures the growth of cultured cells [14] and improves bone cell
proliferation [15]

A multifunctional cytokine [16] and one of 30 members of the
superfamily [5] that has been shown to promote extracellular matrix

TGF-p Transforming growth factor formation [15]. The most common of the three isoforms [13] of TGF-f

is TGF-B1, which has the ability to stimulate the production of collagen
and fibronectin in cells [17]

IGF-1

A growth hormone-dependent polypeptide that stimulates skeletal

Insulin-like growth factor I growth in vivo [18], has an effect on the behavior of cells, thus

providing tissue regeneration [19]

VEGF

Promotes the proliferation [20] of endothelial cells and stimulates their

Vascular endothelial growth migration [21]. It plays an important role in the cardiovascular system,

factor increasing blood flow and enriching the injury site with nutrients [22].
In addition, it plays a role in bone formation and wound healing [23]

IL-1p

Plays an important role in protection against infections and injuries

Interleukin-1f [24], it is also involved in the activation of monocytes [25]
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Table 2. Cont.

Abbreviation

Growth Factor/Cytokine Properties

IL-6

Able to respond to infections and tissue injuries by stimulating
Interleukin-6 hematopoiesis [26]. The main signal enhancement pathway [20] upon
exposure to epithelium and immune cells [27]

1IL-4

Acts as a powerful immune regulator [28] that inhibits the proliferation
of osteoblast-like cells in vitro [29] and modulates the regeneration of
macrophage cells [30]. It is also able to stimulate the accumulation of

extracellular matrix macromolecules [31]

Interleukin-4

TNF-«

Provides growth and differentiation of different cell types [32].
Stimulates the ability of fibroblasts to transform [20], and regulates the

Tumor necrosis factor-oc activity of vascular endothelial cells and keratinocytes. Determines the

synthesis of extracellular matrix proteins [33]; it plays a key role in
healing inflammation and wounds [34]

PREF is widely used to accelerate soft and hard tissue regeneration [17]. This was first
described by Choukroun and his group in 2001 in France [35]. The PRF production protocol
originally developed by his group used 10 mL of anticoagulant-free blood sample that was
centrifugated at 2700 rpm for 12 min [16]. PRF is a modification of platelet rich plasma
(PRP) and at the same time an autologous fibrin matrix used to improve bone regener-
ation and clinically used for soft tissue augmentation [10]. Compared to other platelet
concentrates, PRF is a platelet-rich fibrin clot that does not require the use of thrombin
(anticoagulants which used to accelerate gelation), but only centrifuged blood without any
impurities [36,37]. It is a new biomaterial that resembles an autologous cicatrical matrix,
but at the same time is neither a fibrin glue or a classic platelet concentrate [38]. The absence
of anticoagulants does not delay the cascade of wound healing allowing natural blood clots
to form. In addition, PRF contains a high concentration of host immune cells, which are
needed to heal wounds and reduce infections [39].

Compared to platelet-rich plasma (PRP) (it requires multi-stage centrifugation in
combination with the addition of non-autologous anticoagulants and the additional use
of bovine thrombin or calcium chloride [16]), PRF does not dissolve for following hours
after application, on the contrary it is slowly destroyed in the same way as a natural
blood clot [40]. As mentioned above, bovine thrombin or anticoagulant is not required
to obtain PRF, thus PRF provides lower costs and fewer disadvantages of biochemical
modifications [8]. After centrifugation, PRF still combines many of the healing and immune
enhancers found in the initial blood [17]. After injection, unlike PRP, liquid PRF (i-PRF)
is rapidly converted to fibrin and, similarly to PRP, i-PRF is used for the local delivery of
autologous angiogenic and regenerative growth factors [2,41].

Different platelet-rich fibrin (PRF) derivatives are used today depending on the appli-
cation and the desired properties. Efficacy of autologous platelet concentrates in promoting
wound healing and tissue regeneration is at the center of a recent academic debate [42]. In
this review, we will consider few of the PRFs mentioned above that have attracted the most
attention as drug delivery systems, and will try to understand which type of PRF is better
and more suitable for development of controlled drug delivery systems.

2. Materials and Methods

Articles were searched for keywords such as “platelet-rich fibrin”, “growth factors
PRF”, “drug delivery systems PRF”, “platelet-rich fibrin”, “antibiotics PRF”, “drug PRF”,
and “drug fibrin”. In case it was necessary to find other articles with the PRF that included
the specified drug, then the name of the drug was used as a keyword. Emphasis on the
literature related to PRF clinical trials and studies investigating drug incorporation, growth
factor secretion was placed. Antibacterial studies to understand whether drugs can provide
antibacterial efficacy by being included in the PRF matrices were also reviewed in relation
to drug studies. Databases such as PubMed /MEDLINE, ScienceDirect, Scopus were used
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for search. In total, 200 studies were found for the above keywords, from which 121 articles
were selected for further analysis in this review.

3. From Blood to Injectable or Solid System

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 [43] that
can be easily combined with various biomaterials [44] 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 [45] (Figure 1). The functions of cells found in
the PRF are shown in Table 3.

A

poGF @  lymphocyte

erythrocyte

2 o i ® * IGF
leukocyte monocyte TGF-B basophil platelet

® E ,*

®
neutrophil

Fibrin
Stem cell

Leukocyte

Growth factor
Platelet

Figure 1. Main elements of blood (A) and PRF (B). Panel B shows that not all elements in the blood
enter the PRF layer after centrifugation. Both figures created with Biorender.com.
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Table 3. Description of cells within the PRF.

Cell Type Functions
Platelets Involved in primary wound closure and able to release several growth
factors to attract inflammatory cells to the site of injury [46,47]
Leukocytes Essential for tissue regeneration as they direct and attract different types

of cells in the wound healing process [44]

Physical and chemical interactions between platelets and the blood
Red blood cells surface may be provided [48]. Induces an increase in platelet
concentrations at the site of action and in vitro coordination [49]

Play an important role in healing processes [50]. Serves as the first

Neutrophils signals for the activation of local fibroblasts and keratinocytes [51]
Lvmphocvtes It affects the osteogenic differentiation of mesenchymal stromal cells [52]
ymphocy and releases a wide range of cytokines [53]

Monocytes A key role in supporting tissue homeostasis by disseminating immune

responses to convenience [54]

Play an important role in regenerative medicines [55], also have the
Stem cells opportunity to regenerate and differentiate in different types of cells [56].
PRF is a unique source of hematopoietic stem cells (HSCs) [57]

After about 20 min fibrin is polymerized (the liquid state of PRF depends on the
speed, G-force and time of centrifugation), during which fibrin changes from a liquid state
to a solid, forming a three-dimensional fibrin network. This network contains cellular
components that are distributed in the network and ensure the slow and steady release of
growth factors over a period of time. In addition, a controlled release system maintains
bioactivity throughout healing [4]. As mentioned by Bennardo et. al., liquid PRF can also
be used as an injection to treat lichens [58].

A-PREF, on the other hand, is a solid system (in the form of a clot) that can be com-
pressed and used as a strong membrane. Modification of PRF preparation procedures
at lower centrifugation rates with lower G-forces results in A-PRF with higher levels of
growth factors [9]. This is indicated by a Caruana et.al group study on the variability
of TGF-31 and VEGF growth factor concentrations depending on the change in the PRF
preparation protocol. At high relative centrifugal force (RCF), they obtained PRF with
TGEF-p1 less than 2000 pg/mL and VEGF equal to 0 pg/mL. The use of a moderate RCF
protocol increases the concentration of growth factors, resulting in TGF-31 greater than
2000 pg/mL and VEGEF greater than 10 pg/mL. On the other hand, when RCF was reduced
to low, a 2-fold increase in growth factors was observed, resulting in TGF-31 > 4000 pg/mL
and VEGF > 20 pg/mL [59]. Due to the high concentration of growth factors, A-PRF has
the potential to mimic the physiology and immunology of wound healing [60]. During the
production of A-PRE, it is important to maintain platelets, leukocytes, circulating stem cells
and endothelial cells in the fibrin clot [9]. In the A-PRF obtained by the Choukroun et al.
group method, the white blood cell count includes more neutrophils, which ensures tissue
regeneration and vessel formation [61] due to its ability to promote the anti-inflammatory
state of macrophages [60]. As mentioned by Wend et al., in addition to solid PRF, there is
a clinical need to develop injectable PRF matrices for various clinical procedures and to
improve angiogenic potential through the ability to combine i-PRF with various biomateri-
als [52]. Figure 2 shows the advantages of i-PRF and A-PRF. The idea of the review is to
show that these 2 types of PRFs can be used as candidates for the development of drug
delivery systems. That they are the ones that contain more growth factors that can ensure
wound healing.
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Figure 2. Comparison of the advantages for two concentrates i-PRF and A-PRFE. Figure created with Biorender.com.

4. Therapeutic Enhancement of PRF

The most common postoperative risk of minor surgeries is infection caused by mem-
brane exposure and colonization of wound bacteria [62,63]. PRF itself may show antibacte-
rial activity, but it has not been relatively well studied and there are insufficient data on
what affects it. The main unanswered questions are: 1. Does it depend on the concentration
or on the characteristics of the patient’s blood? 2. If derived from a patient, then what
properties are crucial to obtain a PRF antibacterial? There are also no data against which
bacteria PRF itself may be antibacterial and which certain antibiotics must be added. In an
attempt to delve into this issue, studies were found describing the antibacterial activity of
L-PRF (leukocyte- and platelet-rich fibrin) [64,65] and H-PRF (PRF prepared by horizontal
centrifugation) samples [65]. Another study looked at the antimicrobial properties of i-PRF
against biofilm formation produced by certain Staphylococcal isolates, indicating the need
to further investigate the antimicrobial properties of i-PRF based on an in vivo model [66].
This is also confirmed by other studies indicating that PRF has only mild antibacterial
activity against some bacterial agents, including S. aureus, and does not show efficacy
against resistant bacteria [67,68]. In turn, it is known that there are other bacterial isolates
against which i-PRF would need to be antibacterial.

Oral administration of drugs is sometimes ineffective because absorption is irregular
and incomplete in the most cases. Changes in drug solubility can occur as a result of
reaction with other materials in the gastrointestinal tract. It is not suitable for emergencies
where the medication must be taken as soon as possible, since the onset of action of the oral
medication is relatively slow (long process from intake to destination) [69]. In addition, a
significant advantage of local drug delivery is the ability to achieve high and stable local
drug concentrations without high systemic doses, thereby reducing systemic toxicity [70].
Based on the collected literature on the antibacterial properties of PRF, we believe that it
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would be ideal to combine it with drugs to form a single system, rather than using separate
drugs and PRE. In the last decade, there are few studies that combine antibiotics with PRF
to provide an antibacterial effect.

The literature has reported that PRF is often combined with drugs, such as metron-
idazole, clindamycin, penicillin [71], vancomycin, teicoplanin, gentamicin, or amikacin
to kill bacteria and speed up the healing process [72]. Today, in oral and maxillofacial
surgery (including the prevention and treatment of osteonecrosis of the jaw [73]), there is
an increasing demand for clindamycin as a drug. It is widely regarded as an alternative for
patients who have an allergic reaction to penicillin [74]. Below we have shown the possible
applications of PRF with drugs, the studies are systematized by drug classes.

The studies related to the combination of PRF with the drugs are shown in the Table 4.

Table 4. Various drugs for inclusion in platelet-rich fibrin system (summary of the drugs in platelet-rich fibrin system).

Drug Incorporation Method Time of the Study Reference
. . Drug mixing in a blood
Clindamycin sample, use of PRF clot 4 days (71]
Lincomycin Drug mixing in a blood 10 days antibacterial activi [75,76]
Y sample, use of PRF clot Y ty 270
168 h for amikacin, 120 h for
Amikacin, teicoplanin or PRF mixing with drug, using teicoplanin and 24 h for
. . . - S - [72]
polyhexanide co-delivery applicator polyhexanide antimicrobial
effect
1% Alendronate gel PRF combinated with drugs 9 months [77,78]
Drug combination with PRF
1.2% Atorvastatin and open flap debridement 9 months [79]
(OFD)
1.2% Rosuvastatin gel Drug gel adding into PRF 9 months [80]
membrane
. Drug combination with PRF
0, —
1% Metformin and OFD 9 months [81-83]
Diclofenac sodium Drugs injected in PRF using 7 days [84]
needle
. S Antibiotic mixture mixing
Triple antibiotic mixture (MET 1 .
+ CIP + MINO) with i-PREF, i-PRF scaffold 28 days [85]
prepare
Metronidazole added to the
o . PRF membrane combinated
0.5% Metronidazole with freeze-dried bone 10 weeks [86]
allograft
Amoxicillin Drugs used orally 1 h before 48h [64]

blood collection

4.1. Antibiotics

Antibiotics are considered to be an effective treatment for various types of infections
caused by bacteria (gram-positive and gram-negative). In turn, their misuse can lead to
antibiotic resistance [87]. Wound healing is a normal biological process in the human
body, but in the postoperative period there is a high risk that there may be factors that will
affect this process. It is important to ensure a proper healing process and reduce the risk
of infections [88]. For wound healing, PRF can also be used as a drug carrier in another
system. Therefore, we collected the literature in which PRF is used in combination with
antibiotics to determine if PRF can provide antibiotic therapy at wound sites. One of the
discovered studies described a method in which PRF together with one of 3 different drugs
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(amikacin, teicoplanin, and polyhexanide (a group of drugs used to treat wounds)) was
sprayed onto a patch and tested for antimicrobial activity for 7 days. The results showed
that for amikacin antimicrobial activity was observed up to 120 h, for teicoplanin —168 h,
while for polyhexanide it can be observed only for 24 h [72]. This study indicates that
it is possible to obtain a system in which certain drugs are dispensed at a specific time,
providing the necessary therapy.

Lincosamides

This class of drugs is obtained from Streptomyces spp. [89]. Lincosamides are mainly
used to treat anaerobic infections caused by gram-positive organisms, including infections
developed by methicillin resistant Staphylococcus aureus [90]. Originally this class of antibi-
otics comes from natural product lincomycin, but derivatives also include clindamycin
and pirlimycin, from which clindamycin is the most clinically relevant lincosamide [90,91].
Drugs such as lincomycin and clindamycin are bacteriostatic and inhibit protein synthesis.
In the same way, both drugs are used in clinical practice and at higher concentrations
in in vivo, they will become bactericide [92]. Clindamycin has been shown to be more
effective than lincomyecin in treating bacterial infections. In turn, doctors choose it for the
treatment of odontogenic infections. The choice of doctors can be explained by the fact that
clindamycin has not only bactericidal activity, but also significant tissue distribution and
low resistance [93].

Summarizing the literature on current in vitro studies, it was found that there was
one study in which lincosamide, a clindamycin, was included in the A-PREF. There is direct
mixing of the drug in the blood sample and afterwards A-PRF clot was used. This system
is relatively easy to obtain and can provide drug release for up to 4 days. However, in
order to be used for further studies, it would have to be processed if a non-cylindrical
sample was required. Additionally, this sample is not injectable, so it can be used as a
ready-made clot, without the possibility to use to fill the defect site. In addition, this
study lacks data on the effectiveness of drug encapsulation, which cannot predict what
percentage of added drugs are encapsulated [71]. The effect of lincomycin form and volume
on the antibacterial activity of PRF after 24 h, 48 h, 120 h, and 240 h was also studied using
the drug in 3 forms (ampoule, capsule-mixed with saline and powder). The results showed
that greater antibacterial activity was obtained by adding ampoule-type lincomycin to a
blood sample [75,76].

4.2. Bisphosphonates

It is a group of medicines that are used in osteoporosis (a systemic skeletal disease
that results in increased bone fragility and susceptibility to fractures [94]) and when the
bone is not formed properly [95]. The most common condition that causes bone defects
is periodontitis (an inflammatory disease of the supporting tissues of the teeth caused
by certain microorganisms or groups of certain microorganisms [96]). It is believed that
intrabony defects are less prevalent than horizontal bone loss. Intrabony defects pose
a risk of disease progression and need to be treated. Looking at the literature, one gets
the impression that not all intrabony defects can be cured. Due to the development of
new biomaterials by scientists, it is likely that dental prognosis will be improved [97].
An interesting fact is that the combination of PRF with drugs can be used to treat this
disease. Some studies [77,78] have described that PRF is used in combination with drugs,
such as alendronate (ALN) to treat this disease. In the first study, combining 1% ALN gel
with A-PREF, the researchers tried to prove the effectiveness of a combination of the two
in treating grade I mandibular furcation defects compared to PRF. The PRF/1% ALN gel
composition allowed to fill a higher percentage of defects (56.01 + 2.64%), where simply for
PRF therapy (49.43 & 3.70%), indicating that the PRF/1% ALN combination has a recovery
potential [77]. In the second study, the PRF/1% ALN combination is already being studied
for the treatment of intrabony defect in chronic periodontitis. As in the previous study,
the PREF/1% ALN combination was able to provide a greater reduction in defect depth
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(54.05 £ 2.88%) compared to PRF (46 £ 1.89%) [78]. As can be seen, both studies have
similar results, confirming the reliability of the results of the PRF/1% ALN combination.
This study indicates that the use of PRF in combination with a bisphosphonate drug can be
used to reduce the size of the defect.

4.3. Statins

It is a class of drugs that is effectively used to lower cholesterol and also to reduce
the risk of cardiovascular morbidity and mortality [98]. At the time of writing this report,
studies were found where a representative of this class of drugs is used in the treatment of
intrabony defects. Martande et al. in their study used 1.2% atorvastatin gel in combination
with A-PRF and open flap debridement (OFD) to achieve the desired outcome [79]. Scien-
tists have concluded that additional studies related to the use of PRF in the treatment of
intrabony defects may reduce the number of patients with periodontitis. Another study
also looked at the effect of the combination of the drugs and the PRF on clinical parameters.
In this study alone, rosuvastatin (RSV) was selected as a drug, and the effects of open-flap
debridement (OFD) with or without PRF and PRF/RSV were further investigated. In the
present study, Pradeep at. al study results showed that combining RSV with PRF provided
greater periodontal benefits compared to OFD alone or OFD/PREF [80]. The results of this
study are similar to those of Pradeep et al. studies where RSV gel was used in combination
with PRF and hydroxyapatite bone graft [99]. Both of the above studies indicate that statin
drugs can be used not only for the treatment of blood and vascular diseases, but also for
the treatment of other, no less common diseases, thus expanding the use of the drug.

4.4. Biguanides

Biguanides are a class of herbal drugs [100] classified as non-sulfonylureas that act
directly against insulin resistance [101]. In addition to one of the drugs in the class of statins,
biguanide drugs can be used to treat intrabony defects. As one of these drugs, Pradeep
et al. used 1% metformin (MTF) in combination with A-PRF and OFD in their study [83].
As with statins, metformin has been shown to reduce periodontitis. A similar study was
performed Taneja et.al, comparing the differences between PRF/MFT and PRF at 6 and 9
months [82]. A study was also found evaluating the possible use of OFD/PRF/MFT in the
treatment of grade II mandibular furcation defects [81]. It has been shown that biguanide
drugs in combination with PRF is widely used in periodontal therapy, which indicates the
ability of PRF to be a drug delivery vehicle.

4.5. Non-Steroidal Anti-Inflammatory Drugs

This class of drugs is one of the most widely used therapeutic classes in clinical
medicine [102]. Additionally, drugs in PRF can be incorporated not only by mixing in
the blood or by mixing with i-PRF, they can be injected with a needle into the A-PRF
clot obtained after centrifugation. This method was used by Pillai et al. in their study to
administer diclofenac to test whether the PRF as a carrier would be able to deliver the drugs
locally. Their study was more based on comparing pure PRF with PRF/diclofenac on the
basis of clinical parameters (postoperative pain, swelling, soft tissue healing, and infection
risk, etc.). The obtained results confirmed the hypothesis that PRF/diclofenac gel improves
the clinical parameters, thus indicating that such a method of drug administration can
improve the wound healing process and promote bone regeneration [84].

4.6. PRF Combination with Several Drugs

Another interesting fact is that PRF can combine not only one type of drugs, but also a
mixture of several drugs. In the study where i-PRF was mixed with the triple drug mixture
(metronidazole (MET), ciprofloxacin (CIP), minocycline (MINO)), release was observed
for up to 28 days, but burst release was already observed within the first 24 h [85]. If a
high concentration one of these drugs is included in the i-PRF with a view to prolonged
therapy, it is likely that a toxic drug concentration will be released within the first 24 h and
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the required controlled drug therapy will not be achieved. The study also says that the
simultaneous release of all three drugs takes only 14 days, followed by the release of only
MINO and MET, resulting in the loss of i-PRF from its initial use.

4.7. PRF Combination with Materials and Drugs

Another way to restore diseased or damaged bones is bone grafting. Nowadays, it
receives a lot of attention today due to the slow and difficult integration of the grafted
material. Platelet concentrates are used to improve this integration process, which also
accelerates bone and mucosal healing. PRF is no exception, which, regardless of the way
it is used (membranes or fragments), can be used to protect a surgical site after surgery.
To protect the bone graft from anaerobic bacterial infections, the Simonpieri team added
metronidazole to the PRF membrane combinated with freeze-dried bone allograft. In
addition, the combination of these two excipients improved the histological quality of bone
tissue in the graft [86].

In most cases, the drugs are mixed into the PRF, creating the necessary material to
treat a specific problem. In contrast, there is a study in which the drug is first taken
orally, indicating that administration of the drug to a previously acquired PRF system
is not the only way to improve antibacterial efficacy. This time, an attempt was made
to determine whether L-PRF, prepared after a single dose of oral antibiotic, was able to
produce significant antimicrobial activity within 48 h. After 48 h, no sterile area was
observed, indicating that 1 dose of oral antibiotic was insufficient to provide 48 h of
antimicrobial activity. The data suggest that most antibiotics are concentrated in plasma
and that only a small proportion of them end up in the PRF [64]. The drug concentration
in the PRF after an oral drug consumption should be determined. The calculated amount
could be used as ground for further use of the drugs. Additionally, it has to be investigated,
is the calculated amount of the drug is safe to use in medical practice.

Looking at all of the studies described above, there is a tendency to combine PRF with
drugs. However, several of these studies show insufficient analysis and lack of data (drug
release time and amount).

5. PRF as a Bioactive Agent in Different Matrices

One of the main requirements for carrier systems is the controlled release of the
drugs and growth factors they contain (the bioactive molecule is delivered locally or
systemically at a specific rate over a period of time). There are studies describing the
successful combination of cells and growth factors or biomolecules with non-autologous
fibrin. In turn, the autologous liquid i-PRF offers additional advantages as a carrier system
for cells and growth factors [45] (Figure 3).
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Figure 3. Principle scheme of platelet-rich fibrin as a carrier system preparation. Human blood is centrifuged by separating
the PRF with a plasma layer. Obtained PRF is added it to pre-prepared carrier systems to obtain a PRF/drug carrier matrices.
Figure created with Biorender.com.

In this section, we have summarized the studies in which the PRF serves as a carrier
system of bioactive molecules or was included in one of the carrier systems (Table 5).

Table 5. Carrier systems incorporated in injectable platelet-rich fibrin.

Carrier System Target Incorporation Method Time of the Study Reference
Fresh lyophilized PRF added
G-L-PRF Accelerate wound healing to PVA hydrogels (simple 9 days [103]
physical method)
PRF granules Improve pgrlodontal PDLSC cultivated with PRF 7 days [104]
healing membrane
. TGFp-1, PDGF-AB, VEGF and
PRF membrane Improve wound healing TSP-1 included in PRF 7 days [105]
Enrich the . . -
Fibrin glue microenvironment with Adding PRF 1;‘;2 DBC/fibrin 36 weeks [106]
growth factors &
Gelatin nanoparticles Get m'echat.ucally fough Mixing I-I.JI.{F with G.N Psby 3 weeks [107]
and bioactive hydrogel repetitive extrusion
Enhance the bioactivity of Lo . .
Collagen membrane collagen-based Liquid-PRF is applied to 24h [108]

biomaterials

collagen membrane
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Table 5. Cont.
Carrier System Target Incorporation Method Time of the Study Reference
PRF Prevent peri-implant defect Silk flbromi;n\l;‘lfr;g with PRF 8 weeks [109]

PRF membrane

Treatment of furcation

B-TCP granules insertion at
the defect site and sealing with 9 months [110]

defect a PRF membrane

PRF membrane

Treatment of intrabony

ABBM mixed with PRF 6 months [111]
defects

PRF membrane

Treatment for periodontal

intrabony defects BPBM mixed with PRF 6 months [112]

PRF could not only serve as a carrier, but also be placed in another material. Xu
et al. group described a study in which fresh granule-lyophilized platelet-rich fibrin
(G-L-PRF) was incorporated into polyvinyl alcohol (PVA) hydrogels to improve wound
healing. The results showed that increasing the G-L-PRF concentration could improve
the mechanical strength and degradation rate of the scaffolds, but the concentration did
not affect the flexibility and biocompatibility of the scaffolds. Regarding growth factors,
the incorporation of G-L-PRF into PVA hydrogels provided a sustained and controlled
release of growth factors from G-L-PRF/PVA scaffolds for up to 9 days [103]. Summarizing
the literature, it was found that using PRF it is possible to develop a cell transplantation
method. Such a method was developed in vitro by Zhao and his team using periodontal
ligament stem cell (PDLSC) cell sheet fragments and PRF granules. The aim of this study
was to improve periodontal healing in avulsed dental re-implantation. The results of the
study showed that PRF induces significant and continuous stimulation of proliferation in
human PDLSC throughout the 7-day incubation period, suggesting that the PDLSC/PRF
construct may improve clinical outcomes in subsequent dental re-implantations. However,
before using this method in patients, additional studies on the molecular mechanisms of
the PDLSC/PRF interaction are required to ensure reliable results [104].

Returning to wound healing, growth factors are worth mentioning as they play an
important role in the healing stages. Platelets are the main cell type in the inflammatory
phase as they release PDGF and TGF-f. Both are growth factors that attract macrophages
and neutrophils [113]. Therefore, it cannot be forgotten that PRF itself can serve as a
matrices for the growth factors that are in every person’s blood. In their study, Ehrenfest
et al. described three growth factors (TGF3-1, PDGF-AB, VEGF) and coagulation matrix
cellular protein, thrombospondin-1, (TSP-1), and the ability to release them in large amounts
from the PRF membrane within 7 days. The results showed that comparing the amount of
growth factors initially released to the end, it can be concluded that the leukocytes in PRF
provide high TGF3-1 and VEGF release throughout the experiment [105]. It turns out that
PRF can be combined with other related materials to improve recovery. More specifically,
this is described in a study by Yang et al., in which dental bud cells (DBC) were suspended
in fibrin glue (used as one of the most effective scaffold materials) and then A-PRF was
added. Thus, the restoration of dental tissue was achieved [106].

One of the studies is a double network (DN) hydrogel of i-PRF and gelatin nanoparti-
cles (GHPs), with the aim to obtain a mechanically strong and bioactive hydrogel that can
adapt to the irregular shape of the defect and withstand the required pressure. During this
study, the release of growth factors (VEGF, platelet derived growth factor-BB (PDGF-BB),
TGF-f3 and IGF-1) was observed for more than 3 weeks. This is higher compared to other
studies [44,52] where in vitro release from pure i-PRF gel occurred in 2 weeks. In addition,
DN hydrogels prevent the burst release of growth factors during the first hours [107]. The
in vivo studies, described above, have shown that PRF matrices can be perceived as carrier
systems due to their ability to release growth factors.
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It should also be mentioned that the PRF can serve not only as a drug delivery system
but also as a matrices of other materials. One ex vivo study analyzed the ability of the i-PRF
matrix to be a 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. The assay was performed by separating
leukocytes and platelets across the collagen membrane and determining the interaction
between the collagen membrane and i-PRF. The obtained results showed differences in the
structural composition of collagen membranes and differences in the interaction of collagen-
based biomaterials with liquid PRF [108]. The obtained data confirmed the previous
results that the interaction of the cell with the biomaterial is partially determined by the
structural properties of the biomaterial [114,115]. Scientists have also tried to combine
silk fibroin powder from Bombyx mori with Choukroun PRE. The results showed that the
combination of these two materials can successfully prevent peri-implant defect [109].
Regarding the inclusion of other materials in PRF, a new approach to the use of PRF
for the treatment of periodontitis defect has been explored. The approach is based on
the placement of beta-tricalcium phosphate (3-TCP) granules at the furcation defect site,
followed by the application of a PRF membrane covering both the defect site and the bone
graft. Despite the successful results, this method requires additional research to ensure its
suitability [110]. While searching for articles on the treatment of periodontitis, we found
that PRF in combination with other materials can also be used to treat intrabony defects.
In one such study, researchers combined PRF with an anorganic bovine bone (material
for transplantation into alveolar cavities after human extraction [116]) mineral (ABBM),
indicating that it is effective in treating these defects and may increase the rate of clinical
attachment [111]. A similar study was carried out by the Lekovic group, where A-PRF was
combined with bovine porous bone mineral (BPBM) instead of ABBM. Combining BPBM
with A-PRF resulted in significantly greater reductions in pocket depth, increased clinical
attachment, and defect filling than PRF used alone [112].

Summarizing all the above studies, it is observed that when using PRF as a 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, then, 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 that are in the PRE.

6. Conclusions and Future Perspectives

Summarizing the literature on the possible application of PRE, it has been observed
that nowadays there is a growing demand for its application in operations. Several pieces
of clinical research shows that PRF can be used in different surgeries, such as open-heart
surgery, cranial surgery, endodontic surgeries, and periodontitis [117]. This allows surgeons
to use the beneficial properties of PRF to solve a given problem, such as closing a defect
and improving recovery. PRF is also widely studied as a drug delivery system to reduce
the risk of postoperative infections.

Although platelet-rich fibrin is autologous and contains growth factors and cells, its
antibacterial properties are not specifically expressed. In addition, analgesics, anticancer,
and other therapies that would otherwise be administered intravenously or orally may be
added to the PRE. For optimal drug use, it is necessary to study the effect of interaction
between PRF and drug on controlled release of the drug and the ability of the sample
to retain properties, such as biocompatibility, biodegradability, mechanical strength, and
shape retention. Already additional biomaterials are being added to the PRF to provide
these properties. However, there is a need to further explore the ability of this biomaterial
to be a drug delivery system, combining the ability of PRF to retain growth factors and
incorporate drugs.

Current research shows that most drug or drug delivery systems are mixed with the
A-PREF clot or its membrane, and the amount of growth factors or the antibacterial activity
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of the material is studied. It seems that studies of the kinetics of drug release from the
investigated samples are insufficient. Therefore, we propose to continue the study of i-PRF
as a matrix for drug delivery systems, including liquid i-PRF before coagulation, and to
test the ability of the material to provide controlled drug delivery. Only an understanding
of the ability of these materials to be combined with other biomaterials and drugs will
allow us to obtain new biomaterials with the necessary properties for use not only in
maxillofacial surgery, but also in healing burns, neurosurgery, cartilage and tendon repair,
and other fields.
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Abstract: The aim of this study was to investigate the change in clindamycin phosphate antibacterial
properties against Gram-positive bacteria using the platelet-rich fibrin as a carrier matrix, and
evaluate the changes in the antibiotic within the matrix. The antibacterial properties of CLP and
its combination with PRF were tested in a microdilution test against reference cultures and clinical
isolates of Staphylococcus aureus (S. aureus) or Staphylococcus epidermidis (S. epidermidis). Fourier-
transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM) analysis was done
to evaluate the changes in the PRF_CLP matrix. Release kinetics of CLP was defined with ultra-
performance liquid chromatography (UPLC). According to FTIR data, the use of PRF as a carrier
for CLP ensured the structural changes in the CLP toward a more active form of clindamycin. A
significant decrease in minimal bactericidal concentration values (from 1000 ug/mL to 62 ug/mL)
against reference cultures and clinical isolates of S. aureus and S. epidermidis was observed for the
CLP and PRF samples if compared to pure CLP solution. In vitro cell viability tests showed that PRF
and PRF with CLP have higher cell viability than 70% after 24 h and 48 h time points. This article
indicates that CLP in combination with PRF showed higher antibacterial activity against S. aureus and
S. epidermidis compared to pure CLP solution. This modified PRF could be used as a novel method to
increase drug delivery and efficacy, and to reduce the risk of postoperative infection.

Keywords: platelet-rich fibrin; antibacterial properties; antibiotic resistance; drug release; CLP

1. Introduction

Platelet-rich fibrin (PRF) is an autogenous material derived from human blood and
is widely used to promote wound healing and tissue regeneration [1]. The leukocytes in
the PRF promote wound healing and PRF contains growth factors that are released over
time [2]. In several applications, such as oral and maxillofacial surgery, plastic surgery,
cardiac surgery and dentistry, there is a great interest in PRF antimicrobial activity. Until
now, most clinical studies have been conducted in dentistry and oral and maxillofacial
surgery. Platelet concentrates are used in maxillary sinus floor augmentation, as the filling
of teeth extraction sockets, in dental implant surgery, in regenerative endodontic treatment,
in peri-implantitis and periodontitis treatment.

During the last decade, the antimicrobial properties of PRF have been described in
various studies and different testing methods and bacteria have been used. Not only is
injectable platelet-rich fibrin (I-PRF) anti-microbial, but anti-biofilm activity against human
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oral abscess pathogens has also been described. It was found that I-PRF decreases biofilm
production at the minimal inhibitory concentration (MIC) and no biofilm production at
the minimal bactericidal concentration (MBC) [3]. Using the disk diffusion method, I-
PRF showed notable zones of inhibition, which varied depending on different bacterial
species [4]. I-PRF also shows the superiority of antimicrobials against bacteria from the
supragingival plate over PRF and PRP [4].

Infections are one of the most common postoperative risks caused by pathogenic
and opportunistic bacteria [5,6]. S. aureus and S. epidermidis are Gram-positive oppor-
tunistic bacteria, which are present in the normal human microbiome. With the ability
to produce biofilms, these bacteria can evade the host immune system and can cause
various local and systemic infections, such as bacteremia, skin and soft tissue infections,
osteomyelitis, and implant and device-related infections [7-9]. A lot of these infections can
be prevented with antibiotics, especially those where the portals of entry for the bacteria
are wounds due to surgery in the hospital environment. For treatment of community-
acquired, methicillin-resistant and methicillin-susceptible S. aureus infections, clindamycin
has been recommended for many years, and it also can increase the susceptibility of
methicillin-resistant S. aureus clinical isolates [10,11]. The virulence of clinical isolates and
their virulence factors, such as surface proteins, determine their ability to cause disease and
the severity of the disease [12]. Nowadays, the demand for clindamycin as a medicine is
increasing in oral and maxillofacial surgery (including for the prevention and treatment of
osteonecrosis of the jaw [13]). It is widely considered as an alternative for patients with an
allergic reaction to penicillin [14].

Clindamycin phosphate (CLP) is a prodrug of clindamycin that has no antibacterial
activity [15]. As mentioned in the literature, prodrugs can offer many advantages over
the parent drug (in our case clindamycin). These benefits include increased solubility,
improved stability, reduced side effects, improved bioavailability and better selectivity [16].
CLP can be converted to clindamycin by in vitro hydrolysis of phosphatase esters [15,17].
Rapid in vivo hydrolysis also converts the CLP compound to the antibacterial clindamycin.
Hydrolysis of the phosphatase ester is a relatively difficult mechanism (Figure 1). It has
been reported that after hydrolysis using alkaline phosphatase, clindamycin phosphate is
determined as clindamycin. Following topical, as well as upon intravaginal administration,
clindamycin phosphate is slowly hydrolyzed to clindamycin due to limited hydrolysis of
the prodrug by the phosphatase enzymes on the surface and within the skin. This prevents
the incidence of antibiotic-induced GI side effects [18].

O cl HaCg cl

cHy (o)
0 Phosphatase HO
Enzymes
-HPO;
N—CHs;
HC
Clindamycin phosphate Clindamycin

Figure 1. Clindamycin phosphate hydrolysis mechanism.

Clindamycin is known to be obtained by the chemical modification of lincomycin, so
the potential impurities are analogs of lincomycin [19]. It is reported that the conversion of
clindamycin phosphate to clindamycin in the blood is significantly lower than with oral
administration of clindamycin hydrochloride [20,21]. CLP is absorbed as an inactive ester
for parenteral use and is rapidly hydrolyzed to the active base in the blood.

CLP has not been widely studied in terms of antibacterial properties. Until now there
are only a few studies on CLP’s individual antibacterial properties, which show that the
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MIC of CLP (w/v %) on Staphylococcus aureus is 0.02 £ 0.005% [22]. Nevertheless, it has
a broad range of applications in biomaterials: for example, it is used in eye implants [23],
periodontal films [24], and particles [25].

The aim of this study was to investigate the change in CLP antibacterial properties
against reference culture and clinical isolates of S. aureus and S. epidermidis using platelet-
rich fibrin as a carrier matrix, and evaluate the CLP structural changes, release kinetics and
in vitro cytotoxicity within the PRF matrix.

2. Results
2.1. Structural Changes in PRF and PRF_CLP Samples at 37 °C

The FTIR spectrum of PRF and PRF_CLP is shown in Figure 2. The FTIR spectra of
the samples in Figure 2A,B show the absorption peaks indicating the fibrin phase: peak
at 1641 cm~'—amide I (C=0), maximum at 1535 cm~'—amide II (N-H) and amide III
(C-N) (decreases at 1310 cm ! and increases at 1236 cm™1) (Figure 2B). Characteristic
changes in the FTIR spectra are due to rearrangements in the secondary structure of the
protein. According to other studies [26,27], the absorption of different proteins at higher
wavelengths (1633-1645 cm !, 1531-1539 cm ! and 1240 cm™1) occurs mainly due to
a-helical structures, whereas the lower wavenumbers (1651 cm ™1, 1539 cm ™) are mostly
characteristic of B-structures [28]. Thus, the a-structure is more pronounced in the studied
sample. A pronounced absorption maximum at 3281 cm~! indicates the presence of an OH
group in the fibrin structure.

CLP and clindamycin have a similar molecular structure, except for the phosphate
group. The absorption maximum, specific for both CLP and clindamycin, was observed in
PRF_CLP samples incubated for 1, 3, and 7 days at 37 °C. The main structural components
of clindamycin molecules are characterized by the vibrations of the pyrrole and saccharide
rings, which form skeletal vibrations between 1600 and 600 cm~!. The band group indicated
in this region is mainly related to C double bond tensile vibrations. Large changes are
observed at about 1047 cm ™!, which corresponds to the C-C stretching of the pyrrolidine
group. It can be seen that as the incubation time of the PRF_CLP samples increases (from
1 to 7 days), the intensity of the C-C bond also increases. The tensile vibrations of the
C-O groups bound to the saccharide ring are observed at 1157 cm~! [23]. The band at
640 cm~! corresponds to the tensile vibrations of the C-Cl groups. In the spectra of the
PRF_CLP samples, a wide band with a maximum of 3350 cm ! can also be observed, which
corresponds to the vibrations of the O-H groups of aromatic alcohols [29].

It is also observed that the intensity of the phosphate group (PO,3~ at 531 cm 1) from
CLP increases in the PRF_CLP sample after 7 days of incubation compared to the PRE_CLP
sample after 1 day of incubation (Figure 2B). This may be due to the formation of other CLP
degradation products or potential contaminants except clindamycin. Wang et al. [30] state
that in addition to clindamycin, two other substances are formed: lincomycin-2-phosphate
and clindamycin B-2-phosphate. Brown [19], on the other hand, mentioned the formation
of three substances—clindamycin 3-phosphate, clindamycin 4-phosphate and clindamycin
2-phosphate. It can be concluded that the possible degradation products increased the
intensity of the PO43~ absorption peak with increasing degradation time.

It has also been observed that the bands characteristic of clindamycin and CLP at
1673 cm~! (NH-C=0) and at 1568 cm~! (C-C) shift to the right in the presence of PRF. The
spectra of the PRF_CLP samples show an increase in the absorption peaks of the above
bands, which may have been influenced by the interaction of PRF with CLP. The develop-
ment of additional intensity at 1080 cm~! C-O cyclic ester galactose sugar elongation [31]
was also observed for the PRE_CLP sample after 7 days of incubation. Looking at the CLP
and clindamycin spectra, this absorption peak is most indicative of clindamycin. Based
on the literature [15,17], CLP induces hydrolysis in the presence of blood and converts to
clindamycin. It is possible that this hydrolysis and partial conversion to clindamyecin is
observed in the spectra of PRF_CLP samples.
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Figure 2. FTIR spectrum: (A) Full spectrum of absorption peaks PRF, PRF_CLP samples, CLP and
clindamycin; (B) FTIR spectrum of PRF_CLP samples at incubation time points.

SEM images of the PRF matrices with and without CLP after incubation and lyophiliza-
tion are shown in Figure 3. Examining PRF samples with SEM, it can be seen that their
surface morphology is irregular with a porous microstructure. There are no visible differ-
ences in the structure of the PRF samples depending on the incubation time (1, 3 and 7 days
at 37 °C). For PRF_CLP samples after 1-day incubation, crystalline structure formations
can be seen on the surface of the sample (marked in the images with a red line), these are

also observed after 3 and 7 days.



Int. ]. Mol. Sci. 2022, 23, 7407

50f17

PRF_CLP

After 1 day After 3 days After 7 days

e T

24

A5 S0pm
7

) v “

Figure 3. SEM pictures of PRF and PRF_CLP matrix surface; red circles with white arrows indicate
the existence of NaCl in the PRF samples.

Comparing the PRF and PRF_CLP samples, it can be seen that the addition of CLP
did not significantly affect the structure of the PRF after 1 and 3 days of incubation. In
turn, after 7 days of incubation, small network formations are observed on the surface of
the PRF_CLP sample. This could be related to the degradation of CLP, thus changing the
structure of the PRF.

According to the SEM-EDX data, the crystalline structures present in the PRE_CLP
sample contain a large amount of NaCl. PRF contains Na ions and according to Pradid et al.,
the Cl peaks indicate the presence of clindamycin phosphate [32].

2.2. Drug Release Kinetics

CLP release from PRF matrices was determined by incubating PRF matrices for 0.25,
0.5,1,2,4,6,17 and 24 h (Figure 4).
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Figure 4. CLP release from PRF matrices in DMEM; average of 3 donor release data.
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Burst release of CLP was observed for all PRF_CLP samples in the first incubation hour,
when 80% of the encapsulated CLP was released. Based on the obtained data, it is possible
to provide local antibacterial activity in a certain place in the first hours, thus reducing the
risk of infection during the postoperative period. For long-term treatment, drug delivery
systems should be used to prevent burst release during the first hours. ANOVA tests
show that at p < 0.05, there is no significant difference between drug release from different
donor samples.

2.3. Effect of PRF_CLP on Antibacterial Properties

Four Gram-positive bacterial cultures and three donors were used to evaluate and com-
pare the antibacterial properties between CLP, PRF and PRF_CLP samples (Figures 5 and 6).

As shown in Figure 5, the MIC and MBC values for pure CLP solution were first deter-
mined to test the ability of the substance to provide an antibacterial effect against selected
bacterial cultures. The data showed that against S. aureus (ATCC 25923), S. epidermidis
(ATCC 12228) and S. epidermidis (clinical isolate), higher CLP concentrations (1000 pg/mL)
were required if compared to S. aureus (clinical isolate)—500 pug/mL. In general, high CLP
concentrations (1000 pug/mL) are required for maximal effect.

Obtained results showed that negative control (PRF_CLP_broth solution) has an
increased level of absorption in the higher concentrations, due to the autologous PRF
sample. This is because the PRF has a color that comes from the blood sample. According
to the obtained results for each donor’s antibacterial properties, MIC and MBC levels for
PRF_CLP samples depend on the donor and the bacteria strain. In general, we observed
that the incorporation of CLP within the PRF leads to lower MIC and MBC values for all
donors and all bacteria strains (Figure 6).

The mean donor MIC values for PRF_CLP samples ranged from 52.1 to 62.5 pg/mL,
which are lower than the MIC values for pure CLP samples (ranging from 125 to 250 ug/mL).
In turn, the mean MBC values range from 62.5 to 145.8 pg/mL, while for pure CLP samples
they are at 500—1000 pg/mL. Differences in MIC and MBC values are affected by the
bacteria selected for testing (Figures S1 and S2).

As shown in Figure 6, there is a difference in the MIC value of the donor 1 PRF_CLP
samples against S. aureus (ATCC 25923). It is lower (31.25 pg/mL) than against three other
bacterial cultures (62.5 ug/mL). For donor 2 PRF_CLP samples, lower MIC (31.25 pug/mL)
and MBC (62.5 ug/mL) values were observed against S. epidermidis (ATCC 12228) than for
other donor samples. Finally, for donor 3 PRF_CLP samples, there is a difference in MIC
values against S. epidermidis (clinical isolate); it is higher (125 ng/mL) than against S. aureus
(ATCC 25923), S. aureus (clinical isolate), S. epidermidis (ATCC 12228)—62.5 pug/mL. A
higher MBC value (250 ng/mL) is observed for clinical isolates of both bacteria. In turn,
for the bacteria reference cultures, a lower MBC value (62.5 ug/mL) is observed against
S. epidermidis than against S. aureus (125 ug/mL).

A U-shaped histogram is displayed in the test sections (see Figure 7). This is well
observed in the negative control (PRF_CLP_broth), where the absorption capacity gradually
decreases with increasing control dilution. The antibacterial data of all prepared PRF_CLP
samples showed differences between the donors and the related MIC and MBC values
of the samples (Figure 7). For PRF_CLP samples from donor 2 and donor 3 blood, all
antibacterial data can be found in an additional file (Figure S3).
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Figure 5. Antibacterial properties of different CLP solutions at various concentrations: (A) detected
MIC and MBC concentrations for 4 bacteria (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228),
S. aureus (clinical isolate), S. epidermidis (clinical isolate); (B) MBC test for S. aureus (clinical isolate);
(C) MBC test for S. aureus (ATCC 25923). The diameter of the Petri dishes is 8.5 cm.
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Figure 6. 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) and S. epidermidis
(clinical isolate) for all three donors. Samples prepared from donor 1 blood (D1 PRF_CLP); samples
prepared from donor 2 (D2 PRF_CLP); samples prepared from donor 3 (D3 PRF_CLP). * p > 0.05;
**p <0.05.

Comparing the results of PRF_CLP samples between S. aureus reference cultures
and clinical isolates, it is observed that only for the donor 3 PRF_CLP samples require a
higher CLP concentration (250 pug/mL) against the clinical isolate than against the reference
culture (125 pg/mL) (Figure 7). Regarding MIC values, it was observed that only the
donor 1 PRF_CLP samples against the clinical isolates required a higher CLP concentration
(62.5 pg/mL) than against the reference culture (31.25 ug/mL).

From the results of PRF_CLP samples against the S. epidermidis reference culture and
clinical isolate (Figure 7), we observed that there is a difference in MIC values for donor
2 PRE_CLP samples, with a higher CLP concentration to the clinical isolate (62.5 1g/mL)
than to the reference cultures (31.25 ug/mlL) being required to ensure antibacterial activity.
MBC values required to provide antibacterial activity against both types of S. epidermidis
bacteria differ from the S. aureus results described above. Looking at the results for donor 2
and donor 3 PRF_CLP samples, it was shown that a higher CLP concentration (125 p1g/mL)
was required against the S. epidermidis clinical isolate and a lower concentration against the
S. epidermidis reference culture.

Differences in MIC and MBC values against a particular bacterial strain for all three
donors are shown in Figure 6. Significantly, a higher MBC value—1000 pg/mL—was
observed for CLP samples compared to all donor PRF_CLP samples against each bac-
terial strain. MBC value against S. epidermidis (ATCC 12228) decreased 16-fold for all
donor PRF_CLP samples compared to the CLP samples, but decreased 8-16-fold against
S. epidermidis (clinical isolate) and S. aureus (ATCC 25923). The efficacy of PRF_CLP samples
against S. aureus (clinical isolate) is seen as a 4-16-fold reduction in the MBC value. Thus,
indicating that the addition of the required CLP concentration to provide an antibacterial
effect against the same bacteria varies greatly depending on the donor PRF. The average
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MIC and MBC values of all antibacterial data for all PRF_CLP samples can be found in an

additional file (Figures S1 and S2).
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Figure 7. Antibacterial properties of PRF_CLP samples at various concentrations of CLP solution
for 4 bacteria strains (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228), S. aureus (clinical isolate)
and S. epidermidis (clinical isolate) for PRF_CLP samples prepared from donor 1 blood. Pure bacterial
suspension (10° CFU/mL) as a positive control and pure sterile Mueller-Hinton broth as a negative

control were used.

2.4. Cell Viability

The obtained cell cytotoxicity results for PRF and PRF_CLP are shown in Figure 8.
Fibroblasts are used for material testing because they have a wide range of functions in
the human body, one of them being as part of connective tissue. As PRF has contact with
fibroblasts in the body, it is important to test the biomaterial effect on them.

Precise results could be obtained after 24 h and 48 h. The reason for the vague
results after 1 h, 2 h and 4 h is that PRF contains many cells, for example, leukocytes,
monocytes, red blood cell platelets, neutrophils and lymphocytes [33], which affected
cell staining (Figure 9). It should be noted that no difference was observed between
PRF samples containing CLP and those not. The experiment had three controls—pure
10 mg/mL CLP solution, untreated cells (positive control) and cells treated with 5% DMSO
(negative control).
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Figure 8. Cytotoxicity of PRF and PRF-CLP extracts and dilutions (significant statistical difference
(* p< 0.05)).
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Figure 9. Different blood cells on 3T3 fibroblast cells from D2 PRF sample extract taken after 1 h.

Cell viability was above 70% for both PRF and PRF_CLP extracts and their dilutions
were taken after 24 h and 48 h. According to ISO 10993-5:2009, a cytotoxicity effect is
considered if the cell viability is decreased by more than 30% [34]. Dilutions did not show
significant differences with extracts; however, PRF samples from different donors did have
significant statistical differences (* p < 0.05). With PRF_CLP samples, there is a small trend
of cell viability increasing with dilution, but there is no trend visible with pure PRF samples,
which indicates that dilution does not have a significant effect on cell viability.

3. Discussion

This study examined the ability of CLP to convert to clindamyecin in the presence of
PREF, to provide higher antibacterial activity than PRF and CLP alone. To date, no one
has studied the hydrolysis of CLP in the blood without a specific chemical reaction, nor
the ability of CLP to enhance the antibacterial properties of PRE. The structure, surface
properties, antibacterial properties and drug release kinetics of PRF_CLP were tested.

As observed in the FTIR spectra, CLP interacts with PRF during the incubation for
7 days to provide partial hydrolysis and conversion to clindamycin. After seven days of
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incubation, a new bond formation and a phosphate group absorption maximum increase
over time were observed, indicating structural changes that are likely to be a CLP switch
to clindamycin. In addition, other impurities or degradation products than clindamycin
can be formed during the degradation of clindamycin phosphate. Brown [19] mentions
that in addition to free clindamycin, clindamycin 3-phosphate, clindamycin 4-phosphate
and clindamycin 2-phosphate are formed during conversion. In contrast, Wang et al. [30]
described the clindamycin phosphate degradation experiment, indicating that in addition
to clindamycin, lincomycin-2-phosphate and a small amount of clindamycin B-2-phosphate
are formed. Based on the obtained SEM results, we can conclude that the addition of
CLP does not significantly affect the structure of PRF. Minor changes are observed during
CLP degradation.

Release data suggest that the PRE_CLP sample can be used for one day local therapy,
ensuring maximum CLP release within 1 h. Wang et al., 2020, combined clindamycin
(2 ng/mL) with PRP, indicating that 90% of the administered dose was excreted within
10 min [35]. As we can see, our material is able to provide longer release kinetics. In the
same way, the release time of the drug could be adjusted according to the required therapy
by administering drug delivery systems.

The composition of the blood from each of the donors affects the antibacterial proper-
ties of the sample, specifically the amount of CLP required to achieve 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 with the addition of PRF
to the CLP. The widespread increase in staphylococcal resistance to most antimicrobials,
especially in resistant strains, points to the need for new effective treatments for staphy-
lococcal infections [36]. Our 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 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 and that is why we have such high error limits. All micro-
biological input data for all three donor PRF_CLP samples are shown in the supplement
(Figure 52). The spread of the S. aureus strains that are resistant to certain antibiotics has
been reported [37]. According to the Daum [38] and Naimi [39] studies, methicillin-resistant
S. aureus (MRSA) isolates tend to be sensitive to clindamycin and are less likely to be re-
sistant to antibiotics other than the $-lactam class. The same may be for the S. epidermidis
clinical isolate. Studies from Schilcher et al. [40,41] and Kuriyama et al. [42] showed that
the MIC of pure clindamycin in clinical isolates against MRSA can reach > 256 mg/L. Based
on the review of the literature, studies have been performed to test the activity of CLP and
clindamycin against dermally important microorganisms. The results showed that CLP
had antimicrobial activity against the same organisms as clindamycin, with only a 3 to
44 times higher concentration dose [22]. 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 to 145.8 pg/mL depending on the
bacterial strain) than required for clindamycin (>256 ug/mL) [40—-42]. Depending on the
bacterial strain, the concentration of the drug has to be adjusted.

To ensure that the obtained PRF_CLP matrices can be used for medical applications,
in vitro cell viability tests were performed. The highest cell viability can be observed for 48
h extract and dilutions, where it increases above 100% for most of the samples. An increase
in viability indicates that PRF increases cell proliferation [43]. PRF is known to be rich in
transforming growth factor-p (TGF-f), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF) and epidermal growth factor (EGF) [44], which all have a
significant role in new cell formation. Overall, CLP has a favorable effect on cell viability.
By adding the antibiotic to PRE, the viability does not go below 80% in the extracts for the
prepared time points. Navarro et al. [45] tested periodontal ligament (PDL) cell viability in
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PRF and concluded that PRF increases cell viability after PDL is exposed to PRF for 30 min,
1h and 2 h. In this case, it can be noted that all the PRF ingredients have a favorable effect
on PDL cells. The positive effect of PRF was also noticed in a Bucur et al. [46] study on the
blood clot effect on fibroblast proliferation and migration. The samples were tested for 24 h
and 48 h and in both cases, PRF positively affected cell viability; the same can be observed
in our experiment. An interesting difference between the studies is that Bucur et al. filtered
the testing solution before applying it to cells to remove blood cells. This should be taken
into account for future experiments.

4. Materials and Methods
4.1. Materials

Clindamycin phosphate (CLP, Sigma Aldrich, St. Louis, MO 63103, USA), acetoni-
trile (>99.9%, Sigma-Aldrich, St. Louis, MI, USA), phosphoric acid (H3POy; C = 75%
w/w, Latvijas kimija, Riga, Latvia), potassium dihydrogen phosphate (KH,POy, Sigma
Aldrich, >99%), methanol (>99.9%, Sigma-Aldrich, St. Louis, MI, USA), Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Sigma Aldrich, St. Louis, MO, USA), bovine calf serum
(CS, Sigma-Aldrich, St. Louis, MO, USA), Penicillin/Streptomycin (P/S, Sigma-Aldrich,
St. Louis, MO, USA), dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA),
neutral red (NR, Sigma Aldrich, St. Louis, MO, USA), Phosphate Buffer Saline (PBS, Sigma-
Aldrich, St. Louis, MO, USA), acetic acid (Sigma-Aldrich, St. Louis, MO, USA), ethanol
(96%, Latvian Chemistry, Riga, Latvia).

4.2. Blood Collection and Platelet-Rich Fibrin Production

Blood of 3 healthy volunteers with vitamin D levels > 30 ng/mL was collected in
13 mL i-PRF+ tubes (PROCESS FOR PRE, 06000 Nice, France) and immediately placed in a
centrifuge (“PRF DUO Quattro”). PRF was obtained by centrifugation at 700 rpm for 5 min
(for women) or 6 min (for men). After the centrifugation, the upper layer of liquid PRF
(1 mL) from one donor of each tube was transferred into a 50 mL tube, and mixed together
for further use.

An amount of 0.5 mL of liquid PRF was used to obtain one PRF sample. To prepare
PRF samples with CLP (PRF_CLP), 0.5 mL PRF was added to pre-weighed 0.5 mg CLP
with an automatic pipette and mixed well with a spatula. Samples for FTIR and SEM
analysis were prepared by incubation (Environmental Shaker-Incubator ES-20, Biosan,
Riga, Latvia) at 37 °C for 1, 3 and 7 days and then lyophilized for 72 h. For drug release
and cell experiments, coagulated PRF and PRF_CLP samples were used.

Written consent from all of the volunteers for use of their samples in the research
studies was obtained. All donors were free of any infectious disease and had no abnormal
nicotine or alcohol use. None of the subjects used any anticoagulant drugs. Permission No.
6-2/10/53 of the Research Ethics Committee of Riga Stradins University was obtained for
the study.

4.3. Characterization of Prepared Samples
4.3.1. Chemical Structure

The lyophilized PRF and PRF with CLP (PRF_CLP) samples after 1, 3 and 7 days of
incubation were investigated with Fourier-transform infrared spectroscopy (FTIR) atten-
uated total reflection (ATR) method, to identify functional groups in PRF matrix. ATR
spectroscopy spectra were taken with Thermo Fisher Scientific Nicolet iS5 with a diamond
crystal. Spectra were recorded from 500 to 4000 cm~! with 64 scans and with a resolution
of 4 cm~1, optical velocity 0.4747, and aperture 100%.

4.3.2. Morphology

Scanning electron microscope Tescan Mira/LMU (Tescan, Brno, Czech Republic) was
used to visualize the microstructure and morphology of obtained PRF and PRF_CLP
samples. Prior to examination, samples were fixed to aluminum pin stubs with conductive
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carbon tape and sputter coated with thin layer of gold at 25 mA for 3 min using Emitech
K550X (Quorum Technologies, Ashford, Kent, UK). Secondary electrons created at 5 kV
were used.

4.3.3. Evaluation of CLP Kinetics

Evaluation of CLP release kinetics was analyzed using ultra-performance liquid chro-
matography. The chromatographic method was adapted based on other studies [47,48]. A
chromatograph “Waters Acquity UPLC H-class” with a UV/VIS detector “Waters Acquity
TUV” at 195 nm and column “Waters Acquity UPLC BEH C18, 1.7 um, 2.1 x 150 mm”
was used for data acquisition. The mobile phase consisted of 0.02M KH,PO, buffer
(PH = 2.5 £ 0.02): acetonitrile in ratio 79:21, respectively, and at a flow rate of 0.3 mL/min.
The total analysis time for one sample was 7 min. During the analysis, the column temper-
ature was maintained at 40 °C £ 5 °C and the sample temperature at 10 °C + 5 °C. The
limit of quantification and the limit of detection for the developed method were found to
be 1.157 ug/mL and 0.382 pg/mL.

Samples for CLP release studies were immersed in 20 mL of DMEM and placed in an
incubator at 37 °C 4 5 °C. At the first 2 time points (15 min and 30 min), the solution was
completely removed, and at the other time points (1 h, 1.5h,2h,4h, 6 h,17h, 24 h), 2 mL
aliquots of the solution were used. Finally, 2 mL of DMEM was returned after each sample
to ensure a constant volume during the release experiment.

4.4. Preparation of Bacterial Suspension

Four bacterial strains were used in the study, reference culture of S. aureus (ATCC
25923) and S. epidermidis (ATCC 12228), and clinical isolates of S. aureus and S. epidermidis,
which previously were isolated from the pure sample and identified with VITEK2 system
(bioMérieux, Marcy 1'Etoile, France). Before the antibacterial tests, bacterial susceptibility
against clindamycin was tested with the disc diffusion method. All bacterial suspensions
were prepared according to EUCAST (European Committee on Antimicrobial Suscepti-
bility Testing) standards in optic density of 0.5 according to McFarland standard with
optic densitometer (Biosan, Riga, Latvia). All bacterial strains showed sensitivity against
clindamycin (2 pg) discs (Liofilchem S.r.1., Roseto degli Abruzzi, Italy).

4.5. Determination of Antibacterial Properties

The antibacterial tests were investigated with EUCAST (European Committee on
Antimicrobial Susceptibility Testing) standard laboratory antibacterial susceptibility testing
method—broth microdilution (Figure 10) [49,50].

4.5.1. Determination of Minimal Inhibitory Concentration

Three different test sample solutions were used: pure PRF, PRE_CLP and pure CLP.
Samples with PRF were diluted 1:5, accordingly 2 mL PRF and 8 mL Mueller-Hinton broth
(MHB) (Oxoid, UK) to obtain 2 mg/mL stock solution of CLP. A 96-well plate (SARSTEDT,
Niimbrecht, Germany) was used in the quantitative assay. Twofold serial dilutions of the
pure CLP and PRF_CLP stock solutions (ranging between 2000 and 7.8125 pg/mL) were
performed in a 100 uL volume. Each well was seeded with 100 uL of bacterial suspen-
sion (10° CFU/mL, 0.5 McFarland density), where 200 uL of pure bacterial suspension
(10° CFU/mL) served as positive control while pure sterile MHB served as negative con-
trols. To detect the MIC and MBC values we used PRF_CLP controls in broth with and
without bacteria. After 2-fold dilution, instead of adding bacterial suspension, sterile
MHB was added. Then, 96-well plates were incubated in a thermostat (Memmert GmbH,
Schwabach, Germany) for 18 h at 37 °C. MIC values were considered as the lowest concen-
tration of the tested solution that inhibits bacterial growth in microdilution wells as visually
detected. After incubation, the values of absorbance were measured with microplate reader
at 570 nm (Tecan Infinite F50, Mannedorf, Switzerland).
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Figure 10. The MIC/MBC assay of CLP, PRF and PRF_CLP samples. Figure created with Bioren-
der.com.

4.5.2. Determination of Minimal Bactericidal Concentration

The lowest concentration at which bacterial growth was completely inhibited by
the additional culture method on non-selective media was taken as the MBC value. To
determine MBC, extra cultivation of 10 pL samples from the wells (prepared according to
the methodology specified in Section 4.5.1) were inoculated on non-selective agar plates
(Oxoid, UK); one sample from the well above the MIC value and all remaining below MIC
value (MIC values based on data from methodology 4.5.1 were used). Agar plates were
incubated in a thermostat (Memmert GmbH, Schwabach, Germany) for 18 h at 37 °C.

4.6. Cell Viability Experiments

PRF with and without CLP was tested on 3T3 mouse fibroblasts. Overall PRFs from
3 different donors were tested.

Prior to cell viability tests, 5000 cells were seeded in a 96-well plate in 200 uL of full
cell medium. To prevent the plates from drying out, PBS was added to the outer wells.
After seeding the cells, the plates were incubated overnight (37 °C, 5%) (New Brunswick™
541i CO; Incubator Shaker, Eppendorf, Hamburg, Germany).

The following day each PRF sample with and without CLP was submerged in 2 mL of
full cell medium. The medium consisted of 89% DMEM, 10% CS and 1% P/S. After 1,2, 4,
24 and 48 h, all the solution was removed from the testing sample and replaced with a fresh
2 mL cell medium. Extract and 2 types of dilutions—1:10 and 1:100—were directly put onto
the cells. Before adding the analyzing solution to the cells, the old medium was removed.
The experiment had two types of controls. The positive control consisted of untreated
cells with medium; on the other hand, for the negative control, 5% DMSO solution in cell
medium was applied to cells to analyze their viability. Each treatment had 6 replicates.

To analyze the PRF extract and its dilutions effect on cell viability, Natural Red (NR)
test was used. The tests included PBS, NR and solubility solution (1% acetic acid, 50%
ethanol, 49% water).

After 24 h of each time point, the testing solutions were discarded and cells were
washed with 200 uL PBS solution. Subsequently, cells were treated with 150 uL NR solution,
after which plates were left to incubate for 2 h. Afterward, the solution with dye was taken
off, and cells were washed again with 250 uL PBS solution. Finally, cells were solubilized,
which was done with a 150 pL solubilization solution. Then, a 540 nm wavelength was used
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to measure optical density with a microplate reader (Tecan Infinite M Nano, Switzerland).
Every plate was analyzed appropriately with the method just described.

4.7. Statistical Evaluation

All results are expressed as the mean =+ standard deviation (SD) of at least three
independent samples. The reliability of the results was assessed using the unpaired
Student’s t-test with a significance level of p < 0.05. One—and two-way analysis of variance
(ANOVA) was performed to assess the differences between the results.

5. Conclusions

The results of the present study show the structure, surface properties, antibacterial
properties, drug release kinetics, and cell viability of the PRF_CLP samples. Burst release
(80% of CLP after 1 h) was observed for the PRF_CLP samples; thus, the development of
more advanced drug delivery systems could be an area for future research. The antibacterial
effect of CLP was affected by the addition of PRF, thus providing a reduction in MIC and
MBC concentrations compared to pure CLP and pure PRF samples. Cell viability for
the PRF_CLP samples increased indicating the ability of PRF to alter cell proliferation.
Structural studies have also shown that clindamycin phosphate is converted to clindamycin
within the PRF matrix at 37 °C.

This study proves that the presence of PRF in the resulting PRE_CLP samples improves
the antibacterial efficacy and may be suitable for medical applications. The results are the
first step in finding alternative solutions that can enhance the antibacterial properties of
CLP to prevent postoperative infections and could lead to a new method to be developed,
which may increase the efficiency of drug delivery and activity. Further clinical trials
with larger patient groups are needed to introduce this method for reducing the risk of
post-operative infections.
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Abstract: Autologous platelet-rich fibrin (PRF) is derived from the blood and its use in the bone
tissue engineering has emerged as an effective strategy for novel drug and growth factor delivery
systems. Studies have approved that combined therapy with PRF ensures higher biological outcomes,
but patients still undergo additional treatment with antibiotic drugs before, during, and even after
the implantation of biomaterials with PRFE. These systematically used drugs spread throughout the
blood and lead not only to positive effects but may also induce adverse side effects on healthy
tissues. Vancomycin hydrochloride (VANKA) is used to treat severe Staphylococcal infections but
its absorption in the target tissue after oral administration is low; therefore, in this study, we have
developed and analyzed two kinds of VANKA carriers—liposomes and microparticles in 3D PRF
matrices. The adjustment, characterization, and analysis of VANKA carriers in 3D PRF scaffolds
is carried out in terms of encapsulation efficiency, drug release kinetics and antibacterial activity;
furthermore, we have studied the micro- and macrostructure of the scaffolds with microtomography.

Keywords: platelet-rich fibrin; drug delivery; liposomes; microcapsules; vancomycin; phospholipids;
PLGA; drug release; microtomography

1. Introduction

The use of platelet-rich fibrin (PRF) in tissue engineering has emerged as an effective
strategy for novel drug delivery systems [1]. Autologous PRF is derived from the blood by
centrifugation and contains growth factors and cells (leucocytes and platelets). With an
adjusted PRF preparation method, it can be stable in liquid phase for up to 30 min before
coagulation, thus allowing to prepare a scaffold for the drug delivery system and use it as
an injectable system [2,3]. The use of autologous PRF can improve the biological outcomes
of the bone and tissue regeneration procedures, especially in maxillofacial surgeries [4-6].
Previous clinical studies have approved that for patients receiving therapy combined with
PREF, the biological outcomes and healing were better [7-10].

Systematically used drugs, without a specific carrier, spread throughout the body
and often 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 [11]. The
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aim of drug delivery systems is to achieve the highest therapeutic effect with the lowest
drug concentration [12]. Vancomycin hydrochloride (VANKA) is a water-soluble tricyclic
glycopeptide antibiotic [13] that prevents/destroys several Gram-positive microorganisms,
which are the most common pathogens. It is used to treat severe Staphylococcal infections, in
particular methicillin-resistant S. aureus (MRSA) and is included in anti-cancer medicines.
VANKA is applied in cases when penicillin is ineffective or causes allergic reactions, as
well as for the treatment of infections where other antibiotics are resistant [14,15]. VANKA
is administered intravenously by injections or infusions, as well as perorally in the form of
capsules. A lack of oral administration explains the low VANKA absorption. Within 24 h, 80
to 90% of the orally administered VANKA is excreted unchanged in the urine. The average
duration of VANKA therapy is 7 to 10 days [16]. According to clinical studies, VANKA
microbiologic inhibitory activity (MIC) to the strains of MRSA ranges from 0.125 pg/mL to
2 ug/mL [17-19]. Additionally, over time, VANKA degrades into crystalline degradation
products—chiral stationary phase, CDP-1; thus, the concentration of the VANKA active
form decreases and, while monitoring the drug concentration, an appropriate method has
to be selected [20-22].

VANKA can be encapsulated into the liposomes, which are unique medication carriers,
because they overcome the disadvantages of the peroral or intravenously administered
drugs. The most important liposomal properties are their biocompatibility, the ability
to encapsulate a large amount of the substance, the ability to increase the stability of the
encapsulated substance, controlled drug delivery and limited circulation time in the human
body [23]. The main materials for liposome preparation are phospholipids and choles-
terol [24]. Phospholipids are lipids composed of a polar and non-polar part that contain
phosphorus and provide a spherical liposome formation process [12]. Cholesterol is added
to the liposome composition to reduce the permeability of fluids through the membrane
and increase liposome stability as well as promote the increase of phospholipid bilayer
viscosity [24-26]. Nevertheless, the encapsulation efficiency of VANKA in liposomes de-
pends on the preparation method and lipid composition, but it is usually below 20% [14,27];
higher encapsulation efficiency (33%) could be achieved by freezing/thawing [28]. As
an alternative, polymeric microparticles from poly lactic-co-glycolic acid (PLGA) have
been studied to encapsulate VANKA [25,27,28]. PLGA is a biodegradable copolymer that
has been FDA approved and is used as a drug carrier. Drug release kinetics can be con-
trolled by the polymerization rate of lactide and glycolide as well as molecular weight
of PLGA [27,29]. Both liposomes and PLGA microcapsules have drawbacks in terms of
encapsulation efficiency, but encapsulation of VANKA in carrier provides high clinical
benefits for the long-term use of antibiotics. Therefore, the adjustment of 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. Wang et al. studied platelet
poor plasma-based fibrin gel containing liposomes/chitosan scaffold for hydrophilic drug
delivery. The crosslinking process with glutaraldehyde ensured the drug delivery up to 18
days [30]. Micro- and nanoparticles and fibrin are studied in terms of their interaction to
activate coagulation cascade [31], as well as to create double networks/hydrogels consist-
ing of gelatin and PRF for bone healing [32]. Furthermore, PRF compositions are studied
to develop three-dimensional networks with calcium phosphate granules [33], collagen
membranes [34], and other materials [1], but these strategies are targeted towards delivery
of autologous growth factors and cells that are within the PRE.

In this study, we aimed to develop controlled VANKA delivery systems based on PRF
scaffold, combining antibacterial properties of VANKA against MRSA with autologous
PREF scaffold containing living cells and growth factors.

2. Materials and Methods
2.1. Materials

VANKA hydrochloride (Sigma-Aldrich, St. Louis, MI, USA), polylactic-co-glycolic
acid (PLGA; Resomer RG 502, Evonik Nutrition & Care GmbH, Essen, Germany), choles-
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terol (>99%, M = 386.65 g/mol, Sigma-Aldrich, St. Louis, MI, USA), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC; >99%, M = 790.145 g /mol, Avanti Polar Lipids, Alabaster,
Alabama), chloroform (>99%, M = 119.38 g/mol, Sigma-Aldrich, St. Louis, MI, USA),
acetonitrile (>99.9%, Sigma-Aldrich, St. Louis, MI, USA), di-potassium hydrogen phos-
phate trihydrate (K;HPOy; >99%, Merck, Darmstadt, Germany), polyvinyl alcohol (PVA;
M = 25 kDa, 88 mol% hydrolysis, Polysciences, Warrington, UK), phosphoric acid (H3POy;
C = 75% w/w, Latvijas kimija, Riga, Latvia), dichloromethane (DCM; >99.8%, Merck,
Darmstadt, Germany), methanol (>99.9%, Sigma-Aldrich, St. Louis, MI, USA), phosphate-
buffered saline tablet (PBS, Sigma-Aldrich, St. Louis, MI, USA), Lugol solution (Deltalab
Eurotubo®, Barcelona, Spain).

2.2. Blood Collection and Separation of PRF

Blood of 10 healthy volunteers was collected in 10 mL i-PRF+ tubes and immediately
placed in the centrifuge (“PRF Duo Quattro”). A medical nurse drew the blood with
a clinically approved butterfly blood collection method (“BC-12, 21 G x 3/4”). The
centrifugation time was 3 min and the rotor radius was 100 mm, 700 rpm. After the
centrifugation, the upper layer of liquid PRF (1 mL) from each tube was transferred into a
24-well cell culture plate for further use.

Written consent from all of the volunteers for use of their samples in the research
studies was obtained. All donors were free of any infectious disease and did not have
any abnormal consumption of nicotine or alcohol. None of the subjects used any drugs
for anticoagulation. Permission No. 6-2/10/53 of the Research Ethics Committee of Riga
Stradins University has been received for the research.

2.3. Preparation of VANKA Carriers
2.3.1. Preparation of Liposomes

Liposomes composed of DSPC and cholesterol in a molar ratio of 2:1 were synthesized
using a thin film hydration method and three dehydration-rehydration cycles [14,15]. To
obtain a thin film, DSPC and cholesterol were dissolved in chloroform. The sample was
then dried in a stream of nitrogen gas until dry lipid film formation on the vessel walls was
observed. To dry completely, sample was placed at —400 mbar vacuum for 6 h. Hydration
was carried out gradually by adding 1 mL of deionized water to the sample and treating the
sample in an ultrasonic bath to reduce liposome size and agglomeration. Hydration was
complete when 5 mL of deionized water were added to the sample. Hydrated liposomes
were frozen and lyophilized. Three dehydration—rehydration cycles were performed to
reduce liposome size.

VANKA-containing liposomes were synthesized according to the method described
above. The concentration of VANKA in hydration solution was 250 pg/mL. Hydrated
sample contained 6.25% VANKA from the total sample mass. During the second and third
dehydration-rehydration cycles, VANKA-containing liposome samples were hydrated in
5 mL of deionized water.

2.3.2. Preparation of Microcapsules

For the preparation of microcapsules, the water-oil-water method was used. VANKA
was dissolved in deionized water (10 mg/mL). This solution was added to the organic
phase solution that consists of a PLGA polymer (1 g) dissolved in DCM (5 mL). Both
solutions were stirred vigorously to yield a water-in-oil emulsion. Afterwards, the water-
in-oil primary emulsion was added to 100 mL PVA aqueous solution (4 wt %) and further
mixing was carried out for 30 to 60 s at a rate of 600 rpm [28]. The resulting emulsion was
transferred to 2.5 L deionized water and stirred for 1 h. The suspension was centrifuged
and frozen in liquid Ny, then lyophilized for 72 h to obtain a dry microcapsule powder.
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2.4. Incorporation of VANKA Carriers in PRF

The VANKA carriers were added to the PRF by suspending them in PRF with an
automatic pipette before the clot formed. As control samples, PRF without VANKA carriers
were prepared using the same procedure. The mixing procedures were carried out in sterile
24-well cell culture plates.

Nine different samples with corresponding abbreviations were prepared—see Table 1 below:

Table 1. Abbreviations of prepared samples.

Abbreviation Sample
Blank liposomes Liposomes without VANKA
VANKA liposomes Liposomes with encapsulated VANKA
PLGA_puC_Blank PLGA microcapsules without VANKA
PLGA_uC_VANKA VANKA loaded PLGA microcapsules
PRF Platelet-rich fibrin
PRF/VANKA liposomes PRF with VANKA loaded liposomes
PRF/VANKA PRF with VANKA- added as free drug powder, non-encapsulated
PRF/PLGA_uC_Blank PRF without VANKA loaded PLGA microcapsules
PRF/PLGA_uC_VANKA PRF with VANKA loaded PLGA microcapsules

2.5. Characterization of VANKA Carriers and PRF Scaffold
2.5.1. Drug Load and Encapsulation Efficiency

The drug load (DL) in liposomes and VANKA encapsulation efficiency was deter-
mined indirectly by measuring free VANKA in the liposome suspension. The sample
preparation included liposome suspension centrifugation at 3000 rpm for 15 min (“Biosan
LMC-3000"). To prepare the sample for VANKA determination, 1 mL of solution was
filtered through 0.22 um nylon membrane filter and then analyzed using ultra-performance
liquid chromatography (see Section 2.6).

VANKA encapsulation efficiency was calculated using the equation below [13].

EE, = -100%, M
where Wy is the amount of drug (VANKA) added in liposomes and W, is the de-
tected amount of VANKA in the solution. The drug load (%) in liposomes was calculated
according to Equation (2), where wyjpiq is the amount of lipids added in the system:

_ Wtotal - Wfree
lipid

DL -100%, ()

To determine the total drug load (DL) in microcapsules, nitrogen content microanalysis
(apparatus—Vario MACRO CHNS, Hanau, Germany) was used. Calculations were carried
out according to Equation (3):

DLy = Net 100, ©)

Not
where N is the nitrogen content found using microanalysis and Nyt is the calculated
nitrogen content in VANKA. The encapsulation efficiency (EE) was calculated according to
Equation (4):

DL'Wmicrocapsules

EEyvk = -100%, @)

WtotalVANKA

where Wijcrocapsules 1S the number of microcapsules obtained and wiotavanka is the amount
of VANKA added in the microcapsule preparation process.
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2.5.2. Particle Size

The average liposome size and particle size distribution was determined using a
dynamic light scattering (DLS) analyzer and BIC Particle Sizing Software version 4.03.
Measuring temperature 20 °C, angle 90°, 2 min per measurement, refractive index 1.45.

The average microcapsule size and particle size distribution was determined using a
laser particle size analyzer (ANALYSETTE 22, measuring range from 0.01 to 1000 um, laser
wavelength 650 nm).

Each sample was measured in triplicate.

2.5.3. Morphology

The morphology of hydrated liposomes and as prepared PRF with and without
carriers was determined by light microscope “Leica DFC320, DMLP”. The morphology
and size of the negatively stained liposomes was characterized with a transmission electron
microscope (TEM) “JEOL JEM1230”. We used SEM/energy dispersive spectroscopy (EDS)
for semi-quantitative chemical analysis of the lyophilized liposomes, microcapsules, and
PRF samples. The samples were analyzed with an Oxford X-Max" Silicon Drift Detector
(150 mm?) attached to Tescan Mira\LMU SEM. Five randomly selected areas of at least
100 x 100 um were analyzed on the surface of each sample at an accelerating voltage of
15 kV, working distance of 27 mm, and a counting time of 60 s.

2.5.4. Chemical Structure and Phase Composition

The obtained carriers and lyophilized PRF chemical structures were determined by
Fourier-transform infrared spectroscopy (FTIR). FTIR (“Varian 800 FT-IR”, Scimitar Series,
Randolph, MA 02368, USA) spectra were recorded in the attenuated total reflectance (ATR,
“GladiATRTM”, Pike Technologies, Madison, W1 53719, USA) mode. Spectra were obtained
at 4 cm~! resolution co-adding 50 scans over a range of wavenumbers from 400 cm™! to
4000 cm L. Before every measurement, a background spectrum was taken and deducted
from the sample spectrum.

2.5.5. Micro-Computed Tomography Analysis

To visualize 3D PRF samples, high-resolution micro-computed tomography (uLCT50,
Scanco Medical AG, Bruttisellen, Switzerland) was used. Samples were stained with a
common soft tissue staining procedure that increases the contrast in non-mineralized
biological tissues [35]. Staining was carried out with 0.3% Lugol’s solution [36] to see the
drug delivery systems within the PRF samples. PRF sample with/without drug delivery
systems was placed in 0.3% Lugol’s solution for 1 min, then rinsed with water. The
following scanning parameters were used: 55 kVp voltage, 109 pA current, 7.4 pm voxel
size, 0.1 mm Al filter, frame averaging = 6, and 360° rotation. The scanning time for
each sample was 6 h and 40 min. Reconstruction of 3D datasets from microCT projection
data, including beam hardening correction, was performed automatically after completion
of each cone beam image stack. The visualization module performs sophisticated 3D
rendering of large data sets using high-quality ray-tracing algorithms.

2.6. Assessment of VANKA Release Kinetics

Assessment of VANKA concentration and release kinetics was analyzed using ultra-
performance liquid chromatography. The chromatographic method was transferred to
the previously described method on active form VANKA detection on HPLC. “Waters
Acquity UPLC H-class” with UV /VIS detector “Waters Acquity TUV” set at 210 nm and the
chromatography column “Waters Acquity UPLC BEH C18, 1.7 um, 2.1 x 50 mm” was used.
The mobile phase consisted of two phases: A—0.05 M K,HPO,4 x 3H,O buffer (pH = 3.2):
acetonitrile: methanol in ratio (v/v) 91:5:4, respectively; and B—0.05M K,HPO4 x 3H,O
buffer (pH = 3.2): acetonitrile: methanol in ratio (v/v) 84:8:8, respectively [22]. Separation
of the active VANKA form was obtained using the following gradient (Figure 1) conditions
at a flow rate of 0.3 mL/min: 100% A for 0.67 min, change to 100% B in 3.0 min, hold B
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for 4.66 min, change to 100% A in 1.67 min and hold for 2 min. The total run time for one
sample was 12 min. The column temperature was maintained at 30 °C £ 5 °C and sample
temperature at 10 °C £ 5 °C.

100
80
60
40
20

0 - T
0 0.67 3.67 8.33 10 12

min

%

mphase B
phase A

Figure 1. Gradient curve of mobile phase composition for VANKA quantification method.

Samples for the evaluation of in vitro VANKA release from the liposomes were im-
mersed in 10 mL PBS, using dialyze membrane, and incubated at 37 °C £ 0.5 °C and
50 rpm (Environmental Shaker—incubator ES-20, Biosan, Riga, Latvia). A total of 250 uL
aliquots of the solution were taken directly from the vessels after 1h,2h,3h,5h,24h,48 h,
72 h, 96 h, and 168 h. The volume taken was replaced with 250 uL of fresh PBS, keeping
the total dissolution medium volume constant.

PLGA_uC_VANKA and PRF/VANKA carriers were immersed in 10 mL deionized
water and incubated at 37 °C £ 0.5 °C and 50 rpm (Environmental Shaker—incubator
ES-20, Biosan, Riga, Latvia). One milliliter aliquots of the solution were taken directly from
the vessels after 1h,2h,4h,6h,24h,48 h,72 h, 146 h, 217 h, and 239 h. The volume taken
was replaced with 1 mL of deionized water, keeping the total dissolution medium volume
constant. The cumulative fraction of the release rate was calculated from the following
equation [15]:
cnvo + LIy €i;

Co0p

Release rate = -100%, )
where ¢, is the VANKA concentration in the release medium of each time interval, vy is the
total volume of the release medium, v; is the volume of the withdrawn medium, ¢; is the
drug concentration in the release medium at time, and ¢y is the total VANKA concentration
in the system.

2.7. Preparation of Bacterial Suspension and Inoculum for Antibacterial Tests

Antibacterial properties were tested via the disk diffusion test, also known as the
Kirby-Bauer disk diffusion method, which is a standardized method used in microbiology
laboratories in order to determine bacterial susceptibility against antibiotic substances.
Bacterial suspension of Staphylococcus aureus (ATCC 25923) reference culture was prepared
according to EUCAST (European Committee on Antimicrobial Susceptibility Testing)
standards in optic density of 0.5 according to McFarland standard with McFarland optic
densitometer (Biosan, Riga, Latvia). Bacterial suspension was inoculated onto a sterile
Mueller-Hinton (MH) agar (Oxoid, Altrincham, UK) with a sterile cotton swab.

2.8. Determination of VANKA Loaded PRF Antibacterial Properties

After bacterial inoculation, samples were placed onto MH agar with sterile forceps,
and MH agar with samples was incubated in the thermostat for 24 h at 37 °C degrees. After
24 h, the antibacterial properties of the samples were analyzed by measuring the sterile
area (diameter) around the samples. After the measurements, a new bacterial suspension
was prepared and inoculated onto a new sterile MH agar, and the samples were transferred
from the old to the new MH agar and incubated for another 24 h at 37 °C. These actions
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were repeated every 24 h until no trace of antibacterial characteristics or sterile area around
the samples was found for two days in a row.

2.9. Determination of Antibacterial Properties of Sample Incubation Medium

The samples were immersed in the medium and incubated at 37 °C £ 0.5 °C and
50 rpm. One milliliter aliquots of the solution were taken directly from the vessels after
1h,2h,4h,18h,24 h,48 h, 70 h, 90 h, 146 h, 217 h, and 239 h. The volume taken was
replaced with 1 mL of deionized water, keeping the total dissolution medium volume
constant. After bacterial inoculation, the nitrocellulose disks were placed on MH agar and
impregnated with 20 uL of incubation solutions. Three nitrocellulose disks from one series
were used. MH agar were incubated in the thermostat for 24 h in 37 °C degrees. After 24 h,
antibacterial properties were analyzed by measuring the sterile area (diameter) around
the disks.

2.10. Statistical Evaluation

All results were expressed as the mean value + standard deviation (SD) of at least
three independent samples. The significance of the results was evaluated using an unpaired
Student’s ¢-test with the significance level set at p < 0.05. One- and two-way analyses of
variance (ANOVAs) were performed to evaluate the differences between the results.

3. Results
3.1. Evaluation of VANKA Carriers
3.1.1. Particle Size Distribution and Morphology

In order to develop a controlled VANKA delivery system based on PRE, VANKA
was encapsulated in two carrying systems—liposomes and microcapsules, respectively.
Conventional methods for preparation of liposomes and microcapsules were chosen to
establish the difference between the VANKA carrying materials within the PRF scaffolds.
Nevertheless, VANKA is hydrophilic drug and according to the previous studies, the
encapsulation efficiency in both liposomal and microcapsule systems is low [15].

Blank liposomes were prepared to evaluate the baseline of the particle characteristics.
The obtained sizes and polydispersity indexes of the liposomes are summarized in Table 2.

Table 2. Size and polydispersity index of liposomes.

Blank Liposomes VANKA Liposomes
Average effective diameter, nm 1354.8 4+ 100.6 932.7 +114.2
Polydispersity index 0.17 0.24

VANKA binds to liposome with a millimolar affinity. The larger the size of the
liposomes, the stronger the binding of VANKA and liposomes. VANKA associates with
liposome through its interaction with the head group of the lipids. The previous studies
state that it is unlikely for the VANKA to penetrate deep into the lipids bilayer this means
that VANKA does not interact and bind to lipid tails [37,38].

Liposomal sizes were verified by Transmission electron microscopy (TEM) (Figure 2).
TEM analysis shows that prepared liposomes have a heterogeneous population in which it
is possible to observe a close presence of two-layer structures. Also, Figure 2. shows that
the majority of liposomes are spherical particles.
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Figure 2. TEM pictures of VANKA loaded liposomes.

The sizes of the microcapsules prepared in this study ranged from 3 pm to 46 um
(Figure 3). The mean size according to the granulometric analysis of blank PLGA microcap-
sules is 15.17 & 0.11 pm, while the encapsulation of the VANKA resulted in a decrease in
the particle size (mean size 12.60 £ 0.09 um) (Table 3). According to the ANOVA test, the
p values between the different groups range from 0.00001 to 0.00012. We assume that the
decrease is observed due to the VANKA's high solubility in water; it draws the water into
the polymer membrane, thus accelerating the hydrolytic process [39].

100 10
o9 | ===PLGA uC Blank 1 o | ===PLGA_uC Blank_I
_ ——PLGA uC Blank 2 ——PLGA_uC_Blank 2
S80I pLGA_uC_Blank 3 8 | piga uC Blank 3
270 | ===PLGA_jC_VANKA_I = 7| —==PLGA uC VANKA 1
T: 60 ——PLGA_pC_VANKA_2 %« 6 ———PLGA_uC_VANKA 2
§ 50 PLGA_uC_VANKA_3 E S PLGA_uC_VANKA 3
£ 40 s 4
£30 3
320 2
10 1
0 0
0.01 0.1 | 10 100 0.01 0.1 | 10 100
Particle size (pm) Particle size (um)

Figure 3. Particle size distribution of blank PLGA microcapsules and VANKA-loaded PLGA microcapsules.

Table 3. Particle size distribution of VANKA-loaded PLGA microcapsules prepared via w/o/w technique.

Particle Size + SD, um

Microcapsules
dyo dso dog
PLGA_pC_Blank 6.69 £ 0.08 1517 £ 0.11 29.51 £ 0.44
PLGA_puC_VANKA 5.96 £+ 0.03 12.60 £ 0.09 2426 £0.18

SEM images of the microcapsules with and without VANKA are shown in Figure 4.
SEM photographs exhibited 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 (Figure 4B).
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Figure 4. SEM pictures of surface of PLGA microcapsules (A,C) without and (B,D) with VANKA.

3.1.2. Drug Load and Encapsulation Efficiency

The drug load and encapsulation efficiency are important parameters to evaluate
the properties of microcapsules and liposomes (Table 4). The results of loading efficiency
indicated that 56.44% of the initially used drug were encapsulated within liposomes and
12.30% were encapsulated within microcapsules. Their drug load resulted in 2.61 & 0.01%
for liposomes and 1.77 £ 0.03% for microcapsules. Although the results show that the
loading of the drug into liposomes and microcapsules was very low, the MIC concentration
can be reached by administering a certain amount of drug carriers to the PRF sample: 20 mg
of liposomes and 50 mg of microcapsules, respectively. As the MIC value is negligible, it
is not necessary to administer high concentrations of liposomes and microcapsules to the
PREF. In the literature, the highest reported efficiency of drug encapsulation in liposomes
is 35.58 + 2.66%, drug load 2.55 £ 0.065% [15], which is lower than that achieved in our
study, but in microcapsules, the drug encapsulation efficiency can reach 80 to 97% and
drug load >54.6% when using PLGA 90:10, where the ratio of polymer to drug is supe-
rior [39]. A number of researchers have documented that highly hydrophilic drugs face the
problems associated with low affinity for the polymer, resulting in unsatisfactory loading
efficiency [40]. With a poor interaction between drug and polymer, the drug will tend to dif-
fuse from the organic phase into the external aqueous environment during the spontaneous
emulsification of the polymer. Although VANKA was completely dissolved in the organic
phase, the drug could leak out during diffusion of the remaining dichloromethane from
droplets of the organic phase into the aqueous dispersion medium [41]. The microcapsules
used in this study with PLGA composition 50:50 have a faster (~20 days) degradation time,
compared to PLGA 90:10 and PLGA 70:30 [29], and are more appropriate for the release of
antibiotic agents with an optimal therapy time up to 14 days.

Table 4. Drug loading and encapsulation efficiency of liposomes and microcapsules.

VANKA Liposomes PLGA_uC_VANKA

Drug load, % 2.61 +0.01 1.77 £ 0.03
Encapsulation efficiency, % 56.44 £ 0.02 12.30 £ 0.05




Biomedicines 2021, 9, 814 10 of 19

3.1.3. Chemical Structure of VANKA Carriers

The FTIR spectrum of liposomes is shown in Figure 5A. The VANKA molecule is
characterized by oscillations of O-H and N-H; bonds, the absorption observed is in the
range of 3000 to 3600 cm 7, as well as fluctuations of C=O bonds, the absorption that
occurs at 1670 cm 1.

Vancomycin-loaded lipospmes A Lancomycin*l(}aﬂd{mﬁém&mﬁc?p%s B
9 [ Al 54 cf, cq | A
It LT i
= | | WA < cyecHy) |, |
e oH i, \“ ) \vm “ ‘\/\V \h‘/\\ _E H W“j
8 R-NH-R 0 b‘v‘ 8 J o H
2 , 2 “
® [Blank liposomes WR-CH-CH; «
o v
2 2
3 2
) c
> &~
R-CH,-CH3
4000 3280 2560 1840 1120 400 4000 3280 2560 1840 1120 400
Wavenumbers (cm ™) Wavenumbers (cm ")

Figure 5. FTIR spectrum of (A) liposomes and (B) microcapsules.

The FTIR spectrum of the synthesized PLGA samples is shown in Figure 5B. In the
PLGA microparticle sample spectrum, it is possible to observe a thick band in the range
between 1750 cm~! and 1740 cm ™!, a characteristic range of carbonyl (C=0), present in the
two monomers. Grouping band (C-O), between 1300 cm~! and 1150 cm~! can be observed,
which is characteristic of ester groups. The absence of absorption bands between 3600
and 3400 cm~! in Figure 5B, characteristic bands of the hydroxyl group, indicates that the
PLGA copolymers are anhydrous.

No specific binding of VANKA with carrier materials, lipids (Figure 5A), or PLGA
(Figure 5B) accordingly, were observed.

3.2. Characterization of Modified PRF Scaffold

SEM images of PRF samples after lyophilization are shown in Figure 6. The surface
morphology of PRF (Figure 6) shows a fibrous nature. PRF scaffolds without VANKA
carriers and free drug show spaces between fibrin fibers that have been formed by thrombin
(Figure 6A). In the literature, it has been found that greater the increase of thrombin con-
centration, the denser and thicker the fibers are [33]. All the prepared scaffolds contained
fibrin networks and fibrin layers that interweave with the blank and VANKA-loaded mi-
crocapsules (Figure 6B,C). In turn, the PRF scaffolds with VANKA (Figure 6D) but without
drug carriers exhibit a smooth surface, which indicates the absence of drug crystals on the
surface. SEM-EDX analysis (see Figure 7) confirms the uniform distribution of the drug
in the PRF scaffolds; the chloride distribution is attributed to the VANKA; the drug is in
hydrochloride form.
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Figure 6. SEM pictures of PRF scaffolds: (A)-PRF; (B)—PRF/PLGA_puC_Blank; (C)—PRF/PLGA_uC_VANKA;

(D)—PRF/VANKA.

.
[__100um _| [__100um _| [ t0oum_|

Figure 7. EDX mapping analysis on PRF/VANKA scaffold; (A) SEM image; (B) overall mapping elements on the same spot,
corresponding to: (C) chloride, (D) potassium, (E) sodium and (F) oxygen mapping.

100um
F
100um

The FTIR spectra of the samples (Figure 8) show the absorption bands characteristic
of the fibrin phase in Figure 8: maximum at 1644 cm~!-amide I (C = O), maximum
at 1531 cm~!-amide II (N-H), and maximum at 1259 cm~!-amide IIT (C-N). It can be
seen that deformations of fibrin clots (either elongation or compression) have caused a
marked rearrangement of the secondary structure of the proteins, which is reflected in the
characteristic changes in the FTIR spectra. At the qualitative level, these changes could be
described as a redistribution of the absorption intensity from higher to lower wavenumbers.
This shift was confirmed by the differences in spectral peak positions observed in the
different vibration modes of the peptides: amide I (decrease at 1649-1651 cm~! and increase
at 1620-1630 cm 1), amide II (decrease at 1540-1550 cm ! and increase at 1530-1540 cm 1)
and amide III (decrease at 1290-1320 cm~! and increase at 1220-1240 cm™1). As found in
the literature, the absorption of different proteins at higher wavenumbers (1649-1651 cm ™1,
1540-1550 cm ™!, and 1290-1320 cm™!) is mainly due to a-helical structures, whereas the
lower wavenumbers (1620-1630 cm 1, 1530-1540 cm ™!, and 1220-1240 cm ™ !) are mostly
characteristic of B structures [42]. It can be concluded that the structure of 3 is more
pronounced in the studied sample.
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Figure 8. FTIR spectra of: (a) PLGA_ uC _Blank; (b) PRF scaffold; (¢) PRF/ PLGA_ uC _Blank
scaffold; (d) PRF/ PLGA_pC_VANKA scaffold; (e) VANKA.

The FTIR analysis of PRF scaffolds with VANKA carriers showed a pronounced
absorption maximum at 3304 cm~!, which indicates the presence of an OH group in the
structure of the samples, which is characteristic of OH groups in the fibrin structure. In
turn, the absence of this peak in the PLGA spectrum indicates that PLGA copolymers are
anhydrous [43]. Absorption peaks at 1415 cm ™! (group C-O) and 1371 cm ! (group C-O)
correspond to the PLGA phase from the PLGA microcapsules added to the sample [44].
Absorption maxima at 2948 cm ™! and 2995 cm ™! are related to stretching vibrations of
PLGA C-H, C-H3, and C-H; functional groups [45].

The maximum at 1215 cm ™! indicates the presence of the hydroxyl group of the phenol
in the structure of the samples, which is characteristic of the structure of VANKA [46].
From the FTIR spectra, it can be concluded that there is no specific binding of VANKA to
PREF scaffold.

3.3. 3D Structure of Modified PRF Scaffolds

Micro-CT images of three types of freshly made PRF samples after staining are shown
in Figure 9. Micro-CT analysis of stained samples confirmed that VANKA carriers are
encapsulated within the scaffolds during the preparation of the PRF scaffolds. In addition,
the data shows the distribution of the medium according to the volume of the PRF frame-
work. The upper portion seen in 3D micro-CT reconstruction images and cross-sectional
images (colored white) is likely a PRF crust formed by coagulation of the sample. As
seen in the images, VANKA liposomes are distributed directly in the PRF cortex. It is
possible that a large amount of VANKA is released during the decomposition of the PRF
crust. This is also supported by the release kinetics data (Figure 10). In turn, in the case of
PRF/PLGA_uC_VANKA4, it can be seen that the PLGA_pC_VANKA particles are scattered
throughout the sample. Thus, as the sample degrades, only a portion of the encapsulated
VANKA in the crust is rapidly released. The remainder of VANKA is released gradually
and evenly (Figure 11).
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Figure 9. Micro-CT images of the PRF samples with VANKA liposomes (PRF/VANKA liposomes) and with VANKA
microcapsules (PRF/PLGA_uC_VANKA) and the control samples without drug delivery systems (PRF); red arrows indicate
the existence of delivery systems in the PRF samples.
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Figure 11. Drug release from PRF/VANKA scaffolds; PLGA_uC_VANKA and

PRF/PLGA_pC_VANKA scaffolds.

3.4. VANKA Release Kinetics

Over time, VANKA degrades into CDP-1; thus, the concentration of the active form
of VANKA decreases [20,21]. Consequently, an appropriate drug concentration quantifi-
cation method has been developed. Therefore, instead of cumulative release, we indicate
concentrations of free VANKA form at each measured time point.

The release kinetics of VANKA from PRF/VANKA liposomes is higher than from
VANKA liposomes (Figure 10). The increased concentration of VANKA can possibly be
explained by the fact that the Ca?* ions in fibrin form a shell around the lipids, compressing
them and thus destroying the liposomes [47,48]. Based on the results, it can be concluded
that Ca2* ions adversely affect the liposomes; thus, VANKA is released faster and in
higher concentrations.

Based on the VANKA release studies from PLGA microcapsules (Figure 11), the ki-
netics of VANKA release from PRF/PLGA_puC_VANKA scaffolds are reduced fivefold
compared to PRF/VANKA samples, ensuring controlled VANKA release and preventing
burst release. These differences are also confirmed by the ANOVA test, which at p < 0.05
indicates a statistically significant difference. In contrast, comparing PLGA_pC_VANKA
with PRF/PLGA_puC_VANKA scaffolds, it can be observed that the VANKA release concen-
tration is reduced twofold. This suggests that the PRF scaffold inhibits the rapid release of
VANKA. It was observed that with the release of VANKA from PRF /PLGA_uC_VANKA
scaffolds, the highest VANKA concentrations are observed in the first hours, which is
actually required to prevent possible postoperative infections. Results of VANKA release
kinetics from PRF/VANKA samples exceeds the toxic amounts of VANKA during the first
24 h. As mentioned above, the therapeutic effect occurs at 20-40 pg/mL, but here, the
concentration is above 49 ug/mL. It can be concluded that the introduction of VANKA in
PREF scaffolds without VANKA carriers does not ensure a controlled delivery of the drug
that is necessary for the therapeutic effect.

3.5. Antibacterial Properties of VANKA Containing PRF Scaffolds

PRF/VANKA liposome samples were not included in further experiments because, as
demonstrated by the micro-CT images, liposomes cannot be homogeneously mixed into
the PRF matrix and, as the PRF crust in which the liposomes are incorporated degrades
more rapidly, rapid VANKA release is observed. The undesirable effect of Ca?* ions on the
structure of liposomes, which promotes the destruction of liposomes and results in faster
VANKA release, cannot be excluded either.
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The maximum duration of antibacterial effect for VANKA-containing samples was
observed for 48 h. For the first 24 h, the mean diameter of the sterile area around the
samples is 30 mm. For the next 24 h, the diameter of the sterile area was reduced by 50%
(Figure 12). No antibacterial properties were observed for samples without VANKA. The
decrease of the sterile area after 48 h can be explained by the experimental method, as the
sample dries out during the incubation period and the diffusion of drugs from the sample
is limited. To overcome this issue, we tested the antibacterial properties of the incubation
medium of the sample rather that the sample itself (see Section 3.6).

A

PRF/PLGA_uC_VANKA_I
35 PRF/PLGA_uC_VANKA 2

PRF/PLGA uC_VANKA 3
) PRF/PLGA_uC_VANKA 4
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Figure 12. Antibacterial properties of PRF/PLGA_uC_VANKA samples: (A) inhibition zones in mm;
(B) sterile areas around the PRF/PLGA_uC_VANKA samples after 24 h incubation; (C) sterile areas
around the PRF/PLGA_uC_VANKA samples after 48 h incubation. The diameter of the petri dishes
is 8.5 cm.

3.6. Antibacterial Activity of Sample Incubation Medium

The release of VANKA from the samples in the incubation medium was observed
at all time points in the study (see Figure 13A). Concentrations of released VANKA from
PRF/PLGA_uC_VANKA were 70% lower than PRF/VANKA samples. Due to the excretion
of VANKA, antibacterial properties (sterile areas around the impregnated nitrocellulose
disks) were not observed in PRF/PLGA_uC_VANKA samples at 24- and 48-h intervals.
Significant differences in concentration between different types of samples gave propor-
tionally higher antibacterial effects—the mean diameter of the sterile zone at 1-h intervals
is 11 mm for PRF/VANKA incubation medium, but 8 mm for PRF/PLGA_nuC_VANKA
incubation medium. Differences in concentrations between samples of the same type were
negligibly low and did not impact different antibacterial parameters, and the diameter of
the sterile zones were maintained without significant differences.
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Figure 13. Antibacterial properties of sample incubation medium at different time points: (A) detected VANKA concentra-
tions at sample incubation medium at different time points; (B) inhibition zones of disks impregnated with sample incubation
medium at different time points; (C) sterile areas around the disks that were impregnated with PRF/VANKA sample incu-
bation medium at 18-h time point; (D) sterile areas around the disks that were impregnated with PRF/PLGA_uC_VANKA
sample incubation medium at 18-h time point. The diameter of the petri dishes is 8.5 cm.

4. Conclusions

According to the obtained results, we can conclude that the introduction of VANKA
in PRF scaffolds without a carrier system does not ensure controlled delivery of active
VANKA form at the therapeutic effect level and there is no specific binding of VANKA to
PREF scaffold. This study confirms that the use of a carrier system can ensure controlled
VANKA release for 6 to 10 days. A complete antibacterial effect lasts for 48 h, but with a
rapid drop of effectiveness after the first 24 h. The methodology of antibacterial tests needs
to be modified to ensure full VANKA release in the testing system.

Staining of the samples for micro-CT analysis is mandatory to distinguish the PRF
scaffold from the encapsulated particles, thus showing the contrast between drug delivery
systems and PRF. During 3D reconstruction of the samples, we observed that the liposomes
are located at the upper layer of the sample, but the microcapsules are dispersed throughout
the sample. These findings reinforce the observations of the VANKA release kinetics in this
study and thus approve that micro-CT can be a tool for predicting the properties of drug
delivery systems based on PRF.
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ARTICLE INFO ABSTRACT

Keywords: Platelet-rich fibrin (PRF), derived from human blood, rich in wound healing components, has drawbacks in direct

F“?Oid?m injections, such as rapid matrix degradation and growth factor release. Marine polysaccharides, mimicking the

ghlgosanl human extracellular matrix, show promising potential in tissue engineering. In this study, we impregnated the
ydrogels

self-assembled fucoidan/chitosan (FU_CS) hydrogels with PRF obtaining PRF/FU_CS hydrogels. Our objective
was to analyze the properties of a hydrogel and the sustained release of growth factors from the hydrogel that
incorporates PRF. The results of SEM and BET-BJH demonstrated the relatively porous nature of the FU_CS
hydrogels. ELISA data showed that combining FU_CS hydrogel with PRF led to a gradual 7-day sustained release
of growth factors (VEGF, EGF, IL-8, PDGF-BB, TGF-B1), compared to pure PRF. Histology confirmed ELISA data,
demonstrating uniform PRF fibrin network distribution within the FU_CS hydrogel matrix. Furthermore, the
FU_CS hydrogels revealed excellent cell viability. The results revealed that the PRF/FU_CS hydrogel has the
potential to promote wound healing and tissue regeneration. This would be the first step in the search for
improved growth factor release.

Platelet-rich fibrin
Growth factors
Marine polysaccharide

1. Introduction

Regenerative medicine has great potential to improve treatment
outcomes, and advances in bioengineering have fueled its growth in
recent decades. Tissue engineering techniques and functional construct
assembly for regenerating tissues and organs have profoundly influ-
enced medicine and healthcare. Techniques for combining biomimetic
materials, cells, and bioactive molecules are essential to promote the
regeneration of damaged tissues or as therapeutic systems [1]. Bio-
materials for tissue engineering need precise surface chemistry,
porosity, and biodegradability to enhance cell interactions and matrix
deposition [2].

Molecules with protein binding sites that are involved in disease-
related protein-protein interactions are promising candidates for ther-
apeutic intervention [3]. In recent decades, controlled drug delivery

* Corresponding author.

systems have enhanced wound healing and tissue regeneration by effi-
ciently delivering cytokines and growth factors. Fibrin, better known as
a natural hydrogel, is the end product of the physiological clotting
cascade that is naturally involved in wound healing. In addition to its
essential role in hemostasis, it acts as a local reservoir of growth factors
and cytokines and a temporary matrix for cells to enhance the regen-
erative process. On the other hand, the properties of fibrin cannot be
used entirely, which increases the need to modify its chemical and
physical properties [4]. This might be beneficial to enable the combi-
nation of PRF with additional growth factors and cytokines to ensure
their timely release. The most common way to ensure the delivery of
bioactive molecules is the development of polymeric microspheres,
nanospheres, lipid nanoparticles, and hydrogels [5-8]. Various compo-
sitions of these delivery systems have demonstrated their potential in
treatment, particularly in wound healing and tissue regeneration.
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Different effects of cytokines and growth factors on wound healing using
various biomaterials have been investigated in numerous studies. Wong
et.al research data suggests that PRF treatment can accelerate Achilles
tendon healing and serve as a cytokine delivery vehicle to promote cell
viability, proliferation, and differentiation in vitro [9]. The combination
of PRF properties, including the leukocytes and platelets, growth factors,
and cytokines embedded in the three-dimensional fibrin matrix, seem to
work synergistically to promote rapid and robust growth of tissue
regeneration [10]. 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.
Among others, platelets store and transport several essential growth
factors such as beta-transforming growth factor (TGF-p), platelet-
derived growth factor (PDGF), insulin-like growth factor (IGF),
vascular endothelial growth factor (VEGF), and basic fibroblast growth
factor (bFGF) [11]. Especially, TGF-p is an important growth factor in
tissue regeneration since its primary role in tissue repair is the promo-
tion of fibrosis [12].

Controlled drug release is considered to be the key to improving the
effects of drug-related tissue engineering. Various hydrogels have been
developed for the controlled release of loaded or covalently immobilized
proteins [13-15]. In particular, many strategies have been developed to
influence changes in charge [16], pore size [17], and release of loaded
proteins that electrostatically interact with scaffolds, including multi-
layer hydrogels [18]. Hydrogels have a wide range of functions in the
field of tissue engineering. According to Khandan et al., hydrogel scaf-
folds provide a physical surface for the adsorption of biomolecules and
the immobilization of proteins, growth factors, and other biologically
active biomaterials [19]. In recent years, various methods, such as
drying, lyophilization, ion/chemical gelation, 3D printing, etc., have
been available to develop scaffolds. Thus, scaffolds with different
structures and tailored properties are prepared to obtain the required
tissue regeneration. Freeze-drying is one of the most common method-
ologies for obtaining 3D porous materials [20]. In addition, bioactive
molecules can be released from hydrogel scaffolds for a variety of ap-
plications, including promotion of angiogenesis and secretory cell
encapsulation [21].

Cell encapsulation is another attractive alternative for long-term
controlled, sustained drug delivery [21]. Currently, most enzyme and
hormonal deficiencies are treated by oral administration or injection of
the missing substance. Cell encapsulation offers a method by which a
substance can be released over an extended time. There are studies
describing the encapsulation of various primary cells, including
pancreatic islets [22-25], hepatocytes [22], and adrenocortical cells
[22]. Studies using hydrogels as cell reservoirs [26,27] to express spe-
cific enzymes and growth factors have also been described.

In this study, we developed a hydrogel composed of fucoidan (FU)
and chitosan (CS) matrices due to their biocompatibility and ability to
form polyelectrolyte complexes via self-assembly [28]. Recently, several
FU-based composites have been established for bone tissue engineering
purposes because FU increased the proliferation capacity of osteoblast-
like cells and enhanced osteoblast-mediated mineral deposition [29].
FU's similarity to the human extracellular matrix and impressive quali-
ties, like high biocompatibility and renewability, have recently
intrigued researchers. It shows promise in developing regenerative
medicine materials, particularly for wound treatment [30]. FU, a
heparin-like molecule, enhances growth factor effects on cell prolifera-
tion, osteogenic differentiation, and mesenchymal stem cell activity
[31]. Several studies [32,33] have reported that FU can interact with
growth factors (such as bFGF and TGF-p) 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
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polysaccharide and the main component of the extracellular matrix
(ECM) [34]. Chitosan, a natural cationic copolymer, has generated sig-
nificant 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 bio-
logical devices. Chitosan-based hydrogels could serve as scaffolds for
tissue repair success [35]. Chitosan accelerates wound healing by acti-
vating 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
[36].

Thus, previous studies [37,38] have only investigated the amount of
proteins in hydrogels that were combined with PRP or PRF during
synthesis. To our knowledge, no studies have reported the impregnation
of FU_CS hydrogels with PRF, investigating the release of growth factors.
This would allow surgeons to use hydrogels during surgery combined
with the required amount of PRF according to the site to be treated.
Accordingly, the present study aimed to develop PRF/FU_CS hydrogels
for sustained various growth factors release from incorporated PRF
compared to pure PRF. To achieve the goal, we fabricated FU_CS
hydrogels and filled them with PRF. First, hydrogels were characterized
by swelling and gel fraction properties, morphology, and cytotoxicity.
After the addition of PRF to the FU_CS hydrogels, the growth factor
release capacity was investigated, testing its ability to apply over a long
period of time. Finally, histological and immuno-histological charac-
teristics were analyzed, allowing to evaluate the penetration of PRF into
the hydrogel structure.

2. Materials and methods
2.1. Materials

Chitosan sourced from shrimp shells (CS, 50,000-190,000 Da, low
viscosity, 75-85 % deacetylated) acquired from Sigma-Aldrich (USA),
fucoidan FucoMax (FU, extracted from Undaria pinnatifida, Laminaria
saccharina, Cladosiphon okamuranus; 100,000 MW, fucose content 12 %,
Organic SO3~ content is circa 10 %, Specification No. (A4)000) provided
by BGG Europe SA, Switzerland were used to create fucoidan/chitosan
hydrogels. Sodium hydroxide (NaOH) and hydrochloric acid (HCI, 37 %)
from Sigma-Aldrich (USA) were also employed. For histology, ethanol
from Carl Roth GmbH + Co. KG (Germany), xylene from VWR Inter-
national (Germany), 2-propanol from Sigma-Aldrich (USA), Mayer's
Hematoxylin solution from Panreac Applichem, and 2 % eosin from
Morphisto GmbH (Frankfurt am Main) were utilized. ELISA and cell
experiments were conducted using various materials. These included
Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham
(DMEM/F-12) from Gibco Thermo Fisher Scientific, Fetal Bovine Serum
(FBS) from Biochrom AG, alpha modification of Minimum Essential
Medium Eagle (a-MEM) from Gibco, Corning® Fetal Bovine Serum (FBS)
of Regular quality sourced from South American Origin, Penicillin/
Streptomycin (P/S) from Gibco (USA), 10x trypsin-EDTA from Gibco
(UK). Sodium bicarbonate (NaHCO3), fibroblast growth factor (FGF-2),
dimethyl sulfoxide (DMSO), and phosphate-buffered saline (PBS) were
supplied from Sigma Aldrich (USA).

2.2. Preparation of hydrogels

The hydrogel preparation is shown in Fig. 1. CS was dissolved in 1.5
M hydrochloric acid to obtain a 2 % solution. 0.25 % FU/water solution
was added to the CS solution in a ratio 1:1 (v/v). Samples were prepared
in a 24-cell plate and shaken at 500 rpm for 4 h. Samples were frozen in
the plate at —26 °C and lyophilized (Martin Christ BETA 2-8 LSCplus,
Osterode am Harz, Germany) at —80 °C under 1 mbar for 72 h. Obtained
hydrogels were neutralized with 1.5 M NaOH and rinsed with water
until pH of 7 was obtained. The samples were then lyophilized again for
72 h.
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2.3. Blood collection and PRF preparation

Fig. 1. FU_CS hydrogels preparation.
Fig. created with Biorender.com.

Blood from the peripheral vein of 6 healthy donors was collected in
10 mL sterile plastic S—P tubes (Process for PRF, Nice, France) and
immediately placed in a centrifuge (Duo centrifuge, Process for PRF,
Nice, France) with a fixed angle rotor with a radius of 110 mm. Low RCF
protocol (600 rpm, 44 g for 8 min) was used for centrifugation, with
parameters based on previous studies [39,40]. After centrifugation,
liquid PRF was collected from all S—P tubes and quickly transferred to a
50 mL tube. The obtained PRF was divided for further studies according
to the defined volumes specified in Sections 2.4-2.7. Written consent
from all of the volunteers for the use of their samples in the research
studies was obtained. All donors were free of any infectious diseases and
were not consuming alcohol or nicotine. Permission No. 6-2/10/53 of
the Research Ethics Committee of Riga Stradins University has been
received and was in accordance with the principle of informed consent.
Research also received approval from the responsible Ethics Commission
of the state Hessen, Germany (No. 265/17).

2.4. Addition of PRF to hydrogels

200 pL liquid PRF was applied directly to the center of the hydrogel
with an automatic pipette before it could coagulate. As control samples,
PRF without hydrogels were prepared. Preparation procedures were
performed in sterile 24-well cell culture plates.

Three different samples were prepared with their respective abbre-
viations - see Table 1 below:

2.5. Characterization of prepared samples

2.5.1. Swelling ratio

The swelling test of FU_CS hydrogels was conducted in Hz0, PBS, and
DMEM/F-12 (pH 7.4) [41-44]. Dry hydrogels were placed in a vessel
containing 20 mL of H,0, PBS, or DMEM/F-12 and kept in an incubator
at 37 °C with constant shaking (50 rpm). The swollen hydrogels were
periodically removed (after 1 h,2h,3h,4h,5h, 6 h, 1d, 2d, 3d, 6d, 7d)
and immediately weighted by eliminating excess water with a wet
paper. The swelling degree of the hydrogels was calculated from the
following (Eq. (1)):

Table 1
Abbreviations of prepared samples.

Abbreviation Sample

PRF
FU_CS hydrogels
PRF/FU_CS hydrogels

Pure platelet-rich fibrin
Fucoidan/chitosan hydrogels
Platelet-rich fibrin with fucoidan/chitosan hydrogels
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1.5M NaOH
Lyophilization Lyophilization
for 72h for 72h
Neutralization Washing
Swelling degree (%) = u~100, )

M,

where, M - the initial weight of dried sample, g; M; - weight of swollen
sample, g.

2.5.2. Gel fraction

The gel fraction represents the insoluble part of the matrix,
describing which part of the prepared matrix is cross-linked. The FU_CS
hydrogels, pure PRF, and PRF/FU_CS hydrogels were first lyophilized
72 h before the gel fraction was determined. All samples were weighed
and placed in 200 mL of deionized water at room temperature and left
for 48 h. The samples were then removed, re-frozen, lyophilized, and
weighed. The gel fraction was determined as follows [45] (Eq. (2)).

M
Gel fraction (%) = ﬁ'~100, 2
0

where M - the initial weight of the lyophilized sample, g;
M; - weight of the lyophilized sample after water extraction, g

2.5.3. Biodegradation properties

Degradation of PRF, PRF/FU_CS hydrogel, and FU_CS hydrogel
samples were evaluated according to the EN ISO 10999-4:2017 and ISO
109993-14:2001 for 2 weeks at 37 °C in an extreme solution (citric acid
buffer, pH 3) and in a simulation solution (tris (hydroxymethyl) ami-
nomethane/hydrochloric acid (TRIS-HC) buffer, pH 7.4 + 0.2). Finally,
the degradation degree of samples was calculated using Eq. (3).

. Mo,

Degradation degree (%) = TOJOO, 3)
where M — hydrogel weight before immersing in TRIS-HCl or citric acid,
8

M; - hydrogel weight after immersing in TRIS-HCI or citric acid, g

2.5.4. Rheological properties

Discovery series HR20 rheometer from TA Instruments, United
States, was used to analyze samples' rheological and mechanical prop-
erties. Prior to measurements, each lyophilized sample was saturated
with 200 pL of either water or PRF (with the quantity determined based
on swelling data), and pure PRF was used as a control. The amplitude
sweep test was executed in oscillation mode at 37 °C, utilizing 20 mm
plate geometry, shear strain ranging from 0.01 to 1000 %, and a con-
stant frequency of 1 Hz. Following this, a frequency sweep test was
carried out in oscillation mode at 37 °C, employing a 20 mm plate ge-
ometry and a frequency ranging from 0.01 to 100 Hz at a 0.2 % strain.
Each data point was sustained at each strain/frequency until the in-
strument yielded a stable reading, and all measurements were repeated
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three times for reproducibility.

2.5.5. Morphology and chemical structure

The morphology of the lyophilized pure PRF, FU_CS hydrogel, and
PRF/FU_CS hydrogel was determined using Tescan Mira/LMU (Tescan,
Brno, Czech Republic) scanning electron microscope (SEM). Before
analysis, the samples were coated with a thin layer of gold at 25 mA for
3 min using Emitech K550X (Quorum Technologies, Ashford, Kent,
United Kingdom) and scanned at 5 kV, using secondary electrons.

The chemical structures of the obtained samples were determined
using Fourier transform infrared spectroscopy (FTIR). FTIR spectrums
(Thermo Fisher Scientific Nicolet iS50, Waltham, Massachusetts, US)
were recorded in the attenuated total reflection mode (ATR). Spectra
were acquired at 4 cm™! resolution by adding 64 scans in the wave-
number range from 400 cm ™! to 4000 cm ™. Before each measurement,
the background spectrum was recorded and subtracted from the sample
spectrum.

2.5.6. BET-BJH method

The surface area, pore size, and porosity for lyophilized FU_CS
hydrogels were determined using the Brunauer—-Emmett-Teller (BET)/
Barrett-Joyner-Halenda (BJH) method. The surface area, pore volume,
specific surface area of pores, and average pore diameter were analyzed
by the Autosorb Degasser Model AD-9 (Quantachrome Instruments,
Boynton Beach, FL, USA) and gas sorption system Quadrasorb evo
(Quanta Tec. Inc., Boynton Beach, FL, USA). Samples were degassed for
24 h hours at room temperature using 9 mm large bulb sample cells to
remove surface moisture and impurities. The gas sorption system
Quadrasorb evo analyzed specific surface area through low-temperature
(77 K) nitrogen physical absorption-desorption isotherms.

2.6. Amount of growth factors and cytokines

200 pL of PRF was added to the prepared hydrogels in a 24-well
plate, pure PRF matrix was also designed for comparison of the
release kinetics. After the addition of PRF, 1 mL of DMEM/F-12 medium
supplemented with 10 % FBS and 1 % P/S was added to each cell well
and further incubated at 37 °C. FU_CS hydrogels placed in the same cell
medium as PRF samples were used as a blank control. 1 mL of culture
supernatants from different experimental groups were collected after 6
h, 1d, 2d, 3d, 6d, and 7d of cultivation and replaced with 1 mL of fresh
cell culture medium. After collection, supernatants were frozen at
—80 °C and stored until growth factor analysis. The protein concentra-
tions of transforming growth factor (TGF-p1, kit#: DY240-05), human
interleukin-8 (IL-8, kit#: DY208-05), human platelet-derived growth
factor BB (PDGF-BB, kit# DY220-15), epidermal growth factor (EGF,
kit#: DY236-05) and vascular endothelial growth factor (VEGF, kit#
DY293-05) were quantified using sandwich enzyme-linked immuno-
sorbent assay (ELISA) kits (Quantikine® ELISA, R&D Systems, Minne-
apolis, USA). In order to accurately determine the concentration of
growth factors, the sample supernatants were diluted (Table 2) during
preparation with the same Reagent Diluent used for standard prepara-
tion. At 450 nm, the optical density of the samples was determined using
a microplate reader (Tecan Infinite M Nano, Switzerland), and cumu-
lative release values were calculated. The experiments were performed
in duplicate for each blood donor and preparation protocol.

Table 2

Parameters used to determine different growth factors.
Growth factor/cytokine Detection range Dilution
TGF-p1 31.3-2000 pg/mL 1:10
IL-8 31.3-2000 pg/mL 1:20
EGF 3.9-250 pg/mL 1:7
VEGF 31.3-2000 pg/mL Non diluted
PDGF-BB 31.3-2000 pg/mL Non diluted

International Journal of Biological Macromolecules 262 (2024) 129651
2.7. Histology and immunohistology

The samples were prepared in the same way as mentioned in Section
2.6 by placing them in 1 mL of full cell medium. After 3 and 7 days of
incubation in cell culture media (DMEM/F-12 + 10 % FBS +1 % P/S),
the medium was removed. Referring to Ghanaati et al. [46-48], the
samples were fixed in 4 % formaldehyde (ROTI®Histofix 4 %, Carl Roth
GmbH + Co. KG) for 24 h, removed from 24 well plate. The samples
were then dehydrated in an ascending ethanol and xylene series using a
tissue processor (Leica TP1020, Wetzlar, Germany) and embedded in
paraffin blocks. Initially, sections of blocks of the thickness of 2 pm were
sliced using a rotary microtome (Leica RM2255, Wetzlar, Germany). For
immunobhistology, sections of samples were deparaffinized, rehydrated,
and finally sonicated in citrate buffer at 96 °C for 20 min. The sections
were stained with anti-human CD31 marker (Leukocytes, 1: 40, Clone
JC70A, Dako) and CD61 marker (platelets, 1:50, Dako) by autostainer
(Lab vision Autostainer 360, Thermo Fisher Scientific). From each
sample, one slide was used for hematoxylin and eosin (H&E) staining.
The morphology of all prepared samples was determined by light mi-
croscope “Leica DFC320, DMLP”.

2.8. Cell culture and cell viability

Single primary cells were chosen to analyze cytotoxicity in this
study. Human mesenchymal stem cells (hMSCs, AO Research Institute
Davos, Switzerland) derived from bone marrow were cultured in a-MEM
supplemented with 10 % FBS, 1 % P/S, and 50 pg/mL bFGF.

Cells were pre-seeded in 96-well plates in a density of 5 x 10° cells/
100 pL in each well and incubated (Memmert, CO2 Incubator, INCO108,
Schwabach, Germany) for 24 h to allow them to attach. Then, the me-
dium was replaced with 100 pL of FU_CS hydrogel extract dilutions. The
extract dilutions — 1:4, 1:8, 1:16, 1:32, and 1:100 — were chosen for this
experiment based on those used in the publication [49,50]. As positive
control, untreated cells were used. The negative control was the corre-
sponding extraction medium with 10 % dimethyl sulfoxide (DMSO,
Sigma-Aldrich). After incubating the cells in a humidified atmosphere
with 5 % CO3, 90 % humidity at 37 °C for 24 h, 48 h, and 72 h, all
medium in the 96-well plates were replaced with 120 pL CellTiter Blue
(CTB) prepared in media (a-MEM + 10 % FBS + 1 % P/S) to each well.
The plates were put back into the cell incubator for 2 h before optical
density was measured by a microplate reader (Infinite M Plex, Tecan,
Switzerland) at 590 nm.

2.9. Statistical evaluation

All results were expressed as the mean =+ standard deviation (SD) of
at least three independent samples. The reliability of the results was
assessed using the unpaired Student's t-test with a significance level of p
< 0.05. One - and two-way analysis of variance (ANOVA) was performed
to determine the differences between the results.

3. Results
3.1. Evaluation of samples

3.1.1. Stability, deformation and flow behavior of materials

One of the determining factors in this study was the hydrogel
swelling degree, which indicates its ability to absorb solution. Fig. 2
illustrates the swelling behavior of hydrogels in 3 different solutions
(H20, PBS, and DMEM/F-12). DMEM/F-12 was chosen as one of the
solutions as this cell medium is used for further histology and growth
factor experiments. Thus mimicking the stability of prepared samples in
this environment.

It can be seen that for incubation with HoO and PBS, the swelling
process could be observed for up to 2 h, followed by equilibrium. There
is no statistically significant difference between the swelling data in
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Fig. 2. Swelling degree of FU_CS hydrogels in 3 different solutions (H»O, PBS,
and DMEM/F-12).

these two solutions. On the other hand, for hydrogels placed in DMEM/
F-12, the swelling was observed in the first 2 h, followed by the rapid
increase of swelling after 2 to 3 days. On the 4th day samples began to
degrade, and swelling could not further be detected. In our case, the
hydrogels have a neutral environment, while the DMEM/F-12 medium
has a pH between 6.9 and 7.3. Thus, on day 4, the dissolution of the
sample was observed. The obtained data helped to determine the
amount of PRF to be added for further experiments.

To obtain evidence of cross-linking of two marine polysaccharides
with/without PRF and PRF alone, gel fraction analysis was performed.
The gel fraction of all synthesized samples is shown in Fig. 3.

Looking at the gel fractions of the hydrogels with/without PRF and
PRF alone, the t-test showed a statistically significant difference between
the three types of hydrogels. Comparing the FU_CS hydrogels with/
without PRF, it can be seen that the addition of PRF reduces the cross-
linking of the samples. As shown by the FTIR analysis (Section 3.2),
after adding PRF to the hydrogel, the C—O bond of the hydrogel is
broken (at 1024 cm™!), thus weakening the mutual interaction between
FU and CS. It can also be seen that the amide I bond decreases in the
PRF/FU_CS hydrogel sample, indicating a weakening of the carboxyl
group. From this, it can be concluded that PRF is the dominant factor
affecting the degree of insoluble part of the hydrogel after its addition.

[C_JFU_CS hydrogel ] PRF[__] PRF/FU_CS hydrogel
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Fig. 3. Gel fraction of synthesized hydrogels with/without PRF and PRF alone
(n =3, *p > 0.05, **p < 0.05, and ***p < 0.01); average 3 donor gel fractions
for PRF, PRF/FU_CS hydrogel samples.
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The lowest gel fraction was observed for the PRF matrix, indicating that
within 48 h, the matrix had started to degrade and the crosslinks
weakened. DMEM/F-12 contains a large variety of components that may
interact with PRF, weakening bonds and allowing for faster degradation.
In our case, the gel fraction was determined in water, which is probably
why the degradation of the sample is observed starting from the 2nd
day.

The degradation of FU_CS hydrogels with/without PRF and pure PRF
during 2 weeks in TRIS-HCI and citric acid was determined and it is
illustrated in Fig. S1. 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 % in TRIS-HCl and 96 % in citric acid within
14 days.

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. 4). 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. S2A), and
G-G’ crossing point were observed at ¢ ~ 14 % for, FU_CS hydrogel, ¢ ~
28 % for PRF/FU_CS hydrogel, and at € ~ 55 % for PRF (marked with
colored lines). In all frequency ranges, G' remained constant for all
samples (Fig. 4B), indicating a solid-like and stable internal structure.

3.1.2. Structural changes

SEM images of all prepared samples after lyophilization are shown in
Fig. 4. From the structure of the hydrogel, it can be seen that it has a
rough, corrugated surface. A similar observation has been described by
Rodriguez-Jasso [51], noting that the structure of polysaccharides re-
sembles a rough flat with many cavities. BJH/BET test results showed
that FU_CS hydrogels have a porosity of 86.51 =+ 8.35 %, a pore size of
3.136 + 0.074 nm and a surface area of 19.95 + 3.14 m%/g (Fig. S2).
The PRF surface morphology shows a porous, fibrous nature. For PRF/
FU_CS hydrogel, the added PREF fills the pores of the hydrogel and forms
a network (Fig. 5).

In order to get insights into the interaction of the two marine poly-
saccharides in the production of hydrogels and the presence of PRF in
the samples, FTIR analysis was done (Fig. 6).

The peaks appearing at 1652 em™! and 1575 em ™! in the CS spec-
trum were attributed to the secondary amide carbonyl (C=0) stretching
and N—H (acetylated residues) bending vibrations, respectively. The CS
spectrum also revealed asymmetric C-O-C stretching and C—O skeletal
vibration at 1147 cm ™! and 1024 cm™! [52]. For the FTIR spectrum of
FU, the absorption band at 1251 cm ™! was attributed to the stretching of
the S=O asymmetric sulfate groups. The characteristic C-O-S stretching
peak at 835 cm ™! was also attributed to the extent to which two-O and
three-O sulfate groups influence FU [53]. The FTIR spectrum of the
FU_CS hydrogel and PRF/FU_CS hydrogel contained the characteristic
absorption peaks attributed to CS and FU. However, there is a shift in the
C=O0 group, which may be caused by a different environment around
this group [54,55]. After combining this CS-specific band with other
species, intermolecular interactions are added, causing a shift in the
spectrum, due to hydrogen bonds and electrostatic interactions, which
explains the changes in the described functional groups in the envi-
ronment [56]. FTIR analysis shows that no covalent interaction was
found between the two polysaccharides; thus, the hydrogels were
formed based on the electrostatic interaction between the positively
charged CS (amino group) and the negatively charged FU (sulfate group)
according to the preparation method [57]. The spectrum of the FU_CS
hydrogel indicates that the C—O band has increased after combining FU
and CS, thereby gelation of the sample. On the other hand, the band at
1251 cm™! belonging to the group of FU sulfates, which is also involved
in the gelling process, has also been absent [58].

The FTIR spectra of PRF, PRF/FU_CS hydrogel show absorption
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bands typical of the fibrin phase: peak at 1639 cm ™! — amide I (C = 0),

peak at 1533 cm~! - amide II (N—H) and amide ITI (C—N) (decreases at
1307 cm ! and increases at 1241 cm ™) [59]. The amide I band at 1639

em™! in both samples (PRF and PRF/FU_CS hydrogel) indicates a sec-
ondary structure, mainly in the a-helix [60]. After combining PRF with
FU_CS hydrogel, the wavenumbers of fibrin bands are almost the same as
those of pure PRF. This may indicate that the secondary structure of
fibrin was not affected. Although a significant increase in the N—H band
(amide II band) was not observed, a decrease in the intensity of amide I
indicates a more covalently cross-linked structure and a weakened
carboxyl group linked by the formation of a new bond. The OH-band
vibrations are present in all samples in approximately 3285 cm?,
including modified hydrogels.

Comparing the FU_CS hydrogel with the PRF/FU_CS hydrogel, it was
observed that the addition of PRF had cleaved the C—O bond of the
hydrogel (at 1024 cm™1), which increased slightly during crosslinking of
the hydrogel. This explains the gel fraction data (Fig. 3).

3.2. Growth factor and cytokine release

Release kinetics of five growth factors were analyzed for PRF and
PRF/FU_CS hydrogels: VEGF, TGF-p1, EGF, IL-6, and PDGF-BB. Con-
centrations of growth factors and cytokines in supernatants are shown as
cumulative release over 7 days (Fig. 7).

The cumulative release of TGF-p1 shows a steady increase over 7
days. On day 7, the cumulative amount of TGF-p1 released from PRF
(7304.33 + 887.39 pg/mL) was nearly twice compared to PRF/FU_CS
hydrogel (4714.89 + 418.35 pg/mL) matrices release. After 6 h, an in-
crease in TGF-f1 release from PRF was observed compared to PRF/
FU_CS hydrogel matrices, showing sustained TGF-f1 release over 7 days
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Fig. 7. Cumulative release of growth factors and cytokines. The concentrations of released growth factors and cytokines in the solution were measured by ELISA at 6
h, 1d, 2d, 3d, 6d, and 7 days after PRF incorporation into the FU_CS hydrogel and PRF alone. A-E shows growth factor and cytokines release at each time point for

TGF-1, PDGF-BB, VEGF, EGF, and IL-8, respectively.

(Fig. 7A). Cumulative PDGF-BB release showed continuous and
increasing values over 7 days in all evaluated groups. After 6 h, a minor
but different strap release from PRF and PRF/FU_CS hydrogel matrices
was again observed. The difference increased during the course of
cultivation, with a peak on day 7 with significantly more PDGF-BB
released from PRF (801.47 + 12.91 pg/mL) compared to the release

from PRF/FU_CS hydrogel matrices (646.37 + 13.64 pg/mL) (Fig. 7B).

Cumulative VEGF release in the period from 6 h and 1st day shows no
differences between the two analyzed groups (pure PRF and PRF/FU_CS
hydrogel matrices). On the other hand, from day 2 to day 7, an increase
in VEGF release concentration was observed from pure PRF (240.16 +
0.23 pg/mL) compared to PRF/FU_CS hydrogel (221.13 + 4.64 pg/mL)
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matrices (Fig. 7C). The cumulative release of EGF shows a rapid increase
from pure PRF within 6 h to 1d compared to PRF/FU_CS hydrogel
matrices. After 1 day, a steady release of EGF can be observed in the
supernatants of both analyzed groups. On day 7, the cumulative release
of EGF from pure PRF (1004.35 + 87.85 pg/mL) is 1.5-fold higher
compared to PRF/FU_CS hydrogel (596.30 + 51.98 pg/mL) matrices
(Fig. 7D). IL-8 release increased during the cultivation period in all
evaluated groups. On day 7, the accumulated IL-8 release was signifi-
cantly higher in pure PRF (22,382.32 + 527.79 pg/mL) compared to
PRF/FU_CS hydrogel matrices (7023.16 + 23.51 pg/mL) (Fig. 7E).

For all analyzed growth factors and cytokines, a general trend of
higher released concentrations from pure PRF matrices than from PRF/
FU_CS hydrogel matrices was observed. The release kinetics fit the
Higuchi modulus (Figs. $3-S7).

3.3. Histological and immunohistological evaluation of PRF/hydrogel
matrices

Histological and immunohistological analysis of PRF, PRF/FU_CS
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hydrogel samples was performed to evaluate/estimate the incorporation
of PRF within the pores of the hydrogel. The distribution of leukocytes
and platelets in the hydrogel matrix and the arrangement and saturation
of the fibrin network were also investigated. The obtained data can be
seen in Figs. 8 and 9. The liquid PRF had penetrated the whole hydrogel
matrix, entrapped between the hydrogel fibers, compared to the FU_CS
hydrogel alone. Hematoxylin and eosin staining images visualize the
architecture of the fibrin network (Fig. 8), in which fibrin fibers are light
pink, while red blood cells and leukocytes are intensely red and dark
blue, respectively. The images also show platelets (well seen in the case
of pure PRF), which are also dark blue; however, they are much smaller
in size compared to leukocytes.

Comparison of PRF samples after 3 and 7 days shows a decrease in
the number of cells in the PRF matrix. In addition, histology data show
that PRF is still incorporated into the FU_CS hydrogel structure after 7
days.

Fig. 9 shows that leukocytes and platelets had reached the central
region of the hydrogel matrix and were relatively evenly distributed
within the matrix.

PR
Vo “';‘

After 3 days
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PRF/FU_CS hydrogel

> S #

L2}
]

Fig. 8. Fibrin morphology after 3 and 7 days of incubation. (Scale bar: 100 pm, increases have scale bar = 20 pm; yellow arrows show the presence of PRF and black
arrows- the presence of hydrogel). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Cell viability

The evaluation of cell viability in response to CTB for FU_CS
hydrogels are shown in Fig. 10. Mesenchymal stem cells are used for
materials testing because of their ability to self-renew and differentiate
into various mesenchymal tissues, especially bone, cartilage, and adi-
pose tissue [61]. Data shows that >100 % cell viability was obtained
with a 12.5 % (1:8) hydrogel-extracted medium. And cell viability in-
creases every day, which indicates cell proliferation. More than 70 % of
cells were viable in a 25 % (1:4) hydrogel extracted medium. Two
controls were used in the experiment: untreated cells (positive control)
and cells treated with 10 % DMSO (negative control).

4. Discussion
In this study, FU_CS hydrogels were prepared and characterized to

test their potential for use as a PRF storage material. Release kinetics of
various bioactive molecules from PRF and PRF/FU_CS hydrogels were
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Fig. 10. Determination of cell viability of hMSC treated with FU_CS hydrogel
extract dilutions at different time points (24 h, 48 h, and 72 h); n = 3, *p > 0.05,
#*p < 0.05.

determined and analyzed. To our knowledge, this is the first study
investigating the interaction between PRF and FU_CS hydrogels as well
as the ability of a hydrogel to sustain the release kinetics of PRF-
containing growth factors and cytokines. Related research in existing
literature explores the combination of PRP or PRF with chitosan/
fucoidan complex or gelatin/chitosan hydrogel accordingly [37,38]. In
these studies, both types of platelet concentrates are blended with a
chitosan solution, and the quantity of proteins released is assessed for
the resulting materials. Implementation of the described methodologies
would complicate medical procedures involving multiple development
steps. Before studying the release of growth factors, it was necessary to
know the ability of the hydrogel to take up PRF.

Swelling data for FU_CS hydrogels show that, the maximum swelling
in Ho0 and PBS solutions is between 1115 % - 1119 %, which, according
to the calculations, ensures the absorption of 200 pL PRF (Fig. 2). On the
other hand, the absorption experiment in DMEM/F-12 medium showed
rapid swelling at 2 time points (after 2 h and after 2 days) and disso-
lution after 3 days (Fig. 2). This could be explained by the fact that the
DMEM/F-12 medium contains a higher diversity of components than
other cell media. Its composition contains 2 times higher concentration
of amino acids and 4 times more elevated amount of vitamins compared
to a-MEM [62]. Developed hydrogels contain chitosan, which binds to
amino acids when it enters the DMEM/F-12 environment, and thus a
conjugation reaction is performed on the free amino groups of chitosan,
forming amide bonds [63,64]. This process was likely observed in the
period from 1 to 3 days. Likewise, the interaction of chitosan with amino
acids increases the solubility of chitosan, especially in the range of
neutral and alkaline pH values [63,64]. The swelling of the hydrogels
can also be attributed to hydration of the hydrophilic groups in both
chitosan and fucoidan. Amino groups in chitosan and sulfate groups in
fucoidan can play a major role in swelling [44].

The gel fraction data (Fig. 3) show that PRF has a very low degree of
cross-linking, indicating its ability to degrade rapidly. Fibrin degrada-
tion can reach up to 60 % during the first day, allowing for the potential
maximum release of growth factors from fibrin until its complete
breakdown, which is no longer than 96 h [42]. Our results show that it is
possible to determine the release kinetics of growth factors up to 168 h
placing of PRF samples in DMEM/F-12 medium. On the other hand, to
ensure longer-term growth factor release, fibrin should be combined
with materials that reduce its degradation, allowing longer release
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kinetics. Rheology and degradation tests (Fig. 4) show that the addition
of PRF to FU_CS hydrogels improves their mechanical properties. The
degradation of PRF/FU_CS hydrogels reduced to 62 % in TRIS-HCl
(compared to the prior 87 % PRF degradation in 14 days) and to 70 %
in a citric acid solution (compared to the earlier 96 % PRF degradation in
14 days). Accordingly to rheology data, the addition of PRF to FU_CS
hydrogels improved their strength almost 2 times compared to FU_CS
hydrogels. For example, addition of PRP powder to PEG microspheres
can extend their degradation time (>30 days) compared to pure PEG
microspheres (8 days), while liquid PRP degrades in 3 days [65]. On the
other hand, addition of PRF to polycaprolactone/chitosan (PCL/CS)
scaffolds can increase not only their degradation rate but also tensile
strength of PCL/CS-PRF core-shell nanofibrous scaffolds [66]. In addi-
tion, it was essential to investigate the chemical structure of the samples,
making sure of the cross-linking of the hydrogel.

The increase in the C—O bond during the mixing of CS and FU
(Fig. 6) indicates cross-linking and hydrogel formation. In the presence
of PRF, the interaction between FU and CS decreases as the CO bond is
cleaved. Thus, cross-links are reduced, which is well demonstrated by
the gel fraction data (Fig. 3) comparing pure FU_CS hydrogel with PRF/
FU_CS hydrogel. It is also observed that the amide I bond in the PRF/
FU_CS hydrogel sample decreases, indicating the weakening of the
carboxyl group. All of the above could indicate that PRF is incorporated
into the hydrogel structure and released after the weakening of the two
mentioned bonds.

Growth factors play an important role in tissue regeneration and
wound healing. This study illustrates the cumulative release of growth
factors from PRF and PRF/FU_CS hydrogels over 7 days, with the highest
concentration being shown for PRF. The first 7 days of PRFs' cell and GF
release is the most important to burst and activate the body's own im-
mune reaction to induce and improve regeneration, especially during
the first phase/activation of wound healing [67]. The obtained data
allows to conclude that the developed hydrogels, formed through elec-
trostatic interaction, facilitate the encapsulation of growth factors pre-
sent in PRF, ensuring their gradual release. The results obtained for the
PRF matrix were observed to show a constant and gradual increase in
the release of growth factors. This indicates that the FU_CS hydrogel can
effectively maintain the release of bioactive molecules and encloses
them within the hydrogel matrix, ensuring their sustained availability
for tissue engineering purposes. The formation of polyelectrolyte com-
plexes between oppositely charged groups of chitosan and fucoidan
makes the incorporation of factors possible due to electrostatic in-
teractions [68]. TGF-p1, known as a regulator of inflammation, is the
most potent inducer of fibrosis among all cytokines and can induce
massive synthesis of collagen and fibronectin [69]. Previous studies
have indicated [70-72] that growth factors (TGF-p1, PDGF-AB, VEGF,
and thrombospondin-1) released from PRF have a positive effect on
tissue healing by stimulating collagen production. According to the
scientific literature, PDGF is one of the first growth factors found at the
injury site. It is released from platelets and is able to support the
migration, proliferation, and survival of mesenchymal cells [73]. In
turn, EGF released by platelets promotes angiogenesis and shortens
healing time [74]. It also increases the secretion of cytokines in
epithelial and mesenchymal cells [75]. VEGF is known to be released by
activated platelets and macrophages after tissue injury. It plays a central
role in angiogenesis-related processes and endothelial cell proliferation,
migration, and survival [76,77]. PDGF and EGF can significantly in-
crease VEGF secretion [78]. Finally, the IL-8 cytokine has potentially
positive effects on healing and immunomodulation, as it is able to
stimulate re-epithelialization and recruit neutrophils to the site of injury
[79]. On the other hand, neutrophils destroy contaminating bacteria at
the wound site [80]. The higher amount of growth factors in PRF may be
related to the fibrin gel structure and molecular structure of cytokines
[81]. This could also be attributed to a stronger fibrin architecture that
trapped more leukocytes in the fibrin matrix, thus allowing relatively
slow release of growth factor from the fibrin matrix [82]. However, a
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better result of growth factor release was achieved by including PRF
inside the hydrogel matrix - an even slower release kinetics was obtained
compared to PRF. In a comprehensive exploration of scaffold modifi-
cations, FD-functionalized scaffolds (FD-SDGC and FD-SDGCG) exhibi-
ted a notably slower BMP-2 release over 14 days compared to their
unmodified counterparts (SDGC and SDGCG), suggesting an enhance-
ment in binding [83]. Another study found an initial release of 5 % BMP-
2 from fucoidan/poly-L-lysine microdroplets, followed by sustained in
vitro BMP-2 release over a remarkable period of 60 days [84]. Adding to
the spectrum of scaffold variations, the incorporation of heparin into
chitosan scaffolds extended the release of BMP-2 for at least 28 days, in
contrast to the uncoated chitosan scaffold [85]. This diversity in scaffold
modifications underscores the nuanced control achievable in BMP-2
release for various biomedical applications.

In a multifaceted exploration of biomaterial performance, various
studies have illuminated distinctive release patterns of growth factors.
Bone grafts (B-TCP) prepared with PRF demonstrated a swift release of
PDGF [86]. Embedded in bone cement compositions, sustained TGF-p
and VEGF release patterns were revealed over a 28-day period in bone
cement/PRF and bone cement/gelatin/PRF samples [87]. Moving on to
the release of growth factors from PRF alone and in combination with
penicillin, reported on the dynamic release profiles of IGF-1, PDGF, FGF-
2, and TGFp-1 [88]. Expanding the scope to wound dressings, Gelatin/
sodium  tripolyphosphate/carrageenan/PRF  (Gel-STPP/Carr-PRF)
demonstrated a sustainable release of growth factors (PDGF-AB and
VEGF) over 7 days, showcasing its potential for extended therapeutic
applications [89]. A study was conducted to determine the release ki-
netics of 5 growth factors (VEGF, EGF, TGF-p1, PDGF-BB, and MMP-9)
from liquid and solid PRF, looking at release kinetics up to 10 days.
For VEGF, TGF-f1, and PDGF-BB factors, which were also considered in
our study, the highest concentrations were reached on day 7 with a
further decrease until the day 10. Meanwhile, for EGF, highest con-
centration was observed already after 7 h for both types of matrices, and
there was a significant decrease between days 7 and 10 [90]. The release
of PDGF-AB, TGF-$1, VEGF, EGF, and IGF from the PRF membrane was
also evaluated, but not compared to other platelet concentrations or
combinations of PRF with any of the materials [91]. In the same year,
osteoblasts and fibroblasts cultured with PRP or PRF showed differential
expression of various growth factors [92]. The PDGF release trend
similar to our study has been reported before. The study indicated that it
was sustained from fucoidan-containing hydrogels combined with PRP
than pure PRP gel [93]. The release kinetics of PDGF-AA, PDGF-AB,
EGF, IGF-1, TGF-f1, and VEGF in liquid PRF (I-PRF) over 10 days were
investigated. I-PRF has shown significant long-term increases in PDGF-
AA, PDGF-AB, EGF, and IGF-1 [94]. In another study an increased
release of growth factors was observed in the first 7 days, peaking at day
14, but seeing a further decline until day 28. This indicates that PRF can
accelerate soft and hard tissue healing and progressive resorption [73].

The release of growth factors depends on the structure of the fibrin
network obtained after platelet polymerization and leukocyte concen-
tration [82]. The PRF fibrin matrix is known to slowly release platelet
cytokine, accelerating the process of fibrin network integration at the
regenerative site, promoting endothelial cell migration, and aiding in
the neoangiogenesis process, thus creating a perpetual healing process
[95]. The scientific literature suggests that as the fibrin matrix resorbs,
platelets release cytokines that promote healing [96]. It is also
mentioned that the incorporation of cytokines into the fibrin network
allows them to be gradually released over time (7-10 days) as the fibrin
network breaks down [97]. But the inclusion of the fibrin network in the
hydrogel could extend the release time, which would be longer than 10
days. As reported in several studies, FU is a heparin-like molecule that
can interact with growth factors to control their release and activity
[32,33]. The addition of heparin or a heparin-like molecule to fibrin
protects the growth factors. Thus, sequestration in the matrix retards
diffusion and delays the release of growth factors [4]. It is also
mentioned that the growth factor release kinetics can be altered by
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adjusting the scaffold degradation rate.

Our study presented the histological and immunohistological anal-
ysis of the combination of autologous liquid-PRF and FU_CS hydrogel.
This study was the first to analyze the interaction pattern between PRF
and FU_CS hydrogels to understand the ability and suitability of bio-
materials for PRF incorporation. The effect of platelets and leukocytes
on the fibrin mesh, observed in the fibrin region, may mean that various
blood cells are able to stay in PRF for a long time, releasing cytokines
and thereby promoting tissue regeneration. Leukocytes and cytokines,
which can be found in high concentrations in PRF fibrin networks can
play an essential role in the control of inflammatory and infectious
processes [96]. Cytokines released from platelets also modulate platelet
activation and leukocyte proliferation and differentiation, which play an
essential role in immunology [98]. Platelets are a reservoir of growth
factors that induce various processes such as collagen synthesis, cell
division, cell differentiation, and migration of other cells to the injured/
treated site [99]. Platelets can theoretically be entrapped en masse in a
strong fibrin network and retain growth factors within a given PRF
network, followed by a slow and gradual release of growth factors over
time from platelet alpha granules [10,96]. This explains the increase in
the amount of growth factors on the 7th day, because platelets and
leukocytes are responsible for maintaining growth factors in the PRF
network (Fig. 8). This indicates the possibility of studying growth factor
release kinetics beyond 7 days in the future studies. The results of this
study are potentially useful for translation into specific clinical in-
dications with improved regenerative potential.

To ensure that the obtained FU_CS hydrogels can be used for medical
purposes, in vitro cell viability tests were carried out. According to ISO
10993-5:2009, a decrease in cell viability of >30 % is considered a
cytotoxic effect [100]. In our study, the highest cell viability was
observed for 48-72 h dilutions, exceeding 120 % for most samples
(Fig. 10). The increase in viability indicates that FU in hydrogels in-
creases cell proliferation. FU can modulate the action of various growth
factors on cell proliferation, promoting osteogenic differentiation and
increasing the bioactivity of mesenchymal stem cells [31]. The ability of
FU and heparin to increase cell growth was tested and both were found
to inhibit the proliferation of vascular smooth muscle cells in the pres-
ence of serum [101]. In another study, FU was shown to be a more
potent inhibitor of smooth muscle cell proliferation than heparin [102].
It is known that fucoidan can bind TGF-p1 and protect it from proteolytic
degradation [103]. Thus indicating that combining FU_CS hydrogels
with PRF will not only increase cell proliferation, but also prolong the
persistence of TGF-p1. Incorporation of PRF into PCL/CS nanofibrous
core-shell scaffolds as a growth factor carrier enhances the osteogenic
differentiation of MSCs [66].

5. Conclusions

In this study, the combination of autologous liquid PRF as a growth
factor system with marine polysaccharide hydrogels was analyzed,
focusing on growth factor release kinetics and histological-
immunohistological analysis. The present study shows that incorpo-
rating PRF into the FU_CS hydrogel matrix sustains the release of growth
factors, ensuring a longer delivery. As the data indicate, 65 % of TGF-p1,
92 % of VEGF, 32 % of IL-8, 80 % of PDGF-BB, and 66 % of EGF growth
factor have been released from the PRF/FU_CS hydrogel within 7 days of
the total amount of released PRF. Thus implying that residual amounts
of growth factors could be observed after 7 days. Overall, the FU/CS-
based hydrogel can serve as a controlled release system for the
sequential delivery of multiple growth factors and cytokines to accel-
erate tissue repair and regeneration. Histological and immunohisto-
logical studies have also shown that PRF penetrates the FU_CS hydrogel
matrix, enabling the release of growth factors. Cell viability increased in
the presence of FU_CS hydrogels, indicating fucoidan's capacity to in-
fluence cell proliferation. The results are the first step towards finding
alternative solutions to enhance the release of growth factors from PRF
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for more prolonged lasting wound healing and tissue regeneration.
Further clinical studies involving larger patient groups are essential to
implement this method and to enhance postoperative tissue regenera-
tion. PRF use has low clinical risks, such as mild inflammation, tempo-
rary discomfort, and a low chance of allergic reactions. These risks are
generally minor and transient, making PRF a safe treatment option in
various clinical scenarios. The next step of this study would be the
development of PRF/FU_CS hydrogels with added antibiotics, reducing
the possibility of the risk of postoperative infections and the need for
oral drugs. This would be followed by combining PRF/FU_CS hydrogels
with cells, offering cell therapy, which, when combined with drugs, will
significantly enhance tissue regeneration and wound healing.
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