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Streszczenie

Tkanka kostna jest porowatg, hierarchiczng strukturg chemicznie zbudowang z
kolagenu typu |, apatytu biologicznego (nanokrystalicznego apatytu fosforanowo-
wapniowego) oraz wody. Opisywana jest czesto jako naturalny kompozyt o specyficznej
mikroarchitekturze determinujacej jej unikatowe wtasciwosci: lekkos¢ przy jednoczesnym
zapewnieniu odpowiedniej twardosci i elastycznosci. Wyjatkowg cechg tkanki kostnej jest jej
zdolnos$¢ do ciggtej przebudowy (ang. remodeling) i samodzielnej naprawy mikrouszkodzen.
Zachwianie réwnowagi pomiedzy procesami resorpcji i kosciotworzenia jest podstawg
rozwoju choréb kostnych. Wiele schorzen tkanki kostnej (nowotwory, przerzuty
nowotworowe, infekcje kostne, osteoporoza czy skomplikowane ztamania) wigze sie z
koniecznoscig interwencji chirurgicznej.

We  wspdiczesnej implantologii  poszukuje sie  sztucznych  materiatéw
kosciozastepczych mogacych petnic¢ funkcje rusztowania dla nowopowstajacej tkanki kostnej,
a jednoczes$nie wysoce biozgodnych, bioaktywnych, bioresorbowalnych oraz
niewywotujgcych odpowiedzi immunologicznej. Materiaty tego typu muszg charakteryzowaé
sie  odpowiednig porowatoscia, wytrzymatoscia mechaniczng oraz  korzystnymi
wtasciwosciami fizykochemicznymi.

Materiaty kosciozastepcze obecne na rynku wytwarzane s3 czesto na bazie
syntetycznego mikrokrystalicznego, niepodstawionego apatytu fosforanowo-wapniowego,
ktorego cechuje niska resorbowalnosc i bioaktywnos¢. W ostatnim czasie wiele osSrodkow
naukowych prowadzi badania nad modyfikacjg struktury syntetycznego hydroksyapatytu
jonami, otrzymujac materiaty mono- i dwupodstawione. Analiza fizykochemiczna
otrzymanych apatytéw dowodzi, ze zazwyczaj majg one charakter nanokrystaliczny i cechuje
je znacznie lepsza rozpuszczalno$s¢ niz czystego, niepodstawionego hydroksyapatytu.
Ponadto, w ostatnim latach rosnie zainteresowanie materiatami kompozytowymi, ktére poza
sktadnikiem mineralnym zawierajg syntetyczny badZz naturalny polimer nadajgcy wieksza
elastycznosc i wytrzymatosé.

Gtéwnym celem badawczym niniejszej rozprawy byto otrzymanie wysoce
biozgodnego i bioresorbowalnego kompozytu, ktéory przypominatby sktadem chemicznym,
morfologig oraz strukturg tkanke kostng. W niniejszej pracy skoncentrowatam sie na

otrzymaniu nanokrystalicznego apatytu fosforanowo-wapniowego imitujgcego apatyt
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biologiczny. Zdecydowatam sie na wprowadzenie do jego struktury najczesciej wystepujacych
»zanieczyszczer'” apatytu kostnego, czyli jondw Na*, Mg?* oraz COs%. Ze wzgledu na dobrze
udokumentowang aktywnos¢ antyresorpcyjng, osteogenng i antybakteryjng postanowitam
wbudowaé dodatkowo jony Zn?'. Otrzymane materiaty proszkowe zostaty poddane
szczegbtowej analizie fizykochemicznej oraz wstepnej ocenie cytotoksycznosci in vitro.

Nastepnie wielopodstawiony apatyt wykorzystatam do otrzymania kompozytéw na
bazie polimeru pochodzenia naturalnego — kolagenu. Korzystatam z rdzinych rodzajow
kolagenu, aby ostatecznie wybra¢ najkorzystniejszg formulacje do otrzymania
wielofunkcyjnych materiatéw kompozytowych bedacych dodatkowo nosnikami lekdw.
Konwencjonalna farmakoterapia schorzen kostnych nie jest tatwa i skuteczna, miedzy innymi
z powodu stabego ukrwienia tkanki kostnej. Dokostne dostarczanie lekéw mogtoby zwiekszy¢
efektywnos¢ terapii, przy jednoczesnym zniwelowaniu dziatan niepozgdanych wystepujgcych
przy podaniu ogdlnoustrojowym.

Kolejnym krokiem byto wzbogacenie kompozytéw o dodatek réznych biopolimerdw,
co pozwolito na stworzenie nowej formy biomateriatu — tréjwymiarowych granul. Badatam
wptyw obecnosci dodatkowych sktadnikdw organicznych na wtasciwosci fizykochemiczne
materiatéw, ich biokompatybilnosé, a takze na kinetyke uwalniania leku i jonéw (Mg?* oraz
Zn%*) ze struktury kompozytu.

Na podstawie uzyskanych wynikéw, stwierdzitam, ze otrzymane materiaty
kompozytowe mogtyby petni¢ role wielofunkcyjnych wypetnien kostnych i opatrunkéw, ktére
uwalniatyby substancje leczniczga i jony bezposrednio w docelowym miejscu dziatania, leczac
stany zapalne po zabiegach chirurgicznych czy hamujgc nadmierne krwawienia, przy
jednoczesnej odbudowie i regeneracji tkanki kostnej.

Przedstawione w niniejszej rozprawie wyniki badafn majg charakter podstawowy.
Otrzymane biokompatybilne materiaty zainspirowane budowg tkanki kostnej wykazujg
pozgdane wiasciwosci fizykochemiczne i biologiczne. W dalszych etapach nalezatoby
zaplanowa¢ badania in vivo, aby sprawdzi¢ mozliwosci aplikacyjne otrzymanych
biomateriatéw szczegdlnie w chirurgii stomatologicznej oraz do regeneracji ubytkow
kostnych.

Prowadzone przez mnie badania majg charakter interdyscyplinarny. tgczg wiedze z

zakresu nowoczesnej farmacji, inzynierii biomateriatowej, chemii materiatéw oraz analizy
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fizykochemicznej. Niniejsza rozprawa sktada sie z cyklu opublikowanych prac dotyczgcych
syntezy i badan fizykochemicznych proszkowych wielopodstawionych apatytéw oraz
materiatébw kompozytowych. Ponizsze rozdzialy stanowig zwiezty opis podstaw
teoretycznych, metodologii badan oraz uzyskanych wynikéw, ktérych poszerzeniem i

uzupetnieniem sg monografie naukowe zamieszczone na koricu niniejszej rozprawy.

Stowa kluczowe: biokompozyt; kolagen; hydroksyapatyt; materiat biomimetyczny;
regeneracja tkanki kostnej; wielopodstawiony apatyt; dostarczanie lekéw, cynk.
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Abstract

Collagen/multi-substituted apatite composite as a bone substitute material

Bone tissue is a porous, hierarchical structure chemically composed of type | collagen,
biological apatite (nanocrystalline calcium phosphate apatite) and water. It is often described
as a natural composite with a specific microarchitecture that determines its unique
properties: lightness while ensuring appropriate hardness and flexibility. A special feature of
bone tissue is the ability to remodel and independently repair micro-damages. An imbalance
between the processes of resorption and bone formation is responsible for the development
of bone diseases. Many bone tissue diseases (cancer, cancer metastases, bone infections,
osteoporosis or complicated fractures) require surgical intervention.

Modern implantology is looking for artificial bone substitute materials that can act as
a scaffold for the newly formed bone tissue and, at the same time, are highly biocompatible,
bioactive, bioresorbable and do not cause an immune response. Materials of this type must
be characterized by appropriate porosity, mechanical strength and favorable physicochemical
properties.

Commercially available bone substitute materials are often produced on the basis of
synthetic, unsubstituted calcium phosphate apatite, which is characterized by low resorption
and bioactivity. Recently, many research centers have been conducting research on
modifying the structure of synthetic hydroxyapatite with ions, obtaining mono- and dual-
doped materials. The physicochemical analysis of the obtained apatites proves that they are
usually nanocrystalline and have much better solubility than pure, unsubstituted
hydroxyapatite. Moreover, in recent years, there has been a growing interest in composite
materials which, in addition to the mineral component, contain a synthetic or natural
polymer that provides greater flexibility and durability.

The main research objective of this dissertation was to obtain a highly biocompatible
and bioresorbable composite that resembled bone tissue in chemical composition,
morphology and structure. In the present work, | focused on obtaining nanocrystalline
calcium phosphate apatite that mimics biological apatite. | decided to introduce into its
structure the most common "impurities" of bone apatite, namely Na*, Mg?* and COs? ions.

Due to its well-documented antiresorptive, osteogenic and antibacterial activity, | decided to

13
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incorporate Zn?* ions additionally. The obtained powder materials were subjected to detailed
physicochemical analysis and preliminary in vitro cytotoxicity tests.

Then, | used multi-substituted apatite to obtain composites based on a polymer of
natural origin - collagen. | used various types of collagen to finally choose the most favorable
formulation for obtaining multifunctional composite materials that also serve as drug
carriers. Conventional pharmacotherapy of bone disorders is not easy and effective, among
other reasons due to poor blood supply to bone tissue. Intraosseous drug delivery could
increase the effectiveness of therapy, while negating the side effects that occur with systemic
administration.

The next step was to enrich the composites with various biopolymers, which allowed
to obtain a new form of biomaterial - three-dimensional granules. | investigated the impact
of the presence of additional organic ingredients on the physicochemical properties of the
materials, their biocompatibility, as well as the kinetics of drug and ion (Mg?* and Zn?)
release from the composite structure.

Based on the results, | concluded that the obtained composite materials could act as
multifunctional bone scaffolds and dressings that would release the therapeutic substance
and ions directly at the target site of action, treating inflammation after surgical procedures
or inhibiting excessive bleeding, while restoring and regenerating bone tissue.

The results presented in this dissertation are of a basic nature. The obtained
biocompatible materials inspired by the structure of bone tissue exhibit the desired
physicochemical and biological properties. In further stages, in vivo tests should be planned
to check the application possibilities of the obtained biomaterials, especially in dental
surgery and for the regeneration of bone defects.

The research | conduct is interdisciplinary. They combine knowledge of modern
pharmaceutics, biomaterials engineering, materials chemistry and physicochemical analysis.
This dissertation consists of a series of published papers on the synthesis and
physicochemical studies of powdered multi-substituted apatites and composite materials.
The following chapters provide a concise description of the theoretical basis, research
methodology and the results, which are extended and supplemented by the scientific
monographs included at the end of this dissertation.

Keywords: biocomposite; collagen; hydroxyapatite; biomimetic material; bone tissue
regeneration; multi-substituted apatite; drug delivery; zinc.
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Wykaz skrotow i akronimoéw:

Alg — alginian

Balb/c3T3 - ang. murinefibroblastic cel line, linia komdrkowa mysich fibroblastow

BJH — ang. Barrett-Joyner-Halenda, model do okreslania objetosci i rozktadu wielkosci poréw
CH - chitozan

DDS — ang. Drug Delivery System, system dostarczania lekdw

DMEM - ang. Dulbecco’s Modified Eagle Medium, pozywka Dulbecco zmodyfikowana przez
Eagle’a

EMEM - ang. Eagle’s minimal essential medium, pozywka do hodowli komérek

F-AAS — ang. Flame Atomic Absorption Spectrometry, atomowa spektrometria absorpcyjna z
atomizacja w ptomieniu

FT-IR — ang. Fourier-transform infrared spectroscopy, spektroskopia w podczerwieni z
transformacjg Fouriera

HA — hydroksyapatyt (niedomieszkowany)

Ibu —ibuprofen

ICP-OES — ang. Inductively Coupled Plasma Optical Emission Spectrometry, optyczna
spektroskopia emisyjna z plazmg indukcyjnie sprzezong

ISO — ang. International Organization for Standarization, Miedzynarodowa Organizacja
Normalizacyjna

MG-63 - ang. human osteoblastic cell line, linia komoérkowa ludzkich osteoblastow

mHA — biomimetyczny hydroksyapatyt

MTT - bromek 3-(4,5- dimetylotiazol-2-yl)- 2,5-difenylotetrazoliowy

NRU - ang. neutral red uptake assay, test wychwytu czerwieni obojetne;j

PBS - z ang. phosphate buffered saline, buforowany roztwér soli fizjologicznej

PXRD — ang. powder X-Ray diffraction, proszkowa dyfraktometria rentgenowska

SEM — ang. Scanning Electron Microscopy, skaningowa mikroskopia elektronowa

sHA — stechiometryczny hydroksyapatyt

TCP — trojfosforan wapnia

TEM — ang. Transmission Electron Microscopy, transmisyjna mikroskopia elektronowa

TXA — kwas traneksamowy
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1. Wstep

Koncepcja niniejszej rozprawy opiera sie na cyklu opublikowanych prac dotyczacych
syntezy i badaid fizykochemicznych biomateriatdw kompozytowych. Poszczegdlne
podrozdziaty przedstawiajg zwiezty opis zagadnien kluczowych dla podjetej tematyki
badawczej.

Inzynieria tkankowa i medycyna regeneracyjna to intensywnie rozwijajace sie
multidyscyplinarne obszary naukowe tgczgce chemieg, biologie, farmacje i nauki inzynieryjne
w kierunku wzrostu i regeneracji uszkodzonych tkanek. Tkanka kostna cieszy sie szczegélnym
zainteresowaniem bioinzynierii ze wzgledu na jej wysoki potencjat do regeneracji i
odbudowy. Obecnie w implantologii ztotym standardem w leczeniu skomplikowanych ztaman
i ubytkéw kostnych sg autoprzeszczepy i alloprzeszczepy, ze wzgledu na ich wifasciwosci
osteoindukcyjne i osteokondukcyjne [1,2]. Zastosowanie ich jest jednak mocno ograniczone i
wigze sie z duzym ryzykiem przeniesienia choréb, infekcji, wystgpieniem przewlektego bédlu,
mozliwej immunogennosci czy wydtuzenia czasu i kosztéw procedur medycznych [3].

Sztuczne materiaty kosSciozastepcze staty sie alternatywa dla autoprzeszczepdéw i
mozliwym rozwigzaniem probleméw wspétczesnej medycyny regeneracyjnej czy stomatologii
[4]. Duzg zaletg tego typu materiatow jest mozliwos¢ nadawania im odpowiednich
wtasciwosci fizykochemicznych i biologicznych. Jednym z wyzwan wspodtczesnej inzynierii
biomateriatowe] jest poszukiwanie i tworzenie implantéw zdolnych do nasladowania
hierarchicznej struktury i morfologii naturalnej tkanki kostne;.

Dotychczas nie opracowano idealnego, biozgodnego materiatu implantacyjnego
imitujgcego strukture, wifasciwosci mechaniczne i biologiczne tkanki kostnej. Wymagania
jakie sg stawiane tego typu biomateriatom to: wysoka wytrzymato$s¢é mechaniczna,
wiasciwosci  osteoindukcyjne, biokompatybilnos¢, bioaktywnos¢ czy odpowiednia
bioresorbowalnos¢ [2,5].

W niniejszej rozprawie doktorskiej podjeto probe otrzymania wysoce biozgodnego
materiatu implantacyjnego, ktory ulegatby samoistnej resorpcji i stymulowat odbudowe i
wzrost nowej tkanki kostnej. Przedstawione badania majg charakter podstawowy i stanowig
podwaliny do dalszych testéw biologicznych i klinicznych, ktére w dalszej perspektywie mogg

doprowadzi¢ do praktycznego zastosowania otrzymanych biomateriatéow.
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1.1. Budowa tkanki kostnej

Tkanka kostna jest wysoce wyspecjalizowang forma tkanki tacznej, stanowiaca
podstawowy budulec kosci i tkanek zmineralizowanych zebdw. Petni ona réznorodne funkcje
w organizmie, m.in. podporowa, chroni narzady wewnetrzne, stanowi wazny rezerwuar
mineratéw, a takze wspomaga prace miesni szkieletowych powodujgc ruch [6]. Tkanka kostna
charakteryzuje sie wysokg aktywnoscig metaboliczng, niejednorodng i dynamiczng struktura,
a takze duzg wytrzymatoscia mechaniczng [7]. Zdolno$¢ do ciggtej przebudowy (ang.
remodeling) pozwala utrzymac¢ odpowiednig mase kostng, a takze zapewni¢ integralnosc i
zdolnos¢ do samoistnego ,,gojenia” sie mikrouszkodzen w obrebie tkanki [8,9].

Wyjatkowe wtasciwosci tkanki kostnej wynikajg z jej hierarchicznej budowy, na ktorg
sktada sie szereg poziomdw organizacyjnych. Na poziomie makroskopowym mozna wyrdznic
réznego rodzaju kosci: dtugie, krotkie, ptaskie, ggbczaste lub rurowate; mikroskopowym —
komorki kostne oraz macierz pozakomodrkowg, natomiast w nanoskali rozréznia sie krysztaty

frakcji mineralnej i wtékna kolagenowe.

Rysunek 1. Poziomy organizacji tkanki kostnej [P1].

S 30 x50 x2nm
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osteony widkna mikrofibryle krysztaty apatytu
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Do komoérek kostnych zaliczamy osteoblasty, osteocyty i osteoklasty, zas istote
miedzykomorkowg tworzy frakcja organiczna (osteoid), frakcja nieorganiczna (mineralna)
oraz woda. Komarki kostne stanowig ok. 1-5 %, matryca organiczna ok. 25 %, woda ok. 10 %,

a czes¢ mineralna ok. 60-70 % masy kostnej [10].
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Frakcja organiczna to przede wszystkim widkna kolagenowe typu I, tworzgce strukture
przestrzenng stabilizowang przez biatka niekolagenowe. Trzy tfariicuchy polipeptydowe w
kolagenie tworzg jedng potrdjng helise (tzw. superhelise), zgrupowanie pieciu potréjnych
helis tworzy mikrofibryle, ktére nastepnie organizujg sie w fibryle tworzgc zwarte wtdkna o
Srednicy okoto 100-200 nm. Powstata matryca polimerowa jest odpowiedzialna za
elastycznosé i sprezystosc kosci [11].

Frakcje mineralng stanowi nanokrystaliczny apatyt fosforanowo-wapniowy,
zawierajagcy w swojej strukturze réinorodne domieszki jondéw, np. weglanowych,
magnezowych, sodowych, potasowych, krzemianowych, itd. Apatyt o tym specyficznym
sktadzie chemicznym nazywany jest apatytem biologicznym (kostnym). Charakteryzuje sie on
niskim stopniem krystaliczno$ci i nieuporzgdkowang strukturg krystaliczng, co z kolei
powoduje jego duzg aktywnos$é biologiczng [12]. Matryca nieorganiczna nadaje tkankom

zmineralizowanym sztywno$¢ i wytrzymatos¢ mechaniczna.

Tabela 1. Sktad chemiczny fazy mineralnej tkanki kostnej dorostego cztowieka na podstawie Pina i inni

[2].

Sktad (% wagowy) Kos¢ Zebina
Wapn (Ca) 34,8 35,1
Fosfor (P) 15,2 16,9
Séd (Na) 0,9 0,6
Magnez (Mg) 0,72 1,23
Potas (K) 0,03 0,05
Cynk (Zn) 0,0126 — 0,0217 -
Fluor (F) 0,03 0,06
Chlor (Cl) 0,013 0,01
Weglany (COs%) 7,4 5,6

Tkanka kostna

mikroarchitekturze, zawierajgcym wtdékna kolagenowe z osadzonymi na nich nanoczastkami

apatytu biologicznego.

tkanki kostnej mogg roznic¢ sie w zaleznosci od miejsca jej wystepowania, a takze od wieku

organizmu.
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Warto podkredli¢, ze podstawg prawidtowego funkcjonowanie ukfadu szkieletowego
sg procesy resorpcji i tworzenia nowej tkanki kostnej, ktére zachodzg nieustannie w ciggu
catego zycia w celu zachowania odpowiedniej wytrzymatosci kosci i zapewnienia homeostazy
mineralnej organizmu [13]. Zachwianie rdwnowagi pomiedzy tymi procesami jest podstawa

rozwoju chordéb tkanki kostne;j.

1.2. Wybrane schorzenia tkanki kostnej

Osteoporoza jest jednym najwiekszych probleméw i wyzwanin zdrowia publicznego,
ktory dotyka blisko 200 milionédw ludzi na catym swiecie [14]. Jest to jednostka chorobowa
uktadu miesniowo-szkieletowego, ktérej przyczyng jest zwiekszona resorpcja w stosunku do
tworzenia sie tkanki kostnej. Zaburzona réwnowaga kosciotworzenia skutkuje obnizeniem
gestosci mineralnej BMD, a tym samym zmieniona zostaje struktura przestrzenna tkanki
kostnej. Pogorszenie jakosci tkanki powoduje zmniejszenie wytrzymatosci kosci, co wigze sie z
wzrostem ryzyka ztaman. Rocznie notuje sie okoto 1,6 miliona ztaman biodra i 7,4 miliona
innych ztaman bedacych konsekwencjg osteoporozy [15].

Przez dtugi czas choroba moze pozosta¢ bezobjawowa, jednak stopniowe obnizanie
sie masy kostnej moze prowadzi¢ do pojawienia sie ubytkdw i ztaman kosci. U czesci
pacjentbw wprowadza sie leczenie farmakologiczne. Rutynowo podawane s3 leki
antyresorpcyjne oraz anaboliczne, aby zwiekszy¢ wytrzymatos¢ kosci poprzez zmniejszenie
obrotu kostnego [16]. Dodatkowo poza leczeniem farmakologicznym czesto konieczne jest
wprowadzenie materiatéw implantacyjnych, aby odbudowa¢ zdegenerowang strukture kosci
[17].

Inng, niezwykle niebezpieczng chorobg mogacy lokalizowaé sie w tkance kostnej sa
nowotwory, ktére sg gtdwng przyczyng $Smierci na catym swiecie. Wedtug danych WHO w
2020 roku choroba nowotworowa byta przyczyng blisko 10 miliondw zgondéw na Swiecie.
Najczesciej diagnozowane sg nowotwory piersi, ptuc, okreznicy oraz prostaty. Pierwotne
nowotwory ztosliwe kosci wystepujg dos¢ rzadko i stanowig zaledwie 0,2 % wszystkich
nowotworéw u oséb dorostych, u dzieci odsetek ten jest wyzszy i wynosi 5-7 %. Jednak
przerzuty kostne sg najczestszym i najwczesniej pojawiajgcym sie miejscem przerzutow raka
piersi i wystepujg az w 20 % przypadkdéw [18]. Sg one takze najczestszg przyczyng smierci

pacjentdéw z nowotworem piersi czy prostaty.
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W terapii przerzutéw nowotworowych do kosci rutynowo stosuje sie leki z grupy
bisfosfoniandw, czyli syntetyczne analogi naturalnie wystepujgcych pirofosforanéw. Hamujg
one czynno$é osteoklastow, a w konsekwencji zmniejszajg resorpcje kosci [19]. Stosowane sg
u pacjentdéw onkologicznych w leczeniu hiperkalcemii, zapobieganiu utraty masy kostnej, a
takze zmniejszaniu ryzyka wystgpienia zdarzen kostnych [20]. Podobnie jak w przypadku
osteoporozy, struktura kosci pacjentow onkologicznych bywa bardzo ostabiona i tatwo ulega
urazom czy ztamaniom. Czesto konieczne staje sie zastosowanie leczenia chirurgicznego i
wprowadzenie implantéw dokostnych.

Rozpatrujgc rézne schorzenia kostne warto wspomnie¢ o szczegdlnym rodzaju tkanki
zmineralizowanej, jaka jest zebina, szkliwo czy kosci szczeki i zuchwy. Utrata struktur zeba lub
przyzebia wynikajgca z préchnicy, wad rozwojowych zebdw, urazéw, chordb przyzebia i
choréb ogdlnoustrojowych jest bardzo czestym i istotnym problemem w praktyce klinicznej
[21,22]. Leczenie protetyczne z wykorzystaniem tytanowych implantéw stomatologicznych
jest najczesciej stosowang metoda odtworzenia brakujgcych zebdw po ich ekstrakcji. Gestos¢
i objetos¢ kosci wyrostka zebodotowego szczeki oraz czesci zebodotowej zuchwy zmniejsza
sie podczas gojenia tkanki kostnej po ekstrakgji, co prowadzi do niewystarczajgcej szerokosci i
wysokos$ci wyrostka zebodofowego, tym samym ograniczajgc mozliwo$é wszczepienia
implantu lub pogarszajgc warunki jego dobrego osadzenia [23-25]. Stad tez niesamowicie
istotnym wyzwaniem w stomatologii stato sie szukanie sposobéw na regeneracje i odbudowe
utraconych  struktur  kostnych  powstatych po  ekstrakcji zebdw. Zachowanie
petnowartosciowej struktury kostnej wyrostka zebodotowego jest priorytetem przy dalszej
rehabilitacji stomatologicznej [25]. Podobnie jak w ortopedii w przypadku sporych ubytkow
kostnych stosowane sg autoprzeszczepy i alloprzeszczepy, jednak wigzg sie one z wczesniej
omoéwionymi powaznymi dziataniami niepozgdanymi [25—-27]. Poszukuje sie wiec nowych
biomateriatéw wypetniajgcych puste zebodoty po ekstrakcji zebow, ktére stanowityby dobry

fundament kostny do zabiegu implantacji [25,28].
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1.3. Biomimetyczne materiaty kosciozastepcze

W tym podrozdziale krétko przedstawie biomateriaty nasladujgce swojg strukturg i sktadem
chemicznym tkanke kostng, a mianowicie apatyty fosforanowo-wapniowe, kolagen oraz

kompozyty kolagenowo/apatytowe.

1.3.1. Bioceramika fosforanowo-wapniowa

Bioceramika nazywamy grupe nieorganicznych materiatéw stosowanych w inzynierii
tkanek twardych [29,30]. Mozina wyrdzni¢ ceramike inertng, bioaktywng oraz
bioresorbowalng. Materiaty ceramiczne zajmujg wiodaca pozycje wsrdod nowoczesnych
substytutdow kosci [31]. W niniejszej pracy skupie sie na apatytach fosforanowo-wapniowych,
ktore utozsamiane sg z frakcjg mineralng tkanki kostne;j.

Hydroksyapatyt (HA) o wzorze sumarycznym: Caio(POa)s(OH); jest najpopularniejszym
przedstawicielem fosforandw wapnia. Zalicza sie go do bioaktywnej i bioresorbowalnej
ceramiki. Stechiometryczny HA (sHA) ma staty stosunek molowy Ca/P wynoszacy 1,67 i
krystalizuje w uktadzie jednoskosnym. Otrzymanie sHA jest niezwykle trudne. Najczesciej
zsyntetyzowane hydroksyapatyty wykazujg pewne odstepstwa od stechiometrii, co jest
zwigzane z obecnoscig wody sieciowej, podstawien jonowych Ilub wakancji. Utrata
stechiometrii prowadzi do krystalizacji w uktadzie heksagonalnym [12]. Metoda syntezy oraz
warunki w trakcie prowadzenia eksperymentu (pH, temperatura, czas starzenia, stezenie
substratdw) majg znaczacy wptyw na sktad, powierzchnie wiasciwg, wielkosci krystalitéw i
inne wiasciwosci apatytéw [P2].

W strukturze komoérki elementarnej HA jony fosforanowe w ksztatcie tetraedrow sg
»poprzeplatane” jonami wapnia. Kationy wapnia zajmujg dwa nieréwnocenne potozenia w
strukturze krystalicznej. Jony Ca (ll) tworzg trdéjkatne ugrupowania prostopadte do osi c,
zlokalizowane wokét strukturalnych grup OH. Z kolei Ca (l) umiejscowione sg na krawedziach
bocznych komdrki elementarnej [32]. Nalezy jednak zauwazyé, ze HA typowy syntetyczny nie
posiada w swojej sieci krystalicznej ,,zanieczyszczen” obecnych w apatycie kostnym (Rysunek

2).
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Rysunek 2. Schematyczna struktura krystaliczna HA.

HA charakteryzuje sie duzg biokompatybilnoscig, osteokonduktywnoscig i wysoka
aktywnoscig biologiczng [33]. Okresla sie go takze mianem biomimetycznego, czyli
podobnego do apatytu biologicznego. HA w warunkach in vivo dzieki wysokiej
biokompatybilnosci nie powoduje niepozgdanych reakcji cytotoksycznych i alergicznych, z
kolei jego osteokonduktywnos¢ jest Scisle skorelowana z wysokg porowatoscig, ktora
zapewnia tatwe przenikanie materiatu przez komodrki kostne oraz szybki zrost kostny.
Bioaktywno$é nalezy rozumieé jako fatwosé tgczenia sie implantu z naturalng tkankg kostng
poprzez szereg reakcji zachodzacych na granicy implant-kos¢, co skutkuje szybkim
wrastaniem tkanki kostnej w pory biomateriatu [34]. Wadg czystej ceramiki
hydroksyapatytowej jest krucho$é i niska wytrzymatos¢ na rozcigganie.

Materiaty na bazie HA sg komercyjnie dostepne i stosowane do powlekania
implantéw, rekonstrukcji twarzowo-szczekowej, w stomatologii jako dodatek do past i
preparatow leczacych nadwrazliwo$é zebiny [35,36]. Coraz czesciej stuzg takze jako nosniki
lekéw w terapii celowanej tkanki kostnej [37,38].

Do niedawna HA byt materiatem referencyjnym dla apatytu biologicznego. Jednak jak
wspomniano wcze$niej apatyt kostny to w rzeczywistosci niestechiometryczny apatyt
weglanowy o niskim stopniu krystaliczno$ci zawierajgcej w swojej strukturze domieszki
réznych jondw, gtéwnie sodu i magnezu, ale takie potasu, fluoru, cynku, seleniany,

cytryniany, itd. [39,40].
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Warto podkresli¢, ze obecno$é ,zanieczyszczen” jonowych apatytu biologicznego,
nawet w niewielkiej ilosci powoduje zmiany we wtasciwosciach fizykochemicznych HA, takich
jak szybkos¢ resorpcji, wytrzymatos¢ mechaniczna czy stabilno$é¢ termiczna [41].
Biomimetyczne apatyty zyskujg takze wiele cennych wtasciwosci biologicznych w stosunku do
»czystego” HA, np. obecnos¢ jondw weglanowych w ilosSci podobnej do tej obecnej w
apatycie kostnym (5-7 %) znaczgco indukuje tworzenie sie nowej tkanki kostnej [42]. Wptyw

innych jondéw przedstawiono krétko w ponizszej tabeli.

Tabela 2. Wptyw obecnosci jondw ,obcych” na wiasciwosci apatytu fosforanowo-wapniowego [43,

44].

Jony Rola biologiczna

Mg?*, Zn?* Sr?* stymulacja aktywnosci osteoblastow,
remodellingu kostnego

Na*, COs?%, Zn?* wzrost biodegradowalnosci poprzez wptyw
na krystalicznos¢ materiatu

Na*, Mg?*, COs%, K*, CI, F, HPO4* poprawa biokompatybilosci
Sr?*, Ga3t, Zn**, Ga?* aktywno$¢ antyresorpcyjna
Ag*, Cu?*, Ga*, Se03%, Ce®*, Zn?* dziatanie antybakteryjne

Fe?*, Fe3*, Se03?%, Se04* aktywno$¢ antynowotworowa

W ostatnich latach prowadzono liczne badania dotyczgce podstawionego jonowo HA
inspirowanego apatytem biologicznym. NajczeSciej spotkaé mozna prace na temat HA
jednopodstawionego (gtéwnie jonami CO3% lub Mg?*) [45-47], lub dwupodstawionego [48,
49]. Nie zajmowano sie dotychczas syntezg wielopodstawionego HA, dlatego stanowita ona

jeden z gtéwnych celéw mojej pracy doktorskiej [P2].

1.3.2. Polimery naturalne

Materiaty polimerowe sg bardzo czesto stosowane w inzynierii tkankowe]j ze wzgledu
na ich plastycznos¢, biokompatybilnos¢ i korzystne wtasciwosci mechaniczne. Polimerowe

matryce cieszg sie ogromnym zainteresowaniem w obszarze projektowania DDSs (ang. Drug
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delivery systems) — systemow dostarczania lekdw. Kluczowg witasciwoscia polimeru do
takiego zastosowania jest jego biodegradowalnos$¢. Dzieki kontrolowanej erozji lub dyfuzji
(badZz kombinacji obu) substancja lecznicza moze by¢ uwolniona z matrycy w miejscu
potencjalnego dziatania [50].

Ogodlnie polimery mozna podzieli¢ na syntetyczne i naturalne. W kontekscie niniejszej
rozprawy skupiono sie na naturalnie wystepujgcym w tkankach miesniowo-szkieletowych i
skorze - kolagenie. Kolagen jest naturalnym polimerem biatkowym o dtugosci 300 nm i masie
czasteczkowej 300 000 Da. W organizmie cztowieka wyrdzni¢ mozna ponad dwadziescia dwa
rézne typy kolagenu, z ktérych najpowszechniej wystepujacymi sg typy od | do IV. Kolagen
typu | wystepuje w najwiekszej ilosci, tworzy strukture kosci i sposrdd wszystkich jest
najdoktadniej przebadany [51]. Ze wzgledu na jego unikalne wtasciwosci fizykochemiczne,
tatwg biodegradowalnos¢ enzymatyczng, biokompatybilnos¢, a takie wtasciwosci
mechaniczne i biologiczne jest szeroko rozpowszechniony w zastosowaniach biomedycznych
[25,52]. Kolagen zapewnia tkankom elastycznos¢, a takze jest naturalnym substratem do
adhezji, proliferacji oraz rdéznicowania sie komorek [53]. Warto podkresli¢, iz kolagen jest
jednym z gtéwnych inicjatorow kaskady krzepniecia krwi i charakteryzuje sie wysoka
trombogennoscig [P3,54].

Kolagen jest czesto stosowany klinicznie w postaci gabek o wifasciwosciach
absorbujgcych ze wzgledu na wysoka biokompatybilnos¢, biodegradowalnos$é i strukture
porowatg tego materiatu. Wykorzystuje sie go, m.in. jako opatrunek hemostatyczny po
ekstrakcji zebéw, opatrunek trudno gojacych sie ran, nosnik antybiotykdéw czy jako materiat
implantacyjny przyspieszajacy regeneracje tkanki kostnej [54-58].

Kolagen uzywany w inzynierii biomateriatowej jest gtdwnie pochodzenia zwierzecego.
Pozyskuje sie go ze skéry bydlecej lub wieprzowej oraz z bydlecych lub konskich $ciegien
Achillesa. Wadg biomateriatdw na bazie kolagenu moze by¢ ich tagodna immunogennos¢.
Odpowiedz immunologiczna zalezy od gatunku, z ktérego wyizolowano kolagen oraz techniki
przetwarzania. Innymi wadami o ktérych nalezy wspomnieé¢ s3: wysoki koszt czystego

kolagenu oraz zmienne wtasciwosci fizykochemiczne i degradacyjne [59].
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1.3.3. Kompozyty

Bioceramika pomimo duzej biozgodnosci i bioaktywnosci charakteryzuje sie stabg
wytrzymatoscig i duzg kruchoscia, stagd nie moze by¢ stosowana w miejscach narazonych na
duze obcigzenia. Polimery charakteryzujg sie z kolei nadmierng elastycznoscig i matg
wytrzymatoscia w stosunku do zmineralizowanej tkanki kostnej. Stad tez poszukuje sie
nowych rozwigzan, aby pozby¢ sie ograniczen materiatéw jednofazowych [P1]. Bioaktywne
kompozyty zapoczgtkowaty 3. generacje biomateriatdw (Rysunek 3). Materiaty kompozytowe
powstajg na skutek potgczenia réinych polimeréw (naturalnych lub syntetycznych),

polimerdw z frakcjg nieorganiczng lub biomateriatéw z czynnikami biologicznymi [60].

Rysunek 3. Rozwdj biomateriatéw do regeneracji tkanki kostnej na podstawie Murugan i inni [61].

Metale i ich stopy
(np. stopy tytanu)

| generacja Il generacja Il generacja
(nie bioaktywne (bioaktywne (bioaktywne
i nie resorbowane) albo resorbowane) i resorbowane)

Kompozyty faczg korzystne wtasciwosci ceramiki z zaletami polimerdow. Polimer stanowi
matryce do osadzania na nim proszku apatytowego, dzieki czemu uzyskuje sie tréjwymiarowe
ksztattki stanowigce prototyp implantu. W efekcie powstajg biomateriaty o duzej
wytrzymatosci, elastycznosci, bioaktywnosci, biokompatybilnosci oraz korzystnych
wiasciwosciach mechanicznych. Dodatek polimeru polepsza mozliwosci aplikacyjne oraz
umozliwia wprowadzenie do matrycy aktywnych biomolekut lub substancji leczniczych oraz
pozwala na kontrolowane ich uwalnianie.

Jak wspomniatam, tkanka kostna jest idealnym przyktadem naturalnie wystepujgcego
materiatu kompozytowego polimerowo/apatytowego. Projektujgc biomateriaty duzo uwagi
poswieca sie probie odtworzenia sktadu chemicznego natywnej tkanki kostnej, a takze jej

mikrostruktury i porowatosci, przez co zapewnia sie odpowiednig biokompatybilno$é
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wszczepu, a takze osteokonduktywnosé [62,63]. W przeciggu ostatnich lat wiele osrodkéw
badawczych pracuje nad otrzymywaniem i badaniem wtasciwosci kompozytdw na bazie
kolagenu typu | i HA.

Poszerzona charakterystyka, metody otrzymywania, a takize nowe perspektywy
zastosowan i modyfikacji kompozytéw kolagenowo/apatytowych zostaty ujete w P1
wigczonej do cyklu bedacego podstawg rozprawy.

Warto podkresli¢, ze biomateriaty na bazie kolagenu i HA majg duzy potencjat
aplikacyjny w réznych schorzeniach kostnych, o czym swiadczy obecnos¢ licznych preparatow
komercyjnie dostepnych [64]. Ponizej przedstawiono przyktady materiatdow obecnych na

rynku i szeroko stosowanych w klinice.

Tabela 3. Przyktady komercyjnie dostepnych materiatow implantacyjnych zawierajgcych kolagen i/lub

bioceramike (zestawione na podstawie wyszukiwania internetowego producentéw).

Produkt Ifrakqa F.rakcla Zastosowanie
mineralna polimerowa
. . Stomatologia,
ReFit® Niskokrystaliczny | Kolagen typu | Lachowanie kogci
HA (80wt%) (20wt%)
wyrostka zebodotowego
Parasorb®
’ Kol logi
BoneProtect?®, itd. olagen Stomatologia, ..
(gabki - pochodzenia hemostaza po ekstrakg;ji
kolagenowe) zwierzecego zeba
Biocollagen® Kolagen . Ostfona przeszczepow
- pochodzenia
(membrana) ) kostnych
zwierzecego
chirurgia ortopedyczna,
wypetnianie mocno
Il e HA Kol I .
Collapat > olagen typu krwawigcych ubytkéw
kostnych
leczenie
Collagraft® HA + TCP Kolagen typu | skomplikowanych

ztaman kosci

Bio-Oss® Collagen

Pozyskana z
kosci wotowych
(materiat
ksenogenny)

Kolagen
wieprzowy (10%)

wypetnianie niewielkich
ubytkéw kostnych,
regeneracja przyzebia
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Kolagen typu | - | Wypetnianie ubytkéw
® 0,

Healos HA (29%) wotowy (71%) kostnych

Vitoss®, Kolagen typu | - | Wypetnianie ubytkow

B-TCP (80%)

Mozaik™ wotowy (20%) kostnych

Stomatologia,
Ossix® Bone HA Kolagen typu | regeneracja przyzebia,
wypetnianie zebodotu

Kol logi
Osteon™ || HA (30%) + anhg;dnzenia \S;On;?r:f;glge'al;b tkow
Collagen B-TCP (70%) be ok !

zwierzecego kostnych

Na podstawie szerokiego studium literaturowego oraz przegladu dostepnych
komercyjnie preparatéw zauwazy¢ mozna, iz zaprojektowane kompozyty z powodzeniem
stuzg jako rusztowania dla nowo powstajgcej tkanki kostnej stymulujgc jej powstawania,

tgczac sie z nig i z czasem ulegajgc degradacji [P1].

1.4. Funkcjonalizacja i modyfikacja kompozytow kolagenowo/apatytowych

Przygladajgc sie nowym kierunkom rozwoju inzynierii biomateriatowej zauwazyc
mozna dazenie do uzyskania materiatdw wielofunkcyjnych. Stosujgc odpowiednie
modyfikacje metody otrzymywania kompozytéw mozna im nadac szereg unikalnych i
pozgdanych cech. Funkcjonalizacja biomateriatéw moze nastepowac na réznych poziomach,
poprzez: dodatek jondéw obcych do sieci krystalicznej frakcji mineralnej, dodatek innych
polimeréw do frakcji organicznej oraz wprowadzenie substancji leczniczej do matrycy
biomateriatu. Wszystkie przedstawione modyfikacje struktury kompozytu przyczyniajg sie do
mozliwosci zastosowania ich nie tylko jako materiatéw wypetniajgcych puste przestrzenie
kostne i stymulujgcych kosciotworzenie, ale takze jako materiaty leczace tkanke kostna.
Dostarczanie leku w bezposrednie miejsce dziatania jest niezwykle korzystne w poréwnaniu
do podania ogdlnoustrojowego ze wzgledu na stabe unaczynienie kosci i problem z

biodostepnoscia, a takze mozliwos¢ unikniecia szeregu dziatan niepozgdanych [65].

1.4.1. Podstawienia jonowe w sieci krystalicznej hydroksyapatytu

Jedng z najciekawszych wtasciwosci apatytéw jest zdolnos¢ do substytucji jonowych.

Zaréwno jony wapnia, ortofosforany, jak i grupy hydroksylowe mogg by¢ zastgpione innymi
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jonami (Rysunek 4). Istotne jest to, iz wymiana jonowa jest mozliwa tylko w przypadku jonéw
o podobnych wymiarach i tadunkach w stosunku do jonéw podstawianych. Jesli nie jest
spetniony warunek podobnych tadunkéw wcigz jest mozliwe podstawienie jonowe, ale w
sieci krystalicznej mogg pojawic sie wakancje. Moze takze nastgpi¢ uwolnienie niektdrych
jonéw ze struktury apatytu celem zbilansowania tadunku [66]. Jony wapnia mogg byc¢
wymieniane na np. jony magnezu, sodu czy potasu, natomiast jony hydroksylowe czy
fosforanowe mogg by¢ zastgpione przez np. aniony weglanowe. Efektem takich podstawien
jest powstanie niestechiometrycznego apatytu zubozonego w kationy wapnia czy aniony

fosforanowe lub hydroksylowe, ale wzbogaconego o nowe, ,,obce” jony.

Rysunek 4. Przyktadowe podstawienia jonowe w HA oraz miejsca ich wystepowania.

W przypadku apatytu biologicznego gtdwnymi jonami obcymi sg jony sodu, magnezu i
weglany. Aniony weglanowe ze wzgledu na swéj maty rozmiar (178 nm) mogg wbudowywac
sie w strukture apatytu w dwdch miejscach: zastepujac aniony fosforanowe (substytucja typu
B) lub grupy hydroksylowe (substytucja typu A). Na rysunku 5 przedstawiono substytucje
typu B jondw weglanowych, ktéra dominuje w apatytach syntetyzowanych mokrg metoda
strgceniowa. Kationy sodu i magnezu mimo nieco réznych promieni jonowych w stosunku do
kationdw wapnia (Na* 0,102 nm; Mg?* 0,072 nm; Ca?" 0,099 nm), z duzg tatwoscig
wbudowuja sie w miejsce jonéw Ca?* [P2,67]. Roznica w wielkosci wymienianych jondw jest

,rekompensowana”, np. zmiang stopnia krystalicznosci materiatu.
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Rysunek 5. Schemat podstawienia jonéw fosforanowych jonami weglanowymi wg [68] — substytucja

typu B.

. Tlen

Wapn

wakancje

Wbudowywanie sie jondw obcych do struktury HA moze zachodzi¢ spontanicznie —
poprzez ,wychwyt” jonéw ze Srodowiska reakcyjnego, albo tez w sposéb zamierzony, poprzez
dodatek wybranych jondéw do mieszaniny reakcyjnej. Podstawienia jonowe sg bardzo
korzystne ze wzgledu na mozliwos¢ kontrolowanej modyfikacji  wiasciwosci
fizykochemicznych, mechanicznych i biologicznych apatytéw. Przyktadowo domieszkowanie
jonami magnezu zmniejsza krystalicznos¢ apatytu, co powoduje jego szybszg resorpcje i
wzmachnia bioaktywnos$¢ materiatu. Z kolei uwolnione jony magnezu stymulujg metabolizm
tkanki kostnej poprzez wzrost proliferacji osteoblastéw [69,70].

Poza jonami fizjologicznie obecnymi w natywnej tkance kostnej, mozna dodawac inne
jony obce lub zwiekszac ilos¢ jondw obecnych w apatycie biologicznym, aby wzbogacié
biomateriat o nowe funkcje biologiczne i korzystne wtasciwosci fizykochemiczne. W niniejszej
pracy zdecydowano sie na dodatkowa substytucje apatytu biomimetycznego jonami cynku.

Cynk jest kluczowy do wzrostu i rozwoju zdrowej tkanki kostnej. Cechuje sie
aktywnoscig osteogenng: stymuluje réznicowanie i proliferacje osteoblastow, réwnoczesnie
hamujgc aktywnos$¢ osteoklastow. Dodatkowo wykazuje dziatanie antybakteryjne, a takze jest
kofaktorem wielu enzyméw [69—-71]. HA podstawiony jonami cynku, nawet w matej ilosci (<1
% wagowo) charakteryzuje sie duzg bioaktywnoscig i aktywnoscig przeciwdrobnoustrojowa
[74]. Poszerzona charakterystyka jonédw cynku, sodu, magnezu oraz weglanéw, ktérymi
wzbogacono apatyt biomimetyczny znajduje sie w publikacjach P2-P4 wigczonych do cyklu

bedacego podstawg rozprawy.
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1.4.2. Dodatek substancji leczniczej

Wiele schorzedn kostnych wymaga ztozonego leczenia farmakologicznego. W
przypadku wczesniej omodwionej osteoporozy, nowotworow kosci czy zabiegow
stomatologicznych stosuje sie substancje lecznicze rdinego typu: leki antyresorpcyjne,
przeciwzapalne, przeciwbdélowe, hemostatyczne, cytostatyki, hormony czy antybiotyki.
Problemem jest jednak stabe unaczynienie tkanki kostnej, co prowadzi do niskiej
biodostepnosci leku i wymusza zastosowanie wiekszych dawek przy podaniu
ogolnoustrojowym. Skutkuje to oczywiscie wiekszym prawdopodobienstwem wystgpienia
powaznych dziatan niepozadanych. Z tego wzgledu rozpoczety sie intensywne poszukiwania
metody dostarczenia leku doktadnie w miejsce objete stanem chorobowym, aby znaczgco
zmniejszy¢ aplikowane dawki. Jedng z propozycji jest opracowywanie nowych systemow
dostarczania lekéw (DDS). DDS mozemy zdefiniowac jako unikalny system (w tym przypadku
biomateriat) umozliwiajgcy transport s$rodka leczniczego do miejsca docelowego w
organizmie, uwalniajacy lek z kontrolowang szybkoscig i w odpowiednim czasie [75]. DDS
dzieli sie na dwa rodzaje: dostarczajgce lek w sposdb ciagglty, z kontrolowang kinetyka
uwalniania oraz dostarczajace lek w konkretne, zamierzone miejsce [76].

Substancja lecznicza moze zosta¢ osadzona na powierzchni kompozytu, ale takze
moze zosta¢ zamknieta w macierzy polimerowej, czemu sprzyja obecnos¢ poréw. Bardzo
waznym parametrem, ktory ma kluczowe znaczenie dla kinetyki uwalniania substancji
lecznicze] jest wielkos¢, ilos¢ i wzajemne pofacznie porédw w materiale kompozytowym.
Porowatos¢ materiatu implantacyjnego jest kluczowa dla trwatego potgczenia wszczepu z
tkankg kostng natywng, utatwia migracje komoédrek, a takze wspiera unaczynienie. Pory
powinny by¢ ze sobg pofaczone, a ich wielko$¢ zréznicowana, aby utatwic¢ rdzne procesy
biochemiczne i wzmocnic¢ funkcje, ktére ma spetniaé implant [77]. Z zatozenia wielko$¢ porow
w DDS powinna odpowiadac¢ wielkosci czgsteczki leku lub innych bioaktywnych molekut, aby
uzyskaé powolne uwalnianie leku [78]. Z kolei mate (<10 um), wzajemnie potgczone pory sg
uwazane za najlepsze do wbudowania sie substancji leczniczej w strukture kompozytu i
pdzniej stosunkowo wolnego jej uwalniania w miejscu docelowym. Nalezy podkredli¢, ze
istotna jest takze obecnos$¢ wiekszych poréw (>100 um), ktére umozliwiajg wrastanie i
proliferacje komodrek kostnych odpowiedzialnych za tworzenie nowej tkanki kostnej, chociaz

mogg powodowac wieksze poczgtkowe uwalnianie leku (tzw. burst release effect) [79,80].
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Podczas zabiegdw ortopedycznych czy stomatologicznych czesto dochodzi do
trudnych do opanowania krwawien. Szybkim i prostym rozwigzaniem w takich sytuacjach
mogtoby by¢ uzycie materiatéw implantacyjnych zawierajgcych lek ograniczajacy utrate krwi.
Biomateriat petnitby wtedy funkcje specjalnego opatrunku wywotujgcego efekt
antyfibrynolityczny. Substancjg, ktéra mogtaby by¢ dostarczana wraz z implantem jest lek
hemostatyczny - kwas traneksamowy. Jego mechanizm dziatania polega na odwracalnym
blokowaniu miejsca wigzania lizyny w plazminogenie, co blokuje konwersje plazminogenu do
plazminy, nie dopuszczajgc w ten sposéb do rozpuszczenia sie skrzepu fibrynowego. Dziatanie
to jest w synergii z kolagenem, ktory jest inicjatorem kaskady krzepniecia. W tym przypadku
bardzo korzystne wydaje sie szybkie uwolnienie leku w bezposrednim miejscu dziatania, aby
skutecznie i szybko zahamowaé krwawienie [53,81,82].

Innymi lekami w przypadku ktérych korzystna jest natychmiastowa, wysoka dawka,
ale doktadnie w miejscu wszczepionego implantu jest grupa niesteroidowych lekdéw
przeciwzapalnych. W przypadku zbyt duzych dawek podawanych ogdlnoustrojowo wystepujg
powazne powikfania zoftgdkowo-jelitowe, czasami dochodzi do niewydolnosci nerek czy
uktadu krazenia. Przyktadem leku z tej grupy moze by¢ Ibuprofen — kwas 2-(4-
izobutylofenylo) propionowy. Podajgc go miejscowo ryzyko dziatan niepozgdanych zostaje
zminimalizowane, przy réwnoczesnym lepszym efekcie terapeutycznym. Jego uzycie moze
by¢ uzasadnione przy wystgpieniu ostrej infekcji lub stanu zapalnego w okolicach tkanki
kostnej, a takze w leczeniu bélu bedgcego nastepstwem procedur chirurgicznych. Mechanizm
dziatania polega na hamowaniu aktywnosci cyklooksygenaz (zaréowno COX-1 jak i COX-2),
powodujgc obnizenie poziomu prostaglandyn, ktdre wywotujg stan zapalny. W ostatnich
latach udokumentowano skutecznos¢ miejscowego podawania ibuprofenu w stanach

zapalnych zebéw [83,84].

1.4.3. Wzbogacenie matrycy organicznej o inne polimery

Rozwazajac mozliwosé zastosowania biomimetycznego kompozytu
kolagenowo/apatytowego jako DDS, a takze jako materiat o potencjalnym dziataniu
przeciwzapalnym czy hemostatycznym zauwazytam, ze korzystng modyfikacjg struktury
kompozytu moze by¢ wprowadzenie innych polimeréw. Chcgc zachowaé naturalny charakter

kompozytu postanowitam zastosowac polimery naturalne.
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Biopolimery takie jak kolagen majg szereg korzystnych wiasciwosci, o ktdrych
wspomniatam wczesniej, jednak uzyte samodzielnie mogg mie¢ zbyt matg wytrzymatosé
mechaniczng, przez co uwalnianie leku w systemach DDS moze zachodzi¢ bardzo gwattownie
[85,86]. Celem polepszenia ich witasciwosci, mozna zastosowaé kilka biopolimeréw
réwnoczesnie w odpowiednich proporcjach i stosujgc wtasciwg metode sieciowania [P4].

Dobrze poznanym biopolimerem, czesto stosowanym w produkcji biomateriatéw ze
wzgledu na jego biokompatybilnos¢, biodegradowalnosé, nietoksycznosé i niski koszt jest
alginian (Alg). Jest to naturalnie wystepujacy polisacharyd, ktéry pozyskuje sie z brunatnych
alg morskich. Sktada sie z 1->4 sprzezonego kwasu B-D-mannuronowego i jego C-5 epimeru —
kwasu a-L-guluronowego w réznych sekwencjach i blokach. W roztworze wodnym staje sie
polianionowym zwigzkiem, ktéory z fatwoscia moze zostaé usieciowany przez kationy
dwuwartos$ciowe — w tym celu gtéwnie stosowane sg kationy Ca?* [85,87,88]. Alg wykazuje
duze strukturalne podobieristwo do macierzy zewngtrzkomodrkowej, co czyni go wysoce
biokompatybilnym [89]. W niniejszej pracy utworzono m.in. granule apatytowo/kolagenowe
bazujgce na rdzeniu alginianowym [P4]. Dodatek tego polisacharydu utatwia nadanie
odpowiedniego ksztattu biomateriatom, co jest kluczowe dla praktycznego zastosowania w
przysztosci i potencjalnie umozliwia wypetnienie nieregularnych ubytkéw kosci.

Pofgczenie alginianu z kolagenem zazwyczaj charakteryzuje sie dos$é¢ duzg
porowatoscig, co nie zawsze jest korzystne szczegdlnie w kontekscie systemow dostarczania
lekdw [87]. Jesli poziadane jest przedtuzone uwalnianie substancji leczniczej, obecno$é
rozlegtych poréw uniemozliwi ten proces, a lek zostanie uwolniony natychmiastowo.
Najbardziej powszechng metodg uzyskania przedtuzonego profilu uwalniania jest pokrycie
ksztattki (granul) dodatkowa warstwg polimeru. Chitozan (CH) jest polisacharydem
uzywanym miedzy innymi do tworzenia polikationowych powtok, a takze do zmniejszania
porowatos$ci materiatu. CH jest deacetylowang formg chityny, ktéra jest syntetyzowana przez
skorupiaki, owady i grzyby. Wraz z celulozg s3 najpowszechniej wystepujgcymi biopolimerami
w przyrodzie [90]. Podobnie jak Alg, chitozan jest biokompatybilny, biodegradowalny i nie
powoduje odpowiedzi immunologicznej [91,92]. Wykazuje dodatkowo dziatanie
antybakteryjne i przeciwzapalne. Dotychczas znalazt wiele zastosowan biomedycznych
zaréwno sam, jak i jako sktadnik kompozytow, m.in. jako opatrunek na rany, nosnik lekéw i

innych biomolekut w medycynie oraz w stomatologii [93]. Trudnoscia w stosowaniu
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chitozanu jest dostepnos¢ na rynku réznych serii chitozanu, o réznej masie czgsteczkowej i
lepkosci, co moze mie¢ wptyw na niskg powtarzalnos¢ w procesie wytwarzania
biomateriatow [94].

Na przestrzeni ostatnich lat w zastosowaniach biomedycznych coraz czesciej pojawia
sie serycyna. Jest to jedno z gtéwnych biatek ekstrahowanych z kokonéw jedwabnikéw
réznych gatunkow (gtdwnie Bombyx mori) [95,96]. Serycyna jest biatkiem globularnym o
masie czasteczkowej w zakresie 10 — 400 kDa. Ma wysoka zawartos¢ hydrofilowych
aminokwaséw, co powoduje fatwe wchtanianie i utrzymywanie wilgoci [87,97]. Serycyna
posiada silne  wiasciwosci adhezyjne, przeciwbakteryjne, przeciwutleniajgce i
przeciwnowotworowe. Biomateriaty wzbogacone o serycyne sg biodegradowalne i nie
wykazujg immunogennosci [98—-100]. Dodatek tej substancji w kompozycie moze postuzyé
jako swego rodzaju spoiwo i odpowiednio potaczy¢ rézne frakcje organiczne, jednoczesnie

petnigc funkcje przeciwzapalng i przeciwdrobnoustrojowa.
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2. Cele pracy

Gtéwnym celem badawczym niniejszej rozprawy jest opracowanie i otrzymanie nowych,

wielofunkcyjnych kompozytéw apatytowo/kolagenowych przypominajgcych sktadem oraz

strukturg tkanke kostng do potencjalnych zastosowan w medycynie regeneracyjnej.

W obrebie powyiszego, gtownego celu badawczego wyrdzniono nastepujgce cele

szczegotowe:
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przeglad literatury dotyczacy aktualnego stanu wiedzy na temat biologicznie
inspirowanych kompozytéw apatytowo/kolagenowych oraz najnowszych trendéw w
badaniach nad wykorzystaniem tego typu kompozytéw w medycynie i farmacji;
opracowanie syntezy apatytu domieszkowanego jonami sodu, magnezu oraz
weglanami, imitujgcego apatyt biologiczny;

charakterystyka fizykochemiczna i wstepne badania biologiczne in vitro uzyskanych
proszkéw apatytowych;

okreslenie wptywu warunkdéw syntezy na morfologie, krystaliczno$é i sktad chemiczny
domieszkowanych apatytow oraz selekcja materiatdbw o parametrach najbardziej
zblizonych do apatytu biologicznego;

opracowanie metod otrzymywania materiatdw kompozytowych zawierajgcych
kolagen typu | i wybrany biomimetyczny apatyt (dodatkowo wzbogacony jonami
Zn*);

nadanie kompozytom rdéznych, tréjwymiarowych ksztattdéw przy jednoczesnym
wzbogacaniu frakcji organicznej o nowe polimery naturalne;

wprowadzenie  modelowych  substancji leczniczych do  réinych  matryc
kolagenowo/apatytowych i analiza kinetyki ich uwalniania w warunkach in vitro;
analiza wptywu sktadu i metody otrzymywania kompozytu na kinetyke uwalniania
substancji leczniczej i jondéw;

charakterystyka fizykochemiczna otrzymanych kompozytéw oraz wstepna ocena

cytotoksycznosci in vitro.
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3. Materiaty i metody

3.1. Synteza biomimetycznych wielopodstawionych apatytow

Wszystkie syntezy przeprowadzitam z zastosowaniem odczynnikdw o wysokiej
czystosci chemicznej firmy Sigma-Aldrich (Merck) oraz Chempur.

Synteze apatytu domieszkowanego jonami sodu, magnezu oraz weglanami
przeprowadzitam mokrg metodg strgceniowg, zgodnie z metodyky przedstawiong w
publikacji P2. Metoda ta polega na wkraplaniu wodnego roztworu zawierajgcego zrédto
jonéw fosforanowych (V) do wodnego roztworu zawierajgcego kationy wapnia. Istotne jest
zachowanie odpowiedniego stosunku molowego reagentdw oraz zapewnienie konkretnego
pH i temperatury reakcji. Jony obce wprowadzitam do mieszaniny reakcyjnej — kationy (Mg?* i
Na*) do roztworu z jonami wapnia, natomiast aniony (CO3%) do roztworu zawierajgcego jony
fosforanowe. Po catkowitym wkropleniu reagentéw doprowadzitam pH roztworu do
odpowiedniej wartosci przy pomocy stezonego amoniaku. Bardzo istotnym etapem syntezy
jest pozostawienie roztworu na okreslony czas bez mieszania, celem starzenia (dojrzewania)
osadu. Otrzymany osad po odsgczeniu i doktadnym przeptukaniu, wysuszytam w
temperaturze 120°C w czasie 12 godzin. Otrzymang substancje rozdrobnitam w mozdzierzu

agatowym. Ponizej przedstawiono schemat syntezy (Rysunek 6).

Rysunek 6. Synteza wielopodstawionego apatytu. Zéttym kolorem zaznaczono zmieniajgce sie

warunki syntezy.

. |
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— —
12h
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lloéci wprowadzonych jonéw COs?, Mg?* i Na* wybratam bazujac na przegladzie
literaturowym tak, by odpowiadaty sktadowi apatytu biologicznego wystepujgcego w
natywnej tkance kostnej [39,101]. Wartosci te wynosity odpowiednio 5,0, 0,5 i 0,5 %, a
zaktadany stosunek molowy (Ca+Mg+Na)/(P+C) miat wynies¢ 1,7.

Syntezy prowadzitam w roéinych warunkach modyfikujgc cztery parametry:
temperature (temperatura pokojowa — 25 °C oraz temperatura podwyzszona — 80°C), czas
starzenia osadu (1 dzien oraz 7 dni), pH (9 oraz 11), a takze stezenia fosforanéw i wapnia
(niskie =5 % / 3 % oraz wysokie — 20 % / 12 % odpowiednio). W sumie otrzymatam 16
réznych probek apatytow.

Zsyntetyzowatam takze wielopodstawiony apatyt o zaktadanym wzorze sumarycznym:
Cas,25ZNn0,5Mgo,25(P04)sCO30H stosujgc wyzej opisang metode syntezy, ale w warunkach, ktére
zostaty okreslone za najkorzystniejsze do otrzymania biomimetycznego apatytu. Tym razem
zamiast jonéw Na*, wprowadzitam jony Zn?* celem wzbogacenia materiatu apatytowego o
nowe wtasciwosci biologiczne. Doktadny opis syntezy znajduje sie w publikacjach P3-P4. W

powyzszych publikacjach otrzymany biomimetyczny apatyt okreslatam skrétem mHA.

3.2. Charakterystyka fizykochemiczna proszkéw apatytowych

Wszystkie otrzymane materiaty proszkowe zostaty poddane analizie fizykochemicznej
sktadajacej sie z badan jakosciowych i ilosciowych, zgodnie z metodykg opisang w
publikacjach P2-P4.

Do okreslenia tozsamosci i wstepnej oceny krystalicznosci prébek uzytam
spektroskopii w sredniej podczerwieni FT-IR przy uzyciu spektrometru Perkin Elmer Spectrum
1000. Zastosowatam technike transmisyjng w tabletce KBr w zakresie 4000-400 cm™ oraz
rozdzielczosci 2 cm™. Metoda ta pozwolita mi takze na okre$lenia zawartosci i rozmieszczenia
weglandéw w strukturze krystalicznej apatytu.

Dyfraktometria proszkowa (PXRD) postuzyta mi do okreslenia sktadu fazowego
probek, stopnia krystalicznosci oraz wyznaczenia parametrow komorki elementarnej.
Pomiary zostalty wykonane przy uzyciu dyfraktometru Bruker DX8 Discover, z anodg
miedziang o dtugosci fali A=1,54 A, w zakresie pomiarowym 26 od 20° do 70°. Do

wyznaczenia parametrow komodrek elementarnych uzyto oprogramowania TOPAS Bruker.
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Widma FTIR, jak i dyfraktogramy PXRD zostaty przeze mnie graficznie opracowane w
programach GRAMS Al 8.0 (Thermo Fisher) oraz KaleidaGraph (Synergy Software).

Metode elektronowej mikroskopii transmisyjnej (TEM) uzytam w celu obserwacji
mikrostruktury otrzymanych proszkéw apatytowych i za jej pomocg okreslitam morfologie
otrzymanych krysztatéw. Badania mikroskopowe przeprowadzitam przy uzyciu mikroskopu
TEM JEOL JEM-1400, przy napieciu przyspieszajagcym 80 kV. Pomiary przeprowadzitam w
Pracowni Mikroskopii Elektronowej w Instytucie Biologii Doswiadczalnej im. M. Nenckiego
PAN w Warszawie. Probki odpowiednio przygotowatam przed analiza, zawieszajagc je w
bezwodnym etanolu, a nastepnie nanoszgc na miedziang siatke pokrytg Formvarem.

Do wykonania analizy elementarnej wykorzystatam dwie metody. Wiekszos¢
pomiaréw wykonatam metodg spektroskopii emisyjnej ze wzbudzeniem w plazmie
indukcyjnej sprzezonej (ICP-OES) przy uzyciu spektrometru PerkinElImer Optima 3100XL.
Przed pomiarem odpowiednio przygotowatam prébki apatytowe. Odwazke materiatu
proszkowego rozpuscitam w 65 % kwasie azotowym (Suprapur, Merck) oraz rozcienczytam
wodg dejonizowang do odpowiedniej objetosci (Mili-Q, Merck Millipore). W publikacji P4 do
analizy elementarnej wykorzystatam metode absorpcyjnej spektrometrii atomowej z
atomizacjg w ptomieniu (F-AAS) przy uzyciu spektrometru Perkin Elmer AAnalyst 400 AA.
Prébki przygotowatam w analogiczny sposdb jak do metody ICP-OES. Zawartos$¢ pierwiastkow
w obu metodach wyliczytam na podstawie pomiaréw przygotowanych wczes$niej krzywych

wzorcowych.

3.3. Wstepne badania biologiczne in vitro

Podstawowe badania cytotoksycznosci in vitro przeprowadzono na dwdch liniach
komérkowych: mysich fibroblastach BALB/c 3T3 oraz ludzkich komérkach kostniakomiesaka
MG-63 (obie linie pochodzity z American Type Culture Collection). Pierwsza linia jest jedng ze
standardowo zalecanych do ogdlnej oceny cytotoksycznosci zgodnie z wytycznymi ISO 10993-
5:2009 [102] dla materiatdw medycznych, natomiast druga jest powszechnie stosowanym
ludzkim modelem osteoblastycznym w badaniach  substytutéw kos$ci. Badania
przeprowadzono we wspétpracy z dr n. farm. Anng Zgadzaj z Warszawskiego Uniwersytetu
Medycznego. Zastosowano dwie metody oceny zywotnosci komérek po narazeniu. Pierwszg z

nich byt test wychwytu czerwieni obojetnej (NRU), ktéry pozwala zweryfikowac
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przezywalno$é¢ hodowli na podstawie zdolnosci komérek do magazynowania barwnika w
lizosomach. Drugg zastosowang technika oceny cytotoksycznosci byt test aktywnosci
dehydrogenazy bursztynianowej (MTT), ktéry pozwala zweryfikowaé kondycje hodowli na
podstawie aktywnosci enzymatycznej komérek. W badaniach stosowano dwa modele
ekspozycji: metode kontaktu bezposredniego (posiew na powierzchni prébki) oraz
posredniego (test na ekstraktach). Ocene cytotoksycznosci metodg na ekstraktach (po
uprzedniej inkubacji materiatlu w pozywce hodowlanej) przeprowadzano zaréwno w
pofaczeniu z technikg NRU [P2, P3], jak i MTT [P4]. Natomiast ocene wzrostu komorek
bezposrednio na préobkach wykonano z wykorzystaniem testu MTT [P2]. W obu wariantach
testéw prébki poddawano uprzedniej sterylizacji za pomoca Swiatta UVC, dodatkowo w tescie
na ekstraktach pozywka hodowlana po inkubacji z materiatami byta poddawana filtracji na
sgczku strzykawkowym o wielkosci poréw 200 nm.

Test NRU wykonywano kazdorazowo [P2, P3] w wariancie mikroptytkowym na linii
BALB/c 3T3. W pierwszym etapie testu komorki zawieszone w pozywce hodowlanej
umieszczano w ptytkach 96-dotkowych. Po 24 h inkubacji oraz kontroli uzyskanej
monowarstwy pod mikroskopem, pozywka byta zastepowana badanymi ekstraktami w
szeregu dwukrotnych rozcienczen. Ekstrakty przygotowywano poprzez uprzednig inkubacje
probek w pozywce hodowlanej zgodnie ze schematem opracowanym na podstawie SO
10993 [102]. Etap ekspozycji trwat 24 h. Kolejno usuwano medium, komérki przemywano,
traktowano roztworem czerwieni obojetnej, przemywano ponownie, a nastepnie poddawano
lizie roztworem kwasu octowego w etanolu i wodzie dejonizowanej. llos¢ zgromadzonego
barwnika przez lizosomy komdrek w poszczegdlnych dotkach oceniono kolorymetrycznie przy
dtugosci fali 540 nm. Dla kazdego testu stosowano kontrole hodowli (komérki eksponowane
jedynie na medium) oraz prébki przygotowane z dwdch materiatéw referencyjnych: folii
polietylenowej (materiat niecytotoksyczny) oraz lateksu (materiat cytotoksyczny).

Réwniez w formacie mikroptytkowym oraz z zastosowaniem schematu narazenia
komodrek na ekstrakty, w publikacji P4 wykonano ocene cytotoksycznosci na nowotworowej
linii komorek kostnych MG-63 z zastosowaniem techniki odczytu opartej na aktywnosci
dehydrogenazy bursztynianowej (MTT). Etapy przygotowania ptytek oraz ekspozycji komorek
wykonano analogicznie do powyzszego opisu. Kolejno usuwano medium, komorki

przemywano, traktowano roztworem MTT, przemywano ponownie, a hastepnie poddawano
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lizie za pomocg izopropanolu. llos¢ formazanu zgromadzonego w poszczegdlnych dotkach
oceniono kolorymetrycznie przy dtugosci fali 570 nm. Dla kazdego testu stosowano kontrole
hodowli (komérki eksponowane jedynie na medium) oraz prébki przygotowane z dwdch
materiatow referencyjnych: folii polietylenowej (materiat niecytotoksyczny) oraz lateksu
(materiat cytotoksyczny).

Test kontaktu bezposredniego z zastosowaniem techniki MTT wykonano zaréwno na
linii komérkowej BALB/c 3T3, jak i MG-63 [P2]. Pozwalat on na okresSlenie ilosci zywych
komédrek na powierzchni danej probki w poréwnaniu do hodowli kontrolnej prowadzonej na
takiej samej powierzchni typowego naczynia hodowlanego przeznaczonego do wzrostu
komérek adherentnych. Do wykonania testu konieczne byto przeprowadzenie proszkéw
apatytowych w postaé tabletek o srednicy 13 mm. Krazki przygotowatam przy pomocy prasy
hydraulicznej i umiescitam w 24-dotkowe] ptytce. Na powierzchnie kazdego krgzka nanoszono
zawiesine komérek w pozywce hodowlanej o okreslonej gestosci, a nastepnie inkubowano 3
dni (dla komérek BALB/c 3T3) lub 7 dni (dla komérek MG-63). Po tym czasie pozywke
usunieto i zastgpiono jg roztworem MTT. Po inkubacji krgzki ostroznie przeniesiono na nowa
ptytke, wysuszono, uzupetniono izopropanolem i mieszano delikatnie do uzyskania jednolitej,
fioletowej barwy odczynnika. Intensywnos$é koloru zostata oceniona kolorymetrycznie przy
dtugosci fali 570 nm. Materiatem kontrolnym bylty krazki z komercyjnie dostepnego

niepodstawionego HA.

3.4. Otrzymanie materiatéw kompozytowych

W ramach pracy doktorskiej otrzymatam szereg rdzinych, tréjwymiarowych
materiatdbw kompozytowych, zawierajacych biomimetyczny apatyt (wybrany sposréd
wczedniej otrzymanych) oraz kolagen. W pierwszym etapie pracy wykorzystywatam
stechiometryczny hydroksyapatyt (Sigma-Aldrich), celem opracowania powtarzalnej metody
otrzymywania kompozytéw, by w dalszym etapie zastgpi¢ go docelowym apatytem
biomimetycznym.

Duzg trudnoscia okazato sie uzyskanie klarownego i jednorodnego roztworu kolagenu
typu I. W literaturze spotka¢ sie mozna z metodg rozpuszczania kolagenu pochodzenia
zwierzecego w 0,5 % kwasie octowym [103,104]. Majac na uwadze, iz kolagen jest polimerem

naturalnym i jego pewnym ograniczeniem sg zmienne wtasciwosci fizykochemiczne, proces
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rozpuszczania nie zawsze byt skuteczny. Stosowatam rdéine metody mieszania zawiesiny
kolagenowej, a takze rézne kwasy o réinych stezenia. Ostatecznie za najlepsza metode
uznatam mieszanie przy pomocy mieszadta mechanicznego i z zastosowaniem 1 % kwasu
octowego. Ustalitam odpowiednig predko$é mieszania i czas. Wartosci te byly zmienne dla
konkretnych serii kolagenu, z ktérymi pracowatam.

Nastepnym krokiem byto potaczenie zawiesiny kolagenowej z proszkiem HA. Podobnie
jak wczedniej wyzwaniem byfto otrzymanie homogennej zawiesiny. Moim celem byto
zachowanie proporcji frakcji organicznej do mineralnej, identycznej jak w tkance kostnej, tj.
odpowiednio 30/70 wagowo. Zdecydowatam sie na uzycie nowej formy kolagenu typu | —
atelokolagenu (CosmoBio Co., Tokyo, Japan). Jest to bardziej rozpuszczalna i jednorodna
forma kolagenu, ktéra powstaje na skutek obrébki enzymatycznej [105]. Opracowatam
metode tworzenia kompozytéw z uzyciem zaréwno kolagenu typu |, jak i atelokolagenu. W
obu przypadkach proszek apatytowy i roztwor/ zawiesine kolagenu mieszatam przy uzyciu
mieszadta magnetycznego do satysfakcjonujgcego poziomu homogennosci. Przygotowane
zawiesiny wylewatam do odpowiednich foremek, zamrazatam w temperaturze -80 °C i
poddawatam je liofilizacji.

Postanowitam otrzymaé kompozyty w jeszcze inny sposéb, liczac na poprawe
homogennosci. Prébowatam straci¢ HA in situ w roztworze kolagenu. Metoda wydawata sie
bardzo obiecujgca — kompozyty byty jednorodne. Jednak w trakcie analizy fizykochemicznej
okazato sie, ze strgcona substancja nie jest jednorodna fazowo (zawiera m.in. bruszyt CaHPO4
x 2H;0), a wiec nie odwzorowuje frakcji mineralnej tkanki kostnej. Przyczyng mogto by¢
prawdopodobnie zbyt niskie pH w trakcie syntezy HA.

Ostatecznie zastosowatam metode bezposredniego tgczenia proszku apatytowego z
zawiesing kolagenu typu | lub atelokolagenem. Metoda ta szerzej zostata opisana w P3.

Tworzgc materiaty kompozytowe zalezato mi na nadaniu im réznorodnych ksztattow,
aby z tatwoscig mogty sie dopasowywac do nieregularnych ubytkéw tkanki kostnej (Rysunek
7). Myslagc o potencjalnym zastosowaniu materiatéw w stomatologii i o koniecznosci
wypetnienia przestrzeni poekstrakcyjnej, optymalnym rozwigzaniem bytyby kompozyty w
postaci kolagenowo/apatytowych granul. Z tego powodu postanowitam otrzymac granule
kompozytowe na bazie alginianu sodu, ktéry jest powszechnie stosowany do tworzenia

rdzenia granul ze wzgledu na szybkie i fatwe sieciowanie jonami Ca?* [87]. Zastosowatam
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rézne modyfikacje frakcji organicznej kompozytu celem jego funkcjonalizacji. W trakcie
syntezy dodawatam rdézne biopolimery (chitozan oraz serycyne) zachowujac proporcje
polimer/mHA, tak jak wyzej — 30/70 wagowo. Zawiesine polimerowo/apatytowa wkraplatam
powoli przy pomocy strzykawki do roztworu sieciujgcego z jonami wapnia, gdzie
natychmiastowo dochodzito do zelowania i tworzenia granul. Granule odsgczytam i dokfadnie
wyptukatam wodg destylowang. Niektére zostaty pokryte warstwg chitozanu. Wszystkie
poddatam procesowi liofilizacji. Doktadny opis przygotowania granul oméwitam w publikacji

Pa4.

Rysunek 7. Przyktadowe ksztatty otrzymanych materiatéw kompozytowych.

3.4.1. Wprowadzenie substancji leczniczej do kompozytow

Jednym z celéw mojej pracy byto wprowadzenie modelowe] substancji leczniczej do
materiatu kompozytowego i zbadanie jej kinetyki uwalniania. Jako substancje lecznicze
wybratam kwas traneksamowy (TXA) oraz ibuprofen (lbu).

Szescienne ksztattki stanowity nosnik dla TXA, natomiast granule zawieraty Ibu. Kwas

traneksamowy wprowadzatam do kompozytu dwiema metodami. Obrazuje je ponizszy

42



Kompozyt kolagen/wielopodstawiony apatyt jako materiat koSciozastepczy
Barbara Kotodziejska

schemat (Rysunek 8). W pierwszym przypadku substancje leczniczg dodano bezposrednio do
zawiesiny (przed zamrozeniem i liofilizacjg). Druga metoda polegata na zanurzeniu
zliofilizowanej ksztattki w roztworze substancji leczniczej, moczeniu jej przez godzine w
przygotowanym roztworze i nastepnie po raz kolejny poddaniu jej liofilizacji.

W przypadku granul zastosowatam metode polegajgcg na bezposrednim dodatku
ibuprofenu do zawiesiny kolagenowo/apatytowej, poniewaz zgodnie z wynikami
przedstawionymi w publikacji P3, metoda wprowadzania substancji leczniczej nie wykazata
znaczgcego wptywu na kinetyke uwalniania leku. Metoda pierwsza jest znacznie prostsza,

jezeli chodzi o ocene ilosci wprowadzonej substancji do struktury kompozytu.

Rysunek 8. Schemat wprowadzania kwasu traneksamowego do ksztattek (gwiazdka symbolizuje

obecnos¢ substancji leczniczej w kompozycie).

METODA |

LIOFILIZACJA .
e
HOMOGENIZACJA
MOCZENIE W
ROZTWORZE
SUBSTANC]I LECZNICZE]
KOMPOZYTY N~ S~
N ~ b

METODA Il

3.5. Charakterystyka kompozytéw

Kolejnym etapem pracy byta ocena wtasciwosci fizykochemicznych kompozytéw. Do
podstawowej oceny tozsamosci zastosowano wyzej wymienione metody: FT-IR oraz PXRD.

Morfologie prébek, ich mikrostrukture oceniono za pomocg skaningowego
mikroskopu elektronowego SEM JSM 6390 LV JEOL z zastosowaniem napiecia
przyspieszajgcego 20 kV i 30 kV. Zbadano zaréwno powierzchnie kompozytdw, jak i wnetrze
po wykonaniu przekroju poprzecznego. Pomiary SEM wykonano w Pracowni Badan
Mikroskopowo-Elektronowych w Instytucie Medycyny Doswiadczalnej i Klinicznej im. M.
Mossakowskiego PAN w Warszawie.

Ocenitam takze stopien pecznienia materiatéw. Badanie polegato na inkubacji

kompozytéw w ultraczystej wodzie destylowanej w temperaturze 37 °C. Nastepnie prdébki
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ostroznie wyjmowatam w scisle okreslonych interwatach czasowych i natychmiast wazytam
na wadze analitycznej. Wspodtczynnik pecznienia wyrazono jako procent zwiekszonej masy
(W-Wo) do masy poczatkowej (Wo). Kazda probka zostata przetestowana w trzech
powtdérzeniach.

Do oceny powierzchni wtasciwej, catkowitej objetosci poréw oraz rozktadu ich
$rednicy zastosowano metode Brunauer-Emmett-Teller (BET) z adsorpcjg azotu przy uzyciu
ASAP 2050 Micromeritics. Pomiary przeprowadzono w Instytucie Nowych Syntez
Chemicznych Sie¢ Badawcza tukasiewicz w Putawach.

Kluczowym etapem badan byto sprawdzenie kinetyki uwalniania substancji leczniczej
z kompozytdw. Szczegdtowy opis metodologii badania uwalniania zostat zamieszczony w
publikacjach P3 i P4. Prébki umieszczatam w buforze fosforanowym (pH = 7,4) w tazni
wodnej. Nastepnie w regularnych odstepach czasowych pobieratam medium, za kazdym
razem uzupetniajgc pobrang ilos¢ $wiezg porcjg buforu. Kazdy roztwodr filtrowatam i
okreslatam zawartosc¢ substancji leczniczej metoda wysokosprawnej chromatografii cieczowej
(HPLC - pompa izokratyczna Varian Prostar 210 oraz autosampler Rheodyne 7725i) z detekcjg
UV (detektor Varian Prostar 325). Dla kazdej z badanych substancji przygotowatam krzywg
WZOrcowa.

Poza zbadaniem kinetyki uwalniania leku zalezato mi na réwnoczesnym okresleniu
ilosci uwalnianych jondw (magnezu i cynku). Roztwory pobrane z uwalniania substancji
lecznicze] zostaty wykorzystane takze do okreslenia zawarto$ci powyzszych jonéw metoda
ICP-OES oraz F-AAS opisang w podrozdziale 3.2.

Prébki zostaty takze poddane podstawowym badaniom cytotoksycznosci in vitro na
linii komodrkowej mysich fibroblastow BALB/c 3T3 [P3] oraz ludzkich komdrkach
kostniakomiesaka MG-63 [P4]. Zastosowano test neutralnego wychwytu czerwieni obojetne;j
(NRU) oraz test aktywnosci dehydrogenazy bursztynianowej (MTT) opisane w podrozdziale

3.3.
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4. Omowienie i dyskusja wynikéw badan

Pierwszym etapem mojej pracy badawczej byto wyznaczenie optymalnych parametréw
syntezy apatytéw wzbogaconych w jony COs?, Mg?* oraz Na*, celem otrzymania materiatow
jak najbardziej zblizonych pod wzgledem skfadu i struktury chemicznej do apatytu
biologicznego. Zoptymalizowanie warunkéw syntezy miato postuzy¢ zaplanowaniu syntezy
bioinspirowanego apatytu, ale dodatkowo domieszkowanego jonami Zn?*, ktére majg bardzo
korzystne wtasciwosci biologiczne, szczegdlnie przydatne w materiatach kosciozastepczych
[106].

Dokonujgc przegladu literaturowego zdecydowatam sie na synteze proszkéw
apatytowych mokra metodg strgceniowg, ktdéra zaktada otrzymanie nanokrystalicznych
materiatdéw o duzej powierzchni wtasciwej korzystnie wptywajacej na bioaktywnos¢, a takze
adhezje, proliferacje i réznicowanie komorek osteogennych [107]. Co wiecej, metoda ta
pozwala na liczne podstawienia jonowe w strukturze krystalicznej HA. Modyfikujgc rézne
parametry syntezy chciatam sprawdzié¢ ich wptyw na morfologie krysztatdow i ich wiasciwosci
fizykochemiczne, a takze otrzymaé apatyt imitujgcy apatyt kostny. Efektem mojej pracy byto
otrzymanie 16 réznych probek apatytéw podstawionych jonami COs%, Na* oraz Mg?*. Wyniki
badan zostaty przedstawione w publikacji P2.

Analize  fizykochemiczng rozpoczetam od badan jakosciowych  wszystkich
zsyntetyzowanych prébek, ktére potwierdzity obecno$¢ apatytu jako jedynej fazy
krystalicznej. Badania TEM oraz PXRD potwierdzity otrzymanie materiatéw o charakterze
nanokrystalicznym. Prébki réznity sie miedzy sobg ksztattem krysztatéw (patrz Rysunek 9)
oraz nieznacznie parametrami a i ¢ komérki elementarnej. Wartosci parametrow a i ¢
wynosity odpowiednio 9,421 — 9,451 A oraz 6,867 — 6,881 A, a wiec byty bardzo zblizone do
parametréw komdrki apatytu biologicznego dorostego cztowieka (9,460 i 6,880 A) [108].
Analiza wynikbw TEM oraz PXRD pozwolita na stwierdzenie, ze w materiatach
zsyntetyzowanych w wyzszym stezeniu jondéw fosforanowych i wapniowych wystepuja
krysztaty plate-like — bardzo charakterystyczne dla apatytu kostnego [109]. Przypuszczam, ze
moze by¢ to zwigzane z wiekszg iloscig zarodkdw krystalizacji w bardziej stezonych
roztworach. Doktadna analiza krystalicznosci prébek wraz z obliczonymi indeksami

krystalicznosci znajduje sie w publikacji P2.
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Rysunek 9. Zdjecia TEM wszystkich otrzymanych biomimetycznych apatytéw.
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Kolejng badang zaleznoscig byt wptyw warunkéw syntezy na efektywnos¢ podstawien
jonowych. Analiza kopodstawien byta dos¢ skomplikowana, gdyz symultanicznie
wprowadzane byty, az trzy jony obce. W dotychczasowej literaturze najczesciej badane sg
pojedyncze lub podwdjne podstawienia [45-49].

Substytucja jonowa zachodzita z bardzo rdéing wydajnoscig, co okreslitam na
podstawie wynikdéw analizy elementarnej ICP-OES. W przypadku jondw magnezu miescita sie
w przedziale 20-100 %, sodu 24-86 %, natomiast weglanéw 22-66 %. Zarowno zawartosc
Mg?*, jak i Na* byta najwieksza w materiatach otrzymanych przy pH=11 oraz z czasem
dojrzewania réownym 7 dni. Co ciekawe, wyrdzni¢ mozna probki z wysokg zawartoscig
obydwu jondéw (np. probki LC11HT7, LC11RT7). Daje to podstawy do wnioskowania, ze
kationy magnezu i sodu nie konkurujg ze sobg o miejsce w sieci krystalicznej apatytu, a nizsza
zawartos¢ sodu moze wynikac z réznicy w warto$ciowosci wzgledem kationu wapnia, a takze

wiekszego promienia jonowego (Na* 0,102 nm; Mg?* 0,072 nm; Ca%* 0,099 nm).
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Rysunek 10. Widma FT-IR wszystkich zsyntetyzowanych prébek. Rysunek A przedstawia probki

otrzymane w niskich stezeniach reagentow, a rysunek B w wysokich.
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Na powyzszych rycinach przedstawitam widma FT-IR, ktére postuzyty mi przede
wszystkim do potwierdzenia tozsamosci otrzymanych probek, poprzez zaobserwowanie
charakterystycznych pasm dla HA (patrz — przypisanie w P2). Wykorzystatam je takze do
stwierdzenia obecnosci weglandw i obliczenia ich zawartosci na podstawie obecnosci pasm
przy ok. 1420 cm™, 1480 cm™ oraz 1450 cm™. Najmniej intensywne pasmo z trzech
wymieniony przypisa¢ mozna weglanom typu A (potozone w miejscu grup OH’). Pasma w
zakresie 1570-1370 cm charakteryzuja sie niska intensywnoscia, co sugeruje niska
wydajnos$é¢ wprowadzania jonéw weglanowych do struktury HA. Postanowitam oszacowac
catkowitg zawartos¢ weglanow (typu A i B) uzywajgc metody dopasowania krzywej opisane;j
w literaturze [110-112]. Na podstawie uzyskanych wynikéw wyciggnetam wniosek, iz na
zawarto$¢ COs% w strukturze apatytowej znaczaco wptywa czas dojrzewania osadu. Im
dtuzszy czas tym bardziej efektywna substytucja jonami weglanowymi. Podobng zaleznos¢
zauwazytam dla probek otrzymanych przy pH=11 w poréwnaniu do tych zsyntetyzowanych
przy pH=9. W trakcie pracy badawczej prowadzitam takze syntezy z czasem starzenia znacznie
dtuzszym, tj. 1, 3, 6 miesiecy. We wszystkich syntezach wydajnos¢ wprowadzania jonow
weglanowych byta wysoka, ale poréwnywalna z czasem starzenia wynoszgcym 7 dni (wyniki
nie zawarte w publikacjach). Warto wspomnie¢, iz zalezno$¢ czas-zawartos¢ weglanéw jest
analogiczna do tego, co dzieje sie w apatycie biologicznym. Im starsza tkanka kostna, tym
wyzsza zawarto$é jondw CO3% [110].

Wartosciowych wnioskdw dostarczyty mi podstawowe badania biologiczne in vitro. W
badaniach cytotoksycznos¢ testem NRU na komadrkach BALB/c 3T3, wszystkie probki zostaty
zakwalifikowane jako niecytotoksyczne. Jednak w tescie MTT przeprowadzonym na
komdrkach BALB/c 3T3, a takze na modelu osteoblastycznym (komérki MG-63) mozna
zauwazy¢ duzg zmiennos$¢ wynikéw (rysunek 11). Na powierzchni niektérych prébek
zauwazono znacznie wiekszg ilos¢ zywych komorek w poréwnaniu do préby kontrolnej
(czystego HA). W przypadku trzech prébek: LC9RT1, HCORT1 and HC9HT1 przezywalnosé
komorek byta nizsza niz 70 % (zaklasyfikowane jako cytotoksyczne). Szczegdtowa analiza
podstawowych badan biologicznych znajduje sie w publikacji P2. Czynnikami, ktore miaty
najwiekszy wptyw na biokompatybilnos¢ w warunkach in vitro byt dtuzszy czas starzenia oraz
wyzsze pH. Warto wspomnie¢, ze w pH=11 (wysokie stezenie jondw OH"), rozpuszczalnosé¢

osadu jest mniejsza, a wiec proces strgcania zachodzi szybciej, co skutkuje tworzeniem sie
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aglomeratow (widoczne na zdjecia TEM, rysunek 10) [113]. Przypuszczam, ze silnie rozwinieta
powierzchnia materiatéw zsyntetyzowanych w wyzszym pH i z diugim czasem starzenia

sprzyja lepszej adhezji i wzrostowi komdrek na powierzchni apatytow.

Rysunek 11. Komoérki MG-63 na powierzchni wybranych materiatéw po 7 dniach inkubacji,
wybarwione technikg MTT, zdjecie wykonane mikroskopem cyfrowym Kayence VHX-7000. Z lewej
strony przyktad intensywnego wzrostu (niemodyfikowany hydroksyapatyt), z prawej wzrost mato

intensywny (probka HCORT1).
o R

Zebranie i analiza wszystkich wynikoéw badan w publikacji P2 doprowadzita do
jednoznacznego wniosku, iz warunki syntezy majg znaczacy wptyw na wtasciwosci apatytu
imitujgcego apatyt biologiczny. Ustalitam, ze do otrzymania materiatu o duzym stopniu
biomimetycznosci i biokompatybilnos$ci z tkankg kostng, nalezy zastosowaé mokrg synteze
stagceniowg w temperaturze pokojowej, pH=11, niskim stezeniem reagentdw oraz czasem
starzenia wynoszgcym 7 dni. Wybierajgc parametry syntezy kierowatam sie w pierwszej
kolejnosci wydajnoscia wprowadzania jonéw obcych, wynikami testow cytotoksycznosci
(biokompatybilnos¢ materiatéw), a nastepnie morfologig krysztatéw. Otrzymane wyniki
stanowig obszerny wkfad w badania dotyczgce opracowania wydajnej metody syntezy
apatytow biomimetycznych.

Powyzsze warunki syntezy zastosowatam do otrzymania apatytu domieszkowanego
jonami Mg?*, Zn?* oraz COs?%, ktéry stanowit cze$¢ mineralng przy tworzeniu kompozytéw
kolagenowych przedstawionych w publikacjach P3 oraz P4. Z powodzeniem otrzymatam
czysty fazowo wielopodstawiony apatyt, podsiadajgcy witasciwosci charakterystyczne dla

apatytu biomimetycznego. Widmo FT-IR zawiera charakterystyczne pasma dla
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hydroksyapatytu. Badania PXRD oraz TEM potwierdzity nanokrystaliczny charakter proszku i
niski stopien krystaliczno$ci. Na zdjeciach TEM (Rysunek 12) stwierdzono obecnos¢
charakterystycznych dla apatytu biologicznego krysztatéw plate-like. Zawartos¢ weglanéw
byta wysoka i wynosita 6,4 + 0,3 % wagowo (wydajnos¢ podstawienia - 95 %). Planowana
ilo$¢ wprowadzanego cynku wynosita 3,5 % - jest to wartosc¢ literaturowa, ktéra zapewnia
aktywnos¢ osteogenng i wiasciwosci antybakteryjne [114]. Zgodnie z wynikami ICP-OES jony
magnezu i cynku udato sie wprowadzi¢ w nastepujgcych ilosciach: 0,33 + 0,02 % dla magnezu
oraz 3,21 + 0,03 % dla cynku. W swietle literatury, nizsza wydajno$¢ wprowadzania jondw
magnezu moze wynikac ze zjawiska konkurencji w substytucji jonédw Ca?* i na tej podstawie
mozna zatozy¢, ze jony cynku sg tatwiej wprowadzane do krysztatu HA niz jony Mg?* [115,
116]. W badaniach biologicznych in vitro otrzymany proszek apatytowy nie wykazywat

cytotoksycznosci wobec komorek fibroblastow.

Rysunek 12. Charakterystyka apatytu wzbogaconego w jony cynku, magnezu oraz weglany. A —
widmo FT-IR, B — dyfraktogram PXRD, C i D — zdjecia TEM przedstawiajgce charakterystyczne krysztaty
plate—like.
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Kolejnym etapem badan byto otrzymanie kompozytowych ksztattek zainspirowanych
mikrostrukturg tkanki kostnej, co opisatam w publikacji P3. Kompozyty kolagenowo-
apatytowe sg tematem mocno zaznaczonym w pismiennictwie. Jednak podczas szerokiego
przegladu literatury zainteresowata mnie mozliwos¢ jeszcze lepszego odwzorowania sktadu
kosci, poprzez utworzenie kompozytu zawierajgcego jonowo modyfikowang frakcje
mineralng. W zwigzku z tym swojg prace badawczg skupitam na opracowaniu efektywnej
metody otrzymania kompozytu na bazie kolagenu oraz wielopodstawionego apatytu.

Powazng napotkang trudnoscig podczas syntez byto zapewnienie homogennosci:
najpierw samemu roztworowi kolagenu, nastepnie zawiesinie kolagenowo/apatytowej o
czym wspomniatam w rozdziale 3.4. Stosowatam rdézne sposoby i predkosci mieszania, rézne
rodzaje kwaséw (octowy oraz fosforanowy), a takze rdéine temperatury (4 °C oraz
temperatura pokojowa). Ostatecznie w pierwszym kroku prac badawczych nad kompozytami
postanowitam otrzyma¢ dwa rodzaje materiatéw z réznymi typami kolagenu (kolagen typu |
rozpuszczony w roztworze 1 % kwasu octowego oraz atelokolagen) i poréwnac ich
wiasciwosci fizykochemiczne. Przy uzyciu metody FT-IR potwierdzitam obecnos¢ i tozsamosé
frakcji mineralnej w kompozytach, a takze obecno$¢ pasm charakterystycznych dla kolagenu.
W niskim pH zachodzita obawa utraty przestrzennej struktury potrdjnej helisy biatka oraz
krystalicznej struktury apatytu. Widma FT-IR potwierdzily, iz zastosowane przeze mnie
warunki otrzymywania kompozytéw sg optymalne i nie wptywajg na zmiany w strukturze
sktadnikow.

Celem sprawdzenia rdwnomiernego osadzenia sie krysztatdw apatytu na wtdéknach
kolagenowych postuzono sie skaningowg mikroskopig elektronowg. Obydwa rodzaje
kompozytéw wykazaty silnie porowaty strukture o morfologii przypominajacej gabke.
Zauwazytam wyrazng roéznice w ilosci osadzonej frakcji mineralnej na polimerowym
rusztowaniu (Rysunek 13). Wiékna kolagenowe w kompozytach zawierajgcych kolagen typu |
(OmHA) byty pokryte catkowicie i réwnomiernie mHA, podczas gdy w kompozytach
atelokolagenowych (AmHA) apatyt byt widoczny w niewielkich ilosciach i tylko w pewnych
obszarach. Widma FT-IR potwierdzajg mojg obserwacje wskazujgc na nizszg zawartos¢ i
stabsze osadzenie krysztatdw apatytowych w kompozytach na bazie atelokolagenu. Pasma
pochodzace od frakcji mineralnej w kompozytach AmHA majg nizszg intensywnos$¢ w

porownaniu do pasm OmHA.
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Rysunek 13. Zdjecia SEM kompozytéw AmHA (A-C) oraz OmHA (D-F).
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Obserwujac silnie porowatg strukture kompozytéw spodziewatam sie duzej zdolnosci
pecznienia i pochtaniania wody. Celem sprawdzenia moich przypuszczen przeprowadzitam
test pecznienia. Badanie potwierdzito duzg zdolnos$¢ pochtaniania wody przez ksztattki
kompozytowe. Juz wciggu 30-60 minut stopien pecznienia wynosit 400 — 550 % (Rysunek 14).
Zaobserwowatam, iz dodatek mHA skutkuje ograniczeniem pecznienia, jednak absorpcja
wody wcigz utrzymuje sie na bardzo wysokim poziomie. Jest to bardzo korzystna wtasciwos¢,
szczegblnie ze wzgledu na mozliwosci aplikacyjne jako materiat hamujacy krwawienie czy

absorbujgcy substancje leczniczg, osocze bogatoptytkowe, itp..
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Rysunek 14. Wyniki testu pecznienia. Stopien pecznienia zmierzony po 60 minutach. Coll — materiat

odniesienia, ggbeczka kolagenowa.
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Interesujgcym etapem badan byto okreslenie profilu uwalniania jondw cynku i
magnezu z materiatu kompozytowego. Jak wspomniatam w podrozdziale 1.4.1 jony te moga
przynie$¢ wiele korzySci nowopowstajgcej tkance kostnej, jesli zostang uwolnione ze
struktury apatytu w odpowiednim czasie i ilosci. Zaréwno jony magnezu, jak i cynku duzo
tatwiej uwalniaty sie z kompozytéw atelokolagenowych, co wynika¢ moze z duzo stabszych
potgczen pomiedzy mHA a witdknami kolagenowymi, niz w kompozytach OmHA. Jest to
zgodne z weczesniejszymi obserwacjami zdje¢ SEM oraz widm FT-IR. Z apatytu luzno
upakowanego w matrycy polimerowej duzo tatwiej uwalniajg sie jony, szczegdlnie te
zlokalizowane na powierzchni nanokrysztatdbw mHA. We wszystkich otrzymanych
kompozytach zauwazalny byt duzo wyiszy stopien uwalniania magnezu w poréwnaniu do
jondéw cynku. W kompozytach AmHA okoto 35 % magnezu zostato uwolnione w ciggu 7 dni,
natomiast w OmHA okoto 11 %. llo$¢ uwolnionego cynku w badanym czasie byfa znikoma i
osiggnetam maksymalnie 2,4 % dla kompozytéw AmHA i 1,5 % dla OmHA [P3]. Przypuszczam,
ze dysproporcja w uwalnianiu poszczegdlnych jondw wynika z ich umiejscowienia w sieci
krystalicznej apatytu. Jony magnezu, zgodnie z danymi literaturowymi, wbudowujg sie w
strukture apatytowa w matej ilosci, a ich limit podstawieniowy wynosi okoto 0,5 %. Jony
cynku z kolei wprowadzane sg z duzg tatwoscig, z czego mozna wnioskowa¢, ze dodatkowo
mogg utrudnia¢ zastepowanie jonédw wapnia kationami magnezu. Przypuszczam, iz jony

magnezu w otrzymanym przeze mnie materiale zlokalizowaty sie gtéwnie na powierzchni
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nanokrysztatéw apatytowych, w tak zwanej uwodnionej warstwie powierzchniowej, co
skutkuje ich bardzo tatwym i stosunkowo szybkim uwalnianiem z kompozytu. Krzywe
uwalniania jondéw przedstawione w P3 nie osiggnety plateau, co jest zwigzane z dtugg
resorpcjg apatytu, trwajgca co najmniej kilka tygodni. Ciggte uwalnianie sie jonéw magnezu i
cynku mogtoby by¢ korzystne jako staty impuls stymulujgcy kosciotworzenie.

Otrzymane kompozyty wzbogacitam takze w substancje lecznicza - kwas
traneksamowy. Wyboru leku dokonatam myslac o potencjale aplikacyjnym otrzymanych
materiatow, ktére mogtyby stuzy¢ jako hemostatyczne opatrunki, np. w chirurgii
stomatologicznej. W przypadku tego leku kluczowe jest szybkie uwalnianie i osiggniecie
wysokiego stezenia w krétkim czasie, aby efektywnie zahamowa¢ nadmierne krwawienia.
TXA uwalniat sie bardzo szybko z wszystkich otrzymanych kompozytéw z charakterystycznym
nagtym wyrzutem leku (ang. burst release). W ciggu pierwszych 15 minut uwolnito sie od 57
% wprowadzonej substancji leczniczej (dla AmHA1) do nawet 86 % (OmHA1). Profile
uwalniania dla wszystkich prébek sg dos¢ zblizone, a catkowita ilos¢ uwolnionego TXA miesci
sie w granicach 81 % — 97 %. Analiza kinetyki uwalniania leku z poszczegdlnych materiatow
znajduje sie w P3. Nalezy zauwazy¢, ze réznice w profilach uwalniania nie sg na tyle znaczace,
by potwierdzié¢ wptyw sposobu wprowadzania leku na jego uwalnianie.

Co istotne w badaniach cytotoksycznosci testem NRU na komodrkach BALB/c 3T3
wszystkie probki zostaty zakwalifikowane jako niecytotoksyczne.

Po otrzymaniu satysfakcjonujgcych wynikéw badan kompozytéw
kolagen/wielopodstawiony apatyt, postanowitam nieco zmodyfikowa¢ sktad i strukture
biomateriatéw poprzez dodatek réznych, naturalnych polimerdéw. tgczac wczesdniej otrzymany
kompozyt z innymi polimerami miatam na celu zmodyfikowanie porowatosci, otrzymanie
nowej tréjwymiarowej formy (granul), a takze sprawdzenie wptywu nowej frakcji
polimerowej na kinetyke uwalniania substancji leczniczej i jondw, a takze wtasciwosci
fizykochemiczne [117]. Z powodzeniem otrzymatam kompozyty w postaci granul o srednicy
3,5 £+ 0,5 mm, ktérych forma moze byé szczegdlnie korzystna przy wypetnianiu
nieregularnych, pustych przestrzeni kostnych (np. po ekstrakcji zebdw). Otrzymane materiaty
szczegotowo opisatam w publikacji P4. W ponizsze] tabeli przedstawitam sktad otrzymanych

granul.
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Tabela 4. Sktad otrzymanych granul.

Symbol Atelokolagen | Alginian mHA Serycyna Chitozan Ibuprofen
sodu

G1

G2

G3

G4

Przy uzyciu mikroskopii elektronowej SEM oceniono morfologie uzyskanych granul.
Powierzchnia wszystkich granul jest silnie chropowata oraz posiada gtebokie, nieregularne
wgtebienia, co moze sprzyja¢ potencjalnej adhezji komdrek kostnych biorgcych udziat w
odbudowie uszkodzonej tkanki. Dwa rodzaje granul (G2 oraz G4) posiadajg nieco gtadszg i
jednorodng powierzchnie, co moze by¢ efektem obecnosci cienkiej warstwy chitozanu. W
przypadku granul G1 oraz G3 zaobserwowaé¢ mozna widoczne skupiska krysztatdow mHA w
strukturze kompozytu.

W kolejnym etapie wyznaczono izotermy adsorpcji-desorpcji metoda sorpcji azotu, a
na ich podstawie objetosc¢ i rozktad wielkos$ci poréw w zakresie srednic 2 - 300 nm bazujac na
modelu BJH (ang. Barrett-Joyner-Halenda). Prébki cechujg sie dos¢ zblizong strukturg
porowatg, w ktérej dominujg mezopory (Rysunek 15). Wszystkie materiaty wykazujg dosc
dobrze rozwinietg powierzchnie wtasciwg w zakresie od 76 do 94 m%g. Ciekawym wnioskiem
z analizy struktury porowatej byto stwierdzenie, ze dodatek serycyny lub chitozanu powoduje
znaczny wzrost objetosci poréw, w tym mezoporéw. Warto wspomnieé, iz stopien
porowatosci oraz rozktad wielkosci poréw sg kluczowymi parametrami dla systeméw
dostarczania lekéw. Struktura mezoporowata jest niezbedna i pozgadana do skutecznego
zatadowania i uwalniania substancji leczniczej [118]. Analize struktury porowatej szerzej

opisatam w publikacji P4.
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Rysunek 15. Dystrybucja poréw w granulach G1-G4.
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Test pecznienia wskazat na duzg zdolno$¢é absorpcji wody przez kompozytowe granule.
Stopien pecznienia intensywnie rést w trakcie pierwszej godziny i osiggnat maksimum w
trzeciej godzinie testu. Najnizszy stopien pecznienia wykazaty granule G1, cho¢ wcigz byt on
wysoki i wynosit 500 %. Granule G2 i G4 wykazaty najwyzszy stopien absorpcji wody siegajacy
700-800 %, jednak pecznienie zachodzito z pewnym opdznieniem, co moze byé wynikiem
obecnosci membrany chitozanowe;.

Wyniki uwalniania jondw magnezu i cynku potwierdzajg wnioski z wczesniej
omowionej publikacji P3. Jony magnezu uwalniajg sie w znacznie wiekszym stopniu, niz jony
cynku. W ciggu 12 godzin uwolnito sie nawet do 60 % kationdw Mg?*, podczas gdy kationdéw
Zn** jedynie do 7 %, co stanowi wyziszy wynik niz w przypadku ksztattek
kolagenowo/apatytowych opisanych w publikacji P3. Potwierdza to takze hipoteze o
lokalizacji jonédw magnezu na powierzchni apatytu, a jondw cynku w krystalicznym rdzeniu
apatytu, co przektada sie na wyniki uwalniania kationéw ze struktury kompozytéw. Podobnie
jak wczesniej uwazam, ze warto by byto kontynuowaé eksperyment diuzej, by sprawdzié
mozliwos¢ dalszego uwalniania jondw cynku.

Potwierdzitam takze skuteczne uwalnianie sie ibuprofenu ze struktury granul. Zalezato

mi na szybkim osiggnieciu wysokich stezen substancji leczniczej, aby efektywnie i w krétkim
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czasie zahamowac proces zapalny. Zaobserwowatam szybkie uwalnianie substancji leczniczej
ze wszystkich badanych prébek w ciggu pierwszych 3 godzin. W zaleznosci od sktadu profile
uwalniania nieznacznie sie roznity co opisatam w publikacji P4 i przedstawitam na ponizszym
wykresie (Rysunek 16). Szczegdlnie ciekawa okazata sie analiza profilu uwalniania ibuprofenu
w pierwsze] godzinie, gdzie wida¢ znaczacg réznice pomiedzy granulami z chitozanowym
pokryciem i bez niego. Przypuszczam, ze grubsza powtoka chitozanowa o wiekszym stopniu
usieciowania mogtaby spowolni¢ uwalnianie leku, co bytoby korzystne np. przy podawaniu

antybiotykéw.

Rysunek 16. Profile uwalniania ibuprofenu z otrzymanych granul.
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Na podstawie badan biologicznych w warunkach in vitro na nowotworowej linii
komérek kostnych MG-63 z zastosowaniem techniki odczytu opartej na aktywnosci

dehydrogenazy bursztynianowej nie stwierdzono cytotoksycznosci otrzymanych prébek.
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5. Podsumowanie i wnioski

Podsumowujgc, w ramach pracy badawczej zrealizowatam wszystkie zamierzone cele,
przedstawione w rozdziale drugim niniejszej rozprawy. Otrzymatam kompozyt zawierajacy
kolagen oraz wielopodstawiony, biomimetyczny apatyt o potencjale aplikacyjnym w
medycynie regeneracyjne;j.

Otrzymatam szereg podstawionych jonowo apatytdw inspirowanych apatytem
biologicznym. Materiaty o takim sktadzie i wtasciwosciach nie byly dotychczas opisane w
literaturze. Wszystkie materiaty zostaty poddane szczegdtowej analizie fizykochemicznej i
wstepnym testom cytotoksycznosci w warunkach in vitro.

Opracowatam réwniez metode otrzymywania porowatych ksztattek kompozytowych na
bazie wczesniej otrzymanego proszku apatytowego oraz dwodch rodzajow kolagenu.
Materiaty kompozytowe zostaty zaprojektowane z mysla o jak najdokfadniejszym
odwzorowaniu tkanki kostnej, biorgc pod uwage jej sktad chemiczny oraz wtasciwosci
fizykochemiczne. Dodatkowo sprawdzitam mozliwos¢ zastosowania otrzymanych
kompozytéw jako nos$nikéw substancji leczniczej i zbadatam profil uwalniania modelowej
substancji leczniczej — kwasu traneksamowego.

Dalsze badania przeprowadzitam modyfikujgc sktad wczesniej otrzymanych kompozytow,
poprzez dodatek naturalnych polimeréw: alginianu sodu, serycyny oraz chitozanu i nadajac
im nowg forme — granul. Ponownie wprowadzitam modelowg substancje leczniczg, tym
razem ibuprofen sodu, majac na uwadze pozadany efekt terapeutyczny w miejscu
potencjalnego zastosowania. Wszystkie otrzymane kompozyty poddatam licznym badaniom
strukturalnym i fizykochemicznym, ocenitam kinetyke uwalniania substancji leczniczej i jonéw
w warunkach in vitro oraz dokonatam oceny cytotoksycznosci.

Najwazniejsze wnioski z pracy:
1. Otrzymatam nanokrystaliczny apatyt domieszkowany jednocze$nie trzema jonami:
Na*, Mg?* oraz COs%, a takze Zn?*, Mg?* oraz CO3*.
2. Szereg wtasciwosci fizykochemicznych otrzymanych proszkéw apatytowych zalezy od
warunkéw syntezy:
a. Wielkosc¢ i ksztatt krysztatow zalezg od stezenia reagentéw i temperatury,

b. Temperatura syntezy wptywa na stopien krystalicznosci apatytu,
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10.

11.

12.

13.

c. Wydajnos¢ wprowadzania jondw obcych do struktury apatytu zalezy od czasu

dojrzewania osadu oraz wartosci pH,

d. Czas starzenia oraz pH majg wptyw na biokompatybilno$é materiatu.
Ustalitam parametry syntezy, ktore sprzyjajg powstaniu apatytdw wysoce
biomimetycznych i biokompatybilnych: temperatura pokojowa, wysokie pH (wartos¢
ok. 11), niskie stezenia reagentéw (dla jonéw fosforanowych (V) - 5 % oraz dla jondw
wapnia - 3 %) oraz dtuzszy czas starzenia (réwny 7 dni).

Uzyskane proszki apatytowe zaklasyfikowatam jako materiaty o niskiej
krystalicznosci.

W otrzymanych apatytach obecne sg krysztaty plate-like charakterystyczne dla
apatytu biologicznego.

Jony cynku wbudowujg sie tatwiej, z wiekszg wydajnoscig w strukture apatytu niz
jony magnezu.

Kompozyty kolagenowo/apatytowe utworzone z uzyciem roztworu kolagenu typu |
charakteryzujg sie duzym stopniem homogennosci oraz réwnomiernym pokryciem
widkien kolagenowych biomimetycznym apatytem.

Ksztattki kompozytowe (zaréwno granule, jak i inne formy) charakteryzujg sie
wysokim stopniem pecznienia i duzg podatnoscig absorpcji wody.

Kompozyty kolagen/wielopodstawiony apatyt zawierajgce kwas traneksamowy
uwalniajg substancje leczniczg bardzo szybko. W krétkim czasie (15min) osiggnieto
wysokie stezenie leku, co jest cechg pozgdang w kontekscie potencjalnego
zastosowania.

Jony Zn?* i Mg?* uwalniaty sie znacznie wolniej i w mniejszym stopniu niz substancje
lecznicze (zaréwno kwas traneksamowy, jak i ibuprofen).

Istnieje zaleznos$¢ pomiedzy iloscig uwolnionych jondw, a ich lokalizacjg w strukturze
apatytu.

W kompozytach uzyskanych z zastosowaniem alginianu sodu jako rdzeniem granul
oraz dodatkiem polimeréw naturalnych dominuje struktura mezoporowata.
Wszystkie granule posiadajg dobrze rozwinieta powierzchnie wtasciwa.

Powtoka chitozanowa na powierzchni granul spowalnia proces pecznienia i

uwalniania modelowej substancji leczniczej oraz jonéw ze struktury kompozytow.
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6. Aspekty nowosci w pracy

Do najwazniejszych elementéw nowosci naukowej zawartych w niniejszej rozprawie

mozna zaliczy¢:

1. Opracowanie efektywnej syntezy HA domieszkowanego jednoczesnie trzema jonami:

Mg?*, Na* oraz COs%, a takze Mg?*, Zn?* oraz COs%.

2. Okreslenie wptywu warunkow syntezy (pH, stezenia reagentdw, temperatury i czasu
starzenia) na witasciwosci fizykochemiczne syntetyzowanych wielopodstawionych
apatytow. Otrzymanie biomimetycznych apatytdow o morfologii, krystalicznosci i
sktadzie chemicznym odwzorowujgcym apatyt biologiczny znajdujgcy sie w tkance

kostne;j.

3. Opracowanie nowych, wielofunkcyjnych kompozytow o unikalnym skfadzie,
nasladujgcych budowe tkanki kostnej i jednocze$nie wzbogaconych o dodatek

substancji leczniczej o wtasciwosciach hemostatycznych.

4. Analiza profilu uwalniania jonéw Mg?** oraz Zn** z materiatéw kompozytowych
kolagen/wielopodstawiony apatyt. Pogtebienie wiedzy dotyczacej réwnoczesnego
wprowadzania jondw magnezu oraz cynku do sieci krystalicznej apatytu oraz ukazanie

zalezno$ci miedzy ich lokalizacjg w strukturze apatytu, a ich uwalnianiem.

5. Uzyskanie nowych kompozytéw w formie granul o korzystnym profilu uwalniania
substancji leczniczej (lbu) i duzym potencjale aplikacyjnym w chirurgii

stomatologicznej, jako materiaty wykazujgce dziatanie przeciwzapalne.
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Abstract: Type I collagen and nanocrystalline-substituted hydroxyapatite are the major components
of a natural composite—bone tissue. Both of these materials also play a significant role in orthopedic
surgery and implantology; however, their separate uses are limited; apatite is quite fragile, while
collagen’s mechanical strength is very poor. Therefore, in biomaterial engineering, a combination
of collagen and hydroxyapatite is used, which provides good mechanical properties with high
biocompatibility and osteoinduction. In addition, the porous structure of the composites enables
their use not only as bone defect fillers, but also as a drug release system providing controlled release
of drugs directly to the bone. This feature makes biomimetic collagen—apatite composites a subject of
research in many scientific centers. The review focuses on summarizing studies on biological activity,
tested in vitro and in vivo.

Keywords: collagen; hydroxyapatite; biomimetic material; scaffold; bone regeneration; biocomposite

1. Introduction

Bone grafting, which is performed to regenerate bone tissue and to treat bone defects with various
origins, remains one of the most commonly performed surgical procedures. Every year, around two
million bone grafts are carried out worldwide, which shows the great need to develop this branch of
medicine [1,2]. The start of the development of bone implantology dates back to 1913, when an attempt
was made to implant a fragment of a cat bone and a human bone into a dog’s body. The overgrowth
of implants with newly created bone tissue was considered a great success; therefore, research on
xenografts, allografts and autografts intensified. Xenografts involve transplanting an organ, tissue
or cells to an individual of another species. An allograft is a bone or tissue that is transplanted from
one person to another. [3]. Today, due to the absence of autoimmune reactions, high osteoinduction
(the ability to induce the osteogenesis process) and osteoconductivity (the bone growth), the “gold
standard” is the autologous graft (transplant comprised of an individual’s own tissue). However,
it should be emphasized that its use is highly limited [3-7]. Allografts and xenografts are not only
associated with the risk of autoimmune reaction and consequently rejection of the implant, they are
also unable to meet the demands of the treatment of bone tissue defects. Artificial bone substitutes
have become a solution to these restrictions. The great advantages of these materials are their unlimited
production and control of their physicochemical and biological properties [4].

A variety of implant materials are used in bone restorative surgery, both biodegradable and
non-degradable. These materials can be a permanent filling or a tissue connector. The primary
requirements for biomaterials used as implants are: non-toxicity, durability, biocompatibility (blood
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compatibility), resistance to platelet and thrombus deposition and being non-irritating to tissue.
Moreover, they should be chemically stable and bio-inert. The most commonly used materials
are metallic, ceramic and polymer materials [8,9]. Unfortunately, none of these materials meet all
the requirements for implant biomaterials. Metals are often too stiff relative to bone tissue and
unfavorably corrode in the body. Ceramic materials, despite their high biocompatibility and bioactivity,
are characterized by poor strength and high fragility, and cannot be used in places subject to high stress.
Polymers are often characterized by over-flexibility and low strength in relation to mineralized bone
tissue. To maintain appropriate mechanical properties, a variety of composite materials are created,
usually containing a polymer phase (providing flexibility) and a ceramic phase (providing hardness
and strength) [9,10].

It is worth emphasizing that in creating synthetic bone substitutes, the key requirements for a
good scaffold are the biocompatibility of the material, its osteoconductivity and its osteoinduction [11].
The way to achieve the appropriate biological, physicochemical and mechanical parameters is to create
biomimetic materials, inspired by the chemical composition and the micro and ultra-structure of bone
tissue [11,12]. Collagen-hydroxyapatite (HA/Col) composites are this type of material. Type I collagen
and calcium phosphate in the form of apatite are the main components of bone and can be used in the
production of bone tissue replacements. Research shows that such biomaterials have good biological
and mechanical properties [13,14]. HA/Col composites can serve not only as a scaffold for newly
formed bone, but also as a carrier of drugs, delivering them directly to the bone [15]. What is more, the
development of 3D printing techniques makes it possible to create implants for the patient’s individual
needs (printing scaffolds with a specific shape and porosity) [16,17].

In the present paper the state of knowledge about HA/Col composites was studied. The work
is both a review of the basic methods of obtaining these biomaterials and the state of knowledge
about biological properties (in vitro and in vivo). This review focuses on composites containing
hydroxyapatite and collagen (bone tissue components). Further work is planned to summarize the
current literature on HA/Col composites with the addition of other synthetic components.

2. Bone Tissue

Bone tissue is a diverse form of connective tissue with high metabolic activity, heterogeneous
and dynamic structure and high mechanical strength [18,19]. It is made of extracellular substances
and bone cells: osteoblasts, osteoclasts, osteocytes and osteogenic cells. Bone tissue co-creates the
locomotor system, protects internal organs and bone marrow and stores mineral salts (99% calcium,
88% phosphorus, 50% magnesium and 35% sodium are located in bone tissue) [19]. Adaptation of
bone structure to perform such important functions includes a number of organizational levels.
These include: the molecular structure and distribution of crystals and organic components (nanoscale);
the structure of bone plates; the structure and arrangement of spongy bone tissue and osteons of
compact bone tissue; and macroscopic structure (macroscale) (Figure 1) [20,21].
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Figure 1. The multi-scale structure of natural bone.

The bone has a hierarchical structure: from the level of the whole tissue, i.e., the occurrence of
various types of long and short bones, flat or tubular, to the level of the tissues which are arranged in
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cortical and spongy structures, through to the microscopic level (images of cells, matrices and minerals)
to the level of nanometers from single bone apatite crystals and collagen fibers [20,22].

The osteon is the main structural and functional unit of compact bone. Its structure is made
of 6-15 cylindrical bone plates arranged concentrically around the central channel (Haversian
canal). The interior of the canal is filled with individual osteogenic cells, osteoblasts and osteoclasts.
The diameter of the channels is 20-100 um. Bone plates are made of parallel fibers, mainly built with
collagen type I mineralized with nanocrystalline multisubstituted carbonate hydroxyapatite (so-called
bone apatite). Bone tissue also includes other non-collagen proteins and water. In general, apatite
ensures bone hardness, while the organic fraction forms the scaffold for the biomineral and regulates
the biomineralization process [21].

Bone apatite, i.e., biological apatite, is a mineral with a specific chemical composition that
determines the biological, physicochemical and mechanical properties of the entire tissue. It is a
nanocrystalline carbonate hydroxyapatite, additionally containing a variety of different ions (e.g.,
Mg?*, K, Na*, Mn?*, HPO,42~ and SiO4*") [23-26]. The organic fraction of bone tissue is mainly
made up of type I collagen [27]. The latter consists of three polypeptide chains entwined to form a
triple helix. This structure is a so-called superhelix, with the occurrence of characteristic fragments
containing repeating sequences: Gly-Pro-Hyp. Five triple helices assemble with each other, creating
a microfibril. The microfibrils then organize into fibrils, forming compact fibers with diameters of
about 100-200 nm. Collagen fibers also crosslink via lysine residues. The ordered fibrillar system is
stabilized by other non-collagen proteins [27]. In the free spaces of collagen fibers, apatite crystals with
a width of 15-30 nm, a length of 30-50 nm and a thickness of 2-10 nm are settled. They are composed
of a crystalline core and a hydrated surface layer. The hydrated surface layer is about 1-2 nm thick
and contains various ions. Recent studies show that the components of the hydrated surface layer
are responsible for apatite reactivity, adsorption properties and the process of crystal maturation and
growth. It is noteworthy that this is also the border region between crystalline apatite and the organic
matrix of bones [28-31]. The small sizes of the crystals and the presence of such ions as CO3%", Na*
and Mg?* (in amounts of approximately 4-6%, 0.9% and 0.5%, respectively) means that particles of
natural hydroxyapatite are easily absorbed [32].

Among non-collagen proteins of extracellular bone tissue (constituting about 5% of the organic
matrix and synthesized by osteoblasts or other cells, or reaching bone tissue with blood), we distinguish
proteoglycans (mainly chondroitin sulphate), which can affect the formation, thickness and orientation
of collagen fibers, and are also for the binding of hydroxyapatite, osteonectin and osteocalcin, and
fixing proteins such as fibronectin, osteopontin and bone sialoprotein (BSP) [18,19].

In addition to the organic matrix (approximately 20-30% by weight) and the mineral fraction
(representing 60—-70% of bone mass and consisting primarily of nanocrystalline apatite), the third
equally important component of bone tissue is water. It constitutes about 10% of bone mass. It facilitates
fluid transport, contributes to elastic properties and plays a key role in the mineralization process.
Water is on the surface of mineral crystals, inside the crystals and between collagen fibers. Most of the
water is located in the pore spaces (so-called associated water), whose content decreases with bone age.
Apart from water associated with bone tissue, there is also bound water, located in the organic matrix;
i.e., in type I collagen fibers and in bone mineral.

It is also worth noting that bone tissue is a dynamic structure whose composition is not constant.
The content of water in bone tissue is also variable. This can affect the properties of collagen (its
elasticity); the coherence of the connections of bone composite components; and the ion exchange and
balance between bone formation and bone resorption. This is why the formation of new biomimetic
HA/Col biocomposites which imitate biological bone tissue is so important [23,27].

3. Synthesis of Collagen—Apatite Composites

When producing HA/Col composites, one should aim to produce a material that closely resembles
the chemical composition, micro and macro-structure and porosity of the natural composite, i.e.,
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bone tissue. Thanks to these biomimetic properties, materials with high compatibility as well as
osteoinduction and ocostoconductivity can be obtained [4,33]. There are several methods for obtaining
HA/Col composites [34].

Among them, the most basic method is the simple mixing of previously obtained apatite powder
with a collagen solution. Apatite can be synthesized in many ways. There are many reviews on the
preparation and properties of hydroxyapatite and hydroxyapatite enriched with various ions [35-38].
Usually, wet methods are used, which involve the precipitation of calcium phosphate from appropriate
reagents (e.g., calcium nitrate and ammonium phosphate, as sources of calcium and phosphorus,
respectively) added in the appropriate ratio (Ca/P molar ratio = 1.67) and at the appropriate pH (usually
pH > 8). The precipitate, after an appropriate aging time, is subjected to filtration, drying and heating
at a suitable temperature. It is worth noting that the concentrations of reagents, temperature, pH and
aging time influence the size of the crystals obtained and their morphology [35,36].

Type I collagen is often used to make composite materials (this is the organic matrix of bone
tissue). Collagen can be obtained from pig skin, bovine or horse tendons, rat tails, etc. [39]. In some
works, atelo-collagen was used, which was obtained after the enzymatic treatment of collagen and
removal of telopeptides (to minimize antigenecity) [40,41]. Atelo-collagen is often more soluble and
forms a collagen solution, whereas type I collagen forms a suspension. It is also worth mentioning that
collagen used as an individual material does not have osteoinductive properties, but acquires them in
combination with calcium phosphate (apatite) [3,4]. After mixing the gel/collagen solution with apatite
powder, a suspension is formed, which is then subjected to drying at a critical point, or lyophilization.
Of course, many authors have applied modifications of this method [42-55].

An interesting comparison of two methods for the preparation of HA/Col composites was
presented by Cuniffe et al. [42]. In the first method, nanohydroxyapatite particles were added to the
collagen suspension (slurry-suspension method) and then lyophilized, while in the second method,
the lyophilized collagen in the form of a porous scaffold was soaked in nHA suspension and then
lyophilized (immersion method). In both cases, composite scaffolds with highly porous, interconnected
structures were obtained. It was found that the suspension method was more repeatable and easier to
perform. In a paper by Uskokovic et al. [43], hydroxyapatite was obtained by the reaction of ammonium
phosphate and calcium nitrate and then calcinated at 1100 °C during 6 h. The hydroxyapatite was
mixed with type II collagen in a mortar and then pressed into pellets at room temperature and 60 °C.
The resultant composite material was subjected to physicochemical analysis. SEM analysis showed
that the material pressed at a higher temperature is characterized by more intimate contact between
collagen type I and apatite phases.

In a paper by Cholas et al. [44], hydroxyapatite microspheres obtained by spray drying were used
to produce the HA/Col hybrid composite. The paper suggests the possibility of using such a composite
as a carrier for a drug substance that would be placed in the mesoporous structure of the microspheric
HA (Figure 2).

Since 3D porous materials are characterized by a spongy structure, an interesting solution was
proposed by Teng et al. [45]. Type I collagen dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP)
was added to the aqueous suspension of hydroxyapatite. Titanium discs after previous cleaning
were coated with a homogeneous mass of a composite in a spinner, followed by drying the coated
Ti substrates in a desiccator under vacuum overnight. Subsequently, the coatings were chemically
cross-linked in two solutions: N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide (EDC) hydrochloride
and N-hydroxysuccinimide (NHS). The composite coatings obtained were characterized by high
homogeneity, while the sample containing 20% hydroxyapatite turned out to be the most hydrophilic.
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Figure 2. SEM of scaffolds. (a,b) Pure collagen. (c,d) Col/mHA (collagen/hydroxyapatite-microsphere).
Scale bars: 100 um (a,c), 20 um (b,d). Reprinted from [44] with permission from Elsevier.

Tampieri et al. obtained (HA/Col) composites by two methods. In the first, a collagen suspension
was mixed with hydroxyapatite previously obtained by precipitation from Ca(OH), solution with
H;3POy solution [46]. In the second method, the precipitation of hydroxyapatite from the reagents
used in method I was carried out in the presence of collagen. From the results, it can be concluded
that the method based on the direct precipitation of apatite in collagen solution is best. The resultant
material has much greater similarity to bone tissue, and the collagen fibers are in close connection
with apatite crystals. The material obtained by simply mixing the components is characterized by
properties similar to those of collagen. In addition, it is worth noting that according to the SEM results,
the composite obtained by the standard method (simple mixing hydroxyapatite with collagen) has a
less homogeneous structure with apatite crystals distributed unevenly on the surface of collagen fibers.

The method with the precipitation of hydroxyapatite in the presence of collagen has been repeated
by many researchers [30,56-60].

An interesting modification was developed by Yunoki et al. [56]. Synthesized under standard
conditions (phosphoric acid and Ca(OH), as reagents for HA and atelo-collagen type I mixed
together at pH 8-9 and temperature around 40 °C), self-organized nanocomposite HA/Col (after initial
lyophilization) was placed in distilled water or in PBS buffer (standard PBS, pH = 7,4) and then
re-frozen and placed under vacuum at 140 °C. In the presence of PBS, more effective crosslinking of
collagen fibers occurred and porous composites with very good mechanical properties were obtained.
According to Krishnakumar et al. [57], ribose can be used to successfully crosslink the HA/Col composite
structure (Figure 3). In this work, MgCl,e6H,0O was used as a source of magnesium ions introduced
into the structure of synthesized apatite in order to obtain a highly compatible material with bone
tissue. In research by Calabrese et al. [58], magnesium ions were also used in the production of the
composite, but crosslinking was carried out using bis-epoxy (1,4-butanediol diglycidyl ether, BDDGE).
Glutaraldehyde was another reagent that was used to crosslink the obtained hybrid composites [30,49].



Materials 2020, 13, 1748 60of 17

i * Calcium
addrionof " \ingacsim
(A) i . pH-drivenself- “APhosphate
acidic into basic e
suspension assembling of
P 3 ~ fibresand
Acidic suspension  Basic suspension nucleation 5

3D - MgHA/Coll ¢

Freeze [ i .
-» drying .

Collagen +H;PO, Ca(OH),+MgCl,-6H,0 i MgHA slurry
} Route I-Pre glycation
(B) MgHA slurry with 30 mM
D-ribose in (EtOH:PBS) 3D — MgHA/Coll-Pre-glycated
solution

Crosslinking at Freeze L o &
= 37°C for 5 days == drying —) . %
Y. ? 4

Route II-Post glycation . o ow

"
3D MgHAColl scaffolds with 30 mM s &u
D-ribose in (EtOH:PBS) solution > 5 = £

Ribose crosslinking

N — ’

Y _J
Freeze Crosslinking .
= ying P S S = at37°cfors > ::Ienz: > — T
86 days 3D — MgHA/Coll-Post-glycated

Figure 3. Detailed schematic illustration of the MgHA/Coll (type I collagen matrix with
magnesium-doped-hydroxyapatite nanophase) hybrid scaffold’s development: (A) pH-driven,
bioinspired biomineralization process; (B) MgHA/Coll crosslinking with ribose scaffolds in pre
and post-glycation processes. Reprinted from [57] with permission from Elsevier.

A completely different approach to creating a composite 3D structure was presented by
Zhou et al. [59]. To improve the mechanical properties of the composite, a porous ceramic matrix of
hydroxyapatite and beta-tricalcium phosphate (beta-TCP) was first formed. Then the ceramic 3D
material was soaked in a collagen and SBF suspension at pH 4-6 and then completely immersed in a
collagen solution and closed under high pressure. A vacuum infusion was carried out at a pressure of
10 Pa and held for 2 h to allow complete saturation of the samples. The scaffolds were freeze-dried and
then crosslinked with glutaraldehyde.

4. Biological Properties of Apatite-Collagen Composites

Of course, a key aspect of research on HA/Col composites is obtaining information on their
biological properties and the potential uses of the resulting biomaterials. Recently, there have been
more studies on this topic. Preclinical and clinical studies using various in vitro and in vivo models
provide important information on bone tissue regenerative properties; bioresorbability; and the impacts
of the elasticity and porosity of such bone substitutes in their micro and macro-environments.

4.1. Osteoconductivity, Osseointegration, Bioactivity and Biocompatibility

There are many studies confirming the ability of HA/Col composites to stimulate the formation
of new bone tissue. In all biological tests for the production of HA/Col composites, type I collagen
(atelo-collagen extracted from porcine dermis or bovine tendon) was used. In one study, Fukui et al.
implanted composites consisting of nano-HA and collagen into the mandibles of rabbits [61].
Collagen sponge and collagen sponge/calcined hydroxyapatite composite were used as controls.
Calcined HA was prepared by heating nano-HA at 900 °C for one hour. Histological examination
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showed a greater amount of newly formed bone tissue in the nano-HA/Col composite environment
than in controls, and faster implant replacement with host bone tissue, which also confirms the high
bioresorbability of the material.

The purpose of the research by Kikuchi et al. [40], was to synthesize a composite material (based
on hydroxyapatite and collagen) as similar as possible to bone tissue and to use it for testing on
dog tibia bones. In the synthesis of composites, the optimal pH and temperature were selected to
improve the mechanism of collagen fiber organization. The composite was introduced in place of
a 20 mm defect. Bone condition was observed using X-ray techniques for 12 weeks. In the place of
the composite, the newly formed bone tissue gradually penetrated, and the defect was completely
filled after 8 weeks. After 12 weeks, the bone and the composite were removed and the material
was observed with a microscope (Figure 4). Two types of cells near the composite were observed—
osteoblasts and osteoclasts. The composite was included in the bone remodeling process, which so
far has mainly been observed for autografts. Such high bioactivity of the material may be the result
of high similarity to bone tissue. The composite can be recognized as bone by the surrounding cells.
Nishikawa conducted research on a similar group (dog tibia bones) [62]. The stimulating effect of such
composites on the synthesis of new bone tissue has been proven. It is concluded from the results of
the study that HA/Col may be a source of calcium ions that are incorporated into the newly formed
bone tissue.
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Figure 4. HE-stained histological section (x100) of HAp/Col composite implanted into a beagle’s tibia

for 12 weeks. Triangles indicate elongated cells, and arrowheads multinucleated giant cells. Reprinted
from [40] with permission from Elsevier.

An important property when describing the biological functions of HA/Col composites, is their
ability to support migration of cells from surrounding tissues. Yoshida et al. studied the adhesion,
proliferation and osteogenic response of MG63 cells using 3D sponges, high porosity HA/Col and as a
control, collagen sponge [63]. The cells with sponge were examined by histology, total DNA content and
gene expression. The results suggest that materials based on hydroxyapatite and collagen have good
osteogenic properties and can successfully serve as scaffolds in bone tissue reconstruction. The total
DNA content in the HA/Col sponge was 1.8 times higher than in the control sample, and the osteogenic
cells showed good and even adhesion over the entire surface of the sponge. HA/Col composites
create a space that facilitates precursor cell migration, proliferation and differentiation. The results
were confirmed by another study using a HA/Col membrane [64]. Similarly, bone marrow cells were
cultured together with osteoblasts on the HA/Col composite and differentiation to osteoclasts was
observed without the addition of other factors. That distinguishes this material from pure HA or
TCP [65]. Wu et al. prepared the HA/Col composite in the form of microspheres, and with this model
also proved that osteoblasts are capable of proliferation, differentiation and mineralization in the
matrix of microspheres (Figure 5) [47].
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Figure 5. Confocal microscopy of osteoblast cells cultured on microsphere staining with DNA dye
YOYO-1 (HAp: hydroxyapatite, OB: osteoblast; 4 days after seeding). Reprinted from [47] with
permission from Elsevier.

Calabrese et al. implanted HA/Col composites in mice. Hydroxyapatite was additionally enriched
with magnesium ions [58]. The results indicate the ability of this material to recruit host cells and
promote ectopic bone growth in vivo. Correct angiogenesis was also confirmed by FMT analysis.
The authors emphasize that the materials are characterized by a high degree of safety, due to the lack
of the addition of growth factors or cells subjected to in vitro manipulation, and they can be a safe and
promising solution in the treatment of bone diseases [66].

There is a special, commercially available bone substitute biomaterial (Biostat) with the
composition: hydroxyapatite, collagen and chondroitin sulphate. In a clinical trial, two groups
were followed: group A—filling the defect with Biostat; group B—no defect fill [67]. After 4-6 months,
the group treated with Biostat implants showed a higher percentage of new bone tissue coverage
(67%) compared to group B (34%). Another study confirms that Biostat material affects bone tissue
reconstruction [68].

Materials with the best biocompatibility are still being sought. Certainly, the greater the similarity
to physiological bone tissue, the more likely it is that tissue compatibility will be achieved. It is
presumed that the carbonate content of apatite affects the formation of new bone tissue by affecting the
solubility and crystallinity of apatite [69]. Biological apatite contains about 4-6 wt% of carbonates [24].
Matssura et al. proved that among the HA/Col composites with different carbonate contents, the one
with the content of 4.8% could be distinguished from the others [48]. Composites containing this
apatite had the greatest ability to form new bone tissue after implantation in the femurs of rabbits.
This was observed on the X-rays and examined using histology. It was also concluded that bone
metabolism is strongly associated with the physicochemical properties of apatites, especially with the
carbonate content.

Mazzoni et al. assessed the biocompatibility, osteoconductive and osteoinductive properties of
HA (Pro Osteon 200) and collagen (Avitene) composites using a cell model—mesenchymal stem cells
(hMSC) [70]. Expression of osteogenic genes was analyzed in cells located on the composite. The results
showed that such biomaterial has the ability to induce osteogenic differentiation of hMSC, because it
induces osteogenic genes and increases matrix mineralization without toxic effects. Other studies also
conducted on the cell line have confirmed that the HA/Col composite has osteoinductive properties
and is a good tool to accelerate the migration, proliferation and differentiation of bone tissue cells [71].
The above material was also used in maxillofacial surgery as a kind of scaffolding for the zygomatic
bone. The high biocompatibility and the osteoconductive properties of the composite have been
confirmed and the low number of postoperative infections has been noted [72].

Initial tests have been carried out to check the bone density change after using various defect
replacement materials. One study used computer tomography (CT) to evaluate extraction site
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dimensions and density changes after a tooth extraction. Different graft materials were tested [73].
Patients were divided into three groups. The first group was treated with a demineralized bone matrix
with the addition of collagen membrane and the second with hydroxyapatite with the addition of
collagen membrane; in the third group the extraction site remained empty. A CT scan was performed
10 and 120 days after surgery. It was shown that the use of HA/Col gives the highest bone density
in CT compared to the use of demineralized bone matrix and group III. However, no changes in
vertical socket dimension were observed. Still, the authors of the study say that HA and collagen-based
material could be recommended to improve bone quality and could prepare the extraction site properly
for proper implant placement.

Clinical studies have also compared HA/Col and (3-TCP as implants in patients after a history
of bone cancer or fractures [74]. The effectiveness of the materials was evaluated by using X-rays
to assess bone regeneration. This study proved the superiority of porous HA/Col over 3-TCP by
presenting the results of bone regeneration and implant resorption (Figure 6). In contrast to 3-TCP,
the material containing collagen adapted to the shape of the bone defect, leaving no gaps or free spaces,
and connected continuously with the bone. There were more side effects for HA/Col than for 3-TCP,
but they were not serious.
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Figure 6. Results of X-ray evaluation. The scores improved over time during the follow-up period in
both groups. At each time point, the score in the HAp/Col group was higher than that in the 3-TCP
group. Reprinted from [74] with permission from Elsevier.

4.2. Bioresorbability of Composites

Biodegradation or bioresorbability are very desirable processes when designing implant
biomaterials. Due to such properties, the implanted material quickly disappears and is replaced
by newly forming host bone tissue. Biodegradation has been studied using composite membrane
carbonate apatite—collagen, in vivo and in vitro [75]. With the in vitro method, the membranes were
immersed in collagenase solution and the degradation time of the composite was analyzed. The results
showed a gradual increase in the concentration of calcium ions, which is related to and dependent on
the dissolution of the collagen membrane. The membrane was also implanted in rat bone tissue and
histological changes were analyzed. Studies have shown good membrane biocompatibility and the
biodegradation time has been reduced due to the presence of carbonate apatite. The biodegradation
time can therefore be controlled by the carbonate apatite contained in the membrane.

Another study compared the properties of pure hydroxyapatite with a carbonate apatite-collagen
composite [76]. Rabbit tibia bone fragments were removed and appropriate materials were implanted.
Composites gradually degraded, and the newly formed bone filled the defect within 6 weeks, while
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the implanted hydroxyapatite was not replaced by bone tissue. There are also other animal studies
that confirm the successful osseointegration of HA/Col materials [61,77].

4.3. Porosity and Biological Properties

The porosity of HA/Col composites also has a significant impact on biological properties. This was
tested on an animal model by implanting porous scaffolds into the tibias of rabbits. Implants with
higher porosity were characterized by faster formation of new bone tissue and its penetration into
composite structures. The porous structure ensures better osteoconductivity. It allows better cell
migration and facilitates the formation of blood vessels that ensure the proper nutrition of newly
formed bone tissue [78-80]. Porous composites in contact with water become elastic. This property
means that they are easy to use in surgery and adapt to the difficult shapes of cavities. However,
it is believed that these materials are less mechanically strong due to their porous structures. In the
study using HA/Col and TCP, the above materials were implanted in the tibia bones of rabbits to test
their biomechanical properties. It was found that although the HA/Col composite is less mechanically
durable than TCDP, after implantation in the place of defect it showed greater mechanical strength in a
given place than the TCP material [81].

Despite the fact that high porosity reduces its mechanical strength, sponge-like elasticity provides
easy “handling” during surgery [82]. After wetting, HA/Col porous composites become elastic, like a
sponge, and are easily implanted in bone defects [78,83]. From a surgical point of view, the addition of
collagen to hydroxyapatite provides many beneficial features during surgery: ease of fitting to the
defect site (blocks can be cut), easy adaptation to the defect morphology, the ability to stick material to
the transplant site and the ability to promote clot formation and stabilization thanks to the hemostatic
properties of collagen [63,79].

4.4. Anticancer Properties

There have been reports of the effect of mineralization of collagen fibrils in bone tissue on
the adhesion of cancer cells [84-86]. These studies are looking for the cause of bone metastases.
One approach was to investigate the effect of extracellular matrix bone on metastasis. A study
by Siyoung Choi et al. [87] demonstrated that the physiological mineralization of collagen fibrils
reduces tumor cell adhesion with potential functional consequences for skeletal colonization of
disseminated cancer cells in the early stages of breast cancer metastasis. Too little of the mineral part
of the matrix may be associated with an increased risk of bone metastases. The study compared
collagen-mineralized fibers and non-mineralized collagen for regulating the adhesion of metastatic
breast cancer cells. Endothelial collagen mineralization can change the response of cancer cells first
through integrin-mediated mechanotransduction.

5. New Trends

In bone diseases, pharmacotherapy is often used in addition to surgical treatment. It is
usually associated with serious side effects, and due to weak bone vascularization, therapeutic
drug concentration is not achieved [88]. For this reason, composite materials began to be used as drug
delivery systems to achieve greater therapeutic effects. There are studies which describe the introduction
of anti-resorptive drugs, anti-cancer drugs, antibiotics, proteins or genes [89-95]. It is worth mentioning
that infections occurring in the implant area are a major problem in orthopedic surgery. These infections
can lead to disabling or even life-threatening complications. In this situation, the introduction of
antibiotics directly to the place of therapeutic effect seems a good solution. Simultaneously, bone
defects are treated and infection is prevented. There are reports in the literature of the use of various
materials to deliver these medicinal substances to bone tissue. The porous HA/polymer structure
appears to be a suitable matrix for delivering antibiotics directly to the bone [96]. These composites
have been found to be highly biocompatible and also prolong the release of the substance. As a result,
such a composite was recognized as an effective carrier of antibiotics to control bone tissue infections,
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while supporting bone regeneration [89,90]. Due to the types of infection found in bone tissue, the most
commonly selected and tested antibiotics in combination with the composite are gentamicin and
vancomycin [91,94,97].

Currently, intensive work is underway on the possibility of 3D printing composite materials.
This technique involves the design of customized structures and enables effective filling of bone
defects [98]. Additive manufacturing (AM) is another rapidly growing area, which includes 3D
printing using computer technology (CAD). It enables the design of 3D structure composites at the
micro and nano-scale, layer by layer, matching the size and number of pores, plus the shape to fit the
implant to the bone defect [17,99]. For example, in [98], the 3D-printing and additive manufacturing
technique was used to develop new poly-lactic scaffolds coated with Col/HA composite to give them
biomimetic properties (Figure 7). Coatings were additionally enriched in an antibiotic, minocycline,
to provide antibacterial protection. As a result, material with a high biocompatibility and good
antibiotic release parameters was obtained. The literature reports that the best 3D printing method is
the low-temperature additive manufacturing method (LTAM). The most advantageous crosslinking
process for hybrid materials was taken into account, as was the possibility of introducing various
bioactive molecules without destroying their structures. According to current knowledge, 3D printing
seems to provide better material porosity and better control over this parameter. Comparing 3D
printed materials with non-printed materials, the former was more conducive to the proliferation of
bone marrow stromal cells and improved osteogenic results in vitro [100,101].

—
PLA-Col
Collagen (5 mg/mL)
3D PLA scaffold Alkali treatment
\ £
o
SNSS :
3 <
N(‘:“: - %
N‘:d &
S Y Mg 9Py ]
\:1‘ k5]
. NaOH (0.25 M): Ethanol é PLA-Col-MH
969 (1:1) Collagen (5 mg/mL), MH
(0.5 mg/mL)
PLA-Col-MH-cHA
N Collagen (5 mg/mL), MH (0.5
mg/mL), cHA (10mg)

Figure 7. Schematic diagram of the experimental procedure for the multifunctionalization of the
scaffolds after 3D-printing by using a simple coating process (PLA: polylactide; MH: minocycline
hydrochloride; cHA: citrate-hydroxyapatite nanoparticles). Reprinted from [98] with permission
from Elsevier.
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6. Conclusions

Creating biomimetic implant materials is one of the challenges faced by modern chemistry and
material engineering. Biologically inspired HA/Col composites seem very promising materials to
replace autologous bone grafts. Analyzing their chemical, physicochemical, mechanical and biological
properties, we observe that by modifying the methods of obtaining composites, and the composition of
hydroxyapatite, the greatest similarity to physiological bone tissue is achieved. Among other composite
materials used in orthopedic surgery, HA/Col composites are distinguished by good strength and
flexibility, and above all else, high biocompatibility, bioactivity, osteoconductivity and bioresorbability.
A review of previous studies, as well as visible new trends (3D printing, addition of medicinal
substances) and a steady increase in interest in this topic, confirm that HA/Col composites have great
potential in the treatment of bone defects and diseases.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Nanocrystalline, ionically modified hydroxyapatites mimicking bone apatite were synthesized. The powders
obtained by the wet method were enriched with the main “foreign ions” naturally occurring in bone tissue:
carbonates, sodium and magnesium ions. Various parameters of the wet method synthesis were modified: pH, the
concentration of reagents, the temperature during the precipitation, and ageing time. The materials were sub-
jected to physicochemical analysis with the use of various analytical methods, such as powder X-ray diffraction
(PXRD), transmission electron microscopy (TEM), inductively coupled plasma optical emission spectroscopy
(ICP-OES) and Fourier transform infrared spectroscopy (FT-IR). All the obtained materials were also biologically
tested in vitro for their potential cytotoxicity and biocompatibility. The morphology, crystallite sizes and crys-
tallinity indices were investigated and the content of hydrogen phosphates, carbonates, magnesium and sodium
were analysed. The concentration of reagents and temperature affect the size and shape of crystallites, while pH
and ageing time affect the amount of doped ions and the biocompatibility of materials. Optimal conditions for
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the synthesis of highly biomimetic and biocompatible materials have been identified.

1. Introduction

Biological apatites are the main inorganic component of human
mineralized tissues, constituting from 65 wt% (in the case of bone and
dentine) to even 98 wt% (in enamel tissue) [1]. Their synthetic reference
material is stoichiometric hydroxyapatite (HAp) with the formula
Cay0(PO4)6(OH)2. HAp is characterized by a high affinity to ionic sub-
stitution, which often makes it a compound with a more complex
composition [2]. Both calcium cations (mainly by magnesium, sodium,
potassium and zinc ions) and orthophosphate ions (by carbonates,
hydrogen phosphates, and selenates) and hydroxyl ions (by fluorides,
chlorides or carbonate ions) can be substituted. Thus, biological apatites
are compounds of variable composition, depending on the tissue they
build, the age of the organism, diet and environmental conditions [3,4].
Even heavy metal ions (such as lead or cadmium ions) are easily
substituted in place of calcium cations in apatite [5].

With a large variety of compositions, however, one can talk about
certain permanent "impurities" of biological apatite. These are primarily
carbonate anions and magnesium and sodium cations, replacing mainly

phosphates, and calcium cations, respectively. In general, biological
apatite is therefore multi-substituted carbonate hydroxyapatite deficient
in calcium and hydroxyl ions [6]. This deficiency is due to substitution
mechanisms and the need to preserve the neutral charge of the molecule.
For example, a divalent carbonate ion substituting a trivalent phosphate
ion simultaneously removes a calcium ion and a hydroxyl ion from the
molecule. The number of OH groups in apatite is also affected by the size
of the crystals and thus the degree of expansion of the crystal surface [7,
8].

Both Mg, Na and carbonate ions present in biological apatite enrich it
with many valuable biological and physicochemical properties. Mag-
nesium is involved in processes related to the strengthening and bone
remodelling. It is closely related to the mineralization of calcified tissues
and directly stimulates the growth of osteoblasts. Therefore, the loss of
magnesium has a negative effect at all stages of bone metabolism [9,10].
Sodium ions are osteogenic factors and stimulate bone tissue minerali-
zation. In biomaterials they improve biocompatibility [11]. Sodium and
carbonate ions improve solubility of the materials and significantly
affect apatite crystallinity [12,13]. Matsuura et al. suggested that apatite
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Table 1

Description of the samples.
Sample Concentration of Ca and pH Temperature Aging time  Sample Concentration of Ca and pH Temperature Aging time

P solution (%) (°C) (days) P solution (%) °C) (days)

LC9RT1 5/3 9.0 25 1 HCORT1 20/12 9.0 25 1
LC9RT7 5/3 9.0 25 7 HCORT7 20/12 9.0 25 7
LC9HT1 5/3 9.0 80 1 HCO9HT1 20/12 9.0 80 1
LCO9HT7 5/3 9.0 80 7 HCORT7 20/12 9.0 80 7
LC11RT1 5/3 11.0 25 1 HC11RT1 20/12 11.0 25 1
LC11RT7 5/3 11.0 25 7 HC11RT7 20/12 11.0 25 7
LC11HT1 5/3 11.0 80 1 HC11HT1 20/12 11.0 80 1
LC11HT7 5/3 11.0 80 7 HC11HT7 20/12 11.0 80 7

with carbonate content similar to that of human bone may induce bone
formation [13].

Bone apatite is a nanocrystalline material with plate-like crystals that
have a size of approximately 50 nm x 20 nm x10 nm and the average
amount of OH groups is only about 20% in relation to the stoichiometric
HAp. In turn, dental enamel apatite crystals are much larger; their length
reaches up to 200 nm, and the width and thickness, respectively 50-70
and 20-25 nm [14]. At the same time, the content of hydroxyl groups is
about 74% relative to stoichiometric HAp. Of course, both the presence
of various ions in the structure and the size of the crystals affect the
physicochemical properties of biological apatites, including resorption,
mechanical strength, thermal stability, etc. [15].

In recent years, numerous studies have focused on the synthesis of
ionically substituted hydroxyapatites capable of mimicking natural
biological apatites [16-24]. The research mainly concerned hydroxy-
apatites enriched in carbonate or magnesium ions, much less work was
devoted to co-substituted apatites containing both magnesium and
carbonates [25-28]. To the best of our knowledge, there are no papers
on multi-ionic co-substituted apatites containing magnesium, sodium
and carbonates [28]. Several works have been devoted to the methods of
biomimetic apatite synthesis, however, literature data indicate that
nanocrystalline apatites can be effectively obtained by the wet (pre-
cipitation) method. Various conditions were used during the precipita-
tion, with particular focus on the effect of pH on crystal morphology, or
the limit of substitution of given ions and their location were examined
[17,29-33].

In our work, we focused on the search for the most favourable con-
ditions for the wet synthesis of biomimetic nanocrystalline apatites
containing magnesium, sodium and carbonate ions. The values of Mg2*,
Na' and CO3~ in bone apatite differ depending on various factors such
as individual characteristics, age and health, however, they usually

o
HAp

—

range between 0.2 and 0.6 wt %; 0.5-0.8 wt % and 4-9 wt %, respec-
tively [4,34]. Therefore, we decided to synthesize apatites containing
nominally about 0.5 wt % of both Mg?* and Na * ions and 5% of CO3 .

We tested the influence of several factors: pH, temperature, con-
centration of reagents and precipitate aging time. The obtained mate-
rials were characterized by physicochemical methods: mid-infrared
spectroscopy (FT-IR), powder diffraction (PXRD), electron microscopy
(TEM) and inductively coupled plasma atomic emission spectrometry
(ICP-OES). The obtained powders were also tested for biological activity
and cytotoxicity in vitro.

2. Materials and methods
2.1. Synthesis of apatite samples

The synthesis of hydroxyapatite mimicking bone apatite was carried
out using a conventional wet method [35]. As initial reagents, the
following were used: calcium nitrate tetrahydrate (Ca(NO3)204H20),
ammonium hydrogen phosphate ((NH4);HPO,4), diammonium carbon-
ate ((NH4)2COs3), magnesium nitrate hexahydrate (Mg(NO3)206H50),
sodium chloride (NaCl), which are sources of calcium, phosphates,
carbonates, magnesium, and sodium, respectively.

Calcium nitrate tetrahydrate was purchased from Chempur, while
the other reagents were obtained from Sigma Aldrich. The amounts of
reagents were measured in such a way that the nominal contents of
carbonate, magnesium and sodium ions were 5.0, 0.5 and 0.5%,
respectively, and that the (Ca + Mg + Na)/(P + C) molar ratio was
approximately 1.7.

During the synthesis, four different parameters were modified:
temperature (Room Temperature RT or High-Temperature HT), ageing
time (1 day or 7 days), pH (9 or 11) and the concentrations of

Room temperature

]

temperature 80°C (HT)
L [ = 1
5 e ZE 7
pH=9 pH=11 PH pH=9 pH=11
= :/ N Se S
Y e P L /1'3 time of aging ey L = I"—\ ,1
24h 7 days 24h 7 days 24h 7 days 24h 7 days
N L | P | I
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Fig. 1. A scheme presenting the parameters modified during the synthesis.
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Fig. 2. TEM representative images of all the obtained powders.

phosphates and calcium (low concentrations 5%/3% or high concen-
trations 20%,/12%, respectively) (see Table 1).

Briefly, we dissolved Ca(NOg3)204H50, Mg(NO3)206H50, and NaCl in
deionized water in a 500 ml flask, kept under constant stirring (solution
A); (NH4)2HPO4 and (NH4)oCOs (solution B) were solubilized in
deionized water in a baker and quantitatively transferred in a dispenser.
Pouring drop by drop the solution B in solution A a white suspension was
obtained. The reaction was provided at room temperature (25 °C) or
high temperature (80 °C) using a water bath and maintained for 3 h. The
pH value of each sample was then adjusted to 9.0 or 11.0 using a
concentrated NH4OH solution. We obtained a total of 16 samples,
summarized in the following Fig. 1.

After ageing, each sample was washed with deionized and cen-
trifugated many times to eliminate ammonia residues and other soluble
products and reach the desired pH of 7. The so-obtained apatite pre-
cipitates were dried for 12 h at 120 °C.

2.2. Characterization

2.2.1. Physicochemical properties

After drying, the obtained samples were ground in a mortar and
subjected to the following analytical tests.

In order to determine the morphology of the obtained crystals,
transmission electron microscope (TEM, JEM 1400 Jeol Co. Japan)
studies were carried out at an accelerating voltage of 80 kV. The samples
were prepared by suspending the powders in ethanol and dropping the
suspensions onto a copper grid covered with Formvar coating and then
air-dried.

In order to assess the identity of the samples, all the powders were
analysed using a Bruker DX8 Discover powder diffractometer with CuKa
radiation (A=0.154 nm), (Bruker, Madison, WI, US). The diffraction
intensity data were scanned with a step size of 0.03° in the 20 range
from 15 to 55  and using the Bragg-Bentano geometry. The lattice pa-
rameters a and c of the unit cells and the size of the crystals were

determined with the Topaz software, using a basic Rietveld analysis
based on analytical profile functions and least-squares algorithms in
order to fit a theoretical diffractogram to experimental lines.

The chemical structure analysis of the obtained apatite materials was
performed by mid-infrared FT-IR spectroscopy (Perkin Elmer Spectrum
1000 spectrometer Waltham, MA, US) using the KBr tablet technique
with a spectral range of 4000 to 400 cm™! (30 scans and a 2 cm ™! res-
olution). The FT-IR method was also used to assess the content of car-
bonate ions and their location.

Quantitative analysis of magnesium, sodium, calcium and phos-
phorus was performed using the ICP-OES technique (Optima 3100XL
Perkin Elmer spectrometer). Powder samples were dissolved in
concentrated HNOs (Suprapur, Sigma Aldrich, Germany), and then
diluted properly to the appropriate volume with deionized water. All the
measurements were performed in triplicate, according to the five-point
standard curve for each element.

2.2.2. Biological characterization

In vitro tests in the scope of the biocompatibility evaluation of all
materials were carried out with two mammalian cell lines: BALB/c 3T3
clone A31 mammalian cells (mouse embryonic fibroblasts, American
Type Culture Collection) and MG-63 (human osteosarcoma, American
Type Culture Collection). The first line is a standard recommended for a
general in vitro cytotoxicity assessment according to the ISO 10993
guideline [36], while the second line is a commonly used human oste-
oblastic model in studies of bone substitutes. The influence of all the
materials on mammalian cells was assessed with the neutral red uptake
assay and with the MTT test (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide reduction assay), with two models of exposi-
tion: after an indirect contact (test on extracts according to the ISO
10993) and a direct contact (cells seeded onto the scaffolds).

As the first stage of the in vitro assays, the direct and indirect cyto-
toxicity of all samples was evaluated with BALB/c 3T3 cells.

For the tests on extracts cells were seeded in 96-well microplates (15
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Fig. 3. Representative PXRD patterns of the samples synthesized using low (A)
and highly (B) concentrated reagents.

000 cells/100 pL) in DMEM (Lonza) culture medium (supplemented
with 10% of calf bovine serum, 100 IU/mL penicillin and 0.1 mg/mL
streptomycin) and incubated for 24 h (5% COZ, 37 °C, >90% humidity).
At the end of the incubation, each well was examined under a micro-
scope to ensure that cells form a confluent monolayer. After that culture
medium was replaced by the tested extracts. Extracts were prepared by
incubation of tested materials in the cell culture medium (100 mg/mL)
with reduced serum concentration (5%) at 37 °C for 24 h with shaking
and sterilized by filtration. Cells were treated with four dilutions of each
extract in a twofold dilution series for 24 h. Subsequently, the treatment
medium was removed. Cells were washed with PBS and treated with the
neutral red medium for 2 h. Then the medium was discarded, and cells
were washed with PBS and treated with desorbing fixative (ethanol and
acetic acid water solution). The amount of neutral red accumulated by
cells was evaluated spectrophotometrically at 540 nm. Polyethylene film
and latex were used as the reference materials (with no cytotoxicity and
highly cytotoxic, respectively).

Ceramics International xxx (XXxX) XXX

The next test with the direct exposition protocol was performed with
the same cell line: BALB/c 3T3. All samples formed as discs with 13 mm
diameter were placed in the individual wells in 24-well plates. The discs
were seeded with 250 000 cells in 1 mL of supplemented DMEM and
placed in the incubator for the next 3 days. After that, the medium from
all wells was replaced with the MTT solution in PBS (1 mg/mL) and
incubated for 1.5 h. Subsequently, all discs were carefully transported to
the new 24-well plate, dried, flooded with 500 pL of isopropanol and
mixed gently with a microplate shaker for 15 min, until the reagent
obtained a uniform purple colour. Finally, the colour intensity was
determined spectrophotometrically at a wavelength of 570 nm. Ob-
tained results were presented as a percentage of the living cells on the
surface of the material compared to the effect calculated for the un-
modified hydroxyapatite (HAp) and a control cell culture. As a control
cell culture, an additional 48-well plate with a surface of each well equal
to the surface of the discs was used.

The second stage of the cytotoxicity evaluation was an application of
the MG-63 cells as a human osteoblastic model. The assay was per-
formed similarly to the test with BALB/C 3T3 cells seeded onto the
scaffolds. This time the materials were seeded with 250 000 MG-63 cells
in 1 ml of EMEM (American Type Culture Collection, supplemented with
10% of fetal bovine serum, 100 IU/mL penicillin and 0.1 mg/mL
streptomycin) and incubated for 7 days (5% CO,, 37 °C, >90% hu-
midity). The MTT assay was performed as described above. Obtained
results were also presented as a percentage of the living cells on the
surface of the material compared to the effect calculated for the un-
modified hydroxyapatite (HAp) and a control cell culture.

3. Results

Fig. 2 shows representative TEM photos taken from all the powders.
In general, the obtained materials are characterized by fine nano-
crystals. The crystals tend to form larger clusters due to the agglomer-
ation of fine particles. The presented photos show that the materials
obtained by synthesis at high temperature (HT) are characterized by
larger crystals compared to the crystals of samples synthesized at room
temperature (RT). Particularly, large crystals are observed in the image
of samples LCOHT24 and LC11HT?7. In turn, the HC11RT7 sample seems
to contain the finest crystals with the strongest tendency to form clus-
ters. In addition, it can also be observed that finer crystals are present in
samples precipitated from solutions with high concentrations of re-
agents. All obtained samples mostly contain crystals of a slightly elon-
gated shape, however, it can be seen that the powders obtained at room
temperature are composed of crystals with a more plate-like structure
compared to samples from the synthesis at higher temperature, where
needle-like crystals appear.

The diffractograms obtained from all the powders are presented in
Fig. 3 (A and B). The position of the reflections and their relative in-
tensity confirm that the obtained materials have an apatite structure and
are not contaminated with another crystalline phase. Reflections
compared to the PXRD pattern of standard hydroxyapatite (JCPD
09-0432) are wide, and poorly separated, which confirms their nano-
crystalline character.

The width of the PXRD reflections is used to estimate the size of the
crystallites according to the Scherer formula:

0.94%

~ P cosd M

where

d - crystallite size (nm)

A\ — radiation wavelength (nm)

B — the line full width at half maximum intensity (radians)
0 — the diffraction angle of the corresponding reflex (°).
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Various structural parameters determined from the PXRD diffractograms and the FT-IR spectra.

Sample a’ ¢’ Crystal size along c-axis (nm)” Crystal size along c-axis (nm)” Crystallinity index" Crystallinity index?
LC9RT1 9.448 6.874 27.5 9.5 0.264 0.131
LCO9RT7 9.430 6.870 25.4 8.1 0.219 0.129
LCY9HT1 9.449 6.881 32.9 8.3 0.786 0.181
LCOHT7 9.440 6.874 27.1 9.0 0.446 0.129
LC11RT1 9.434 6.872 24.3 8.4 0.223 0.125
LC11RT7 9.421 6.876 23.6 8.4 0.258 0.112
LC11HT1 9.434 6.872 27.0 9.3 0.446 0.137
LC11HT7 9.426 6.877 26.5 7.4 0.418 0.144
HC9RT1 9.473 6.874 22.7 6.2 0.262 0.124
HCORT7 9.427 6.869 21.1 6.8 0.213 0.131
HC9HT1 9.463 6.872 23.5 6.5 0.367 0.141
HCOHT7 9.451 6.872 23.0 6.6 0.303 0.138
HC11RT1 9.433 6.868 20.7 6.7 0.201 0.131
HC11RT7 9.426 6.872 22.3 7.1 0.248 0.129
HC11HT1 9.432 6.867 24.8 8.9 0.386 0.148
HC11HT7 9.428 6.871 25.7 9.6 0.426 0.147

@ Error £0.3%.

b Error + 3%.

¢ — CI measured from PXRD patterns.
4 _ CI measured from FT-IR spectra.

Calculations based on the reflex width (002) and (300) confirm that
each material is built of slightly elongated nanocrystals, whose length
and width range between 20.7-32.9 nm and 7.1-9.6 nm (see Table 2).
Based on the diffractograms, the unit cell parameters (a and c¢) were
calculated and also presented in Table 2. The same Table also includes
the values of the crystallinity index (CI;) calculated based on the ob-
tained diffraction patterns according to the following formula:

CI, = (0.24/p(002))?,

where

CI;- crystallinity index
f — the line full width at half maximum intensity (radians)

The obtained FT-IR spectra are shown in Fig. 4 (A and B). Each
spectrum contains a set of bands typical for HAp. Phosphate bands can
be observed in the range of 1200-900 cm’? (v1+v3) and 620-540 em?t
(v4). In turn, the band at 1630-1640 em’? corresponds to bending vi-
brations of water molecules adsorbed on the surface of the samples.
Stretching vibrations give a wide band at about 3420 cm’! (see the
representative spectrum in Fig. 2S in Supplementary Materials). At
about 3570 cm! there is a small band coming from structural vibrations
of hydroxyl groups, not bound by hydrogen bonds (Figs. 25 and 3S). The
librational vibrations of the OH groups are visible in the form of a small
band at about 630 cm™ - which is an extension of the left slope of the
band at about 601 cm™ (see Fig. 4). The obtained spectra at ca. 1550-
1400 cm™ and ca. 890-860 cm™ show bands of different relative in-
tensities coming from carbonates.

Table 3 presents the results of the quantitative analysis of magne-
sium, sodium, calcium and phosphorus obtained by the ICP-OES
method. The contents of magnesium and sodium varied significantly:
in the range of 0.10-0.51% and 0.10-0.43%, respectively. In turn, in the
case of the content of calcium and phosphorus (basic elements), the
differences were not so large: the content of calcium ranged from 34.89
to 37.08%, while the content of phosphorus - from 17.58 to 19.43%.
Using the spectra obtained with the FTIR method, the content of car-
bonates and the relative content of HPO4 groups (HPO3~ index) in the
obtained samples were estimated (see Table 3). Carbonate ions
accounted for from 1.08 to 3.32 wt%. apatites. In the case of HPO3 ™ ions,
the index of their content was estimated, which was in the range of
0.090-0.259.

The percentage of viable cells in each well was calculated by
comparing its ODs4q result with the mean result obtained for untreated

cells (incubated in the same conditions with fresh culture medium).
Samples were considered cytotoxic if they reduced cell survival below
70% compared to the untreated cells (a baseline cell viability). When the
BALB/c 3T3 cell viability was not decreased under 70% in the whole
range of tested dilutions of the samples, it was considered as non-
cytotoxic in this range of concentrations. All tested samples were clas-
sified as non-cytotoxic (see Fig. 5).

4. Discussion
4.1. Physicochemical properties

The aim of our research was, firstly, to obtain powders with similar
morphological characteristics and chemical composition to apatites
present in bone tissue. We decided to use the wet method, in an aqueous
solution. The available literature data and the results of our previous
research have shown that the wet method is a proper way for obtaining
powders with very fine crystals, similar in size and shape to biological
apatite crystals [6,23,37-39]. The smaller crystal size and higher spe-
cific surface area can enhance bioactivity of the materials, promoting
better cell adhesion, proliferation, and osteogenic differentiation. In
comparison, the high-temperature solid-state method leads to the for-
mation of microcrystalline materials [29]. Moreover, its disadvantage is
often the presence of additional phases, e.g. CaO or -TCP. In turn, the
use of the hydrothermal method can also lead to the formation of
monetite (dicalcium phosphate anhydrous, CaHPO4) and, what is more,
crystals exhibiting a characteristic elongated shape of rods with a length
of more than 200 nm [40].

The wet method allows for a single or multiple ionic substitution of
hydroxyapatite, and its efficiency depends on the synthesis conditions
and the type of introduced ion. Ions can also be successfully introduced
by other methods, including precipitation of hydroxyapatite from the
SBF solution [41]. However, this method may lead to co-precipitation of
other precipitates and contamination of the apatite with other "un-
wanted" ions.

In our synthesis, we used calcium nitrate and diammonium ortho-
phosphate as sources of calcium and phosphorus, respectively. These are
(together with calcium hydroxide and orthophosphoric acid) one of the
most frequently used reagents for obtaining hydroxyapatite by the wet
method. According to the available literature and our research [39,42],
as a result of the reaction, apart from apatite, only products that are well
soluble in water are obtained, which can be easily removed by washing
the sediment multiple times with distilled water.

In the presented study, we successfully obtained hydroxyapatites
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Fig. 4. Representative FT-IR spectra of the samples synthesized using low (A)
and highly (B) concentrated reagents.

using various modifications of the synthesis conditions in the conven-
tional wet method. Both TEM images and PXRD diffractograms of the
obtained powders showed that the obtained materials have a nano-
crystalline structure (see Figs. 2 and 3 A and B). From the calculated size
of the crystals measured along the c-axis, it can be concluded that the
synthesis from more concentrated solutions gives finer, slightly less
elongated, more plate-like crystals. This size ranges from 20.7 to 25.7
nm. Most likely, this is due to the greater number of crystallization
nuclei in more concentrated solutions.

Table 2 presents the unit cell parameters a and c¢ of the obtained
apatites. The values of parameters a and c change slightly and range
from 9.421 to 9.451 A and 6.867 to 6.881 A. Comparing these values to
the parameters of the unit cell of adult human bone apatite (9.460 and
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Table 3
Various quantitative results determined from ICP-OES (Mg, Na, Ca and P content
in wt.%) and FT-IR spectroscopy (carbonates content in (%) and HPO7 ™ index.

Sample Mg (%) Na(%) Ca(%) P (%) CO3~ (%)  HPOY
LCORT1 0.16 0.16 35.97 18.88  1.08 0.168
LCORT7 0.31 0.29 35.95 17.95 115 0.131
LCOHT1 0.10 0.26 34.92 17.58  2.06 0.160
LCOHT7 0.32 0.24 35.01 17.67  1.28 0.126
LC11RT1 0.31 0.32 35.39 18.03  1.33 0.148
LC11RT7 0.50 0.42 35.97 17.90  1.23 0.142
LC11HT1 0.51 0.29 35.65 18.01  1.09 0.174
LC11HT7 0.47 0.43 36.29 1810  1.20 0.138
HC9RT1 0.16 0.12 35.40 19.43  1.25 0.259
HC9RT7 0.30 0.32 36.30 18.49  2.84 0.090
HCOHT1 0.37 0.10 34.89 19.88  1.10 0.240
HC9HT7 0.55 0.21 36.12 1816  1.56 0.161
HC11RT1 0.36 0.25 37.08 19.16  1.36 0.153
HC11RT7  0.46 0.34 36.92 18.37  3.32 0.084
HC11HT1  0.39 0.27 35.48 18.47  1.89 0.122
HC11HT7  0.49 0.32 36.02 18.03  2.94 0.106

6.880 A), it can be concluded that they are similar [43].

The crystallinity index was calculated by two different methods:
using PXRD diffraction patterns according to Landi et al. [44-46] and
FTIR spectra according to Rey et al. [47]. The results presented in
Table 2 indicate that the crystallinity index I (IC;) is definitely higher for
samples synthesized at elevated temperature - it ranges in a fairly wide
range of 0.303-0.786, while for samples obtained at room temperature,
it is more stable and amounts to the 0.201-0.264. From the obtained
results, it can also be concluded that the concentration of reagents, aging
time and pH do not affect the crystallinity of the sample. Changes in
crystallinity indices based on FTIR spectra (ICy) are consistent with
those obtained from diffraction patterns (IC;). However, it should be
noted that IC; has a higher resolution and sensitivity than that calcu-
lated using FTIR spectra (ICy). In Ref. [48] it was suggested that both
methods are objective, effective and sensitive for hydroxyapatites with
low crystallinity. In our work, the IC; method turns out to be much more
appropriate to assess the crystallinity of the apatitic samples.

Vandecandelaere et al. point out that biomaterials based on nano-
crystalline apatite are bound to lead to better osteointegration and
controllable resorption, due to their high similarity to bone mineral and
higher solubility, as compared to commercially available, less-bioactive
products based on stoichiometric HAp or else to biphasic HAp/pTCP
scaffolds [29].

An important aspect of the synthesis of biomimetic apatites is the
enrichment of HAp in basic ions naturally occurring in bone apatite, i.e.
carbonates, sodium and magnesium, into the structure. Our goal was to
introduce these ions simultaneously in amounts of 5, 0.5 and 0.5%,
respectively. Single comparisons of stoichiometric and substituted HAps
can be found in the literature, e.g. Landi et al. developed Mg-substituted
hydroxyapatite, which showed in in vivo tests enhanced osteo-
conductivity and resorption compared to commercial stoichiometric
HAp granulate [49].

Magnesium ion substitution proceeds with different efficiency (from
20% for sample LCO9HT1 to 100% for samples HCOHT7, LC11RT7 and
LC11HT1). It is worth noting that magnesium ions were incorporated to
a small extent into the samples synthesized at pH=9 and short ageing
time in the mother solution (LCO9RT1 and HC9RT1). The data presented
in Table 3 show that the ageing time has the greatest influence on the
Mg?" substitution: precipitates that were left in solution longer (7 days)
are characterized by a significantly higher content of magnesium ions
compared to samples that were only aged for 24 h (1 day). It also seems
that higher pH during synthesis and ageing favours the substitution of
calcium ions with magnesium ions. Samples synthesized at pH 11 and an
ageing time of 7 days are characterized by a high magnesium content
(from 0.46 to 0.51%), which proves a very high efficiency of substitution
under these conditions.
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Fig. 5. The results of the neutral red uptake test on extracts with the BALB/c 3T3 cells for the highest concentrations of tested extracts (100 mg/mL) in comparison to

the untreated control (a baseline cells viability). All samples were classified as non-cytotoxic (>70% of living cells). HAp is an unmodified hydroxyapatite.

The efficiency of incorporating sodium ions into the hydroxyapatite
structure was on average lower than that of magnesium ions (from 24%
for sample HCORT1 to 86% for sample LC11HT7). The highest contents
of sodium ions were found in samples synthesized at pH 11 and matured
for 7 days. Interestingly, these were also samples with a high content of
magnesium, hence it can be concluded that both ions do not compete
with each other, and the lower efficiency of sodium introduction is due
to differences in valences.

Carbonate ions can be located in the apatite crystal structure in two
different places: due to their small size (178 nm), they can occupy the
place of OH structural hydroxyl groups (type A substitution) and phos-
phate ions (type B substitution) [50]. According to the literature, bone
apatite and hydroxyapatites synthesized by the wet method are domi-
nated by the B-type substitution [51]. In order to analyse the location of
carbonate ions in the obtained samples, the curve fitting procedure was
performed according to the procedure described in the literature
[52-54] (see Fig. 4S in Supplementary Materials). In the region of
1570-1370 cm’, three bands were distinguished: at 1420 cm’, 1480
cm’! and 1450 em™!, among them, the least intense band can be attrib-
uted to type A carbonates. In the spectrum of each sample, the share of
the band at 1450 cm! corresponding to type A vibrations of carbonates
is small and constitutes 14-26% of the entire area of the carbonate band.
In addition, the obtained spectra are characterized by low-intensity
bands in this range, which proves the low efficiency of introducing
carbonate ions into the apatite structure. Therefore, it was decided to
estimate the total content of type A and type B carbonates. The data in

Table 3 indicate that indeed, the efficiency of introducing carbonate ions
into apatite crystals is small and ranges from 21.6% for sample LC9RT1
to 66.4% for sample HC11RT7.

It seems that the content of carbonate ions in the samples was
affected by the ageing time: as in the case of sodium and magnesium
ions, a long time favoured the introduction of carbonates into apatites. A
similar effect can be observed for pH 11 compared to pH 9. Carbonate
ions were more easily incorporated into apatites synthesized using more
concentrated solutions (HT). However, the amounts of carbonate ions
are not very high. This may be due to too short a maturation time of
precipitate: our research on the precipitate of carbonated hydroxyapa-
tite matured six months exhibited high efficiency of CO%~ introduction
(data not shown).

At the same time, it is worth emphasizing that the content of car-
bonate ions in biological apatite largely depends on the degree of tissue
maturity: the older the tissue, the higher the content of carbonates in it.
On the other hand, according to the available literature, in young bone
apatite HPOZ ™~ ions are present. Recent studies have shown that HPOF~
ions are contained in apatite, not in a separate brushite phase, as pre-
viously thought [52,55,56].

Separation of the FTIR bands in the range of 700-450 cm! allowed
the detection of the band originating from the vibrations of the HPOZ~
group at 540 cm™! (see Fig. 5S and Table 1S in Supplementary Materials).
Its relative contribution to the v4 area is presented as the HPO4 content
index in Table 3. It is worth noting that the index value is higher for
samples aged for a shorter time, i.e. 1 day. It seems that the other
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Fig. 6. The results of the MTT assay with the BALB/c 3T3 cells (A) and with the
MG-63 cells (B) as a human osteoblastic model. The cells were seeded directly
onto the samples. The results are presented as a percentage of the living cells on
the surface of the material compared to the effect calculated for the unmodified
hydroxyapatite (HAp).

parameters (pH, reagent concentration or temperature) had no signifi-
cant effect on the content of these ions in the apatite samples.

4.2. Biological properties

In the test on extracts, the BALB/c 3T3 cell viability was not
decreased under 70% in comparison to the untreated control by any of
the tested materials. Therefore all tested samples were classified as non-
cytotoxic in the neutral red uptake assay (Fig. 5). However, in the test
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performed with the BALB/c 3T3 cells seeded directly on the discs a large
variation in the results could be noticed (see Fig. 6A). Fibroblasts on the
surface of most of the materials showed more than 70% survival
compared to the control culture, excluding samples: LCORT1, HCORT1
and HC9HT1. Comparing the obtained results to HAp allowed for a clear
differentiation of the samples (Fig. 6). A significantly higher percentage
of living cells on the surface of the material than the effect calculated for
the unmodified hydroxyapatite (HAp) was obtained for samples:
LC11RT7,LC11HT1, LC11HT7, LCORT7, HC11RT7, HC11HT7, HCORT7
and HCOHT7. Corresponding results were observed with the application
of the osteoblastic model on MG-63 cells (see Fig. 6 B). The differenti-
ation between all samples in this model was even more visible than with
BALB/c 3T3 cells. For several materials (samples: LC11RT7, LC11HT1,
LC11HT7, LCO9RT7, HC11RT7, HC11HT7 and HC9RT?7), the MG63 cells
grew even more intensively on their surface than on the control plate
(see Fig. 7). Summarizing all the observations, the factors with the
greatest impact on the in vitro biocompatibility of the materials were: the
longer ageing time of the reaction mixture and its higher pH. It is worth
noting that at pH 11, with a high concentration of OH- ions, the solu-
bility of the precipitate is hindered and thus the precipitation is quite
fast, which results in a strong tendency to agglomerate [57]. Therefore,
we can assume that better adhesion and cell growth on the surface of
materials synthesized at higher pH and with a long ageing time may
result from the formation of the developed surface area of these
materials.

The influence of the reagent concentration or the temperature of the
reaction was not that significant in any of the assays.

5. Conclusions

In this work, we synthesized hydroxyapatites modified simulta-
neously with three different ions: Mg>", Nat and CO3~. We analysed the
impact of various synthesis conditions on the physicochemical and
biological properties of the materials. Therefore, TEM, PXRD, FT-IR and
ICP-OES methods were used to study in detail the chemical structure and
composition of the samples. Moreover, in vitro test NRU on extracts using
the BALB/c 3T3 cells (fibroblasts) and MTT assays with the BALB/c 3T3
and MG-63 cells (osteosarcoma) seeded directly onto the samples were
performed.

The results showed that the wet method of synthesis of such mate-
rials leads to phase-homogenous, nanocrystalline apatites. The size and
shape of their crystallites depend on concentration and temperature.
Temperature influences also the crystallinity of the apatites. In turn, the
effectiveness of partial substitution of Ca by Mg and Na as well as
biocompatibility strongly depends on pH and time of precipitate ageing.
The time of leaving the precipitate in the mother liquor also has a large
impact on the introduction of carbonates into the HA structure: in our
research, we observed low efficiency of CO3%~ substitution during the
proposed time and simultaneously, high relative content of HPOZ ™.

The results of our work clearly indicate that synthesis conditions
affect the properties of hydroxyapatites mimicking biological apatite. To
obtain the material with high biomimetic properties and high biocom-
patibility, the synthesis should be provided under room temperature,
high pH, low concentration of reagents, and long aging time.

The results may be useful in biomedical applications, because ac-
cording to available literature, biomimetic apatite has better osteo-
conductivity over the time and higher material resorption in vivo
compared to commercially available biomaterials based on stoichio-
metric hydroxyapatite.
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Fig. 7. Selected pictures of the MG-63 cells seeded on the tested materials after 7 days of incubation and treated with the MTT reagent (purple formazan crystals
were present in living cells). A — an example of a not intensive growth, sample HCORT1; B and C — examples of the samples LC11HT7 and HC11RT7 where the number
of living cells were higher or similar to the results observed on the surface of the unmodified HAp; D — unmodified HAp. All pictures were taken with Keyence VHX-
7000 digital microscope, length of 100 pm is marked on each photo (lower right corner). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Figure 1S. Representative TEM images taken with different magnifications from LCIRT7
(A) and LC9HT1 (B) samples.



1030

<t
©
n
o
o
o ©
N
<t
o ™
o
™ To Y tile
M O—
© I 2
i [v'e)

| | | I I | I
4000 3500 3000 2500 2000 1500 1000 - 500

wavenumber (cm™)

Figure 2S. Representative FT-IR spectrum of the modified hydroxyapatite (sample LCO9RT?).

3570

HC11HT? ____._/\

. e

LC1MHTY?

HC11HT1

. —’_//\

__—/E/\
.. . T HC11RTH ’*’/\
.. =

LCGHT7

LC9HT1

HCORT1

5 :
wavenumber (cm™) wavenumber (cm™)

Figure 3S. FT-IR spectra in 4000-2000 cm™ region.
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Figure 4S. Curve fitting of the carbonates bands (in 1570-1350 cm™ region).

Original Trace +  Fitted Trace + Residual +
Peaks + Baseline +

T T T
620 580 540 500 460
wavenumber (cnr')

Thl] sslg

Figure 5S. Curve fitting of 700-450 cm™ region.



Table 1S. Curve fitting results for the v4-PO+*" domain and the accompanying librational
bands from hydroxyl groups.

Position (cm™) Assignment
627 OH’, librational mode
602 Regular apatitic PO4*~ environment
586 Regular apatitic PO4* environment
575 Regular apatitic PO4* environment
563 Regular apatitic PO4*> environment
546 HPO.% ions buried in the crystal lattice
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Abstract: The aim of this work was to obtain and characterize composite biomaterials containing
two components, namely carbonated hydroxyapatite, which was substituted with Mg?* and Zn?*
ions, and natural polymer—collagen protein. The following two different types of collagen were used:
lyophilized powder of telocollagen from bovine Achilles tendon and atelocollagen solution from
bovine dermis. The obtained 3D materials were used as potential matrices for the targeted delivery
of tranexamic acid for potential use in wound healing after tooth extractions. Tranexamic acid (TXA)
was introduced into composites by two different methods. The physicochemical analyses of the
obtained composites included Fourier-transform infrared spectroscopy (FT-IR), inductively coupled
plasma—optical emission spectroscopy (ICP-OES), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), powder X-ray diffraction (PXRD), release kinetics tests, swelling test, and
cytotoxicity assays. The studies showed that the proposed synthetic methods yielded biomaterials
with favorable physicochemical properties, as well as the expected release profile of the drug and
ions from the matrices.

Keywords: composite biomaterials; carbonate hydroxyapatite; zinc; magnesium; tranexamic acid;
drug delivery; wound healing

1. Introduction

The extracellular matrix of bone is a composite material consisting primarily of calcium
phosphate apatite, collagen type I, and water. The chemical composition of osseous tissue
depends on hormonal, nutritional, and mechanical factors, as well as on the bone’s location.
It is assumed that 60-70 wt.% of bone tissue is in mineral phase, 20-30 wt.% is an organic
matrix, and the rest is water [1,2]. Mineral fraction is formed by thin, plate-like nanocrystals
of calcium- and hydroxyl-ion-deficient hydroxyapatite, enriched with a variety of different
ions (e.g., Mg2+, K*, Na*, Mn?*, CO32~, Si04*7) [3,4]. The apatite nanocrystals are oriented
with their c-axis parallel to each other and aligned with collagen molecules [5].

Bone tissue is known for its remodeling ability. However, in special cases of bone
defects, such as trauma, osteomyelitis, osteosarcoma, or complicated tooth extraction, when
natural bone regeneration fails, some clinical interventions are required [1].

Currently, biomaterial engineering is still looking for the ideal bone-substitute material,
which should exhibit properties such as biocompatibility, durability, appropriate porous
structure, osteoconduction, bioactivity, etc. [6]. Therefore, to achieve structural integrity
and great tensile strength, selecting an ideal biomaterial is a challenge [7]. Collagen—apatite
composites have attracted extensive attention from researchers due to their great simi-
larity to bone tissue and very promising properties [4,8—11]. So far, the composites have
been obtained primarily using stoichiometric hydroxyapatite with the general formula
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Cap(PO4)s(OH),. However, HA in its stoichiometric form is characterized by poor bioactiv-
ity and weak bioresorbability; therefore, it does not fully simulate the properties of osseous
apatite [12]. The high ease of ionic substitution in HA crystals enables the introduction of
ions present in natural apatite, but it also yields the modification of ions with additional
favorable properties.

In our work, HA was substituted with two main “impurities” of bone apatite, mag-
nesium, and carbonates, as well as with zinc ions. Magnesium is required to maintain
homeostasis in mineralized tissues. It stimulates osteoblasts and influences the secretion of
parathyroid hormone (PTH) and vitamin D. Magnesium deficiency increases the activity
of osteoclasts, which contributes to bone loss [13,14]. Approximately 5-8 wt.% carbonates
are present in bone apatite. Carbonates significantly affect the morphology and physico-
chemical properties of apatite crystals: they increase the c-axial length, decrease the a-axial
length, and improve bioresorbability and porosity [15,16].

In turn, zinc stimulates the process of osteoblastogenesis and the production of bone
growth factors. It takes part in the mineralization of bone tissue and inhibits bone resorp-
tion [17-19].

It is worth noting that, during orthopedic surgery or several dental procedures, hem-
orrhages are a serious problem in surgery. Often in such situations, blood transfusions
are performed, but it is known that they are associated with many complications, such
as blood-borne infections, immune cross-reactions, or thromboembolic events [20,21]. A
promising solution to this problem may be to offer a new function to the scaffold material—
it can serve as a carrier for a hemostatic drug to shorten the bleeding and reduce blood
loss. One of these drugs is tranexamic acid (TXA). Its mechanism of action is reversibly
blocking lysine-binding sites of plasminogen, resulting in the conversion of plasminogen to
plasmin being blocked, thereby preventing the dissolution of the fibrin clot. In this way, the
antifibrinolytic effect is achieved [22,23]. The application of the drug directly at the site of
action can significantly reduce both the therapeutic dose and the occurrence of unfavorable
side effects [24]. It should not be forgotten that plasminogen is a very important factor
in the wound-healing process. It leads to cytokine induction and intracellular-signaling
events, resulting in an enhanced and early inflammatory response. TXA would be helpful
in controlling the bleeding, but the inhibition of plasminogen results in poor angiogenesis in
the healing area [25-27]. In our opinion, its use in minor procedures (e.g., dental) is justified
because we want to quickly stop bleeding in a relatively small surgical area. Moreover, our
goal is to quickly release TXA from the composite matrix. After the release of TXA, the
material is supposed to act as a bone-substitute material, slowly releasing additional zinc
and magnesium ions that have a positive effect on bone growth.

So far, there have been several studies on the local delivery of TXA by calcium-
phosphate-based materials and there is scope for further development [28].

It should be mentioned that collagen (in the form of sponges) is also used as a topical
hemostatic agent. It serves as a matrix of clot formation. Moreover, it plays the role
of initiator of the coagulation cascade. The use of tranexamic acid in combination with
collagen may be considered in the prevention of excessive blood loss [29-31].

The aim of this work is to develop a new, three-dimensional collagen/modified
nanoapatite composite containing TXA. Due to the hemostatic effect of TXA and collagen,
it could be potentially used as a wound dressing in dental surgery, i.e., socket grafting
and alveolar bone preservation. The use of biomimetic apatite with zinc ions may induce
a natural process of bone tissue regeneration, which is an important issue after tooth
extraction [32].

2. Materials and Methods
2.1. Samples Preparation

The mineral fraction of the composite, consisting of carbonate hydroxyapatite con-
taining magnesium and zinc ions, was synthesized using the wet precipitation method in
an air atmosphere. Calcium nitrate (V) tetrahydrate (Ca(NO3);-4H,0), diammonium car-
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bonate ((NH4)2,CO3), purchased from Chempur (Piekary Slaskie, Poland), and ammonium
phosphate dibasic ((NH4),HPOy), zinc nitrate hexahydrate (Zn(NOs),-6H,0O), magnesium
chloride anhydrous (MgCl,), purchased from Sigma Aldrich (Bangalore, India), were used
as the substrates for the synthesis. All the reagents were weighed out to obtain the com-
pound with the nominal composition Cag 75Zng 5Mg( 25(PO4)sCO30H and then dissolved
separately in distilled water. The sources of phosphates and carbonates were slowly added
to the sources of calcium, zinc, and magnesium, stirring constantly. The pH was adjusted
to 11 using a concentrated ammonia solution, and the obtained suspensions were then
mixed for two hours. The slurry was left to age for 7 days without being stirred. This
process of aging is of great importance in ensuring biocompatibility and the mapping of
the physicochemical properties of biological apatite. After that, the precipitate was washed
several times with distilled water, filtered, and dried at a temperature of 100 °C for 24 h.
Then, the material was crushed in an agate mortar to subject it to further tests and use in a
composite synthesis. The powder was named mHA (mimetic hydroxyapatite).

mHA and two different types of collagen were used as starting materials to obtain
the composites. As collagen proteins, collagen type I from bovine Achilles tendon (Sigma
Aldrich, St. Louis, MO, USA) and atelocollagen from bovine dermis (3 mg/mL) (Cosmo Bio
Co., Tokyo, Japan), were used. Type I collagen was suspended in 1% acetic acid to obtain a
0.5% solution of collagen. Then, 10 mL of collagen slurry was mixed at 4 °C with 240 mg
of the mHA powder using a mechanical stirrer until a satisfactory level of homogeneity
was achieved. After that, the pH of the slurry was adjusted to 8 using a concentrated
ammonia solution. The precipitate was washed several times with distilled water, frozen,
and freeze-dried. Composites with atelocollagen were obtained identically, except for the
preparation of the collagen suspension.

TXA (purchased from TCI Chemicals, Belgium) was added to both composites at
two different stages of synthesis. The first way was to add 10 mg of TXA directly to the
obtained suspension (before freezing). The other method consisted of soaking the obtained
composites for one hour in a drug solution (0.3 mol/L) after lyophilization. Then, the
composites were again frozen and lyophilized. All types of the obtained composites are
presented in Table 1.

Table 1. Types of composites.

Sample Collagen Type TXA Addition Method

AmHA atelocollagen from bovine dermis -

OmHA collagen type I from bovine Achilles tendon -

AmHA1 atelocollagen from bovine dermis direct addition of TXA.
powder before freeze-drying

AmHA2 atelocollagen from bovine dermis soaking in a TXA solution

OmHA1 collagen type I from bovine Achilles tendon direct addition of TXA

powder before freeze-drying

OmHA2 collagen type I from bovine Achilles tendon soaking in a TXA solution

2.2. Analytical Methods

To confirm the identity of the obtained powder and composites, Fourier-transform
infrared spectroscopy (FT-IR) studies were performed using a PerkinElmer Spectrum
1000 (Waltham, MA, USA) spectrometer. Transmission spectra were acquired in the
4000-400 cm ! range at a spectral resolution of 2 cm ! from KBr pellets using 30 scans. All
of the obtained spectra were processed using GRAMS/AI 8.0 (Thermo Fisher Scientific,
Waltham, MA, USA) and KaleidaGraph 3.5 (Synergy Software, Reading, PA, USA) software.

The phase composition of the synthesized powder was analyzed by powder X-ray
diffraction (PXRD). The patterns were collected using a Bruker DX8 Discover diffractometer
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(Billerica, MA, USA) using (CuKa radiation A = 1.54 A), in the 2 theta range from 20° to
70°. The crystallite size was determined using the Scherrer formula:

094A
~ Bcost’

where

d is the crystallite size (nm),

A is the X-ray wavelength (nm),

B is the line broadening at half the maximum intensity (radians), and

g is the Bragg angle for the corresponding reflection (°).

To estimate the crystallite size along the a4 and c axes, reflections at approximately 26.1°
and 39.5°, respectively, were chosen.

The microstructural features of the powder sample were studied using the high-
performance JEM 1400 transmission electron microscope (TEM-JEOL Co., Tokyo, Japan,
2008), equipped with an 11-megapixel MORADA G2 TEM camera (EMSIS GmbH, Ger-
many) under an accelerating voltage of 80kV. The analyzed material was prepared by
suspending the powder sample in 96% ethanol, then dropping it onto a copper grid,
followed by air-drying.

The concentration of calcium, phosphorus, magnesium, and zinc was measured via
inductively coupled plasma—optical emission spectroscopy (ICP-OES), using an Optima
3100 XL PerkinElmer spectrometer (Llantrisant, UK). The powder sample was dissolved in
concentrated HNOj3 (Suprapur, Sigma Aldrich, St. Louis, MO, USA) and diluted properly
with deionized water. To calculate the carbonate content (types A + B), a method described
previously by Clasen and Ruyter was used [33,34].

To determine the morphology of the composites, scanning electron microscopy (SEM-
JSM-6390LV JEOL microscope, JEOL LID., Tokyo, Japan) at a 20 or 30 kV accelerating
voltage was chosen.

The in vitro cytotoxicity assessment was conducted. The neutral red uptake test
was performed based on ISO 10993 guideline Annex A [35] with a BALB/c 3T3 clone
A31 mammalian cell line (mouse embryonic fibroblasts from the American Type Culture
Collection). The quantitative estimation of viable cells in the tested cultures was based on
their neutral red uptake in comparison to the results obtained for the untreated cells. Dead
cells had no ability to accumulate the dye in their lysosomes. The BALB/c 3T3 cells were
seeded in 96-well microplates (15,000 cells/100 puL) in a DMEM (Lonza, Walkersville, MD,
USA) culture medium (supplemented with 10% calf bovine serum, 100 IU/mL penicillin,
and 0.1 mg/mL streptomycin) and incubated for 24 h (5% CO,, 37 °C, >90% humidity). At
the end of the incubation, each well was examined under a microscope to ensure that the
cells formed a confluent monolayer. Afterwards, the culture medium was replaced with
the tested extracts. Extracts were prepared by incubating the tested materials in the cell
culture medium (50 mg/mL) with a reduced serum concentration (5%) at 37 °C for 24 h
with shaking and sterilization by filtration. Cells were treated with four dilutions of each
extract in a two-fold dilution series for 24 h (three data points for each one). Subsequently,
the treatment medium was removed. Cells were washed with PBS and treated with the
neutral red medium for 2 h. Then, the medium was discarded, and cells were washed
with PBS and treated with desorbing fixatives (ethanol and acetic acid in water solution).
The amount of neutral red accumulated by cells was evaluated colorimetrically at 540 nm.
Polyethylene film and latex were used as the reference materials (with no cytotoxicity and
high cytotoxicity, respectively). The percentage of viable cells in each well was calculated by
comparing its OD540 result with the mean result obtained for the untreated cells (incubated
in the same conditions as the fresh culture medium). Samples were considered cytotoxic
if they reduced cell survival to below 70% compared to the untreated cells (baseline cell
viability). When BALB/c 3T3 cell viability did not decrease to under 70% in the whole
range of tested dilutions of the samples, it was considered non-cytotoxic in this range of
concentrations.
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The swelling ratio of the obtained composites (OmHA1, OmHA2, AmHA1, and
AmHAZ2) and the pure collagen sponge (1 cm x 1 cm x 1 cm) was measured by incubation
in ultrapure water at 37 °C. Subsequently, the samples were withdrawn from the solution
after soaking for 15, 30, 60, 180, and 360 min, and the surface adsorbed water was removed
by filter paper. The swelled samples were then weighed immediately. The swelling ratio
was definite as the ratio of weight increased (W-W0) to the initial weight (W0). Each sample
was tested in triplicate.

The in vitro release of TXA from the composites was evaluated in Falcon 50 mL tubes.
The studies were performed in a phosphate buffer (pH = 7.4). Each tube contained 250 mg
of a specific type of composite immersed in 50 mL of the release medium in the bath shaker
and stirred at 100 rpm at 37 °C before being incubated for seven days. Sample aliquots of
5 mL were withdrawn at regular time intervals (15 min, 30 min, 1 h, 3 h, 6 h). All the samples
were filtered through a membrane syringe filter with a pore size of 0.8 um. Each time, the
volume of the medium taken for analysis was replaced with a new phosphate buffer portion.
The samples were then analyzed by HPLC using chromatographic equipment, consisting
of a Varian Prostar 210 isocratic pump (Palo Alto, CA, USA) and a Rheodyne 7725i injector
(Cotati, CA, USA) with a 20 uL sample loop. Detection was performed by a Varian Prostar
325 UV detector using a detection wavelength of 220 nm. The chromatographic conditions
and measurement procedures were previously described [36]. The LC column used was
a4.6 mmi.d. x 250 mm length XTerra RP 18 analytical column that was purchased from
Waters (Milford, Ireland). The mobile phase consisted of anhydrous sodium dihydrogen
phosphate, sodium lauryl sulfate, and triethyl amine (pH 2.5) mixed with methanol in a
ratio (60:40, v/v). It was degassed by sonication before use. The flow rate of the mobile
phase was maintained at 1 mL/min. HPLC analysis was conducted at 30 °C. Peak areas
were measured for the quantitation of the TXA. Stock solutions of TXA 500 ppm were
prepared by dissolving the appropriate amount in water. Calibration standards were
prepared over a concentration range of 20, 50, 100, 250, and 500 ppm for TXA by the
appropriate dilutions of the above-mentioned standard solution. Calibration standards
were analyzed in triplicate for the calibration curve.

The in vitro release of zinc and magnesium ions was studied in the same manner as the
TXA release test. However, a decision was made to extend the duration of the experiment,
and the samples were withdrawn at the following intervals: 15 min; 30 min; 1 h; 3 h; 6 h;
12 h; 1 day; 2 days; and 7 days. The concentration of magnesium and zinc ions released
into the PBS solution was determined by ICP-OES using an Optima 3100XL spectrometer
(Perkin Elmer, Waltham, MA, USA).

3. Results
3.1. Physicochemical Properties of mHA Powder

The FT—IR spectrum of the obtained mHA powder is presented in Figure 1A. It ex-
hibits the bands characteristic of orthophosphate ions at 1020 cm~! and 560610 cm™~!,
assignable to v1 + v3(POy) and v4(POy), respectively. The wide bands at approximately
3450 cm~! and 1640 cm ™! can be assigned to the stretching and bending vibrations, respec-
tively, of the OH groups from physically adsorbed water. The bands in the 1550-1400 cm !
region and a small band at 870 cm ! refer to the CO32~ groups. The curve-fitting process
of the 1550~1400 cm ! region (data not shown) depicts three main bands at 1510, 1450, and
1420 cm~!. The band at 1510 cm ! belongs to carbonate type A (the substituting structural
hydroxyl groups) and constitutes about 15% of the integral intensity of this region. The
most intensive band at 1420 cm ™! (60% of the integral intensity) is typical in carbonates
substituted for orthophosphates (type B), while the band at 1450 cm ! refers to both types
of carbonates. Thus, it can be concluded that carbonate ions present in the apatite structure
are mainly located in place of phosphates.
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Figure 1. FT—IR spectrum of mHA-(A), PXRD diffractogram of mHA-(B), TEM images of mHA-(C,D).

The total content of carbonate ions calculated by the Clasen and Ruyter method was
estimated to be 6.4 £ 0.3 wt.%, which is very close to the expected value (6.5%).

It is worth emphasizing that the large width of all bands present in the spectrum
indicates the poorly crystalline nature of the material obtained. This is also evidenced by
the weak separation of the phosphate bands, as well as the lack of a detectable band at
3570 cm ™!, corresponding to the stretching vibrations of the structural OH groups.

The PXRD diffractogram of the mHA sample is shown in Figure 1B. The pattern reveals
the reflections originating from only one crystalline phase of hydroxyapatite ICDD 09-0432).

As is clearly seen, the reflections are broad and poorly resolved, which is typical in
poorly crystalline structures. The Scherrer formula was used to calculate crystallite sizes
along the a and ¢ axes, and the following result was obtained: the size of the crystallite
along the a and ¢ axes was 10.8 £ 0.5 and 6.5 & 0.2 nm, respectively. It is worth mentioning
that the crystal size of biological apatite had a great variety among reports (it is related to
the age and location of bone tissue) from several nm to 100 nm [37].

The TEM images in Figure 1C,D indicate that the studied powder was nanosized with
plate-like fine crystals. These results are in agreement with those from the FI-IR and PXRD
methods described above. It is noteworthy that the needle-like or elongated crystals were
not detected, which confirms the biomimetic morphology of the obtained powder [38].
A strong tendency for the crystals to form agglomerates can be observed; thus, it was
impossible to use TEM images to measure crystal size.

In order to measure the zinc and magnesium content in the powder, the ICP-OES
method was used. It is noteworthy that we aimed to synthesize a biomimetic HA that con-
tained quantities of ions, similar to those found in biological apatite. Based on a literature
review, the optimum value of Mg?* was assumed to be approximately 0.5wt.% [39]. Tt
was also intended to introduce about 3.5% of the zinc ions to obtain additional osteogenic
activity. The results provided from ICP-OES were as follows: 0.33 & 0.02% and 3.21 £ 0.03%
for magnesium and zinc ions, respectively. The zinc content is very similar to that assumed



Materials 2022, 15, 8888

7 of 14

during synthesis, while magnesium content is slightly lower. Both ions (Zn?*" and Mg?*)
feature smaller ion radii (0.074 and 0.072 nm, respectively) than Ca?* (0.099 nm). According
to the literature, magnesium substitution into hydroxyapatite is significantly limited (to
approximately 0.5 wt.%) [40]. In turn, zinc ions may be introduced into hydroxyapatite
crystals in two different ways, namely by either replacing calcium cations or by being
inserted between two oxygen atoms in the columns of OH groups [41,42]. Nevertheless, it
should be noted that these ions compete in the substitution of Ca?* and, based on previous
research, it can be assumed that zinc ions are more easily introduced into the HA crystal
than Mg?* ions [40,43].

The (Ca + Zn + Mg)/P molar ratio calculated using the ICP-OES results was 1.62 4 0.02,
which is typical for calcium-deficient hydroxyapatite [43].

3.2. Physicochemical Properties of Composites

To prepare collagen—apatite composites, apart from mHA powder, the following two
types of collagen were used: atelocollagen and freeze-dried type I collagen from bovine
Achilles tendon.

FT-IR representative spectra of the obtained two types of composites, OmHA and
AmHA, are shown in Figure 2. For comparison, mHA and collagen type I spectra are
also presented in Figure 2. The spectra of OmHA and AmHA composites show the main
characteristic bands of both mHA and collagen. The bands at 3300 cm ! and 3080 cm ™!
are typical for collagen protein and originate from N-H and C-H groups, respectively.
The bands at 1650 cm ! and at 1550 cm ! can be assigned to C=0 stretching for amide
I and N-H deformation for amide II, respectively. The dcy bands are detectable in the
1450-1340 cm ™! region. The amide III band is observed at 1240 cm~!. It can be concluded
that the preparation of composites did not influence the triple-helical structure of the
collagen protein.

1030

3300

1450

1400
560

4000 3500 3000 2500 2000 1500 1000 500

wavenumber [cm'1]

Figure 2. FT—IR spectra of the obtained composites (OmHA and AmHA), collagen type I (Coll), and
hydroxyapatite (mHA).
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In turn, the absorption bands at 1030 cm 1, 610 em !, and 560 cm ! are attributed
to the orthophosphate groups from the mHA fraction and are analyzed in detail in the
Section 3.1.

Both OmHA and AmHA FT-IR spectra confirmed the inclusion of mHA in the collagen
protein matrices. However, it can be clearly seen that the relative intensity of the mHA
orthophosphate bands was significantly higher on the spectrum of the OmHA sample. It
may be related to the more efficient adsorption of apatite nanocrystals on type I collagen
than on atelocollagen fibers.

Figure 3 shows the SEM representative images of the OmHA and AmHA composites.
Both samples exhibit a porous, sponge-like morphology (Figure 3A,D). There is a visible
structure of irregular interconnected pores (Figure 3B,E). It can be observed that the pores
are visible on the surface of the materials and in their internal structure. SEM results
show that an interaction between the mHA nanocrystals and the collagen fibers occurred
(Figure 3C,F). However, the scaffolds differed in the amount of mHA on the collagen matrix.
Atelocollagen fibers were poorly embedded in mHA nanoparticles (AmHA), while collagen
fibers (OmHA) were fully covered with small particles of mHA (see Figure 3C,F). SEM
images indicate a better adsorption of mHA onto the collagen scaffolds with OmHA than
with AmHA, which is in great accordance with the FT-IR results.

500pm 10pm 5pum

500pm 10pm 1Tpm

Figure 3. SEM images of the AmHA (A-C) and OmHA composites (D-F).

3.3. Cytotoxicity Assay

BALB/c 3T3 cell viability did not decreased to under 70% in comparison to the
untreated control by any of the tested materials. Therefore, all samples were classified as
not cytotoxic in the neutral red uptake assay (see Table 2). Moreover, none of the materials
negatively affected the morphology of the culture. Fibroblasts after exposition of the tested
samples did not differ from the control cultures incubated in a fresh medium.
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Table 2. Results of the neutral red uptake test for the highest concentrations of tested extracts
[50 mg/mL] in comparison to the untreated control. The test was conducted for up to 24 h.

Sample Cell Viability £ SD [%]
mHA 102 +1
AmHA 107 £5
OmHA 97 £5
LT 0+0
PE 102 £1

LT—latex, reference cytotoxic material. PE—polyethylene foil, reference non-cytotoxic material.

3.4. Drug and Ions Release

An anti-hemorrhagic drug, TXA, was introduced into the composite OmHA and
AmHA structure by the following two different methods: directly into mHA and protein
suspension (yielding the samples OmHA1 and AmHA1) before lyophilization, and by
soaking the lyophilized composites in the TXA solution (yielding the samples OmHA2
and AmHA?2). In Figure 4, the cumulative release of TXA curves for the four composites is
presented. As shown, TXA was rapidly released from all obtained composited during the
first hour and took the form of burst release profiles. More than 58% of the initially loaded
drug was released in 15 min. The OmHA1 composite release profile exhibits the highest
burst release effect: after 15 min, the release rate reached 86%. The AmHA1 and OmHA?2
composites had similar drug release profiles: the maximum amount of cumulative release
over the measured time occurred after 180 min and reached 97 and 81% for OmHA?2 and
AmHA1, respectively.

120+

—e— AmHA1
—e— AmHA2

100+

-8—

4

60+

cumulative release of TXA (%)

20+

O rrrrrrrryrrrr|yrrrrrrrr|rrrr[yrrrrrrrrj

0 50 100 150 200 250 300 350 400
time (min.)

Figure 4. TXA release profiles from the obtained composites.
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The sample AmHAZ2 is characterized by a slightly different release profile (see Figure 4).
In the first stage of TXA release, the effect of burst release can be easily distinguished,
followed by a slightly slower release of TXA after 30 min. The curve reached the plateau
after 180 min, similar to the OmHA2 and AmHA1 curves.

The study shows that TXA released rapidly, intending to achieve a hemostatic effect
as quickly as possible. Overall, the observed differences in the release period were not
significant and were probably the result of both the preparation of the composites and
the incorporation of the drug into them. This requires further in-depth research. The next
step was to observe the release profile of zinc and magnesium from the mineral fraction of
composites (see Figures 5 and 6). Both figures clearly show that the ions released easier
from the AmHA1 and AmHAZ2 than from the OmHA1 and OmHA2 samples. This is most
likely related to the structure of these composites and the significantly weaker bonds of
mHA with atelocollagen fibers. mHA, being loosely packed in the AmHA fiber matrix,
easily “escapes” from it, which facilitates the release of zinc and magnesium ions, especially
those located on the surface of agglomerated mHA nanocrystals.

Interestingly, in the studied period, the release of zinc ions was negligible from each of
the samples (in samples OmHA1 and OmHAZ2, it did not exceed 1.5%, while in samples
AmHA1 and AmHA, it did not exceed 2.4%).

It can therefore be assumed that Zn?* ions are mainly located in the crystalline structure
of apatite and that they are not released during this time as a result of apatite resorption.
On the other hand, the release of Mg?" is significantly higher. For samples AmHA1 and
AmHA2, approximately 35% of magnesium was released within 7 days, while for samples
OmHA1 and OmHAZ2, this value did not exceed 11%.

54 | —— AmHA1
{ | —&— OmHA1
4| —e— AmHA2

cumulative release of Zn (%)

& 8
2 2

0'. T T T T T T T T T T
0 50 100

time (hours)

Figure 5. Release of zinc ions from the obtained composites.
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Figure 6. Release of magnesium ions from the obtained composites.

There is an observed higher degree of release of magnesium ions in all the composites
compared to the % of released zinc. According to the literature, the incorporation of
magnesium ions into the structure of hydroxyapatite by calcium substitution is much more
difficult than that of zinc ions. What is more, the substitution limit of magnesium ions
is quite low, amounting to approx. 0.5%, while zinc ions are incorporated in significant
amounts and, at the same time reduce the crystallinity of apatite. It can therefore be assumed
that zinc hinders the substitution of calcium by magnesium ions, which, consequently, are
partially deposited on the surface of nanocrystals in the so-called hydrated surface layer.
Thus, they are more easily released from mHA and its composites.

The ion release curves did not plateau, which is of course in line with the literature
data on long apatite resorption over a period of at least a few weeks.

Figure 7 presents swelling studies of the obtained composites. The results indicate a
very high ability in water absorption of all the samples. The water uptake ratio rapidly
increased within the first 30-60 min and reached 400 to 1000%.

The addition of mineral phase (mHA) in the collagen (both atelocollagen and collagen
type I) decreased the swelling degree of samples. This could be a result of the replacement
of collagen with apatite that did not absorb as much water as collagen matrices [44]. It can
be assumed that the addition of mHA to the composites led to the limitation of swelling,
most likely due to collagen—-mHA interactions [44,45]. However, it is worth emphasizing
that, despite this, water absorption was still at a high level.
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Figure 7. Results of swelling test for the obtained composites and collagen type L.

4. Conclusions

Herein, we described the fabrication of porous composites for their potential use in
dental surgery. We successfully fabricated modified hydroxyapatite/collagen composites
containing tranexamic acid as an antihemorrhagic drug. All formulated composites re-
vealed substantial physicochemical and morphological features. The OmHA composites
exhibited significant homogeneity, and the mHA nanocrystals almost completely covered
collagenous fibers. Preliminary in vitro cytotoxicity tests classified all samples as not cyto-
toxic. Our studies showed that TXA was released very quickly from each type of composite,
while Mg and Zn ions were characterized by a significantly slower release. It should be
noted that the 3D porous composite design still requires improvement.

In our opinion, the research presented in this paper is preliminary but promising
enough to be continued in an in vivo model.

In vivo studies would provide an opportunity to check whether tranexamic acid
released rapidly from the composite matrices would have a beneficial effect, despite the
inhibition of fibrinolysis. Of course, it will also be important to study wound healing and
bone growth in both a basic animal model and in various conditions that affect wound
healing, such as type 2 diabetes.

It would also be very interesting to check the effect of the release of zinc and magne-
sium ions on the process of new bone formation.

Therefore, mechanical properties tests, the optimization of ion release, and in vivo
studies will be the focus of our future research.
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Abbreviations

Coll collagen type I

DMEM  Dulbecco’s modified eagle medium
FT-IR Fourier-transform infrared spectroscopy
HA hydroxyapatite

HPLC high-performance liquid chromatography
ICP-OES  inductively coupled plasma-optical emission spectroscopy

mHA mimetic hydroxyapatite

PBS phosphate-buffered saline

PTX parathyroid hormone

PXRD powder X-Ray diffraction

SEM scanning electron microscopy
TEM transmission electron microscopy
TXA tranexamic acid
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Abstract: This study presents a comprehensive evaluation of novel composite biomaterials designed
for dental applications, aiming to potentially address the prevalent challenge of dental and
periodontal tissue loss. The composites consisted of biomimetic hydroxyapatite (mHA) enriched
with Mg?, COs?, and Zn?" ions, type I collagen, alginate, and additionally chitosan and sericin. The
granules were loaded with Ibuprofen sodium salt. The investigation encompasses morphology
characterization, porosity analysis, chemical structure assessment, swelling behaviour, drug release
kinetics (Ibuprofen), and release profiles of zinc and magnesium ions. The granules exhibited
irregular surfaces with enhanced homogeneity in chitosan-coated materials and well-developed
mesoporous structures. FT-IR spectra confirmed the presence of Ibuprofen sodium, despite
overlapping bands for polymers. The granules demonstrated high water absorption capacity, with
delayed swelling in chitosan-coated granules. Ibuprofen displayed burst release profiles, especially
in G1 and G3 samples. In the case of chitosan-coated granules (G2 and G4), the amount of ibuprofen
released was lower. In turn, there was a significant difference in the amount of release of magnesium
and zinc ions from the granules, which is most likely caused by their different location in the
hydroxyapatite crystals. Cytotoxicity assays confirmed the non-cytotoxic behaviour of the
biomaterial. The findings suggest the potential applicability of these biomaterials in dental scenarios,

emphasizing their multifunctional and biocompatible nature.

Keywords: Dental materials; type I collagen; biomimetic apatite; ibuprofen sodium; drug release;
zinc

1. Introduction

Loss of dental or periodontal structures resulting from dental caries, dental anomalies,
traumatic injury, periodontal affection and systematic disease is a very frequent and
significant problem in clinical practice. The most common everyday dentistry challenge
is searching for solutions to regenerate lost tooth structures. Designing new bioactive and

biocompatible scaffolds that may facilitate the formation of new tissue is one of the current
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goals of dental tissue engineering. The involvement of biomaterials is essential in dentistry,
as they provide a porous framework or a carrier for drug delivery to the pivotal target site
[1]1-{3]-

Various natural and synthetic biomaterials, including polymers, ceramics, and their
composites, could be used as scaffolds for tooth tissue engineering [4]-[6]. To enhance the
biocompatibility of these materials, there is still a demand for scaffolds that mimic the
structural, mechanical, and biological properties of natural tissues [7]. Bone tissue is a
composite material whose main component is a type I collagen fibres mineralized with
nanocrystalline multi-substituted carbonated hydroxyapatite. It also includes other non-
collagen proteins and water [8]. Biomaterials imitating that composition could promote
interactions and responses between scaffolds and the surrounding environment, thereby
enhancing tissue regeneration and repair [9], [10].

The most common biomimetic composites consist of type I collagen and hydroxyapatite
(Coll/HA). In our previous work, we focused on obtaining such a composite, with an
emphasis on the ionic modification of apatite, so that its composition was as close as
possible to biological apatite [11]. Many studies prove that this type of biomaterial is
suitable as dental scaffolds, due to its effectiveness in preserving alveolar bone after tooth
extraction [12]-[15]. When designing scaffolds, we focus not only on the function that fills
the bone space but also on creating a bioactive matrix, e.g. with an additional function that
delivers a drug substance [16], [17]. Combining Coll/HA with other polymers, modifying
their porosity, and giving them the right 3D shape may strongly impact the drug and ion
release profile and other physicochemical properties of biomaterial [18], [19].

The most commonly used natural polymer for preparing biomaterials in the form of
granules is based on a biocompatible and non-toxic alginate core [20]. Alginate is a
naturally occurring polysaccharide found in algae. In an aqueous solution, it becomes
polyanionic and can be crosslinked by divalent cation e.g., Ca?. However, according to the
literature, alginate combined with collagen may exhibit mechanical instability and
excessive porosity [20]. The most common method to address this issue is to cover the
granules with a polycation layer, such as chitosan (CH). CH is a deacetylated form of chitin,
which is synthesized by different crustaceans, insects, algae, fungi, and yeasts. It's a
biocompatible, biodegradable, and non-toxic material [21]. The presence of this complex
should decrease the porosity of the membrane and improve its mechanical properties [22].
Sericin is one of the silk proteins extracted from the cocoons of silkworms of different
species [23]. For the last few decades, it has been extensively utilized for biomedical
applications due to its numerous beneficial biological and physicochemical properties [20],
[24]. Sericin has a high hydrophilic amino acids content, which results in absorbing and
releasing moisture easily [25]. The protein also possesses antibacterial, anti-inflammatory,
antioxidant and antitumor properties [26]-[28]. It can be combined with other
macromolecular materials to produce materials with improved properties. The
biomaterials enriched with sericin are biodegradable and do not show immunogenicity
[29].
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In the present work, the new composite biomaterial, based on biomimetic HA modified 79
with Zn? jons as anti-inflammatory and osteogenic agents and different natural polymers 80
— collagen, alginate, chitosan and sericin, were prepared in the form of four types of 81
spherical granules. The obtained materials were enriched with a drug substance having 82
strong anti-inflammatory properties — Ibuprofen (Ibu) [30], [31]. This is to evaluate the 83
feasibility of using this type of biomaterial as a local bone drug delivery system and the 84
effect of individual macromolecules on the release profile. The matrices proposed by us 85
could be a promising bifunctional material, releasing the drug and ions directly in the 86
infected area for the treatment of inflammation following surgical procedures, especially 87
in dentistry, and for regenerating bone defects. The obtained materials were subjected to 88

physicochemical analysis to evaluate the chemical structure and physicochemical 89

properties. In addition, preliminary in vitro studies were conducted. 0

91
2. MATERIALS AND METHODS 92
2.1 Synthesis of Zn-substituted biomimetic apatite powder 93

Hydroxyapatite mimicking bone apatite and enriched with zinc, magnesium and 94
carbonate ions, was synthesized using the conventional wet method (coprecipitationinan 95
aqueous solution), which was described in detail in our previous work [11], [32]. Calcium 96
nitrate tetrahydrate (Ca(NOs)2-4H20), ammonium hydrogen phosphate ((NH4)2HPO4), 97
diammonium carbonate ((NH4)2COs), magnesium nitrate hexahydrate (Mg(NOs)2:6H20) 98
and zinc nitrate hexahydrate (Zn(NOs)26H20), were used as the substrates for the 99
synthesis. All the reagents were of analytical grade and purchased from Sigma Aldrich 100
Chemicals, St. Louis, MO, USA. 101
An adequate amount of the reagents was weighed out to obtain the compound with a 102
specific nominal composition: Casz25ZnosMgo2s(PO4)sCOsOH. The sources of phosphates 103
and carbonates were slowly dropped into the sources of calcium, zinc, and magnesium 104
cations, stirring constantly. The pH was adjusted to about 11 using a concentrated 105
ammonia solution. The slurry was left to age for 7 days without being stirred. After that, 106
the precipitate was washed several times with distilled water, filtered, and dried at 100 °C 107
for 24 h. Then, the obtained material was homogenized in an agate mortar. The powder 108
was named mHA (mimetic hydroxyapatite). 109

2.2 Preparation of composite granules 110

In this work, four types of composite granules were obtained. The following reagents were 111
used to fabricate granules: atelocollagen from bovine dermis (3 mg/mL) (Cosmo Bio Co., 112
Tokyo, Japan), sodium alginate (Sigma Aldrich, Burlington, MO, USA), calcium chloride 113
anhydrous CaCl: (Sigma-Aldrich, Shanghai, China), Ibuprofen sodium salt (Sigma Aldrich, 114
Burlington, MO, USA) and the previously synthesized mHA powder. Some granules have 115
been enriched with sericin silkworm (Sigma Aldrich, Burlington, MO, USA) and chitosan 116
(50-190 kDa molecular weight, 75-85 % deacetylation degree, viscosity <300 cP, Sigma- 117
Aldrich, Burlington, MO, USA). 118
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Briefly, to prepare one matrix 20 ml of atelocollagen from bovine dermis was mixed with 119
10 ml of 3% alginate solution and 840 mg of mHA were used. The suspension was mixed 120
with a mechanical stirrer thoroughly until dense, and a milky slurry was acquired. 121
Approximately 0.1 g of Ibuprofen sodium (Sigma Aldrich, Burlington, MO, USA) was then = 122
added to each of the slurries. Four identical suspensions were obtained (G1-G4). Samples 123
G3 and G4 were additionally enriched with 60 mg of sericin. At the same time, a cross- 124
linking aqueous solution containing CaClz (1.5%) was prepared. Each of the slurries was 125
added dropwise to the cross-linking solution with magnetic stirring, and granules were 126
formed. The obtained granules were washed several times with distilled water and dried 127
in air at room temperature and lyophilized for 24 h. The granules type 2 and 4 (G2 and G4) 128
were then coated for 30 min in a 0.5% chitosan solution. Chitosan was previously dissolved = 129
in 1% acetic acid. The chitosan-coated granules were quickly treated with 0.01 M NaOH 130
and later they were rinsed carefully with deionized water. The G1 and G3 materials were 131

lyophilized again for 24 h.  All variants of the obtained scaffolds are presented in Table 1. 132

Table 1. Composition of the granules. 133
Type of | Atelocollagen | Sodium mHA Sericin | Chitosan | Ibuprofen
granules Alginate

Gl + + + - - +

G2 + + + - + +

G3 + i + + _ o

G4 + + + + + +

2.3 Analytical Methods 134
Physicochemical analysis of the mHA powder 135

To validate the identity of the obtained hydroxyapatite (mHA), a Fourier-transform 136
infrared spectroscopy (FT-IR) was used with a PerkinElmer Spectrum 1000 spectrometer 137
(Waltham, MA, USA). Transmission spectrum in the 4000—400 cm™ range was obtained 138
with a spectral resolution of 2 cm-, employing KBr pellets and 30 scans. The phase 139
composition analysis of the synthesized powder was performed using powder X-ray 140
diffraction (PXRD). A Bruker DX8 Discover diffractometer (Billerica, MA, USA) with 141
CuKa radiation (A = 1.54 A) within the 2 theta range from 20° to 70° was utilized. 142
Microstructural features of the powder sample were scrutinized using the JEM 1400 143
transmission electron microscope (TEM-JEOL Co., Tokyo, Japan, 2008), equipped with an 144
11-megapixel MORADA G2 TEM camera (EMSIS GmbH, Germany) under an accelerating 145
voltage of 80 kV. Preparation of the analyzed material involved suspending the powder 146

sample in 96% ethanol, followed by deposition onto a copper grid and subsequent air- 147
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drying. Measurements of calcium, phosphorus, magnesium, and zinc content were 148
executed through inductively coupled plasma-optical emission spectroscopy (ICP-OES) 149
using an Optima 3100 XL PerkinElmer spectrometer (Llantrisant, UK). The powder sample 150
underwent dissolution in concentrated HNOs (Suprapur, Sigma Aldrich, St. Louis, MO, 151
USA) and appropriate dilution with deionized water. The carbonate content (types A + B) 152
was calculated using a methodology previously elucidated by Clasen and Ruyter [33]. 153
Physicochemical analysis of the composite granules 154
The surface morphology of the composite granules was analyzed using JEOL LTD. JSM- 155
6390LV (Tokyo, Japan) scanning electron microscope (SEM) at an operating voltage of 20 156
or 30 kV. For the best contrast, the samples were sputter-coated with an Au. 157
Porosity and specific surface area (Sser) of the G1, G2, G3 and G4 samples, total pore 158
volume (Vc) and distribution of their diameters (in the range of 2 - 300 nm) were 159
determined from the N2 adsorption isotherm in the relative pressure range p/po=0.02 - 160
0.99 using the Brunauer—-Emmett-Teller (BET) method with nitrogen adsorption (ASAP 161
2050 Micromeritics, GA, USA). 162
A Shimadzu IRAffinity-1S transform infrared spectrometer (Kyoto, Japan) was used to 163
measure the chemical structure of the samples. The granules were directly measured with 164
an attenuated total reflection (ATR) accessory. The ATR-FTIR spectra were recorded inthe 165
4000 cm™ - 400 cm range, at a spectral resolution of 2 cm™ using 30 scans. All of the 166
obtained spectra were processed using GRAMS/AI 8.0 (Thermo Fisher Scientific, Waltham, 167
MA, USA) and KaleidaGraph 3.5 (Synergy Software, Reading, PA, USA) software. 168
For determination of swelling behaviour, all of the obtained granules (G1, G2, G3 and G4) 169
were incubated in ultrapure water at 37 °C. Subsequently, the samples were withdrawn 170
from the solution after soaking for 15, 30, 60 and 180 min, and the surface adsorbed water 171
was carefully removed by filter paper. The swelled samples were then weighed 172
immediately. The swelling ratio is expressed as the percentage of weight increased (W-W0) 173
to the initial weight (W0). Each sample was tested in triplicate. 174
The in vitro release of Ibuprofen from the granules was evaluated in Falcon 50 mL tubes. 175
The studies were performed in a phosphate buffer (pH = 7.4). Each tube contained 300 mg 176
of a specific type of granule immersed in 50 mL of the release medium. The samples were 177
placed in the bath shaker and stirred at 100 rpm at 37 °C before being incubated for seven 178
days. Sample aliquots of 5 mL were withdrawn at regular time intervals (15 min, 30 min, 179
1h,3h,6h,12h, 24 h and 48h). All the samples were filtered through a membrane syringe 180
filter with a pore size of 0.8 um. Each time, the volume of the medium taken for analysis 181
was replaced with a new phosphate buffer portion. The samples were then analyzed by 182
HPLC using chromatographic equipment, consisting of a Varian Prostar 210 isocratic 183
pump (Palo Alto, CA, USA) and a Rheodyne 7725i injector (Cotati, CA, USA) witha20 pL 184
sample loop. Detection was performed by a Varian Prostar 325 UV detector using a 185
detection wavelength of 220 nm. The chromatographic conditions and measurement 186
procedures were previously described [34]. The LC column used was a 4.6 mm i.d. x 250 187
mm length XTerra RP 18 analytical column that was purchased from Waters (Milford, 188
Ireland). The mobile phase consisted of phosphate buffer (pH 7.0) mixed with acetonitrile 189
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in a ratio (40:60, v/v). It was degassed by sonication before use. The flow rate of the mobile 190
phase was maintained at 1 mL/min. HPLC analysis was conducted at 30 °C. Peak areas 191
were measured for the quantitation of the Ibu. Stock solutions of Ibu 1 mg/ml were 192
prepared by dissolving the appropriate amount in water. Calibration standards were 193
prepared over a concentration range of 0.01, 0.025, 0.05, 0.1, 0.25 and 0.5 mg/ml for Ibu by 194
the appropriate dilutions of the above-mentioned standard solution. Calibration standards 195
were analyzed in triplicate for the calibration curve. 196
The in vitro release of zinc and magnesium ions was studied in the same manner as the Ibu 197
release test. The concentration of magnesium and zinc ions released into the PBS solution 198
was determined by AAS using an AAnalyst 400 AA Spectrometer (Perkin Elmer, Waltham, 199
MA, USA). 200
Cytotoxicity study 201
Cytotoxicity of the materials was evaluated according to the procedure in the ISO 10993- 202
5:2009 guideline [35] by the MTT assay, using MG-63 human osteoblast-like cells 203
(American Type Culture Collection). The test was performed using a cell exposure 204
schedule to extracts with a readout technique based on reducing the tetrazolium dye MTT 205
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to its insoluble formazan, 206
in a microplate format. According to the ISO protocol, the volume of extraction medium 207
absorbed by each 100 mg of material was determined. This additional volume was then 208
added to each 100 mg in the extraction mixture during the extraction of the material. The 209
highest extract concentration tested was 50 mg/ml. The extracts were prepared by 210
incubating the samples in MEM medium with 5% bovine serum for 24 h at 37 °C with 211
stirring; the extracts were sterilized by filtration. The cells were treated with seven 212
dilutions of each extract in a twofold dilution series for 24 h (50 mg/mL, 25 mg/mL, 20 213
mg/mL, 12.5 mg/mL, 10 mg/mL, 5 mg/mL and 2.5 mg/mL). Highly cytotoxic latex and non- 214

cytotoxic polyethylene foil were used as reference materials. Samples were considered 215

cytotoxic if they reduced cell survival below 70% when compared to the untreated cells. 216
3 RESULTS AND DISCUSSION 217
3.1 Physicochemical parameters of mHA 218

The detailed physicochemical analysis of the mHA apatite powder was presented in our 219
previous work [11]. According to TEM, FT-IR, and PXRD results, mHA was identified as 220
nanocrystalline hydroxyapatite with crystal sizes not exceeding 20 nm, and devoid of other 221
crystalline phases. The magnesium and zinc content, determined by ICP-OES, were 0.33 + 222
0.02% and 3.21 + 0.03%, respectively. Additionally, the carbonate content was determined 223
based on FT-IR spectra to be 6.4 + 0.3%. 224
3.2 Morphology and porosity of the composite granules 225
The morphological characteristics of the acquired granules were investigated through 226
Scanning Electron Microscopy (SEM), and the findings are presented in Figure 1. The 227
spherical-shaped granules possessed an approximate diameter of 3.5 + 0.5 mm. Notably, 228
their surface features were observed to be conspicuously irregular, manifesting a 229
pronounced roughness. These irregularities were observed as deep and intricately 230

interconnected cavities, presumably attributable to the alginate through cross-linking 231
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processes and the subsequent impact of the freeze-drying procedure. Specifically, the 232
chitosan-coated granules, denoted as G2 and G4, displayed a more uniform and smoother 233
outer surface compared to their uncoated counterparts. The enhanced homogeneity and 234
diminished surface roughness of the chitosan-coated granules are indicative of the efficacy 235
of the coating process. SEM images obtained from cross-sections clearly show the presence 236
of an inorganic fraction (apatite) forming dense agglomerates, as well as a polymer 237
(especially alginate) in the form of a porous structure. 238
The porosity and irregular structure of the obtained granules are significant in the context 239
of their application as bone substitute material and drug carriers in dentistry. It is well- 240
established that the porous nature of biomaterials facilitates cell adhesion, thereby 241
fostering effective regeneration and reconstruction of mineralized tissue. Moreover, 242
porous structures enable molecular diffusion, which is one of the mechanisms for releasing 243
the drug substance from apatite/polymer composites [36]-[38]. 244

245
Figure 1. SEM images of G1 (A-C), G2 (D-F), G3 (G-I) and G4 (J-L) granules. The first column: whole 246

granules; the second column: an internal cross-section; the third column: an outer surface. 247
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The results of porosity measurements using the Brunauer-Emmett-Teller (BET) method 249
with nitrogen sorption are summarized in Table 2 and Figure 2. All samples exhibit a 250
reasonably well-developed surface, with specific surface area values ranging from 76 to 94 251
m?/g. The findings suggest that the incorporation of sericin and chitosan has only a limited 252
impact on the specific surface area (SSA) value. Notably, sample G1 demonstrates the most 253
advanced surface development, reaching 94 m?/g. Furthermore, an examination of the 254
porous structure of the samples reveals a similarity, with mesopores being the 255
predominant feature. This is also confirmed by the shape of adsorption-desorption 256
isotherms, although specific data is not presented here. The pore volume (V) falls within 257
the range of 0.13-0.23 cm?/g. Of particular interest is the observation that sample G1 258
exhibits the smallest pore volume, indicating that the incorporation of sericin and chitosan 259
contributes to the development of mesoporous structures on the surface. The data in the 260
table show that the addition of sericin or chitosan causes a significant increase in pore 261
volume, including mesopores. 262
These findings are particularly relevant in the context of multifunctional biomaterials 263
potentially serving as drug delivery systems. The degree of porosity and pore size 264
distribution are crucial parameters for drug delivery systems. The preservation of the 265
original porosity and pore size present in the bone tissue (100-300 um) leads to desired 266

material for socket preservation, whereas smaller pores are also required for effective drug 267

loading and its releasing [12], [39], [40]. 268
Table 2. Porosity measurements of G1-G4 granules using the nitrogen adsorption technique. 269
Mesopores
Surface area Pore volume
Sample volume
Sger [m?/g] Ve [em?¥/g]

Vmez. [cm3/ g]

Gl 94 0.13 0.12

G2 79 0.21 0.18

G3 76 0.21 0.18

G4 85 0.23 0.21
270
271
272
273

274
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Figure 2. Barrett-Joyner-Halenda (BJH) pore size distribution from 1 to 300 nm based on the

desorption isotherms of G1-G4.
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3.3 Chemical structure of the granules

The FT-IR representative spectra of two distinct matrix types, denoted as mG1 and mG4,

along with the corresponding granules (G1 and G4) incorporating the drug substance, are

illustrated in Figure 3A. Additionally, Figure 3B displays the spectra of mHA,

atelocollagen, alginate, chitosan, sericin and Ibuprofen sodium for comparative analysis.
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Figure 3. Representative FT-IR spectra of the samples: 3A - spectra of selected matrix types: mG1 288

and mG4 and granules with Ibu: G1 and G4; 3B - spectra of individual granule components. 289
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290
The interpretation of the acquired spectra encountered several challenges. Firstly, the 291

polymers within the granules, notably alginate and chitosan as polysaccharides, exhibited 292
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closely resembling spectra, as well as a spectrum of sericin and type I collagen 293
(proteinaceous materials). Secondly, the bands associated with organic components were 294
broad and substantially overlapped, rendering a comprehensive analysis unattainable. An 295
example of such band overlapping is discernible in the 1540-1630 cm! range of the spectra 296
for samples G1, G4, G1m, and G4m, representing the bending vibrations of the -NH group. 297
This phenomenon arises from the superimposition of the band at 1516 cm™ and 1636 cm* 298
originating from proteinaceous sources (sericin and collagen spectra) with a band at 1556 299
cm, 1597 cm™ and 1646 cm characteristic of alginate and chitosan. 300
Bands observed in the range of 2870-2950 cm™ originate from the stretching vibrations of - 301
CH groups inherent to both polysaccharides and proteins. Notably, the relative intensity 302
of these bands is more pronounced in the G4 sample, suggesting that their intensity is not 303
solely attributable to the comparatively greater quantity of organic components in the 304
sample but also to the -CH groups stemming from ibuprofen. In the spectra of G1 and G4, 305
additional bands at approximately 1540 cm™ — 1560 cm, signify the presence of ibuprofen 306
sodium in both materials. 307
The mHA spectrum is characterized by dominant bands at approximately 1030 cm and 308
600-500 cm?, corresponding to the vs and vs vibrations of orthophosphate groups, 309
respectively. In composite spectra, the vs band may overlap with the vibrations originating 310
from the C-O groups of the carbohydrate ring (1025 cm). However, the presence of mHA 311

in the composites is unequivocally confirmed by the 600-500 cm™! bands evident in the G1 ~ 312

and G4 spectra. 313
314
3.4 Swelling test 315

Figure 4 presents the results of swelling tests conducted on the acquired granules. The 316
outcomes reveal a notably high water absorption capacity for all examined samples, which, 317
by literature references [41], [42], can be attributed to the hydration of hydrophilic groups 318
present in chitosan and alginate within the dry granules. It is noteworthy that the water 319
uptake rate exhibited a rapid increase within the initial hour, reaching its maximum in the 320
third hour, consistent with findings reported by other researchers [42]. 321
In general, it was observed that all materials swiftly achieved their maximum swelling 322
ratio (SR). This phenomenon is likely attributable to the foamy and highly porous structure 323
of the matrices, facilitating efficient water penetration. Sample G1 displayed the lowest 324
water absorption, potentially linked to its reduced pore volume (refer to porosity results 325
discussed earlier). This aligns with the established notion that denser materials tend to 326
diminish water absorption capacity [39]. 327
An intriguing comparison lies in assessing the swelling capacity between chitosan-coated 328
granules (G2 and G4). As depicted in Figure 4, both G2 and G4 exhibited relatively modest 329
SR values during the first hour (450% for G4 and 500% for G2). However, by the third hour, 330
they achieved the highest SR values, reaching up to 800%. 331
As previously elucidated, the chitosan membrane may act to mitigate the permeability of 332
the granules. Furthermore, certain hydrophilic groups on the surface of dry calcium 333

alginate granules form a polyelectrolyte complex with the amino groups of chitosan, 334
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resulting in a weakened absorption of water molecules within the polymer network. The 335

subsequent augmentation in granule swelling may be attributed to the degradation of the 336

chitosan coating. 337
338
Figure 4. Swelling test. The graph shows the swelling ratio (%) of the granules. 339
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341
3.5 Drug and Ions Release 342

Figure 5 shows the cumulative release curves of Ibuprofen for the obtained granules. The 343
graph shows release up to 12 hours because no significant changes in the amount of drug 344
released were observed thereafter. As expected, Ibuprofen was rapidly released from all 345
composite granules obtained within the first three hours and took the form of burst release 346
profiles. Each sample released more than 40% of the initially loaded drug within 3 hours. 347
It is worth paying attention to the G3 sample, where ibuprofen was released rapidly and 348
in fact by over 80% within 3 hours. G1 and G3 have similar drug release profiles over the 349
studied time range. They showed the highest release effect extremely quickly, because 350
after 1 hour the release reached 54% and 66% for G1 and G3, respectively. Samples G2 and 351
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G4 are characterized by slightly different curves. The release of Ibu is slightly slower - 352
within 1 hour the release reached 43 and 36%, respectively. Interestingly, the maximum 353
amount of drug released from the G4 sample during the tested 12 hours is only 45%. It can 354
be assumed that the reason for the slower release of ibuprofen may be the covering of the 355
granules with chitosan, which significantly reduces their permeability during this time. 356
These types of ibuprofen release profiles could be useful when an immediate high doseis 357
required, such as in acute infections or inflammation [40], [41]. We assume that a thicker 358

chitosan coating with a greater degree of cross-linking could slow down the release of the 359

drug, which would be beneficial, for example, when administering antibiotics. 360
Figure 5. Results of the release of Ibuprofen from the granules. 361
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In the next step, the release of zinc and magnesium ions, incorporated into the mineral 363
phase of the granules (mHA), was executed. Cumulative release curves for the ions 364
spanning a 12-hour duration are delineated in Figures 6A and 6B. After 12 hours, no 365
significant changes in the release profile were observed. A pronounced disparity is evident 366
in the release kinetics of magnesium and zinc ions across all granules, with magnesium 367
exhibiting a notably higher degree of release in comparison to zinc. 368
369
370
371
372
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Figure 6. The release profiles of zinc ions (A) and magnesium ions (B). 373
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This observation substantiates our previous hypothesis that magnesium ions undergo 375

partial deposition on the hydrated surface layer of apatite. Consequently, this 376
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3.6

phenomenon facilitates their easier release from microcrystalline hydroxyapatite (mHA)
and its composite materials [11]. For instances, G1 and G3, approximately 60% of
magnesium ions were released within the 12-hour timeframe, while for instances G2 and
G4, this value was comparatively lower at 52% and 43%, respectively. We posit that this
discrepancy is associated with the presence of a chitosan coating.

Contrastingly, zinc ions predominantly reside within the crystalline apatitic structure, and
cannot be completely released in such a limited time (12 hours). In samples G1 and G3, the
cumulative release did not surpass 2%, whereas in G2, a slightly higher release was
observed, albeit not exceeding 7% within the stipulated period. It can be assumed that zinc
ions will be released to a greater extent from the granules only after their degradation and
slow resorption of apatite.

Cytotoxicity Assay

Table 3 shows the results of the cytotoxicity assessment of the materials. No decrease in
MG-63 cell viability was observed for all dilutions tested. The relative cell viability for the
extracts was more than 70% of the untreated control and all tested materials were classified

as non-cytotoxic.

Table 3. Results of the MTT assay for the highest concentrations of tested extracts (50 mg/mL) in
comparison to the untreated control. LT —latex, reference cytotoxic material. PE—polyethylene foil,

reference non-cytotoxic material.

Sample Cells Viability + SD (%) 1C50 (mg/mL) Classification
G1 92 +15 N Non-cytotoxic
G2 103+ 14 N Non-cytotoxic
G3 92+12 N Non-cytotoxic
G4 83+9 N Non-cytotoxic
LT 1+1 6 Cytotoxic
PE 102+9 N Non-cytotoxic

4 CONCLUSIONS

The main conclusions of this work can be summarized as follows:

J Nanocrystalline mHA with specified magnesium, carbonate, and zinc content (0.33
+0.02%, 3.21 = 0.03%, and 6.4 + 0.3%, respectively) were successfully synthesized.

J SEM analysis revealed irregular granule surfaces with interconnected cavities. Chi-
tosan-coated granules exhibited enhanced surface homogeneity. Porosity measurements
indicated well-developed surfaces with mesopores.

o FT-IR spectra confirmed the presence of mHA and ibuprofen in the composite mate-
rials, despite challenges in distinguishing overlapping bands for polysaccharides (chitosan
and alginate) and proteins (type I collagen and sericin).

J Granules exhibited high water absorption capacity, with chitosan-coated granules

showing delayed swelling, possibly due to the chitosan membrane.
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J Ibuprofen demonstrated burst release profiles, with G3 showing the highest release. 411
Distinct release kinetics were observed for zinc and magnesium ions, supporting the hy- 412
pothesis of magnesium ion location on the apatite surface and zinc ion in the crystalline 413
core of hydroxyapatite. 414

o All tested materials demonstrated non-cytotoxic behavior. 415

The developed composite granules exhibited favourable physicochemical properties, fast 416
drug release, and non-cytotoxic behaviour. These findings support the potential use of the 417
developed biomaterials in dental applications for inflammation treatment and bone 418

regeneration, showcasing their multifunctional and biocompatible nature. 419
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