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Streszczenie

W obliczu rosngcego zapotrzebowania na zaawansowane materialy kosciozastepcze, wy-
nikajgcego z koniecznosci rekonstrukceji uszkodzonej tkanki twardej, niniejsza rozpra-
wa doktorska koncentruje si¢ na opracowaniu i kompleksowej charakterystyce innowa-
cyjnych, hybrydowych biomateriatow przeznaczonych do regeneracji kosci. W prowa-
dzonych badaniach, w celu ograniczenia wad fosforanowo-wapniowych cementow ko-
stnych, zastosowano wieloaspektowe podejscie do modyfikacji ich wyj$ciowego skta-
du poprzez wykorzystanie polimerdéw naturalnych, silanowych srodkéw sprzegajacych,
a takze wprowadzenie pierwiastkow o korzystnym dziataniu biologicznym.

Glownym celem rozprawy byto zaprojektowanie sktadu, synteza wyjsciowych mate-
riatow, wytworzenie oraz kompleksowa ocena wlasciwosci fizykochemicznych i biolo-
gicznych nowych, hybrydowych materiatdéw kosciozastepczych typu cementowego. Da-
zono do uzyskania biomateriatdéw charakteryzujacych si¢ odpowiednimi wlasciwoscia-
mi fizykochemicznymi i biologicznymi, ktore pozwolityby na ich zastosowanie w efek-
tywnej regeneracji tkanki kostnej. Prowadzone badania miaty na celu ustalenie zalezno-
$ci pomigdzy wprowadzonymi modyfikacjami sktadéw materiatéw wyjsciowych, a kon-
cowymi witasciwosciami otrzymanych hybrydowych materiatéw wigzanych chemicz-
nie. Zatozono rowniez, ze opracowane biomateriaty beda mogty petnié¢ role nosnikow
substancji o korzystnym dziataniu biologicznym oraz beda przydatne do wytwarzania
spersonalizowanych implantéw z wykorzystaniem nowoczesnych technik formowania.

Opracowano nowoczesne biomateriaty wigzane chemicznie tzw. biomikrobetony za-
wierajace w sktadzie wyjSciowym wysokoreaktywny proszek a-fosforanu (V) wapnia
(a-TCP), hybrydowe granule hydroksyapatytowo-chitozanowe (HA/CTS) oraz zel pek-
tynowy. Potwierdzono podwdjny mechanizm wigzania otrzymanych materiatow, opie-
rajacy si¢ na hydrolizie a-TCP oraz sieciowaniu zastosowanych polimeréw. W bada-
niach wykorzystano rowniez zmodyfikowane tytanem lub miedzig hybrydowe granule
hydroksyapatytowo-chitozanowe. Wykazano, ze biomaterialy te wykazaty najwyzsza
aktywno$¢ antybakteryjng, skutecznie ograniczajac adhezje i wzrost Escherichia coli
oraz Staphylococcus aureus.

Kluczowym i dotychczas niestosowanym podejsciem do otrzymywania biomateria-
tow wigzanych chemicznie byto wykorzystanie powierzchniowej metody modyfika-
cji proszku a-TCP przy uzyciu dwoch silanowych srodkow sprzegajacych, a mianowi-
cie: tetractoksysilanu (TEOS) i 3-glicydoksypropylotrimetoksysilanu (GPTMS). Dzia-
tanie to pozwolito na otrzymanie biomaterialow o wyzszej wytrzymatosci na $ciskanie
dzieki wytworzeniu dodatkowych wigzan chemicznych w ich strukturze. Opracowano
takze nowatorskie rusztowania kostne otrzymane z wykorzystaniem robocastingu. Pa-

sty do druku 3D zawieraly w swym wyjsciowym sktadzie: a-TCP (zmodyfikowany lub



niemodyfikowany silanowymi §rodkami sprzegajacymi), hybrydowy proszek HA/CTS
oraz faze ciekly stanowigca mieszaning pektyny cytrusowej i wodorofosforanu (V) sodu.
W ramach prowadzonych badan zaprojektowano i przebadano szereg sktadow past bio-
ceramicznych o korzystnych wtasciwosciach reologicznych, umozliwiajacych precyzyj-
ne wytwarzanie trojwymiarowych struktur o kontrolowanej porowatos$ci, charakteryzu-
jacych si¢ dobrymi wlasciwosciami biologicznymi, potwierdzonymi w testach in vitro.
Podsumowujac, przedstawione w niniejszej rozprawie wyniki badan stanowig war-
tosciowe zrddto inspiracji dla projektowania wysoko sfunkcjonalizowanych materia-
tow hybrydowych typu cementowego, ktére moga znalez¢ szerokie zastosowanie w in-
zynierii tkanki kostnej oraz stanowi¢ solidny fundament dla dalszych badan, zwtaszcza

biologicznych in vivo.
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Abstract

In response to the increasing demand for advanced bone substitute materials arising
from the need to reconstruct damaged hard tissue, this doctoral dissertation focuses on
the development and comprehensive characterization of innovative hybrid biomaterials
intended for bone regeneration. In the conducted research, a multifaceted strategy was
employed to address the limitations of calcium phosphate bone cements by modifying
their initial composition through the incorporation of natural polymers, silane coupling
agents, and chemical elements known for their beneficial biological activity.

The main aim of this dissertation was to obtain and develop novel hybrid cementitio-
us-type bone substitutes, followed by their comprehensive physicochemical and biolo-
gical characterization. Emphasis was placed on developing biomaterials with improved
functional properties that would enable their effective application in bone tissue regene-
ration. The study further sought to elucidate the relationships between the modifications
introduced into the initial compositions and the resulting properties of the cementitio-
us materials. Additionally, it was assumed that the developed biomaterials could serve
as carriers for biologically active substances and be suitable for the fabrication of per-
sonalized implants using advanced manufacturing techniques.

Novel biomaterials, referred to as biomicroconcretes, consisting of highly reactive
a-tricalcium phosphate (a-TCP), hybrid hydroxyapatite—chitosan (HA/CTS) granules,
and citrus-pectin-based gel, were obtained and developed. A dual setting mechanism
was confirmed, involving a-TCP hydrolysis and polymer crosslinking. In addition, tita-
nium- and copper-modified HA/CTS granules were incorporated into selected formula-
tions. These biomaterials demonstrated antibacterial activity, effectively inhibiting the
adhesion and proliferation of Escherichia coli and Staphylococcus aureus.

A key and previously unexplored approach implemented in this dissertation was the
surface modification of a-TCP powder using two silane coupling agents—tetracthoxy-
silane (TEOS) and 3-glycidoxypropyltrimethoxysilane (GPTMS). This strategy enabled
the development of biomaterials with significantly enhanced compressive strength due
to the formation of additional chemical bonds within the material’s structure. Further-
more, innovative bone scaffolds were fabricated using robocasting. The 3D-printing pa-
stes comprised a-TCP (either unmodified or silane-modified), hybrid HA/CTS powder,
and a liquid phase composed of citrus pectin and disodium phosphate. A series of bio-
ceramic paste formulations with favourable rheological properties were designed and
evaluated, enabling the precise fabrication of three-dimensional scaffolds with control-
led porosity and demonstrating promising biological performance in vitro.

In conclusion, the findings presented in this dissertation demonstrate that the obta-

ined and developed biomaterials possess properties that make them strong candidates
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for application in bone tissue substitution. Moreover, they provide a valuable founda-
tion for the development of highly functionalized hybrid biomaterials with broad po-
tential in bone tissue engineering and constitute a solid basis for further research, par-

ticularly in vivo studies.
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Opis osiggniecia stanowigcego podstawe do nadania
stopnia doktora

Krotki wstep teoretyczny

Biomaterialy do leczenia ubytkow kostnych

W ostatnich latach obserwuje si¢ wyrazny wzrost liczby przypadkow uszkodzen tkanki
kostnej, co stanowi konsekwencj¢ zwiekszonej zapadalnosci na choroby cywilizacyjne,
takie jak nowotwory czy osteoporoza, a takze rosnacej liczby urazéw mechanicznych [1].
Pomimo faktu, ze tkanka kostna wykazuje naturalng zdolno$¢ do regeneracji bez tworze-
nia tkanki bliznowatej, proces ten przebiega efektywnie wytacznie w przypadku niewiel-
kich ubytkow oraz u pacjentow pozostajacych w dobrym stanie ogdlnym [2]. W sytuacji
defektow przekraczajacych tzw. rozmiar krytyczny, a takze u 0so6b starszych lub obcigzo-
nych chorobami przewleklymi, mechanizmy naprawcze kosci okazujg si¢ niewystarcza-
jace lub catkowicie nieskuteczne. W takich przypadkach konieczne staje si¢ zastosowa-
nie odpowiednio zaprojektowanych biomateriatow kosciozastepczych [3,4].

Zgodnie z definicja Europejskiego Stowarzyszenia Biomateriatow, biomaterial to kazda
substancja inna niz lek albo kombinacja substancji naturalnych lub syntetycznych, ktéra
moze by¢ uzyta w dowolnym okresie, a ktorej zadaniem jest uzupelnienie lub zastagpienie
tkanek narzadu, albo jego czgsci lub spetnienie ich funkcji. Biomateriaty wykorzystuje si¢
do otrzymywania wyrobéw medycznych oraz implantow petnigcych role terapeutyczna
i/lub diagnostyczng. Wspotczesne biomaterialy projektowane sg z mysla o zapewnieniu
bezpiecznego i przewidywalnego oddziatywania z zywa tkanka, zar6wno jako samodziel-
ne jednostki funkcjonalne, jak i sktadniki zintegrowanych systeméw leczniczych. Ich za-
daniem moze by¢ wypetnienie ubytkow, aktywne stymulowanie proceséw naprawczych
lub kontrolowane dostarczanie substancji biologicznie czynnych [5,6]. Z tego wzgledu
stanowig one kluczowy element nowoczesnej inzynierii tkankowej oraz medycyny rege-
neracyjnej, ktorej celem jest nie tylko tymczasowe wsparcie funkcji organizmu, lecz row-
niez trwata rekonstrukcja jego struktur [7].

Sposrod wielu biomateriatlow stosowanych w substytucji kosci, niezwykle interesuja-
ce sg materialy oparte na fosforanach (V) wapnia. Ta szczegélna grupa wyrdznia si¢ wy-
sokim podobienstwem sktadu chemicznego do nieorganicznej czesci tkanki kostnej, co
sprawia, ze fosforany (V) wapnia wykazuja najwyzsza biozgodno$¢ sposrod wszystkich
biomateriatéw kosciozastepczych, a dodatkowo rowniez charakteryzuja si¢ wysoka bioak-
tywnoscig. Kolejnym atutem tych materialow jest mozliwo$¢ wytwarzania ich w réznych
formach oraz sktadach, co czyni je materialami uniwersalnymi i szeroko stosowanymi
w leczeniu ubytkow kostnych o zréznicowanej wielkosci, ksztalcie oraz rozmiarze [8,9].

Poza wspomnianymi wcze$niej korzystnymi wlasciwosciami biologicznymi, substytuty
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kostne na bazie fosforanéw (V) wapnia z uwagi na przynalezno$¢ do grupy materiatow
bioceramicznych, sg kruche oraz wykazuja stosunkowo niskg wytrzymato$¢ mechanicz-
ng, co uniemozliwia ich wykorzystanie w miejscach narazonych na znaczne obcigzenia.
Ponadto, w przypadku materiatow na bazie fosforanéow (V) wapnia, niekiedy po implan-
tacji wystepuja réwniez problemy z odpowiednim dopasowaniem tempa degradacji ma-
teriatu do tempa odbudowy tkanki kostnej. Dodatkowo, niektore formy tych materiatow
wykazuja ograniczong integracje z otaczajacymi tkankami.

Cementy kostne oparte na wysoko reaktywnym proszku a-fosforanu (V) wapnia (a-TCP,
a-Cas(POs)2) sg ciekawa 1 intensywnie rozwijang w ostatnich latach grupa materiatéw bio-
ceramicznych stosowanych w substytucji tkanki kostnej. Cementy fosforanowo-wapnio-
we skladaja si¢ z fazy proszkowe;j i cieklej, ktore po zmieszaniu tworzg jednorodna, tatwa
do aplikacji paste ulegajaca nastepnie procesowi wigzania i twardnienia in situ. Mecha-
nizm wigzania tych materialow opiera si¢ na zdolnosci proszku a-TCP do hydrolizy, pro-
wadzacej do precypitacji hydroksyapatytu z niedoborem wapnia (CDHA, ang. Calcium-
-Deficient HydroxyApatite) w warunkach pH zblizonych do wartosci fizjologicznych [10].
Pomimo faktu, ze cementy oparte na a-TCP od lat 80-tych XX wieku stanowig skutecz-
ne rozwigzanie w leczeniu ubytkow i rekonstrukeji tkanki kostnej, gtéwnie dzigki swojej
bioaktywnosci i biokompatybilnos$ci, ich zastosowanie pozostaje ograniczone do miejsc
nie przenoszacych znacznych obcigzen mechanicznych. W przypadku mocowania endo-
protez za pomocg cementow kostnych, wypekniania rozlegtych ubytkéw kostnych czy re-
konstrukeji trzonow krggow ich parametry wytrzymatosciowe sg niewystarczajace [11,12].
Warto$ci wytrzymatosci na $ciskanie dla tych cementow, uzyskiwane w warunkach labo-
ratoryjnych, mieszcza si¢ w zakresie od okoto 5 do 12 MPa. W celu poprawy witasciwo-
$ci mechanicznych cementoéw fosforanowo-wapniowych stosuje si¢ wiele modyfikacji ich
sktadow wyjsciowych, zaréwno w fazie statej jak i cieklej [13—15]. Najczesciej wzrost
wytrzymato$ci tego typu biomateriatdw mozna uzyskaé poprzez dodatek polimerow po-
chodzenia naturalnego Iub syntetycznego, zastosowanie wiokien lub czastek wzmacnia-
jacych, czy tez zmniejszenie porowatosci cementdéw poprzez zmiang stosunku fazy cie-
ktej do statej. Dobor konkretnej strategii modyfikacji wlasciwosci materiatdéw cemento-
wych powinien by¢ dostosowany do planowanego zastosowania klinicznego oraz tech-
niki aplikacji materialu. Nalezy jednak pamigtaé, ze wiekszos¢ z tych modyfikacji wigze
si¢ z konieczno$cig uzyskania kompromisu pomiedzy wlasciwosciami fizykochemiczny-
mi materiatlow cementowych, a ich wtasciwosciami biologicznymi. Kolejng istotng prze-
szkoda w szerszym zastosowaniu cementéw kostnych na bazie a-TCP jest ich ograniczo-
na wstrzykiwalnos¢.

Dynamiczny rozwdj technik maloinwazyjnych (metod zabiegowych ograniczajacych
ingerencje w organizm w poréwnaniu z tradycyjnymi operacjami), sprzyjajacych skro-

ceniu czasu hospitalizacji pacjentéw, ograniczeniu ryzyka powiktan po zabiegach chirur-
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gicznych oraz umozliwiajacych szybszy powrdt do petnej sprawnos$ci, generuje rosnace
zapotrzebowanie na biomateriaty o wysokiej porgcznosci chirurgicznej, mozliwe do ta-
twej aplikacji na przyktad poprzez wstrzykiwanie. W tym konteks$cie kluczowym kierun-
kiem badawczym staly si¢ wstrzykiwalne cementy fosforanowo-wapniowe, ktore moga
by¢ podawane przy uzyciu standardowych strzykawek lub dedykowanych systeméw do-
zujacych [16].

Pomimo intensywnych badan nad opracowaniem substytutow kostnych spetniajacych
zaréwno warunek biozgodnosci, jak i wymagania dotyczace wlasciwosci fizykochemicz-
nych oraz biologicznych, ktére beda rownoczesnie tatwe do aplikacji przez lekarzy, do-
tychczas nie udato si¢ opracowa¢ uniwersalnego materialu typu cementowego na bazie
fosforanow (V) wapnia spetniajacego wszystkie powyzsze kryteria. Analiza istniejacych
rozwigzan w zakresie dostepnych na rynku implantacyjnym materiatow wigzanych che-
micznie, jednoznacznie wskazuje na potrzebe dalszego rozwoju tego typu materiatow, kto-
re nie tylko zapewniatyby odpowiednig stabilno$¢ mechaniczng w miejscu ubytku, lecz
takze aktywnie wspomagatyby procesy biologicznej odbudowy tkanki. Z tego powodu
szczegolnie obiecujacym kierunkiem badan jest wykorzystanie materiatéw hybrydowych
w celu polaczenia ich korzystnych wlasciwosci fizykochemicznych i biologicznych z moz-

liwoscia tatwej aplikacji do ubytku kostnego.

Materialy hybrydowe

Sposrod obecnie rozwijanych fosforanowo-wapniowych materiatow ko$ciozastepczych
szczegolnie obiecujaca grupe stanowig materiaty hybrydowe. Reprezentuja one odrgbng
klase biomateriatéw, w ktorych celowo i w sposob kontrolowany taczy si¢ komponen-
ty nieorganiczne z organicznymi, prowadzac do otrzymania nowych materiatow o zlozo-
nym sktadzie. Tak zaprojektowane uktady tacza korzystne wtasciwosci obu tych sktadni-
kéw, co pozwala uzyskac unikalne cechy fizykochemiczne i biologiczne materiatow, nie-
dostepne dla poszczegdlnych sktadnikéw stosowanych oddzielnie [17].

Zgodnie z definicjg przyjeta przez Miedzynarodowa Uni¢ Chemii Czystej i Stosowanej
(IUPAC), materiat hybrydowy to jednorodna mieszanina sktadnikéw organicznych, nie-
organicznych lub obu tych typdw, w ktorej poszczegodlne komponenty wzajemnie si¢ prze-
nikaja w skali ponizej jednego mikrometra [18]. Cho¢ definicja ta stanowi powszechnie
uznany standard terminologiczny, jej ogolny charakter moze by¢ niewystarczajacy do pre-
cyzyjnego opisu ztozonosci strukturalnej materiatdéw hybrydowych. W praktyce badaw-
czej 1 inzynierskiej czgsto konieczne jest doprecyzowanie tej definicji o dodatkowe kry-
teria zwigzane z wlasciwos$ciami fizykochemicznymi, typem interakcji migdzyfazowych
oraz sposobem otrzymywania danego uktadu.

Uzupetnieniem wspomnianej powyzej definicji [IUPAC jest klasyfikacja zaproponowa-

na przez Judeinsteina i Sancheza [19], ktora uwzglednia nie tylko typ materiatu, lecz tak-
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ze charakter oddzialywan miedzy jego sktadnikami. Zgodnie z tg koncepcjg, material hy-
brydowy to uktad ztozony z co najmniej dwdoch komponentow — organicznych i/lub nie-
organicznych — potaczonych ze sobg za pomocg oddziatywan fizycznych lub poprzez trwa-
te wigzania chemiczne. Taki podziat pozwala na wyrdznienie dwoch glownych klas mate-

riatéw hybrydowych:

+ klasy I, obejmujacej uktady zdominowane przez oddzialywania stabe (tj. wigzania wo-
dorowe, sily elektrostatyczne czy oddziatywania van der Waalsa), oraz

» klasy II, w ktorych komponenty 13cza sie za pomoca wigzan trwatych (jonowych lub ko-
walencyjnych).

Rozréznienie to ma istotne znaczenie przy projektowaniu materiatéw funkcjonalnych, po-
niewaz wystepujace w strukturze materiatu wigzania warunkujg jego wlasciwosci.

Drugim istotnym kryterium klasyfikacyjnym, poza okresleniem rodzaju oddziatywan
w strukturze materiatu hybrydowego, jest typ dominujacej fazy, a wiec rodzaj matrycy oraz

wprowadzanego sktadnika dodatkowego. W tym ujeciu wyrdznia si¢ [20]:

* materialy organiczno-nieorganiczne (Ol — ang. Organic-Inorganic) — z osnowa organicz-
ng 1 komponentem nieorganicznym,
* materialy nieorganiczno-organiczne (IO — ang. Inorganic-Organic) — z 0snowa nieorga-

niczng 1 fazg organiczng osadzong w tej osnowie.

Dodatkowo, do materialow hybrydowych zalicza si¢ rowniez uktady ztozone wytacznie ze
sktadnikéw nieorganicznych (Il — ang. Inorganic-Inorganic), a takze struktury oparte wy-
tacznie na sktadnikach organicznych (OO — ang. Organic-Organic).

W przypadku wigkszosci materiatow hybrydowych zachowana zostaje odrgbno$¢ faz po-
szczegblnych sktadnikéw. Natomiast w bardziej zaawansowanych uktadach — tzw. nanohy-
brydach — moze doj$¢ do dyspersji jednej z faz w drugiej, co skutkuje uzyskaniem wysoce
jednorodnej mikrostruktury [21].

W inzynierii tkanki kostnej materiaty hybrydowe znajduja zastosowanie m.in. do wytwa-
rzania implantéw, powlok o wlasciwosciach bioaktywnych, tréjwymiarowych rusztowan
wspierajacych regeneracje ko$ci oraz systemoéw do kontrolowanego uwalniania lekow [22].
Mimo szerokiego zakresu potencjalnych zastosowan, analiza dostgpne;j literatury wskazu-
je, ze dominujaca grupe stanowig hybrydy organiczno—nieorganiczne, w ktorych osnowe
tworza biodegradowalne polimery, wzmacniane odpowiednio dobrang faza nieorganiczng.
Z kolei hybrydy nieorganiczno—organiczne, oparte na nieorganicznej osnowie zawierajacej
wbudowane komponenty organiczne, sa znacznie rzadziej opisywane i wcigz stanowig sto-

sunkowo stabo rozpoznang klas¢ biomateriatdow ko$ciozastgpczych.
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Szczegodlne zainteresowanie badaczy budza uktady hybrydowe oparte na fosforanach (V)
wapnia oraz naturalnych polimerach. Przyktadem takich rozwigzan sa materialy hydrok-
syapatytowo-chitozanowe (HA/CTS) o podwyzszonej wytrzymato$ci mechanicznej otrzy-
mywane z wykorzystaniem zmodyfikowanej mokrej metody syntezy [23]. W wytworzo-
nych nieorganiczno-organicznych granulach HA/CTS, oddzialywania elektrostatyczne po-
miedzy grupami aminowymi chitozanu a anionami fosforanowymi pozwolity na uzyska-
nie materialdow hybrydowych klasy pierwszej, o jednorodnej mikrostrukturze oraz efektyw-
nej integracji obu faz. Zaletg zaproponowanej metody otrzymywania jest jej elastycznos$¢ —
umozliwia ona modyfikacje wtasciwosci hybrydowych granul poprzez uzycie innych poli-
merow, takich jak np. metyloceluloza [24] lub wprowadzenie sktadnikow o dziataniu anty-
bakteryjnym, w postaci jonéw lub nanoczastek srebra lub zlota [25, 26]. Co istotne, hybry-
dowe granule ceramiczno-polimerowe moga petnié nie tylko rolg samodzielnego materiatu
implantacyjnego, lecz rowniez stanowi¢ faze wzmacniajacg w samowigzacych materiatach
cementowych — tzw. biomikrobetonach. W takich zastosowaniach, podobnie jak w przypad-
ku tradycyjnych betonéw, obecnos¢ granul poprawia odpornos¢ materiatu na kruche peka-
nie poprzez mechanizm zatrzymywania propagacji mikropekniec [27].

Nieorganiczno-organiczne materiaty hybrydowe sg wytwarzane rowniez z wykorzysta-
niem zwigzkow innych niz fosforany (V) wapnia, takich jak na przyktad krzemionka — 13-
czona m.in. z chitozanem [28] lub alginianem sodu [29]. Potaczenie tych sktadnikéw po-
zwala uzyska¢ biomaterialy o podwyzszonej bioaktywnosci, sprzyjajace adhezji komo-
rek, indukujgce mineralizacj¢ macierzy zewnatrzkomoérkowej czy ulegajace kontrolowa-
nej degradacji.

Przewazajaca cz¢$¢ badan nad hybrydowymi materiatami ko$ciozastepczymi koncentruje
si¢ na uktadach organiczno-nieorganicznych, w ktorych dominujacg fazg stanowig polime-
ry naturalne, takie jak chitozan [30], kolagen [31], zelatyna [32,33], alginian sodu [34], lub
polimery syntetyczne, np. poli(kwas mlekowy) (PLA) [35], czy poli(e-kaprolakton) (PCL)
[36]. Obecnos¢ sktadnika organicznego nadaje takim biomaterialom elastycznos¢ i wysoka
poreczno$¢ chirurgiczng. Niemniej jednak, ich wytrzymato$¢ mechaniczna wcigz pozosta-
je niewystarczajaca, co ogranicza mozliwos¢ ich stosowania do miejsc, ktore nie sa narazo-
ne na znaczne obcigzenia mechaniczne. Obecnie nieorganiczno—organiczne uktady hybry-
dowe, w ktorych faza mineralna pelni dominujaca rolg stanowig preferowang opcje w tera-
pii ubytkow kostnych.

Pomimo znaczacego postgpu w projektowaniu biomateriatow i licznych badan nad po-
prawa ich wlasciwosci, wcigz nie udato si¢ opracowaé materiatu taczacego w sposob kom-
pleksowy odpowiednie cechy biologiczne, wytrzymalo$¢ mechaniczng i porgczno$¢ chi-
rurgiczng. W zwiazku z tym istnieje pilna potrzeba opracowywania nowych metod mo-
dyfikacji biomateriatow. Jedng z obiecujacych strategii wydaje si¢ by¢ zastosowanie sila-

nowych §rodkdéw sprzggajacych w inzynierii tkanki kostne;j.
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Silanowe Srodki sprzegajace

Silanowe $rodki sprzegajace to zwiazki organokrzemowe, ktore zawieraja w swojej struk-
turze zarowno grupy funkcyjne zdolne do reakcji z substancjami nieorganicznymi, jak i te,
ktore sag kompatybilne z fazg organiczng danego uktadu. Dzigki tej podwojnej naturze umoz-
liwiajg one tworzenie trwatych wigzan chemicznych pomigdzy réznymi komponentami
materiatu, co prowadzi do poprawy adhezji migdzyfazowej pomi¢dzy nimi, zwigkszenia
jednorodnosci materialu, poprawy jego wtasciwosci mechanicznych oraz trwatosci [37].

Mechanizm dziatania silanowych srodkow sprzegajacych obejmuje [38,39]:

» Zwilzanie powierzchni — silanowe $rodki sprzegajace charakteryzuja si¢ niskim napig-
ciem powierzchniowym oraz odpowiednig lepko$cia, co umozliwia ich rownomierne
rozprowadzenie na powierzchni materiatu i zapewnia efektywne jego zwilzenie, stano-
wigce niezbedny warunek dla dalszych oddziatywan miedzyfazowych.

* Hydrolizg grup alkoksysilanowych — w srodowisku wilgotnym, grupy alkoksysilanowe
ulegaja reakcji hydrolizy, prowadzacej do powstania reaktywnych grup silanolowych

* (-Si—OR — -Si—OH), ktore stanowig kluczowe ogniwo w procesie wigzania chemicz-
nego z podtozem.

» Tworzenie wigzan wodorowych z podtozem — grupy silanolowe wytworzone w poprzed-
nim etapie moga oddzialywa¢ z grupami hydroksylowymi obecnymi na powierzchni
materiatéw nieorganicznych poprzez tworzenie wigzan wodorowych lub kondensacje,
prowadzac do utworzenia kowalencyjnych wigzan (Si—-OH + HO-M — Si—-O-M + H20),
gdzie M oznacza atomy wystepujace na powierzchni podtoza (np. Ca, Si, Al, Ti). Row-
noczesnie segmenty organiczne czgsteczki silanu orientujg si¢ w kierunku fazy orga-
nicznej, umozliwiajac oddziatywanie z dalszymi komponentami systemu hybrydowego.

» Polikondensacja i sieciowanie — niezwigzane grupy silanolowe (—-Si—OH) moga ulegaé
wzajemne] kondensacji, prowadzac do powstania przestrzennie usieciowanej struktu-
ry siloksanowej (—Si—O-Si—). Tworzaca si¢ w ten sposob tréjwymiarowa sie¢ stabili-
zuje warstwe posrednig 1 wzmacnia polaczenie pomigdzy poszczegdlnymi fazami po-

przez zwigkszenie wytrzymalo$ci mechanicznej oraz odpornosci chemicznej uktadu.

Silanowe $rodki sprzggajace znajduja szerokie zastosowanie w przemysle, przede wszyst-
kim jako dodatki poprawiajace adhezje i trwato$¢ chemiczng w produkcji kompozytow
konstrukcyjnych, farb i powtok ochronnych, klejow, uszczelniaczy oraz laminatow [40,41].
Obecnie, ze wzgledu na swoje wlasciwosci adhezyjne, zwigzane z mozliwosciag tworze-
nia wigzan chemicznych pomiedzy sktadnikami organicznymi i nieorganicznymi, coraz
czesciej znajdujg rowniez zastosowanie w inzynierii biomateriatow. Szczegdlne znacze-
nie przypisuje si¢ im w syntezie hybrydowych materiatow hydrozelowo-elastomerowych

[42], hydrozeli responsywnych [43], hydrozeli hialuronianowych [44], materiatach ma-
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jacych kontakt z krwig [45], metalowych stentow biodegradowalnych ze stopow Zn-Mg
[46] czy pokry¢ na implantach metalowych [47,48]. Zastosowanie silanowych $rodkow
sprzggajacych w projektowaniu materiatdéw kosciozastepczych takze wydaje sie w pel-
ni uzasadnione. Przyktadowo, Suppakarn i wsp. [49] dokonali modyfikacji proszkéw hy-
droksyapatytu (HA) za pomoca réznych silanéw, w tym y-aminopropylotrimethoksysila-
nem (APES, y-minopropyltriethoxysilane), metylotrimetoksysilanem (MTMS, methyltri-
methoxysilane) oraz y-glicydoksypopropylotrimethoksysilanem (GPMS, y-glycidoxypro-
pyltrimethoxysilane), w celu otrzymania kompozytow HA/polipropylen. Otrzymane wyni-
ki badan wykazaly, ze zastosowanie srodkéw silanowych poprawito interakcje pomiedzy
hydroksyapatytem a polipropylenem, prowadzac do wzrostu sztywnos$ci materiatu kom-
pozytowego. Z kolei Ji i wsp. [50] opracowali rusztowania kostne oparte na HA, mody-
fikujac jego powierzchnig trzema réoznymi srodkami sprzggajacymi: 3-metakryloksypro-
pylotrimetoksysilanem (3-MPS, 3-methacryloxypropyltrimethoxysilane), 3-aminopropy-
lotrimethoksysilanem (APTES, 3-aminopropyltrimethoxysilane) oraz 3-karboksyetylosi-
lanotrialkilosodowym (3-CES-trialkoxysilane, 3-carboxyethyltrimethoxysilane). Zasto-
sowanie tych zwigzkéw przyczynito si¢ do poprawy wlasciwosci mechanicznych ruszto-
wan hydroksyapatytowych z wartosci okoto 20 do 30 MPa, co wynikato z obecnosci wia-
zan elektrostatycznych miedzy komponentami kompozytu. Ponadto, modyfikowane po-
wierzchnie wykazywaty bardzo dobrg biokompatybilnos¢. Ghorbani i wsp. [51] wykorzy-
stali 3-glicydoksypopropylotrimethoksysilan (GPTMS, 3-glycidyloxypropyltrimethoxysi-
lane) jako nieorganiczny $rodek sieciujacy w rusztowaniach ztozonych z chitozanu i po-
lichlorku winylu. W wyniku przeprowadzonych badan wykazano, ze obecno$¢ GPTMS
poprawita wlasciwosci mechaniczne rusztowan, zwigkszyta zdolno$¢ do absorpcji wody
oraz wptyneta na kontrolowang biodegradacje materialu. Z kolei Fuh i wsp. [52] opisa-
li metode modyfikacji hydroksyapatytu z zastosowaniem tetractoksysilanu (TEOS, tetra-
ethoxysilane), ktora pozwalata na zmian¢ mikrostruktury tworzywa poprzez zwigkszenie
jego mikroporowato$ci, zmniejszenie skurczu wypalania oraz poprawe tempa biodegra-
dacji rusztowan ceramicznych.

Przytoczone powyzej przyktady wskazuja na rosngce znaczenie silanowych srodkéw
sprzggajacych w inzynierii biomateriatéw. Dzigki zdolnosci do tworzenia trwalych wigzan
kowalencyjnych miedzy faza nieorganiczng a organiczng, zwiazki te umozliwiajg istotna
poprawe wiasciwosci mechanicznych, stabilnosci chemicznej oraz funkcjonalnosci ma-
terialdow przeznaczonych do kontaktu z tkankami i ptynami ustrojowymi.

Pomimo swojej wszechstronnosci, silanowe $rodki sprzegajace nie byty jeszcze stoso-
wane do modyfikacji fosforanowo-wapniowych cementéw kostnych. Ich wykorzystanie
stwarza nowe mozliwosci projektowania zaawansowanych materialdow wigzanych che-
micznie do regeneracji tkanki kostnej i moze przynies¢ szereg potencjalnych korzysci, ta-
kich jak [37]:
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» poprawe wlasciwosci mechanicznych — dzigki polaczeniu fazy ceramicznej z poli-
merami nastgpuje ograniczenie propagacji pekniec¢ i wzrost wytrzymato$ci na $ciska-
nie oraz modutu sprezystosci.

* wspomaganie adhezji do tkanek i innych materialéw — grupy funkcyjne silanowych
srodkéw sprzegajacych mozna dobraé pod katem interakcji z biatkami macierzy ze-
wnatrzkomorkowej, co moze sprzyjaé osteointegracji.

* mozliwo$¢ nadania funkcji antybakteryjnych lub osteoindukcyjnych — poprzez uzy-
cie silanéw oraz substancji zawierajacych jony miedzi, cynku czy bioaktywne ligan-
dy, mozna nada¢ cementom fosforanowo-wapniowym wtasciwos$ci zapobiegajace po-
wstawaniu biofilméw lub stymulujace réznicowanie komoérek progenitorowych w kie-
runku osteoblastow.

* mozliwos¢ dalszej funkcjonalizacji — poprzez uzycie silanowych srodkéw sprzegaja-
cych mozna w tatwy sposob funkcjonalizowaé cementy fosforanowo-wapniowe $rod-

kami o korzystnym dziataniu biologicznym, na przyktad lekami.

Ze uwagi na niewielka liczbg badan poswigconych zastosowaniu silanowych §rodkow
sprzggajacych w cementowych materiatach kosciozastepczych, obszar ten pozostaje w du-
zej mierze niezbadany, mimo ze wykazuje istotny potencjat rozwojowy. Stanowi tym sa-
mym obiecujacy kierunek dalszych prac badawczych, ktory moze znaczaco przyczynié
si¢ do poprawy wlasciwosci funkcjonalnych oraz poszerzenia zastosowan wspotczesnych

biomateriatow kosciozastepczych.

Czynniki aktywne terapeutycznie do modyfikacji cementow kostnych
Wprowadzenie czynnikow o korzystnym dziataniu biologicznym do cementow fosforano-
wo-wapniowych stanowi powszechnie stosowang strategie majaca na celu ograniczenie
ryzyka wystgpienia zakazen pooperacyjnych, ktore pozostaja jedng z gtdéwnych przyczyn
niepowodzen w chirurgii ortopedycznej oraz stomatologicznej [53,54]. Do najczestszych
patogenow odpowiedzialnych za infekcje zwigzane z implantami kostnymi naleza: Staphy-
lococcus aureus, Escherichia coli oraz Pseudomonas aeruginosa, ktérych zdolno$¢ do ko-
lonizacji powierzchni biomateriatu i tworzenia opornych biofilméw bakteryjnych stanowi
powazne zagrozenie dla powodzenia leczenia [55]. W odpowiedzi na te wyzwania opraco-
wano szereg metod funkcjonalizacji cementow fosforanowo-wapniowych, umozliwiaja-
cych nadanie im wtasciwosci antybakteryjnych. Do najczesciej stosowanych podej$¢ na-
lezg modyfikacje z wykorzystaniem: antybiotykdéw, nanoczastek metali, zwigzkéw pocho-
dzenia naturalnego oraz pierwiastkow o udokumentowanym dzialaniu antybakteryjnym.
Jedna z najbardziej konwencjonalnych i szeroko stosowanych metod jest inkorporacja do

matrycy cementowej antybiotykow, takich jak gentamycyna [56] czy wankomycyna [57].

Takie podejscie umozliwia miejscowe uwalnianie substancji czynnej, co zwicksza skutecz-
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nos¢ dziatania leku i jednocze$nie ogranicza ryzyko ogélnoustrojowych dziatan niepoza-
danych. Pomimo tych zalet, zastosowanie antybiotykow wigze si¢ z istotnymi ogranicze-
niami. Niektore antybiotyki moga wykazywac dziatanie cytotoksyczne wobec komoérek go-
spodarza, a takze negatywnie oddziatlywac na procesy gojenia i mineralizacji tkanki kostne;.
Dodatkowa trudno$¢ stanowi niejednorodno$¢ dystrybucji substancji aktywnej w materia-
le oraz trudna do przewidzenia kinetyka uwalniania leku z matrycy cementowej, co ograni-
cza skutecznosc¢ 1 bezpieczenstwo tego typu rozwigzan. W swietle wskazanych ograniczen
intensywnie poszukuje si¢ alternatywnych metod nadawania cementom wtasciwosci anty-
bakteryjnych, ktére moglyby uzupetnia¢ lub zastepowac klasyczne podejscia oparte na wy-
korzystaniu antybiotykow w leczeniu zakazen bakteryjnych.

Nanotechnologia jest jedng z bardziej obiecujacych dziedzin nauki i inzynierii, ktéra zaj-
muje si¢ projektowaniem, synteza, analiza i zastosowaniem struktur oraz materialdw na po-
ziomie nanometrycznym, ktore wykazuja niezwykte wlasciwosci fizyczne, chemiczne i bio-
logiczne. Nanotechnologia w medycynie oferuje nowe podejscie do diagnostyki oraz lecze-
nia wielu choréb, zwlaszcza nowotwordéw, chordb przewlektych, a takze wspomaga lecze-
nie zakazen bakteryjnych poprzez wykorzystanie nanoczastek. Do najczesciej stosowanych
nanoczastek o dziataniu antybakteryjnym naleza nanoczastki srebra (AgNPs) [58], tlenku
cynku (ZnONPs) [59], miedzi (CuNPs) [60] oraz tlenku tytanu (TiONPs) [61]. Zaletg ich
zastosowania jest ich stabilno$¢ w mikrostrukturze biomateriatow cementowych, a takze
mozliwo$¢ uzyskania dtugotrwatego efektu antybakteryjnego bez konieczno$ci stosowania
duzych dawek antybiotykow. Nanoczastki oddzialuja na bakterie wielokierunkowo, m.in.
poprzez uszkadzanie bton komoérkowych, zaburzenia funkcji enzymatycznych oraz gene-
rowanie reaktywnych form tlenu [62]. Pomimo licznych zalet, wprowadzenie nanoczastek
do materiatow implantacyjnych wigze si¢ takze z pewnymi ograniczeniami. Wykazano, ze
w zbyt wysokich stezeniach moga one dziata¢ toksycznie wobec komoérek gospodarza, wy-
wolywac reakcje zapalne, a takze indukowa¢ niepozadane zmiany biologiczne. Wcigz trwa-
ja badania nad ich dlugoterminowym bezpieczenstwem, w tym nad potencjalng zdolnoscia
do przekraczania bariery krew—mozg, co budzi obawy dotyczace ich negatywnego wply-
wu na uktad nerwowy [63, 64].

W odpowiedzi na powyzsze wyzwania, coraz wigksze zainteresowanie naukowcow kon-
centruje si¢ na naturalnych zwigzkach biologicznie czynnych, wykazujacych aktywnos¢ an-
tybakteryjna. Do tej grupy naleza m.in. chitozan, olejki eteryczne, flawonoidy, kwasy feno-
lowe oraz ekstrakty roslinne [62—64]. Zwiazki te charakteryzuja si¢ wysoka biokompaty-
bilnoscia, biodegradowalno$cig oraz potencjalnym dziataniem wspomagajacym regenera-
cje tkanki kostnej. Ich ograniczeniem jest jednak czesto nizsza skuteczno$¢ terapeutyczna
w porownaniu do antybiotykéw lub nanoczastek.

Kolejng interesujaca strategig uzyskania materiatow o dziataniu antybakteryjnym jest

wprowadzenie w strukture biomateriatu pierwiastkow o udokumentowanym dziataniu prze-
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ciwdrobnoustrojowym. Najczesciej dotuje si¢ biomateriaty jonami: Ag*, Cu*', Zn* czy
Ce*"/Ce** [65—67], ktore w sposob kontrolowany sg uwalniane w miejscu implantacji, za-
pewniajac dlugotrwale dziatanie antybakteryjne. Oprocz tego, niektore jony wykazuja roéw-
niez korzystne dziatanie osteokondukcyjne, co dodatkowo zwieksza ich znaczenie w kon-

tekscie regeneracji tkanki kostnej [68, 69].

Podsumowanie

Intensywny rozwdj inzynierii biomateriatdéw stawia przed §rodowiskiem naukowym i prze-
mystem medycznym coraz wyzsze wymagania w zakresie projektowania, modyfikacji
oraz wdrazania innowacyjnych materiatéw implantacyjnych. Wsrdd nich szczegdlng gru-
p¢ stanowig samowigzace cementy kostne oparte na fosforanach (V) wapnia, ktorych za-
daniem jest nie tylko wypetnianie ubytkow, lecz takze aktywne wspieranie procesOw re-
generacji 1 osteointegracji.

Pomimo licznych zalet, dostepne komercyjnie cementy fosforanowo-wapniowe wy-
kazuja ograniczong wytrzymato$¢ mechaniczng i niewystarczajaca wstrzykiwalnos¢, co
ogranicza ich zastosowanie do miejsc nieprzenoszacych znacznych obcigzen mechanicz-
nych. Konieczne jest zatem opracowanie nowoczesnych materiatow cementowych, kto-
re — przy zachowaniu korzystnych wlasciwosci biologicznych — beda charakteryzowaty
si¢ zwigkszong wytrzymatoscia, lepsza porgcznos$cia chirurgiczng i mozliwoscia pehnie-
nia roli no$nikoéw substancji o korzystnym dziataniu biologicznym.

Najnowsze trendy w inzynierii biomateriatdéw ko$ciozastepczych wskazuja na integra-
cje bioaktywnej ceramiki fosforanowo-wapniowej z polimerami naturalnymi, prowadzaca
do wytworzenia nieorganiczno-organicznych uktadéw hybrydowych o ulepszonych wtasci-
wosciach. Cho¢ brak jest bezposrednich doniesien dotyczacych zastosowania silanowych
srodkow sprzeggajacych w cementach kostnych, ich wykorzystanie wydaje si¢ uzasadnio-
ne ze wzgledu na zdolno$¢ do tworzenia przez te zwigzki trwatych wigzan chemicznych
pomiedzy faza nieorganiczng a organiczng. Badania nad innymi uktadami kompozytowy-
mi potwierdzaja, ze zwigzki te zwigkszaja adhezje migdzyfazows, ograniczaja propagacje
mikropeknie¢ oraz poprawiajg integralno$¢ materiatu, co w przetozeniu na cementy kostne
moze przynies¢ szereg korzysci.

Polaczenie bioaktywnej ceramiki fosforanowo-wapniowej, polimeréw naturalnych i si-
lanowych srodkow sprzegajacych stanowi zatem innowacyjne podej$cie do projektowania
cementéw kostnych nowej generacji, umozliwiajace uzyskanie materialow wstrzykiwal-

nych, o podwyzszone] wytrzymalosci mechaniczne;.
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Cel i tezy pracy

Glownym celem niniejszej rozprawy doktorskiej byto zaprojektowanie, wytworzenie

oraz charakterystyka nowoczesnych hybrydowych materiatéw kosciozastepczych typu

cementowego opartych na fosforanach (V) wapnia, polimerach pochodzenia naturalne-

go oraz silanowych srodkach sprzggajacych. Zaproponowano kompleksowe podejscie

do modyfikacji zarowno fazy stalej jak i ciektej opracowanych hybrydowych materia-

tow dla inzynierii tkanki kostnej. W ramach realizacji celu gtbwnego wyznaczono réw-

niez cele szczegdlowe, ktore obejmowaty okreslenie rodzaju interakcji chemicznych

i/lub fizykochemicznych wystepujacych w wytworzonych materiatach hybrydowych,

a takze oceng wplywu zastosowanych modyfikatoréw na wlasciwosci fizykochemicz-

ne, biologiczne oraz aplikacyjne opracowanych biomateriatow.

1.

W oparciu o tak zdefiniowany cel pracy sformutowano nastgpujace tezy badawcze:

Potaczenie nieorganiczno-organicznych hybrydowych granul hydroksyapatytowo-
-chitozanowych, polimeréw pochodzenia naturalnego oraz niemodyfikowanego lub
modyfikowanego powierzchniowo za pomocg silanowych $rodkéw sprzegajacych
wysokoreaktywnego proszku a-TCP umozliwia otrzymanie nowoczesnych materia-
tow implantacyjnych wigzanych chemicznie o czasach wigzania oraz parametrach

mechanicznych odpowiednich do zastosowan w inzynierii tkanki kostne;j.

. Polaczenie materialéw o dzialaniu przeciwdrobnoustrojowym takich jak polime-

ry o udokumentowanej aktywnosci antybakteryjnej (chitozan) z fosforanowo-wap-
niowymi materiatami, do ktérych wprowadzono jony o dziataniu antybakteryjnym
(jony miedzi) umozliwia otrzymanie materiatow implantacyjnych o rozszerzonym
1 wzmocnionym dziataniu bakteriobdjczym.

Modyfikacja powierzchni proszku a-TCP przy pomocy silanowych §rodkow sprze-
gajacych oraz wykorzystanie zelu pektyny cytrusowej jako dodatku do fazy cieklej
materialdéw umozliwia otrzymanie wielofunkcyjnych, hybrydowych past ceramicz-
nych przeznaczonych do wytwarzania spersonalizowanych implantéw kostnych

z wykorzystaniem technik formowania przyrostowego.
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Zakres prowadzonych badan

W celu weryfikacji tez pracy oraz realizacji zatlozonych celow badawczych przeprowadzo-
no szereg dziatan obejmujacych zardwno projektowanie wyjsciowych sktadow, jak i kom-
pleksowa charakterystyke otrzymanych wigzanych chemicznie materiatéw hybrydowych.
W ramach prowadzonych prac zaproponowano szereg sposobow modyfikacji zardwno fazy

statej jak 1 cieklej materialow cementowych. Zakres badan obejmowat nastgpujace etapy:

» Synteze wysokoreaktywnego proszku a-TCP oraz hybrydowych materiatow hydrok-
syapatytowo-chitozanowych (HA/CTS) z wykorzystaniem mokrej metody chemicz-
nej oraz charakterystyke materialow wyjsciowych.

* Modyfikacje¢ fazy statej cementow kostnych opartych na proszku a-TCP poprzez wpro-
wadzenie do wyjsciowego sktadu cementu hybrydowych granul HA/CTS oraz oceng
ich wptywu na wiasciwosci fizykochemiczne biomikrobetonow.

* Modyfikacje fazy statej fosforanowo-wapniowych cementdéw kostnych poprzez do-
datek polimerow naturalnych takich jak: alginianu sodu i/lub hydroksypropylome-
tyloceluloza lub powierzchniowg funkcjonalizacje proszku a-TCP z uzyciem silano-
wych $rodkéw sprzegajacych — tetraetoksysilanu (TEOS) lub 3-glicydoksylopropy-
lotrimetoksysilanu (GPTMS).

* Modyfikacje fazy ciektej poprzez wprowadzenie do roztworu wodorofosforanu (V)
sodu zelu pektyny cytrusowej jako naturalnego dodatku polimerowego, a nastgp-
nie ocen¢ wptywu jednoczesnej modyfikacji obu faz (stalej i cieklej) na wtasciwosci
otrzymanych samowigzacych materiatow kosciozastepczych.

* Modyfikacje hybrydowych granul HA/CTS pierwiastkami o udokumentowanym ko-
rzystnym dzialaniu terapeutycznym — miedzig i tytanem — oraz analiz¢ ich wptywu
na wilasciwosci strukturalne, mechaniczne i biologiczne otrzymanych biomateriatow.

» Zaprojektowanie sktadow i otrzymanie nowoczesnych past cementowych opartych
na fosforanach (V) wapnia, polimerach pochodzenia naturalnego i silanowych $rod-
kach sprzegajacych, dedykowanych do wytwarzania trojwymiarowych rusztowan ko-
stnych metodg robocastingu oraz ich charakterystyka.

Zastosowana metodyka badawcza

W celu dokonania kompleksowej oceny otrzymanych biomateriatow wigzanych che-
micznie, z uwagi na ich zré6znicowang formg, a takze potencjalne zastosowanie w me-
dycynie regeneracyjnej, wykorzystano szereg metod pozwalajacych na oceng ich wla-
sciwosci fizykochemicznych oraz biologicznych.

1. Powierzchni¢ wlasciwa wyjsciowych oraz zmodyfikowanych z wykorzystaniem si-

lanowych $rodkow sprzegajacych proszkéw fosforanowo-wapniowych okre§lono
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10.

1.

metoda fizycznej adsorpcji azotu z zastosowaniem izotermy Brunauera-Emmetta-
-Tellera (BET).

. Potencjat elektrokinetyczny proszkow wyznaczono przy uzyciu analizatora elektro-

foretycznego.

Rozktad wielkosci czastek proszkow ceramicznych okre§lono z zastosowaniem tech-
niki dynamicznego rozpraszania §wiatta (DLS).

Sktad fazowy oraz chemiczny otrzymanych materiatow zostat okreslony przy uzy-
ciu technik takich jak rentgenowska spektroskopia fluorescencyjna (XRF), rentge-
nowska analiza dyfrakcyjna (XRD), spektroskopia w podczerwieni z transformacja
Fouriera (FTIR) oraz spektroskopia Ramana.

Czasy wigzania, zarowno poczatkowe jak i koncowe, otrzymanych materiatow
cementowych zmierzono za pomoca aparatu Gillmore’a zgodnie z normag ASTM
C266-20.

Wstrzykiwalno$¢ opracowanych materiatdw oceniano przez ekstrudowanie pasty
cementowej przez dysz¢ 2 mm ze strzykawki do cylindra z ptynem SBF, podgrza-
nym do temperatury 37°C. Sita przytozona do tloka strzykawki zostata zmierzona
za pomocg maszyny wytrzymatosciowej przy predkosci przesuwu glowicy wyno-
szacej 1,0 mm/min.

Reologi¢ past ceramicznych przeznaczonych do druku badano w zaleznos$ci od cza-
su przy stalej szybkosci $cinania 1s™' z wykorzystaniem reometru wyposazonego

w przystawke typu ptytka-ptytka.

. Mikrostruktur¢ uzyskanych materiatow zbadano za pomoca skaningowego mikro-

skopu elektronowego (SEM) potaczonego ze spektrometrem dyspersji energii pro-
mieniowania rentgenowskiego (EDS), umozliwiajacego analiz¢ sktadu chemiczne-
go w mikroobszarach. W celu zbadania porowato$ci oraz rozktadu wielkosci porow

wykorzystano metod¢ porozymetrii rteciowe;.

. Wlasciwos$ci mechaniczne otrzymanych materiatdw cementowych oceniono na pod-

stawie statycznej proby Sciskania, wyznaczajac takie parametry jak wytrzymatos¢
na $ciskanie oraz modut Younga.

Potencjat bioaktywny in vitro otrzymanych biomateriatow, rozumiany jako zdolnos¢
formowania si¢ na powierzchni materialu apatytowej warstwy fosforanowo-wapnio-
wej, oceniano przez inkubacj¢ tworzyw w sztucznym ptynie fizjologicznym (SBF)
o sktadzie jonowym zblizonym do ludzkiego osocza. Zmiany morfologii oraz sktadu
chemicznego powierzchni materiatow po inkubacji obserwowano z wykorzystaniem
techniki SEM/EDS. Dodatkowo, w celu oceny zmian strukturalnych powierzchni
materialdéw oraz potwierdzenia formowania si¢ na nich niestechiometrycznego hy-
droksyapatytu wykorzystano spektroskopi¢ w podczerwieni (FTIR).

Oceng stabilnosci chemicznej in vitro oraz procesoOw degradacji i uwalniania jonow
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13.

z otrzymanych materiatéw przeprowadzono na podstawie analizy zmian pH i prze-
wodnictwa jonowego symulowanego ptynu fizjologicznego (SBF) oraz wody desty-
lowanej, a takze z wykorzystaniem spektrofotometrii UV/Vis.

Ocena wtasciwosci przeciwbakteryjnych materialéw modyfikowanych jonami o po-
tencjale terapeutycznym wobec Staphylococcus aureus (ATCC 25923) oraz Esche-
richia coli (ATCC 25922) zostata przeprowadzona z wykorzystaniem metody dy-
fuzyjno-krazkowe;.

Ocena cytotoksycznosci biomateriatow in vitro wobec linii komoérkowej MC3T3-El
opierala si¢ na analizie zywotno$ci komorek po ekspozycji na ekstrakty materiatow
zgodnie z normg ISO 10993-5. Cytotoksycznos¢ oceniono za pomoca testow WST-
8, LDH oraz zestawu do barwienia Live/Dead, a takze przy uzyciu mikroskopii kon-

fokalnej po inkubacji komorek na probkach biomaterialow przez 48 godzin.

14. Aktywnos¢ antybakteryjna oceniono metodag AATCC 100-2004 na podstawie licz-
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by komorek tworzacych kolonie po inkubacji, natomiast test przyczepnosci bakterii
przeprowadzono poprzez ocen¢ obecnosci zywych komoérek bakteryjnych zwigza-

nych z powierzchnig materiatow, wizualizowanych metoda mikroskopii konfokalne;.



Omowienie wynikoéw badan

Etap I — Modyfikacja fazy stalej materialow cementowych z wyko-
rzystaniem hybrydowych granul hydroksyapatytowo-chitozanowych
Pierwszym etapem przeprowadzonych badan byto wytworzenie oraz charakterystyka
samowigzacych materialéw kos$ciozastepczych na bazie wysokoreaktywnego prosz-
ku a-fosforanu (V) wapnia (a-TCP), zawierajacych dodatkowo hybrydowy kompo-
nent w postaci granul hydroksyapatytowo-chitozanowych (HA/CTS). Faze ciekla tych
materialéw stanowit 2% mas. roztwér wodorofosforanu (V) sodu (Na2HPO4). Celem
modyfikacji fazy statej poprzez wprowadzenie do wyjsciowego sktadu cementu ko-
stnego granul byta poprawa wlasciwosci mechanicznych cementu kostnego oparte-
go wylacznie na proszku a-TCP. W jej wyniku otrzymano biomikrobetony — materia-
ty kosciozastepcze typu cementowego, w ktorym hybrydowe granule pelnig funkcje
analogiczng do kruszyw wykorzystywanych w klasycznej technologii betonu. (Pu-
blikacja 1, Materiat MC1).

Pomiar czasu wigzania, bedacego jednym z podstawowych parametrow oceny
fosforanowo-wapniowych cementow kostnych, wykazal, ze przeprowadzona mo-
dyfikacja nie wptynela istotnie ani na poczatkowy, ani na koncowy czas wigzania.
Uzyskane warto$ci wynosity odpowiednio 4,5 + 1,0 minuty oraz 7,5 = 0,5 minu-
ty 1 miescity si¢ w zakresie zapewniajacym wystarczajacy czas na przygotowanie
i aplikacje cementowej pasty, przy jednoczesnym szybkim jej zwigzaniu w miej-
scu implantacji (Publikacja 1, Tabela 1, Materiat MC1). Proces wigzania opracowa-
nych biomikrobetondéw przebiegat analogicznie do wigzania klasycznych apatyto-
wych cementow kostnych, tj. w oparciu o hydrolize a-TCP do niestechiometrycz-
nego hydroksyapatytu.

Zgodnie z oczekiwaniami, analiza sktadu fazowego otrzymanych biomateriatow
wykazata obecno$¢ dwoch faz krystalicznych: a-TCP oraz hydroksyapatytu. Ich ilo-
sciowy udziatl zalezal od warunkow w jakich materialy byty przechowywane po zwig-
zaniu i stwardnieniu. Inkubacja w warunkach symulujacych srodowisko biologicz-
ne spowodowata niemalze catkowita hydrolize a-TCP, potwierdzajac metastabilny
charakter tego zwigzku w $rodowisku wodnym. Jedyng zidentyfikowang faza kry-
staliczng w badaniu dyfrakcji rentgenowskiej w tych materiatach byt hydroksyapatyt
(Publikacja 1, Rysunek 2A, Tabela 2, Materiat MC1). Analiza sktadu chemicznego
opracowanych substytutéw kostnych metoda FTIR potwierdzila obecno$¢ charakte-
rystycznych grup funkcyjnych zaréwno dla fosforanow (V) wapnia, jak i chitozanu
zawartego w hybrydowych granulach HA/CTS. Zidentyfikowane pasma w zakresie

okolo 565 1 605 cm™ przypisano potrojnie zdegenerowanym drganiom zginajagcym
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wigzania P—O-P, natomiast silny dublet w okolicach 600 i 670 cm™' odpowiadat dra-
niom zginajacym jonéw HPO4>". Zauwazono takze koincydencje¢ pasm zginajacych
HPO+* 1 PO+* w okolicy 603 cm™. Istotne pasma w zakresie 1040—1060 cm™ przy-
pisano asymetrycznym drganiom rozciggajacym P—O, natomiast pasmo w okolicy
962 cm™ odpowiadato symetrycznym drganiom rozciaggajacym P—O. Dla chitozanu
zaobserwowano charakterystyczne pasma w zakresie 2928-2933 cm™! (drgania roz-
ciggajace C—H grup alkilowych) oraz w okolicach 1649—1650 cm™! (wibracje zgina-
jace N—H I-rzedowych grup aminowych) a takze pasma w zakresie 1315-1320 cm™
(rozciagajace C—N) oraz okoto 3573 cm™ (rozciggajace O—H) (Publikacja 1, Rysu-
nek 2B, Materiat MC1).

Jednym z gtéwnych celow wprowadzenia hybrydowych granul HA/CTS do fazy
statej cementow kostnych na bazie a-TCP byto otrzymanie materiatow wigzanych
chemicznie o lepszych parametrach mechanicznych. Jak wykazaty badania, wytrzy-
mato$¢ na $ciskanie otrzymanego biomikrobetonu wynosita 5,8 + 1,1 MPa (Publika-
cja 1, Rysunek 4, Material MC1). Tym samym mozna stwierdzi¢, ze przeprowadzo-
na modyfikacja nie tylko nie przyczynita si¢ do zwigkszenia wytrzymatosci materia-
tu w poréwnaniu do cementdéw opartych wylgcznie na proszku a-TCP, ale wregcez spo-
wodowata jej obnizenie o okoto 20% (Publikacja 3, Rysunek 6, Materiat Control). Za
gtowna przyczyng tego niekorzystnego efektu nalezy uzna¢ stabg adhezj¢ na grani-
cy pomigdzy hybrydowymi granulami a matryca cementowa, co zostalo potwierdzo-
ne obserwacjami mikrostruktury przetaméw otrzymanych materiatow (Publikacja 1,
Rysunek 3, Materiat MC1).

Ponadto, sprawdzono rowniez czy modyfikacja fazy stalej cementu kostnego za
pomoca materiatow hybrydowych nie wptywa negatywnie na jego wtasciwosci bio-
logiczne in vitro. Wyniki badan stabilno$ci chemicznej materiatu, pomiary przewod-
nictwa jonowego wilasciwego roztworow inkubacyjnych wokoét przetrzymywanych
probek cementowych, jak rowniez ocena potencjatu bioaktywnego in vitro, potwier-
dzity korzystne wlasciwosci zaprojektowanego i otrzymanego nowego materiatu typu
biomikrobetonu (Publikacja 1, Rysunek 5-7, Materiat MC1).

Pierwsza modyfikacja fazy stalej cementu kostnego na bazie a-TCP za pomoca hy-
brydowych granul HA/CTS nie doprowadzita do uzyskania wszystkich zalozonych ce-
16w badawczych. Pomimo tego, ze umozliwita otrzymanie materiatu kompozytowe-
go zawierajacego komponent hybrydowy, ktory spetniat kliniczne kryteria w zakresie
czasOW wigzania, nie zaobserwowano jednak poprawy pozostatych kluczowych wta-
sciwosci fizykochemicznych i aplikacyjnych, jakich oczekuje si¢ od nowoczesnych
materiatow kosciozastepczych. W zwiazku z tym konieczne okazalo si¢ zapropono-
wanie kolejnej, uzupetniajacej strategii modyfikacji, ukierunkowanej na dalsza po-

prawe wlasciwosci fosforanowo-wapniowych materiatow cementowych.
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Etap Il — Modyfikacja fazy stalej i cieklej materialow cementowych
z wykorzystaniem polimerow naturalnych

Kolejnym etapem badan byto wykorzystanie polimeréow naturalnych w celu poprawy
wytrzymalo$ci mechanicznej opracowanych wczesniej biomikrobetonéw. W tym celu
przeprowadzono réwnoczesng modyfikacje zarowno fazy stalej jak i cieklej cemen-
tow kostnych opartych na proszku a-TCP oraz materiatach hybrydowych HA/CTS.

Na podstawie analizy publikacji naukowych dotyczacych polimeréw mogacych ko-
rzystnie wplyna¢ na wlasciwosci nowych materiatdéw wigzanych chemicznie, do dal-
szych badan wytypowano trzy rézne polisacharydy, a mianowicie: pektyng cytrusowa,
alginian sodu oraz hydroksypropylometyloceluloze (HPMC). Kluczowym kryterium
wyboru modyfikatorow byto udokumentowane w literaturze wystgpowanie oddzia-
tywan pomiedzy chitozanem — bgdacym polisacharydem o charakterze polikationo-
wym — a innymi polisacharydami wykazujacymi charakter polianionowy. Gléwnym
celem badan byto wytworzenie materialéw hybrydowych, ktére na skutek oddziaty-
wan elektrostatycznych pomiedzy sktadnikami wyjsciowymi charakteryzowatyby si¢
korzystnymi wtasciwosciami fizykochemicznymi, biologicznymi oraz aplikacyjnymi.

Faza stata badanych biomateriatow zostata zmodyfikowana poprzez dodatek poli-
merow w postaci alginianu sodu lub hydroksypropylometylocelulozy (HPMC) w ilo-
$ci 2 lub 4% mas. Faze ciekla w tych materiatow stanowil natomiast 5% mas. zel pek-
tyny cytrusowej (Publikacja 2, Tabela 1).

Jednym z pierwszych zauwazalnych efektow przeprowadzonych modyfikacji byta
poprawa wilasciwosci uzytkowych past cementowych. Wprowadzenie polimeréw na-
turalnych zdolnych do tworzenia hydrozeli wptyneto korzystnie na wtasciwosci reolo-
giczne past, podnoszac ich lepkos$¢ i tym samym umozliwiajac aplikacje materiatu
poprzez wstrzykiwanie, co jest szczegolnie pozadane w matoinwazyjnych procedu-
rach chirurgicznych (Publikacja 2, Rysunek 1). Zastosowanie dodatkéw polimero-
wych miato jednak niekorzystny wptyw na czasy wigzania otrzymanych substytutow
kostnych. Poczatkowe czasy wigzania tych materialow miescily si¢ w przedziale od
28,0 £ 2,0 do 37,0 £ 2,0 minut, natomiast koncowe przekraczaty 60 minut (Publika-
cja 2, Tabela 2) i byly wyrazne dtuzsze w stosunku do materialéw niemodyfikowa-
nych. Zaobserwowano bezposrednia korelacje pomiedzy iloscig polimerow w skta-
dzie materialéw wigzanych chemicznie, a czasem wigzania opracowanych materia-
tow. Na mechanizm wigzania i twardnienia biomikrobetonéw znaczacy wptyw miato
ograniczenie dostepnosci wody potrzebnej do reakcji hydrolizy a-TCP. Mniejsza ilo$¢
wody w uktadzie zwigzana byla z absorpcja wody przez polimery naturalne obecne
w sktadzie materialoéw wyjsciowych. Uzyskane wyniki badan potwierdzity wystepo-
wanie podwojnego mechanizmu wigzania opracowanych materialéw kosciozastep-

czych. Efekt ten obejmowal jednoczesnie hydroliz¢ a-TCP oraz sieciowanie tancu-
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chow polimerowych jonami wapnia. Co istotne, wprowadzenie polimeréw do matry-
cy cementowej okazato si¢ skuteczng strategig poprawy parametré$w mechanicznych
badanych materialéw. Opracowane i otrzymane nowe biomikrobetony, przetrzymy-
wane po zwigzaniu i stwardnieniu w powietrzu, osiggaly wytrzymatos¢ na $ciskanie
w zakresie od 9,3 = 2,1 MPa (dla materiatu referencyjnego) do 17,2 = 2,6 MPa (dla
materialu z dodatkiem 4% mas. alginianu sodu). Po inkubacji w roztworze SBF war-
tosci te byty nieznacznie nizsze — od 6,6 + 1,2 do 13,2 + 1,2 MPa — co przypisano
czesciowej degradacji materiatow w warunkach symulowanego $rodowiska fizjolo-
gicznego (Publikacja 2, Rysunek 5). Poprawa wytrzymalo$ci na $ciskanie badanych
materiatléw byta efektem dziatania podwdjnego systemu wigzania (hydroliza a-TCP
1 sieciowanie polimerow) oraz interakcji migdzy alginianem sodu a pozostatymi do-
datkami polimerowymi, a takze tworzenia komplekséw polielektrolitowych pomig-
dzy hybrydowymi granulami hydroksyapatytowo-chitozanowymi i pektyng cytruso-
wa. Otrzymane materialy kosciozastepcze sklasyfikowano jako hybrydy klasy 1. Wy-
kazano, ze najwyzsza warto$¢ wytrzymatosci na $ciskanie osiggni¢to dla materiatu
zawierajacego 4% mas. alginianu sodu, co przypisano sieciowaniu polimeru z udzia-
tem jonoéw Ca?" oraz jego anionowemu charakterowi. Materialy z dodatkiem HPMC
wykazywaty nizsza wytrzymatos$¢ na $ciskanie, jednakze osiggnigte wartosci wytrzy-
matos$ci na $ciskanie bylty porownywalne z parametrami typowymi dla ludzkiej ko-
$ci gabczastej (okoto 4-12 MPa). W poréwnaniu do biomikrobetonow opartych wy-
tacznie na proszku a-TCP oraz hybrydowych granulach HA/CTS, materiaty zawiera-
jace pektyne cytrusowa i dodatki polimerow modyfikujacych faze statg wykazywaty
bardziej zwartg i jednorodng mikrostrukture (Publikacja 2, Rysunek 3). Oprocz row-
nomiernie rozmieszczonych w matrycy cementowej hybrydowych granul HA/CTS,
zaobserwowano polimery — zaroOwno w postaci cienkiej warstwy pokrywajacej ziar-
na fosforandow (V) wapnia, jak i co szczegolnie istotne, w formie charakterystycz-
nych mostkow polimerowych taczacych hybrydowe granule z pozostalymi sktadni-
kami cementu kostnego. Co wigcej, zastosowanie biokompatybilnych polisachary-
dow nie wptyneto istotnie na stabilno$¢ chemiczng, przewodnictwo jonowe witasci-
we roztworow inkubacyjnych wokoét probek ani na bioaktywno$¢ in vitro (Publika-
cja 2, Rysunek 4, Rysunek 6).

Podsumowujac, mimo wyraznej poprawy wiasciwosci mechanicznych i aplikacyj-
nych, czasy wigzania zmodyfikowanych hybrydowych materiatow wigzanych che-
micznie nadal przekraczaty wartosci akceptowalne. Z tego wzgledu dalsze modyfi-
kacje fosforanowo-wapniowych substytutéw kostnych koncentrowaty si¢ na zmianie
sktadu wyjsciowego materialéw w kierunku skrocenia czasu wigzania, przy jedno-
czesnym zachowaniu korzystnych wtasciwosci aplikacyjnych oraz poprawionej wy-

trzymatos$ci na $ciskanie.
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Etap I1I - Modyfikacja fazy cieklej materialow cementowych z wykorzy-
staniem pektyny cytrusowej w polaczeniu z wodorofosforanem (V) sodu
Jak pokazaty wyniki wczesniejszych eksperymentow, zastosowanie polimerdéw natural-
nych moze przyczyni¢ si¢ do poprawy wstrzykiwalno$ci oraz wytrzymatosci na $ciska-
nie fosforanowo-wapniowych materiatéw kosciozastepczych typu cementowego. Jed-
noczes$nie jednak, wprowadzenie modyfikatoréw polimerowych skutkowato znacznym
wydtuzeniem czasOw wigzania, co stanowi istotne ograniczenie w konteks$cie ich za-
stosowania klinicznego.

W celu skrocenia czaséw wigzania, zaproponowano dalsze modyfikacje sktadu wyj-
Sciowego opracowanych biomikrobetonow. Faze stala materialéw stanowit proszek
a-TCP oraz hybrydowe granule HA/CTS. Faze ciekla natomiast stanowily mieszaniny
roztworu wodorofosforanu (V) sodu (Na:HPO.4), bedacego akceleratorem procesu wig-
zania cementow opartych na a-TCP oraz zelu pektyny cytrusowej o zmiennych propor-
cjach (Publikacja 1, Tabela 3). Celem tej modyfikacji byto skrdcenie czasu wigzania,
przy jednoczesnym zachowaniu korzystnych wlasciwosci mechanicznych oraz wstrzy-
kiwalnos$ci opracowanych nowych materiatow kosciozastepczych.

Uzyskane wyniki badan potwierdzily skrocenie zarowno poczatkowych, jak i konco-
wych czaséw wigzania badanych biomikrobetondw, ktore miescity si¢ w przedziatach
odpowiednio od 9,0 + 0,5 do 30,5 £ 0,5 minut oraz od 16,5 £ 1,0 do 55,5 = 1,0 minut
(Publikacja 1, Tabela 1). Obecnos¢ pektyny cytrusowej miata ponadto korzystny wptyw
na wlasciwosci reologiczne cementowych past, petnige funkcje plastyfikatora. Zwigk-
szenie lepko$ci mieszaniny przyczynito si¢ do uzyskania materiatow w petni wstrzy-
kiwalnych. Otrzymane biomikrobetony zachowywaty integralnos$¢ po ekstruzji do roz-
tworu SBF, w przeciwienstwie do materiatu kontrolnego pozbawionego pektyny, w kto-
rym obserwowano niekorzystne zjawisko separacji faz (Publikacja 1, Rysunek 1). Ana-
liza sktadu fazowego materiatéw, podobnie jak w poprzednich etapach badan, wykazata
obecnos$¢ dwoch faz krystalicznych: a-TCP oraz hydroksyapatytu. Ich udziat ilo§ciowy
zalezal od warunkow, w jakich materialy byly przetrzymywane po zwigzaniu i stward-
nieniu (Publikacja 1, Rysunek 2A, Tabela 2). Potwierdzono, ze materialy zawierajace
w swym sktadzie wyjsciowym pektyne cytrusowg w fazie ciektej charakteryzowaty sie
nieznacznie spowolniong hydrolizg a-TCP, co mozna wigza¢ z intensywng absorpcja
wody przez ten polimer. Badania spektroskopowe dostarczyly dodatkowych informacji
na temat sktadu chemicznego opracowanych materialow. Poza charakterystycznymi pa-
smami absorpcyjnymi odpowiadajgcymi grupom PO+*~ oraz HPO.4*", potwierdzajacymi
obecnos$¢ fosforanow (V) wapnia, zidentyfikowano réwniez pasma charakterystyczne
dla zastosowanych polimeréw — pektyny cytrusowej oraz chitozanu. Pasmo przy 2930
cm! przypisano wibracjom rozciggajagcym grup C-H, natomiast pasmo przy 1649 cm™

— drganiom zginajagcym N-H, wskazujacym na obecnos¢ grup aminowych typowych za-
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rowno dla chitozanu, jak i amidowanej pektyny. Dodatkowo, obserwowane pasma w za-
kresie 1315 cm™ 13573 cm™ odpowiadaty odpowiednio wibracjom rozciagajacym wig-
zan C-N oraz O-H, co potwierdzato obecnos¢ tych polisacharydow w strukturze mate-
riatu (Publikacja 1, Rysunek 2B).

Potwierdzono, ze modyfikacja fazy ciektej biomikrobetondéw przyczynita si¢ do zwigk-
szenia adhezji pomiedzy hybrydowymi granulami HA/CTS a fosforanowo-wapniowa
osnowa cementowg (Publikacja 1, Rysunek 3). Zjawisko to byto wynikiem formowa-
nia si¢ wczesniej zaobserwowanych mostkow polimerowych, taczacych poszczegdlne
komponenty materiatlu, przy czym najwiecej zaobserwowano ich w biomikrobetonie
0 najwyzszym stezeniu pektyny cytrusowej w fazie ciekle;j.

Oprocz poprawy wiasciwosci reologicznych pasty cementowej, umozliwiajacej jej
aplikacje metoda wstrzykiwania, obecnos¢ pektyny cytrusowej przyczynita si¢ do wzro-
stu wytrzymato$ci mechanicznej otrzymanych materiatoéw. Zgodnie z zatozeniami, do-
datek pektyny cytrusowej istotnie poprawil parametry mechaniczne biomikrobetonow,
podnoszac ich wytrzymatos¢ na $ciskanie z 5,8 = 1.1 MPa (dla materiatu, w ktérym faze
ciekly stanowil wylgcznie roztwoér Na2HPOs) do 13,2 + 1.3 MPa (dla materiatu zawie-
rajacego najwyzszy udziat pektyny w fazie ciektej) (Publikacja 1, Rysunek 4). Zaobser-
wowany wzrost wytrzymatosci mechanicznej poza wystgpowaniem podwojnego syste-
mu wigzania (hydroliza a-TCP i sieciowanie polimerow), wynikat dodatkowo z dwoch
kluczowych mechanizméw. Po pierwsze — ze zwigkszonej homogenicznos$ci past ce-
mentowych w obecnos$ci pektyny, co potwierdzity analizy mikrostruktury; po drugie —
z utworzenia dodatkowych oddzialywan — obejmujacych zaréwno interakcje elektro-
statyczne pomigdzy polikationowym chitozanem a polianionowa pektyna, jak i oddzia-
tywan wewnatrz hybrydowych granul.

Ocena stabilnosci chemicznej, przewodnictwa jonowego wlasciwego oraz potencja-
tu bioaktywnego w warunkach in vitro potwierdzila korzystne wtasciwosci biologicz-
ne opracowanych materialéw cementowych. Pomimo obecnos$ci dodatkéw polimero-
wych, takich jak pektyna cytrusowa oraz chitozan zawarty w hybrydowych granulach
HA/CTS, wartosci pH roztworu SBF wokot inkubowanych prébek pozostawatly zblizo-
ne do fizjologicznego pH pltynéw ustrojowych (Publikacja 1, Rysunek 5). Na powierzch-
ni biomikrobetonow po zakonczeniu inkubacji zaobserwowano charakterystyczne wy-
tracenia apatytowe, co potwierdzito potencjat bioaktywny badanych materiatow w te-
$cie in vitro (Publikacja 1, Rysunek 6). Analiza przewodnictwa jonowego wlasciwego
medium inkubacyjnego wykazata nieznaczny wzrost tego parametru wraz ze zwigksze-
niem udziatu pektyny cytrusowej w fazie ciektej biomikrobetonéw z 65-80 puS/cm do
80-91 uS/cm po 28 dniach inkubacji. Wyzsze wartosci przewodnictwa jonowego w oto-
czeniu materialow zawierajacych pektyne cytrusowa przypisano czesciowej degradacji
tego polimeru (Publikacja 1, Rysunek 7).
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Podsumowujac, za najkorzystniejsza modyfikacje fazy ciektej hybrydowych mate-
rialdbw cementowych uznano mieszaning zawierajaca 1% mas. wodorofosforanu (V)
sodu oraz 2,5% mas. pektyny cytrusowej. Taki sktad fazy cieklej pozwolit na uzyskanie
w pelni wstrzykiwalnych hybrydowych materialow kos$ciozastepczych typu cementowe-

g0, o podwyzszonej wytrzymatosci na $ciskanie oraz odpowiednich czasach wigzania.

Etap IV — Modyfikacja wyjsciowego proszku a-TCP z wykorzystaniem
silanowych srodkow sprzegajacych

Jak wykazano w poprzednich etapach badan, zastosowanie polimeréw naturalnych moze
istotnie przyczyni¢ si¢ do poprawy wytrzymatosci na $ciskanie oraz wstrzykiwalnosci
cementowych materialéw fosforanowo-wapniowych. Kolejnym etapem prac badaw-
czych byta modyfikacja wlasciwosci powierzchniowych wyjsciowego proszku a-TCP
stanowigcego podstawe fazy stalej opracowywanych cementowych materialow koscio-
zastepczych. W szczegolnosci skupiono si¢ na powierzchniowej funkcjonalizacji prosz-
ku o-TCP z wykorzystaniem dwodch silanowych srodkow sprzggajacych o réznych gru-
pach funkcyjnych: tetraetoksysilanu (TEOS) oraz 3-glicydoksypopropylotrimetoksysi-
lanu (GPTMS), stosowanych w ilo§ciach 1% mas., 2% mas. oraz 5% mas. (Publikacja 3,
Tabela 1). Ze wzgledu na wysoka reaktywnos¢ proszku fosforanowo-wapniowego pro-
cedure modyfikacji powierzchni przeprowadzono w warunkach bezwodnych, aby za-
pobiec hydrolizie zardowno a-TCP, jak i silanowych $rodkow sprzegajacych. Zastoso-
wanie bezwodnego etanolu umozliwito zachowanie struktury krystalicznej a-TCP oraz
wyeliminowato ryzyko przedwczesnej hydrolizy silanow.

Modyfikacja powierzchni a-TCP za pomocg TEOS lub GPTMS wptywata zar6wno na po-
wierzchnie wlasciwg jak rowniez na rozktad wielkos$ci czastek proszku a-TCP. Powierzch-
nia wlasciwa proszkow o-TCP miescita si¢ w zakresie od 1,81 do 3,67 m?/g i malata wraz
ze wzrostem ilosci zastosowanego do modyfikacji powierzchniowej §rodka sprzegajace-
go (Publikacja 3, Rysunek 1). Sredni rozmiar czastek zmniejszyt sie z zakresu okoto 1,0—
100,0 um (dla proszku niemodyfikowanego) do 1,0-10,0 um w przypadku proszkéw mo-
dyfikowanych silanami (Publikacja 3, Rysunek 2). Efekt ten przypisano obnizeniu energii
powierzchniowej oraz poprawie dyspersji, wynikajacym z obecnos$ci warstw organicznych
ograniczajacych powinowactwo czastek do medium, w ktérym badano proszki. Analiza
potencjatu elektrokinetycznego wykazata, ze modyfikacja proszkow istotnie wptywata na
zmiang tadunku powierzchniowego. Niemodyfikowany proszek a-TCP charakteryzowat
si¢ najnizszym elektroujemnym potencjatem elektrokinetycznym (—4,65 mV). Warto$¢ ta
wzrosta do —24,4 mV w przypadku proszku zmodyfikowanego GPTMS przy najwyzszym
badanym st¢zeniu (Publikacja 3, Tabela 3). Zwiekszona elektroujemno$¢ potencjatu elek-
trokinetycznego potwierdzila obecno$¢ warstw silanowych na powierzchni ziaren, ktore

zmieniajg oddzialywania elektrostatyczne oraz ograniczajg tendencje do aglomeracji czastek.
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W celu sprawdzenia wptywu zastosowanych §rodkéw sprzegajacych na wtasciwosci
materialow cementowych przygotowano cementy kostne o prostym sktadzie wyjscio-
wym, a mianowicie na bazie wyjsciowego proszku a-TCP poddanego modyfikacji po-
wierzchniowej. Jako faze ciekla zastosowano wode destylowang (Publikacja 3, Tabela 2).

Analiza dyfrakcji rentgenowskiej wykazata, ze zarowno wyjsciowy proszek a-TCP,
jak 1 proszki modyfikowane silanami, zawieraty dwie fazy krystaliczne: a-TCP oraz nie-
wielka ilos¢ hydroksyapatytu. Zgodnie z oczekiwaniami, modyfikacja przeprowadzo-
na w §rodowisku bezwodnym nie doprowadzita do hydrolizy a-TCP do niestechiome-
trycznego hydroksyapatytu. Oznacza to, ze proces hydrolizy zar6wno a-fosforanu (V)
wapnia, jak i §rodka sprzggajacego rozpoczynat si¢ dopiero po potaczeniu fazy prosz-
kowej z ciecza zarobowa cementu.

Analiza widm w podczerwieni, przeprowadzona dla proszkow wyjsciowych, cementow
po zwigzaniu 1 stwardnieniu w powietrzu oraz probek inkubowanych przez 7 dni w roz-
tworze SBF, potwierdzita obecnos$¢ pasm charakterystycznych dla fosforanow wapnia, jed-
nak nie wykazata wyraznych pasm odpowiadajacych grupom Si—O-Si, Si—OH, Si—C ani
C—H. Brak ten thumaczy si¢ niskim stezeniem $rodkow silanowych oraz naktadaniem si¢
pasm absorpcyjnych. Spektroskopia Ramana, poza pasmami typowymi dla fosforanow (V)
wapnia, potwierdzita takze obecnos$¢ pasm charakterystycznych dla uzytych silanowych
srodkow sprzeggajacych. W cementach zawierajagcych TEOS zaobserwowano pasma przy-
pisywane wigzaniom Si—O-Si (~1100 cm™), grupie metylowej (~2940 cm™) oraz wigza-
niu Si-O—CHs (~1250 cm™). Grupy Si—OH obecne w TEOS potwierdzono pasmami w za-
kresie 3600-3700 cm™. W przypadku materialow zawierajacych GPTMS zidentyfikowa-
no charakterystyczne pasmo przy okoto 910 cm™, przypisywane drganiom rozciggajacym
wigzania CH>—O, zwigzanym z obecnoscig grup epoksydowych — szczegdlnie widoczne
po inkubacji probek. Na widmie materiatow modyfikowanych za pomoca GPTMS réwniez
widoczne sg pasma pochodzace od drgan grup Si—-O—Si (~1100 cm™), Si—-CHs (~2940 cm™)
oraz Si—-O—CHa (~1250 cm™) (Publikacja 3, Rysunek 4, Rysunek 5).

W kolejnym etapie badan przeprowadzono ocen¢ czasOw wigzania otrzymanych ce-
mentéw kostnych. Uzyskane wyniki wykazaty, ze zardwno poczatkowe jak i koncowe
czasy wigzania zalezaty od ilosci zastosowanego silanowego $rodka sprzegajacego. Po-
czatkowy czas wigzania miescit si¢ w zakresie od 3,5 + 1,0 do 6,5 = 0,5 min, natomiast
koncowy — od 6,5 £ 0,5 do 11,5 £ 0,5 min (Publikacja 3, Tabela 5).

Modyfikacja powierzchni proszku a-TCP z wykorzystaniem silanowych $rodkow
sprzegajacych, poza skroceniem czasu wigzania, wptyneta rowniez korzystnie na wia-
sciwo$ci mechaniczne otrzymanych cementow. Wytrzymatos$¢ na $ciskanie badanych
materialow miescila si¢ w zakresie od 7,3 = 0,4 MPa do 12,2 + 0,5 MPa, przy czym
najwyzsze wartosci odnotowano dla cementu zawierajacego 5% mas. GPTMS. Anali-

za statystyczna potwierdzila istotne réznice pomiedzy materiatami modyfikowanymi
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a niemodyfikowanym materiatem referencyjnym (Publikacja 3, Rysunek 6). Poprawa
parametrow mechanicznych wynikata z wytworzenia dodatkowych wigzan chemicz-
nych podczas jednoczesnej hydrolizy a-TCP oraz silanowych $rodkow sprzegajacych
— w szczegblnosci wigzan Si—O-Si, Si—O oraz Si—O—P — $§wiadczacych o chemicznej
integracji sktadnikow cementu i potwierdzajacych jego hybrydowy charakter. Cemen-
ty kostne, niezaleznie od rodzaju zastosowanego $srodka sprzegajacego jako modyfika-
tora a-TCP, charakteryzowaty si¢ zwartg i homogeniczng mikrostrukturg, w ktorej wi-
doczne byly mikropory. Po siedmiu dniach inkubacji w symulowanym plynie ustrojo-
wym wszystkie analizowane probki cementowe zostaly catkowicie pokryte charaktery-
stycznymi formami apatytowymi, co potwierdzito ich wysoki potencjal bioaktywny in
vitro (Publikacja 3, Rysunek 9). Ocena stabilno$ci chemicznej probek inkubowanych
w roztworze SBF nie wykazata rowniez negatywnego wptywu obecnosci silanowych
srodkow sprzegajacych. Zmiany pH roztworu otaczajacego badane materiaty pozosta-
waty bliskie wartosciom fizjologicznym i miescity si¢ w zakresie 7,34—7,40 (Publikacja
3, Rysunek 10). Przewodnictwo jonowe wiasciwe dla materiat kontrolnego (bez dodat-
ku $rodka sprzegajacego) miescito si¢ w zakresie ~72—81 uS/cm. Obecnos¢ silanowych
modyfikatorow prowadzita do niewielkiego wzrostu przewodnictwa jonowego wiasci-
wego — do ~73-87 uS/cm dla probek zawierajacych TEOS oraz ~84-96 uS/cm dla pro-
bek z dodatkiem GPTMS. Zjawisko to ttumaczy si¢ wyzsza szybkos$cig degradacji si-
lanowych $srodkow sprzegajacych oraz towarzyszacym jej uwalnianiem jonoéw podczas
postepujacej hydrolizy w srodowisku wodnym (Publikacja 3, Rysunek 11).

Wykazano, ze opracowana bezwodna metoda modyfikacji powierzchni proszkéw
a-TCP z wykorzystaniem tetraetoksysilanu oraz 3-glicydyloksypropylotrimetoksysila-
nu stanowi innowacyjne rozwigzanie, umozliwiajace poprawe wtasciwosci fizykoche-
micznych, w szczego6lnosci wytrzymato$ci mechanicznej, materiatow cementowych na
bazie fosforanow (V) wapnia przeznaczonych do regeneracji tkanki kostnej. Zwigksze-
nie wytrzymatosci mechanicznej uzyskano dzigki wytworzeniu dodatkowych wigzan
chemicznych w strukturze materiatu. Kolejnym kierunkiem dalszych badan bylto za-
stosowanie zaproponowanej strategii modyfikacji wysoko reaktywnego proszku a-TCP
w bardziej ztozonych uktadach, uwzgledniajacych obecno$¢ polimerow lub innych kom-

ponentow funkcjonalnych.

Etap V — Modyfikacja fazy proszkowej materialow z wykorzystaniem
silanowych Srodkow sprzegajacych oraz modyfikacja fazy cieklej

Bazujac na wezesdniej przeprowadzonych modyfikacjach ukierunkowanych na poprawe
wlasciwosci materiatow kosciozastepczych — obejmujacych wprowadzenie hybrydo-
wych granul HA/CTS do fazy statej cementow, modyfikacje fazy cieklej poprzez zasto-

sowanie wodorofosforanu (V) sodu oraz pektyny cytrusowej, a takze funkcjonalizacje
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powierzchni wyjsciowych proszkow a-TCP za pomocg silanowych srodkow sprzegaja-
cych — w kolejnym etapie badan skoncentrowano si¢ na ich potaczeniu i ocenie efektu
wynikajacego z ich jednoczesnego zastosowania.

Ocenie poddano seri¢ materiatow typu biomikrobetondow, w ktorych faze proszkowsa
stanowit proszek a-TCP (niemodyfikowany lub poddany modyfikacji z wykorzystaniem
silanowych srodkoéw sprzegajacych) w potaczeniu z hybrydowymi granulami HA/CTS.
Faze ciekla tych kompozytow stanowila mieszanina 1% mas. roztworu Na.HPOs oraz
2,5% mas. zelu pektyny cytrusowej (Publikacja 4, Tabela 3).

Jednoczesne zastosowanie modyfikacji fazy proszkowej z wykorzystaniem silano-
wych $rodkoéw sprzegajacych oraz fazy ciektej z wykorzystaniem zelu pektyny cytry-
nowej przyczynito si¢ do uzyskania materiatow o poczatkowych i koncowych czasach
wigzania mieszczacych si¢ odpowiednio w zakresie 5,5-12,0 minut oraz 11,5-19,5 mi-
nut (Publikacja 4, Tabela 2). Szczegdlnie istotna okazata si¢ rola silanowych $rodkow
sprzegajacych, ktore w zauwazalnym stopniu skracaly czas wigzania.

Kluczowym elementem oceny opracowanych tworzyw byta ich wytrzymato$¢ na Sciska-
nie. Przeprowadzone badania wykazaty, ze wytrzymatos$¢ na Sciskanie biomateriatdéw mie-
Scita si¢ w zakresie od 11,4 = 1,1 MPa do 19,3 = 1,0 MPa. Wartosci te zalezaly od ilosci
wprowadzonego silanowego $rodka sprzeggajacego jako modyfikatora wyjsciowego prosz-
ku a-TCP. Wzrost stezenia srodka sprzggajacego skutkowat statystycznie istotng poprawa
wiasciwosci mechanicznych, niezaleznie od rodzaju zastosowanego silanu (Publikacja 4,
Rysunek 3). Najwyzsza wytrzymato§¢ mechaniczng zmierzono dla materiatu zawierajace-
g0 5% mas. GPTMS. Za poprawe parametrow mechanicznych cementow kostnych odpo-
wiadaty przede wszystkim dodatkowe wigzania chemiczne powstajace pomiedzy sktadni-
kami biomikrobetonu oraz zwigkszona adhezja pomigdzy matrycg cementowa a hybrydo-
wymi granulami. Istotng rolg odegraty takze zastosowane biopolimery, ktorych grupy funk-
cyjne oddziatywaly z grupami silanowymi, przyczyniajac si¢ do zwigkszenia kohezji i sta-
bilno$ci mikrostruktury materiatu. Poprawe adhezji pomiedzy poszczegdlnymi komponen-
tami biomikrobetonoéw potwierdzono dodatkowo w obserwacjach mikrostruktury. Bada-
nia porowatosci z wykorzystaniem metody porozymetrii rtgciowej wykazaty, ze obecno$é
tych modyfikatorow prowadzila do istotnego obnizenia porowatosci otwartej] w materia-
tach. Biomaterial niezawierajacy silanowych srodkoéw sprzegajacych charakteryzowat sie
porowatoscig catkowitg na poziomie 58,3 £ 0,5% obj., podczas gdy materiaty zawieraja-
ce TEOS lub GPTMS wykazywaty istotnie nizsze warto$ci: odpowiednio 47,6 + 0,5% obj.
oraz 46,4 £ 0,5% obj. (Publikacja 4, Rysunek 4). Opracowane biomikrobetony odznaczaty
si¢ jednorodng mikrostrukturg, w ktorej granule HA/CTS byty réwnomiernie rozmieszczo-
ne w osnowie cementowej. W materiatach modyfikowanych silanowymi srodkami sprzgga-
jacymi zaobserwowano lepsza adhezje miedzy cementowg matryca fosforanowo-wapnio-
wa a granulami HA/CTS (Publikacja 4, Rysunek 5). Ocena stabilno$ci chemicznej, prze-
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wodnictwa jonowego wiasciwego oraz potencjatu bioaktywnego metoda in vitro miata na
celu wstepng analize przydatno$ci nowoopracowanych materialow kosciozastepczych przed
przystapieniem do badan komérkowych. Wartosci pH roztworu SBF otaczajacego probki
pozostawaty zblizone do fizjologicznych i miescily si¢ w zakresie 7,36—7,42. Obecnos$¢ si-
lanowych $rodkow sprzegajacych miata jedynie marginalny wptyw na odczyn srodowiska
inkubacyjnego (Publikacja 4, Rysunek 6A). Z kolei przewodnictwo jonowe wlasciwe roz-
tworu wodnego, w ktérym inkubowano probki, zalezato od ich sktadu chemicznego, lecz
pozostawato w zakresie typowym dla fosforanowo-wapniowych cementéw kostnych, wy-
noszacym od 100—-116 puS/cm do 140-181 uS/cm (Publikacja 4, Rysunek 6B). Po siedmiu
dniach inkubacji w roztworze SBF powierzchnia wszystkich badanych probek zostata cat-
kowicie pokryta charakterystycznymi formami apatytowymi, co jednoznacznie potwier-
dzito ich potencjat bioaktywny in vitro (Publikacja 4, Rysunek 7).

Ocena cytotoksycznosci badanych cementoéw zostata przeprowadzona na liniach komor-
kowych MC3T3-E1 na podstawie aktywnos$ci metabolicznej komoérek z wykorzystaniem
testu WST-8. Uzyskane wyniki wykazaty wysoka zywotno$¢ komorek, przekraczajaca 90%
dla wszystkich analizowanych materiatéw, co zgodnie z norma ISO 10993-5:2009 potwier-
dza brak dziatania toksycznego opracowanych biomateriatéw (Publikacja 4, Rysunek 8A).
Nieznaczne obnizenie zywotnosci zaobserwowano w przypadku materiatow niemodyfiko-
wanych oraz modyfikowanych z wykorzystaniem TEOS, co mozna wigza¢ z umiarkowa-
nym wplywem sktadnikow ekstraktu na aktywnos¢ dehydrogenazy mitochondrialnej. R6z-
nice te nie przekroczyly jednak ustalonych progéw cytotoksycznos$ci. Bezpieczenstwo bio-
logiczne materiatow potwierdzono rowniez za pomoca testu LDH, oceniajacego integral-
nos$¢ bton komoérkowych. Po lizie komorek nie stwierdzono istotnych réznic w aktywno-
$ci dehydrogenazy mleczanowej pomigdzy badanymi probkami a kontrola negatywna, co
dodatkowo potwierdzito brak efektu cytotoksycznego (Publikacja 4, Rysunek 8B).

W dalszej czgsci badan przeprowadzono ocene adhezji i morfologii komoérek na po-
wierzchni opracowanych materialdow cementowych. Obserwacje mikroskopowe po wcze-
$niejszym barwieniu fluorescencyjnym, wykazaly, ze komorki uktadaty si¢ zgodnie z to-
pografig materiatlu, penetrujac jego mikropory i zaglebienia. Mikrostruktura cementow
sprzyjata adhezji i rozprzestrzenianiu si¢ komorek, co wskazuje na korzystny wplyw
opracowanych tworzyw na osteointegracj¢ (Publikacja 4, Rysunek 8C, D).

Podsumowujac, modyfikacja proszku a-TCP za pomoca silanowych $rodkow sprze-
gajacych oraz zastosowanie mieszaniny wodorofosforanu (V) sodu i pektyny cytruso-
wej jako fazy ciektej pozwolito uzyska¢ samowigzace materiaty implantacyjne o ko-
rzystnych wlasciwosciach uzytkowych, kontrolowanych czasach wigzania oraz zwiek-
szonej wytrzymato$ci mechanicznej. Co istotne, obecno$¢ silanowych §rodkéw sprze-
gajacych nie zmienita korzystnych wtasciwosci biologicznych charakteryzujacych ma-

terialy na bazie fosforanéw (V) wapnia.
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Etap VI — Modyfikacja hybrydowych granul HA/CTS pierwiastkami
0 korzystnym dzialaniu biologicznym

Kolejny etap badan obejmowal funkcjonalizacje hybrydowych granul hydroksyapatyto-
wo-chitozanowych (HA/CTS) za pomocg pierwiastkow wykazujacych korzystne wta-
sciwosci biologiczne, ze szczegdlnym uwzglednieniem dziatania antybakteryjnego. Na
etapie syntezy hybrydowych granul do materiatu wprowadzono miedz (Cu-HA/CTS)
oraz tytan (Ti-HA/CTS) (Publikacja 5, Rysunek 1).

Nastepnie zaprojektowano i1 otrzymano innowacyjne substytuty kostne typu biomi-
krobetonow w ktorych jako faze stata zastosowano proszek a-TCP oraz odpowiednio
zmodyfikowane hybrydowe granule Cu-HA/CTS lub Ti-HA/CTS, natomiast jako faze
ciekta, podobnie jak w poprzednich etapach, wykorzystano 1% mas. roztwér Na2HPO.
z dodatkiem 2,5% mas. zelu pektyny cytrusowej (Publikacja 5, Tabela 1).

Skutecznos¢ procesu modyfikacji hybrydowych granul zostala potwierdzona przy
pomocy analizy fluorescencji rentgenowskiej (XRF) oraz metody rentgenowskiej spek-
troskopii dyspersji energii (EDS). Analiza XRF wykazala obecnos$¢ w otrzymanych
materiatach charakterystycznych sygnatow pochodzacych od miedzi i tytanu. Wy-
kazano, ze zawartos¢ pierwiastkOw w otrzymanych granulach wynosita odpowied-
nio: 5,11 £0,007% mas. dla miedzi oraz 4,87 + 0,003% mas. dla tytanu, co niemalze
w peini odpowiadato zalozonym wartosciom (5% mas.). Modyfikacje przeprowadzo-
no mokrg metoda chemiczng, bez dodatkowych etapow obrobki termicznej. Metoda
ta umozliwita efektywne wprowadzenie pierwiastkow o wlasciwosciach przeciwdrob-
noustrojowych do sktadu granul HA/CTS przy jednoczesnym zachowaniu ich hybry-
dowego charakteru.

Opracowane biomikrobetony, zawierajace zmodyfikowane granule (Cu-HA/CTS lub
Ti-HA/CTS) oraz naturalne biopolimery — wykazywaty akceptowalne czasy wigzania,
wynoszace od 11,0 £ 0,5 do 12,0 £+ 1,5 minut (czas poczatkowy) oraz od 18,5 = 1,0 do
21,0 £ 1,0 minut (czas koncowy) (Publikacja 5, Tabela 2). W przypadku biomikrobeto-
néw zawierajacych hybrydowe granule HA/CTS zmodyfikowane miedzia, zaobserwo-
wano wydtuzenie czasu wigzania, ktore mogto wynika¢ z tworzenia si¢ kompleksow
pektyny cytrusowej z miedzig.

Ocena profilu uwalniania jonéw stanowita istotny etap charakterystyki opracowanych
biomateriatéw, umozliwiajacy prognozowanie ich potencjalnej aktywnosci biologiczne;j
in vivo. W analizowanych biomikrobetonach zaobserwowano wyrazne rdznice w dyna-
mice uwalniania miedzi i tytanu (Publikacja 5, Rysunek 12). Proces uwalniania tytanu
przebiegat znacznie wolniej niz w przypadku miedzi, przy czym w obu przypadkach
najwyzsze st¢zenia w roztworze odnotowano w pierwszym dniu inkubacji.

Ocena aktywnosci antybakteryjnej opracowanych biomikrobetondw obejmowata testy

dyfuzyjne w agarze, oznaczenia liczby zywych komorek bakteryjnych (CFU) oraz ana-
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lize adhezji bakterii do powierzchni materialow. W klasycznym tescie dyfuzji, jedynie
probki zawierajace granule modyfikowane miedzig wykazaly zdolno$¢ hamowania wzro-
stu S. aureus oraz E. coli, ze strefami inhibicji wynoszacymi odpowiednio 11 i 10 mm.
Charakterystyczne zabarwienie stref zahamowania wzrostu bakteryjnego w przypadku
biomikrobetonow przypisano obecnosci jonow miedzi dyfundujacych do podtoza i od-
dziatujacej z komponentami biatkowymi agaru (Publikacja 5, Rysunek 13A). Biomikro-
betony zawierajace niemodyfikowane granule oraz zawierajace granule modyfikowane
tytanem nie wykazywaty aktywnosci antybakteryjnej w tym tescie.

Wyniki oznaczen CFU dostarczyty danych ilosciowych potwierdzajacych obserwa-
cje jakoSciowe. Materiat zawierajacy niemodyfikowane granule HA/CTS, wykazywat
niewielka, lecz zauwazalng redukcje liczby bakterii, wynikajaca z dziatania antybak-
teryjnego chitozanu. Natomiast materiaty zawierajace granule modyfikowane miedzig
powodowaty catkowita eliminacj¢ komorek bakteryjnych obu szczepdw, jednoznacz-
nie wskazujac na wysoka skuteczno$¢ miedzi jako czynnika przeciwdrobnoustrojowe-
go. W przypadku materialéw zawierajacych granule modyfikowane tytanem nie zaob-
serwowano efektu bakteriobojczego — co wigcej, dla szczepu S. aureus odnotowano
wzrost liczby zywych komorek (Publikacja 5, Rysunek 13B,C).

Badanie adhezji komorek bakteryjnych do powierzchni probek — kluczowe w kon-
tek$cie zapobiegania tworzeniu biofilmow — potwierdzito korzystny wptyw modyfika-
cji miedzig i tytanem na redukcj¢ przylegania komorek bakteryjnych Gram-dodatnich.
Dla szczepu S. aureus udzial powierzchni pokrytej komdrkami wynosil odpowiednio
0,3% (dla materiatu zawierajacego granule modyfikowane miedzia), 23,9% (dla ma-
terialu zawierajacego granule modyfikowane tytanem) i 65,5% (dla materiatu zawie-
rajacego niemodyfikowane granule). W przypadku E. coli r6znice byly mniej wyraz-
ne — 7,6% (dla materiatu zawierajacego granule modyfikowane miedzig), 21,7% (dla
materiatu zawierajacego granule modyfikowane tytanem) i 15,6% (dla materiatu za-
wierajacego niemodyfikowane granule). Dane te sugeruja ograniczony wptyw tytanu
na adhezje¢ komorek Gram-ujemnych oraz mozliwy efekt sprzyjajacy kolonizacji (Pu-
blikacja 5, Rysunek 14).

Podsumowujac, zmodyfikowanie hybrydowych granul HA/CTS pierwiastkami o ko-
rzystnych wlasciwosciach biologicznych, w polaczeniu z odpowiednio zaprojektowa-
ng faza ciekla dla materiatéw wigzanych chemicznie, umozliwito otrzymanie nowo-
czesnych, w petni wstrzykiwalnych biomateriatow kosciozastepczych o wysokim po-
tencjale antybakteryjnym. Opracowane biomikrobetony cechowaly si¢ podwyzszo-
ng wytrzymatoscig na $ciskanie oraz korzystnym profilem uwalniania miedzi i tyta-
nu, co wskazuje na mozliwos¢ ich zastosowania nie tylko jako pasywnych wypetnia-
czy ubytkow, lecz réwniez jako aktywnych no$nikéw substancji o korzystnym dziata-

niu biologicznym.
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Etap VII — Rusztowania kostne otrzymane z wykorzystaniem robo-
castingu

Cementowe materiaty kos$ciozastepcze oparte na fosforanach (V) wapnia moga by¢ sto-
sowane nie tylko w postaci past przeznaczonych do bezposredniej aplikacji w miejsce
ubytku kostnego, lecz rowniez jako materialy do wytwarzania rusztowan przestrzen-
nych z wykorzystaniem nowoczesnych metod formowania przyrostowego, takich jak
robocasting. Aby pasty cementowe mogty by¢ wykorzystane do druku, musza spetniaé
okreslone wymagania, w szczeg6lnosci w zakresie parametrow reologicznych, ktore
warunkuja mozliwos¢ ich ekstruzji przez dysze drukarki 3D.

Ostatni etap badan realizowanych w ramach pracy doktorskiej obejmowal otrzyma-
nie oraz charakterystyke samowigzacych materiatow kosciozastepczych na bazie fosfo-
ranow (V) wapnia, polimeréw naturalnych i silanowych $rodkéw sprzegajacych, w for-
mie przestrzennych rusztowan o podwyzszonej wytrzymato$ci mechanicznej przy wy-
korzystaniu metody robocastingu (Publikacja 6, Tabela 1).

Jak wykazano we wcze$niejszych badaniach, obecno$¢ polimeréw naturalnych istot-
nie wptywa na wzrost lepkosci cementowych mieszanin, co w konteks$cie technologii
przyrostowych jest zjawiskiem pozadanym. Wydtuzony czas umozliwia bowiem nie-
przerwane formowanie wigkszej liczby rusztowan kostnych bez ryzyka przedwczesnego
utwardzenia materialu w dyszy lub koniecznos$ci wymiany zbiornika roboczego drukarki
3D. Cho¢ opo6zniony proces wigzania moze by¢ niekorzystny w przypadku bezposred-
niej aplikacji pasty do miejsca ubytku kostnego, w technologiach przyrostowych stano-
wi zaletg, pozwalajaca na uzyskanie precyzyjnych i morfologicznie stabilnych ruszto-
wan przestrzennych. Lepko$¢ otrzymanych past cementowych miescita si¢ w zakresie
od 60 do 390 Pa-s (Publikacja 6, Rysunek 2). Pastom zawierajagcym hybrydowe prosz-
ki HA/CTS towarzyszyta wigksza stabilno$¢ lepkosci w poréwnaniu do uktadow opar-
tych wytacznie na proszkach a-TCP, co przektadato si¢ na istotnie dtuzsze okno czaso-
we umozliwiajace prowadzenie procesu robocastingu — siggajace do okoto 3000 sekund.

Przeprowadzono ocen¢ mikrostruktury rusztowan kostnych otrzymanych metoda robo-
castingu, w celu okreslenia ich przydatnosci do zastosowan w inzynierii tkankowej oraz
identyfikacji potencjalnych defektow zwigzanych z technikg druku. Po uptywie 24 go-
dzin inkubacji probek w warunkach 100% wilgotnos$ci, rusztowania charakteryzowaty
si¢ obecnoscig zarowno makro-, jak i mikroporow. Architektura otrzymanych wydrukow
pozostawala zgodna z przyjetymi zatozeniami projektowymi modelu komputerowego.

Nie zaobserwowano negatywnego wptywu ani materialu hybrydowego HA/CTS,
ani zastosowanych silanowych $rodkow sprzggajacych modyfikujacych powierzchnie
proszku a-TCP na morfologi¢ otrzymanych rusztowan (Publikacja 6, Rysunek 3). Za-
stosowanie silanowych s§rodkéw sprzegajacych do modyfikacji proszku a-TCP istotnie

poprawito parametry mechaniczne, niezaleznie od zastosowanego typu silanu (Publi-
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kacja 6, Rysunek 6). Wytrzymatos$¢ na $ciskanie rusztowan miescila si¢ w zakresie od
5,2+ 0,8 MPa do 9,3 + 0,5 MPa. Zaobserwowany efekt wzrostu wytrzymatosci mecha-
nicznej przypisano oddziatywaniom chemicznym pomiedzy komponentami materiatu,
w szczegblnosci pomigdzy grupami funkcyjnymi obecnymi w polimerach naturalnych
i silanowych §rodkach sprzegajacych. Kluczowe znaczenie miata réwniez obecnos$¢ chi-
tozanu i pektyny cytrusowej, ktorych przeciwstawne tadunki sprzyjaly homogenizacji
pasty i stabilizacji struktury poprzez tworzenie fizycznych i chemicznych sieci oddzia-
tywan z hybrydowym proszkiem HA/CTS. Wzrost parametrow mechanicznych zalezat
od ilo$ci wprowadzonych srodkéw sprzegajacych.

Koncowy etap oceny tréjwymiarowych rusztowan dotyczyt zbadania stabilnosci che-
micznej, przewodnictwa jonowego wlasciwego oraz potencjatu bioaktywnego w testach
in vitro. Obecno$¢ biopolimerow i silanéw nie wplywala istotnie na zmiany wartosci
pH symulowanego ptynu ustrojowego ktory pozostawat stabilny i miescit si¢ w prze-
dziale 7,33-7,43 przez caly okres badania. (Publikacja 6, Rysunek 7A). Przewodnictwo
jonowe wilasciwe roztworu inkubacyjnego wokoét badanych probek wynosito od okoto
111 do 146 puS/cm, przy czym zastosowanie hybrydowego materiatu HA/CTS w posta-
ci proszku zamiast granul prowadzilo do jego obnizenia do poziomu 65-96 puS/cm (Pu-
blikacja 6, Rysunek 7B). Po siedmiu dniach inkubacji probek w roztworze SBF w tem-
peraturze 37°C, na powierzchni wszystkich analizowanych rusztowan zaobserwowano
charakterystyczng warstwe apatytowa, co potwierdzito ich wysoki potencjat bioaktyw-
ny in vitro (Publikacja 6, Rysunek 8).

Podsumowujac, zaproponowane szerokie podej$cie do sposobow modyfikacji sktadow
wyjsciowych cementow kostnych na bazie a-TCP — obejmujace zaro6wno faze prosz-
kowa, jak i ciekla — stanowi kompleksowg i skuteczng strategie poprawy wlasciwosci
funkcjonalnych materiatow opartych na fosforanach (V) wapnia. Zastosowanie silano-
wych §rodkow sprzegajacych oraz polimeréw naturalnych, takich jak chitozan i pekty-
na cytrusowa, umozliwilo uzyskanie materiatbw samowiazacych o wyzszej wytrzyma-
tosci mechanicznej, lepszej adhezji miedzy osnowa cementowa a hybrydowymi granu-
lami HA/CTS, poprawg parametrow reologicznych, przy jednoczesnym zachowaniu bio-
zgodnosci 1 potencjalu bioaktywnego in vitro. Potwierdzona skutecznos$¢ tych modyfi-
kacji zarowno w materiatach typu biomikrobetonow, jak i w rusztowaniach przestrzen-
nych otrzymanych metoda robocastingu, wskazuje na szerokie mozliwosci aplikacyjne

zaproponowanych rozwigzan materiatlowych w inzynierii tkanki kostne;j.
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Wnioski

W ramach niniejszej rozprawy doktorskiej zaprojektowano, otrzymano i poddano oce-
nie fizykochemicznej oraz biologicznej nowoczesne materiaty hybrydowe przeznaczone
do regeneracji tkanki kostnej. Opracowane materiaty oparto na fosforanach (V) wapnia
ktore czesciowo zostaty zmodyfikowane z wykorzystaniem silanowych §rodkéw sprze-
gajacych i/lub czynnikéw aktywnych biologicznie (jony tytanu oraz miedzi) oraz poli-
merach pochodzenia naturalnego. W wyniku przeprowadzonych badan oceniono wptyw
roznych modyfikacji sktadow wyjsciowych materialéw typu cementowego na wiasci-
wosci fizykochemiczne, aplikacyjne oraz biologiczne wytworzonych hybrydowych sub-
stytutéw kostnych.

Na podstawie przeprowadzonych badan eksperymentalnych oraz analizy zgromadzo-

nych wynikow sformutowano nast¢pujace wnioski:

1. Glowny cel pracy doktorskiej zostal osiagnigty. Wykazano, ze mozliwe jest otrzy-
manie hybrydowych biomateriatow kosciozastgpczych nowej generacji opartych
na fosforanach (V) wapnia, polimerach pochodzenia naturalnego oraz silanowych
srodkach sprzegajacych.

2. Wykazano, ze opracowana bezwodna modyfikacja proszku a-fosforanu (V) wap-
nia z wykorzystaniem dwoch réznych silanowych $rodkéw sprzegajacych, a mia-
nowicie tetraetoksysilanu oraz 3-glicydoksylopropylotrimetoksysilanu, korzystnie
wplywa na powierzchni¢ wtasciwa, rozklad wielkosci czastek oraz potencjat elek-
trokinetyczny wyjsciowego proszku a-TCP, a tym samym na proces wigzania oraz
poprawe wytrzymatosci na Sciskanie wytworzonych na jego bazie materiatlow typu
cementowego.

3. Udowodniono, ze zastosowanie pektyny cytrusowej, jako zwigzku modyfikujacego
faze ciekla ma korzystny wplyw na wlasciwosci mechaniczne opracowanych bio-
materialow. Efekt ten wynika z wystepowania podwojnego mechanizmu wigzania,
obejmujacego jednoczesnie hydrolizg a-TCP oraz sieciowanie tancuchow polimero-
wych jonami wapnia, a w przypadku biomikrobetondw réwniez z tworzenia most-
koéw polimerowych taczacych poszezegdlne komponenty materiatow.

4. Udowodniono, ze poprzez wykorzystanie granul hydroksyapatytowo-chitozano-
wych modyfikowanych miedzig mozliwe jest wytworzenie materiatow wigzanych
chemicznie typu biomikrobetonéw o wielokierunkowym i wzmocnionym dziataniu
antybakteryjnym. Jednocze$nie wykazano, ze biomikrobetony zawierajace granule
HA/CTS modyfikowane tytanem nie wykazuja znaczacej aktywnos$ci antybakteryjne;j.

5. Wykazano, ze odpowiednia modyfikacja fazy statej oraz cieklej samowigzacych ce-

mentow fosforanowo-wapniowych za pomocg silanowych $rodkéw sprzegajacych
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oraz pektyny cytrusowej pozwala na otrzymanie hybrydowych past ceramicznych,
z ktérych mozna metoda robocastingu wydrukowa¢ odpowiednio spersonalizowa-
ne implanty kostne.

. Potwierdzono, ze wytworzone hybrydowe biomaterialy nie maja negatywnego wpty-
wu na rozwoj 1 réznicowanie si¢ ludzkich komorek ostoblastycznych (linia MC3T-
3-El), a w testach in vitro w SBF wykazuja potencjat bioaktywny.

Za najbardziej obiecujgce materiaty implantacyjne uznano biomikrobetony oraz
rusztowania kostne oparte na zmodyfikowanym z wykorzystaniem 5% mas. 3-gli-
cydoksylopropylotrimetoksysilanu wysokoreaktywnym proszku a-TCP oraz hybry-
dowych materiatach hydroksyapatytowo-chitozanowych, ktére w fazie ciektej za-
wieraly mieszaning 2,5% mas. zelu pektyny cytrusowej i 1% mas. wodorofosfora-
nu (V) sodu. Wykazano, ze opracowane biomaterialty mozna wykorzystac¢ jako no-
$niki pierwiastkow o korzystnym dziataniu biologicznym, a takze do wytwarzania
porowatych rusztowan kostnych otrzymywanych przy pomocy technik formowania
przyrostowego. Opracowane materialy po przeprowadzeniu petnych badan biolo-
gicznych in vitro oraz in vivo moga potencjalnie stanowi¢ grupe biomateriatlow hy-
brydowych typu cementowego, do wykorzystania w medycynie jako koSciozastep-

cze preparaty implantacyjne nowej generacji.
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Perspektywy

Rezultaty osiggni¢te w ramach niniejszej rozprawy doktorskiej otwieraja perspektywy
do prowadzenia dalszych badan, koncentrujacych si¢ na taczeniu wielu strategii mo-
dyfikacji zaawansowanych cementow kostnych w celu otrzymania materiatow porgcz-
nych chirurgicznie o wielotorowym dziataniu antybakteryjnym, wspierajacych regene-
racj¢ tkanki kostnej. Planowane przyszie badania powinny by¢ realizowane w trzech
gtéwnych kierunkach.

Pierwszy kierunek — to badania nad wykorzystaniem silanowych srodkow sprzegaja-
cych do modyfikacji powierzchni biomateriatow fosforanowo-wapniowych, innych niz
zastosowane w niniejszej pracy. Dalsze badania w tym obszarze koncentrowalyby sie
na poszukiwaniu zwigzkéw o zréznicowanej budowie chemicznej i grupach funkcyj-
nych, ktore moglyby oferowaé jeszcze bardziej precyzyjna kontrolg nad interakcjami
pomiedzy materiatem a srodowiskiem biologicznym.

Drugi obszar badawczy powinien koncentrowaé si¢ na modyfikacjach biomateriatow
typu cementowego z wykorzystaniem jonow, lekow lub substancji aktywnych o korzyst-
nym dzialaniu biologicznym. W dotychczasowych badaniach wykazano, ze wprowadze-
nie jono6w miedzi nadawalo materiatom silne wtasciwosci antybakteryjne, co jest klu-
czowe w profilaktyce zakazen pooperacyjnych. Materiaty modyfikowane tytanem, cho¢
nie wykazaly wyraznej aktywno$ci antybakteryjnej in vitro, sa cenione za biozgodno$¢
1 wysoki potencjal osteoindukcyjny. W perspektywie dalszych badan planuje si¢ wpro-
wadzenie innych jonow, takich jak magnezowe (Mg?"), strontowe (Sr*"), bizmutowe
(Bi*") czy cynkowe (Zn?"). Jony te sg znane z ich zdolnos$ci do wspierania osteogenezy
1 angiogenezy, co jest kluczowe dla efektywnej regeneracji tkanki kostnej.

Trzeci potencjalny kierunek badawczy obejmuje wykorzystanie porecznych chirurgicz-
nie past cementowych do otrzymywania skomplikowanych i spersonalizowanych rusz-
towan kostnych za pomocg nowoczesnych technik formowania przyrostowego. W przy-
sztosci mozliwa bedzie dalsza modyfikacja parametrow druku w celu uzyskania struk-
tur o gradientowej porowatosci, kanatach kapilarnych imitujacych naczynia krwiono-

$ne czy anatomicznie dopasowane modele ubytkow kostnych.
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3. Zloty medal na Migdzynarodowej Warszawskiej Wystawie Wynalazkow IWIS 2024 (2024)

4. Srebrny medal na Migdzynarodowej Wystawie iENA — International Trade Fair ,,Ideas —
Inventions — New Products” (2024)

5. Srebrny medal na Miedzynarodowej Wystawie Arca — 20th International Innovation
Exhibition (2024)

6. Nagroda specjalna FIRI The first institute of inventors and researchers of Iran przy-
znana podczas Migdzynarodowej Wystawie Geneva International Exhibition of Inven-
tions (2024)

7. Laureat konkursu na wyjazdy stazowe STER NAWA — umiedzynarodowienie szkot dok-
torskich, finansowanego przez Narodowa Agencje Wymiany Akademickiej.

8. Laureat III edycji konkursu zwickszonych stypendiow dla najlepszych doktorantow
szkot doktorskich w ramach Projektu Inicjatywa Doskonatosci — Uczelnia Badawcza
AGH (2024)

9. Laureat konkursu dla najlepszych asystentéw lub adiunktow w ramach Projektu Inicja-
tywa Doskonatosci — Uczelnia Badawcza AGH (2024)
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Szkoly letnie i szkolenia

I.
2.

Szkota letnia: Additive Manufacturing for Life Sciences, 19-22.06.2023, Uppsala, Szwecja
Warsztat materiatlowy: Zastosowanie sprzezonych metod analizy termicznej w badaniach
materiatowych, 15-16.02.2023, Gdansk, Polska

. Warsztat biomateriatowy: Antimicrobial biomaterials for orthopaedics/dentistry and bey-

ond podczas konferencji Bioceramics 32, 22.09.2022, Wenecja, Wtochy
Warsztat biomateriatlowy: Finceramica — Porous hydroxyapatite cranioplasty Infection
efficacy and paediatric indications na konferencji Bioceramics 32, 21.09.2022, Wene-

cja, Wiochy

. Warsztat ceramiczny: Fundamentals and Advanced Technologies of Sintering podczas

konferencji ECerS, Krakow, 2022

Kurs szkoleniowy z zakresu prawa wilasnos$ci intelektualnej: ,,Ochrona Wia-
snosci Intelektualnej w AGH — Intellectual Property Protection at AGH”,
Organizatorzy: PhD Skills Academy, 1.02.2021, Krakéw, Polska

Kurs szkoleniowy z zakresu spektroskopii: ,,Spektroskopia w podczerwieni FTIR w ska-
li mikro i makro — Micro- and Macro-scale FTIR Spectroscopy”, Organizator: MS Spek-
trum, 31.05.2022, Krakow, Polska

Stypendia naukowe

I.
2.

Stypendium Rektora AGH za osiggnigcia publikacyjne (2022, 2023, 2024)
Stypendium Dziekana Wydziatu Inzynierii Materialowej 1 Ceramiki AGH za osiagnie-
cia naukowe (2022, 2023, 2024)

Czlonkostwo w organizacjach

l.
2.
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Cztonkostwo w Polskim Stowarzyszeniu Biomaterialow (od 2021 r.)

Cztonkostwo w Polskim Towarzystwie Ceramicznym (od 2021 r.)
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Abstract: In this work, the influence of the liquid phase composition on the physicochemical proper-
ties of double hybrid-type bone substitutes was investigated. The solid phase of obtained biomicro-
concretes was composed of highly reactive a-tricalcium phosphate powder («-TCP) and hybrid hy-
droxyapatite/chitosan granules (HA /CTS). Various combinations of disodium phosphate (Na;HPOy)
solution and citrus pectin gel were used as liquid phases. The novelty of this study is the development
of double-hybrid materials with a dual setting system. The double hybrid phenomenon is due to the
interactions between polycationic polymer (chitosan in hybrid granules) and polyanionic polymer
(citrus pectin). The chemical and phase composition (FTIR, XRD), setting times (Gillmore needles),
injectability, mechanical strength, microstructure (SEM) and chemical stability in vitro were studied.
The setting times of obtained materials ranged from 4.5 to 30.5 min for initial and from 7.5 to 55.5 min
for final setting times. The compressive strength varied from 5.75 to 13.24 MPa. By incorporating
citrus pectin into the liquid phase of the materials, not only did it enhance their physicochemical
properties, but it also resulted in the development of fully injectable materials featuring a dual setting
system. It has been shown that the properties of materials can be controlled by using the appropriate
ratio of citrus pectin in the liquid phase.

Keywords: bone cements; hybrid materials; calcium phosphate; chitosan; dual setting; injectability;
polysaccharides

1. Introduction

Calcium phosphate cements (CPCs) are self-setting ceramic materials commonly
used in orthopedic applications. The setting process of a-tricalcium phosphate (x-TCP)
containing CPCs is based on its hydrolysis to non-stoichiometric hydroxyapatite in ambient
or elevated temperature [1]. CPCs are well known to be biocompatible due to their chemical
similarity to the inorganic part of bone [2,3]. Lately, a new group of chemically bonded
materials, namely biomicroconcretes, composed of aggregates, e.g., in the form of granules,
microspheres or pellets that are embedded in the CPC matrix, has been studied. For
example, Russo et al. [4] showed the beneficial influence of carbon nanostructures on
the mechanical performance of polymeric composites. The aggregates, similar to those
in classic concrete, are supposed to cause microcrack retention. Additionally, granules
can enrich material with agents exhibiting antibacterial or bactericidal properties, such as
polymers (i.e., chitosan, methylcellulose), ions (i.e., Ag™, Cu?*) or nanoparticles (such as
AgNPs and AuNPs) [5-7]. It is also possible to include active agents in hybrid materials to
overcome issues related to bacterial resistance to antibiotics, as showed previously in the
study of De Santis et al. [8].

Despite the excellent bioactivity of calcium phosphate-based chemically bonded bio-
materials, their injectability is often poor, which hinders their application in minimally
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invasive surgery. Moreover, their mechanical properties are not sufficient for load-bearing
applications. The improvement in surgical handiness of bone cements can be achieved
by introducing polymeric additives, which plasticize the paste and facilitate its applica-
tion [9,10]. The use of polymers in combination with inorganic calcium phosphates can
additionally lead to the formation of organics-in-inorganics hybrids [11]. According to the
International Union of Pure and Applied Chemistry (IUPAC) definition, hybrid material
is material composed of an intimate mixture of inorganic components, organic components, or
both types of components [12]. It is believed that in hybrids, the combination of components
occurs at the molecular level. For this reason, two classes of hybrids are distinguished.
Class I components act together with weak bonds (van der Waals, electrostatic, and hydro-
gen bonds), while class II components are bonded by strong (covalent or ionic-covalent)
chemical bonds [12]. The formation of hybrids in a material’s structure can change the
properties of the final product, for example by enhancing the mechanical properties of
bone cements [13]. A new trend in reinforcing CPCs takes advantage of the interactions
between oppositely charged polyelectrolytes such as chitosan and pectin [14]. Chitosan is a
linear polycationic polysaccharide obtained by chemical processing of shellfish industry
waste [15]. It possesses excellent bioactivity as well as antimicrobial proprieties, so it is com-
monly used as a compound for wound dressings, membranes or drug carrier systems [16],
while citrus pectin is an anionic polysaccharide derived from citrus pectin peel from food
industry waste [17]. From a medical point of view, pectin has important features, including
its gelling capacity, biocompatibility, and anti-inflammatory and anticancer properties [18].
In the biomaterials industry, pectin can be used in different forms—coatings, films, hydro-
gels, conjugates, sprays and many more; however, its application in calcium phosphate
cements is still under evaluation [19].

The electrostatic interactions occurring between polycation (chitosan) and polyanion
(pectin) lead to the formation of class I hybrids. Due to the different nature of the charges,
the selection of these natural polymers results in the formation of a rigid gel [20,21]. This
phenomenon has been previously applied to obtain membranes, tissue scaffolds and drug
delivery systems. De Almeida et al. [22] studied pectin/gold nanoparticles/chitosan
superabsorbent hydrogels with a satisfactory elastic modulus for drug delivery purposes.
Martins et al. [23] developed water-stable and mechanically resistant membranes based on
pectin and chitosan polyelectrolyte complexes, without covalent crosslinking. However, to
the best of our knowledge, the simultaneous application of chitosan and pectin in CPCs
has not yet been examined [24]. Due to the structure and properties of natural polymers
such as chitosan or pectin, they are susceptible to chemical and physical modifications.
Such modifications are carried out to change the properties of the initial polymers by,
for example, developing their surfaces or functionalizing the functional groups of their
individual monomers [25-27].

The aim of this study was to develop, obtain and study new hybrid injectable biomi-
croconcretes and to determine the effect of citrus pectin introduced in the liquid phase on
the physicochemical, applicational and biological properties of those materials. Biomicro-
concretes composed of highly reactive o-TCP powder as setting phase, hybrid hydroxyap-
atite/chitosan (HA /CTS) granules as aggregates, and different liquid phases containing
citrus pectin were obtained and investigated. This choice of material composition would
allow developing double-hybrid bone substitutes (hybrid in granules, as well as hybrid
originated from polyelectrolyte interactions) with a dual-setting mechanism. According
to our knowledge, these are the first studies regarding the double-hybrid system in ce-
mentitious materials. Other authors have used different dual-setting mechanisms in bone
cements. Geffers et al. [28] developed dual-setting brushite-silica gel cements characterized
by improved mechanical properties, while Christel et al. [29] studied calcium phosphate-
polymethacrylate cements, which were characterized by significantly shortened setting
times and improved mechanical strength. However, through careful selection of the liquid
phase, it will be possible to obtain fully injectable materials containing hybrid granules
for the first time. What is more, due to the use of natural polymers as a modifier of CPCs,
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this research will pave the way to further modification of similar materials through their
functionalization. In addition, appropriate selection of the liquid phase will allow one to
obtain materials characterized by setting times characteristic of calcium phosphate-based
bone cements.

2. Results and Discussion
2.1. Setting Times

In clinical practice, cementitious bone substitutes should be characterized by setting
times that allow their application by the surgeon to the targeted defect site. This parameter
determines how long it takes for the material to set after the liquid and powder phases
have been mixed. Optimally, the application should take place during “dough” time, i.e.,
between the initial and final setting times [30]. Ideally, the initial setting time (t;) should be
approximately 15 min, whereas the final setting time (t¢) should be under 30 min [31,32].
However, in the literature, ranges between 4-8 min for t;, and up to 15 min for t; also can
be found [33].

It is very important that, in the case of materials with complex compositions, the
setting time is not adversely affected by the additives. Thus, the choice of components is
crucial when designing cementitious biomaterials, especially injectable ones. In our studies,
despite the complex compositions of the biomicroconcretes, their setting times were within
an acceptable range (Table 1). However, both the initial and final setting times of the cement
pastes were strongly dependent on their liquid phase composition.

Table 1. Setting time of the biomicroconcretes.

Material Initial Setting Time (t;) [min]  Final Setting Time (t¢) [min]
MC1 45+1.0 75+05
MC2 9.0+£05 16.5+ 1.0
MC3 115+ 05 21.0+1.0
MC4 175+ 1.0 320+15
MC5 30.5+0.5 55.5+ 1.0

Setting times of MC1, where the liquid phase constituted solely of 2.0 wt% Na, HPOy
solution, were the shortest and equal to 4.5 min (t;) and 7.5 min (t;). In this case, the setting
process of biomicroconcrete was based only on the hydrolysis of «-tricalcium phosphate to
calcium-deficient hydroxyapatite (CDHA), according to the following chemical equation
(Equation (1)) [34,35].

3Ca;3(POy), + H,0 — Cag(PO,)5(HPO),OH O

It is known that the rate of o-TCP hydrolysis to CDHA depends on many external and
internal factors, including: physical conditions during paste formation (e.g., temperature,
humidity), the presence of a setting accelerator (e.g., Na,HPOy) or inhibitor, as well as the
kinds and amounts of polymeric additives. Usually, the addition of polymer to CPCs causes
an increase in setting times but, depending on the polymer type, various processes can
be responsible for this phenomenon [36]. In the case of materials containing citrus pectin
(MC2-MC5), «-TCP hydrolysis is also a second setting reaction, which is directly connected
with pectin cross-linking by Ca?* ions that occur [14]. The double-setting mechanism
resulted in longer setting times, because the process of x-TCP hydrolysis was disrupted
by calcium-mediated cross-linking of the citrus pectin. It was observed that the materials’
setting times increased proportionally to the amount of citrus pectin gel in the liquid phase
and were in the range of 9.0-17.5 min (t;) and 16.5-32.0 min (t;). Similar results were
observed elsewhere [37] for low esterified pectin from citrus peels and apple pomace added
to the solid phase of cementitious materials. The setting times of biomicroconcretes in which
the liquid phase consisted solely of citrus pectin gel (MC5) were the longest—30.5 min for
the initial and 55.5 min for the final setting time, respectively. This was probably connected
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with the water uptake by citrus pectin, which inhibited the hydrolysis process of tricalcium
phosphate, whereas the amount of crosslinked pectin was too small to allow the material to
set and maintain its integrity during the measurements. As a result, the material MC5 was
excluded from further studies due to exceeding the setting times recommended by clinical
practice. The polymeric additives in calcium phosphate-based bone cements acted also as
plasticizers. By altering the rheological properties of the paste, pectin favors its injectability.

2.2. Injectability

The injectability, in addition to the setting times, is a key property for cementitious-
type bone substitutes, especially for non-invasive surgical applications [38]. Currently, a
standard for the injectability of calcium phosphate bone cements is not available. However,
based on the literature, the maximum force on the syringe plunger during paste extrusion
is determined as 100 N [39]. This force determines the value that the surgeon applies to the
syringe plunger with one hand during the surgical procedure. The results of injectability
tests and the appearance of the cement pastes after injection directly into SBF are shown in
Figure 1.
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Figure 1. Force required for paste extrusion (A), pastes immediately after injection into SBF (B), and
after 7 days of incubation in SBF (C).

The use of citrus pectin allowed for sufficient plasticization of the paste, improving
its viscosity. In opposition to CPCs, which are usually non-injectable [40], the obtained
biomicroconcretes containing citrus pectin (MC2-MC4) were fully injectable and main-
tained their cohesion after being extruded into SBF. Phase separation was observed only
in the case of MC1, which did not contain added citrus pectin in the liquid phase. The
other pastes did not show phase separation during injectability tests. It was also noticed
that the force required to inject biomicroconcretes decreased with the increasing amount
of citrus pectin. For materials MC3 and MC4, the force was lower than the recommended
100 N [39]. Similar results were obtained by Arkin et al. [41], where a polymer in the form
of carboxymethyl cellulose was used as the injectability provider. The presence of citrus
pectin in the liquid phase resulted in excellent cohesion of the MC2-MC4 materials, which
allowed them to retain their shape in contact with SBF. The double-setting mechanism
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including simultaneous hydrolysis of «-TCP to CDHA and calcium-mediated crosslinking
of citrus pectin also contributed to the paste cohesion [42,43]. The effect on the injectability
of calcium phosphate-based cement pastes is an outcome of their rheological properties.
Self-setting materials change their rheological properties over time. Bone cements based on
calcium phosphates and biopolymers show a pseudo-thixotropic character [44].

2.3. Phase Composition and Structural Studies

Calcium phosphate ceramics are used in biomaterial engineering due to their similar-
ity in phase composition to that of inorganic bone. Through phase and structural testing,
that relationship can be confirmed. The initial x-TCP powder was composed of «-TCP
phase (97.0 &= 1.0 wt%) and a small amount of hydroxyapatite (3.0 £ 1.0 wt%), whereas the
HA/CTS hybrid granules were composed of HA as the only crystalline phase. In biomi-
croconcretes, XRD analysis revealed the presence of two crystalline phases: «-TCP and
hydroxyapatite, and their proportion varied according to the setting environment (air/SBF)
(Figure 2A). Moreover, the amorphous halos originating from polymers were present.
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Figure 2. XRD patterns of studied materials (A) and FTIR spectra (B) of obtained biomaterials after
7 days of setting and hardening in air or in SBE.

The detailed phase compositions of the obtained materials are presented in Table 2.

Table 2. Phase compositions of the obtained materials after 7 days of setting and hardening in air
or SBE.

. 7 Days in Air 7 Days in SBF
Material
o-TCP, Hydroxyapatite, o-TCP, Hydroxyapatite,
wt% wt% wt% wit%
MC1 54+1 46+1 2+1 98 +1
MC2 56 £1 44 +1 2+1 98 +1
MC3 59+1 41+1 3+1 97 £1
MC4 61+1 39+1 3+1 97 £1

63



Int. ]. Mol. Sci. 2023, 24, 13455

6 of 15

64

The materials containing citrus pectin in the liquid phase were characterized by slightly
slower hydrolysis of x-TCP to hydroxyapatite. The amount of x-TCP phase in the materials
after 7 days in air was in the range from 54 & 1 to 61 + 1 wt%, while the proportion of the
hydroxyapatite phase was in the range from 39 £ 1 to 46 = 1 wt.

Slower hydrolysis of x-TCP may be explained by water absorption by CP [45,46]. The
analysis of the samples’ phase compositions after 7 days of incubation in SBF confirmed that
a-TCP, as a thermodynamically metastable phase, spontaneously hydrolyzed to calcium-
deficient hydroxyapatite. Similar observations were previously reported for «-TCP based
bone cements [21,33].

The materials’ FTIR spectra (Figure 2B) after setting and hardening showed character-
istics bands at ~598, ~559 cm 1 (bending), ~965, and ~1020 cm ! (stretching), which corre-
sponded to the vibrations of PO4%~ groups. The wide band in the range of ~3000-3800 cm ™!
was assigned to the absorbed water. Moreover, the spectra possessed an absorption band
at ~870 cm ™! that corresponded to HPO,2~ groups, confirming the presence of non-
stoichiometric hydroxyapatite. Additionally, in a similar spectral range (~873-875 cm ™),
carbonate bonds may have appeared in the material, whereas the existence of a band at
1424 em~! indicated partial substitution of CO3?~ in the hydroxyapatite structure. Similar
results were obtained for calcium phosphate-based biomaterials by Gao et al. [47] and
Cichon et al. [48]. FTIR studies confirmed the presence of chitosan and pectin in the bio-
materials. The absorption band with a maximum at ~2930 cm~! can be attributed to alkyl
C-H (stretching) vibrations. The band at around 1649 cm~! was assigned to N-H bending
vibrations of the primary amine and confirmed the presence of chitosan and amidated
citrus pectin in the materials. What is more, the bands around 1315 em~tand 3573 cm ™!
corresponded to C-N and O-H stretching vibrations, respectively. For the pectin- and
chitosan-containing systems, the formation of electrostatic and/or hydrogen bonding is
possible. In the biomicroconcretes, the creation of polyelectrolyte complexes at the hybrid
granule/pectin interface took place. Polyelectrolyte complexes between these molecules
were previously studied inter alia by Rashidova et al. [49] as well as Dziadek et al. [14]. The
presence of electrostatic interactions between components of developed biomicroconcretes
allows the creation of a double hybrid system, thus influencing other physicochemical
properties of the biomaterials. FT-IR spectroscopy, as a complementary research method,
confirmed the XRD results and demonstrated the presence of both polymers, which could
not be easily confirmed using diffractometry alone. Moreover, the similarity of the obtained
materials to the inorganic part of human bone was also acknowledged.

2.4. Microstructure

By observing the microstructure of the developed materials, we were able to assess
their suitability for potential use as a bone tissue substitute. In addition, observations
enabled us also to identify the presence of microstructural defects. Scanning microscopy
(SEM) observations of the obtained biomaterials were performed both after 7 days of setting
and hardening in air (Figure 3), as well as after 7 days of sample incubation in SBF.

The biomicroconcretes possessed a compact and homogeneous microstructure formed
by an «-TCP matrix and hybrid hydroxyapatite-chitosan granules. Materials MC2-MC4
where citrus pectin was added were characterized by more intimate contact between
hybrid HA/CTS granules and the cementitious matrix, as the formed polymeric bridges
linked the mentioned components. The highest number of bridges was observed in the
material MC4, with a maximal amount of CP in the liquid phase. Analogous bridges
were previously observed by Czechowska et al. [21] where chitosan was introduced in the
liquid phase of calcium phosphate bone cement. The presence of polymeric bridges was
related not only to the hybrid HA /CTS granules, but also to the electrostatic interactions
between the polycationic chitosan contained in the granules and the polyanionic citrus
pectin. The confirmation of interaction between the oppositely charged polymers could
also be confirmed by the increased presence of polymer bridges in the material. In addition,
the presence of such bridges could affect the mechanical strength of the materials. Polymer
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bridges can potentially reinforce the material in a manner similar to the fibers commonly
used in composites.

Figure 3. SEM images of the materials’ cross-sections after 7 day in air.
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2.5. Compressive Strength

Mechanical strength is an important parameter when assessing materials. From the
clinical point of view, the mechanical strength of these substitutes must be within the
range of the tissue they would be replacing. In the case of ceramic materials such as
CPCs, compressive strength is the most commonly measured parameter to determine
their mechanical properties [50]. The results of compressive strength measurements of the
obtained materials carried out after 7 days of setting and hardening are shown in Figure 4.

16
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Figure 4. Compressive strength of biomicroconcretes after 7 days of drying in air (* statistically

(2]

Compressive strength [MPa]
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N

significant difference, p < 0.05).

It was found that the compressive strength of MC1 samples, where the liquid phase
was based only on 2 wt% Na,HPO, solution, was the lowest (5.75 + 1.08 MPa). The
presence of citrus pectin in the liquid phase of biomicroconcretes significantly improves the
mechanical properties of the final materials up to 13.24 4 1.28 MPa (MC4). Furthermore,
the increase in mechanical strength with the increasing amount of pectin was noticed. A
similar correlation was observed previously elsewhere [37]. The polymer may provide
mechanical improvement in two different ways: firstly, via ensuring better homogenization
of cementitious pastes through the presence of citrus pectin (confirmed in SEM studies), and
secondly, due to the formation of a double hybrid structure originating from (1) electrostatic
interaction between polycationic chitosan and polyanionic pectin as well as (2) the hybrid
nature of hydroxyapatite-chitosan granules. The existence of a double hybrid system
resulted in better adhesion of the cement phase to the surface of the granules and thus
the intimate contact of the components. The mechanical strength of developed materials
allows their implantation in non-load or low-load bearing places (compressive strength of
cancellous bone is approximately 4-12 MPa) [51]. Summarizing, the improved mechanical
properties of the obtained multicomponent scaffolds could be attributed to the higher
crosslinking degree promoted by multifaceted interactions between components.

2.6. Chemical Stability and Bioactivity In Vitro

The chemical stability of implantable biomaterials determines their potential clinical
applications in the future. To evaluate the chemical stability and bioactivity in vitro, the
biomicroconcretes were incubated in SBF at a temperature of 37 °C. The pH changes of
SBF during the sample’s immersion are demonstrated in Figure 5. Despite the presence
of polymeric additive, i.e., citrus pectin, as well as the hybrid HA /CTS granules, the pH
values during the sample incubation ranged from 7.34 to 7.43 and remained close to the
physiological pH [52].
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Figure 5. pH vs. sample incubation time in SBF.

After 7 days of incubation in SBF at 37 °C, all biomicroconcretes were fully covered by
plate-like apatitic structures (Figure 6). The presence of apatitic forms confirmed the in vitro
bioactivity of the developed materials according to the Kokubo and Takadama method [53].
The microstructure observations after the samples’ incubation revealed that the developed
materials had bioactive potential. It can be stated that the application of polymeric additives,
such as chitosan in the hybrid granules and pectin in the liquid phase, allowed obtaining
materials with favorable physicochemical properties with bioactive potential.

Figure 6. SEM microstructure of material surfaces after 7 days of incubation in SBE.

The ionic conductivity of material MC1 was in the range of ~62-74 uS/cm. It was
observed that the ionic conductivity of water around the incubated MC2-MC4 samples
increased from ~65-81 uS/cm on the first day of incubation to ~80-91 uS/cm on day 28
(Figure 7).
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Figure 7. Ionic conductivity vs. sample incubation time in distilled water.

The higher ionic conductivity of biomicroconcretes MC2, MC3, and MC4 compared
to MC1 may have been related to the degradation of the citrus pectin. Pectin in aqueous
solutions degrades to non-toxic products (i.e., d-galacturonic acid, l-arabinose, d-apiose,
d-galactose, I-fructose) that do not have negative effects on cells when the material is
implanted into the body [54,55]. Despite slight differences in the ionic conductivity of
the distilled water surrounding them, the incubated samples of the biomicroconcretes all
remained stable throughout the incubation time. Similar results regarding changes in the
ionic conductivity of pectin-containing materials were previously reported elsewhere [56].

3. Materials and Methods
3.1. Materials

As a solid phase of the studied materials, a-tricalcium phosphate (x-TCP) and hy-
brid hydroxyapatite/chitosan (HA /CTS) granules were used. The highly reactive «-TCP
powder was obtained via a wet chemical method described previously [21,57]. As the
reagents, Ca(OH), (>99.5%, POCH, Gliwice, Poland) and H3POj, (85.0%, POCH, Gliwice,
Poland) were applied. HA /CTS hybrid materials in the form of granules (300400 pm) were
prepared by the modified wet chemical method described by Zima [58]. Briefly, phosphoric
acid was introduced directly to the chitosan solutions in acetic acid, and the obtained
mixtures were added dropwise to the Ca(OH), suspension. The suspension was aged for
24 h and then decanted. The precipitate was washed with distilled water, centrifuged,
and frozen for 48 h. After defrosting, the obtained filter cakes were sieved and dried to
obtain hybrid granules. The following substrates were used: Ca(OH), (>99.5 wt%, POCH,
Gliwice, Poland), H3POy (85.0 wt%, POCH, Gliwice, Poland), and medium-molecular-
weight chitosan (~100,000 kDa, DD > 75.0 wt%, Sigma-Aldrich, St. Louis, MO, USA). As
the liquid phases, various mixtures of 2 wt% disodium phosphate (99.9 wt%, Chempur,
Piekary Slaskie, Poland) and 5 wt% low esterified amidated citrus pectin gels (Herbstre-
ith & Fox, Werder/Havel, Germany) were applied. In order to optimize the setting time of
the developed materials, Na,HPO,4 was used in the liquid phase as an accelerator of the
hydrolysis process, as recommended in other studies [59].

3.2. Preparation of Biomicroconcretes

In this study, five types of biomicroconcretes containing «-TCP powder and hybrid
HA/CTS granules as a solid phase and different liquid phases were obtained (Table 3).
Samples were prepared by mixing powder phase with the appropriate liquid phase. The
liquid-to-powder (L/P) ratio was selected based on preliminary studies, and it was 0.5 g/g.
Material MC1 containing solely 2 wt% disodium phosphate solution as a liquid phase
was used as a control material. Subsequent materials in addition to disodium phosphate
solution contained also a citrus pectin gel.



Int. J. Mol. Sci. 2023, 24, 13455

11 0f15

Table 3. The initial composition of developed materials.

Material Solid Phase (P) Liquid Phase (L)
MC1 o i
(Control) 2.0 wt% NapyHPOy solution
MC2 1.5 wt% NayHPOj, solution
in 1.25 wt% citrus pectin gel
MC3 oa-TCP: HAQ _(éTS granules 1.0 wt% NapyHPOy solution
’ in 2.5 wt% citrus pectin gel
MC4 0.5 wt% NapyHPOy solution
in 3.75 wt% citrus pectin gel
MC5 5.0 wt% citrus pectin gel
3.3. Methods

3.3.1. Setting Times

The setting times of the obtained materials were measured. The initial (t;) and final
(t¢) setting times of the obtained biomaterials were determined using a Gillmore apparatus
(Humboldt, Norridge, IL, USA) according to the ASTM-C200-08 standard [60]. All experiments
were carried out at 22.0 &= 1.0 °C. Test samples were prepared in 10 mm x 7 mm X 3 mm
cuboid form. All measurements were performed in triplicate. The results are presented as
the mean =+ standard deviation (SD).

3.3.2. Injectability

The injectability of the obtained materials was assessed by injecting cement paste
through the 2 mm nozzle of a 20 mL plastic syringe (B. Brown, Melsungen, Germany)
directly into the cylinder with simulated body fluid (SBF) solution, preheated to 37 °C. The
force applied to the syringe plunger during the injection was determined by a universal
testing machine (Instron 3345, Instron, Norwood, MA, USA). The crosshead displacement
rate was equal to 1.0 mm min~!. Measurements were performed in triplicate for each
material. The value for the injectability of the material was considered to be the constant
value of the pressure force during the extrusion of homogenous paste. The results are
presented as the mean =+ standard deviation (SD). Figure 8 shows the testing equipment
for the injectability tests.

FORCE, N

Instron 3345

/

Syringe

C paste

4—— Cylinder

Figure 8. Injectability testing equipment.

3.3.3. Phase Composition

The crystalline phases of obtained biomicroconcretes were analyzed using X-ray
diffraction (XRD) with Cu K« radiation (1.54 A) at 30 kV and 10 mA (D2 Phaser, Bruker,
Billerica, MA, USA) within the 26 range from 10 to 60° at 0.04 intervals (scanning speed of
2.5°/min). The analyses were performed after 7 days of setting and hardening in air, as
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well as after 7 days of incubation in simulated body fluid (SBF). The crystalline phases were
identified by comparing the experimental diffractograms to the patterns from International
Centre for Diffraction Data o-TCP (00-009-0348) and hydroxyapatite (HA; 01-076-0694). A
phase quantification based on Rietveld refinement was performed using TOPAS software
(Version 4.2.0.1, 2011, Bruker, Billerica, MA, USA). All measurements were performed in
triplicate. The results are presented as the mean =+ standard deviation (SD).

3.3.4. Structural Analysis

Structural studies of the obtained biomaterials were performed using Fourier trans-
form infrared (FTIR) spectroscopy, within the scanning range of 400-4000 cm~! and resolu-
tion of 4 cm ™1 using a BioRad FTS 6000 spectrometer (Vertex 70&70v, Bruker, Billerica, MA,
USA). Positions of the FTIR bands were measured in accordance with the center of weight.
The baseline correction, normalization, and spectral analyses were performed using Spec-
tragryph software (v1.2.15, Friedrich Menges, Oberstdorf, Germany). The measurements
were carried out after 7 days of setting and hardening in air, as well as after 7 days of
incubation in simulated body fluid (SBF).

3.3.5. Compressive Strength

For the mechanical tests, cylindrical samples 12 mm in height and 6 mm in diameter
were prepared in Teflon molds. Samples were removed from the molds between their initial
and final setting times and left for 7 days in air. After 7 days, the compressive strength
of the samples was examined using a universal testing machine (Instron 3345, Instron,
Norwood, MA, USA). Biomicroconcrete samples were subjected to uniaxial compression
with a crosshead speed of 1.0 mm min~!. The results of the compressive strength tests are
presented as the mean value of 15 measurements + standard deviation (SD).

3.3.6. Microstructure

Observations of the microstructure of the obtained biomaterials were performed using
a scanning electron microscope (SEM, PhenomPure, Thermo Fisher Scientific, Waltham,
MA, USA) in backscattered electron (BSE) mode at an acceleration voltage of 10 kV. Before
the study, samples were coated with a thin gold layer to avoid overcharging (Manual
Sputter Coater 108, Agar Scientific, Stansted, UK).

3.3.7. Chemical Stability and Bioactivity In Vitro

To determine the in vitro chemical stability of cementitious materials, cylindrical
samples (3 mm in height and 6 mm in diameter) were placed in plastic containers with
20 mL of SBF or distilled water and stored at 37 °C for 4 weeks. The ionic conductivity and
pH of the solutions around the incubated samples were measured using a SevenCompact
Duo pH/conductometer (Mettler Toledo, Columbus, OH, USA). In vitro bioactivity of the
obtained biomicroconcretes was assessed via SEM observations of the apatite layers on the
materials’ surfaces after the 7 day sample incubation in SBF.

3.3.8. Statistics

The statistical analysis of obtained results was performed using a one-way analysis
of variance (ANOVA) with a post hoc Tukey honestly significant difference (HSD) test for
comparing multiple treatments (*—statistically significant difference between the results,
p > 0.05). All analyses were performed with OriginPro software (version 2021, OriginLab
Corporation, Northampton, MA, USA).

4. Conclusions

In this study, materials based on highly reactive o-TCP powder and hybrid hydroxyapatite-
chitosan granules with the addition of citrus pectin were developed and examined. The use
of citrus pectin introduced with the liquid phase allowed us to to obtain easily moldable,
fully injectable calcium phosphate-based biomicroconcretes characterized by good cohesion
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and setting times in an acceptable range. Usually, biomicroconcretes containing granules or
microspheres are not injectable. Through the careful selection of the liquid phase, we were
able to obtain a paste with favorable rheological properties that did not clog the syringe
during the injection. The presence of citrus pectin in the liquid phase significantly improved
both the injectability and mechanical strength of the materials (from 5.75 MPa to 13.23 MPa).
The unique properties of biomicroconcretes containing citrus pectin resulted from both the
the dual setting system and the presence of the double hybrid system. The dual setting
system originated from «-TCP hydrolysis and citrus pectin crosslinking in the presence of
Ca”* ions allowed us to obtain materials characterized by excellent cohesion and chemical
stability, whereas the double hybrid system was due to the presence of hybrid granules and
interactions between polycationic chitosan in hybrid granules and polyanionic citrus pectin.
All developed biomicroconcretes revealed in vitro bioactivity, which makes them good
candidates for further biological studies. The MC3 biomicroconcrete is considered to be the
most promising among the studied materials. By applying easy-to-functionalize polymers
such as chitosan and citrus pectin, further modifications of the proposed materials, for
example, attaching other substances to the functionalized polymer groups, will be possible.
This research confirmed the beneficial properties of the obtained biomicroconcretes and
paves the way for further in vitro and in vivo studies.

Author Contributions: Conceptualization, PP, JP.C., E.C. and A.Z.; Methodology, ] P.C., E.C. and
A.Z.; Validation, J.P.C., E.C. and A.Z.; Investigation, P.P. and E.C.; Writing—original draft, P.P. and
E.C.; Writing—review & editing, ] P.C. and A.Z.; Visualization, P.P.; Supervision, ].P.C. and A.Z,;
Project administration, A.Z.; Funding acquisition, A.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: Research project supported by the program “Excellence initiative-research university” for
the AGH University of Science and Technology, Project Nu. 18.18.160.4159. Research co-funded by
the Faculty of Materials Science and Ceramics AGH UST—University of Science and Technology,
Krakéw, Poland, Project No. 16.16.160.557 (2023).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the company Herbstreith & Fox for delivering citrus pectin.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Kashimbetova, A.; Slamecka, K.; Casas-Luna, M.; Oliver-Urrutia, C.; Ravaszova, S.; Dvoréak, K.; Celko, L.; Montufar, E.B.
Implications of unconventional setting conditions on the mechanical strength of synthetic bone grafts produced with self-
hardening calcium phosphate pastes. Ceram. Int. 2022, 48, 6225-6235. [CrossRef]

Ambard, A.J.; Mueninghoff, L. Calcium Phosphate Cement: Review of Mechanical and Biological Properties. J. Prosthodont. 2006,
15,321-328. [CrossRef] [PubMed]

Tronco, M.C.; Cassel, ].B.; Santos, L.A.D. a-TCP-based calcium phosphate cements: A critical review. Acta Biomater. 2022, 151,
70-87. [CrossRef] [PubMed]

Russo, P; Vitiello, L.; Sbardella, F; Santos, J.I.; Tirillo, J.; Bracciale, M.P,; Rivilla, I.; Sarasini, F. Effect of Carbon Nanostructures and
Fatty Acid Treatment on the Mechanical and Thermal Performances of Flax/Polypropylene Composites. Polymers 2020, 12, 438.
[CrossRef]

Goy, R.C.; Morais, S.T.B.; Assis, O.B.G. Evaluation of the antimicrobial activity of chitosan and its quaternized derivative on E. coli
and S. aureus growth. Rev. Bras. Farmacogn. 2016, 26, 122-127. [CrossRef]

Zima, A.; Czechowska, J.; Szponder, T.; Slésarczyk, A. In vivo behavior of biomicroconcretes based on a-tricalcium phosphate
and hybrid hydroxyapatite/chitosan granules and sodium alginate. . Biomed. Mater. Res. 2020, 108, 1243-1255. [CrossRef]
Czechowska, J.; Cichon, E.; Belcarz, A.; Slésarczyk, A.; Zima, A. Effect of Gold Nanoparticles and Silicon on the Bioactivity and
Antibacterial Properties of Hydroxyapatite/Chitosan/Tricalcium Phosphate-Based Biomicroconcretes. Materials 2021, 14, 3854.
[CrossRef]

De Santis, R.; Russo, T.; Rau, J.V.; Papallo, I.; Martorelli, M.; Gloria, A. Design of 3D Additively Manufactured Hybrid Structures
for Cranioplasty. Materials 2021, 14, 181. [CrossRef]

71



Int. ]. Mol. Sci. 2023, 24, 13455 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

72

Zhang, J.; Liu, W.; Gauthier, O.; Sourice, S.; Pilet, P.; Rethore, G.; Khairoun, K.; Bouler, J.-M.; Tancret, F.; Weiss, P. A simple and
effective approach to prepare injectable macroporous calcium phosphate cement for bone repair: Syringe-foaming using a viscous
hydrophilic polymeric solution. Acta Biomater. 2016, 31, 326-338. [CrossRef]

Jang, J.-H.; Shin, S.; Kim, H.-].; Jeong, J.; Jin, H.-E.; Desai, M.S.; Lee, S.-W.; Kim, S.-Y. Improvement of physical properties of
calcium phosphate cement by elastin-like polypeptide supplementation. Sci. Rep. 2018, 8, 5216. [CrossRef]

Saveleva, M.S.; Eftekhari, K.; Abalymov, A.; Douglas, T.E.L.; Volodkin, D.; Parakhonskiy, B.V.; Skirtach, A.G. Hierarchy of Hybrid
Materials—The Place of Inorganics-in-Organics in it, Their Composition and Applications. Front. Chem. 2019, 7, 179. [CrossRef]
[PubMed]

Hashim, A.E; Youssef, K.; Roberto, S.R.; Abd-Elsalam, K.A. Hybrid inorganic-polymer nanocomposites: Synthesis, characteriza-
tion, and plant-protection applications. In Multifunctional Hybrid Nanomaterials for Sustainable Agri-Food and Ecosystems; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 33-49. [CrossRef]

An, J.; Wolke, ].G.C.; Jansen, J.A.; Leeuwenburgh, S.C.G. Influence of polymeric additives on the cohesion and mechanical
properties of calcium phosphate cements. J. Mater. Sci. Mater. Med. 2016, 27, 58. [CrossRef] [PubMed]

Dziadek, M.; Dziadek, K.; Salagierski, S.; Drozdowska, M.; Serafim, A.; Stancu, I.-C.; Szatkowski, P.; Kopec, A.; Rajzer, I.; Douglas,
T.E.; et al. Newly crosslinked chitosan- and chitosan-pectin-based hydrogels with high antioxidant and potential anticancer
activity. Carbohydr. Polym. 2022, 290, 119486. [CrossRef]

Pellis, A.; Guebitz, G.M.; Nyanhongo, G.S. Chitosan: Sources, Processing and Modification Techniques. Gels 2022, 8, 393.
[CrossRef]

Ibrahim, H.M.; El-Zairy, EIM.R. Chitosan as a Biomaterial—Structure, Properties, and Electrospun Nanofibers. In Concepts,
Compounds and the Alternatives of Antibacterials; Bobbarala, V., Ed.; InTech: London, UK, 2015. [CrossRef]

Singhal, S.; Hulle, N.R.S. Citrus pectins: Structural properties, extraction methods, modifications and applications in food
systems—A review. Appl. Food Res. 2022, 2, 100215. [CrossRef]

Minzanova, S.; Mironov, V.E,; Arkhipova, D.M.; Khabibullina, A.V.; Mironova, L.G.; Zakirova, Y.M.; Milyukov, V.A. Biological
Activity and Pharmacological Application of Pectic Polysaccharides: A Review. Polymers 2018, 10, 1407. [CrossRef]

Freitas, C.M.P,; Coimbra, J.S.R.; Souza, V.G.L.; Sousa, R.C.S. Structure and Applications of Pectin in Food, Biomedical, and
Pharmaceutical Industry: A Review. Coatings 2021, 11, 922. [CrossRef]

Marudova, M.; MacDougall, A.].; Ring, S.G. Pectin—chitosan interactions and gel formation. Carbohydr. Res. 2004, 339, 1933-1939.
[CrossRef] [PubMed]

Czechowska, J.; Zima, A.; Paszkiewicz, Z.; Lis, J.; Slésarczyk, A. Physicochemical properties and biomimetic behaviour of
«-TCP-chitosan based materials. Ceram. Int. 2014, 40, 5523-5532. [CrossRef]

de Almeida, D.A.; Sabino, R.M.; Souza, PR.; Bonafé, E.G.; Venter, S.A.; Popat, K.C.; Martins, A.F.; Monteiro, ].P. Pectin-capped
gold nanoparticles synthesis in-situ for producing durable, cytocompatible, and superabsorbent hydrogel composites with
chitosan. Int. J. Biol. Macromol. 2020, 147, 138-149. [CrossRef]

Martins, J.G.; Camargo, S.E.A.; Bishop, T.T.; Popat, K.C.; Kipper, M.].; Martins, A.F. Pectin-chitosan membrane scaffold imparts
controlled stem cell adhesion and proliferation. Carbohydr. Polym. 2018, 197, 47-56. [CrossRef] [PubMed]

Wong, S.K.; Wong, Y.H.; Chin, K.-Y,; Ima-Nirwana, S. A Review on the Enhancement of Calcium Phosphate Cement with
Biological Materials in Bone Defect Healing. Polymers 2021, 13, 3075. [CrossRef]

Nicolle, L.; Journot, C.M.A.; Gerber-Lemaire, S. Chitosan Functionalization: Covalent and Non-Covalent Interactions and Their
Characterization. Polymers 2021, 13, 4118. [CrossRef] [PubMed]

Chen, J.; Liu, W,; Liu, C.-M,; Li, T,; Liang, R.-H.; Luo, S.-J. Pectin Modifications: A Review. Crit. Rev. Food Sci. Nutr. 2015, 55,
1684-1698. [CrossRef] [PubMed]

Basak, S.; Annapure, U.S. Trends in “green” and novel methods of pectin modification—A review. Carbohydr. Polym. 2022, 278, 118967.
[CrossRef] [PubMed]

Geffers, M.; Barralet, ].E.; Groll, J.; Gbureck, U. Dual-setting brushite-silica gel cements. Acta Biomater. 2015, 11, 467-476.
[CrossRef]

Christel, T.; Kuhlmann, M.; Vorndran, E.; Groll, J.; Gbureck, U. Dual setting «-tricalcium phosphate cements. J. Mater. Sci. Mater.
Med. 2013, 24, 573-581. [CrossRef]

Ginebra, M.P; Fernandez, E.; Boltong, M.G.; Bermudez, O.; Planell, J.A.; Driessens, F.C.M. Compliance of an apatitic calcium
phosphate cement with the short-term clinical requirements in bone surgery, orthopaedics and dentistry. Clin. Mater. 1994, 17,
99-104. [CrossRef]

Sugawara, A.; Asaoka, K.; Ding, S.-J. Calcium phosphate-based cements: Clinical needs and recent progress. J. Mater. Chem. B
2013, 1, 1081-1089. [CrossRef]

Smith, B.T.; Lu, A.; Watson, E.; Santoro, M.; Melchiorri, A.J.; Grosfeld, E.C.; Beucken, J.]J.v.D.; Jansen, J.A.; Scott, D.W.; Fisher,
J.P; et al. Incorporation of fast dissolving glucose porogens and poly(lactic-co-glycolic acid) microparticles within calcium
phosphate cements for bone tissue regeneration. Acta Biomater. 2018, 78, 341-350. [CrossRef]

Sahin, E. Calcium Phosphate Bone Cements. In Cement Based Materials; Saleh, H.E.-D.M., Rahman, R.O.A., Eds.; InTech: London,
UK, 2018. [CrossRef]

He, Z.; Zhai, Q.; Hu, M.; Cao, C.; Wang, ].; Yang, H.; Li, B. Bone cements for percutaneous vertebroplasty and balloon kyphoplasty:
Current status and future developments. J. Orthop. Transl. 2015, 3, 1-11. [CrossRef]



Int. J. Mol. Sci. 2023, 24, 13455 150f 15

35.
36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.
51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

Durucan, C.; Brown, PW. Reactivity of a-tricalcium phosphate. . Mater. Sci. 2002, 37, 963-969. [CrossRef]

Rabiee, S.M.; Baseri, H. Prediction of the Setting Properties of Calcium Phosphate Bone Cement. Comput. Intell. Neurosci. 2012,
2012, 1-8. [CrossRef] [PubMed]

Dziadek, M.; Zima, A.; Cichon, E.; Czechowska, J.; Slésarczyk, A. Biomicroconcretes based on the hybrid HAp/CTS granules,
«-TCP and pectins as a novel injectable bone substitutes. Mater. Lett. 2020, 265, 127457. [CrossRef]

Larsson, S.; Hannink, G. Injectable bone-graft substitutes: Current products, their characteristics and indications, and new
developments. Injury 2011, 42, S30-S34. [CrossRef]

Ginebra, M.-P.; Montufar, E.B. Cements as bone repair materials. In Bone Repair Biomaterials; Elsevier: Amsterdam, The Nether-
lands, 2019; pp. 233-271. [CrossRef]

O'Neill, R.; McCarthy, H.; Montufar, E.; Ginebra, M.-P.; Wilson, D.; Lennon, A.; Dunne, N. Critical review: Injectability of calcium
phosphate pastes and cements. Acta Biomater. 2017, 50, 1-19. [CrossRef] [PubMed]

Arkin, V.H.; Narendrakumar, U.; Madhyastha, H.; Manjubala, I. Characterization and In Vitro Evaluations of Injectable Calcium
Phosphate Cement Doped with Magnesium and Strontium. ACS Omega 2021, 6, 2477-2486. [CrossRef] [PubMed]

Cui, S.; Yao, B.; Gao, M.; Sun, X.; Gou, D.; Hu, J.; Zhou, Y.; Liu, Y. Effects of pectin structure and crosslinking method on the
properties of crosslinked pectin nanofibers. Carbohydr. Polym. 2017, 157, 766-774. [CrossRef]

da Silva, M.A; Bierhalz, A.C.K.; Kieckbusch, T.G. Alginate and pectin composite films crosslinked with Ca?* ions: Effect of the
plasticizer concentration. Carbohydr. Polym. 2009, 77, 736-742. [CrossRef]

Zima, A.; Czechowska, J.; Siek, D.; Slésarczyk, A. Influence of magnesium and silver ions on rheological properties of hydroxyap-
atite/chitosan/calcium sulphate based bone cements. Ceram. Int. 2017, 43, 16196-16203. [CrossRef]

Stephen, A.M.; Cummings, ].H. Water-holding by dietary fibre in vitro and its relationship to faecal output in man. Gut 1979, 20,
722-729. [CrossRef]

Boulos, N.N.; Greenfield, H.; Wills, R.B.H. Water holding capacity of selected soluble and insoluble dietary fibre. Int. . Food Prop.
2000, 3, 217-231. [CrossRef]

Gao, J.; Qiao, L.; Li, L.; Wang, Y. Hemolysis effect and calcium-phosphate precipitation of heat-organic-film treated magnesium.
Trans. Nonferrous Met. Soc. China 2006, 16, 539-544. [CrossRef]

Cichon, E.; Slésarczyk, A.; Zima, A. Influence of Selected Surfactants on Physicochemical Properties of Calcium Phosphate Bone
Cements. Langmuir 2019, 35, 13656-13662. [CrossRef]

Rashidova, S.S.; Milusheva, R.Y.; Semenova, L.N.; Mukhamedjanova, M.Y.; Voropaeva, N.L.; Vasilyeva, S.; Faizieva, R.; Ruban,
LN. Characteristics of Interactions in the Pectin?Chitosan System. Chromatographia 2004, 59, 11-12. [CrossRef]

Vaishya, R.; Chauhan, M.; Vaish, A. Bone cement. J. Clin. Orthop. Trauma 2013, 4, 157-163. [CrossRef]

Gerhardt, L.-C.; Boccaccini, A.R. Bioactive Glass and Glass-Ceramic Scaffolds for Bone Tissue Engineering. Materials 2010, 3,
3867-3910. [CrossRef]

Hopkins, E.; Sanvictores, T.; Sharma, S. Physiology, Acid Base Balance. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2022. Available online: http://www.ncbi.nlm.nih.gov /books/NBK507807/ (accessed on 25 November 2022).

Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 27, 2907-2915. [CrossRef]
Li, X,; Bi, J.; Jin, X.; Li, X.; Zhao, Y.; Song, Y. Effect of pectin osmosis or degradation on the water migration and texture properties
of apple cube dried by instant controlled pressure drop drying (DIC). LWT 2020, 125, 109202. [CrossRef]

Khattab, A.M. The Microbial Degradation for Pectin. In Pectins—The New-Old Polysaccharides; Masuelli, M.A., Ed.; IntechOpen:
London, UK, 2022. [CrossRef]

Klinchongkon, K.; Khuwijitjaru, P.; Adachi, S. Degradation kinetics of passion fruit pectin in subcritical water. Biosci. Biotechnol.
Biochem. 2017, 81, 712-717. [CrossRef] [PubMed]

Kolmas, J.; Kaflak, A.; Zima, A.; Slésarczyk, A. Alpha-tricalcium phosphate synthesized by two different routes: Structural and
spectroscopic characterization. Ceram. Int. 2015, 41, 5727-5733. [CrossRef]

Zima, A. Hydroxyapatite-chitosan based bioactive hybrid biomaterials with improved mechanical strength. Spectrochim. Acta
Part. A Mol. Biomol. Spectrosc. 2018, 193, 175-184. [CrossRef] [PubMed]

Komath, M.; Varma, H.K.; Sivakumar, R. On the development of an apatitic calcium phosphate bone cement. Bull. Mater. Sci.
2000, 23, 135-140. [CrossRef]

C01 Committee. Test Method for Time of Setting of Hydraulic-Cement Paste by Gillmore Needles; ASTM International: Singapore, 2020.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



Publikacja 2 — ,, Influence of Natural Polysaccharides on Properties of the

Biomicroconcrete-Type Bioceramics”

e%’%/! materials

Article

Influence of Natural Polysaccharides on Properties of the
Biomicroconcrete-Type Bioceramics

Piotr Paritak

check for

updates
Citation: Pantak, P; Cichon, E.;
Czechowska, J.; Zima, A. Influence of
Natural Polysaccharides on Properties of
the Biomicroconcrete-Type Bioceramics.
Materials 2021, 14, 7496. https://
doi.org/10.3390/ma14247496

Academic Editor: Francesco Baino

Received: 17 October 2021
Accepted: 3 December 2021
Published: 7 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ewelina Cichon

, Joanna Czechowska © and Aneta Zima *

Faculty of Materials Science and Ceramics, AGH University of Science and Technology, Mickiewicza Av. 30,
30-058 Krakéw, Poland; pantak@agh.edu.pl (P.P.); ecichon@agh.edu.pl (E.C.); jczech@agh.edu.pl (J.C.)
* Correspondence: azima@agh.edu.pl

Abstract: In this paper, novel hybrid biomicroconcrete-type composites were developed and investi-
gated. The solid phase of materials consisted of a highly reactive « -tricalcium phosphate (x-TCP)
powder, hybrid hydroxyapatite-chitosan (HAp-CTS) material in the form of powder and granules
(as aggregates), and the polysaccharides sodium alginate (SA) or hydroxypropyl methylcellulose
(HPMC). The liquid/gel phase in the studied materials constituted a citrus pectin gel. The influence
of SA or HPMC on the setting reaction, microstructure, mechanical as well as biological properties
of biomicroconcretes was investigated. Studies revealed that manufactured cement pastes were
characterized by high plasticity and cohesion. The dual setting system of developed biomicrocon-
cretes, achieved through «-TCP setting reaction and polymer crosslinking, resulted in a higher
compressive strength. Material with the highest content of sodium alginate possessed the highest
mechanical strength (~17 MPa), whereas the addition of hydroxypropyl methylcellulose led to a
subtle compressive strength decrease. The obtained biomicroconcretes were chemically stable and
characterized by a high bioactive potential. The novel biomaterials with favorable physicochemical
and biological properties can be prosperous materials for filling bone tissue defects of any shape
and size.

Keywords: biomicroconcretes; hybrid materials; calcium phosphate; chitosan; dual setting

1. Introduction

The bone substitutes constitute an important group of biomaterials widely used
in orthopedics, craniofacial surgery, and dentistry [1]. Due to the growing demand for
implantable materials, researchers are constantly working on improving their properties
as well as on developing completely new bone substitutes [2]. Calcium phosphate bone
cements (CPCs) are biocompatible, moldable materials, which harden in vivo through a
low temperature setting reaction. CPCs, in addition to biocompatibility, bioactivity, and
mechanical properties similar to bone tissue, should also possess appropriate rheological
properties, injectability, cohesion, and setting times. A major advantage of CPCs over
the preformed grafts is their ability to adapt to the complex geometry of the bone defect.
Despite the excellent biocompatibility and bioactivity of CPCs, their poor mechanical
strength and frequent lack of satisfactory injectability limit their applications [3,4]. In
order to overcome poor injectability and compressive strength of CPCs, various polymeric
additives, including polyanions (e.g., pectins, sodium alginate, and methylcellulose) and
polycations (e.g., chitosan and CTS) can be applied. From the point of view of bone tissue
engineering, sodium alginate (SA) and hydroxypropyl methylcellulose (HPMC) have
favorable properties (i.e., biocompatibility, low toxicity, and ease of gelation). SA belongs
to the group of alginates derived from brown algae cell walls. This anionic polysaccharide
is widely used in pharmaceutical [5] and biomedical applications [6-8]. In the field of
calcium phosphate-based bone cements, SA is often applied because materials with sodium
alginate gain injectability and show beneficial properties in in vitro tests [9,10]. HPMC
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(anionic polysaccharide) is a cellulose-derived polymer with a wide range of biomedical
applications [11]. In the studies of Burguera et al. [12], the HPMC to the liquid phase of
cements allowed to obtain CPCs with better injectability, and Liu et al. [13] pointed out
the outstanding cohesion of bone cements containing HPMC. An additional reason for
the use of the above-mentioned polymers is their biologically favorable features, such as
biocompatibility, biodegradability, and antimicrobial properties [14-17].

An interesting modification of bone cements seems to be biomicroconcretes, i.e., bone
cements containing aggregates in the form of microspheres or granules [18-23]. Nezafati
et al. [23] investigated tetra calcium phosphate (TTCP) based cement with gelatine mi-
crospheres (GMs). They stated that the final setting time and injectability were increased
when GMs were added to the CPCs. Meng et al. [21] examined material composed of
a-tricalcium phosphate («-TCP), calcium dihydrogen phosphate monohydrate (DCPM),
and CaCOj; incorporated with chitosan microspheres (10%, w/w). They demonstrated that
the biomicroconcretes promote adhesion, proliferation, and differentiation of osteoblasts
and had good biocompatibility in the muscles of animals. In the study of Zima et al., biomi-
croconcretes based on o-TCP and hybrid, hydroxyapatite-chitosan (HAp-CTS) granules
were bioactive and supported the growth of bone tissue [18]. Furthermore, the use of
chitosan (polycation) together with polyanionic polymers is of great interest due to their
unique electrostatic interaction in an aqueous environment [24-26]. Neufeld et al. [27]
studied pectin/chitosan physical hydrogels as potential drug delivery vehicles. Dziadek
et al. [28] combined a-TCP, hybrid HAp/CTS granules, and pectins receiving injectable
biomicroconcretes with improved surgical handiness, due to polyelectrolyte complex for-
mation. The use of pectins in cement-based bone substitutes is still under evaluation. The
crosslinking agents have also been studied for the fabrication of particles or composites
from chitosan and pectin [29,30]. In this study, polymeric additives, i.e., sodium alginate
(SA) and hydroxypropyl methylcellulose (HPMC) as a polyanions will be examined as
potential moderators of interactions between polycationic chitosan and citrus pectin. We
suspect that the use of polyanionic polymers together with polycationic chitosan can lead
to achieving favorable properties of hybrid, biomicroconcrete-type materials due to the
formation of polyelectrolyte complexes.

The aim of this study was to develop and obtain biomicroconcretes on the basis of
a-tricalcium phosphate, hydroxyapatite, chitosan, and citrus pectin and investigate the
influence of natural polysaccharides in the form of sodium alginate and hydroxypropyl
methylcellulose (2 and 4 wt%) on their physicochemical and biological properties.

2. Materials and Methods
2.1. Materials

The initial «-tricalcium phosphate (x-TCP) powder was synthesized by the wet chem-
ical method described previously [31,32]. As reagents, Ca(OH), (>99.5%, POCH, Gliwice,
Poland) and H3POy (85.0%, POCH, Gliwice, Poland) were applied. In brief, the o-TCP
precipitate was dried, sintered above 1250 °C (5 h), ground in an attritor mill (3 h), and
sieved below 63 pm.

Hydroxyapatite-chitosan (HAp-CTS) hybrid materials, containing 21 wt% of chitosan,
were obtained by the modified wet chemical method described previously [33]. The
following substrates were used: Ca(OH), (>99.5 wt%, POCH, Gliwice, Poland), H3POy4
(85.0 wt%, POCH, Gliwice, Poland), and medium-molecular-weight chitosan (~100,000 kDa,
DD > 75.0 wt%, Sigma-Aldrich, St. Louis, MO, USA). HAp-CTS hybrids in the form of
powder and granules (300-400 pm) were applied as an aggregate in developed materials.

Five types of biomicroconcretes were prepared by mixing the solid phase, i.e., -
TCP, HAp-CTS materials, and polymeric additives with the liquid phase. As polymeric
additives, sodium alginate (SA, POCH, Gliwice, Poland) or hydroxypropyl methylcellulose
(HPMC, Alfa Aesar, Tewksbury, MA, USA) was used. The polymeric modifiers SA and
HPMC were introduced in the form of powder directly during the cement paste mixing. As
aliquid phase, a 5 wt% pectin gel in distilled water was used. A low esterified amidated
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pectin from citrus peels (CUL) was kindly delivered by Herbstreith & Fox (Herbstreith &
Fox, Werder (Havel), Germany). The initial composition of the prepared biomicroconcretes,
as well as a liquid to powder ratio (L/P), are presented in Table 1.

Table 1. Initial compositions of developed materials.

Nf;gre‘fl Solid (Powder) Phase (P) Liquid Phase (L) L/P (mL/g)
Control 25 wt% «-TCP: 35 wt% HAp/CTS
granules: 40 wt% HAp/CTS powder
MC-SA2 Control + 2 wt% SA powder 5wt% CUL in 08
MC-SA4 Control + 4 wt% SA powder distilled water (gel) '
MC-HPMC2 Control + 2 wt% HPMC powder
MC-HPMC4 Control + 4 wt% HPMC powder
2.2. Methods

2.2.1. Injectability and Setting Times

The injectability of the obtained materials was checked visually by injecting the cement
paste through a 20 mL plastic syringe with a 2 mm nozzle (B. Brown, Melsungen, Germany)
directly into the SBF solution preheated to 37 °C. The setting times (initial and final) of
obtained biomicroconcretes were measured according to ASTM-C200-08 standard using a
Gillmore apparatus (Humboldt, Norridge, IL, USA [34]. The results are presented as the
average value of three measurements =+ standard deviation (SD).

2.2.2. Structural Studies

The crystalline phases were analysed by a powder X-ray diffractometer (XRD, D2
Phaser, Bruker, Ballerica, MA, USA). An XRD analysis was performed using CuK-« radi-
ation (1.54 A) at 30 kV and 10 mA. The intensity was recorded in a 20 range from 10° to
90° at 0.04° intervals with a scanning speed of 2.5° min~!. The crystalline phases were
identified by comparing the experimental diffractograms to the Joint Committee on Pow-
der Diffraction Standards: «-TCP (JCPDS 00-009-0348) and hydroxyapatite (HAp; JCPDS
01-076-0694). A quantitative phase composition analysis based on Rietveld refinement was
performed using Profex software (Version 4.3.5., Nicola Débelin, Solothurn, Switzerland).
The identification and quantification of the crystalline structures of materials nonincubated
and incubated in simulated body fluid (SBF) at 37 °C were made after 7 days of setting and
hardening.

Structural analyses were performed by Fourier transform infraRed spectroscopy
(FTIR), within the scanning range 400-4000 cm ™! and resolution of 4 cm~! using a BioRad
FTS 6000 spectrometer (Vertex 70&70v, Bruker, Ballerica, MA, USA). The band positions
of each result were measured according to the center of weight. The baseline correction,
normalisation, and spectra analyses were performed using the Spectragryph software
(Vwrsion v1.2.15, Friedrich Menges, Oberstdorf, Germany).

2.2.3. Microstructure

The microstructure observations of the fractured samples were performed with the use
of scanning electron microscopy (SEM, PhenomPure, Thermo Fisher Scientific, Waltham,
MA, USA). In order to evaluate bioactive potential, the materials’ surface after 7 days of
incubation in SBF at 37 °C was also assessed. Before the examination, the samples were
coated with a thin gold film using a low deposition rate.

2.2.4. Mechanical Strength

The compressive strength was examined using the universal testing machine (Instron
3345, Instron, Norwood, MA, USA). The cylindrical biomicroconcrete samples (6 mm x
12 mm) were subjected to uniaxial compression with a crosshead speed of 1.0 mm min~".

The biomicroconcrete samples were prepared and stored in air at 37 °C for 1 week. For
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comparison, samples after 7 days of incubation in SBF at 37 °C were also tested. The
results of the compressive strength were presented as the average value of minimal ten
measurements =+ standard deviation (SD).

2.2.5. Chemical Stability and Bioactivity In Vitro

In order to evaluate the chemical stability and bioactivity of the obtained materials,
the cylindrical samples (12 mm x 6 mm) were placed in sterile containers filled with
40 mL of SBF or distilled water and stored at 37 °C for 28 days. The SBF solution was
prepared according to Kokubo’s protocol [1,35]. The chemical stability of the obtained
samples was assessed by measuring the pH of SBF and the ionic conductivity of the dis-
tilled water around incubated samples in the function of time using a pH/conductometer
(H198129 Combo, Hanna, Smithfield, RI, USA). Measurements were performed at 1, 3,
7, and 28 days of incubation. Each measurement was performed triple times for each
material. Results were expressed as the average value of three measurements + standard
deviation (SD).

2.2.6. Statistics

A statistical analysis was performed using one-way ANOVA with a posthoc Tukey
HSD (Honestly Significant Difference) test for comparing multiple treatments (* means the
statistically significant difference between the results, p > 0.05). An analysis was performed
with OriginPro 2021 software (Version 2021, OriginLab Corporation, Northampton, MA,
USA).

3. Results and Discussion
3.1. Injectability and Setting Times

The novel biomicroconcrete-type biomaterials possessed excellent injectability. No
phase separation was observed during the cement paste extrusion from the syringe to SBE.
Moreover, it was observed that all developed materials were characterized by high cohesion
and maintained their initial shape after extrusion, indicating washout resistance. However,
the material MC-SA4, where the polysaccharide additive of 4 wt% of SA was applied,
possessed the best injectability and cohesion in comparison to the others (Figure 1). No
significant differences among the material groups containing the sodium alginate additive
(MC-SA2, MC-SA4) and hydroxypropyl methylcellulose (MC-HPMC2, MC-HPMC4) were
observed.

MC-HPMC4

Figure 1. Obtained materials: Control, MC-SA4 and MC-HPMC4 immediately after extrusion from
the syringe to SBE.

Outstanding surgical handiness was achieved through the use of natural polymers in
the cement compositions. The polymeric additives increased the viscosity of the cement
pastes and improved their injectability and cohesion. The ability of SA and HPMC to form
hydrogels resulted in increased water resistance during the incubation in SBF, and the
pectin crosslinking led to better integrity of the injected paste. Similar observations were
reported in previous studies where polymeric additives were applied [18,28,36].
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The setting times of the obtained cement-type materials depended on the polymeric
additives and varied between 28 and 37 min (initial setting time) and more than 60 min
(final setting time) (Table 2).

Table 2. The setting times of the biomicroconcretes.

Material Initial, t; [Min] Final, t; [Min]
Control 28+2
MC-SA2 33£2
MC-SA4 36+3 >60
MC-HPMC2 34+1
MC-HPMC4 37+2

The results show that the addition of polysaccharides increased the initial cement
setting time. Furthermore, the initial setting times of materials containing 2 wt% (MC-SA2
and MC-HPMC?2) and 4 wt% of the polymeric additive (MC-SA4 and MC-HPMC4) were
similar in the subgroups. The setting time determined the time in which material was
completely hardened. The process that enables setting and hardening is «-TCP hydrolysis.
o-TCP contained in the biomicroconcretes reacts with water and forms the calcium-deficient
apatite, according to the following Equation (1) [37,38]:

3Ca3(PO4)2 + Hzo — Cag(PO4)5(HPO4)OH, (1)

Several factors influence the setting reaction of biomicroconcretes. The most important
are: the amount of the highly reactive x-TCP phase in material, the presence of the setting
accelerator in the liquid phase, the kind of polymeric additive in the liquid phase, and,
finally, the presence of polymeric additives in the powder phase of the material [39]. The
implantation of CPCs is a complex process with a brief window. Clinically, quick setting
times can make the cement paste difficult to apply. Alternately, for the cement formulations
with long setting times, the possibility of material washout constitutes a problem. The
initial and final setting times of the obtained biomicroconcretes were higher than recom-
mended in the literature (4-8 min for initial, up to 15 min for final) [40]. However, there
are some commercially used bone substitutes characterized by longer than recommended
setting times (i.e., Bone Source®: t; = 10-15 min, tp~4 h; Norian SRS/CRS®: t; = 10 min,
tp~12 h) [41,42]. The presence of powder-added polymeric additives both in the form of
sodium alginate (MC-SA2, MC-5A40) and hydroxypropyl methylcellulose (MC-HPMC2,
MC-HPMC4) results in the elongation of the setting times of the obtained materials but also
improves their cohesion. Furthermore, the amount of polymeric additive has an impact
on the setting process. The higher the number of polysaccharides used, the longer the
setting time was. These results are consistent with studies of Czechowska et al. [19]. In
order to shorten the setting times, it would be essential to use a setting accelerator (i.e., dis-
odium hydrogen phosphate Na,HPOy) [19,43]. Although the setting times of the obtained
materials were longer than recommended, the presence of chitosan, citrus pectin, and
other polymeric additives ensured good cohesion of the final materials, preventing them
from disintegrating on contact with SBF. Moreover, the presence of the above-mentioned
polysaccharides interactions and the setting of a-TCP powder caused the initiation of
the dual setting process in the obtained biomicroconcretes. This process is based on the
hydrolysis of «-TCP and polymer crosslinking simultaneously [44]. Chitosan and pectin
interactions were studied previously by Marudova et al. [24], and they are based on the
polyelectrolyte nature of those polymers. Chitosan as a natural polycation interacts with
polyanionic pectin [27,45]. In addition, an idea for using other polysaccharides such as SA
and HPMC as powder additives to biomicroconcretes was also motivated by the occurrence
of interactions between them. Polyanionic sodium alginate may interact with polycationic
chitosan and in the presence of calcium ions additionally crosslink, which will lead to a
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rigid ionic gel formation [14]. It also helps to form homogenous materials with beneficial
mechanical properties [9,10].

3.2. Structural Studies

The materials phase composition was determined by XRD studies, whereas FTIR
allowed the examination of the biomicroconcrete’s chemical composition. The initial «-
TCP powder composed of «-TCP phase (98.0 wt%) and a small amount of hydroxyapatite
(2.0 wt%). The HAp-CTS hybrid materials were composed of hydroxyapatite as the only
crystalline phase. In the case of biomicroconcretes, diffractograms revealed the presence of
two different crystalline phases corresponding to a-TCP and HAp, and their proportion
varied according to the environment in which the samples were kept. The detailed phase
composition is presented in Table 3.

Table 3. Phase composition of tested biomicroconcretes.

Phase Composition [wt%]

Material Label 7 Days after Setting and Hardening After 7 Days of Incubation in SBF

(37°0)
o-TCP HAp o-TCP HAp
Control 25.0 75.0 2.0 98.0
MC-SA2 26.0 74.0 2.0 98.0
MC-SA4 29.0 71.0 3.0 97.0
MC-HPMC2 26.0 74.0 2.0 98.0
MC-HPMC4 28.0 72.0 1.0 99.0

The diffractograms of biomicroconcretes revealed two crystalline phases, i.e., x-TCP
and hydroxyapatite. In addition, the amorphous halos originating from polymers were
present. Very similar results were obtained in previous studies on hybrid HAp-CTS ma-
terials [28,33]. Moreover, the analysis of the phase composition after material incubation
in SBF confirmed that o-TCP almost completely hydrolyzed to hydroxyapatite (Table 3).
As in a simulated environment, the o-TCP phase is thermodynamically metastable and
spontaneously hydrolyzes to nonstoichiometric hydroxyapatite [40]. It is suggested that
slight differences observed in the phase composition of individual materials were caused
by the presence of polymer additives in the biomicroconcretes. The outcome of the FTIR
measurements supports the results of the XRD studies. The FTIR analysis of the studied
materials confirmed the presence of functional group characteristic for calcium phosphates
and polysaccharides, such as chitosan or pectin (Figure 2). Infrared spectra of biomicrocon-
cretes after setting and hardening revealed the presence of characteristic bands at 470, 563,
602, 958 as well as 1101 cm ! that were assigned to the PO,3~ groups. The CO32~ group
forms a weak peak between 870 and 880 cm ! (note: it overlaps here with HPO42 )and a
more intensive peak at 1424 cm~! (note: overlapping with -CH bending). The absorption
band with a maximum at 2928 cm ! can be attributed to alkyl C-H stretching. The band
at around 1649 cm~! confirms the presence of N-H bending modes of the primary amine.
Furthermore, the band around 1315 cm ™! corresponds to C-N stretching. Spectra also
revealed a band at 3573 cm~! which is attributed to O-H stretching vibrations, and a wide
band around 3500 cm ™! indicates the presence of residual water in the studied samples.
A low concentration of polymeric additives (i.e., sodium alginate and hydroxypropyl
methylcellulose) in the cements, as well as an overlapping of bands, may explain the lack of
visible additional bands assigned to these polysaccharides (i.e., C = O). Stretches typical for
carboxylic groups at 1610 cm ! (SA) [46] or esters around 3368, 1737, 1227, and 1377 cm !
(HPMC) [47] were not visible.
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Figure 2. FT-IR spectra of obtained biomicroconcretes: Control, MC-SA2, MC-SA4, MC-HPMC2, and MC-HPMC4.

3.3. Microstructure

SEM observations of the obtained composites after seven days of drying in air revealed
that the materials possessed compact, homogenous microstructure formed by hybrid
hydroxyapatite-chitosan granules and a cementitious matrix with visible micropores. The
microstructure of hybrid HAp-CTS granules and biomicroconcretes was composed of
calcium phosphates (CaPs) agglomerated matrix (Figure 3(la—1c)) and polymers. The
polymers present in developed materials were observed in the form of a polymeric film
adhering to the calcium phosphate grains as well as polymeric bridges between the granules
(Figure 3(2a—2c)). Characteristic polymeric bridges between granules and pectin present
in the matrix were observed by others. For example, Zima et al. [33] developed hybrid
HAp/CTS granules, while Mickiewicz et al. [48] added various water-soluble polymers to
commercial calcium phosphate bone substitutes. The presence of numerous characteristic
chitosan bridges is evidence of the interactions among hybrid HAp/CTS materials, citrus
pectin, and probably polymeric additives [13,24]. Similar microstructures were observed
previously by Czechowska et al. [32] where the addition of chitosan to the liquid phase of
«-TCP-based bone cements was investigated.
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Figure 3. SEM microphotographs of cross-sections of obtained materials. Magnifications 500 x (1la-1c) and 1000 x (2a-2c).
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After seven days of incubation in SBF, the surfaces of biomicroconcretes were com-
pletely covered by apatitic structures (Figure 4). The materials were characterized by similar
microstructures regardless of the content of the polymeric additive. Hybrid granules were
in intimate contact with the cementitious matrix, therefore all obtained composites are
characterized by good mechanical properties and cohesion in the presence of a simulated
biological environment.

Control MC-SA4 MC-HPMC4

7-day in air

7-day in SBF

Figure 4. SEM microphotographs of biomicroconcretes surface after 7-day incubation in air or SBE.
3.4. Mechanical Strength

The results of compressive strength tests, both after seven days of drying in air
(Figure 5A) and after seven days of incubation in SBF at 37 °C (Figure 5B) are shown
bellow.

“25- — E 254 S

204 - = 204

Compressive strength, MPa
@
v
Compressive strength, MPa

T T
Control MC-SA2 MC-SA4  MC-HPMC2 MC-HPMC4 Control MC-SA2 MC-SA4  MC-HPMC2 MC-HPMC4

Figure 5. Compressive strength of biomicroconcretes after 7 days of drying in air (A) and after 7 days of incubation in SBF
(B) (*—statistically significant difference, p < 0.05).
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The compressive strength of the obtained cements ranged from 9.3 4= 2.1 to 17.2 = 2.6 MPa
for materials after seven days of setting and hardening and from 6.6 4- 1.2 to 13.2 4- 1.2 MPa
for materials after incubation in SBE. A high compressive strength of the biomicroconcretes
was obtained due to the presence of a dual setting system (x-TCP hydrolysis and interaction
between sodium alginate and other polymeric additives in the material matrix composi-
tion) [24]. The mechanical properties of the obtained biomicroconcretes result not only from
their hybrid nature but also from the characteristics of the additional polymer. Sodium
alginate, compared to HPMC in an aqueous solution, is characterized by greater rigidity
and viscosity, which may have a direct impact on the final properties of the developed
biomaterials [49,50]. The highest compressive strength value was recorded for the material
MC-S5A4, where the 4 wt% addition of sodium alginate was applied (up to 17.2 & 3.4 MPa).
The increased strength with adding sodium alginate compared to the control material was
due to the presence of additional interactions between Ca?* cations and anionic sodium
alginate. Alternately, materials containing another polymeric additive, hydroxypropyl
methylcellulose, were characterized by lower compressive strength. A similar negative
influence of HPMC on the material strength was also reported by Perez et al. [51]. It is
suggested that the weakening of the strength of the materials with the HPMC addition is
caused by the fact that HPMC is a highly hygroscopic polymer [52], thus absorbed water is
necessary for o-TCP hydrolysis. Nevertheless, compressive strength values similar to that
of human cancellous bone (between 4 and 12 MPa) [53] were obtained. Thus, it makes the
obtained biomicroconcretes suitable for low-load bearing applications.

3.5. Chemical Stability and Bioactivity In Vitro

Chemical stability studies are one of the important tests for considering implantable
materials for medical applications. Incubating the sample in SBF is considered as a first
step for evaluating material characteristics and understanding their degradation mecha-
nisms [54]. In order to evaluate chemical stability and bioactivity in vitro of the obtained
biomicroconcretes, materials samples were incubated in simulated body fluid. Figure 6A
shows the pH changes of SBF during the immersion of the samples. The pH changes of SBF
remained close to the physiological values and ranged from 7.22 to 7.41. The addition of
polysaccharides in the form of sodium alginate (MC-SA2 and MC-SA4) or hydroxypropyl
methylcellulose (MC-HPMC2and MC-HPMC4) only slightly influenced the solution’s
pH values. Similar pH values of incubated CPCs were observed elsewhere [32,55]. Ionic
conductivity during the incubation in distilled water of the control material was in the
range of ~75-87 uS/cm. An additive in the form of sodium alginate (materials MC-SA2 and
MC-SA4) caused an increase in ionic conductivity (~87-113 uS/cm), whereas for HPMC
(materials MC-HPMC2 and MC-HPMC4), a decrease of ionic conductivity to ~49-69 uS/cm
was observed (Figure 6B). This phenomenon can be explained by a higher degradation rate
of SA than HPMC in aqueous solutions [18,56,57]. Ionic conductivity of all the obtained
materials reached a plateau after seven days of incubation in distilled water.

The results show that polymeric additives did not affect the chemical stability of the
developed biomicroconcretes incubated in SBF.

The bioactive potential of materials was estimated through the incubation in SBF ac-
cording to Kokubo’s protocol [35]. The SEM observations show that the evenly distributed,
bone-like apatite layer was present on the sample’s surface after seven days of incubation
in SBF at 37 °C (Figure 4). The materials MC-SA2 and MC-HPMC2 possessed similar
microstructure. The study revealed the presence of needle-like crystal structures forming
an apatite-like layer after the seven-day incubation in SBE. The presence of apatite forms
indirectly indicates the high bioactive potential of the obtained materials. The cement-type
materials with hybrid HAp/CTS granules have been proven to be biocompatible in vivo
by Zima et al. [18]. The polymeric additives used in the study had no adverse effects on the
cells due to their beneficial biological properties. Thus, it may be assumed that the obtained
biomaterials also will be biocompatible. To confirm this hypothesis further studies are
necessary.
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Figure 6. pH vs. time of incubation in SBF (A) and ionic conductivity vs. time of incubation in distilled water (B).

4. Conclusions

In this study, innovative biomicroconcretes based on highly reactive «-TCP powder,
hybrid hydroxyapatite-chitosan hybrids (granules and powder), and citrus pectin gel were
developed and examined. Moreover, the influence of polymeric additives in the form of
sodium alginate and hydroxypropyl methylcellulose on the obtained materials was investi-
gated. Newly developed biomicroconcretes differ significantly from materials previously
described in the literature. Thus, in this paper, the main focus was on investigating the effect
of polymer additives on the physicochemical properties of biomicroconcrete-type materials.
The idea of using hybrid HAp-CTS granules as aggregates in developed biomaterials with
the combination of the use of biopolymers resulted in novel composites characterized by
beneficial properties of bioceramics (as calcium phosphates) and biopolymeric materials. It
has been demonstrated that the addition of both natural polymers influenced the physico-
chemical properties of the composites. All obtained biomicroconcretes were characterized
by excellent injectability and cohesion in simulated body fluid. It was also observed that
the liquid phase in the form of gelled citrus pectin as well as the addition of the polymer
influenced the material’s setting process. Moreover, it was observed that a polymeric
additive in the form of 4 wt% of sodium alginate unlike hydroxypropyl methylcellulose
caused the biomicroconcretes to strengthen (up to 17.2 MPa for nonincubated materials and
13.2 MPa for materials incubated in SBF). Unique mechanical properties can be connected
to the dual setting system occurring in developed materials, where «-TCP hydrolysis and
polymer crosslinking take place simultaneously. The formation of hydrogel complexes
during the preparation of the cement pastes allowed for the interaction between the poly-
mers present in the tested materials (i.e., interaction between polycationic and polyanionic
polymers). In vitro studies revealed that developed materials were chemically stable and
demonstrated bioactive potential by the formation of apatitic layers on their surfaces as
early as seven 7 days after incubation in SBE. Thus, the obtained materials can be considered
as potentially bioactive. The ionic conductivity changed depending on the presence of the
polymeric additive used. Sodium alginate caused an increase in ionic conductivity, unlike
hydroxypropyl methylcellulose, which is indirectly connected to the degradation process
of these polymers. All these findings confirm the most beneficial influence of the addition
of 4 wt% sodium alginate on the character of the obtained biomicroconcretes and pave the
way to further in vitro and in vivo studies.
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Biomaterials based on a.-TCP are highly recommended for medical applications due to their ability to bond
chemically with bone tissue. However, in order to improve their physicochemical properties, modifications
are needed. In this work, novel, hybrid a-TCP-based bone cements were developed and examinated. The
influence of two different silane coupling agents (SCAs) — tetraethoxysilane (TEOS) and 3-glycidoxypropyl
trimethoxysilane (GPTMS) on the properties of the final materials was investigated. Application of modifiers
allowed us to obtain hybrid materials due to the presence of different bonds in their structure, for example
between calcium phosphates and SCA molecules. The use of SCAs increased the compressive strength of
the bone cements from 7.24 + 0.35 MPa to 12.17 4+ 0.48 MPa. Moreover, modification impacted the final
setting time of the cements, reducing it from 11.0 to 6.5 minutes. The developed materials displayed
bioactive potential in simulated body fluid. Presented findings demonstrate the beneficial influence of
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1. Introduction

Alpha tricalcium phosphate (o-TCP) due to its unique proper-
ties has been intensively studied as a promising material for
bone tissue replacement and regeneration.’”® Due to its chem-
ical similarity to the inorganic part of bone tissue and self-
setting properties o-TCP is commonly used as a main compo-
nent of calcium phosphate-based cements (CPCs).® CPCs
possess excellent biocompatibility, osteoconductivity, and
ability to bond with natural bone tissue.>® However, despite
their numerous advantages, they still have some drawbacks,
including their relatively low mechanical strength and fast
resorption rates.”® To address these limitations, various modi-
fications of powder and liquid phase of CPCs have been
proposed.

a-TCP powder can be modified in different ways, for example
through the incorporation of dopants, such as zinc, magne-
sium, or strontium, or by mixing with other calcium phosphate
powders, such as B-TCP or hydroxyapatite.”’ A common
modification of CPCs formulation is application of different
natural polysaccharides, which additionally provides inject-
ability of cementitious pastes."*™* Recently, it has been reported
that calcium phosphates can be modified with silane coupling
agents (SCAs), which are organosilicon compounds. Silane
coupling agents can bond chemically to both the inorganic and
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for their further in vitro and in vivo studies.

organic surfaces, forming strong covalent bonds and improving
the interfacial adhesion between different materials.’*'” SCAs
have been widely used to modify the surface properties of
various materials, including ceramics, polymers, and metals, to
improve their performance in medical applications.**>
Suppakarn et al.?® modified hydroxyapatite (HA) powders
with different silane coupling agents, including y-aminopropyl
triethoxysilane (APES), methyl trimethoxysilane (MTMS), and -
glycidoxypropyl trimethoxysilane (GPMS) to obtain HA/
polypropylene composites. The results demonstrated that the
silane treatment enhanced the interaction between the HA and
PP, resulting in an increase in the stiffness of the composite
material. The y-aminopropyl triethoxysilane (APES) was found
to be the most effective silane coupling agent for this applica-
tion. Ji et al** developed hydroxyapatite-based scaffolds by
modifying the surface of HA with different silane coupling
agents: 3-methacryloxypropyltrimethoxysilane, 3-amino-
propyltrimethoxysilane and carboxyethylsilanetriol sodium salt.
The using of SCAs modifiers enhanced mechanical strength up
to 30 MPa, which was explained by the presence of electrostatic
bonds between components. Furthermore, the functionalized
silane-coated HAp scaffolds displayed excellent biocompati-
bility. Ghorbani et al** incorporated 3-glycidoxypropyl trime-
thoxysilane (GPTMS) as a bioactive inorganic crosslinker in
chitosan-polyvinyl alcohol scaffolds which led to the improve-
ment of mechanical strength, water uptake, and biodegradation
properties. It has been demonstrated that an increase in GPTMS
content enhanced the compressive strength of samples, while
reducing water uptake and biodegradation of materials. What is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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more obtained composites possessed excellent biological
properties confirmed by different assays. Another common SCA
is tetraethoxysilane (TEOS) which is used in the development of
biomaterials due to its ability to form biocompatible silica
coatings, enhancing their biocompatibility and stability within
the cellular environment. Tallia et al** developed promising
Si0,-CaO/PTHF/PCL-diCOOH hybrid material with improved
mechanical properties, enhanced dissolution behaviour, and
cell attachment capability. Fuh et al.*>” described novel TEOS
treatment method that enhances micro-porosity, reduces sin-
tering shrinkage, and improves biodegradation in hydroxyapa-
tite (HA) scaffolds, making it a promising technique for HA
manufacturing.

Despite the potential advantages of using silane coupling
agents to modify calcium phosphates powders, to the best of
our knowledge, no modification of a-TCP has been carried out
yet. The simultaneous hydrolysis of «-TCP and silane coupling
agent may potentially lead to the formation of a novel a-TCP-
based hybrid materials with improved properties due to pres-
ence of additional bonds between the components. The SCAs
during hydrolysis can react with the hydroxyl groups on the
surface of calcium phosphates, forming covalent bonds and
modifying the properties of material. Such interactions, have
been described previously in other biomaterials.?®** In this
work, two different SCAs were examined as potential modera-
tors of interactions between materials components. We believe
that the use of SCAs can lead to favourable properties of hybrid,
o-TCP-based bone cements due to the formation of new bonds
in the materials' structure.

The aim of this study was to develop bone cements on the
basis of a-tricalcium phosphate and investigate the influence of
tetraethoxysilane (TEOS) and 3-glycidoxypropyl trimethox-
ysilane (GPTMS) on their physicochemical and biological
properties.

2. Materials and methods

2.1. Synthesis of a-TCP

The initial o-TCP powder was synthesized by the wet chemical
method described previously.* As reagents, Ca(OH), (=99.5%,
POCH, Gliwice, Poland) and H3;PO, (85.0%, POCH, Gliwice,
Poland) were applied. In brief, the «-TCP precipitate after
synthesis was dried, sintered above 1250 °C (5 h), ground in an
attritor mill (3 h), and sieved below 63 pm.

2.2. Modification of o-TCP

The o-TCP powder was modified with 1, 2 and 5 wt% TEOS (T)
(=99.5%, Sigma-Aldrich, St. Louis, MO, USA) or GPTMS (G)
(=98.0%, Sigma-Aldrich, St. Louis, MO, USA) (Table 1). To
modify the initial powders, solutions of the appropriate silane
coupling agents were prepared using anhydrous ethanol as
a solvent (99.8%, POCH, Gliwice, Poland). The alcoholic solvent
was used to avoid hydrolysis of the calcium phosphate powders
and SCAs. After adding the powders to the SCA solutions, they
were stirred on a magnetic stirrer for 4 hours. The resulting
precipitates were subjected to aging (1 h) and subsequently

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the initial powders

Label Description

a-TCP Non-modified a-TCP powder

o-TCP/T1 o-TCP powder modified with 1 wt% of TEOS
o-TCP/T2 o TCP powder modified with 2 wt% of TEOS
a-TCP/T5 o-TCP powder modified with 5 wt% of TEOS
o-TCP/G1 a-TCP powder modified with 1 wt% of GPTMS
o-TCP/G2 o TCP powder modified with 2 wt% of GPTMS
o-TCP/G5 o-TCP powder modified with 5 wt% of GPTMS

silanised by thermal treatment at 115 °C (4 h). Prior to
preparing the samples, the powders were sieved through a sieve
below 63 pm.

2.3. Bone cements preparation

Seven types of materials were prepared by mixing the solid
phase, ie., non-modified and SCA-modified «-TCP with the
liquid phase. The initial composition of the prepared cements,
aswell as a liquid to powder ratio (L/P), are presented in Table 2.

2.4. Methods

2.4.1. Specific surface area. The specific surface area (SSA)
of the initial «-TCP and SCAs-modified «-TCP powders was
determined by the BET (Brunauer-Emmett-Teller) method
using accelerated surface area and porosimetry system ASAP
2010 (Micromeritics, Norcross, GA, USA).

2.4.2. Powders size distribution and zeta potential. The
size distribution of the initial a-TCP and SCAs-modified o-TCP
powders as well as zeta potential was based on Brownian
motion and the Dynamic Light Scattering (DLS) technique and
combination of electrophoresis and the Laser Doppler Veloc-
imetry technique using system Zetasizer Nano-ZS (Malvern
Panalytical, Malvern, UK).

2.4.3. Chemical and phase composition. The X-ray fluo-
rescence method (XRF) was applied to check the chemical
composition of the initial powders (WDXRF Axios Max, PAN-
alytical, Malvern, UK). The X-ray diffraction (XRD) analysis was
performed using Cu Ko, radiation (1.54 A) at 30 kv and 10 mA.
The analysis was conducted in the 26 range of 10-60° at 0.04
intervals with a scanning speed of 2.5° min~' using D2 Phaser
diffractometer (Bruker, Ballerica, MA, USA). The obtained dif-
fractograms were compared with the International Centre for
Diffraction Data a-TCP (00-009-0348) and hydroxyapatite (HA;

Table 2 Composition of the bone cements

Label Powder phase Liquid phase L/P[gg ]
Cement o-TCP Distilled water 0.45
Cem_T1 o-TCP/T1

Cem_T2 o-TCP/T2

Cem_T5 o-TCP/T5

Cem_G1 o-TCP/G1

Cem_G2 o-TCP/G2

Cem_G5 o-TCP/G5
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01-076-0694) to identify the crystalline phases. TOPAS software
(Bruker, Ballerica, MA, USA) was used for phase quantification
based on Rietveld refinement. All measurements were per-
formed in triplicate. The mean =+ standard deviation (SD) was
used to present the results.

FT-IR and Raman spectroscopy methods were used for the
characterization of obtained non-modified and modified
powders, as well as the hardened bone cements. FTIR investi-
gations of materials were conducted on a BioRad FTS 6000
spectrometer (Bruker, Ballerica, MA, USA) with the Raman
attachment (NdYAG laser excitation line of 1064 nm) in the
wavenumber range of 3800-200 cm ™. The transmission tech-
nique was used and the samples were prepared as standard KBr
pellets. This methodology was used to obtain an accurate and
detailed understanding of the chemical and structural proper-
ties of the materials, which is crucial for determining their
suitability for specific biomedical applications.

2.4.4. Setting times. The setting times were determined in
accordance with the ASTM C266-20 standard, using Gilmore
Needles (Humbold MFG Co., Norridge, IL, USA).*' The Gillmore
Apparatus, consisting of two steel-weighted needles, was used
for this purpose. The initial setting needle weighed 113 g and
had a diameter of 2.12 mm, while the final setting needle
weighed 453.6 g and had a diameter of 1.06 mm. To determine
the setting times, the cementitious pastes were placed in
a special form measuring 8 mm x 10 mm x 5 mm, and the
needle of the apparatus was lightly applied to its surface. The
setting time was measured as the point at which the needle
penetrated the surface without leaving a complete circular
mark. All experiments were carried out at room temperature (22
+ 1 °C), and the results were presented as the average of three
measurements, along with their corresponding standard devi-
ations (SD).

2.4.5. Mechanical strength. To determine the compressive
strength of the materials, cylindrical samples with a height of
12 mm and diameter of 6 mm were tested using a universal
material testing machine (Instron 3345, Norwood, MA, USA) at
a crosshead displacement rate of 1 mm min . The compressive
strength results were expressed as the mean value =+ the stan-
dard deviation (SD) of twenty-fold determinations. To deter-
mine if there were any statistically significant differences
between the materials, a one-way ANOVA followed by post hoc
Tukey's Honest Significant Difference (HSD) test was applied
with a significance level of p < 0.01.

2.4.6. Microstructure. For microstructure observations of
the fractured samples, scanning electron microscopy (SEM) was
employed using a PhenomPure instrument (Thermo Fisher
Scientific, Waltham, MA, USA). To evaluate the bioactive
potential of the materials, their surfaces were assessed after 7
days of incubation in simulated body fluid (SBF) at 37 °C. Before
examination, the samples were coated with a thin layer of gold
film using a low deposition rate to prevent any charge build-up
and to enhance the imaging resolution.

2.4.7. In vitro bioactivity and chemical stability. To eval-
uate the chemical stability and bioactivity of the bone cements,
they were incubated in distilled water or simulated body fluid
(SBF) prepared according to Kokubo's protocol.** Cylindrical
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samples were placed in containers with 20 mL SBF or water and
stored at 37 °C. The chemical stability of the materials was
determined by measuring the pH and ionic conductivity of the
solutions around incubated samples at various time intervals.
Measurements were taken using a Seven Compact Duo pH/
conductometer (Mettler Toledo, Columbus, OH, USA). Results
were expressed as the average value of three measurements +
standard deviation (SD). After immersion, the samples were
removed from solution, rinsed with distilled water, and dried at
temperatures below 40 °C. To confirm the bioactive potential,
the surfaces of the samples were observed using SEM.

3. Results and discussion

3.1. Specific surface area

The specific surface area is an important parameter for char-
acterizing the performance of catalysts, adsorbents, and other
porous materials, as it can affect the reactivity, selectivity, and
stability.>>** The specific surface area of obtained powders is
shown in Fig. 1.

The specific surface area of the obtained calcium phosphate
powders was in the range of 1.81 + 0.04 to 3.67 £ 0.04 and
decreased with increasing amounts of the silane coupling
agent. The highest value of specific surface area was noticed for
non-modified a-TCP powder. From the results obtained, it can
be seen that the specific surface area of the powders decreases
with use and increasing amount of silane coupling agent.
Generally, the specific surface area of o-TCP ranged from 2.0 to
11.0 g m 2 and depends on many factors, such as synthesis,
processing routes and presence of modifiers.*>** The decreasing
value of the specific surface area of silane coupling agent-
modified powders is due to the confinement of micropores in
the powder grains with the silane coupling agents. The silane
coupling agents form a thin layer on the surface of the grains,
which reduce the overall surface area of calcium phosphate
powders. Similar results were obtained by Sonn et al* and
Chuang et al.,*® who modified the surface of silica nanoparticles
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Fig.1 Specific surface area vs. amount of used silane coupling agent.
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with various coupling agents. They have also shown that the
specific surface area of nanoparticles decreased with increasing
concentration of the silane coupling agents due to reduction of
micropores in the powders.

3.2. Powders size distribution and zeta potential

The powder size distribution and zeta potential are crucial
parameters in powder technology, especially for calcium phos-
phates, as they can affect the properties and performance of the
powders. Optimal values of this parameters depend on specific
requirements. The powder size distribution (Fig. 2) and zeta
potential (Table 3) of obtained powders are shown below.

It was observed that the surface modification of the a-TCP
powders with both silane coupling agents changed a powders
size distribution. For non-modified «-TCP pore size were in the
range of approximately 1.0 to 100.0 pm. However, the SCA
modification caused change of powders size distribution to the
range between ~1.0 to 10.0 um. When silane coupling agents
are used to modify the surface of the powder particles, they can
form a monolayer or multilayer made of organic molecules,
which can reduce the surface energy and enhance the dis-
persibility of the particles in the surrounding medium.* Addi-
tionally, as TEOS and GPTMS has a hydrophobic functional
groups, what can reduce the water affinity of the particle surface
and promote the formation of smaller agglomerates."*> The
differences in zeta potential measurements also were observed.
The non-modified powder possessed the least electro-negative
zeta potential (ie. —4.65 + 0.3 mV). However, the surface
modification caused changes in zeta potential values. As in the
case of powders size distribution the changes in zeta potential
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Table 3 Zeta potential of obtained powders

Powder label

Zeta potential [mV]

o-TCP —4.65 £ 0.3
a-TCP/T1 —9.67 £ 0.5
a-TCP/T2 —12.72 £ 0.3
a-TCP/T5 —16.31 £ 0.7
a-TCP/G1 —-18.3 + 1.5
a-TCP/G2 —-21.2 £1.0
a-TCP/G5 —24.4 £ 0.9

values were caused by the presence of layer of SCA molecules,
which can reduce the electrostatic repulsion between CaPs
particles and decrease the zeta potential®® (up to —24.4 & 0.9 mV
for o-TCP/G5).

3.3. Chemical and phase composition

The XRD analysis revealed that the initial a-tricalcium phos-
phate and silane coupling agents modified o-TCP powders
composed mainly of a-TCP (97-98 wt%) and a small amount of
hydroxyapatite phase (2-3 wt%) (Fig. 3A). As expected, the
modification of the powders via SCAs in anhydrous medium did
not result in hydrolysis of «-TCP to non-stoichiometric
hydroxyapatite. Additionally, by using silane coupling agents
to modify the surface of the powders, silicon ions were intro-
duced. The applied method of modification allowed for intro-
duction to oa-tricalcium phosphate, and no other crystalline
phases containing silicon were observed. The X-ray fluorescence
method confirmed the presence of silicon in all modified

a-TCP /T1 a-TCP /T2 a-TCP / T5
o-TCP
1
6
=i
R s
S
g 4
3 Bt 01 1 0 for 01 1 0 for 01 1 10
o
>
1
El’l [} 1 0 0
Poresize [um]
8,01 01 1 10 8,01 0.1 1 10 for 01 1 10
o-TCP / G1 o-TCP / G2 o-TCP / G5

Fig. 2 Powders size distribution of non-modified and modified a.-TCP powders.
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Fig. 3 Diffractograms of obtained materials:
incubated in SBF for 7 days (C).

powders and in amount of 0.035 % 0.001 wt% for non-modified
powder. As expected, the silicon content increased with the
increasing amount of SCAs used and was 0.218 =+ 0.004 wt% and
0.280 + 0.002 wt% for powders modified with 5 wt% of TEOS
and GPTMS respectively. Presence of silicon may improve the
biological properties of the final material, such as osteo-
conductivity.** The modification allowed the powder to be
enriched with silicon ions after a-TCP synthesis. Overwhelming
majority of scientific publications describe the introduction of
silicon ions into calcium phosphate-based materials at the
synthesis stage.*

The diffractograms of bone cements after setting and hard-
ening in air for 7 days (Fig. 3B and Table 4), as well as cements
incubated in SBF for 7 days (Fig. 3C and Table 3), revealed two
crystalline phases, i.e., o-TCP and hydroxyapatite, regardless the
amount of the silane coupling agents. It has been demonstrated
that in the simulated body fluid, the o-TCP phase is thermo-
dynamically metastable and almost completely hydrolyses to
nonstoichiometric hydroxyapatite. This transformation is
accompanied by a change in the chemical composition and
crystallographic structure of the material, which can affect its
properties and behaviour in biological and biomedical
applications.*

Infrared spectra of initial powders (Fig. 4A), cements after
setting and hardening (Fig. 4B) as well as cements after 7 days of
incubation in simulated body fluid (Fig. 4C) revealed the pres-
ence of several characteristic bands, which provided valuable
insights into the composition and structure of the materials.
Similar results were obtained for all SCAs concentrations, and

Table 4 Phase composition of tested bone cements

After 7 days of setting and
hardening in air (22 &+ 1 °C)

After 7 days of incubation in
SBF (37 + 1 °C)

Material

label a-TCP Hydroxyapatite ~ o-TCP Hydroxyapatite
Cement  90.7 £ 0.5 9.3 £0.5 104 £1.0 89.6 £1.0
Cem_T5 87.9+1.0 12.1+1.0 6.4+1.0 93.6+1.0
Cem_G5 854 +£1.0 14.6 £1.0 5.8+ 0.5 942 +£0.5

34024 | RSC Adv, 2023, 13, 34020-34031

powders (A), bone cements after setting and hardening in air for 7 days (B) and bone cements

no significant differences were observed for the various amount
of silane coupling agents. Specifically, bands at around 565 and
605 cm ™" were observed and assigned to triply degenerate v4
P-O-P bending modes. Additionally, a strong doublet near 600
and 670 cm™ ' was connected to SO, bending vibrations (v4).
Interestingly, the coincidence of SO, and PO, bending vibration
bands was observed at around 603 cm . The other important
bands were observed at 1060 cm * and around 1040 cm ?,
which were assigned to u3 non-symmetric stretching modes of
P-O and are characteristic of calcium phosphates. Furthermore,
aband at 962 cm " was observed, which was associated with the
vl symmetric stretching vibration of P-O bands. In addition,
a wide band around 3500 cm™' indicates the presence of
residual water in the studied samples. Low concentration of
silane coupling agents in the cements, as well as an overlapping
of bands, may explain the lack of visible peaks of Si-O-Si, Si-
OH, Si-C and C-H bands assigned to SCAs.*” In addition bone
cements after setting and hardening in air, as well as after
incubation in SBF possessed the absorption bands arising from
HPO,”". The weak band at around 870 cm ™" assigned as P-OH
stretch of HPO,>~ to calcium deficient materials. Thus, ob-
tained data confirmed the presence of calcium-deficient
hydroxyapatite (CDHA) in material at the same time shows its
bioactive potential due to hydrolysis of «-TCP to non-
stoichiometric hydroxyapatite.

Raman spectra of non-modified powder and cements
(Fig. 5A), TEOS-modified powder and cements (Fig. 5B) as well
as TEOS-modified powder and cements (Fig. 5C) revealed the
presence of bands characteristic for calcium phosphates, as well
as band unique for TEOS and GPTMS. Specifically, CPCs based
on o-TCP are characterised by bands around 450 and 560 cm ™"
attributed to the symmetric stretching and bending modes of
the Ca-O bonds. This bands may shift slightly depending on the
conditions. Additionally, phosphate groups at around 960,
1005, and 1080 cm ™ are attributed to the symmetric stretching,
bending, and asymmetric stretching modes, respectively. The
small amounts of carbonate ions, which are confirmed by bands
at around 1060 and 1415 cm ™. These bands are attributed to
the symmetric stretching and bending modes of the carbonate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra of obtained materials: powders (A), bone cements after setting and hardening in air for 7 days (B) and bone cements

incubated in SBF for 7 days (C).

Cement / SBF

a-TCP Cement
1 o-TCP/ T5 1 Cem_T5 Cem_T5/SBF
o-TCP/ G5 Cem_G5 | Cem_G5/ SBF
_— = _ T L
] | 1 4
| A e " S
(P — - .V | S —— _ W, ; T W - AN~
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Raman shift Raman shift Raman shift

Fig. 5 Raman spectra of obtained materials: non-modified powder and cements (A), TEOS-modified powder and cements (B) and GPTMS-

modified powder and cements (C).

ion, especially for cements after its incubation in SBF. The
presence of remaining water in CPCs was also confirmed by the
presence of characteristic bands at around 3300 and 3500 cm ™.
In addition to the bands characteristic for calcium phosphates,
bands characteristic for silane coupling agents also were
observed. TEOS exhibits a Si-O-Si band at around 1100 cm™?,
which is attributed to the symmetric stretching mode of the Si-
0-Si bond. It also exhibits band at around 2940 cm ™, attrib-
uted to the stretching mode of the Si-CH3; bond and band
around 1250 cm ™ is assigned to the stretching mode of the Si-
O-CH; bond in TEOS. The presence of Si-OH groups in TEOS
were confirmed by bands around 3600-3700 cm™*, which is
attributed to their stretching mode. On the other hand, GPTMS
presence in obtained materials was confirmed by the presence
of Raman band at around 910 cm ™, attributed to the stretching
mode of the CH,-O bond. This characteristic bond of epoxide
groups is more visible for incubated materials. Similarly, to
TEOS, GPTMS also exhibits bands assigned to a Si-O-Si
(~1100 em™), Si-CH; (~2940 cm™') and Si-O-CH,
(~1250 em ™).

During the simultaneous hydrolysis of a-TCP and silane
coupling agents several potential new bonds can be formed
between the coupling agents and the surface of the o-TCP

© 2023 The Author(s). Published by the Royal Society of Chemistry

particles. This includes the Si-O bond, which can be formed
when the silanol group of the TEOS or GPTMS molecule reacts
with the groups on the surface of CaPs grains. The stretching
vibration of the Si-O bond typically appears between 1000-
1200 cm ™, while the stretching vibration of the ~OH appears
around 3500 cm ™. The formation of the Si-O bond results in
a shift of the Si-O stretching vibration. Ribeiro et al.** demon-
strated interaction between ultra-fine calcium carbonate and
natural rubber by applying a superficial treatment to the
calcium carbonate which provides materials with improved
properties. They observed the similar bonds between coupling
agents and calcium carbonate groups. Bi et al.* investigated the
effects of trimethoxysilanes on the properties of CaCOj;-based
composites. They confirmed the presence of chemical interac-
tion between components, which allow to improve the tensile
strength and abrasion resistance of the materials. Moreover, Bi
et al. stated that the silanol groups of two coupling agents react
with each other and form a covalent bond Si-O-Si, creating the
hybrid material. Purcar et al®** synthesized hybrid nano-
materials based on zinc oxide via the sol-gel method, using
different silane coupling agents. They confirmed the presence
of Si-O-Si bands in the materials and showed their positive
influence on the materials' properties. Furthermore, the
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presence of Si-O-P bond at 1000 and 1200 cm ™" can confirm the
interactions between the silanol group on the TEOS or GPTMS
molecule and the phosphate groups, forming a covalent bond
between the silicon atom of the coupling agent and the oxygen
atom of the phosphate group. These bonds can enhance the
further properties of the materials, such as mechanical strength
and bioactivity. In addition, the introduction of coupling agents
to cements composition may allow for its further modification
using polymers with different functional groups that can also
react with SCAs.

Table 5 Setting times of developed materials

Initial setting Final setting time

Material time (73) [min] (T¢) [min]
Control 6.5 + 0.5 11.0 + 1.0
T1 6.5 £ 0.5 11.5 £ 0.5
T2 5.0 £ 1.0 9.0 £ 0.5
T5 4.0 £0.5 7.5+ 1.0
G1 5.0 £ 0.5 9.0 £ 1.0
G2 4.0 = 1.0 7.5+ 0.5
G5 3.5+1.0 6.5 £ 0.5
Control
* =]
14+ [ ]Cem_T1
* * [ ]Cem_T2
* [_]Cem_T5
12 — —
- " * [ Jcem_G1
€., + C_Icem_G2
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Fig.6 Compressive strength of obtained bone cements after 7 days of
setting and hardening (* — statistically significant difference, p < 0.01).
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3.4. Setting times

Setting time is critical parameter for calcium phosphate
cements because it affects their handling, injectability, and
mechanical properties.” The setting times of the obtained bone
cements depended on the amount of used silane coupling agent
and varied between 3.5 and 6.5 min (initial setting time) and 6.5
and 11.5 min (final setting time) (Table 5).

The results showed that the addition of silane coupling agent
used for calcium phosphate modification decreased both, the
initial and final setting time. The process responsible for setting
and hardening of calcium phosphate cements involves a-TCP
hydrolysis. When o-TCP reacts with water, it forms calcium-
deficient apatite, as described by the following eqn (1):°>**

3Cas(PO,); + HyO — Cag(PO,)s(HPO,)OH )

Several factors can affect the setting reaction of bone
cements, such as the amount of highly reactive o-TCP phase in
the material, such as: the presence of setting accelerators in the
liquid phase, the type and amount of polymeric additive in the
liquid or powder phase, and «-TCP powder modifications.>*
Results of our studies revealed that the presence of silane
coupling agents also influence the setting time values. It seems
that SCAs accelerate the setting process of a-TCP-based bone
cements. Previous studies have demonstrated that the incor-
poration of silicon into calcium phosphate cement alters its
properties in comparison to the non-modified cements. For
example, Czechowska et al.** developed calcium phosphate-
based bone fillers based on silicon doped a-TCP with hybrid,
gold-modified granules. Their study showed a shortening of
both initial and final setting times for silicon-containing
materials. The study by Wei et al.>® confirmed a higher solu-
bility of silicon-modified «-TCP, additionally Mestres et al.>®
found a faster hydrolysis of silicon-modified «-TCP in compar-
ison with non-modified powders. All this finding corresponds
with the results obtained during experiments. Although the
measured setting times were reduced due to the use of a silane
coupling agent, their values remained in the range suitable for
clinical application (4-8 min for initial setting, up to 15 min for
final setting time*®).

a-TCP/ TS

Fig. 7 Morphology of initial &.-TCP powders (magnification: 100 00x).
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3.5. Mechanical strength

The mechanical strength of calcium phosphate-based bone
cements is important parameter, because it determines the
ability of the cement to withstand the mechanical forces and
stresses in the bone environment, ensuring successful bone
repair and regeneration. The compressive strength of obtained
biomaterials ranged from 7.24 + 0.35 MPa to 12.17 £ 0.48 MPa
(Fig. 6). The results of the mechanical tests revealed that the
presence of SCAs modifier positively affected the compressive
strength of the bone cements. The highest values were obtained
for material G5 (with 5 wt% of GPTMS). Based on the results of
a one-way ANOVA and a subsequent Tukey HSD post-hoc
analysis, it can be concluded that the observed differences
between the control and SACs modified materials were statis-
tically significant.

Cement

Cem_T5
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The silane coupling agents as modifiers of a-TCP may
provide the mechanical improvement of obtained bone
cements due to formation of additional bonds in materials’
structure during the simultaneous hydrolysis of a-TCP and
SCAs. The increase in the mechanical strength of the developed
cements is possibly related to the chemical interactions
between their components and formation of additional Si-O-Si,
Si-O, or Si-O-P bonds what led to creation of hybrid-type
materials. Similar, positive influence of using silane coupling
agents on mechanical behaviour of different biomaterials where
previously described in the literature. In the study by Ma et al.>”
the trimethoxysilane was used as a modifier of hydroxyapatite/
polyether ether ketone (PEEK) composites to obtain materials
with improved mechanical strength. Furthermore, Ma et al
shoved promising results from in vivo studies. Vaz et al*®

Cem_G5

Fig. 8 Microstructure of obtained materials after seven days of setting and hardening in air (cross-sections, magnifications: 1000, 5000, 100 00x).
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shoved beneficial application of different coupling agents to
obtain starch/ethylene-vinyl alcohol copolymer/hydroxyapatite
composites characterised by increased mechanical resistance
due to improved adhesion between material components.
Harper et al.* presented the beneficial properties of hydroxy-
apatite loaded acrylic bone cements. By modification of
hydroxyapatite by using 3-trimethoxysilylpropylmethacrylate
authors obtained materials characterised by increased
mechanical parameters. It should be noted that the compres-
sive strength of cancellous bone ranges from approximately 4 to
12 MPa.® Thus, the hybrid-type, SACs modified materials
developed in our study possessed mechanical strength suitable
for implantation in non-load or low-load bearing locations.

3.6. Microstructure

To evaluate the potential of the developed materials as a bone
tissue substitutes and detect any microstructural defects, their
microstructure was examined. The initial powders and obtained
biomaterials were observed using scanning electron microscopy
(SEM) after setting and hardening in air, as well as after incu-
bation in SBF.

SEM observations revealed that the morphology of powder
grains of non-modified and TEOS or GPTMS modified o-TCP
did not differ significantly (Fig. 7).

The set and hardened materials possessed compact,
homogenous microstructure formed by cementitious matrix
with visible micropores (Fig. 8). Regardless the amount of silane

Cement/ SBF

Cross-section

Surface

Cem_T5/ SBF
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coupling agent no differences in materials’ microstructure were
observed. Similar microstructures of o-TCP-based bone
cements can be found in other studies.®*

After 7 days of incubation in simulated body fluid (SBF) all
prepared materials were completely covered by plate-like apa-
titic structure confirmed their bioactivity in vitro according to
Kokubo and Takadama's criteria (Fig. 9).°> Furthermore, the
microstructure analysis after incubation showed that the
developed materials retained their bioactive potential despite
the using silane coupling agents as a modifier of o-TCP
powders.

3.7. Invitro bioactivity and chemical stability

The chemical stability of implantable biomaterials is crucial
parameter in determining their potential clinical application.
The pH changes of the SBF during the samples’ immersion are
illustrated in Fig. 10.

The pH changes of SBF around incubated samples remained
close to the physiological values and ranged from 7.34 to 7.40.
The addition of TEOS and GPTMS only slightly influenced the
solution's pH values. Similar pH values of incubated calcium
phosphate-based bone substitutes were observed elsewhere.*

Ionic conductivity during the incubation in distilled water of
the control material was in the range of ~72-81 uS cm™". A
CPCs modifiers caused slightly increase in ionic conductivity to
the range of ~73-87 uS cm™* for TEOS, and to the range of ~84-
96 for GPTMS (Fig. 11). This phenomenon can be explained by

Cem_G5/ SBF

Fig. 9 Microstructure of obtained materials after 7 days incubation in SBF (magnification: 100 00x).
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distilled water.

a higher degradation rate silane coupling agents and the
releasing of ion during its continuous hydrolysis in aqueous
solutions.®* Tonic conductivity of all the obtained materials is in
the range typical for a-TCP-based bone cements. It can therefore
be concluded that the modification with silane coupling agents
did not significantly affect the degradation rate of bone
cements.

The bioactive potential of obtained materials was estimated
through its incubation in SBF.®> The SEM observations show
that the evenly distributed, bone-like apatite layer was present
on the sample's surfaces and cross-sections after seven days of
incubation in SBF at 37 °C (Fig. 9). The presence of apatite
forms indirectly indicates the high bioactive potential of the
obtained materials.

4. Conclusions

The positive effect of silane coupling agents on the mechanical
behaviour of various biomaterials has been previously
described, but there is little information about the effect of
SACs on the properties of calcium phosphate bone cements. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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this study, we developed and examined the novel, hybrid-type
calcium phosphate bone cements based on «-TCP powders
modified with silane coupling agents (SCAs) - tetraethoxysilane
(TEOS) or 3-glycidoxypropyl trimethoxysilane (GPTMS). Devel-
oped materials, due to their hybrid nature, combine the excel-
lent biological properties and improved physicochemical
properties. Application of SACs allowed to increase the
compressive strength of the composites from 7.24 + 0.35 MPa
to 12.17 & 0.48 MPa. The strengthening effect may be explained
by the chemical interactions between the components during
the simultaneous hydrolysis of «-TCP and silane coupling
agents. It has been shown that SCAs during hydrolysis can react
with the hydroxyl groups on the surface of calcium phosphates,
forming covalent bonds (e.g. Si-O-Si, or Si-O-P). In addition,
the silanol groups have the tendency to form hydrogen bonding
between each other. Furthermore, the results of our studies
revealed that modification of o-TCP by SCAs influenced the
setting process of bone cements. The decrease of final setting
time from 11.0 to 6.5 minutes was observed. SEM observations
showed that all of the developed bone substitutes have
a homogenous microstructure. All of the studied materials
possessed a bioactive potential, proven in in vitro studies in
simulated body fluid. By using the silane coupling agents, we
developed materials containing silicon, which may positively
impact their osteoconductivity. Based on the obtained results, it
can be concluded that the most favourable enhancement of the
physicochemical properties of the developed materials was
achieved by the modification of a-TCP with 5 wt% GPTMS.

All presented findings confirm the beneficial influence of
silane coupling agents on the properties of calcium phosphate-
based bone cements and pave the way to further in vitro and in
vivo studies. Developed hybrid-type materials may be further
modified, by introducing natural polymers, what should lead to
creation of chemically coupled hybrid-type bone cements.
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Abstract

In this study, novel hybrid cementitious materials composed of calcium phosphates and
polysaccharides were obtained and developed. Moreover, the impact of two distinct silane
coupling agents—tetraethyl orthosilicate (TEOS) and 3-glycidoxypropyltrimethoxysilane
(GPTMS)—on the physicochemical and biological properties of the resulting materials
was systematically analyzed. Comprehensive assessments were conducted to evaluate the
chemical and phase compositions (using XRF, XRD, FTIR), setting behavior, mechanical
strength, microstructure (SEM), porosity, in vitro chemical stability, and biological per-
formance of bone cements. Notably, the synergistic effect of polysaccharides and silane
coupling agents significantly enhanced the compressive strength of the cements, increas-
ing it to 19.34 MPa. Additionally, the integration of citrus pectin into the liquid phase,
along with the inclusion of hybrid hydroxyapatite—chitosan granules, not only enabled
the formation of materials with high surgical handiness but also improved the materials’
physicochemical characteristics. The findings from this study emphasize the beneficial role
of silane coupling agents in improving the properties of calcium phosphate-based bone
substitutes. The developed materials demonstrate substantial potential for use in bone
tissue engineering according to ISO 10993. However, further in vitro and in vivo studies
are required to confirm their safety and effectiveness.

Keywords: calcium phosphates; bioceramics; polysaccharides; hybrid materials; silane
coupling agents

1. Introduction

Calcium phosphate cements (CPCs) based on «-tricalcium phosphate (a-TCP) are
widely used in contemporary regenerative medicine, particularly in the management of
bone defects [1]. A key advantage of CPCs lies in their inherent bioactivity, which facilitates
direct interaction with bone tissue and promotes regenerative processes of bone healing.
The superior biological performance of calcium phosphate cements is intrinsically linked
to their chemical composition, which closely resembles that of natural bone mineral. The
bioactivity of CPCs is primarily attributed to their capacity to form a hydroxyapatite layer
on their surface upon contact with physiological fluids, thereby fostering integration with
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the surrounding bone matrix [2]. Additionally, their properties promote the growth of new
bone tissue at the site of application, which makes CPCs highly suitable for various clinical
applications, including defect repair, bone stabilization, and controlled drug delivery [3-5].

Despite their outstanding biological properties, calcium phosphate bone cements
(CPCs) exhibit certain limitations that hinder their widespread application in orthopedic
and dental surgery [6]. The biggest disadvantage of CPCs is their low mechanical strength
and pronounced brittleness [7]. These mechanical deficiencies are particularly troublesome
in load-bearing regions or areas exposed to significant and dynamic mechanical forces,
thereby limiting CPCs’ efficacy and durability in such environments [8]. To overcome
these limitations, research on CPC modification focuses on improving their mechanical
properties while maintaining their bioactivity. One of the most promising approaches
is the introduction of polymers, whether synthetic or natural, into the composition of
calcium phosphate cements [9,10]. For example, Czechowska et al. [11] investigated the
influence of one of the polysaccharides, namely sodium alginate and methylcellulose, on
the physiochemical properties and in vitro behavior of a-TCP-based cementitious materials
and confirmed the beneficial influence of polymeric addition on their compressive strength.
Watanabe et al. [12] examined «-TCP-based bone cements modified with polyvinyl alcohol.
They determined that higher concentrations of polyvinyl alcohol significantly enhanced
the mechanical properties of the developed materials. Dziadek et al. [13], through the addi-
tion of another example of polysaccharides, low-esterified pectin, developed novel bone
substitutes with high surgical handiness and improved mechanical properties. Polymers
also enhance the flexibility and mechanical resistance of CPCs, making them more suitable
for dynamically loaded areas. However, they may accelerate material degradation [14].
Another approach to strengthening CPCs involves adding fillers, such as fibers or gran-
ules, which improve mechanical properties and modify stress distribution within the
material [15-17]. A particularly interesting material solution involving bone substitute
materials based on calcium phosphates containing aggregates in the form of granules
is biomicroconcrete, where the granules acting as aggregates enhance the resistance to
the brittle fracture of these materials, like the behavior observed in technical concrete
applications [18].

Although the use of polymers and aggregates significantly improves the mechan-
ical properties of CPCs, these composites still have limitations, prompting the ongo-
ing search for new solutions. One of the latest and most promising approaches is
the use of silane coupling agents (SCAs) as cement modifiers [19]. SCAs are chem-
ical compounds capable of reacting with both organic and inorganic components of
materials, which influences both physicochemical and biological properties of com-
posites [20]. For example, Kouhi et al. [21] modified bredigite (BR) nanoparticles
with 3-glycidoxypropyltrimethoxysilane (GPTMS) to improve their dispersibility in a
polyhydroxybutyrate-co-hydroxyvalerate (PHBV) matrix. They demonstrated that the
PHBYV scaffolds containing GPTMS-modified bredigite (G-BR) exhibited enhanced mechan-
ical properties and better nanoparticle dispersion. Furthermore, materials demonstrated
improved cell attachment and proliferation, which makes them promising candidates
for bone tissue engineering. On the other hand, Bravaya et al. [22] modified alumina
nanofibers with various silane agents to create hybrid ethylene-propylene copolymer ma-
terials. In this study, trialkoxysilanes with alkenyl and alkyl functional groups were used
for the modification of silane coupling agents, improving the mechanical properties of
the final materials and nanofiller dispersion. Varghese et al. [23] optimized the surface
treatment of glass fibers in dental composites using three different silane coupling agents
(3-methacryloxypropyltrimethoxysilane (3-MPS), 3-glycidoxipropyltrimethoxysilane (3-
GPS), or 8-methacryloxyoctyltrimethoxysilane (8-MOTS)), incorporating the treated fibers
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into a dental resin. They found that the presence of silane in certain concentrations (1.4 wt.%
for 8_MOTS and 0.8 wt.% for 3-MPS) significantly improved the overall mechanical perfor-
mance of the composites.

Thus, although silane coupling agents are not yet widely used in bone substitute
materials, the scientific literature suggests their potential benefits. It is believed that
their incorporation can significantly enhance the mechanical properties of cementitious
materials, primarily by improving the bonding between the individual components.
These features make SCAs promising candidates for further research and development in
biomaterial engineering.

The objective of this study was to develop, obtain, and evaluate novel hybrid bone
substitute materials based on highly reactive, self-setting o-TCP (x-tricalcium phosphate)
powder combined with hybrid hydroxyapatite—chitosan granules. The liquid phase con-
sisted of a blend of citrus pectin gel and disodium phosphate. Additionally, this study
aimed to investigate how the modification of «-TCP with two different silane coupling
agents, specifically tetraethyl orthosilicate (TEOS) and 3-glycidoxypropyltrimethoxysilane
(GPTMS), influences their physicochemical and biological properties.

2. Results and Discussion
2.1. Chemical and Phase Composition

The X-ray fluorescence analysis confirmed the presence of silicon in all modified
powders, with a baseline level of 0.029 4= 0.002 wt.% in the non-modified powder. As antic-
ipated, the silicon content increased with the addition of silane coupling agents (SCAs),
reaching 0.223 + 0.006 wt.% and 0.286 4= 0.004 wt.% for powders modified with 5 wt.%
TEOS and GPTMS, respectively. The presence of silicon may enhance the biological proper-
ties of the final material, such as osteoconductivity [24,25]. This modification facilitated the
enrichment of the powder with silicon ions following «-TCP synthesis, whereas most of
the scientific literature focuses on introducing silicon ions during the synthesis of calcium
phosphate-based materials [26,27].

The XRD analysis showed that both the initial «-TCP and SCA-modified «-TCP
powders were primarily composed of «-TCP (97-98 wt.%), with a minor presence of
hydroxyapatite (2-3 wt.%). In contrast, the hybrid HA-CTS powder contained only one
crystalline phase, hydroxyapatite (Figure 1A). The diffractograms of the cementitious
materials, after setting and hardening in air for 7 days and after 7 days of incubation in
SBE, revealed the presence of two crystalline phases: hydroxyapatite and a small amount of
«-TCP (Figure 1B,C). No additional silicon-containing crystalline phases were identified
by XRD.

The quantitative analysis of the diffractograms indicated that in a humid environment,
the «-TCP phase displayed thermodynamic metastability and underwent near-complete
hydrolysis, leading to the formation of calcium-deficient hydroxyapatite (CDHA) (Table 1).
This transformation was previously observed inter alia by E. Sahin [28] and L. Yubao [29].
The process of hydrolysis is believed to affect the material’s properties and performance in
biological applications.

The FTIR study results support the XRD findings and confirm the presence of func-
tional groups characteristic of calcium phosphates and polymers. The infrared spectra
of the developed materials, after setting and hardening in air for 7 days, as well as after
incubation in simulated body fluid (SBF), are shown in Figure 2.
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Figure 1. X-ray diffraction (XRD) patterns: initial powders and granules (A), cementitious materials

after 7 days of setting and hardening in air (B), and incubation in SBF for 7 days (C).
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Table 1. Phase composition of the obtained materials after 7 days of setting and hardening in air or
after 7 days of incubation in SBE.

7 Days in Air 7 Days in SBF

Material «-TCP, Hydroxyapatite, «-TCP, Hydroxyapatite,
wt. % wt.% wt.% wt.%
HA/CTS 58 £2 42 £2 8§+2 92 4+2
HA/CTS_TEOS_5 52+1 48£1 7+1 93 £1
HA/CTS_GPTMS_5 512 49£2 6+t1 94 4+ 2
T . 3" g % .é,g_ E .E %‘ E
% B HA/CTS_GPTMS_S (air) % | | HA/CTS_GPTMS_S (air)
g ] A//\ é ] _,./b
§ o j\‘/\ HAICTS_TEOS_5 (air) 5 | HA/CTS_TEOS_5 (air)
) ~% 1 "'/\L 3 HAICTS (air)
54;0 11;00 15‘00 ZDIW 25'00 30'00 35‘00 40’00 SII)D 10'00
Wavenumber [cm™] Wavenumber [cm']
. 5 $ ; )
'—;' 1 j\j\ HA/CTS_GPTMS_5 (SBF) §' HA/CTS_GPTMS_S (SBF)
é 1 M HA/CTS_TEOS_5 (SBF) 5 HA/CTS_TEOS_5 (SBF)
i 5 HAICTS (SBF) HA/CTS (SBF)
500 1000 1500 2000 2500 3000 3500 4000 500 1000

104
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Figure 2. FT-IR spectra of investigated materials.

The FTIR spectra of the materials revealed distinct bands at approximately 600 and
560 cm~!, corresponding to the bending vibrations of the PO43~ groups, and around
965 and 1020 cm ™!, associated with the stretching vibrations of these groups. A broad
band in the range of approximately 3000-3800 cm~! was attributed to absorbed water.
Additionally, an absorption band at around 870 cm~! was linked to the HPO,%~ groups,
indicating the presence of non-stoichiometric hydroxyapatite. In the same spectral range
(approximately 873-875 cm ™), there were also possible carbonate bonds in the material.
The band at 1424 cm ™! suggested partial substitution of CO32~ within the hydroxyapatite
structure. FTIR analysis also confirmed the presence of chitosan and amidated citrus
pectin, with an absorption band at approximately 2930 cm ™! corresponding to alkyl C-H
stretching vibrations and the band around 1650 cm ™! attributed to N-H bending vibrations
of primary amines. The presence of these bands suggests the formation of electrostatic
and/or hydrogen bonds, likely forming polyelectrolyte complexes at the interface between
the hybrid powder and pectin within the cements. The low concentration of silane coupling
agents in the pastes, combined with overlapping bands from phosphates, may account
for the absence of visible peaks corresponding to Si-O-5i, Si-OH, Si-C, and C-H bonds
associated with the silane coupling agents [30-32].
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2.2. Setting Times

The setting process of self-setting calcium phosphate-based cementitious pastes begins
upon mixing the powder and liquid phases, resulting in a viscous paste whose rheological
properties evolve until the material fully hardens. The setting times of the bone cements
ranged from 5.5 to 12.0 min for the initial setting time and 11.5 to 19.5 min for the final
setting time (Table 2).

Table 2. Setting times of developed materials.

Materil Time () Imin Time (4 lmin
HA/CTS 11.0 £1.0 195+ 1.5
HA/CTS_TEOS_1 85£05 175+ 0.5
HA/CTS_TEOS_2 120+ 15 150+ 0.5
HA/CTS_TEOS_5 6.5+ 1.0 150 £ 1.0
HA/CTS_GPTMS_1 10.0 £ 1.5 175+ 1.5
HA/CTS_GPTMS_2 75+£05 145+ 1.0
HA/CTS_GPTMS_5 55£05 115+ 1.0

The solid phase of the developed pastes consisted of highly reactive «-tricalcium
phosphate powder. When this powder comes into contact with the water, it hydrolyzes to
calcium-deficient hydroxyapatite, as described by the following Equation (1) [33,34]:

3Ca3(POy), + HyO — Cag(POy)s(HPO,)OH Q)

During hydrolysis, the paste undergoes a setting and hardening process, which in-
volves the nucleation and growth of CDHA crystals. Initially, the powder particles within
the paste undergo restructuring, transforming the fluid paste into a rigid, yet weak, mono-
lith. Subsequently, the strength of the material increases as the hardening process continues.

The setting process of cementitious materials based on o-TCP is influenced by many
factors. Primarily, it is dependent on the amount of highly reactive x-TCP powder in the
materials’ formulation. Additional factors, such as the presence of setting accelerators in
the liquid phase or polymers in the mixture, also play significant roles. In the developed
materials, disodium hydrogen phosphate was used to accelerate setting and counteract the
elongation of the setting process caused by citrus pectin [35]. Since the same liquid phase
was used for all formulations, variations in setting times were attributed to differences
in the solid phase composition, especially the incorporation of silane coupling agents as
modifiers of a-TCP powders. It appears that the presence of SCAs slightly reduced the
setting time of the cement pastes. This effect may be attributed to the hydrolysis of silane
coupling agents upon exposure to water, leading to their condensation and potentially
contributing to a minor acceleration in the setting process. This phenomenon is well-
described in previous studies [27,36]. Another possible explanation involves the SCAs
acting as sources of silicon ions, which are known to enhance the solubility of «-TCP and
accelerate its setting compared to unmodified powders.

2.3. Mechanical Strength

The compressive strength of the developed biomaterials ranged from 11.42 + 1.12 MPa
to 19.34 4 0.94 MPa. It was observed that the compressive strength of the materials
depended on the amount of coupling agents used. An increase in the quantity of the
modifier resulted in higher mechanical strength, regardless of the type of coupling agent
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employed. The inclusion of silane coupling agents (SCAs) enhanced the strength of the
bone cements, with the highest value recorded for the material HA /CTS_GPTMS_5, which
contained 5 wt.% of GPTMS (Figure 3). Statistical analysis using one-way ANOVA and
Tukey’s HSD post hoc tests revealed that the differences between the control and modified
materials were significant.

[ JHAcCTS
[T ]HA/CTS_TEOS_1
[ |HA/ICTS_TEOS_2
|___]HA/CTS_TEOS_5
i [ |HA/CTS_GPTMS_1
25+ . [ |HAICTS_GPTMS_2
- [T JHA/CTS_GPTMS_5

N
=]
1

*

-
o
I
—
+—

-

o
N
'

Compressive strength [MPa]
o«
—

0 T
Material

Figure 3. Compressive strength of developed bone substitutes. Statistical significance is indicated as
p <0.05 (*) and p < 0.01 (**).

Silane coupling agents used as modifiers for x-TCP can synergistically enhance the
mechanical properties of the resulting bone cements by forming additional bonds within
the material structure and causing better adhesion between the material’s compounds.
Moreover, the use of natural polymers in the composition of the developed cementitious
materials further reinforced this effect due to synergistic interactions between the functional
groups of the polymers and those originating from the coupling agents.

The improvement in mechanical strength likely arises from chemical interactions
between the components, leading to the creation of Si-O-Si, Si-O, or Si-O-P bonds, which
result in hybrid-type materials. A similar positive effect of silane coupling agents on the
mechanical performance of various biomaterials has also been reported in previous studies.
For example, Ji et al. [37] developed hydroxyapatite-based scaffolds by modifying the
surface of HA pellets with silane coupling agents containing methacrylate, amine, and car-
boxylic acid functional groups to enhance their mechanical properties for dental and bone
regeneration applications. They found that coating with carboxylic acid-functionalized
silane significantly improved the mechanical strength and biocompatibility of the scaffolds,
making them suitable as bone filler composites in tissue engineering. Vaz et al. [38] showed
beneficial application of different coupling agents to obtain starch/ethylene-vinyl alcohol
copolymer/hydroxyapatite composites characterized by increased mechanical resistance
due to improved adhesion between material components. On the other hand, Kotha
et al. [39] evaluated the impact of using a silane coupling agent (methacryloxypropyl-
trichlorosilane) on the mechanical properties of steel fiber-reinforced acrylic bone cements.
They studied the tensile and fracture properties of cements reinforced with silane-coated
or uncoated 316 L stainless steel fibers and found that the interfacial shear strength and
mechanical properties were significantly improved with silane-coated fibers. Furthermore,
the improvement in the mechanical strength of the developed bone cement materials was
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achieved due to interactions between the chitosan present in the hybrid granules and the
citrus pectin incorporated in the liquid phase, as well as the functional groups derived from
the silane coupling agents. A similar effect was previously observed by Paritak et al. [40].
The authors developed and evaluated hybrid bone scaffolds fabricated using the robocast-
ing technique. In their study, it was demonstrated that the use of silane coupling agents
and citrus pectin enhanced the mechanical strength of the biomaterials through interactions
between calcium phosphates, polymers, and the silane coupling agents.

2.4. Porosity

In the developed materials, the incorporation of silane coupling agents resulted in
a noticeable reduction in porosity. The HA /CTS biomaterial without SCA modification
exhibited a porosity of 58.3 & 0.5 vol.%, while materials modified with TEOS and GPTMS
showed significantly lower porosity values of 47.6 + 0.5 vol.% and 46.4 £ 0.5 vol.%,
respectively. The observed decrease in porosity closely correlated with the compressive
strength results. Specifically, the reduction in porosity in materials containing silane
coupling agents contributed to an improvement in their mechanical strength.

Additionally, the pore size distribution plots revealed distinct differences: the un-
modified HA/CTS cement displayed a bimodal porosity distribution with larger pores,
approximately 10 microns in size, while no such large pores were observed in the SCA-
modified materials (Figure 4).

1.5 4
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—e— HA/CTS_TEOS_5
—a— HA/CTS_GPTMS _5

-
o
1

Log Differential Intrusion (mL/g)
&
1

o
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100 10 1 0.1 0.01
Pore size Diameter (um)

Figure 4. Distribution and size of pores in the obtained bone substitutes.

The observed decrease in porosity and the absence of large pores in the modified
materials can be attributed to the use of SCAs, which are known to enhance adhesion
between different components of a material [41]. In this case, the application of SCAs likely
improved the adhesion of the x-TCP powder to the hybrid granules, resulting in a more
compact structure with fewer and smaller pores. Silane coupling agents are commonly
used to promote interfacial bonding in composite materials, thereby improving mechanical
properties and reducing porosity, as reported in previous studies [42,43].

2.5. Microstructure

The set and hardened materials displayed a uniform microstructure, consisting of
hybrid granules embedded in a cementitious matrix with both macro- and micropores. The
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hybrid granules were visible and evenly distributed in the material (Figure 5). Interestingly,
the use of SCAs improved the adhesion between the cementitious matrix and hybrid
granules (highlighted with arrows). Similar microstructures in «-TCP-based biomaterials
intended for bone tissue replacement have been reported in other studies [35].

HA/CTS HA/CTS_TEOS_5 HA/CTS_GPTMS_5

Figure 5. Microstructure of developed bone cements (M—cementitious matrix; G—hybrid HA/CTS
granules, arrows—matrix/granule interface).

2.6. Chemical Stability and Bioactivity In Vitro
Evaluating the chemical stability of candidate materials for bone substitution is crucial,
as it helps predict how the material will behave after the implantation procedure. Figure 6

illustrates the pH changes in the SBF and the ionic conductivity variations in distilled water
during the immersion of the samples.
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Figure 6. pH (A) and ionic conductivity (B) vs. time of incubation of developed biomaterials.
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The pH levels of the SBF surrounding the incubated samples remain near the physio-
logical values, fluctuating between 7.36 and 7.42. The introduction of TEOS and GPTMS
only had a minor effect on the pH of the solution. Comparable pH levels for incubated
calcium phosphate-based bone substitutes have been reported in other studies [11].

The ionic conductivity during the samples’ incubation in distilled water also depended
on their composition (Figure 6B). The ionic conductivity of the distilled water around the
incubated HA /CTS was the highest and ranged from approximately 140 to 181 uS/cm. In
the case of SCA-modified materials, these values were slightly lower: between 100 and
116 uS/cm for HA/CTS_TEOS_5 and 116 and 133 uS/cm for HA/CTS_GPTMS_5. The
observed phenomenon could be attributed to the faster degradation and hydrolysis of
HA/CTS cement agents in aqueous solutions [44]. The ionic conductivity of all tested
biomaterials was comparable to previously studied chemically bonded biomaterials based
on «-TCP.

After 7 days of incubation in simulated body fluid (SBF), all prepared materials were
fully covered by a plate-like apatitic structure, which, according to Kokubo and Takadama'’s
criteria, confirms in vitro bioactive potential of composites (Figure 7) [45].

HA/CTS HA/CTS_TEOS_5 HA/CTS_GPTMS_5

2000 x

5000 x

Figure 7. Microstructure of materials’ surfaces after 7 days of incubation in SBE.

2.7. Cytotoxicity Tests

The cytotoxicity of the tested cementitious samples was evaluated based on the
metabolic activity of MC3T3-E1 cells after exposure to biomaterial extracts, using the
WST-8 test. Cell viability in all tested samples was high, exceeding 90%, which indicates a
lack of cytotoxicity, as defined by ISO 10993-5:2009 (Figure 8A).
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Figure 8. Cytocompatibility evaluation of the tested cementitious samples against mouse calvarial
preosteoblast cell line: (A) WST-8 test conducted using scaffold extracts (* statistically significant
results compared to the control, p < 0.05, one-way ANOVA followed by Tukey’s test); (B) LDH
total test conducted using scaffold extracts; (C) direct contact cytotoxicity assay performed with a
Live/Dead staining kit (green fluorescence indicating viable cells, red fluorescence indicating dead
cells); (D) SEM of developed materials’ surfaces.

HA/CTS and HA/CTS_TEOS_5 samples exhibited slightly lower viability values
in the WST-8 assay compared to the control, which can be attributed to the negative
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effect of biomaterial extracts on mitochondrial dehydrogenase activity measured during
the experiment. The absence of cytotoxicity was further confirmed by the LDH total
assay performed after cell lysis, where the measured LDH activity correlated with the
cell number in the population. The conducted test revealed no statistically significant
differences between the scaffolds and the negative control, confirming the non-cytotoxic
character of the samples (Figure 8B). The cytotoxicity of the tested samples was further
evaluated using a direct contact test. Mouse preosteoblasts were cultured on the scaffolds
for 2 days and then visualized through fluorescent staining (Figure 8C). The distribution
of the observed calvarial preosteoblasts reflects the microstructure of the surface of the
cementitious materials. It can be noted that the cells spread out within the depressions
present on the surface of the analyzed materials (Figure 8D).

3. Materials and Methods

3.1. Materials
3.1.1. Synthesis of a-TCP and SCA-Modified «-TCP Powders

The initial x-TCP powder was synthesized via a wet chemical method following a
previously described procedure [46,47]. Ca(OH), (>99.5%, POCH, Gliwice, Poland) and
H3PO;4 (85.0%, POCH, Gliwice, Poland) at the Ca/P molar ratio of 1.5 were applied as
reagents. After aging and drying, the precipitate underwent a calcination at 1250 °C for
5 h, grinding in an attritor mill for 4 h, and sieving below 63 um. To modify the surface of
-TCP powder, the 1, 2, and 5 wt.% solutions of TEOS (T) or GPTMS (G) (>99.5%, Sigma-
Aldrich, St. Louis, MO, USA) in ethanol (99.8 wt.%, POCH, Gliwice, Poland) were applied
according to Paritak et al. [19]. The anhydride solvent was used to avoid the hydrolysis
of both «-TCP and silane coupling agents. «-TCP powder was added to the SCA solution
at the liquid-to-powder (L/P) ratio of 0.25 and stirred in a magnetic stirrer for 4 h. The
sedimented powder was then aged for 1 h and silanized at 115 °C for 4 h. Prior to preparing
the samples, the powders were sieved below 63 pm.

3.1.2. Synthesis of Hybrid Hydroxyapatite/Chitosan Granules

Hybrid HA/chitosan (CTS) granules, containing 17 wt.% CTS, were synthesized
using a modified wet chemical method, following the procedure outlined previously by
Zima [48]. Briefly, phosphoric acid (85.0%, POCH, Gliwice, Poland) was directly added
to a 10 wt.% CTS solution in 0.5 wt.% acetic acid (98.0%, POCH, Gliwice, Poland). This
mixture was then carefully dripped into a suspension of Ca(OH), (Merck, Darmstadt,
Germany) for HA precipitation. The molar ratio of Ca/P during the synthesis was within
the range of 1.65-1.67. The CTS used was of medium molecular weight (~100,000 kDa)
with a deacetylation degree of >75.0% and a viscosity ranging from 200 to 800 CPS (Sigma-
Aldrich, St. Louis, MO, USA). After aging the suspension for 24 h, it was decanted. The
HA /CTS precipitate was washed with distilled water, centrifuged, and dried. Prior to
preparing the samples, the granules were ground and sieved. For the preparation of the
samples, granules of sizes 300-400 um were used.

3.2. Preparation of Bone Cements

Developed biomaterials are composed of solid phase (setting powder and aggregate)
and liquid phase, and when mixed, they create a paste that sets in situ. In this study, seven
types of powder batches containing «-TCP, modified «-TCP, and HA/CTS granules were
used as the solid phase (Table 3). The liquid-to-powder (L/P) ratio was selected based on
preliminary studies, and it was 0.5 g/g.
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Table 3. The initial composition of developed materials.

Material

Solid Phase (P) Liquid Phase (L) L/P [g/g]

HA/CTS

o-TCP: HA/CTS granules
3:2 by weight

HA/CTS_TEOS_1

«-TCP (1 wt.% TEOS):
HA/CTS granules
3:2 by weight

HA/CTS_TEOS_2

o-TCP (2 wt.% TEOS):
HA/CTS granules
3:2 by weight

HA/CTS_TEOS_5

o-TCP (5 wt.% TEOS):
HA/CTS granules
3:2 by weight

1.0 wt.% Na,HPOy solution

in 2.5 wt.% citrus pectin gel 05

HA/CTS_GPTMS_1

o-TCP (1 wt.% GPTMS):
HA/CTS granules
3:2 by weight

HA/CTS_GPTMS_2

«-TCP (2 wt.% GPTMS):
HA/CTS granules
3:2 by weight

HA/CTS_GPTMS_5

o-TCP (5 wt.% GPTMS):
HA/CTS granules
3:2 by weight
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3.3. Methods
3.3.1. Chemical and Phase Composition

The chemical composition of the initial powders was examined using X-ray fluores-
cence (XRF) with the WDXRF Axios Max (PANalytical, Malvern, UK). X-ray diffraction
(XRD) was used to identify crystalline phases, employing Cu K« radiation (1.54 A) at 30 kV
and 10 mA. The analysis covered a 26 range of 5-45° with 0.04 intervals, scanning at a speed
of 2.5° /min, using a D2 Phaser diffractometer (Bruker, Ballirica, MA, USA). Diffractograms
were compared with the International Centre for Diffraction Data for «-TCP (00-009-0348)
and hydroxyapatite (HA; 01-076-0694). Phase quantification was performed using TOPAS
software (Bruker, Billerica, MA, USA) based on Rietveld refinement. All measurements
were performed in triplicate, with results presented as mean =+ SD.

The structural analysis of the obtained biomaterials after setting and hardening was
carried out using Fourier Transform Infrared (FTIR) spectroscopy, covering a scanning range
of 4004000 cm ! with a resolution of 4 cm !, using a BioRad FTS 6000 spectrometer (Vertex
70&70v, Bruker, Billerica, MA, USA). The positions of the FTIR bands were determined
based on the center of weight. Baseline correction, normalization, and spectral analysis were
conducted using Spectragryph software (v1.2.15, Friedrich Menges, Oberstdorf, Germany).

3.3.2. Setting Times

The setting times were determined according to the ASTM C266-20 standard using
Gilmore Needles (Humbold MFG Co., Norridge, IL, USA) [49]. The apparatus included
two steel-weighted needles: the initial setting needle, weighing 113 g with a diameter of
2.12 mm, and the final setting needle, weighing 453.6 g with a diameter of 1.06 mm. Cement
pastes were placed in a form measuring 8 mm x 10 mm x 5 mm, and the needle was gently
applied to the surface. The setting time was recorded when the needle no longer left a
complete circular mark. All tests were conducted at 22 & 1 °C, with results averaged over
three measurements, including standard deviations (SDs).
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3.3.3. Mechanical Strength

For mechanical testing, cylindrical samples with dimensions of 12 mm in height and
6 mm in diameter were fabricated using Teflon molds. The samples were extracted from
the molds between their initial and final setting times and allowed to cure in air for 7 days.
Following this curing period, compressive strength was evaluated using a universal testing
machine (Instron 3345, Instron, Norwood, MA, USA). The cementitious samples were
subjected to uniaxial compression at a crosshead speed of 1.0 mm/min. The compressive
strength values were presented as the averages of 15 measurements, along with their
standard deviations (SDs).

3.3.4. Porosity

The open porosity and pore size distribution of the foamed cements were evaluated us-
ing mercury intrusion porosimetry (MIP) with the AutoPore IV porosimeter (Micrometrics,
Norcross, GA, USA). Dried sample fragments were placed in the penetrometer, which was
then positioned in the low-pressure chamber of the apparatus and degassed. Mercury was
introduced into the penetrometer, and the volume of mercury intrusion was recorded as
the pressure increased. After completing the low-pressure measurements, the penetrometer
was moved to the high-pressure chamber for additional testing. All measurements were
performed in triplicate.

3.3.5. Microstructure

To observe the microstructures of the fractured samples and assess the bioactive
potential of the materials, a PhenomPure scanning electron microscope (SEM) from Thermo
Fisher Scientific (Waltham, MA, USA) was employed. Before examination, the samples were
coated with a thin layer of gold using a low deposition rate to prevent charge accumulation
and enhance image resolution.

3.3.6. Chemical Stability and Bioactivity

To assess the in vitro chemical stability of the materials, cylindrical samples with
dimensions of 3 mm in height and 6 mm in diameter were placed in plastic containers with
20 mL of either simulated body fluid (SBF) or distilled water and incubated at 37 °C for
4 weeks. During this period, the ionic conductivity and pH of the surrounding solutions
were monitored using a Seven Compact Duo pH/conductometer (Mettler Toledo, Colum-
bus, OH, USA). The in vitro bioactivity of the bone substitutes was evaluated through
scanning electron microscopy (SEM), focusing on the formation of apatite layers on the
material surfaces after 7 days of incubation in SBE.

3.3.7. Cell Studies

In vitro cytocompatibility studies were performed using a mouse primary calvarial
preosteoblast cell line (MC3T3-E1 Subclone 4, CRL-2593, ATCC-LGC standards, Teddington,
UK). MC3T3-E1 cells were cultured in Alpha Minimum Essential Medium (GIBCO, Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Pan-
Biotech GmbH, Aidenbach, Bavaria, Germany) and antibiotics (100 U/mL of penicillin and
0.1 mg/mL of streptomycin) (Sigma-Aldrich Chemicals, Warsaw, Poland). The cells were
maintained at 37 °C with 5% CO, in an air atmosphere.

Before the cell culture experiments, all samples were sterilized by ethylene oxide. The
cytotoxicity of the fabricated cementitious samples was evaluated based on MC3T3-E1
viability after the cells were exposed to the liquid biomaterial extracts in accordance with
ISO 10993-5 (2009). First, mouse preosteoblasts at a concentration of 1.5 x 10° cells/mL
were seeded in flat-bottom 96-multiwell plates and cultured for 24 h. Next, the culture
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medium was replaced with sample extracts prepared according to ISO 10993-12:2021. The
cell culture medium incubated in a polystyrene plate served well as a negative control. After
24 h, the cytotoxicity of the bone cement samples was assessed using WST-8 and LDH total
assays, according to the manufacturers’ instructions (Sigma-Aldrich Chemicals, Warsaw,
Poland). The cytotoxicity of the tested samples was also estimated using a Live/Dead
Double Staining Kit (Sigma-Aldrich Chemicals, St. Louis, MO, USA). The study was
conducted in direct contact of mouse preosteoblasts with biomaterials. First, cells were
seeded directly on the pre-soaked samples at a concentration of 1x10° and cultured for
48 h. Next, the cells were fluorescently stained using a Live/Dead Double Staining Kit
according to the manufacturer’s instructions and visualized using a confocal laser scanning
microscope (CLSM, Olympus Fluoview equipped with FV1000, Olympus Corporation,
Tokyo, Japan). Cells seeded on the polystyrene surface were used as a control.

3.3.8. Statistics

The statistical analysis of the obtained results was performed using a one-way analysis
of variance (ANOVA) with a post hoc Tukey Honestly Significant Difference (HSD) test
for comparing multiple treatments. Statistically significant differences were indicated by
*(p <0.05) and ** (p < 0.01). In the case of in vitro cell culture tests, statistical significance
was considered at p < 0.05.

4. Conclusions

In this research, innovative hybrid bone substitutes were developed and investigated.
The cementitious materials produced consisted of highly reactive o-TCP powder (either
unmodified or modified with silane coupling agents), hybrid hydroxyapatite—chitosan
granules, and citrus pectin used with disodium phosphate as the liquid phase. This study
focused on the impact of two distinct coupling agents—tetraethyl orthosilicate (TEOS)
and 3-glycidoxypropyltrimethoxysilane (GPTMS)—on the physicochemical and biological
properties of the bone substitutes. The unique characteristics of these materials stem from
the hybrid system, which synergistically relies on chemical interactions between the hybrid
granules, pectin, and SCA-modified tricalcium phosphates. These chemical interactions
contribute to reducing porosity and strengthening the bone substitutes, resulting in an
increase in compressive strength from approximately 11.42 to 19.34 MPa. Notably, the
silane coupling agents had beneficial effects on the materials” microstructure, chemical
stability, or biological performance. All the developed cements exhibited bioactive potential
in vitro, indicating their suitability for further biological research. Additionally, the use of
easily functionalizable polymers like chitosan and citrus pectin, alongside silane coupling
agents, allows for future modifications of the materials with drugs or other bioactive
compounds. This research highlights the favorable properties of the bone substitutes,
laying the groundwork for future in vitro and in vivo investigations.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This study examines the impact of titanium and copper ion modifications on the properties of hybrid hy-
droxyapatite/chitosan granules, which serve as components of novel injectable bone substitutes - bio-
microconcretes. In addition to the hybrid granules, the powdered phase of the composites comprises highly
reactive o-tricalcium phosphate (a-TCP) powder. The utilization of a mixture consisting of citrus pectin and
disodium phosphate as the liquid phase of bone substitutes facilitated the development of easily mouldable, fully
injectable biomicroconcretes based on calcium phosphate, characterized by distinct properties. The resulting
biomicroconcretes demonstrated favourable cohesion and setting times falling within acceptable parameters.
Furthermore, the incorporation of citrus pectin into the liquid phase significantly augmented the mechanical
strength of the materials. The unique attributes of biomicroconcretes containing citrus pectin arise from the
presence of both a dual setting system and a double hybrid system. The dual setting mechanism, stemming from
the hydrolysis of a-TCP and the crosslinking of citrus pectin in the presence of Ca? ions, yielded materials
distinguished by excellent cohesion and chemical stability. Conversely, the double hybrid system emerged from
the coexistence of hybrid granules and interactions between polycationic chitosan within the hybrid granules and
polyanionic citrus pectin. All obtained biomicroconcretes exhibited in vitro bioactivity, positioning them as
promising candidates for further biological investigations. Notably, the integration of antibacterial copper ions
into hybrid hydroxyapatite/chitosan granules significantly enhances their potential utility as bone substitute
materials, effectively reducing the risk of S. aureus and E. coli infection during surgical procedures. It has been
found that titanium modified composites reduced adhesion of S. aureus but did not reduce the adhesion of E. coli
cells. This research validates the advantageous properties of the synthesized ceramic-based biomaterials and sets
the stage for subsequent in vitro and in vivo studies.

Keywords:
Bioceramic
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Calcium phosphates
Hybrid materials
Cooper
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1. Introduction

Calcium phosphate (CaPs) ceramics have wide applications, partic-
ularly in bone tissue engineering, due to properties that make them
superior to other bone substitutes [1]. Their biological characteristics,
including the ability to form a durable bond with bone tissue, allow their
use in fields like orthopedics, maxillofacial surgery, and dentistry [2,3].
Calcium phosphates are available as ceramic blocks, porous sponges,
granules, or calcium phosphate-based bone cements (CPCs) [4]. Bone
cements, composed of powder and liquid phases, form a plastic paste
upon mixing, enabling easy implantation into defects of various shapes
and sizes [5]. Bone cements based on a-tricalcium phosphate (a-TCP)
are notable for their self-setting capability and their ability to hydrolyze
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into calcium-deficient hydroxyapatite. However, due to the brittleness,
their use is limited to non-load-bearing applications [6]. Various mod-
ifications have been explored to enhance the mechanical strength of
calcium phosphate-based bone cements. Recent research has focused on
introducing aggregates such as granules, fibers, or microspheres, which
act as crack-arresting inclusions, creating composites similar to concrete
in construction materials. These composites can be referred to as bio-
microconcretes [7-10]. Another method to improve CPC strength is the
use of polymer additives [11,12]. Previous studies highlighted the
beneficial effects of citrus pectin gel, combined with a setting acceler-
ator (disodium hydrogen phosphate), resulting in acceptable setting
times and enhanced mechanical strength [13]. Additionally, citrus
pectin allows to obtain injectability of biomaterials, which is a desirable
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Fig. 1. The hybrid inorganic-organic hydroxyapatite-chitosan granules modified with titanium (Ti-HA/CTS) and cooper (Cu-HA/CTS) ions.

feature for minimally invasive surgeries [14].

Despite the beneficial properties of calcium phosphate-based bone
cements, infections frequently occur due to improper implantation
procedures or inadequate sterilization, which can hinder subsequent
patient treatment [15]. To mitigate this risk, various strategies have
been applied to obtain antibacterial or bactericidal activity of bio-
materials, including using antibiotics, metal nanoparticles (eg.AuNPs,
AgNPs, CuNPs) or antibacterial ions [16,17]. Despite the beneficial
impact of antibiotics on the antibacterial properties of bone substitutes,
the potential for allergies in some patients and the limited spectrum of
antibacterial action necessitate exploration of other strategies.
Furthermore, the emergence of multidrug-resistant bacterial strains
makes it crucial to investigate other biologically active substances as
alternatives to antibiotics. In recent years, a promising strategy for
imparting antibacterial properties to implantable materials designed for
bone tissue regeneration has been the use of copper and titanium ions.

In 2017 Rau et al. [18] obtained calcium phosphate cement con-
taining p-TCP doped with copper ions, which inhibited apatite formation
and exhibited antibacterial effects against Gram-negative bacteria. The
antibacterial activity was attributed to copper ions, while the enhanced
viability of human cells suggested a dual effect of copper: toxic to bac-
teria yet beneficial to healthy cells, likely due to differences in the
protection mechanisms of prokaryotes and eukaryotes. Numerous
studies confirmed beneficial impact of cooper ions on antibacterial
properties biomaterials for bone tissue regeneration. For example, in
2019 Foroutan et al. [19] synthesized novel calcium phosphate glasses
containing 0, 2, 4, and 6 mol % Cu?. They investigated the physico-
chemical properties of developed materials, as well as enhanced anti-
bacterial activity against S. aureus. Fadeeva et al. [20] developed
copper-substituted tricalcium phosphate ceramics with antibacterial
properties to combat antibiotic resistance. Cu-TCP demonstrated anti-
bacterial activity against Escherichia coli and Salmonella enteritidis, while
showing good cytocompatibility in cell culture studies. Jacobs et al. [21]
investigated the cytotoxicity and antibacterial properties of Cu-doped
Biphasic Calcium Phosphate (BCP) powders, composed mainly of hy-
droxyapatite and p-tricalcium phosphate. Authors confirmed strong
antibacterial effect of copper against both Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli and Pseudomonas aeruginosa)
bacteria.

Copper ions exhibit a strong antibacterial effect; however, the po-
tential application of other metal ions, such as titanium, is intriguing.
Nonetheless, the antibacterial activity of titanium ions has not yet been
fully explored. Stipniece et al. [22] synthesized Ag- and/or Ti-doped
apatitic-tricalcium phosphate powders using a wet chemical precipita-
tion method. The authors determined the minimum inhibitory concen-
tration and antibacterial activity of the doped powders against
Staphylococcus aureus, demonstrating that the inclusion of both Ti and
Ag imparts antibacterial properties to f-tricalcium phosphate against
this Gram-positive bacterium. The same research group presented the
results of studies on effect of titanium on the antibacterial properties of

1215

highly porous bioceramic scaffolds. They confirmed the beneficial effect
of titanium on the antibacterial activity of the materials [23,24]. In the
literature, the obtaining of most ion-doped calcium phosphates is asso-
ciated with high-temperature treatment. However, the development of
hybrid-type, antibacterial ion-enriched materials without thermal
treatment represents a relatively new branch in the field of biomaterials
engineering.

The aim of this study was to develop, obtain, and investigate novel
injectable hybrid-type bone substitute materials based on highly reac-
tive, self-setting o-TCP powder and hydroxyapatite-chitosan granules,
and to assess the influence of their modification with titanium and
copper ions on their physicochemical properties and antibacterial po-
tential. The liquid phase of the materials consisted of a mixture of citrus
pectin gel and disodium phosphate. This composition allowed for the
development of dual hybrid bone substitutes, consisting of hybrid
granules and hybrids derived from polyelectrolyte interactions, with a
dual setting mechanism. The careful selection of the liquid phase
enabled the development of fully injectable materials containing hybrid
granules. Furthermore, the ion modification, resulted in composites with
antibacterial properties.

2. Materials and methods
2.1. Materials

As a solid phase of developed materials, a-tricalcium phosphate
powder (a-TCP) and hybrid hydroxyapatite/chitosan (HA/CTS) gran-
ules, also modified with titanium (Ti-HA/CTS) or cooper (Cu-HA/CTS)
were used. The highly reactive a-TCP powder was obtained via a wet
chemical method described previously [25]. As the reagents, Ca(OH),
(>99.5 %, Merck, Darmstadt, Germany) and H3PO4 (85.0 %, POCH,
Gliwice, Poland) were applied. HA/CTS hybrid materials, in the form of
granules (300-400 pm) were prepared by the modified wet chemical
method described previously [26]. The following substrates: Ca(OH),
(>99.5 wt%, Merck, Darmstadt, Germany), H3PO4 (85.0 wt%, POCH,
Gliwice, Poland), and medium-molecular-weight chitosan (~100,000
kDa, DD > 75.0 wt%, Sigma-Aldrich, St. Louis, MO, USA) were used. To
maintain the reaction environment above a pH level of 10, a 5 wt%
solution of sodium hydroxide (pure p.a., POCH, Gliwice, Poland) was
utilized. Titanium chloride, TiCls (15.0 %, Merck, Darmstadt, Germany),
and copper nitrate, Cu(NO3)2*3H20 (pure p.a., Chempur, Piekary
Slaskie, Poland), were employed as sources of titanium and copper ions,
respectively. The amount of titanium or copper introduced into the
material was 5.0 wt%. The resulting hybrid inorganic-organic hydrox-
yapatite-chitosan granules modified with titanium (Ti-HA/CTS) and
cooper (Cu-HA/CTS) ions are presented in Fig. 1. The mixture of 1 wt%
disodium phosphate (99.9 wt%, Chempur, Piekary Slqskie, Poland) in
2.5 wt% low esterified amidated citrus pectin gel (Herbstreith & Fox,
Werder/Havel, Germany) was applied as the liquid phase.
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Table 1
The initial composition of developed materials.
Material Solid phase (P) Liquid phase (L) L/p
[g/8]
BM-C «o-TCP: HA/CTS 1.0 wt% NayHPO, solution in 2.5 wt 0.5
granules % citrus pectin gel
3:2 by weight
BM-Ti «-TCP: Ti-HA/CTS
granules
3:2 by weight
BM-Cu o-TCP: Cu-HA/CTS

granules
3:2 by weight

2.2. Preparation of biomicroconcretes

Biomicroconcreates are composed of solid phase (setting powder and
aggregate) and liquid phase, which when are mixed, create a paste that
sets in situ. In this study, three types of powder batches containing:
a-TCP and HA/CTS, Ti-HA/CTS or Cu-HA/CTS granules were used as
solid phase (Table 1). The liquid to powder (L/P) ratio was selected
based on preliminary studies and it was 0.5 g/g.

2.3. Methods

2.3.1. Injectability

The injectability test of the cementitious materials was carried out by
extruding cement paste through a 2 mm nozzle of 20 mL plastic syringe
(B. Brown, Melsungen, Germany) directly into the cylinder with simu-
lated body fluid (SBF) solution, preheated to 37 °C, as described in
previous study [13]. The force applied to syringe plunger during injec-
tion was assessed using an Instron 3345 universal testing machine
(Instron, Norwood, MA, USA) at a crosshead displacement rate of 1.0
mm/min. Triplicate measurements were conducted for each material.
The injectability of the material was determined by the constant pres-
sure force during homogeneous paste extrusion. Results are expressed as
mean of three measurements + standard deviation (SD).

2.3.2. Setting times

The setting times of obtained materials were measured. The initial
(t;) and final (t¢) setting times of the obtained biomaterials were deter-
mined using Gillmore apparatus (Humboldt, Norridge, IL, USA) ac-
cording to ASTM C266-20 standard [27]. All experiments were carried
out at 22.0 + 1.0 °C. Test samples were prepared in 10 mm x 7 mm x 3
mm cuboids form. All measurements were performed in triplicate. The
results are presented as the mean + standard deviation (SD).

2.3.3. Chemical and phase composition

The X-ray fluorescence method (XRF) was applied to check the
chemical composition of the initial powders (WDXRF Axios Max, PAN-
alytical, Malvern, UK). The X-ray diffraction (XRD) analysis was per-
formed using Cu Ko radiation (1.54 A) at 30 kV and 10 mA. The analysis
was conducted in the 26 range of 10-60° at 0.04 intervals with a scan-
ning speed of 2.5°/min using D2 Phaser diffractometer (Bruker, Baller-
ica, MA, USA). The XRD powder method was applied. The obtained
diffractograms were compared with the International Centre for
Diffraction Data a-TCP (00-009-0348) and hydroxyapatite (HA; 01-076-
0694) to identify the crystalline phases. TOPAS software (Bruker, Bal-
lerica, MA, USA) was used for phase quantification based on Rietveld
refinement. All measurements were performed in triplicate. The mean
+ standard deviation (SD) was used to present the results.

The structural studies of obtained biomaterials after setting and
hardening were performed using Fourier Transform Infrared (FTIR)
spectroscopy, within the scanning range of 400-4000 cm ™! and reso-
lution of 4 cm ™! using a BioRad FTS 6000 spectrometer (Vertex 70&70v,
Bruker, Ballerica, MA, USA). Positions of the FTIR bands were measured
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in accordance with the centre of weight. The baseline correction,
normalization, and spectra analyses were performed using Spectragryph
software (v1.2.15, Friedrich Menges, Oberstdorf, Germany).

2.3.4. Mechanical properties

For the mechanical tests the cylindrical samples, 12 mm in height
and 6 mm in diameter, were prepared in Teflon molds. Samples were
removed from the molds between their initial and final setting times and
left for 7 days in air. After 7 days, the compressive strength of the
samples was examined using the universal testing machine (Instron
3345, Instron, Norwood, MA, USA). Biomicroconcrete samples were
subjected to uniaxial compression with a crosshead speed of 1.0 mm/
min. The results of the compressive strength are presented as the mean
value of 15 measurements + standard deviation (SD).

2.3.5. Microstructure

The observations of the microstructure of obtained biomaterials
were performed using a scanning electron microscope Scios 2 (SEM,
PhenomPure, Thermo Fisher Scientific, Waltham, MA, USA). Before the
study, samples were coated with a 10 nm carbon layer to avoid over-
charging (EM ACE600 sputter coater, Leica Microsystems, Wetzlar,
Germany) then observed at an accelerated voltage of 10-15 kV, under
low vacuum, using in-column detector (T2) and opti-plane mode. The
EDS detector was used for the elemental analysis in microareas, as well
as for EDS elemental mapping.

2.3.6. Porosity

The open porosity and pore size distribution of the obtained bone
cements were assessed via mercury intrusion porosimetry (MIP) using
an AutoPore IV porosimeter (Micrometrics, Norcross, GA, USA). Dried
fragments of the samples were placed in the penetrometer, which was
subsequently placed in the low-pressure chamber for degassing. Mer-
cury was then introduced into the penetrometer, and the volume of
mercury intrusion was recorded as the pressure increased. Once the low-
pressure phase was completed, the penetrometer was transferred to the
high-pressure chamber for further testing. All measurements were
repeated three times.

2.3.7. Chemical stability and bioactivity in vitro

To determine the in vitro chemical stability of materials, the cylin-
drical samples (3 mm in height and 6 mm in diameter) were placed in
plastic containers with 20 mL of SBF or distilled water and stored at
37 °C for 4 weeks. Ionic conductivity and pH of the solutions around
incubated samples were measured using Seven Compact Duo pH/con-
ductometer (Mettler Toledo, Columbus, OH, USA). In vitro bioactivity of
obtained biomicroconcretes was assessed via SEM observations of the
apatite layers on the materials’ surfaces after the 7-day samples incu-
bation in SBF.

2.3.8. Ions release studies

The release of titanium and copper ions from the cementitious ma-
terial powder was evaluated by immersing hardened materials in
distilled water, with periodic collection of 25 pL aliquots. These aliquots
were combined with 25 pL of hydrogen peroxide and concentrated
ammonia, serving as complexing agents for titanium and copper,
respectively. The mixture was placed in 96-well plates, and absorbance
at A = 600 nm was measured using a UV/Vis spectrophotometer (UV-
2600i, Shimadzu, Japan). The absorbance values were then converted to
concentrations using a calibration curve generated from titanium and
copper salt solutions of known concentrations.

2.3.9. Antibacterial activity studies

2.3.9.1. Strains and maintenance. Staphylococcus aureus ATCC 25923
and Escherichia coli ATCC 25922 reference bacterial strains were used in
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all experiments. Both microorganisms were maintained in microbanks at
—80 °C prior to the tests and then cultured on Mueller-Hinton agar
plates (Biomaxima, Poland) at 37 °C (20-24 h). Approx. 3-4 CFUs
(colony forming units) were finally transferred from the plates to
Mueller-Hinton (M — H) broth (Biomaxima, Poland) and incubated for
24 h at 37 °C. The resulting suspensions were appropriately diluted
before the experiments, individually for each strain. Tested biomaterials
were sterilized by EthO (ethylene oxide) before the tests.

2.3.9.2. Agar plate test. Wells (¢ = 7.5 mm) were drilled in Mueller-
Hinton agar (Biomaxima, Poland) in 90 mm Petri dishes (thickness:
5-6 mm). Sterilized HAP/CTS, HAP/CTS/Ti and HAP/CTS/Cu samples
were placed inside the wells (one per well). Then the wells were filled
with melted Mueller-Hinton agar medium (approx. 40 °C). After me-
dium setting, 500 pl of bacterial inoculate in sterile 0.9 % NacCl (0.1
McFarland standard - an equivalent of approx. 3.0 x 107 CFU/ml) was
evenly spread onto the agar. Then plates were incubated at 37 °C for
20-24 h and diameters of bacterial growth inhibition zones were
measured. The test was performed individually for each bacterial strain.

2.3.9.3. Antibacterial activity test (AATCC Test Method 100-2004 “anti-
bacterial finishes on textile materials: assessment of”). Evaluation of
antibacterial activity of tested samples was performed on basis of
AATCC Test Method 100-2004 for textile materials, adapted for porous
ceramic materials. Bacterial suspension (1.5 x 105 CFU/ml) of each
strain was prepared in M — H broth diluted 250-fold in sterile 0.9 %
NaCl. Samples (in triplicate) were placed on sterile microscope slides
(Chemland, Poland) and soaked with 40 pl bacterial inoculate (the
liquid was completely absorbed by the samples). In parallel, 40 pl of
bacterial suspension of each strain was placed in sterile 50 ml Falcon
tubes, to control the viability of bacteria without contact with tested
materials (control). All samples were protected against evaporation and
incubated at 37 °C, 24 h. Afterwards, the samples were transferred into
50 ml Falcon tubes containing 5 ml of sterile 0.9 % NaCl. For controls, 5
ml of sterile 0.9 % NaCl was added to 50 ml Falcon tubes. All tubes (with
samples and controls) were vigorously shaken (1 min) to elute the
bacterial cells and mix them with 0.9 % NaCl. Finally, 50 ul aliquots of
all eluates were plated exponentially onto M — H agar Petri dishes using
EasySpiral Dilute (Interscience, France) automatic plater (each sample

BM-Ti

Fig. 2. Force required for pastes extrusion (A), the force-displacement curves of extruded pastes (B)and pastes immediately after injection into SBF (C).
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in triplicate). M — H agar plates with plated bacteria eluted from the
samples or controls were incubated at 37 °C for 20-28 h. CFUs were
counted for each plate using Scan 300 colony counter (Interscience,
France).

2.3.9.4. Bacterial adhesion test. Sterilized HAP/CTS, HAP/CTS/Ti and
HAP/CTS/Cu were incubated with 1 ml of sterile suspension of bacterial
cells (approx. 3.0 x 108 cells/ml) in Mueller-Hinton broth. After 2 h
incubation at 37 °C, 50 rpm, in Innova 42 (New Brunswick Scientific,
USA), non-adhered bacteria were gently washed away with 0.9 % NaCl
(50 ml, 4 times) and samples were incubated with Viability/Cytotoxicity
Assay Kit for Bacteria Live & Dead Cells (Biotium, USA) in 0.9 % NacCl
(according to the instructions of producer). After staining at R/T, 10
min, in darkness, samples were washed in 0.9 % NaCl to remove non-
absorbed dye and adhered bacteria were visualized by laser confocal
scanning microscopy (LCSM) Olympus Fluoview FV1000; Olympus,
Japan). Area of samples showing green fluorescence (indicating the
presence of viable bacteria) as percent of total image area was quantified
using ImageJ program.

2.3.10. Statistics

The statistical analysis of obtained results was done using a one-way
analysis of variance (ANOVA) with a posthoc Tukey Honestly Significant
Difference (HSD) test for comparing multiple treatments (* - statistically
significant difference between the results, p < 0.05). All analyses were
performed with OriginPro software (Version 2021, OriginLab Corpora-
tion, Northampton, MA, USA).

3. Results and discussion
3.1. Injectability

The injectability of bone substitutes is desirable feature as it offers a
less invasive approach to stabilizing bone fractures, reinforcing weak-
ened bone structures, and accelerating bone healing, due to the reduced
surgical site [28]. The term injectability not only refers to the force
required to extrude cement paste through a syringe needle but also the
percentage of remaining paste in the syringe cylinder. From a practical
point of view, the maximum force required to inject the paste should not
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Table 2
Setting time of developed materials.

Material Initial setting time (t;) [min] Final setting time (tp) [min]
BM-C 11.5+ 1.0 19.0 £ 1.5
BM-Ti 11.0 £ 0.5 185+ 1.0
BM-Cu 120+ 1.5 21.0+1.0

exceed the force that a surgeon can generate with one hand during
surgery. In the literature, the upper limit of this value is defined as 100N
[29]. The outcomes of the injectability test and the visual characteristic
of the cement pastes post-injection directly into simulated body fluid
(SBF) at 37 °C are presented in Fig. 2.

Because calcium phosphate-based bone cements are predominantly
non-injectable, various modifications of composition have been
employed to improve the injectability of pastes [30]. In our study the
addition of a polymeric modifier to the liquid phase sufficiently altered
the rheological properties the material, which ultimately become
injectable. Other researchers have also applied natural polymers to
ensure injectability. For instance, Zhong et al. [31] incorporated
oxidized sodium alginate into calcium phosphate bone cements,
improving the rheological properties of the cementitious pastes and
enabling the production of injectable materials. However, despite
numerous scientific reports on injectable bone substitutes, the number
of materials incorporating aggregates, such as granules, remains limited
as they may potentially disrupt paste flow through a syringe and be a
cause a filter-pressing phenomenon (liquid phase separation mecha-
nism). In the case of designed materials, despite the presence of hybrid
granules, pastes were fully injectable, and the force required for paste
injection was below the recommended 100 N. In our study, by
employing a mixture of citrus pectin and sodium hydrogen phosphate in
the liquid phase, fully injectable, self-setting pastes were obtained.
Furthermore, all pastes retained cohesion upon contact with simulated
body fluid (SBF). The excellent cohesion of the pastes in SBF was
determined by both hydrolysis of a-TCP to CDHA and the crosslinking of
citrus pectin in the presence of calcium ions [32,33]. Modification with
titanium and copper had no detrimental effect on injectability and
cohesion of pastes.

3.2. Setting times

Apart from injectability, setting time is a significant parameter,
especially during surgical procedures, because it determines the period
during which the surgeon can manipulate the cement paste in its plastic
state. Ideally, the surgeon should apply the paste into the defect between
the initial and final setting times, during the so-called *dough time’ [34].
Under optimal conditions, the initial setting time (ti) should be around
15 min, while the final setting time should not exceed 30 min [35,36].
Despite some literature suggests that the final setting time should not
exceed 15 min, it is convenient for the surgeon to have longer period for
application of the injectable cement [37]. This allows for more precise
application, often in hard-to-reach areas. The results of setting times for
developed bone substitute materials are presented in Table 2.

The initial setting times of the investigated cement pastes ranged
from 11.0 + 0.5 to 12.0 + 1.5 min, while the final setting times ranged
from 18.5 + 1.0 to 21.0 + 1.0 min. Even though the developed materials
exhibited slightly prolonged setting times, no negative influence of the
complex composition on the cement setting process was observed. In the
case of materials based solely on a-TCP, the setting process relies on the
hydrolysis of this component to non-stoichiometric hydroxyapatite.
Various factors influence the setting process of cementitious materials,
including both material composition and external conditions [38]. The
presence of polymers in cement mixtures, in both liquid and powder
phases, improves their injectability but usually also increase setting
times. One of the mechanisms that may prolong the setting process of
a-TCP-based materials is the water absorption by polymers, which
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Fig. 3. XRD patterns of initial materials (a), materials after setting and hard-
ening in air for 7 days (B), and materials after incubation in SBF for 7 days (C).

restrict the water availability crucial for a-TCP hydrolysis. To counteract
prolonged setting it is recommended to apply substances known as
setting accelerators (e.g., NapHPO4) [39]. Through the simultaneous
usage of citrus pectin gel and NayHPO,, the materials demonstrated
acceptable setting times. The developed biomicroconcretes possessed a
dual setting system, which involved the simultaneous hydrolysis of
a-TCP to non-stoichiometric hydroxyapatite and pectin cross-linking
facilitated by Ca®" ions [40]. The formation of complex between
pectin and copper can also take place, as revealed inter alia by Seslija
etal. [41], and Kohila rani et al. [42], which might contribute to slightly
longer setting times in the case of BM-Cu.

3.3. Phase composition and structural studies

Study of the chemical and phase composition of calcium phosphate-
based bone substitute materials allows for assessing their similarity to
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Table 3
Phase composition of the obtained materials after 7 days of setting and hard-
ening in air or SBF.

Material 7 days in air 7 days in SBF
a-TCP, wt. Hydroxyapatite, wt. a-TCP, wt. Hydroxyapatite, wt.
% % % %

BM-C 54+1 46 £1 3+1 97 £1

BM-Ti 56 +1 44 £1 2+1 98 +£1

BM-Cu 53+1 47 £1 3+1 98 +£1

the inorganic component of bone tissue. The X-ray fluorescence method
confirmed the presence of titanium and cooper in hybrid
hydroxyapatite-chitosan granules. As expected, the amount of modifier
was 4.87 + 0.003 wt% and 5.11 + 0.007 wt% for granules modified
with 5 wt% of titanium and cooper respectively. Most studies describe
doping calcium phosphates with various ions during their synthesis,
however, effective incorporation of ions into the material structure
typically requires post-synthesis thermal processing [43]. In our study,
we employed wet chemical synthesis with no additional thermal treat-
ment to obtain titanium and copper-modified hybrid granules with
nearly expected amounts of modifiers, as no other crystalline phases
containing titanium or copper were found.

The initial o-TCP powder primarily consisted of the a-TCP phase
(97.0 + 1.0 wt%) with a minor presence of hydroxyapatite (3.0 + 1.0 wt
%). In contrast, the hybrid granules (HA/CTS, Ti-HA/CTS, and Cu-HA/
CTS) consisted solely of hydroxyapatite as the crystalline phase. No
adverse effects of granules modification were observed, and no addi-
tional phases appeared in the material during synthesis.

The phase composition of the developed biomicroconcretes was
strongly influenced by the sample storage environment. However, XRD
analysis of set and hardened materials, showed only two crystalline
phases: a-TCP and hydroxyapatite. The presence of polymers: chitosan
and citrus pectin, was evident as the characteristic amorphous halos
observed in the diffraction patterns. Fig. 3 depicts the diffraction pat-
terns of the starting materials, as well as biomicroconcretes stored in air
and incubated in SBF.

The detailed phase composition of obtained materials is presented in
Table 3.

No significant differences in phase composition were observed be-
tween materials. The amount of a-TCP phase in the materials after 7
days in air was in the range from 53 + 1 to 56 + 1 wt%, while the
proportion of hydroxyapatite phase was in the range from 44 + 1 to 47
=+ 1 wt. The analysis of samples’ phase composition after 7 days of in-
cubation in simulated body fluid (SBF) confirmed that «-TCP, undergoes
spontaneous hydrolysis to form calcium-deficient hydroxyapatite.
Similar observations were previously made for a-TCP-based cementi-
tious bone substitutes [44,45].

Materials’ FTIR spectra (Fig. 4) after setting and hardening, as well as
after incubation in SBF showed characteristics bending bands at ~600
em ™! and ~560 cm ™! and stretching bands around 967 and 1024 cm ™,

which corresponds to the vibrations of PO3~ groups. The wide band in
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the range of ~3000-3800 cm ! is assigned to the absorbed water in the
samples. Moreover, the spectra possess an absorption band at around
872 cm ™! which corresponds to HPO3 ™~ groups, confirming the presence
of non-stoichiometric hydroxyapatite. Additionally, in a similar spectral
range between 870 and 875 cm ™!, carbonate bonds may appear in the
material. Whereas the existence of a band at 1425 cm ™! indicates partial
substitution of CO3 ™ in the hydroxyapatite structure during the trans-
formation during its hydrolysis. Similar findings were reported for cal-
cium phosphate-based biomaterials previously for example by
élésarczyk et al. [46], and Durucan et al. [47]. FTIR studies confirm the
presence of polymers in examined biomaterials. The absorption band
with a maximum at ~2933 cm™! can be attributed to stretching alkyl
C-H bands. The band at around 1650 cm ™ was assigned to N-H bending
vibrations of the primary amine from chitosan and amidated citrus
pectin. What is more, the band around 1315 cm ™! and 3573 cm ™! cor-
responds to C-N and O-H stretching vibrations, respectively. In the
systems containing pectin and chitosan, the formation of electrostatic
and/or hydrogen bonding is possible. In the studied biomicroconcretes,
the creation of polyelectrolyte complexes occurred at the hybrid gran-
ule/pectin interface. The formation of polyelectrolyte complexes be-
tween these molecules has been previously studied by Rashidova et al.
[48] as well as Dziadek et al. [49]. The presence of electrostatic in-
teractions among the components of the developed biomicroconcretes
facilitates the creation of a double hybrid system, thereby influencing
other physicochemical properties of the biomaterials. Despite the
modification of hybrid granules with ions, no additional bands as well as

— -

—

i

Compressive strength [MPa]

BM-C BM-Ti BM-Cu

Fig. 5. Compressive strength of biomicroconcretes after 7-days of setting in air

and after 7 days of incubation in SBF (* - statistically significant difference, p
< 0.05).
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]
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Fig. 4. FTIR spectra of obtained biomaterials: after setting and hardening in air for 7 days (A), and materials after incubation in SBF for 7 days (B).
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Fig. 6. SEM images of the materials’ cross-section with EDS analysis after 7 days in air.

no significant shift in band positions was detected in the spectra of the
investigated materials. This could be due to the masking of weak bands
by strong bands originating from phosphates.

3.4. Mechanical properties

Mechanical strength is a crucial parameter in material evaluation.
The mechanical strength of biomaterials should align with the properties
of the tissue they are intended to replace. The results of compressive
strength measurements of biomicroconcretes carried out after 7 days of
setting and hardening as well as after 7 days of incubation in simulated
body fluid are shown in Fig. 5.

The compressive strength of developed bone substitutes varied from
11.4 + 1.1 MPa up to 12.4 + 0.9 MPa. After 7 days of incubation in SBF
compressive strength of developed materials slightly decreased and
ranged 9.4 £+ 0.7 MPa up to 10.9 + 1.0 MPa. A slight decrease in
compressive strength of the materials after incubation in SBF is associ-
ated with material degradation and the leaching of polymers into the
incubation environment. The mechanical strength of materials depends
on their microstructure, which in the case of biomicroconcretes is
formed by matrix and aggregate(granules). The microstructure of matrix
evolves during the setting process and is significantly affected by the
composition of the materials. In the case of examined biomicroconcretes
the dual setting takes place, due to the hydrolysis of a-TCP and the cross-
linking of polymers within the material. The formation of a double
hybrid structure originates from the electrostatic interaction between
polycationic chitosan and polyanionic pectin, enhances the adhesion of
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the cement phase to the surface of the hydroxyapatite-chitosan granules.
This interaction improves the intimate contact between the components,
promoting overall material cohesion. The dual hybrid system specif-
ically involves the combination of: (1) hybrid hydroxyapatite-chitosan-
based granules and (2) the interactions between the polycationic chi-
tosan within the granules and the polyanionic pectin introduced with
the liquid phase. Furthermore, a statistically significant increase in
mechanical strength was observed with the modification of hybrid
granules using titanium and copper ions, further validating the effec-
tiveness of these modifications in enhancing the performance of the
biomicroconcretes. The mechanical strength of the developed materials
enables their implantation in non-load or low-load bearing sites, as the
compressive strength of cancellous bone typically ranges from approx-
imately 4 to 12 MPa [50].

3.5. Microstructure

The results of the microstructure observation of the developed bone
substitutes using a scanning electron microscopy (SEM) after 7 days of
setting and hardening in air, along with EDS elemental analysis in
microareas and EDS elemental mapping, are presented in Fig. 6. More-
over, the detailed microphotographs of cementitious samples are shown
in Fig. 7.

The results of the SEM observation confirmed that the developed
biomicroconcretes exhibit a homogeneous microstructure consisting of
visible hybrid granules closely surrounded by a cementitious matrix
based on a-TCP. The absence of macropores suggests that the employed
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Fig. 7. SEM microphotographs od obtained materials and detailed granule-matrix interface at the magnification of 5000x.
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Fig. 8. Distribution and size of pores in obtained bone cements.

liquid phase, in the form of a mixture of citrus pectin gel and disodium
phosphate, allowed for thorough mixing of the individual components of
the biomicroconcretes. Similar microstructure observations were pre-
viously reported for cementitious materials based «-TCP and hybrid
granules [51]. Elemental analysis conducted through mapping and EDS
analysis in microareas demonstrated and confirmed the presence of ti-
tanium and cooper used for modifying the hybrid

hydroxyapatite-chitosan granules.

3.6. Porosity

The porosity of developed biomaterials ranged from 56.7 + 0.5 vol%
for BM_C to 55.2 4 0.5 vol% and 51.2 + 0.5 vol% for BM_Ti and BM-Cu
respectively. Additionally, the pore size distribution plots revealed that
all developed materials displayed a bimodal porosity distribution with
larger pores, approximately 2 pm in size, and small pores within the
range under 1 pm (Fig. 8).

The porosity plays a crucial role in bone substitute materials, as it
significantly influences their integration with natural tissue. Properly
tailored porosity enables the ingrowth of bone tissue into the implant
material, thereby supporting the regeneration process [52,53]. In the
case of cementitious materials, it is also essential that the porosity does
not lead to a substantial reduction in mechanical strength [54]. The
observed porosity is comparable to that seen in similar calcium
phosphate-based implant materials [55,56]. No significant differences
between biomicroconcretes containing non-modified and copper or ti-
tanium modified granules were observed.

3.7. Chemical stability and bioactivity in vitro

Assessing the chemical stability of potential bone substitute mate-
rials is crucial as it helps determine how the material will behave post-
implantation. To evaluate the chemical stability and bioactive potential
in vitro, the obtained samples of cementitious materials were incubated
in simulated body fluid (SBF) at 37 °C following the Kokubo protocol
[57]. Changes in the pH of SBF surrounding the incubated samples are
depicted in Fig. 9. Despite the simultaneous presence of polymers (citrus
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Fig. 9. pH vs. time of samples incubation in SBF.

pectin, chitosan) as well as titanium and copper ions in the materials
structure, the pH values during the incubation of the materials remained
within the range of 7.35-7.42, which is close to physiological [58].

Incubating materials in SBF, besides determining potential changes
in pH values around the incubated samples, also enables an indirect
assessment of the materials’ bioactive potential. After a week-long in-
cubation of the set cementitious material samples in SBF at 37 °C, it was
observed that the surfaces of all tested materials were completely
covered with cauliflower-like apatite layers (Fig. 10). The presence of
apatite structures indirectly indicates and confirms a high in vitro
bioactive potential according to the Kokubo and Takadama [59]. Thus,
it can be concluded that both the presence of polymer in the liquid phase
and antibacterial modifiers in the hybrid hydroxyapatite-chitosan
granules do not negatively affect the bioactive potential of calcium
phosphate-based materials.

The ionic conductivity of materials during incubation in distilled
water allows for determining the amount of ions leached into the in-
cubation environment. The specific ionic conductivity values during the
incubation of the developed materials strongly depended on which
element the granules, included in the biomicroconcretes, were modified
with. For materials containing unmodified hydroxyapatite-chitosan
granules, the specific ionic conductivity values ranged from 116 to
133 pS/cm. In the case of modification with ions, the specific conduc-
tivity values ranged from 100 to 116 pS/cm and 140-181 pS/cm, for
materials containing titanium (BM-Ti) and cooper (BM-Cu) respectively
(Fig. 11).

The highest values of ionic conductivity were observed during the
incubation of the material containing hybrid hydroxyapatite-chitosan

BC-C

BC-Ti
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granules modified with copper. This is attributed to the rapid release
of ions from the BM-Cu material into the incubation environment. A
similar effect of copper action was previously observed in studies on self-
setting cementitious materials based on calcium phosphates [60].
Additionally, the observed values of ionic conductivity of the materials
may result from the presence of citrus pectin, which degrades in aqueous
solutions to non-toxic products (such as d-galacturonic acid, l-arabinose,
d-apiose, d-galactose, 1-fructose) that do not have negative effects on
cells when the material is implanted into the body [61].

3.8. Ion release

The evaluation of ion release with antibacterial properties serves as a
preliminary step for more comprehensive in vitro studies of the mate-
rials. In the obtained materials, the release profile of titanium ions dif-
fers significantly from that of copper ions. For the former, a notably
lower amount of ions was observed. Despite the difference in ion con-
centrations, the highest release for both ions occurred on the first day.
The release curves for titanium and copper ions were generated through
incubation of the materials in distilled water and are shown in Fig. 12A
and B, respectively, for BM-Ti and BM-Cu materials.

The observed differences in the release profiles of titanium and
copper ions may be attributed to the differing chemical properties of
these elements and their ability to form stable compounds within
cementitious biomaterials. Titanium ions, due to their stronger and
more stable bonding within the material structure, may be released at a
slower rate [62,63]. The observed release of titanium ions suggests that
antibacterial effect of titanium may be observed for a longer incubation
period. Although the release of titanium ions occurs at a slower rate and
in smaller quantities, this may have positive implications for patient
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Fig. 11. Ionic conductivity vs. time of samples incubation in distilled water.
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Fig. 10. SEM microstructure of materials’ surface after 7-day incubation in SBF.
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treatment over an extended period, as the sustained release of ions can
provide prolonged antibacterial effects, thereby enhancing the safety
and efficacy of bone substitute materials in clinical practice. In contrast,
copper ions were released at a significantly faster rate. It is likely due to
their greater mobility of copper ions and their ability to dissolve more
readily in water [21,64]. Studies of Rau et al. [18] found that the
copper-doped bone cement exhibited similar kinetics of cooper ions
release.

3.9. Antibacterial activity

Pilot experiment on agar plate tests showed that only BM-Cu
inhibited the growth of S. aureus and E. coli (growth inhibition zones
for both bacteria were 11 mm and 10 mm, respectively; Fig. 13).
Moreover, the darkened, dirty-green color of inhibition area was
observed around BM-Cu biomicroconcrete, which probably resulted
from the release of Cu*? ions to the agar medium. This may be caused by
absorption of copper ions by medium proteins, similarly to the phe-
nomenon noted by Irawati et al. [65] for bacterial CopA protein color
change to blue caused by Cu™? ions absorption. However, BM-C and
BM-Ti materials did not show any antibacterial activity in this test. Weak
response of tested composites in term of antibacterial activity probably
resulted from the low rate of cooper and titanium ions release from the
concretes. However, it was shown that at least HAP/CTS/Cu are ex-
pected to exhibit notable antibacterial activity.

The results of antibacterial activity measurement according to the
standard adapted for porous materials provided more information. For
both bacterial strains, very significant reduction of viable bacteria was
observed for BM-C and complete elimination of bacteria for BM-Cu
material. Both chitosan and copper ions are well known for their anti-
microbial properties [66-69], thus they are probably responsible for
notable antibacterial activity of these cements [69]. Interestingly,
addition of titanium caused the increase of viable bacteria number.
Surprisingly, in the case of S. aureus, the number of these bacteria
exceeded the number in the control. These results suggested that tita-
nium ions support rather than reduce the viability of tested bacterial
strains which is in general agreement with common observations that
titanium is inert and antibacterially inactive [70].

Bacterial adhesion to biomaterial surfaces is the first step leading to
the formation of biofilm, one of the most dangerous phenomena causing
the resistance of microorganisms to antibacterial agents [71,72]. Fig. 14
shows the images of cements incubated with the bacteria (green
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fluorescence indicates the presence of viable bacteria). In comparison
with BM-C concretes, BM-Ti and BM-Cu surfaces showed the reduction
of S. aureus adhesion, the most significantly for the copper-containing
material. Quantification of fluorescence area revealed that area of the
material covered by green fluorescence was reduced to 23.9 % and 0.3 %
of total sample area for BM-Ti and BM-Cu, respectively, compared to
65.5 % for BM-C. For E. coli strain, the relationships were different.
Bacterial adhesion was more distinct between all samples and the area of
the material covered by green fluorescence was 21.7 % and 7.6 % of
total sample area for BM-Ti and BM-Cu, respectively, compared to 15.6
% for BM-C. The observations lead to the conclusions that: i) adhesion of
E. coli to the cements is less sensitive to the ions content in materials and
ii) titanium ions did not reduce but rather enhance the adhesion of E. coli
cells, opposite to S. aureus cells. However, BM-Cu were the least
favourable to adhesion of both microorganisms which is in good
agreement with earlier reports that copper suppresses the bacterial
adhesion to surfaces [73].

4. Conclusions

In this study, materials based on highly reactive a-TCP powder and
hybrid hydroxyapatite-chitosan granules modified with titanium and
copper ions were developed and examined. The use of a mixture of citrus
pectin and disodium phosphate as the liquid phase of obtained bone
substitutes allowed to obtain easily mouldable, fully injectable calcium
phosphate-based biomicroconcretes. Developed biomaterials possessed
setting times within an acceptable range. Additionally, the presence of
citrus pectin in the liquid phase significantly improved their mechanical
strength. The unique properties of biomicroconcretes containing citrus
pectin resulted from both the occurrence of the dual setting system and
the presence of the double hybrid system. The dual setting system
originated from «-TCP hydrolysis and citrus pectin crosslinking in the
presence of Ca®* ions, allowed for obtaining materials characterized by
excellent cohesion and chemical stability. Whereas the double hybrid
system is due to the presence of hybrid granules and interactions be-
tween polycationic chitosan in hybrid granules and polyanionic citrus
pectin. All developed biomicroconcretes revealed in vitro bioactivity,
making them good candidates for further biological studies. The appli-
cation of hybrid hydroxyapatite/chitosan granules suppresses the bac-
terial adhesion to surfaces. Copper modified biomaterials possessed the
highest antibacterial activity and are the least favourable to adhesion of
both E. coli and S. aureus. Titanium modified materials reduced
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adhesion of S. aureus but did not reduce but rather enhance the adhesion
of E. coli cells. This research confirms the beneficial properties of ob-
tained biomicroconcretes and paves the way for further in vitro and in
vivo studies.
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ABSTRACT
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Bone cements are the subject of intensive research, primarily due to their versatility and the increasing
importance for personalized medicine. In this study, novel hybrid self-setting scaffolds, based on calcium
phosphates and natural polymers, were fabricated using the robocasting technique. Additionally, the influence of
two different silane coupling agents, tetraethyl orthosilicate (TEOS) and 3-glycidoxypropyltrimethoxysilane
(GPTMS), on the physicochemical and biological properties of the obtained materials was thoroughly investi-
gated. The chemical and phase compositions (XRF, XRD, FTIR), setting process, rheological properties, me-
chanical strength, microstructure (SEM), and chemical stability in vitro were comprehensively examined. The use
of silane coupling agents improved compressive strength of the scaffolds from 5.20 to 9.26 MPa. The incorpo-
ration of citrus pectin into the liquid phase of the materials, along with the use of a hybrid hydroxyapatite-
chitosan powder, not only facilitated the development of printable pastes suitable for robocasting but also
enhanced the physicochemical properties of the robocasted scaffolds. The results presented in this study un-
derscore the beneficial influence of silane coupling agents on the characteristics of calcium phosphate-based
bone scaffolds. Developed robocasted scaffolds hold great potential for applications in the field of bone tissue
engineering and personalized medicine. Further in vitro and in vivo studies are necessary to validate their suit-
ability for clinical applications.

1. Introduction

(Perez et al., 2012), (Wong et al., 2021), (Huang et al., 2020). Another
approach to improving the performance of CPCs involves addition of

Due to the increase incidence of lifestyle-related bone loss, there is a
continuous need for the replacement of damaged tissue with synthetic
bone substitutes (Fernandez De Grado et al., 2018), (Sohn and Oh,
2019). Calcium phosphates have been a significant group of bio-
materials used for hard tissue augmentation due to their chemical sim-
ilarity to the inorganic part of bone. Among them, a-tricalcium
phosphate (a-TCP) stands out due to its self-setting properties and ability
to hydrolyse to calcium deficient hydroxyapatite (CDHA) (Tronco et al.,
2022). a-TCP is commonly used as a component of calcium phosphate
cements (CPCs) (Cervantes-Uc et al., 2015). Over the years, a-TCP-based
CPCs have undergone numerous modifications to enhance their physi-
cochemical and biological properties. For example, addition of natural
polymers, such as citrus pectin and chitosan, allowed to obtain inject-
able materials with enhanced mechanical properties (An et al., 2016),

* Corresponding author.
** Corresponding author.

biologically active substances such as ions, drugs or nanoparticles. These
additions aim to enhance the cellular response post-implantation and
introduce antibacterial properties (Xia et al., 2019), (Xia et al., 2018),
(Liu et al., 2023), (Dapporto et al., 2022).

One promising application for CPCs is their implementation in ad-
ditive manufacturing methods. The use of additive manufacturing opens
new perspectives, as it allows for the personalized adaptation of the
shape and porosity of the implant to meet individual patient needs
(Drevet et al., 2023), (Bergmann et al., 2010). Among the many tech-
niques of adhesively forming implant matrices for bone regeneration
such as stereolithography, fused deposition modeling (FDM), selective
laser melting (SLS), and binder jetting, the robocasting technique has a
certain uniqueness (Kumar et al., 2019). Particularly interesting is the
robocasting technique. Robocasting involves the precise layer-by-layer
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deposition of materials in the form of viscous paste or gel, enabling the
creation of three-dimensional structures with porosity-controlled com-
plex geometries (Paterlini et al., 2021). Balance between injectability
through the printing nozzle and shape retention of the printed layers is a
crucial factor in robocasting. Appropriate rheological properties of cal-
cium phosphates-based pastes can be achieved by utilizing natural and
synthetic polymers. For example, Martinez-Vazquez et al. (2010) used
hydroxypropyl methylcellulose for robocasting of biphasic $-TCP/cal-
cium pyrophosphate scaffolds. Similarly, Montelongo et al. (2021) and
Maazouz et al. (2014) utilized gelatine for robocasting the
self-hardening scaffolds. Unfortunately, polymer additives often disrupt
the hardening process entirely. Therefore, it becomes necessary to
employ additional compounds that accelerate the hardening and
enhance the strength of the final prints.

The incorporation of a silane coupling agent (SCA) is an interesting
alternative respect to previously applied modifications of CPC-based
inks for robocasting. SCAs are organosilicon compounds that have the
unique ability to chemically bond with both inorganic and organic
surfaces, resulting in interfacial adhesion through the formation of
robust covalent bonds (Pape, 2017), (Plueddemann, 1991). So far SCAs
find extensive application in the alteration of surface properties for a
range of materials, such as ceramics, polymers, and metals, aimed at
improving their suitability for medical applications (Nihei, 2016), (Xie
et al., 2010).

Suppakarn et al. (2007) enhanced the homogeneity between hy-
droxyapatite (HA) powders and polypropylene (PP) in HA/polypropy-
lene composites by employing various silane coupling agents, including
y-aminopropyl triethoxysilane (APES), methyl trimethoxysilane
(MTMS), and y-glycidoxypropyl trimethoxysilane (GPMS). The out-
comes revealed that the silane treatment significantly improved the
interaction between HA and PP, leading to a notable increase in the
composite’s stiffness. Rakmae et al. (2012) investigated the impact of
SCA treatment on the in vitro degradation and bioactivity of PLA com-
posites containing bovine bone-based carbonated hydroxyapatite
(CHA). The results showed that the strong interfacial bonding between
the silane-treated CHA and PLA significantly slowed down the in vitro
degradation of composites. Houaoui et al. (2021) developed hybrid-type
bone scaffolds consist of bioactive glass particles bonded to gelatine
through covalent linkage, using 3-glycidoxypropyltrimethoxysilane
(GPTMS). Thongchai et al. (2020) produced chitosan and
collagen-based hydrogel, crosslinked with tetraethyl orthosilicate
(TEOS), for potential pharmaceutical applications. Considering positive
results of previous studies, it is reasonable to expect that a SCA can
potentially interact with the components of the self-setting pastes,
enriching final scaffolds with improved mechanical properties due to
presence of different chemical interaction within materials’ structure.

The aim of this study was to develop, robocast, and characterize
novel hybrid bioceramic scaffolds based on o-TCP, hybrid
hydroxyapatite-chitosan powder, citrus pectin and SCAs. Furthermore,
the study aimed to examine the impact of two distinct SCAs, TEOS and
GPTMS, on the physicochemical and biological properties of the
resulting scaffolds. We expect that the use of SCAs will allow for
improved physicochemical properties of final biomaterials due to the
occurrence of additional interactions between SCAs and components of
the cementitious pastes. To best of our knowledge, the combination of a
hybrid hydroxyapatite-chitosan powder with the SCAs-modified a-TCP
for the robocasting of self-hardening hydroxyapatite scaffolds has not
been previously reported.

2. Experimental
2.1. Synthesis of a-TCP and SCA-modified a-TCP powders
The initial o-TCP powder was synthesized via a wet chemical method

following a previously described procedure (Czechowska et al., 2014),
(Kolmas et al., 2015). Ca(OH), (>99.5%, POCH, Gliwice, Poland) and
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H3PO4 (85.0%, POCH, Gliwice, Poland) at the Ca/P molar ratio of 1.5
were applied as reagents. After ageing and drying, the precipitate un-
derwent a calcination at 1250 °C for 5 h, grinding in an attritor mill for 4
h, and sieving below 63 pm. To modify the surface of a-TCP powder, the
5 wt% solutions of TEOS (T) and GPTMS (G) (>99.5%, Sigma-Aldrich,
St. Louis, MO, USA) in ethanol (99.8 wt%, POCH, Gliwice, Poland)
were applied according to Pantak et al. (2023a). The anhydride solvent
was used to avoid hydrolysis of both a-TCP and silane coupling agents.
a-TCP powder was added to the SCA solution at the liquid to powder
(L/P) of 0.25 and stirred on a magnetic stirrer for 4 h. The sedimented
powder was then aged for 1 h and silanised at 115 °C for 4 h. Prior to
preparing the samples, the powders were sieved below 63 pm.

2.2. Synthesis of hybrid hydroxyapatite/chitosan powder

The hybrid HA/chitosan (CTS) powder, containing 17 wt% CTS, was
synthesized using a modified wet chemical method, following the pro-
cedure outlined previously by Zima (2018). Shortly, phosphoric acid
(85.0%, POCH, Gliwice, Poland) was directly added to 10 wt% CTS
solution in 0.5 wt% acetic acid (98.0%, POCH, Gliwice, Poland). This
mixture was then carefully dripped into a suspension of Ca(OH);
(Merck, Darmstadt, Germany) for HA precipitation. The molar ratio of
Ca/P during the synthesis was within the range of 1.65-1.67. The CTS
used was of medium molecular weight (~100,000 kDa) with a deace-
tylation degree of >75.0% and a viscosity ranging from 200 to 800 CPS
(Sigma-Aldrich, St. Louis, MO, USA). After aging process the suspension
for 24 h, it was decanted. The HA/CTS precipitate was washed with
distilled water, centrifuged, and dried. Prior to preparing the samples,
the powders were grinded and sieved through a sieve below 63 pm.

2.3. Self-setting pastes preparation

The mixture of 1.0 wt% NayHPOj4 solution in 2.5 wt% citrus pectin
gel (Herbstreith &Fox, Werder, Germany) was used as a liquid phase for
paste preparation. Six types of different pastes for robocasting were
prepared by mixing the powder phase with the liquid phase at a liquid to
powder ratio (L/P) of 0.65 g/g (see Table 1 for details). After homoge-
nization the pastes were either transferred carefully by spatula into
moulds (8 mm x 10 mm x 5 mm) for the determination of the setting
times, or into 3 ml syringes (Optimum Syringe Barrels, Nordson EFD,
Westlake, OH, USA) for robocasting of scaffolds.

2.4. Self-setting pastes characterisation

The setting times of the pastes were determined in accordance with
the ASTM C266-20 standard, using Gilmore Needles apparatus (Hum-
bold MFG Co., Norridge, IL, USA) at room temperature (21 + 1 °C) (CO1
Committee). The Gillmore Apparatus, consisting of two steel-weighted
needles, was used for this purpose. The initial setting needle weighed
113 g and had a diameter of 2.12 mm, while the final setting needle
weighed 453.6 g and had a diameter of 1.06 mm. To determine the

Table 1
Initial composition of the self-setting pastes.
Material ~ Powder phase Liquid phase L/P ratio
[g/g]
C «-TCP 1.0 wt% NayHPO, solution 0.65
C_T5 a-TCP/TEOS_5 in 2.5 wt% citrus pectin gel
CG5 a-TCP/GPTMS_S
H o-TCP + HA/CTS powder
(3:2 by weight)
HTS a-TCP/TEOS_5 + HA/CTS
powder (3:2 by weight)
H.G5 a-TCP/GPTMS_S + HA/
CTS powder (3:2 by
weight)
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setting times, the cementitious pastes were placed in a special 8 mm x
10 mm x 5 mm forms, and the needle of the apparatus was lightly
applied to its surface. The setting time was noticed as the shortest time at
which the needle does not leave a mark on the surface. The results are
presented as the average of three measurements, along with their cor-
responding standard deviations (SD). The viscosity of the pastes was
studied as a function of time during at a constant share rate of 1s ™. The
experiments were performed using Anton Paar rheometer MCR 301 with
parallel-disks-plates (0.4 mm gap) and temperature (22.0 + 0.5 °C).
Time of pastes preparation (mixing powders and liquids) and loading
was approximately 0.5 min.

2.5. Robocasting of the scaffolds

Cubic scaffolds (12 mm length) with a primitive cubic cell, 50%
porosity, equivalent to a surface-to-surface distance between the
deposited strands in the printing plane of 1000 pm, and 2% overlapping
between consecutive layers to achieve rigid strand interconnections
without deforming the support layer, were designed in silico. For
fabrication, the syringes containing the pastes were loaded in the micro-
extrusion devise (BSN3D+, Fundacién CIM, Spain) and the scaffolds
were automatically deposited in the air on an aluminium foil at speed of
20 mm/s with a dispensing nozzle of 585 pm in aperture (SmoothFlow
Tapered Tips, Nordson EFD, USA). The scaffolds were placed immedi-
ately directly into containers with 100% humidity at 37 °C for 24h.
Afterwards, one set of scaffolds were incubation in simulated body fluid
at 37 °C for 7 days. The scaffolds were characterized after incubation in
100% humidity in dry and wet state, and after incubation in simulated
body fluid (SBF) only in wet state.

2.6. Scaffolds characterisation

2.6.1. Phase and chemical composition

The X-ray fluorescence method (XRF) was applied to check the
chemical composition of the initial powders (WDXRF Axios Max, PAN-
alytical, Malvern, UK). The X-ray diffraction (XRD) analysis was per-
formed to identify the crystalline phases using Cu Ko radiation (1.54 A)
at 30 kV and 10 mA. The analysis was conducted in the 20 range of 5-45°
at 0.04 intervals with a scanning speed of 2.5°/min using D2 Phaser
diffractometer (Bruker, Ballerica, MA, USA). The obtained diffracto-
grams were compared with the International Centre for Diffraction Data
o-TCP (00-009-0348) and hydroxyapatite (HA; 01-076-0694) to identify
the crystalline phases. TOPAS software (Bruker, Ballerica, MA, USA) was
used for phase quantification based on Rietveld refinement. All mea-
surements were performed in triplicate. The mean + SD was used to
present the results.

Fourier-transform infrared (FTIR) spectroscopy was used for the
chemical characterization of the scaffolds. FTIR investigations were
conducted on a BioRad FTS 6000 spectrometer (Bruker, Ballerica, MA,
USA) in the midinfrared spectral region from 4000 to 400 cm~ . The
samples were prepared as standard KBr pellets.

2.6.2. Particle size distribution

The size distribution of the initial a-TCP, SCAs-modified a-TCP as
well as hybrid hydroxyapatite-chitosan powders was based on Brownian
motion and the Dynamic Light Scattering (DLS) technique using laser
particle size analyser Mastersizer 2000 with Hydro 2000S module
(Malvern Panalytical, Malvern, United Kingdom). All measurements
were conducted three times in distilled water at 24.0 + 0.5 °C, and
representative data are shown.

2.6.3. Mechanical properties

The compressive strength of the scaffolds was determined using a
universal material testing machine (Instron 3345, Norwood, MA, USA)
at a crosshead speed of 1 mm min~'. The scaffolds were compacted
perpendicularly to the printing plane. The results were expressed as the
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mean value + SD of ten measurements.

2.6.4. Microstructure and pore architecture

For microstructure observations of the fractured samples, and
assessment of the bioactive potential of the materials, a PhenomPure
scanning electron microscope (SEM) from Thermo Fisher Scientific
(Waltham, MA, USA) was used. Before examination, the samples were
coated with a thin layer of gold film using a low deposition rate to
prevent any charge build-up and to enhance the imaging resolution.

2.6.5. Chemical stability and in vitro bioactivity

To evaluate the chemical stability and bioactivity of the scaffolds,
they were incubated in distilled water or simulated body fluid (SBF)
prepared according to Kokubo’s protocol (Kokubo and Takadama,
2006). Cubical samples were placed in containers with 60 mL SBF or
distilled water and stored at 37 + 1 °C. The chemical stability of the
scaffolds was determined by measuring the pH and ionic conductivity of
the immersion solutions at various time intervals during incubation in
water or SBF. Measurements were conducted using a Seven Compact
Duo pH/conductometer (Mettler Toledo, Columbus, OH, USA). Each
measurement was repeated three times. After incubation, the scaffolds
were removed from the liquid, rinsed with distilled water, and dried at
37 °C. The formation of an appetite layer on the scaffolds surfaces was
addressed by observing the samples by SEM.

2.6.6. Statistics

The statistical analysis of obtained results was performed using a
one-way analysis of variance (ANOVA) with a post hoc Tukey honestly
significant difference (HSD) test for comparing multiple treatments at
the significance level of p = 0.05. All analyses were performed with
OriginPro software (version 2023, OriginLab Corporation, North-
ampton, MA, USA).

3. Results and discussion
3.1. Particle size distribution

The particle size distribution is a very important factor in bio-
materials technology, particularly in robocasting, as it influences the
properties and performance of the resulting printing pastes. The ideal
size distribution varies depending on specific needs, such as the
composition, rheological properties of the paste, the degree of homog-
enization, and the nozzle diameter used for printing. The powder size
distribution of obtained powders is shown in Fig. 1.

The surface modification of a-TCP powders with silane coupling
agents (SCAs) altered the particle size distribution. In unmodified a-TCP,
the particle size ranged from approximately 0.5 to 100.0 pm. However,
after modification with SCAs, the distribution shifted to a range of about
0.5-40.0 pm. The silane agents form a mono- or multilayer of organic
molecules on the particle surface, reducing surface energy and
improving the dispersibility of the particles in the medium (Lu et al.,
2017). Additionally, since TEOS and GPTMS possess hydrophobic
functional groups, they lower the particles’ affinity for water, promoting
the formation of smaller agglomerates (Rao et al., 2003), (Khodaei and
Shadmani, 2019). The particle size distribution of the hybrid
hydroxyapatite-chitosan powder differed slightly from that of the a-TCP
powders. The use of chitosan during synthesis led to the formation of
larger agglomerates due to the polymer binding particles together.
Nevertheless, all synthesized powders exhibited a similar particle size
distribution, enabling the preparation of pastes suitable for robocasting.

3.2. Setting process and rheology of the pastes
The solid phase of the developed pastes was composed of highly

reactive o-tricalcium phosphate powder, which, upon contact with the
water present in the liquid phase, undergoes hydrolysis to calcium
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Fig. 1. Powders size distribution of powders used for paste preparation.

deficient hydroxyapatite (CDHA) following equation (1) (Durucan and
Brown, 2002), (He et al., 2015):

3Ca3(P0O4)y + HoO — Cag(PO4)s(HPO4)OH (€D)

During the hydrolysis the paste undergoes a setting and hardening
process related to the nucleation and growth of CDHA crystals. During
setting the powder particles in the paste undergone a restructuration
that transform the fluid paste into a rigid and weak monolith. Then the
strength of the monolith increases during hardening. The initial and
final setting times of the pastes ranged from 9.0 + 1.0 to 27.0 + 0.5 min
and from 28.0 + 1.0 to 51.0 + 2.0 min, respectively (Table 2).

The setting process of self-setting calcium phosphate-based cemen-
titious pastes begins upon mixing the powder phase with the liquid
phase, resulting in a viscose paste with its rheological properties
changing until complete material hardening. The process of a-TCP hy-
drolysis is influenced by several factors. The most critical factor is the

Table 2
Setting times of self-setting pastes used for scaffolds robocasting.

Material Initial setting time (t;) [min] Final setting time (t;) [min]
C 11.5+ 0.5 32.0 + 2.0
C.T5 9.0+ 1.0 28.0 + 1.0
CG5 10.5+ 1.0 29.0 + 1.0
H 27.0 +£0.5 48.0 £ 0.5
H.T5 26.5 + 1.0 51.0 + 2.0
H_G5 240+ 1.5 45.0 £ 1.0
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content of highly reactive a-TCP powder in materials’ composition.
However, the presence of other factors is equally important, such as the
presence of setting accelerators in the liquid phase or the presence of
polymers in the mixture (CO1 Committee). In the developed materials
disodium hydrogen phosphate was employed to accelerate the setting
process and mitigated the effect of setting time increase caused by the
presence of citrus pectin. As the same liquid phase was used for all
materials the setting times varied only due to differences in the solid
phase composition. Materials based solely on o-TCP (C, C_T5, C_G5)
exhibited significantly shorter setting times compared to pastes con-
taining the hybrid hydroxyapatite/chitosan component (Table 2). The
cements with hybrid powder (H, H_T5, H_G5) showed more than twofold
increase in setting times, which was attributed to the lower amount of
the setting phase (a-TCP) and presence of chitosan. Chitosan is a highly
water-absorbent polymer and might impede the access of water to
a-TCP, affecting its setting process.

It seems that the presence of SCAs, slightly shortened the setting
process of cement pastes. This phenomenon may relate to the silicon
coupling agent serving as a source of silicon ions. The XRF method
confirmed the presence of silicon in modified a-TCP powders. The sili-
con content was 0.227 + 0.003 wt% and 0.291 + 0.001 wt% for pow-
ders modified with 5 wt% of TEOS and GPTMS respectively. According
to the literature, the addition of silicon increases the solubility of a-TCP
and accelerates its hydrolysis in comparison to unmodified powders
(Wei et al., 2009), (Mestres et al., 2012). For instance, in the study
conducted by Czechowska et al. (2021), a decrease in setting times was
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observed for silicon-doped a-TCP. Another possible explanation might
involve the hydrolysis of silane coupling agents upon contact with
water, and their simultaneous condensation, potentially contributing to
a slight acceleration in the setting of materials. This process is well
established in the literature (Kaur et al., 2022), (Casagrande et al.,
2020). The long setting times are advantageous for robocasting because
provide a longer printing window in which the rheological properties
are nearly constant, facilitating a continuous flow through the printing
nozzle. This is a significant factor in planning larger-scale production
without the need for frequent preparation of additional paste batches for
printing.

The rheology of pastes is of great importance in the field of 3D
printed bone scaffolds. Self-setting pastes exhibit a multifaceted rheo-
logical behaviour, ultimately solidifying into a solid form. By appro-
priately adjusting rheological properties of the printing paste, which
include viscosity and shear-thinning behaviour, it becomes possible to
achieve precise control over paste flow, accurate deposition, and opti-
mize scaffold geometry for improved mechanical properties. The results
of the time dependent viscosity measurements of the cementitious pastes
for 3D printing are presented in Fig. 2. The viscosity of the tested ma-
terials was influenced by the paste composition and fell within the range
of 60 Pa*s to 260 Pa*s (C) or to 390 Pa*s (H). The addition of silane
coupling agents, both TEOS and GPTMS, resulted in slightly reduced
paste viscosities. In all tested materials, the viscosity remained constant
for a time and then increased rapidly. The materials containing HA/CTS
hybrid powders exhibited extended periods of consistent viscosity,
therefore they displayed a wider printing window, up to ~3000s
(50min).

The viscosity of cementitious pastes based on calcium phosphates for
robocasting is widely described. The rheological properties strongly
effect the printing process, as well as characteristics of final materials
(del-Mazo-Barbara and Ginebra, 2021), (Dos Santos et al., 2024).
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Fig. 2. Viscosity of the «-TCP pastes at constant shear rate (1*s1).
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Calcium phosphate bone cements are typically characterized as visco-
elastic and thixotropic, displaying time-dependent shear thinning
behaviour with the capability to regain viscosity during resting periods.
In cases where full recovery does not occur, it is described as
pseudo-thixotropic (Bartos, 1992), (Maas et al., 2014). The obtained
rheological measurements align closely with the observations of setting
times for self-setting pastes based on a-TCP. The results are in accor-
dance with those obtained by Dziadek et al. (2020), in which the utili-
zation of citrus and apple pectins led to an increased injectability of
calcium phosphate-based materials containing hybrid granules.

3.3. Microstructure of the scaffolds

To check the feasibility of pastes for robocasting of bone scaffold and
to identify any inherent microstructural cracks, an examination of their
microstructure was conducted. The set and hardened materials, after 24
h of exposure to 100% humidity, exhibited an uniform microstructure
characterized by a cementitious matrix with macro- and micropores
(Fig. 3). The scaffold architecture conformed to the predefined model
criteria. No adverse influence of the hybrid hydroxyapatite-chitosan
powder or silane coupling agents on printed scaffolds morphology was
observed. Comparable microstructures of o-TCP-based biomaterials
intended for bone tissue substitution can be found in other studies
(Espanol et al., 2023), (Moreno et al., 2020).

3.4. Phase and chemical composition of robocasted scaffolds

The XRD analysis revealed that the initial a-TCP and SCAs-modified
oa-TCP powders composed mainly of a-TCP (97-98 wt%) and a small
amount of hydroxyapatite (2-3 wt.%), whereas hybrid HA-CTS powder
contained only one crystalline phase, i.e. hydroxyapatite (Fig. 4A). The
diffractograms of robocasted scaffolds after setting and hardening in
100% humidity (24h), as well as incubated in SBF (7 days) revealed
presence of two crystalline phases, i.e., hydroxyapatite and small
amount of a-TCP (Fig. 4B and C). No additional silicon-containing
crystalline phases were detected by XRD.

Quantitative analysis revealed that in a humid environment, the
a-TCP phase exhibited thermodynamic metastability and underwent
near-complete hydrolysis, resulting in the formation of CDHA (Table 3).
This transformation led to alterations in the phase composition and
crystallographic structure, influencing its properties and performance in
biological applications (Sahin et al., 2018).

The results of the FTIR studies align with the findings observed in the
XRD and confirmed the presence of functional groups characteristic for
calcium phosphates and polymers. Infrared spectra of developed mate-
rials, both after setting and hardening in 100% humidity as well as after
incubation in simulated body fluid are present at Fig. 5.

The FTIR spectra of the materials showed characteristic bands at
approximately 600 and 560 em! (bending), as well as around 965 and
1020 em! (stretching), corresponding to the vibrations of PO+*- groups.
The broad band in the range of approximately 3000-3800 cm' was
attributed to absorbed water. Furthermore, the spectra exhibited an
absorption band at around 870 cm! associated with HPO.> groups,
confirming the presence of non-stoichiometric hydroxyapatite. Addi-
tionally, within a similar spectral range (approximately 873-875 cm1),
carbonate bonds may have been present in the material. The presence of
a band at 1424 cm! indicated partial substitution of COs>~ within the
hydroxyapatite structure. The detected bands originating from calcium
phosphates are characteristic of these types of materials and have been
observed previously (Carrodeguas and De Aza, 2011), (Kovrlija et al.,
2023). FTIR analyses confirmed the presence of chitosan and pectin. The
absorption band at approximately 2930 cm™! was associated with alkyl
C-H (stretching) vibrations. The band around 1650 em™! was attributed
to N-H bending vibrations of primary amine, affirming the presence of
chitosan and amidated citrus pectin within the materials, as described in
previous studies (Manrique and Lajolo, 2002), (Koziol et al., 2022).
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Fig. 3. Designed model (A) and SEM images of the printed scaffold overview (B, C), surface (D) and cross-sections (E) after 24h in 100% humidity.

Furthermore, the bands c.a. 1320 cm™' and 3570 cm™! corresponded to
C-N and O-H stretching vibrations, respectively. In the pectin and chi-
tosan containing systems, the formation of electrostatic and/or
hydrogen bonding was feasible. The polyelectrolyte complexes are ex-
pected to form that within the scaffolds, at the hybrid powder and pectin
interface. Low concentration of silane coupling agents in the pastes, as
well as an overlapping of bands by corresponding phosphates bands,
may explain the lack of visible peaks of Si-O-Si, Si-OH, Si-C and C-H
bands assigned to silane coupling agents (Gui-Long et al., 2011).

3.5. Mechanical properties of the scaffolds

The mechanical strength of robocasted bone scaffolds based on cal-
cium phosphate is a main determinant of their capacity to withstand the
mechanical forces and stresses inherent in the bone microenvironment.
Understanding of the mechanical behavior under various conditions
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allows for the selection of the most favorable manufacturing, storage,
and pre-implantation processing conditions. The compressive strength
values depended on the materials composition as well as setting and
testing conditions and ranged from 5.20 + 0.77 MPa to 9.26 + 0.54 MPa
(Fig. 6). Scaffolds displayed their highest compressive strength values
when stored for 24 h in a 100% humidity environment (in wet condi-
tion), whereas the lowest strength was obtained for scaffolds that set and
hardened in SBF. A reduction in the compressive strength of the mate-
rials following incubation in SBF is linked to their degradation and the
release of polymers into the surrounding environment.

The obtained results confirm, that use of silane coupling agents as
modifiers for a-TCP powders enhances the mechanical properties of the
scaffolds. It can be concluded that the strengthening effect is not
dependent on the type of SCAs, as based on the results of a one-way
ANOVA and a subsequent Tukey HSD post-hoc analysis, the differ-
ences between the materials modified with TEOS (C_T5, H_.T5) and
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Table 3

Phase composition of robocasted scaffolds.

@ - o-TCP @ - Hydroxyapatite

initial powders (A), scaffolds after setting and hardening for 24 h in 100% humidity (B) and incubation in SBF for 7

Material ~ Phase composition, wt.%
after 24h in 100% humidity at 37  after 7 days of incubation in SBF at
+1°C 37+1°C
«-TCP Hydroxyapatite o-TCP Hydroxyapatite

C 3.7+1.0 96.3+1.0 08+05 99.2+0.5

C_T5 59+05 941+05 12+1.0 988+1.0

CGS5 6.4+1.0 93.6+1.0 024+05 99.8+0.5

H 394+05 96.1+0.5 0.6+1.0 99.4+1.0

H.T5 284+1.0 97.1+£1.0 1.6 £0.5 98.4 + 0.5

H_G5 244+1.0 97.6 £ 1.0 1.2+05 98.8 + 0.5

GPTMS (C_G5, H_G5) were not statistically significant (Fig. 6). The
observed increase in mechanical strength is likely a result of the
chemical interactions between the components, leading to the formation
of hybrid-type materials. The presence of biopolymers with different
electrolytic potential may enhance mechanical properties through two
distinct mechanisms: firstly, by facilitating better paste homogenization,
and secondly, by creating a dual hybrid structure stemming from both
electrostatic interaction between polycationic chitosan and polyanionic
pectin, and the hybrid characteristics of hydroxyapatite-chitosan pow-
ders (Pantak et al., 2023b). Similar beneficial effects of silane coupling
agents on the mechanical properties of biomaterials have been previ-
ously documented in the literature. For instance, Vaz et al. (2002)
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demonstrated the advantageous application of various zirconate
coupling agents to obtain starch/ethylene-vinyl alcohol copoly-
mer/hydroxyapatite composites with improved mechanical resistance,
attributed to enhanced adhesion among material constituents. Reyes
Peces et al. (Reyes-Peces et al., 2020) significantly improved the
compressive strength of chitosan-silica hybrid aerogels by adding
GPTMS, indicating the formation of a covalent crosslinked hybrid
structure. Whereas, Ghorbani et al. (2020) examined chitosan-polyvinyl
alcohol scaffolds with varying GPTMS content and observed improved
mechanical properties of the developed scaffolds with an increased
amount of the silane coupling agent. It should be noted that the
compressive strength of cancellous bone ranges from approximately 4 to
12 MPa (Chatzistavrou et al., 2011). Thus, the hybrid-type, robocasted
scaffolds developed in our study possessed mechanical strength suitable
for implantation in non-load or low-load bearing applications.

3.6. Chemical stability and in vitro bioactivity or the scaffolds

The chemical stability of robocasted bioceramic scaffolds is crucial
parameter in determining their potential clinical application. The pH
changes of the SBF during the samples’ immersion are illustrated in
Fig. 7A.

The pH levels of the SBF fluctuating between 7.33 and 7.43 during
the immersion test, and were close the physiological range described in
literature (Hopkins et al., 2023). The incorporation of the hybrid
HA/CTS powder and SCAs had a minimal impact on the pH values of the
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Fig. 5. FT-IR spectra of obtained scaffolds: after 24h setting and hardening in 100% humidity (A)and incubated in SBF for 7 days (B).
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solution. Comparable pH levels in the incubated calcium

phosphate-based bone substitutes have been reported in previous
studies (Czechowska et al., 2018). Ionic conductivity during the scaf-
folds’ incubation in distilled water of also depended on the its compo-
sition (Fig. 7B). The ionic conductivity of distilled water around
incubated samples ranging up to ~111-146 pS/cm. The presence of
hybrid HA/CTS powder decreased the values to the range ~65-96
uS/cm, probably due to lower dissolution rate of hydroxyapatite
compared to «-TCP and because of hindering the diffusion of ions into
the incubation environment by chitosan. For scaffolds containing
SCAs-modified a-TCP we observed slightly higher ionic conductivity
during the first 7 days of incubation. This phenomenon may be
explained by the faster degradation of silane coupling agents and their
hydrolysis in aqueous solutions (Lee et al., 2023). The ionic conductivity
of all the tested scaffolds is similar to previously examined chemically
bonded biomaterials on the basis of «-TCP (Zima et al., 2020).
Following a 7-day incubation at 37 °C in SBF, all developed robo-
casted scaffolds were completely covered by plate-like apatitic struc-
tures, as illustrated in Fig. 8. The presence of these apatite confirmed the
in vitro bioactive potential of the materials, according to the criteria
established by Kokubo and Takadama (2006). The presence of silane
coupling agents did not cause any negative effect on the in vitro bioac-
tivity of novel hybrid robocasted scaffolds printed with self-setting
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injectable pastes.
4. Conclusions

In this study, novel hybrid-type robocasted bone scaffolds were
developed and thoroughly investigated. The scaffolds were printed
using cementitious, self-setting inks composed of highly reactive a-TCP
powder (either non-modified or modified with silane coupling agents),
hybrid hydroxyapatite-chitosan powder, and mixture of citrus pectin
with disodium phosphate solution as the liquid phase. The effects of two
different coupling agents -tetraethyl orthosilicate (TEOS) and 3-glyci-
doxypropyltrimethoxysilane (GPTMS) - on the physicochemical and
biological properties of the scaffolds were examined. The modification
of a-TCP with silane coupling agents, combined with natural polymers,
allowed for the development of pastes with optimal rheological prop-
erties, enabling the fabrication of biomaterials through the robocasting
technique. The unique properties of these scaffolds derived from the
hybrid system, which depends on chemical interactions between the
hybrid powders, pectin, and SCAs-modified tricalcium phosphate. These
interactions include electrostatic attraction between the oppositely
charged groups of chitosan and citrus pectin, as well as bond formation
between silane groups and the functional groups present in calcium
phosphates and polymers. These chemical interactions contribute to
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Fig. 8. SEM microstructure of material surfaces after 7 days of incubation in
SBF at magnification: 10 000x (A) and 5 000x (B).

improved rheological properties, providing a longer printing window
and ensuring a continuous flow through the printing nozzle. Scaffolds
with a homogeneous microstructure were successfully printed in less
than 2 min, with no issues encountered during the printing process. The
hybrid nature of self-setting ink increased also the mechanical strength
of the scaffolds, nearly doubling the compressive strength (from
approximately 5.20 to 9.26 MPa). Importantly, no negative impact of
the silane coupling agents on the microstructure or in vitro chemical
stability of the materials was observed. All the robocasted scaffolds
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demonstrated bioactive potential in vitro, making them promising can-
didates for further biological studies. Moreover, the incorporation of
easily functionalized polymers such as chitosan and citrus pectin, along
with silane coupling agents, allows for future modifications of the ma-
terials with drugs or other biologically active agents. This study high-
lights the favorable properties of the scaffolds and lays the groundwork
for further in vitro and in vivo investigations.
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