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Streszczenie

W obliczu rosnącego zapotrzebowania na zaawansowane materiały kościozastępcze, wy-
nikającego z konieczności rekonstrukcji uszkodzonej tkanki twardej, niniejsza rozpra-
wa doktorska koncentruje się na opracowaniu i kompleksowej charakterystyce innowa-
cyjnych, hybrydowych biomateriałów przeznaczonych do regeneracji kości. W prowa-
dzonych badaniach, w celu ograniczenia wad fosforanowo-wapniowych cementów ko-
stnych, zastosowano wieloaspektowe podejście do modyfikacji ich wyjściowego skła-
du poprzez wykorzystanie polimerów naturalnych, silanowych środków sprzęgających, 
a także wprowadzenie pierwiastków o korzystnym działaniu biologicznym.

Głównym celem rozprawy było zaprojektowanie składu, synteza wyjściowych mate-
riałów, wytworzenie oraz kompleksowa ocena właściwości fizykochemicznych i biolo-
gicznych nowych, hybrydowych materiałów kościozastępczych typu cementowego. Dą-
żono do uzyskania biomateriałów charakteryzujących się odpowiednimi właściwościa-
mi fizykochemicznymi i biologicznymi, które pozwoliłyby na ich zastosowanie w efek-
tywnej regeneracji tkanki kostnej. Prowadzone badania miały na celu ustalenie zależno-
ści pomiędzy wprowadzonymi modyfikacjami składów materiałów wyjściowych, a koń-
cowymi właściwościami otrzymanych hybrydowych materiałów wiązanych chemicz-
nie. Założono również, że opracowane biomateriały będą mogły pełnić rolę nośników 
substancji o korzystnym działaniu biologicznym oraz będą przydatne do wytwarzania 
spersonalizowanych implantów z wykorzystaniem nowoczesnych technik formowania.

Opracowano nowoczesne biomateriały wiązane chemicznie tzw. biomikrobetony za-
wierające w składzie wyjściowym wysokoreaktywny proszek α-fosforanu (V) wapnia 
(α-TCP), hybrydowe granule hydroksyapatytowo-chitozanowe (HA/CTS) oraz żel pek-
tynowy. Potwierdzono podwójny mechanizm wiązania otrzymanych materiałów, opie-
rający się na hydrolizie α-TCP oraz sieciowaniu zastosowanych polimerów. W bada-
niach wykorzystano również zmodyfikowane tytanem lub miedzią hybrydowe granule 
hydroksyapatytowo-chitozanowe. Wykazano, że biomateriały te wykazały najwyższą 
aktywność antybakteryjną, skutecznie ograniczając adhezję i wzrost Escherichia coli 
oraz Staphylococcus aureus.

 Kluczowym i dotychczas niestosowanym podejściem do otrzymywania biomateria-
łów wiązanych chemicznie było wykorzystanie powierzchniowej metody modyfika-
cji proszku α-TCP przy użyciu dwóch silanowych środków sprzęgających, a mianowi-
cie: tetraetoksysilanu (TEOS) i 3-glicydoksypropylotrimetoksysilanu (GPTMS). Dzia-
łanie to pozwoliło na otrzymanie biomateriałów o wyższej wytrzymałości na ściskanie 
dzięki wytworzeniu dodatkowych wiązań chemicznych w ich strukturze. Opracowano 
także nowatorskie rusztowania kostne otrzymane z wykorzystaniem robocastingu. Pa-
sty do druku 3D zawierały w swym wyjściowym składzie: α-TCP (zmodyfikowany lub 
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niemodyfikowany silanowymi środkami sprzęgającymi), hybrydowy proszek HA/CTS 
oraz fazę ciekłą stanowiącą mieszaninę pektyny cytrusowej i wodorofosforanu (V) sodu. 
W ramach prowadzonych badań zaprojektowano i przebadano szereg składów past bio-
ceramicznych o korzystnych właściwościach reologicznych, umożliwiających precyzyj-
ne wytwarzanie trójwymiarowych struktur o kontrolowanej porowatości, charakteryzu-
jących się dobrymi właściwościami biologicznymi, potwierdzonymi w testach in vitro.

Podsumowując, przedstawione w niniejszej rozprawie wyniki badań stanowią war-
tościowe źródło inspiracji dla projektowania wysoko sfunkcjonalizowanych materia-
łów hybrydowych typu cementowego, które mogą znaleźć szerokie zastosowanie w in-
żynierii tkanki kostnej oraz stanowić solidny fundament dla dalszych badań, zwłaszcza 
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 
α-tricalcium phosphate (α-TCP), hybrid hydroxyapatite–chitosan (HA/CTS) granules, 
and citrus-pectin-based gel, were obtained and developed. A dual setting mechanism 
was confirmed, involving α-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 α-TCP powder using two silane coupling agents—tetraethoxy-
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 α-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 osiągnięcia stanowiącego podstawę do nadania 
stopnia doktora

Krótki wstęp teoretyczny

Biomateriały do leczenia ubytków kostnych
W ostatnich latach obserwuje się wyraźny wzrost liczby przypadków uszkodzeń tkanki 
kostnej, co stanowi konsekwencję zwiększonej zapadalności na choroby cywilizacyjne, 
takie jak nowotwory czy osteoporoza, a także rosnącej liczby urazów mechanicznych [1]. 
Pomimo faktu, że tkanka kostna wykazuje naturalną zdolność do regeneracji bez tworze-
nia tkanki bliznowatej, proces ten przebiega efektywnie wyłącznie w przypadku niewiel-
kich ubytków oraz u pacjentów pozostających w dobrym stanie ogólnym [2]. W sytuacji 
defektów przekraczających tzw. rozmiar krytyczny, a także u osób starszych lub obciążo-
nych chorobami przewlekłymi, mechanizmy naprawcze kości okazują się niewystarcza-
jące lub całkowicie nieskuteczne. W takich przypadkach konieczne staje się zastosowa-
nie odpowiednio zaprojektowanych biomateriałów kościozastępczych [3,4].

Zgodnie z definicją Europejskiego Stowarzyszenia Biomateriałów, biomateriał to każda 
substancja inna niż lek albo kombinacja substancji naturalnych lub syntetycznych, która 
może być użyta w dowolnym okresie, a której zadaniem jest uzupełnienie lub zastąpienie 
tkanek narządu, albo jego części lub spełnienie ich funkcji. Biomateriały wykorzystuje się 
do otrzymywania wyrobów medycznych oraz implantów pełniących rolę terapeutyczną 
i/lub diagnostyczną. Współczesne biomateriały projektowane są z myślą o zapewnieniu 
bezpiecznego i przewidywalnego oddziaływania z żywą tkanką, zarówno jako samodziel-
ne jednostki funkcjonalne, jak i składniki zintegrowanych systemów leczniczych. Ich za-
daniem może być wypełnienie ubytków, aktywne stymulowanie procesów naprawczych 
lub kontrolowane dostarczanie substancji biologicznie czynnych [5,6]. Z tego względu 
stanowią one kluczowy element nowoczesnej inżynierii tkankowej oraz medycyny rege-
neracyjnej, której celem jest nie tylko tymczasowe wsparcie funkcji organizmu, lecz rów-
nież trwała rekonstrukcja jego struktur [7].

Spośród wielu biomateriałów stosowanych w substytucji kości, niezwykłe interesują-
ce są materiały oparte na fosforanach (V) wapnia. Ta szczególna grupa wyróżnia się wy-
sokim podobieństwem składu chemicznego do nieorganicznej części tkanki kostnej, co 
sprawia, że fosforany (V) wapnia wykazują najwyższą biozgodność spośród wszystkich 
biomateriałów kościozastępczych, a dodatkowo również charakteryzują się wysoką bioak-
tywnością. Kolejnym atutem tych materiałów jest możliwość wytwarzania ich w różnych 
formach oraz składach, co czyni je materiałami uniwersalnymi i szeroko stosowanymi 
w leczeniu ubytków kostnych o zróżnicowanej wielkości, kształcie oraz rozmiarze [8,9]. 
Poza wspomnianymi wcześniej korzystnymi właściwościami biologicznymi, substytuty 



16

kostne na bazie fosforanów (V) wapnia z uwagi na przynależność do grupy materiałów 
bioceramicznych, są kruche oraz wykazują stosunkowo niską wytrzymałość mechanicz-
ną, co uniemożliwia ich wykorzystanie w miejscach narażonych na znaczne obciążenia. 
Ponadto, w przypadku materiałów na bazie fosforanów (V) wapnia, niekiedy po implan-
tacji występują również problemy z odpowiednim dopasowaniem tempa degradacji ma-
teriału do tempa odbudowy tkanki kostnej. Dodatkowo, niektóre formy tych materiałów 
wykazują ograniczoną integrację z otaczającymi tkankami.

Cementy kostne oparte na wysoko reaktywnym proszku α-fosforanu (V) wapnia (α-TCP, 
α-Ca₃(PO₄)₂) są ciekawą i intensywnie rozwijaną w ostatnich latach grupą materiałów bio-
ceramicznych stosowanych w substytucji tkanki kostnej. Cementy fosforanowo-wapnio-
we składają się z fazy proszkowej i ciekłej, które po zmieszaniu tworzą jednorodną, łatwą 
do aplikacji pastę ulegającą następnie procesowi wiązania i twardnienia in situ. Mecha-
nizm wiązania tych materiałów opiera się na zdolności proszku α-TCP do hydrolizy, pro-
wadzącej do precypitacji hydroksyapatytu z niedoborem wapnia (CDHA, ang. Calcium-
-Deficient HydroxyApatite) w warunkach pH zbliżonych do wartości fizjologicznych [10].
Pomimo faktu, że cementy oparte na α-TCP od lat 80-tych XX wieku stanowią skutecz-
ne rozwiązanie w leczeniu ubytków i rekonstrukcji tkanki kostnej, głównie dzięki swojej
bioaktywności i biokompatybilności, ich zastosowanie pozostaje ograniczone do miejsc
nie przenoszących znacznych obciążeń mechanicznych. W przypadku mocowania endo-
protez za pomocą cementów kostnych, wypełniania rozległych ubytków kostnych czy re-
konstrukcji trzonów kręgów ich parametry wytrzymałościowe są niewystarczające [11,12].
Wartości wytrzymałości na ściskanie dla tych cementów, uzyskiwane w warunkach labo-
ratoryjnych, mieszczą się w zakresie od około 5 do 12 MPa. W celu poprawy właściwo-
ści mechanicznych cementów fosforanowo-wapniowych stosuje się wiele modyfikacji ich
składów wyjściowych, zarówno w fazie stałej jak i ciekłej [13–15]. Najczęściej wzrost
wytrzymałości tego typu biomateriałów można uzyskać poprzez dodatek polimerów po-
chodzenia naturalnego lub syntetycznego, zastosowanie włókien lub cząstek wzmacnia-
jących, czy też zmniejszenie porowatości cementów poprzez zmianę stosunku fazy cie-
kłej do stałej. Dobór konkretnej strategii modyfikacji właściwości materiałów cemento-
wych powinien być dostosowany do planowanego zastosowania klinicznego oraz tech-
niki aplikacji materiału. Należy jednak pamiętać, że większość z tych modyfikacji wiąże
się z koniecznością uzyskania kompromisu pomiędzy właściwościami fizykochemiczny-
mi materiałów cementowych, a ich właściwościami biologicznymi. Kolejną istotną prze-
szkodą w szerszym zastosowaniu cementów kostnych na bazie α-TCP jest ich ograniczo-
na wstrzykiwalność.

Dynamiczny rozwój technik małoinwazyjnych (metod zabiegowych ograniczających 
ingerencję w organizm w porównaniu z tradycyjnymi operacjami), sprzyjających skró-
ceniu czasu hospitalizacji pacjentów, ograniczeniu ryzyka powikłań po zabiegach chirur-
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gicznych oraz umożliwiających szybszy powrót do pełnej sprawności, generuje rosnące 
zapotrzebowanie na biomateriały o wysokiej poręczności chirurgicznej, możliwe do ła-
twej aplikacji na przykład poprzez wstrzykiwanie. W tym kontekście kluczowym kierun-
kiem badawczym stały się wstrzykiwalne cementy fosforanowo-wapniowe, które mogą 
być podawane przy użyciu standardowych strzykawek lub dedykowanych systemów do-
zujących [16].

Pomimo intensywnych badań nad opracowaniem substytutów kostnych spełniających 
zarówno warunek biozgodności, jak i wymagania dotyczące właściwości fizykochemicz-
nych oraz biologicznych, które będą równocześnie łatwe do aplikacji przez lekarzy, do-
tychczas nie udało się opracować uniwersalnego materiału typu cementowego na bazie 
fosforanów (V) wapnia spełniającego wszystkie powyższe kryteria. Analiza istniejących 
rozwiązań w zakresie dostępnych na rynku implantacyjnym materiałów wiązanych che-
micznie, jednoznacznie wskazuje na potrzebę dalszego rozwoju tego typu materiałów, któ-
re nie tylko zapewniałyby odpowiednią stabilność mechaniczną w miejscu ubytku, lecz 
także aktywnie wspomagałyby procesy biologicznej odbudowy tkanki. Z tego powodu 
szczególnie obiecującym kierunkiem badań jest wykorzystanie materiałów hybrydowych 
w celu połączenia ich korzystnych właściwości fizykochemicznych i biologicznych z moż-
liwością łatwej aplikacji do ubytku kostnego.

Materiały hybrydowe
Spośród obecnie rozwijanych fosforanowo-wapniowych materiałów kościozastępczych 
szczególnie obiecującą grupę stanowią materiały hybrydowe. Reprezentują one odrębną 
klasę biomateriałów, w których celowo i w sposób kontrolowany łączy się komponen-
ty nieorganiczne z organicznymi, prowadząc do otrzymania nowych materiałów o złożo-
nym składzie. Tak zaprojektowane układy łączą korzystne właściwości obu tych składni-
ków, co pozwala uzyskać unikalne cechy fizykochemiczne i biologiczne materiałów, nie-
dostępne dla poszczególnych składników stosowanych oddzielnie [17].

Zgodnie z definicją przyjętą przez Międzynarodową Unię Chemii Czystej i Stosowanej 
(IUPAC), materiał hybrydowy to jednorodna mieszanina składników organicznych, nie-
organicznych lub obu tych typów, w której poszczególne komponenty wzajemnie się prze-
nikają w skali poniżej jednego mikrometra [18]. Choć definicja ta stanowi powszechnie 
uznany standard terminologiczny, jej ogólny charakter może być niewystarczający do pre-
cyzyjnego opisu złożoności strukturalnej materiałów hybrydowych. W praktyce badaw-
czej i inżynierskiej często konieczne jest doprecyzowanie tej definicji o dodatkowe kry-
teria związane z właściwościami fizykochemicznymi, typem interakcji międzyfazowych 
oraz sposobem otrzymywania danego układu.

Uzupełnieniem wspomnianej powyżej definicji IUPAC jest klasyfikacja zaproponowa-
na przez Judeinsteina i Sancheza [19], która uwzględnia nie tylko typ materiału, lecz tak-
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że charakter oddziaływań między jego składnikami. Zgodnie z tą koncepcją, materiał hy-
brydowy to układ złożony z co najmniej dwóch komponentów – organicznych i/lub nie-
organicznych – połączonych ze sobą za pomocą oddziaływań fizycznych lub poprzez trwa-
łe wiązania chemiczne. Taki podział pozwala na wyróżnienie dwóch głównych klas mate-
riałów hybrydowych:

• klasy I, obejmującej układy zdominowane przez oddziaływania słabe (tj. wiązania wo-
dorowe, siły elektrostatyczne czy oddziaływania van der Waalsa), oraz

• klasy II, w których komponenty łączą się za pomocą wiązań trwałych (jonowych lub ko-
walencyjnych).

Rozróżnienie to ma istotne znaczenie przy projektowaniu materiałów funkcjonalnych, po-
nieważ występujące w strukturze materiału wiązania warunkują jego właściwości.

Drugim istotnym kryterium klasyfikacyjnym, poza określeniem rodzaju oddziaływań 
w strukturze materiału hybrydowego, jest typ dominującej fazy, a więc rodzaj matrycy oraz 
wprowadzanego składnika dodatkowego. W tym ujęciu wyróżnia się [20]:

• materiały organiczno-nieorganiczne (OI – ang. Organic-Inorganic) – z osnową organicz-
ną i komponentem nieorganicznym,

• materiały nieorganiczno-organiczne (IO – ang. Inorganic-Organic) – z osnową nieorga-
niczną i fazą organiczną osadzoną w tej osnowie.

Dodatkowo, do materiałów hybrydowych zalicza się również układy złożone wyłącznie ze 
składników nieorganicznych (II – ang. Inorganic-Inorganic), a także struktury oparte wy-
łącznie na składnikach organicznych (OO – ang. Organic-Organic).

W przypadku większości materiałów hybrydowych zachowana zostaje odrębność faz po-
szczególnych składników. Natomiast w bardziej zaawansowanych układach – tzw. nanohy-
brydach – może dojść do dyspersji jednej z faz w drugiej, co skutkuje uzyskaniem wysoce 
jednorodnej mikrostruktury [21].

W inżynierii tkanki kostnej materiały hybrydowe znajdują zastosowanie m.in. do wytwa-
rzania implantów, powłok o właściwościach bioaktywnych, trójwymiarowych rusztowań 
wspierających regenerację kości oraz systemów do kontrolowanego uwalniania leków [22]. 
Mimo szerokiego zakresu potencjalnych zastosowań, analiza dostępnej literatury wskazu-
je, że dominującą grupę stanowią hybrydy organiczno–nieorganiczne, w których osnowę 
tworzą biodegradowalne polimery, wzmacniane odpowiednio dobraną fazą nieorganiczną. 
Z kolei hybrydy nieorganiczno–organiczne, oparte na nieorganicznej osnowie zawierającej 
wbudowane komponenty organiczne, są znacznie rzadziej opisywane i wciąż stanowią sto-
sunkowo słabo rozpoznaną klasę biomateriałów kościozastępczych.
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Szczególne zainteresowanie badaczy budzą układy hybrydowe oparte na fosforanach (V) 
wapnia oraz naturalnych polimerach. Przykładem takich rozwiązań są materiały hydrok-
syapatytowo-chitozanowe (HA/CTS) o podwyższonej wytrzymałości mechanicznej otrzy-
mywane z wykorzystaniem zmodyfikowanej mokrej metody syntezy [23]. W wytworzo-
nych nieorganiczno-organicznych granulach HA/CTS, oddziaływania elektrostatyczne po-
między grupami aminowymi chitozanu a anionami fosforanowymi pozwoliły na uzyska-
nie materiałów hybrydowych klasy pierwszej, o jednorodnej mikrostrukturze oraz efektyw-
nej integracji obu faz. Zaletą zaproponowanej metody otrzymywania jest jej elastyczność – 
umożliwia ona modyfikację właściwości hybrydowych granul poprzez użycie innych poli-
merów, takich jak np. metyloceluloza [24] lub wprowadzenie składników o działaniu anty-
bakteryjnym, w postaci jonów lub nanocząstek srebra lub złota [25, 26]. Co istotne, hybry-
dowe granule ceramiczno-polimerowe mogą pełnić nie tylko rolę samodzielnego materiału 
implantacyjnego, lecz również stanowić fazę wzmacniającą w samowiążących materiałach 
cementowych – tzw. biomikrobetonach. W takich zastosowaniach, podobnie jak w przypad-
ku tradycyjnych betonów, obecność granul poprawia odporność materiału na kruche pęka-
nie poprzez mechanizm zatrzymywania propagacji mikropęknięć [27].

Nieorganiczno-organiczne materiały hybrydowe są wytwarzane również z wykorzysta-
niem związków innych niż fosforany (V) wapnia, takich jak na przykład krzemionka – łą-
czona m.in. z chitozanem [28] lub alginianem sodu [29]. Połączenie tych składników po-
zwala uzyskać biomateriały o podwyższonej bioaktywności, sprzyjające adhezji komó-
rek, indukujące mineralizację macierzy zewnątrzkomórkowej czy ulegające kontrolowa-
nej degradacji.

Przeważająca część badań nad hybrydowymi materiałami kościozastępczymi koncentruje 
się na układach organiczno-nieorganicznych, w których dominującą fazę stanowią polime-
ry naturalne, takie jak chitozan [30], kolagen [31], żelatyna [32,33], alginian sodu [34], lub 
polimery syntetyczne, np. poli(kwas mlekowy) (PLA) [35], czy poli(ε-kaprolakton) (PCL) 
[36]. Obecność składnika organicznego nadaje takim biomateriałom elastyczność i wysoką 
poręczność chirurgiczną. Niemniej jednak, ich wytrzymałość mechaniczna wciąż pozosta-
je niewystarczająca, co ogranicza możliwość ich stosowania do miejsc, które nie są narażo-
ne na znaczne obciążenia mechaniczne. Obecnie nieorganiczno–organiczne układy hybry-
dowe, w których faza mineralna pełni dominującą rolę stanowią preferowaną opcję w tera-
pii ubytków kostnych.

Pomimo znaczącego postępu w projektowaniu biomateriałów i licznych badań nad po-
prawą ich właściwości, wciąż nie udało się opracować materiału łączącego w sposób kom-
pleksowy odpowiednie cechy biologiczne, wytrzymałość mechaniczną i poręczność chi-
rurgiczną. W związku z tym istnieje pilna potrzeba opracowywania nowych metod mo-
dyfikacji biomateriałów. Jedną z obiecujących strategii wydaje się być zastosowanie sila-
nowych środków sprzęgających w inżynierii tkanki kostnej.
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Silanowe środki sprzęgające
Silanowe środki sprzęgające to związki organokrzemowe, które zawierają w swojej struk-
turze zarówno grupy funkcyjne zdolne do reakcji z substancjami nieorganicznymi, jak i te, 
które są kompatybilne z fazą organiczną danego układu. Dzięki tej podwójnej naturze umoż-
liwiają one tworzenie trwałych wiązań chemicznych pomiędzy różnymi komponentami 
materiału, co prowadzi do poprawy adhezji międzyfazowej pomiędzy nimi, zwiększenia 
jednorodności materiału, poprawy jego właściwości mechanicznych oraz trwałości [37].

Mechanizm działania silanowych środków sprzęgających obejmuje [38, 39]:

• Zwilżanie powierzchni – silanowe środki sprzęgające charakteryzują się niskim napię-
ciem powierzchniowym oraz odpowiednią lepkością, co umożliwia ich równomierne
rozprowadzenie na powierzchni materiału i zapewnia efektywne jego zwilżenie, stano-
wiące niezbędny warunek dla dalszych oddziaływań międzyfazowych.

• Hydrolizę grup alkoksysilanowych – w środowisku wilgotnym, grupy alkoksysilanowe
ulegają reakcji hydrolizy, prowadzącej do powstania reaktywnych grup silanolowych

• (–Si–OR → –Si–OH), które stanowią kluczowe ogniwo w procesie wiązania chemicz-
nego z podłożem.

• Tworzenie wiązań wodorowych z podłożem – grupy silanolowe wytworzone w poprzed-
nim etapie mogą oddziaływać z grupami hydroksylowymi obecnymi na powierzchni
materiałów nieorganicznych poprzez tworzenie wiązań wodorowych lub kondensację,
prowadząc do utworzenia kowalencyjnych wiązań (Si–OH + HO–M → Si–O–M + H₂O),
gdzie M oznacza atomy występujące na powierzchni podłoża (np. Ca, Si, Al, Ti). Rów-
nocześnie segmenty organiczne cząsteczki silanu orientują się w kierunku fazy orga-
nicznej, umożliwiając oddziaływanie z dalszymi komponentami systemu hybrydowego.

• Polikondensacja i sieciowanie – niezwiązane grupy silanolowe (–Si–OH) mogą ulegać
wzajemnej kondensacji, prowadząc do powstania przestrzennie usieciowanej struktu-
ry siloksanowej (–Si–O–Si–). Tworząca się w ten sposób trójwymiarowa sieć stabili-
zuje warstwę pośrednią i wzmacnia połączenie pomiędzy poszczególnymi fazami po-
przez zwiększenie wytrzymałości mechanicznej oraz odporności chemicznej układu.

Silanowe środki sprzęgające znajdują szerokie zastosowanie w przemyśle, przede wszyst-
kim jako dodatki poprawiające adhezję i trwałość chemiczną w produkcji kompozytów 
konstrukcyjnych, farb i powłok ochronnych, klejów, uszczelniaczy oraz laminatów [40, 41]. 
Obecnie, ze względu na swoje właściwości adhezyjne, związane z możliwością tworze-
nia wiązań chemicznych pomiędzy składnikami organicznymi i nieorganicznymi, coraz 
częściej znajdują również zastosowanie w inżynierii biomateriałów. Szczególne znacze-
nie przypisuje się im w syntezie hybrydowych materiałów hydrożelowo-elastomerowych 
[42], hydrożeli responsywnych [43], hydrożeli hialuronianowych [44], materiałach ma-
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jących kontakt z krwią [45], metalowych stentów biodegradowalnych ze stopów Zn-Mg 
[46] czy pokryć na implantach metalowych [47,48]. Zastosowanie silanowych środków
sprzęgających w projektowaniu materiałów kościozastępczych także wydaje się w peł-
ni uzasadnione. Przykładowo, Suppakarn i wsp. [49] dokonali modyfikacji proszków hy-
droksyapatytu (HA) za pomocą różnych silanów, w tym γ-aminopropylotrimethoksysila-
nem (APES, γ-minopropyltriethoxysilane), metylotrimetoksysilanem (MTMS, methyltri-
methoxysilane) oraz γ-glicydoksypopropylotrimethoksysilanem (GPMS, γ-glycidoxypro-
pyltrimethoxysilane), w celu otrzymania kompozytów HA/polipropylen. Otrzymane wyni-
ki badań wykazały, że zastosowanie środków silanowych poprawiło interakcje pomiędzy
hydroksyapatytem a polipropylenem, prowadząc do wzrostu sztywności materiału kom-
pozytowego. Z kolei Ji i wsp. [50] opracowali rusztowania kostne oparte na HA, mody-
fikując jego powierzchnię trzema różnymi środkami sprzęgającymi: 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 związków przyczyniło się do poprawy właściwości mechanicznych ruszto-
wań hydroksyapatytowych z wartości około 20 do 30 MPa, co wynikało z obecności wią-
zań elektrostatycznych między komponentami kompozytu. Ponadto, modyfikowane po-
wierzchnie wykazywały bardzo dobrą biokompatybilność. Ghorbani i wsp. [51] wykorzy-
stali 3-glicydoksypopropylotrimethoksysilan (GPTMS, 3-glycidyloxypropyltrimethoxysi-
lane) jako nieorganiczny środek sieciujący w rusztowaniach złożonych z chitozanu i po-
lichlorku winylu. W wyniku przeprowadzonych badań wykazano, że obecność GPTMS
poprawiła właściwości mechaniczne rusztowań, zwiększyła zdolność do absorpcji wody
oraz wpłynęła na kontrolowaną biodegradację materiału. Z kolei Fuh i wsp. [52] opisa-
li metodę modyfikacji hydroksyapatytu z zastosowaniem tetraetoksysilanu (TEOS, tetra-
ethoxysilane), która pozwalała na zmianę mikrostruktury tworzywa poprzez zwiększenie
jego mikroporowatości, zmniejszenie skurczu wypalania oraz poprawę tempa biodegra-
dacji rusztowań ceramicznych.

Przytoczone powyżej przykłady wskazują na rosnące znaczenie silanowych środków 
sprzęgających w inżynierii biomateriałów. Dzięki zdolności do tworzenia trwałych wiązań 
kowalencyjnych między fazą nieorganiczną a organiczną, związki te umożliwiają istotną 
poprawę właściwości mechanicznych, stabilności chemicznej oraz funkcjonalności ma-
teriałów przeznaczonych do kontaktu z tkankami i płynami ustrojowymi.

Pomimo swojej wszechstronności, silanowe środki sprzęgające nie były jeszcze stoso-
wane do modyfikacji fosforanowo-wapniowych cementów kostnych. Ich wykorzystanie 
stwarza nowe możliwości projektowania zaawansowanych materiałów wiązanych che-
micznie do regeneracji tkanki kostnej i może przynieść szereg potencjalnych korzyści, ta-
kich jak [37]:
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• poprawę właściwości mechanicznych – dzięki połączeniu fazy ceramicznej z poli-
merami następuje ograniczenie propagacji pęknięć i wzrost wytrzymałości na ściska-
nie oraz modułu sprężystości.

• wspomaganie adhezji do tkanek i innych materiałów – grupy funkcyjne silanowych
środków sprzęgających można dobrać pod kątem interakcji z białkami macierzy ze-
wnątrzkomórkowej, co może sprzyjać osteointegracji.

• możliwość nadania funkcji antybakteryjnych lub osteoindukcyjnych – poprzez uży-
cie silanów oraz substancji zawierających jony miedzi, cynku czy bioaktywne ligan-
dy, można nadać cementom fosforanowo-wapniowym właściwości zapobiegające po-
wstawaniu biofilmów lub stymulujące różnicowanie komórek progenitorowych w kie-
runku osteoblastów.

• możliwość dalszej funkcjonalizacji – poprzez użycie silanowych środków sprzęgają-
cych można w łatwy sposób funkcjonalizować cementy fosforanowo-wapniowe środ-
kami o korzystnym działaniu biologicznym, na przykład lekami.

Ze uwagi na niewielką liczbę badań poświęconych zastosowaniu silanowych środków 
sprzęgających w cementowych materiałach kościozastępczych, obszar ten pozostaje w du-
żej mierze niezbadany, mimo że wykazuje istotny potencjał rozwojowy. Stanowi tym sa-
mym obiecujący kierunek dalszych prac badawczych, który może znacząco przyczynić 
się do poprawy właściwości funkcjonalnych oraz poszerzenia zastosowań współczesnych 
biomateriałów kościozastępczych.

Czynniki aktywne terapeutycznie do modyfikacji cementów kostnych
Wprowadzenie czynników o korzystnym działaniu biologicznym do cementów fosforano-
wo-wapniowych stanowi powszechnie stosowaną strategię mającą na celu ograniczenie 
ryzyka wystąpienia zakażeń pooperacyjnych, które pozostają jedną z głównych przyczyn 
niepowodzeń w chirurgii ortopedycznej oraz stomatologicznej [53,54]. Do najczęstszych 
patogenów odpowiedzialnych za infekcje związane z implantami kostnymi należą: Staphy-
lococcus aureus, Escherichia coli oraz Pseudomonas aeruginosa, których zdolność do ko-
lonizacji powierzchni biomateriału i tworzenia opornych biofilmów bakteryjnych stanowi 
poważne zagrożenie dla powodzenia leczenia [55]. W odpowiedzi na te wyzwania opraco-
wano szereg metod funkcjonalizacji cementów fosforanowo-wapniowych, umożliwiają-
cych nadanie im właściwości antybakteryjnych. Do najczęściej stosowanych podejść na-
leżą modyfikacje z wykorzystaniem: antybiotyków, nanocząstek metali, związków pocho-
dzenia naturalnego oraz pierwiastków o udokumentowanym działaniu antybakteryjnym.

Jedną z najbardziej konwencjonalnych i szeroko stosowanych metod jest inkorporacja do 
matrycy cementowej antybiotyków, takich jak gentamycyna [56] czy wankomycyna [57]. 
Takie podejście umożliwia miejscowe uwalnianie substancji czynnej, co zwiększa skutecz-
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ność działania leku i jednocześnie ogranicza ryzyko ogólnoustrojowych działań niepożą-
danych. Pomimo tych zalet, zastosowanie antybiotyków wiąże się z istotnymi ogranicze-
niami. Niektóre antybiotyki mogą wykazywać działanie cytotoksyczne wobec komórek go-
spodarza, a także negatywnie oddziaływać na procesy gojenia i mineralizacji tkanki kostnej. 
Dodatkową trudność stanowi niejednorodność dystrybucji substancji aktywnej w materia-
le oraz trudna do przewidzenia kinetyka uwalniania leku z matrycy cementowej, co ograni-
cza skuteczność i bezpieczeństwo tego typu rozwiązań. W świetle wskazanych ograniczeń 
intensywnie poszukuje się alternatywnych metod nadawania cementom właściwości anty-
bakteryjnych, które mogłyby uzupełniać lub zastępować klasyczne podejścia oparte na wy-
korzystaniu antybiotyków w leczeniu zakażeń bakteryjnych.

Nanotechnologia jest jedną z bardziej obiecujących dziedzin nauki i inżynierii, która zaj-
muje się projektowaniem, syntezą, analizą i zastosowaniem struktur oraz materiałów na po-
ziomie nanometrycznym, które wykazują niezwykłe właściwości fizyczne, chemiczne i bio-
logiczne. Nanotechnologia w medycynie oferuje nowe podejście do diagnostyki oraz lecze-
nia wielu chorób, zwłaszcza nowotworów, chorób przewlekłych, a także wspomaga lecze-
nie zakażeń bakteryjnych poprzez wykorzystanie nanocząstek. Do najczęściej stosowanych 
nanocząstek o działaniu antybakteryjnym należą nanocząstki srebra (AgNPs) [58], tlenku 
cynku (ZnONPs) [59], miedzi (CuNPs) [60] oraz tlenku tytanu (TiO₂NPs) [61]. Zaletą ich 
zastosowania jest ich stabilność w mikrostrukturze biomateriałów cementowych, a także 
możliwość uzyskania długotrwałego efektu antybakteryjnego bez konieczności stosowania 
dużych dawek antybiotyków. Nanocząstki oddziałują na bakterie wielokierunkowo, m.in. 
poprzez uszkadzanie błon komórkowych, zaburzenia funkcji enzymatycznych oraz gene-
rowanie reaktywnych form tlenu [62]. Pomimo licznych zalet, wprowadzenie nanocząstek 
do materiałów implantacyjnych wiąże się także z pewnymi ograniczeniami. Wykazano, że 
w zbyt wysokich stężeniach mogą one działać toksycznie wobec komórek gospodarza, wy-
woływać reakcje zapalne, a także indukować niepożądane zmiany biologiczne. Wciąż trwa-
ją badania nad ich długoterminowym bezpieczeństwem, w tym nad potencjalną zdolnością 
do przekraczania bariery krew–mózg, co budzi obawy dotyczące ich negatywnego wpły-
wu na układ nerwowy [63, 64].

W odpowiedzi na powyższe wyzwania, coraz większe zainteresowanie naukowców kon-
centruje się na naturalnych związkach biologicznie czynnych, wykazujących aktywność an-
tybakteryjną. Do tej grupy należą m.in. chitozan, olejki eteryczne, flawonoidy, kwasy feno-
lowe oraz ekstrakty roślinne [62–64]. Związki te charakteryzują się wysoką biokompaty-
bilnością, biodegradowalnością oraz potencjalnym działaniem wspomagającym regenera-
cję tkanki kostnej. Ich ograniczeniem jest jednak często niższa skuteczność terapeutyczna 
w porównaniu do antybiotyków lub nanocząstek.

Kolejną interesującą strategią uzyskania materiałów o działaniu antybakteryjnym jest 
wprowadzenie w strukturę biomateriału pierwiastków o udokumentowanym działaniu prze-



24

ciwdrobnoustrojowym. Najczęściej dotuje się biomateriały jonami: Ag⁺, Cu²⁺, Zn²⁺ czy 
Ce³⁺/Ce⁴⁺ [65–67], które w sposób kontrolowany są uwalniane w miejscu implantacji, za-
pewniając długotrwałe działanie antybakteryjne. Oprócz tego, niektóre jony wykazują rów-
nież korzystne działanie osteokondukcyjne, co dodatkowo zwiększa ich znaczenie w kon-
tekście regeneracji tkanki kostnej [68, 69].

Podsumowanie
Intensywny rozwój inżynierii biomateriałów stawia przed środowiskiem naukowym i prze-
mysłem medycznym coraz wyższe wymagania w zakresie projektowania, modyfikacji 
oraz wdrażania innowacyjnych materiałów implantacyjnych. Wśród nich szczególną gru-
pę stanowią samowiążące cementy kostne oparte na fosforanach (V) wapnia, których za-
daniem jest nie tylko wypełnianie ubytków, lecz także aktywne wspieranie procesów re-
generacji i osteointegracji.

Pomimo licznych zalet, dostępne komercyjnie cementy fosforanowo-wapniowe wy-
kazują ograniczoną wytrzymałość mechaniczną i niewystarczającą wstrzykiwalność, co 
ogranicza ich zastosowanie do miejsc nieprzenoszących znacznych obciążeń mechanicz-
nych. Konieczne jest zatem opracowanie nowoczesnych materiałów cementowych, któ-
re – przy zachowaniu korzystnych właściwości biologicznych – będą charakteryzowały 
się zwiększoną wytrzymałością, lepszą poręcznością chirurgiczną i możliwością pełnie-
nia roli nośników substancji o korzystnym działaniu biologicznym.

Najnowsze trendy w inżynierii biomateriałów kościozastępczych wskazują na integra-
cję bioaktywnej ceramiki fosforanowo-wapniowej z polimerami naturalnymi, prowadzącą 
do wytworzenia nieorganiczno-organicznych układów hybrydowych o ulepszonych właści-
wościach. Choć brak jest bezpośrednich doniesień dotyczących zastosowania silanowych 
środków sprzęgających w cementach kostnych, ich wykorzystanie wydaje się uzasadnio-
ne ze względu na zdolność do tworzenia przez te związki trwałych wiązań chemicznych 
pomiędzy fazą nieorganiczną a organiczną. Badania nad innymi układami kompozytowy-
mi potwierdzają, że związki te zwiększają adhezję międzyfazową, ograniczają propagację 
mikropęknięć oraz poprawiają integralność materiału, co w przełożeniu na cementy kostne 
może przynieść szereg korzyści.

Połączenie bioaktywnej ceramiki fosforanowo-wapniowej, polimerów naturalnych i si-
lanowych środków sprzęgających stanowi zatem innowacyjne podejście do projektowania 
cementów kostnych nowej generacji, umożliwiające uzyskanie materiałów wstrzykiwal-
nych, o podwyższonej wytrzymałości mechanicznej.
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Cel i tezy pracy

Głównym celem niniejszej rozprawy doktorskiej było zaprojektowanie, wytworzenie 
oraz charakterystyka nowoczesnych hybrydowych materiałów kościozastępczych typu 
cementowego opartych na fosforanach (V) wapnia, polimerach pochodzenia naturalne-
go oraz silanowych środkach sprzęgających. Zaproponowano kompleksowe podejście 
do modyfikacji zarówno fazy stałej jak i ciekłej opracowanych hybrydowych materia-
łów dla inżynierii tkanki kostnej. W ramach realizacji celu głównego wyznaczono rów-
nież cele szczegółowe, które obejmowały określenie rodzaju interakcji chemicznych 
i/lub fizykochemicznych występujących w wytworzonych materiałach hybrydowych, 
a także ocenę wpływu zastosowanych modyfikatorów na właściwości fizykochemicz-
ne, biologiczne oraz aplikacyjne opracowanych biomateriałów.

W oparciu o tak zdefiniowany cel pracy sformułowano następujące tezy badawcze:

1. Połączenie nieorganiczno-organicznych hybrydowych granul hydroksyapatytowo-
-chitozanowych, polimerów pochodzenia naturalnego oraz niemodyfikowanego lub
modyfikowanego powierzchniowo za pomocą silanowych środków sprzęgających
wysokoreaktywnego proszku α-TCP umożliwia otrzymanie nowoczesnych materia-
łów implantacyjnych wiązanych chemicznie o czasach wiązania oraz parametrach
mechanicznych odpowiednich do zastosowań w inżynierii tkanki kostnej.

2. Połączenie materiałów o działaniu przeciwdrobnoustrojowym takich jak polime-
ry o udokumentowanej aktywności antybakteryjnej (chitozan) z fosforanowo-wap-
niowymi materiałami, do których wprowadzono jony o działaniu antybakteryjnym
(jony miedzi) umożliwia otrzymanie materiałów implantacyjnych o rozszerzonym
i wzmocnionym działaniu bakteriobójczym.

3. Modyfikacja powierzchni proszku α-TCP przy pomocy silanowych środków sprzę-
gających oraz wykorzystanie żelu pektyny cytrusowej jako dodatku do fazy ciekłej
materiałów umożliwia otrzymanie wielofunkcyjnych, hybrydowych past ceramicz-
nych przeznaczonych do wytwarzania spersonalizowanych implantów kostnych
z wykorzystaniem technik formowania przyrostowego.
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Zakres prowadzonych badań
W celu weryfikacji tez pracy oraz realizacji założonych celów badawczych przeprowadzo-
no szereg działań obejmujących zarówno projektowanie wyjściowych składów, jak i kom-
pleksową charakterystykę otrzymanych wiązanych chemicznie materiałów hybrydowych. 
W ramach prowadzonych prac zaproponowano szereg sposobów modyfikacji zarówno fazy 
stałej jak i ciekłej materiałów cementowych. Zakres badań obejmował następujące etapy:

• Syntezę wysokoreaktywnego proszku α-TCP oraz hybrydowych materiałów hydrok-
syapatytowo-chitozanowych (HA/CTS) z wykorzystaniem mokrej metody chemicz-
nej oraz charakterystykę materiałów wyjściowych.

• Modyfikację fazy stałej cementów kostnych opartych na proszku α-TCP poprzez wpro-
wadzenie do wyjściowego składu cementu hybrydowych granul HA/CTS oraz ocenę
ich wpływu na właściwości fizykochemiczne biomikrobetonów.

• Modyfikację fazy stałej fosforanowo-wapniowych cementów kostnych poprzez do-
datek polimerów naturalnych takich jak: alginianu sodu i/lub hydroksypropylome-
tyloceluloza lub powierzchniową funkcjonalizację proszku α-TCP z użyciem silano-
wych środków sprzęgających – tetraetoksysilanu (TEOS) lub 3-glicydoksylopropy-
lotrimetoksysilanu (GPTMS).

• Modyfikację fazy ciekłej poprzez wprowadzenie do roztworu wodorofosforanu (V)
sodu żelu pektyny cytrusowej jako naturalnego dodatku polimerowego, a następ-
nie ocenę wpływu jednoczesnej modyfikacji obu faz (stałej i ciekłej) na właściwości
otrzymanych samowiążących materiałów kościozastępczych.

• Modyfikację hybrydowych granul HA/CTS pierwiastkami o udokumentowanym ko-
rzystnym działaniu terapeutycznym – miedzią i tytanem – oraz analizę ich wpływu
na właściwości strukturalne, mechaniczne i biologiczne otrzymanych biomateriałów.

• Zaprojektowanie składów i otrzymanie nowoczesnych past cementowych opartych
na fosforanach (V) wapnia, polimerach pochodzenia naturalnego i silanowych środ-
kach sprzęgających, dedykowanych do wytwarzania trójwymiarowych rusztowań ko-
stnych metodą robocastingu oraz ich charakterystyka.

Zastosowana metodyka badawcza
W celu dokonania kompleksowej oceny otrzymanych biomateriałów wiązanych che-
micznie, z uwagi na ich zróżnicowaną formę, a także potencjalne zastosowanie w me-
dycynie regeneracyjnej, wykorzystano szereg metod pozwalających na ocenę ich wła-
ściwości fizykochemicznych oraz biologicznych.

1. Powierzchnię właściwą wyjściowych oraz zmodyfikowanych z wykorzystaniem si-
lanowych środków sprzęgających proszków fosforanowo-wapniowych określono
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metodą fizycznej adsorpcji azotu z zastosowaniem izotermy Brunauera-Emmetta-
-Tellera (BET).

2.	 Potencjał elektrokinetyczny proszków wyznaczono przy użyciu analizatora elektro-
foretycznego.

3.	 Rozkład wielkości cząstek proszków ceramicznych określono z zastosowaniem tech-
niki dynamicznego rozpraszania światła (DLS).

4.	 Skład fazowy oraz chemiczny otrzymanych materiałów został określony przy uży-
ciu technik takich jak rentgenowska spektroskopia fluorescencyjna (XRF), rentge-
nowska analiza dyfrakcyjna (XRD), spektroskopia w podczerwieni z transformacją 
Fouriera (FTIR) oraz spektroskopia Ramana.

5.	 Czasy wiązania, zarówno początkowe jak i końcowe, otrzymanych materiałów 
cementowych zmierzono za pomocą aparatu Gillmore’a zgodnie z normą ASTM 
C266-20.

6.	 Wstrzykiwalność opracowanych materiałów oceniano przez ekstrudowanie pasty 
cementowej przez dyszę 2 mm ze strzykawki do cylindra z płynem SBF, podgrza-
nym do temperatury 37°C. Siła przyłożona do tłoka strzykawki została zmierzona 
za pomocą maszyny wytrzymałościowej przy prędkości przesuwu głowicy wyno-
szącej 1,0 mm/min.

7.	 Reologię past ceramicznych przeznaczonych do druku badano w zależności od cza-
su przy stałej szybkości ścinania 1s⁻¹ z wykorzystaniem reometru wyposażonego 
w przystawkę typu płytka-płytka.

8.	 Mikrostrukturę uzyskanych materiałów zbadano za pomocą skaningowego mikro-
skopu elektronowego (SEM) połączonego ze spektrometrem dyspersji energii pro-
mieniowania rentgenowskiego (EDS), umożliwiającego analizę składu chemiczne-
go w mikroobszarach. W celu zbadania porowatości oraz rozkładu wielkości porów 
wykorzystano metodę porozymetrii rtęciowej.

9.	 Właściwości mechaniczne otrzymanych materiałów cementowych oceniono na pod-
stawie statycznej próby ściskania, wyznaczając takie parametry jak wytrzymałość 
na ściskanie oraz moduł Younga.

10.	Potencjał bioaktywny in vitro otrzymanych biomateriałów, rozumiany jako zdolność 
formowania się na powierzchni materiału apatytowej warstwy fosforanowo-wapnio-
wej, oceniano przez inkubację tworzyw w sztucznym płynie fizjologicznym (SBF) 
o składzie jonowym zbliżonym do ludzkiego osocza. Zmiany morfologii oraz składu 
chemicznego powierzchni materiałów po inkubacji obserwowano z wykorzystaniem 
techniki SEM/EDS. Dodatkowo, w celu oceny zmian strukturalnych powierzchni 
materiałów oraz potwierdzenia formowania się na nich niestechiometrycznego hy-
droksyapatytu wykorzystano spektroskopię w podczerwieni (FTIR).

11.	Ocenę stabilności chemicznej in vitro oraz procesów degradacji i uwalniania jonów 
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z otrzymanych materiałów przeprowadzono na podstawie analizy zmian pH i prze-
wodnictwa jonowego symulowanego płynu fizjologicznego (SBF) oraz wody desty-
lowanej, a także z wykorzystaniem spektrofotometrii UV/Vis.

12. Ocena właściwości przeciwbakteryjnych materiałów modyfikowanych jonami o po-
tencjale terapeutycznym wobec Staphylococcus aureus (ATCC 25923) oraz Esche-
richia coli (ATCC 25922) została przeprowadzona z wykorzystaniem metody dy-
fuzyjno-krążkowej.

13. Ocena cytotoksyczności biomateriałów in vitro wobec linii komórkowej MC3T3-E1
opierała się na analizie żywotności komórek po ekspozycji na ekstrakty materiałów
zgodnie z normą ISO 10993-5. Cytotoksyczność oceniono za pomocą testów WST-
8, LDH oraz zestawu do barwienia Live/Dead, a także przy użyciu mikroskopii kon-
fokalnej po inkubacji komórek na próbkach biomateriałów przez 48 godzin.

14. Aktywność antybakteryjną oceniono metodą AATCC 100-2004 na podstawie licz-
by komórek tworzących kolonie po inkubacji, natomiast test przyczepności bakterii
przeprowadzono poprzez ocenę obecności żywych komórek bakteryjnych związa-
nych z powierzchnią materiałów, wizualizowanych metodą mikroskopii konfokalnej.
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Omówienie wyników badań

Etap I – Modyfikacja fazy stałej materiałów cementowych z wyko-
rzystaniem hybrydowych granul hydroksyapatytowo-chitozanowych
Pierwszym etapem przeprowadzonych badań było wytworzenie oraz charakterystyka 
samowiążących materiałów kościozastępczych na bazie wysokoreaktywnego prosz-
ku α-fosforanu (V) wapnia (α-TCP), zawierających dodatkowo hybrydowy kompo-
nent w postaci granul hydroksyapatytowo-chitozanowych (HA/CTS). Fazę ciekłą tych 
materiałów stanowił 2% mas. roztwór wodorofosforanu (V) sodu (Na₂HPO₄). Celem 
modyfikacji fazy stałej poprzez wprowadzenie do wyjściowego składu cementu ko-
stnego granul była poprawa właściwości mechanicznych cementu kostnego oparte-
go wyłącznie na proszku α-TCP. W jej wyniku otrzymano biomikrobetony – materia-
ły kościozastępcze typu cementowego, w którym hybrydowe granule pełnią funkcję 
analogiczną do kruszyw wykorzystywanych w klasycznej technologii betonu. (Pu-
blikacja 1, Materiał MC1).

Pomiar czasu wiązania, będącego jednym z podstawowych parametrów oceny 
fosforanowo-wapniowych cementów kostnych, wykazał, że przeprowadzona mo-
dyfikacja nie wpłynęła istotnie ani na początkowy, ani na końcowy czas wiązania. 
Uzyskane wartości wynosiły odpowiednio 4,5 ± 1,0 minuty oraz 7,5 ± 0,5 minu-
ty i mieściły się w zakresie zapewniającym wystarczający czas na przygotowanie 
i aplikację cementowej pasty, przy jednoczesnym szybkim jej związaniu w miej-
scu implantacji (Publikacja 1, Tabela 1, Materiał MC1). Proces wiązania opracowa-
nych biomikrobetonów przebiegał analogicznie do wiązania klasycznych apatyto-
wych cementów kostnych, tj. w oparciu o hydrolizę α-TCP do niestechiometrycz-
nego hydroksyapatytu.

Zgodnie z oczekiwaniami, analiza składu fazowego otrzymanych biomateriałów 
wykazała obecność dwóch faz krystalicznych: α-TCP oraz hydroksyapatytu. Ich ilo-
ściowy udział zależał od warunków w jakich materiały były przechowywane po zwią-
zaniu i stwardnieniu. Inkubacja w warunkach symulujących środowisko biologicz-
ne spowodowała niemalże całkowitą hydrolizę α-TCP, potwierdzając metastabilny 
charakter tego związku w środowisku wodnym. Jedyną zidentyfikowaną fazą kry-
staliczną w badaniu dyfrakcji rentgenowskiej w tych materiałach był hydroksyapatyt 
(Publikacja 1, Rysunek 2A, Tabela 2, Materiał MC1). Analiza składu chemicznego 
opracowanych substytutów kostnych metodą FTIR potwierdziła obecność charakte-
rystycznych grup funkcyjnych zarówno dla fosforanów (V) wapnia, jak i chitozanu 
zawartego w hybrydowych granulach HA/CTS. Zidentyfikowane pasma w zakresie 
około 565 i 605 cm⁻¹ przypisano potrójnie zdegenerowanym drganiom zginającym 
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wiązania P–O–P, natomiast silny dublet w okolicach 600 i 670 cm⁻¹ odpowiadał dra-
niom zginającym jonów HPO₄²⁻. Zauważono także koincydencję pasm zginających 
HPO₄²⁻ i PO₄³⁻ w okolicy 603 cm⁻¹. Istotne pasma w zakresie 1040–1060 cm⁻¹ przy-
pisano asymetrycznym drganiom rozciągającym P–O, natomiast pasmo w okolicy 
962 cm⁻¹ odpowiadało symetrycznym drganiom rozciągającym P–O. Dla chitozanu 
zaobserwowano charakterystyczne pasma w zakresie 2928–2933 cm⁻¹ (drgania roz-
ciągające C–H grup alkilowych) oraz w okolicach 1649–1650 cm⁻¹ (wibracje zgina-
jące N–H I-rzędowych grup aminowych) a także pasma w zakresie 1315–1320 cm⁻¹ 
(rozciągające C–N) oraz około 3573 cm⁻¹ (rozciągające O–H) (Publikacja 1, Rysu-
nek 2B, Materiał MC1).

Jednym z głównych celów wprowadzenia hybrydowych granul HA/CTS do fazy 
stałej cementów kostnych na bazie α-TCP było otrzymanie materiałów wiązanych 
chemicznie o lepszych parametrach mechanicznych. Jak wykazały badania, wytrzy-
małość na ściskanie otrzymanego biomikrobetonu wynosiła 5,8 ± 1,1 MPa (Publika-
cja 1, Rysunek 4, Materiał MC1). Tym samym można stwierdzić, że przeprowadzo-
na modyfikacja nie tylko nie przyczyniła się do zwiększenia wytrzymałości materia-
łu w porównaniu do cementów opartych wyłącznie na proszku α-TCP, ale wręcz spo-
wodowała jej obniżenie o około 20% (Publikacja 3, Rysunek 6, Materiał Control). Za 
główną przyczynę tego niekorzystnego efektu należy uznać słabą adhezję na grani-
cy pomiędzy hybrydowymi granulami a matrycą cementową, co zostało potwierdzo-
ne obserwacjami mikrostruktury przełamów otrzymanych materiałów (Publikacja 1, 
Rysunek 3, Materiał MC1).

Ponadto, sprawdzono również czy modyfikacja fazy stałej cementu kostnego za 
pomocą materiałów hybrydowych nie wpływa negatywnie na jego właściwości bio-
logiczne in vitro. Wyniki badań stabilności chemicznej materiału, pomiary przewod-
nictwa jonowego właściwego roztworów inkubacyjnych wokół przetrzymywanych 
próbek cementowych, jak również ocena potencjału bioaktywnego in vitro, potwier-
dziły korzystne właściwości zaprojektowanego i otrzymanego nowego materiału typu 
biomikrobetonu (Publikacja 1, Rysunek 5-7, Materiał MC1).

Pierwsza modyfikacja fazy stałej cementu kostnego na bazie α-TCP za pomocą hy-
brydowych granul HA/CTS nie doprowadziła do uzyskania wszystkich założonych ce-
lów badawczych. Pomimo tego, że umożliwiła otrzymanie materiału kompozytowe-
go zawierającego komponent hybrydowy, który spełniał kliniczne kryteria w zakresie 
czasów wiązania, nie zaobserwowano jednak poprawy pozostałych kluczowych wła-
ściwości fizykochemicznych i aplikacyjnych, jakich oczekuje się od nowoczesnych 
materiałów kościozastępczych. W związku z tym konieczne okazało się zapropono-
wanie kolejnej, uzupełniającej strategii modyfikacji, ukierunkowanej na dalszą po-
prawę właściwości fosforanowo-wapniowych materiałów cementowych.
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Etap II – Modyfikacja fazy stałej i ciekłej materiałów cementowych 
z wykorzystaniem polimerów naturalnych
Kolejnym etapem badań było wykorzystanie polimerów naturalnych w celu poprawy 
wytrzymałości mechanicznej opracowanych wcześniej biomikrobetonów. W tym celu 
przeprowadzono równoczesną modyfikację zarówno fazy stałej jak i ciekłej cemen-
tów kostnych opartych na proszku α-TCP oraz materiałach hybrydowych HA/CTS.

Na podstawie analizy publikacji naukowych dotyczących polimerów mogących ko-
rzystnie wpłynąć na właściwości nowych materiałów wiązanych chemicznie, do dal-
szych badań wytypowano trzy różne polisacharydy, a mianowicie: pektynę cytrusową, 
alginian sodu oraz hydroksypropylometylocelulozę (HPMC). Kluczowym kryterium 
wyboru modyfikatorów było udokumentowane w literaturze występowanie oddzia-
ływań pomiędzy chitozanem – będącym polisacharydem o charakterze polikationo-
wym – a innymi polisacharydami wykazującymi charakter polianionowy. Głównym 
celem badań było wytworzenie materiałów hybrydowych, które na skutek oddziały-
wań elektrostatycznych pomiędzy składnikami wyjściowymi charakteryzowałyby się 
korzystnymi właściwościami fizykochemicznymi, biologicznymi oraz aplikacyjnymi.

Faza stała badanych biomateriałów została zmodyfikowana poprzez dodatek poli-
merów w postaci alginianu sodu lub hydroksypropylometylocelulozy (HPMC) w ilo-
ści 2 lub 4% mas. Fazę ciekłą w tych materiałów stanowił natomiast 5% mas. żel pek-
tyny cytrusowej (Publikacja 2, Tabela 1).

Jednym z pierwszych zauważalnych efektów przeprowadzonych modyfikacji była 
poprawa właściwości użytkowych past cementowych. Wprowadzenie polimerów na-
turalnych zdolnych do tworzenia hydrożeli wpłynęło korzystnie na właściwości reolo-
giczne past, podnosząc ich lepkość i tym samym umożliwiając aplikację materiału 
poprzez wstrzykiwanie, co jest szczególnie pożądane w małoinwazyjnych procedu-
rach chirurgicznych (Publikacja 2, Rysunek 1). Zastosowanie dodatków polimero-
wych miało jednak niekorzystny wpływ na czasy wiązania otrzymanych substytutów 
kostnych. Początkowe czasy wiązania tych materiałów mieściły się w przedziale od 
28,0 ± 2,0 do 37,0 ± 2,0 minut, natomiast końcowe przekraczały 60 minut (Publika-
cja 2, Tabela 2) i były wyraźne dłuższe w stosunku do materiałów niemodyfikowa-
nych. Zaobserwowano bezpośrednią korelację pomiędzy ilością polimerów w skła-
dzie materiałów wiązanych chemicznie, a czasem wiązania opracowanych materia-
łów. Na mechanizm wiązania i twardnienia biomikrobetonów znaczący wpływ miało 
ograniczenie dostępności wody potrzebnej do reakcji hydrolizy α-TCP. Mniejsza ilość 
wody w układzie związana była z absorpcją wody przez polimery naturalne obecne 
w składzie materiałów wyjściowych. Uzyskane wyniki badań potwierdziły występo-
wanie podwójnego mechanizmu wiązania opracowanych materiałów kościozastęp-
czych. Efekt ten obejmował jednocześnie hydrolizę α-TCP oraz sieciowanie łańcu-
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chów polimerowych jonami wapnia. Co istotne, wprowadzenie polimerów do matry-
cy cementowej okazało się skuteczną strategią poprawy parametrów mechanicznych 
badanych materiałów. Opracowane i otrzymane nowe biomikrobetony, przetrzymy-
wane po związaniu i stwardnieniu w powietrzu, osiągały wytrzymałość na ściskanie 
w zakresie od 9,3 ± 2,1 MPa (dla materiału referencyjnego) do 17,2 ± 2,6 MPa (dla 
materiału z dodatkiem 4% mas. alginianu sodu). Po inkubacji w roztworze SBF war-
tości te były nieznacznie niższe – od 6,6 ± 1,2 do 13,2 ± 1,2 MPa – co przypisano 
częściowej degradacji materiałów w warunkach symulowanego środowiska fizjolo-
gicznego (Publikacja 2, Rysunek 5). Poprawa wytrzymałości na ściskanie badanych 
materiałów była efektem działania podwójnego systemu wiązania (hydroliza α-TCP 
i sieciowanie polimerów) oraz interakcji między alginianem sodu a pozostałymi do-
datkami polimerowymi, a także tworzenia kompleksów polielektrolitowych pomię-
dzy hybrydowymi granulami hydroksyapatytowo-chitozanowymi i pektyną cytruso-
wą. Otrzymane materiały kościozastępcze sklasyfikowano jako hybrydy klasy I. Wy-
kazano, że najwyższą wartość wytrzymałości na ściskanie osiągnięto dla materiału 
zawierającego 4% mas. alginianu sodu, co przypisano sieciowaniu polimeru z udzia-
łem jonów Ca²⁺ oraz jego anionowemu charakterowi. Materiały z dodatkiem HPMC 
wykazywały niższą wytrzymałość na ściskanie, jednakże osiągnięte wartości wytrzy-
małości na ściskanie były porównywalne z parametrami typowymi dla ludzkiej ko-
ści gąbczastej (około 4-12 MPa). W porównaniu do biomikrobetonów opartych wy-
łącznie na proszku α-TCP oraz hybrydowych granulach HA/CTS, materiały zawiera-
jące pektynę cytrusową i dodatki polimerów modyfikujących fazę stałą wykazywały 
bardziej zwartą i jednorodną mikrostrukturę (Publikacja 2, Rysunek 3). Oprócz rów-
nomiernie rozmieszczonych w matrycy cementowej hybrydowych granul HA/CTS, 
zaobserwowano polimery – zarówno w postaci cienkiej warstwy pokrywającej ziar-
na fosforanów (V) wapnia, jak i co szczególnie istotne, w formie charakterystycz-
nych mostków polimerowych łączących hybrydowe granule z pozostałymi składni-
kami cementu kostnego. Co więcej, zastosowanie biokompatybilnych polisachary-
dów nie wpłynęło istotnie na stabilność chemiczną, przewodnictwo jonowe właści-
we roztworów inkubacyjnych wokół próbek ani na bioaktywność in vitro (Publika-
cja 2, Rysunek 4, Rysunek 6).

Podsumowując, mimo wyraźnej poprawy właściwości mechanicznych i aplikacyj-
nych, czasy wiązania zmodyfikowanych hybrydowych materiałów wiązanych che-
micznie nadal przekraczały wartości akceptowalne. Z tego względu dalsze modyfi-
kacje fosforanowo-wapniowych substytutów kostnych koncentrowały się na zmianie 
składu wyjściowego materiałów w kierunku skrócenia czasu wiązania, przy jedno-
czesnym zachowaniu korzystnych właściwości aplikacyjnych oraz poprawionej wy-
trzymałości na ściskanie.
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Etap III – Modyfikacja fazy ciekłej materiałów cementowych z wykorzy-
staniem pektyny cytrusowej w połączeniu z wodorofosforanem (V) sodu
Jak pokazały wyniki wcześniejszych eksperymentów, zastosowanie polimerów natural-
nych może przyczynić się do poprawy wstrzykiwalności oraz wytrzymałości na ściska-
nie fosforanowo-wapniowych materiałów kościozastępczych typu cementowego. Jed-
nocześnie jednak, wprowadzenie modyfikatorów polimerowych skutkowało znacznym 
wydłużeniem czasów wiązania, co stanowi istotne ograniczenie w kontekście ich za-
stosowania klinicznego.

W celu skrócenia czasów wiązania, zaproponowano dalsze modyfikacje składu wyj-
ściowego opracowanych biomikrobetonów. Fazę stałą materiałów stanowił proszek 
α-TCP oraz hybrydowe granule HA/CTS. Fazę ciekłą natomiast stanowiły mieszaniny 
roztworu wodorofosforanu (V) sodu (Na₂HPO₄), będącego akceleratorem procesu wią-
zania cementów opartych na α-TCP oraz żelu pektyny cytrusowej o zmiennych propor-
cjach (Publikacja 1, Tabela 3). Celem tej modyfikacji było skrócenie czasu wiązania, 
przy jednoczesnym zachowaniu korzystnych właściwości mechanicznych oraz wstrzy-
kiwalności opracowanych nowych materiałów kościozastępczych.

Uzyskane wyniki badań potwierdziły skrócenie zarówno początkowych, jak i końco-
wych czasów wiązania badanych biomikrobetonów, które mieściły się w przedziałach 
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). Obecność pektyny cytrusowej miała ponadto korzystny wpływ 
na właściwości reologiczne cementowych past, pełniąc funkcję plastyfikatora. Zwięk-
szenie lepkości mieszaniny przyczyniło się do uzyskania materiałów w pełni wstrzy-
kiwalnych. Otrzymane biomikrobetony zachowywały integralność po ekstruzji do roz-
tworu SBF, w przeciwieństwie do materiału kontrolnego pozbawionego pektyny, w któ-
rym obserwowano niekorzystne zjawisko separacji faz (Publikacja 1, Rysunek 1). Ana-
liza składu fazowego materiałów, podobnie jak w poprzednich etapach badań, wykazała 
obecność dwóch faz krystalicznych: α-TCP oraz hydroksyapatytu. Ich udział ilościowy 
zależał od warunków, w jakich materiały były przetrzymywane po związaniu i stward-
nieniu (Publikacja 1, Rysunek 2A, Tabela 2). Potwierdzono, że materiały zawierające 
w swym składzie wyjściowym pektynę cytrusową w fazie ciekłej charakteryzowały się 
nieznacznie spowolnioną hydrolizą α-TCP, co można wiązać z intensywną absorpcją 
wody przez ten polimer. Badania spektroskopowe dostarczyły dodatkowych informacji 
na temat składu chemicznego opracowanych materiałów. Poza charakterystycznymi pa-
smami absorpcyjnymi odpowiadającymi grupom PO₄³⁻ oraz HPO₄²⁻, potwierdzającymi 
obecność fosforanów (V) wapnia, zidentyfikowano również pasma charakterystyczne 
dla zastosowanych polimerów – pektyny cytrusowej oraz chitozanu. Pasmo przy 2930 
cm⁻¹ przypisano wibracjom rozciągającym grup C-H, natomiast pasmo przy 1649 cm⁻¹ 

– drganiom zginającym N-H, wskazującym na obecność grup aminowych typowych za-
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równo dla chitozanu, jak i amidowanej pektyny. Dodatkowo, obserwowane pasma w za-
kresie 1315 cm⁻¹ i 3573 cm⁻¹ odpowiadały odpowiednio wibracjom rozciągającym wią-
zań C-N oraz O-H, co potwierdzało obecność tych polisacharydów w strukturze mate-
riału (Publikacja 1, Rysunek 2B).

Potwierdzono, że modyfikacja fazy ciekłej biomikrobetonów przyczyniła się do zwięk-
szenia adhezji pomiędzy hybrydowymi granulami HA/CTS a fosforanowo-wapniową 
osnową cementową (Publikacja 1, Rysunek 3). Zjawisko to było wynikiem formowa-
nia się wcześniej zaobserwowanych mostków polimerowych, łączących poszczególne 
komponenty materiału, przy czym najwięcej zaobserwowano ich w biomikrobetonie 
o najwyższym stężeniu pektyny cytrusowej w fazie ciekłej.

Oprócz poprawy właściwości reologicznych pasty cementowej, umożliwiającej jej
aplikację metodą wstrzykiwania, obecność pektyny cytrusowej przyczyniła się do wzro-
stu wytrzymałości mechanicznej otrzymanych materiałów. Zgodnie z założeniami, do-
datek pektyny cytrusowej istotnie poprawił parametry mechaniczne biomikrobetonów, 
podnosząc ich wytrzymałość na ściskanie z 5,8 ± 1.1 MPa (dla materiału, w którym fazę 
ciekłą stanowił wyłącznie roztwór Na₂HPO₄) do 13,2 ± 1.3 MPa (dla materiału zawie-
rającego najwyższy udział pektyny w fazie ciekłej) (Publikacja 1, Rysunek 4). Zaobser-
wowany wzrost wytrzymałości mechanicznej poza występowaniem podwójnego syste-
mu wiązania (hydroliza α-TCP i sieciowanie polimerów), wynikał dodatkowo z dwóch 
kluczowych mechanizmów. Po pierwsze – ze zwiększonej homogeniczności past ce-
mentowych w obecności pektyny, co potwierdziły analizy mikrostruktury; po drugie – 
z utworzenia dodatkowych oddziaływań – obejmujących zarówno interakcje elektro-
statyczne pomiędzy polikationowym chitozanem a polianionową pektyną, jak i oddzia-
ływań wewnątrz hybrydowych granul.

Ocena stabilności chemicznej, przewodnictwa jonowego właściwego oraz potencja-
łu bioaktywnego w warunkach in vitro potwierdziła korzystne właściwości biologicz-
ne opracowanych materiałów cementowych. Pomimo obecności dodatków polimero-
wych, takich jak pektyna cytrusowa oraz chitozan zawarty w hybrydowych granulach 
HA/CTS, wartości pH roztworu SBF wokół inkubowanych próbek pozostawały zbliżo-
ne do fizjologicznego pH płynów ustrojowych (Publikacja 1, Rysunek 5). Na powierzch-
ni biomikrobetonów po zakończeniu inkubacji zaobserwowano charakterystyczne wy-
trącenia apatytowe, co potwierdziło potencjał bioaktywny badanych materiałów w te-
ście in vitro (Publikacja 1, Rysunek 6). Analiza przewodnictwa jonowego właściwego 
medium inkubacyjnego wykazała nieznaczny wzrost tego parametru wraz ze zwiększe-
niem udziału pektyny cytrusowej w fazie ciekłej biomikrobetonów z 65–80 µS/cm do 
80–91 µS/cm po 28 dniach inkubacji. Wyższe wartości przewodnictwa jonowego w oto-
czeniu materiałów zawierających pektynę cytrusową przypisano częściowej degradacji 
tego polimeru (Publikacja 1, Rysunek 7).
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Podsumowując, za najkorzystniejszą modyfikację fazy ciekłej hybrydowych mate-
riałów cementowych uznano mieszaninę zawierająca 1% mas. wodorofosforanu (V) 
sodu oraz 2,5% mas. pektyny cytrusowej. Taki skład fazy ciekłej pozwolił na uzyskanie 
w pełni wstrzykiwalnych hybrydowych materiałów kościozastępczych typu cementowe-
go, o podwyższonej wytrzymałości na ściskanie oraz odpowiednich czasach wiązania.

Etap IV – Modyfikacja wyjściowego proszku α-TCP z wykorzystaniem 
silanowych środków sprzęgających
Jak wykazano w poprzednich etapach badań, zastosowanie polimerów naturalnych może 
istotnie przyczynić się do poprawy wytrzymałości na ściskanie oraz wstrzykiwalności 
cementowych materiałów fosforanowo-wapniowych. Kolejnym etapem prac badaw-
czych była modyfikacja właściwości powierzchniowych wyjściowego proszku α-TCP 
stanowiącego podstawę fazy stałej opracowywanych cementowych materiałów kościo-
zastępczych. W szczególności skupiono się na powierzchniowej funkcjonalizacji prosz-
ku α-TCP z wykorzystaniem dwóch silanowych środków sprzęgających o różnych gru-
pach funkcyjnych: tetraetoksysilanu (TEOS) oraz 3-glicydoksypopropylotrimetoksysi-
lanu (GPTMS), stosowanych w ilościach 1% mas., 2% mas. oraz 5% mas. (Publikacja 3, 
Tabela 1). Ze względu na wysoką reaktywność proszku fosforanowo-wapniowego pro-
cedurę modyfikacji powierzchni przeprowadzono w warunkach bezwodnych, aby za-
pobiec hydrolizie zarówno α-TCP, jak i silanowych środków sprzęgających. Zastoso-
wanie bezwodnego etanolu umożliwiło zachowanie struktury krystalicznej α-TCP oraz 
wyeliminowało ryzyko przedwczesnej hydrolizy silanów.

Modyfikacja powierzchni α-TCP za pomocą TEOS lub GPTMS wpływała zarówno na po-
wierzchnię właściwą jak również na rozkład wielkości cząstek proszku α-TCP. Powierzch-
nia właściwa proszków α-TCP mieściła się w zakresie od 1,81 do 3,67 m²/g i malała wraz 
ze wzrostem ilości zastosowanego do modyfikacji powierzchniowej środka sprzęgające-
go (Publikacja 3, Rysunek 1). Średni rozmiar cząstek zmniejszył się z zakresu około 1,0–
100,0 µm (dla proszku niemodyfikowanego) do 1,0–10,0 µm w przypadku proszków mo-
dyfikowanych silanami (Publikacja 3, Rysunek 2). Efekt ten przypisano obniżeniu energii 
powierzchniowej oraz poprawie dyspersji, wynikającym z obecności warstw organicznych 
ograniczających powinowactwo cząstek do medium, w którym badano proszki. Analiza 
potencjału elektrokinetycznego wykazała, że modyfikacja proszków istotnie wpływała na 
zmianę ładunku powierzchniowego. Niemodyfikowany proszek α-TCP charakteryzował 
się najniższym elektroujemnym potencjałem elektrokinetycznym (−4,65 mV). Wartość ta 
wzrosła do −24,4 mV w przypadku proszku zmodyfikowanego GPTMS przy najwyższym 
badanym stężeniu (Publikacja 3, Tabela 3). Zwiększona elektroujemność potencjału elek-
trokinetycznego potwierdziła obecność warstw silanowych na powierzchni ziaren, które 
zmieniają oddziaływania elektrostatyczne oraz ograniczają tendencję do aglomeracji cząstek.
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W celu sprawdzenia wpływu zastosowanych środków sprzęgających na właściwości 
materiałów cementowych przygotowano cementy kostne o prostym składzie wyjścio-
wym, a mianowicie na bazie wyjściowego proszku α-TCP poddanego modyfikacji po-
wierzchniowej. Jako fazę ciekłą zastosowano wodę destylowaną (Publikacja 3, Tabela 2).

Analiza dyfrakcji rentgenowskiej wykazała, że zarówno wyjściowy proszek α-TCP, 
jak i proszki modyfikowane silanami, zawierały dwie fazy krystaliczne: α-TCP oraz nie-
wielką ilość hydroksyapatytu. Zgodnie z oczekiwaniami, modyfikacja przeprowadzo-
na w środowisku bezwodnym nie doprowadziła do hydrolizy α-TCP do niestechiome-
trycznego hydroksyapatytu. Oznacza to, że proces hydrolizy zarówno α-fosforanu (V) 
wapnia, jak i środka sprzęgającego rozpoczynał się dopiero po połączeniu fazy prosz-
kowej z cieczą zarobową cementu.

Analiza widm w podczerwieni, przeprowadzona dla proszków wyjściowych, cementów 
po związaniu i stwardnieniu w powietrzu oraz próbek inkubowanych przez 7 dni w roz-
tworze SBF, potwierdziła obecność pasm charakterystycznych dla fosforanów wapnia, jed-
nak nie wykazała wyraźnych pasm odpowiadających grupom Si–O–Si, Si–OH, Si–C ani 
C–H. Brak ten tłumaczy się niskim stężeniem środków silanowych oraz nakładaniem się 
pasm absorpcyjnych. Spektroskopia Ramana, poza pasmami typowymi dla fosforanów (V) 
wapnia, potwierdziła także obecność pasm charakterystycznych dla użytych silanowych 
środków sprzęgających. W cementach zawierających TEOS zaobserwowano pasma przy-
pisywane wiązaniom Si–O–Si (~1100 cm⁻¹), grupie metylowej (~2940 cm⁻¹) oraz wiąza-
niu Si–O–CH₃ (~1250 cm⁻¹). Grupy Si–OH obecne w TEOS potwierdzono pasmami w za-
kresie 3600–3700 cm⁻¹. W przypadku materiałów zawierających GPTMS zidentyfikowa-
no charakterystyczne pasmo przy około 910 cm⁻¹, przypisywane drganiom rozciągającym 
wiązania CH₂–O, związanym z obecnością grup epoksydowych — szczególnie widoczne 
po inkubacji próbek. Na widmie materiałów modyfikowanych za pomocą GPTMS również 
widoczne są pasma pochodzące od drgań grup Si–O–Si (~1100 cm⁻¹), Si–CH₃ (~2940 cm⁻¹) 
oraz Si–O–CH₂ (~1250 cm⁻¹) (Publikacja 3, Rysunek 4, Rysunek 5).

W kolejnym etapie badań przeprowadzono ocenę czasów wiązania otrzymanych ce-
mentów kostnych. Uzyskane wyniki wykazały, że zarówno początkowe jak i końcowe 
czasy wiązania zależały od ilości zastosowanego silanowego środka sprzęgającego. Po-
czątkowy czas wiązania mieścił się w zakresie od 3,5 ± 1,0 do 6,5 ± 0,5 min, natomiast 
końcowy — od 6,5 ± 0,5 do 11,5 ± 0,5 min (Publikacja 3, Tabela 5).

Modyfikacja powierzchni proszku α-TCP z wykorzystaniem silanowych środków 
sprzęgających, poza skróceniem czasu wiązania, wpłynęła również korzystnie na wła-
ściwości mechaniczne otrzymanych cementów. Wytrzymałość na ściskanie badanych 
materiałów mieściła się w zakresie od 7,3 ± 0,4 MPa do 12,2 ± 0,5 MPa, przy czym 
najwyższe wartości odnotowano dla cementu zawierającego 5% mas. GPTMS. Anali-
za statystyczna potwierdziła istotne różnice pomiędzy materiałami modyfikowanymi 



37

a niemodyfikowanym materiałem referencyjnym (Publikacja 3, Rysunek 6). Poprawa 
parametrów mechanicznych wynikała z wytworzenia dodatkowych wiązań chemicz-
nych podczas jednoczesnej hydrolizy α-TCP oraz silanowych środków sprzęgających 
— w szczególności wiązań Si–O–Si, Si–O oraz Si–O–P — świadczących o chemicznej 
integracji składników cementu i potwierdzających jego hybrydowy charakter. Cemen-
ty kostne, niezależnie od rodzaju zastosowanego środka sprzęgającego jako modyfika-
tora α-TCP, charakteryzowały się zwartą i homogeniczną mikrostrukturą, w której wi-
doczne były mikropory. Po siedmiu dniach inkubacji w symulowanym płynie ustrojo-
wym wszystkie analizowane próbki cementowe zostały całkowicie pokryte charaktery-
stycznymi formami apatytowymi, co potwierdziło ich wysoki potencjał bioaktywny in 
vitro (Publikacja 3, Rysunek 9). Ocena stabilności chemicznej próbek inkubowanych 
w roztworze SBF nie wykazała również negatywnego wpływu obecności silanowych 
środków sprzęgających. Zmiany pH roztworu otaczającego badane materiały pozosta-
wały bliskie wartościom fizjologicznym i mieściły się w zakresie 7,34–7,40 (Publikacja 
3, Rysunek 10). Przewodnictwo jonowe właściwe dla materiał kontrolnego (bez dodat-
ku środka sprzęgającego) mieściło się w zakresie ~72–81 μS/cm. Obecność silanowych 
modyfikatorów prowadziła do niewielkiego wzrostu przewodnictwa jonowego właści-
wego – do ~73–87 μS/cm dla próbek zawierających TEOS oraz ~84–96 μS/cm dla pró-
bek z dodatkiem GPTMS. Zjawisko to tłumaczy się wyższą szybkością degradacji si-
lanowych środków sprzęgających oraz towarzyszącym jej uwalnianiem jonów podczas 
postępującej hydrolizy w środowisku wodnym (Publikacja 3, Rysunek 11).

Wykazano, że opracowana bezwodna metoda modyfikacji powierzchni proszków 
α-TCP z wykorzystaniem tetraetoksysilanu oraz 3-glicydyloksypropylotrimetoksysila-
nu stanowi innowacyjne rozwiązanie, umożliwiające poprawę właściwości fizykoche-
micznych, w szczególności wytrzymałości mechanicznej, materiałów cementowych na 
bazie fosforanów (V) wapnia przeznaczonych do regeneracji tkanki kostnej. Zwiększe-
nie wytrzymałości mechanicznej uzyskano dzięki wytworzeniu dodatkowych wiązań 
chemicznych w strukturze materiału. Kolejnym kierunkiem dalszych badań było za-
stosowanie zaproponowanej strategii modyfikacji wysoko reaktywnego proszku α-TCP 
w bardziej złożonych układach, uwzględniających obecność polimerów lub innych kom-
ponentów funkcjonalnych.

Etap V – Modyfikacja fazy proszkowej materiałów z wykorzystaniem 
silanowych środków sprzęgających oraz modyfikacja fazy ciekłej
Bazując na wcześniej przeprowadzonych modyfikacjach ukierunkowanych na poprawę 
właściwości materiałów kościozastępczych – obejmujących wprowadzenie hybrydo-
wych granul HA/CTS do fazy stałej cementów, modyfikację fazy ciekłej poprzez zasto-
sowanie wodorofosforanu (V) sodu oraz pektyny cytrusowej, a także funkcjonalizację 
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powierzchni wyjściowych proszków α-TCP za pomocą silanowych środków sprzęgają-
cych – w kolejnym etapie badań skoncentrowano się na ich połączeniu i ocenie efektu 
wynikającego z ich jednoczesnego zastosowania.

Ocenie poddano serię materiałów typu biomikrobetonów, w których fazę proszkową 
stanowił proszek α-TCP (niemodyfikowany lub poddany modyfikacji z wykorzystaniem 
silanowych środków sprzęgających) w połączeniu z hybrydowymi granulami HA/CTS. 
Fazę ciekłą tych kompozytów stanowiła mieszanina 1% mas. roztworu Na₂HPO₄ oraz 
2,5% mas. żelu pektyny cytrusowej (Publikacja 4, Tabela 3).

Jednoczesne zastosowanie modyfikacji fazy proszkowej z wykorzystaniem silano-
wych środków sprzęgających oraz fazy ciekłej z wykorzystaniem żelu pektyny cytry-
nowej przyczyniło się do uzyskania materiałów o początkowych i końcowych czasach 
wiązania mieszczących się odpowiednio w zakresie 5,5–12,0 minut oraz 11,5–19,5 mi-
nut (Publikacja 4, Tabela 2). Szczególnie istotna okazała się rola silanowych środków 
sprzęgających, które w zauważalnym stopniu skracały czas wiązania.

Kluczowym elementem oceny opracowanych tworzyw była ich wytrzymałość na ściska-
nie. Przeprowadzone badania wykazały, że wytrzymałość na ściskanie biomateriałów mie-
ściła się w zakresie od 11,4 ± 1,1 MPa do 19,3 ± 1,0 MPa. Wartości te zależały od ilości 
wprowadzonego silanowego środka sprzęgającego jako modyfikatora wyjściowego prosz-
ku α-TCP. Wzrost stężenia środka sprzęgającego skutkował statystycznie istotną poprawą 
właściwości mechanicznych, niezależnie od rodzaju zastosowanego silanu (Publikacja 4, 
Rysunek 3). Najwyższą wytrzymałość mechaniczną zmierzono dla materiału zawierające-
go 5% mas. GPTMS. Za poprawę parametrów mechanicznych cementów kostnych odpo-
wiadały przede wszystkim dodatkowe wiązania chemiczne powstające pomiędzy składni-
kami biomikrobetonu oraz zwiększona adhezja pomiędzy matrycą cementową a hybrydo-
wymi granulami. Istotną rolę odegrały także zastosowane biopolimery, których grupy funk-
cyjne oddziaływały z grupami silanowymi, przyczyniając się do zwiększenia kohezji i sta-
bilności mikrostruktury materiału. Poprawę adhezji pomiędzy poszczególnymi komponen-
tami biomikrobetonów potwierdzono dodatkowo w obserwacjach mikrostruktury. Bada-
nia porowatości z wykorzystaniem metody porozymetrii rtęciowej wykazały, że obecność 
tych modyfikatorów prowadziła do istotnego obniżenia porowatości otwartej w materia-
łach. Biomateriał niezawierający silanowych środków sprzęgających charakteryzował się 
porowatością całkowitą na poziomie 58,3 ± 0,5% obj., podczas gdy materiały zawierają-
ce TEOS lub GPTMS wykazywały istotnie niższe wartości: odpowiednio 47,6 ± 0,5% obj. 
oraz 46,4 ± 0,5% obj. (Publikacja 4, Rysunek 4). Opracowane biomikrobetony odznaczały 
się jednorodną mikrostrukturą, w której granule HA/CTS były równomiernie rozmieszczo-
ne w osnowie cementowej. W materiałach modyfikowanych silanowymi środkami sprzęga-
jącymi zaobserwowano lepszą adhezję między cementową matrycą fosforanowo-wapnio-
wą a granulami HA/CTS (Publikacja 4, Rysunek 5). Ocena stabilności chemicznej, prze-
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wodnictwa jonowego właściwego oraz potencjału bioaktywnego metodą in vitro miała na 
celu wstępną analizę przydatności nowoopracowanych materiałów kościozastępczych przed 
przystąpieniem do badań komórkowych. Wartości pH roztworu SBF otaczającego próbki 
pozostawały zbliżone do fizjologicznych i mieściły się w zakresie 7,36–7,42. Obecność si-
lanowych środków sprzęgających miała jedynie marginalny wpływ na odczyn środowiska 
inkubacyjnego (Publikacja 4, Rysunek 6A). Z kolei przewodnictwo jonowe właściwe roz-
tworu wodnego, w którym inkubowano próbki, zależało od ich składu chemicznego, lecz 
pozostawało w zakresie typowym dla fosforanowo-wapniowych cementów kostnych, wy-
noszącym od 100–116 μS/cm do 140–181 μS/cm (Publikacja 4, Rysunek 6B). Po siedmiu 
dniach inkubacji w roztworze SBF powierzchnia wszystkich badanych próbek została cał-
kowicie pokryta charakterystycznymi formami apatytowymi, co jednoznacznie potwier-
dziło ich potencjał bioaktywny in vitro (Publikacja 4, Rysunek 7).

Ocena cytotoksyczności badanych cementów została przeprowadzona na liniach komór-
kowych MC3T3-E1 na podstawie aktywności metabolicznej komórek z wykorzystaniem 
testu WST-8. Uzyskane wyniki wykazały wysoką żywotność komórek, przekraczającą 90% 
dla wszystkich analizowanych materiałów, co zgodnie z normą ISO 10993-5:2009 potwier-
dza brak działania toksycznego opracowanych biomateriałów (Publikacja 4, Rysunek 8A). 
Nieznaczne obniżenie żywotności zaobserwowano w przypadku materiałów niemodyfiko-
wanych oraz modyfikowanych z wykorzystaniem TEOS, co można wiązać z umiarkowa-
nym wpływem składników ekstraktu na aktywność dehydrogenazy mitochondrialnej. Róż-
nice te nie przekroczyły jednak ustalonych progów cytotoksyczności. Bezpieczeństwo bio-
logiczne materiałów potwierdzono również za pomocą testu LDH, oceniającego integral-
ność błon komórkowych. Po lizie komórek nie stwierdzono istotnych różnic w aktywno-
ści dehydrogenazy mleczanowej pomiędzy badanymi próbkami a kontrolą negatywną, co 
dodatkowo potwierdziło brak efektu cytotoksycznego (Publikacja 4, Rysunek 8B).

W dalszej części badań przeprowadzono ocenę adhezji i morfologii komórek na po-
wierzchni opracowanych materiałów cementowych. Obserwacje mikroskopowe po wcze-
śniejszym barwieniu fluorescencyjnym, wykazały, że komórki układały się zgodnie z to-
pografią materiału, penetrując jego mikropory i zagłębienia. Mikrostruktura cementów 
sprzyjała adhezji i rozprzestrzenianiu się komórek, co wskazuje na korzystny wpływ 
opracowanych tworzyw na osteointegrację (Publikacja 4, Rysunek 8C, D).

Podsumowując, modyfikacja proszku α-TCP za pomocą silanowych środków sprzę-
gających oraz zastosowanie mieszaniny wodorofosforanu (V) sodu i pektyny cytruso-
wej jako fazy ciekłej pozwoliło uzyskać samowiążące materiały implantacyjne o ko-
rzystnych właściwościach użytkowych, kontrolowanych czasach wiązania oraz zwięk-
szonej wytrzymałości mechanicznej. Co istotne, obecność silanowych środków sprzę-
gających nie zmieniła korzystnych właściwości biologicznych charakteryzujących ma-
teriały na bazie fosforanów (V) wapnia.
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Etap VI – Modyfikacja hybrydowych granul HA/CTS pierwiastkami 
o korzystnym działaniu biologicznym
Kolejny etap badań obejmował funkcjonalizację hybrydowych granul hydroksyapatyto-
wo-chitozanowych (HA/CTS) za pomocą pierwiastków wykazujących korzystne wła-
ściwości biologiczne, ze szczególnym uwzględnieniem działania antybakteryjnego. Na 
etapie syntezy hybrydowych granul do materiału wprowadzono miedź (Cu-HA/CTS) 
oraz tytan (Ti-HA/CTS) (Publikacja 5, Rysunek 1).

Następnie zaprojektowano i otrzymano innowacyjne substytuty kostne typu biomi-
krobetonów w których jako fazę stałą zastosowano proszek α-TCP oraz odpowiednio 
zmodyfikowane hybrydowe granule Cu-HA/CTS lub Ti-HA/CTS, natomiast jako fazę 
ciekłą, podobnie jak w poprzednich etapach, wykorzystano 1% mas. roztwór Na₂HPO₄ 
z dodatkiem 2,5% mas. żelu pektyny cytrusowej (Publikacja 5, Tabela 1).

Skuteczność procesu modyfikacji hybrydowych granul została potwierdzona przy 
pomocy analizy fluorescencji rentgenowskiej (XRF) oraz metody rentgenowskiej spek-
troskopii dyspersji energii (EDS). Analiza XRF wykazała obecność w otrzymanych 
materiałach charakterystycznych sygnałów pochodzących od miedzi i  tytanu. Wy-
kazano, że zawartość pierwiastków w otrzymanych granulach wynosiła odpowied-
nio: 5,11 ± 0,007% mas. dla miedzi oraz 4,87 ± 0,003% mas. dla tytanu, co niemalże 
w pełni odpowiadało założonym wartościom (5% mas.). Modyfikację przeprowadzo-
no mokrą metodą chemiczną, bez dodatkowych etapów obróbki termicznej. Metoda 
ta umożliwiła efektywne wprowadzenie pierwiastków o właściwościach przeciwdrob-
noustrojowych do składu granul HA/CTS przy jednoczesnym zachowaniu ich hybry-
dowego charakteru.

Opracowane biomikrobetony, zawierające zmodyfikowane granule (Cu-HA/CTS lub 
Ti-HA/CTS) oraz naturalne biopolimery – wykazywały akceptowalne czasy wiązania, 
wynoszące od 11,0 ± 0,5 do 12,0 ± 1,5 minut (czas początkowy) oraz od 18,5 ± 1,0 do 
21,0 ± 1,0 minut (czas końcowy) (Publikacja 5, Tabela 2). W przypadku biomikrobeto-
nów zawierających hybrydowe granule HA/CTS zmodyfikowane miedzią, zaobserwo-
wano wydłużenie czasu wiązania, które mogło wynikać z tworzenia się kompleksów 
pektyny cytrusowej z miedzią.

Ocena profilu uwalniania jonów stanowiła istotny etap charakterystyki opracowanych 
biomateriałów, umożliwiający prognozowanie ich potencjalnej aktywności biologicznej 
in vivo. W analizowanych biomikrobetonach zaobserwowano wyraźne różnice w dyna-
mice uwalniania miedzi i tytanu (Publikacja 5, Rysunek 12). Proces uwalniania tytanu 
przebiegał znacznie wolniej niż w przypadku miedzi, przy czym w obu przypadkach 
najwyższe stężenia w roztworze odnotowano w pierwszym dniu inkubacji.

Ocena aktywności antybakteryjnej opracowanych biomikrobetonów obejmowała testy 
dyfuzyjne w agarze, oznaczenia liczby żywych komórek bakteryjnych (CFU) oraz ana-
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lizę adhezji bakterii do powierzchni materiałów. W klasycznym teście dyfuzji, jedynie 
próbki zawierające granule modyfikowane miedzią wykazały zdolność hamowania wzro-
stu S. aureus oraz E. coli, ze strefami inhibicji wynoszącymi odpowiednio 11 i 10 mm. 
Charakterystyczne zabarwienie stref zahamowania wzrostu bakteryjnego w przypadku 
biomikrobetonów przypisano obecności jonów miedzi dyfundujących do podłoża i od-
działującej z komponentami białkowymi agaru (Publikacja 5, Rysunek 13A). Biomikro-
betony zawierające niemodyfikowane granule oraz zawierające granule modyfikowane 
tytanem nie wykazywały aktywności antybakteryjnej w tym teście.

Wyniki oznaczeń CFU dostarczyły danych ilościowych potwierdzających obserwa-
cje jakościowe. Materiał zawierający niemodyfikowane granule HA/CTS, wykazywał 
niewielką, lecz zauważalną redukcję liczby bakterii, wynikającą z działania antybak-
teryjnego chitozanu. Natomiast materiały zawierające granule modyfikowane miedzią 
powodowały całkowitą eliminację komórek bakteryjnych obu szczepów, jednoznacz-
nie wskazując na wysoką skuteczność miedzi jako czynnika przeciwdrobnoustrojowe-
go. W przypadku materiałów zawierających granule modyfikowane tytanem nie zaob-
serwowano efektu bakteriobójczego – co więcej, dla szczepu S. aureus odnotowano 
wzrost liczby żywych komórek (Publikacja 5, Rysunek 13B,C).

Badanie adhezji komórek bakteryjnych do powierzchni próbek – kluczowe w kon-
tekście zapobiegania tworzeniu biofilmów – potwierdziło korzystny wpływ modyfika-
cji miedzią i tytanem na redukcję przylegania komórek bakteryjnych Gram-dodatnich. 
Dla szczepu S. aureus udział powierzchni pokrytej komórkami wynosił odpowiednio 
0,3% (dla materiału zawierającego granule modyfikowane miedzią), 23,9% (dla ma-
teriału zawierającego granule modyfikowane tytanem) i 65,5% (dla materiału zawie-
rającego niemodyfikowane granule). W przypadku E. coli różnice były mniej wyraź-
ne – 7,6% (dla materiału zawierającego granule modyfikowane miedzią), 21,7% (dla 
materiału zawierającego granule modyfikowane tytanem) i 15,6% (dla materiału za-
wierającego niemodyfikowane granule). Dane te sugerują ograniczony wpływ tytanu 
na adhezję komórek Gram-ujemnych oraz możliwy efekt sprzyjający kolonizacji (Pu-
blikacja 5, Rysunek 14).

Podsumowując, zmodyfikowanie hybrydowych granul HA/CTS pierwiastkami o ko-
rzystnych właściwościach biologicznych, w połączeniu z odpowiednio zaprojektowa-
ną fazą ciekłą dla materiałów wiązanych chemicznie, umożliwiło otrzymanie nowo-
czesnych, w pełni wstrzykiwalnych biomateriałów kościozastępczych o wysokim po-
tencjale antybakteryjnym. Opracowane biomikrobetony cechowały się podwyższo-
ną wytrzymałością na ściskanie oraz korzystnym profilem uwalniania miedzi i  tyta-
nu, co wskazuje na możliwość ich zastosowania nie tylko jako pasywnych wypełnia-
czy ubytków, lecz również jako aktywnych nośników substancji o korzystnym działa-
niu biologicznym.
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Etap VII – Rusztowania kostne otrzymane z wykorzystaniem robo-
castingu
Cementowe materiały kościozastępcze oparte na fosforanach (V) wapnia mogą być sto-
sowane nie tylko w postaci past przeznaczonych do bezpośredniej aplikacji w miejsce 
ubytku kostnego, lecz również jako materiały do wytwarzania rusztowań przestrzen-
nych z wykorzystaniem nowoczesnych metod formowania przyrostowego, takich jak 
robocasting. Aby pasty cementowe mogły być wykorzystane do druku, muszą spełniać 
określone wymagania, w szczególności w zakresie parametrów reologicznych, które 
warunkują możliwość ich ekstruzji przez dyszę drukarki 3D.

Ostatni etap badań realizowanych w ramach pracy doktorskiej obejmował otrzyma-
nie oraz charakterystykę samowiążących materiałów kościozastępczych na bazie fosfo-
ranów (V) wapnia, polimerów naturalnych i silanowych środków sprzęgających, w for-
mie przestrzennych rusztowań o podwyższonej wytrzymałości mechanicznej przy wy-
korzystaniu metody robocastingu (Publikacja 6, Tabela 1).

Jak wykazano we wcześniejszych badaniach, obecność polimerów naturalnych istot-
nie wpływa na wzrost lepkości cementowych mieszanin, co w kontekście technologii 
przyrostowych jest zjawiskiem pożądanym. Wydłużony czas umożliwia bowiem nie-
przerwane formowanie większej liczby rusztowań kostnych bez ryzyka przedwczesnego 
utwardzenia materiału w dyszy lub konieczności wymiany zbiornika roboczego drukarki 
3D. Choć opóźniony proces wiązania może być niekorzystny w przypadku bezpośred-
niej aplikacji pasty do miejsca ubytku kostnego, w technologiach przyrostowych stano-
wi zaletę, pozwalającą na uzyskanie precyzyjnych i morfologicznie stabilnych ruszto-
wań przestrzennych. Lepkość otrzymanych past cementowych mieściła się w zakresie 
od 60 do 390 Pa·s (Publikacja 6, Rysunek 2). Pastom zawierającym hybrydowe prosz-
ki HA/CTS towarzyszyła większa stabilność lepkości w porównaniu do układów opar-
tych wyłącznie na proszkach α-TCP, co przekładało się na istotnie dłuższe okno czaso-
we umożliwiające prowadzenie procesu robocastingu – sięgające do około 3000 sekund.

Przeprowadzono ocenę mikrostruktury rusztowań kostnych otrzymanych metodą robo-
castingu, w celu określenia ich przydatności do zastosowań w inżynierii tkankowej oraz 
identyfikacji potencjalnych defektów związanych z techniką druku. Po upływie 24 go-
dzin inkubacji próbek w warunkach 100% wilgotności, rusztowania charakteryzowały 
się obecnością zarówno makro-, jak i mikroporów. Architektura otrzymanych wydruków 
pozostawała zgodna z przyjętymi założeniami projektowymi modelu komputerowego.

Nie zaobserwowano negatywnego wpływu ani materiału hybrydowego HA/CTS, 
ani zastosowanych silanowych środków sprzęgających modyfikujących powierzchnię 
proszku α-TCP na morfologię otrzymanych rusztowań (Publikacja 6, Rysunek 3). Za-
stosowanie silanowych środków sprzęgających do modyfikacji proszku α-TCP istotnie 
poprawiło parametry mechaniczne, niezależnie od zastosowanego typu silanu (Publi-
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kacja 6, Rysunek 6). Wytrzymałość na ściskanie rusztowań mieściła się w zakresie od 
5,2 ± 0,8 MPa do 9,3 ± 0,5 MPa. Zaobserwowany efekt wzrostu wytrzymałości mecha-
nicznej przypisano oddziaływaniom chemicznym pomiędzy komponentami materiału, 
w szczególności pomiędzy grupami funkcyjnymi obecnymi w polimerach naturalnych 
i silanowych środkach sprzęgających. Kluczowe znaczenie miała również obecność chi-
tozanu i pektyny cytrusowej, których przeciwstawne ładunki sprzyjały homogenizacji 
pasty i stabilizacji struktury poprzez tworzenie fizycznych i chemicznych sieci oddzia-
ływań z hybrydowym proszkiem HA/CTS. Wzrost parametrów mechanicznych zależał 
od ilości wprowadzonych środków sprzęgających.

Końcowy etap oceny trójwymiarowych rusztowań dotyczył zbadania stabilności che-
micznej, przewodnictwa jonowego właściwego oraz potencjału bioaktywnego w testach 
in vitro. Obecność biopolimerów i silanów nie wpływała istotnie na zmiany wartości 
pH symulowanego płynu ustrojowego który pozostawał stabilny i mieścił się w prze-
dziale 7,33–7,43 przez cały okres badania. (Publikacja 6, Rysunek 7A). Przewodnictwo 
jonowe właściwe roztworu inkubacyjnego wokół badanych próbek wynosiło od około 
111 do 146 μS/cm, przy czym zastosowanie hybrydowego materiału HA/CTS w posta-
ci proszku zamiast granul prowadziło do jego obniżenia do poziomu 65–96 μS/cm (Pu-
blikacja 6, Rysunek 7B). Po siedmiu dniach inkubacji próbek w roztworze SBF w tem-
peraturze 37°C, na powierzchni wszystkich analizowanych rusztowań zaobserwowano 
charakterystyczną warstwę apatytową, co potwierdziło ich wysoki potencjał bioaktyw-
ny in vitro (Publikacja 6, Rysunek 8).

Podsumowując, zaproponowane szerokie podejście do sposobów modyfikacji składów 
wyjściowych cementów kostnych na bazie α-TCP – obejmujące zarówno fazę prosz-
kową, jak i ciekłą – stanowi kompleksową i skuteczną strategię poprawy właściwości 
funkcjonalnych materiałów opartych na fosforanach (V) wapnia. Zastosowanie silano-
wych środków sprzęgających oraz polimerów naturalnych, takich jak chitozan i pekty-
na cytrusowa, umożliwiło uzyskanie materiałów samowiążących o wyższej wytrzyma-
łości mechanicznej, lepszej adhezji między osnową cementową a hybrydowymi granu-
lami HA/CTS, poprawę parametrów reologicznych, przy jednoczesnym zachowaniu bio-
zgodności i potencjału bioaktywnego in vitro. Potwierdzona skuteczność tych modyfi-
kacji zarówno w materiałach typu biomikrobetonów, jak i w rusztowaniach przestrzen-
nych otrzymanych metodą robocastingu, wskazuje na szerokie możliwości aplikacyjne 
zaproponowanych rozwiązań materiałowych w inżynierii tkanki kostnej.
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Wnioski

W ramach niniejszej rozprawy doktorskiej zaprojektowano, otrzymano i poddano oce-
nie fizykochemicznej oraz biologicznej nowoczesne materiały hybrydowe przeznaczone 
do regeneracji tkanki kostnej. Opracowane materiały oparto na fosforanach (V) wapnia 
które częściowo zostały zmodyfikowane z wykorzystaniem silanowych środków sprzę-
gających i/lub czynników aktywnych biologicznie (jony tytanu oraz miedzi) oraz poli-
merach pochodzenia naturalnego. W wyniku przeprowadzonych badań oceniono wpływ 
różnych modyfikacji składów wyjściowych materiałów typu cementowego na właści-
wości fizykochemiczne, aplikacyjne oraz biologiczne wytworzonych hybrydowych sub-
stytutów kostnych.

Na podstawie przeprowadzonych badań eksperymentalnych oraz analizy zgromadzo-
nych wyników sformułowano następujące wnioski:

1.	 Główny cel pracy doktorskiej został osiągnięty. Wykazano, że możliwe jest otrzy-
manie hybrydowych biomateriałów kościozastępczych nowej generacji opartych 
na fosforanach (V) wapnia, polimerach pochodzenia naturalnego oraz silanowych 
środkach sprzęgających.

2.	 Wykazano, że opracowana bezwodna modyfikacja proszku α-fosforanu (V) wap-
nia z wykorzystaniem dwóch różnych silanowych środków sprzęgających, a mia-
nowicie tetraetoksysilanu oraz 3-glicydoksylopropylotrimetoksysilanu, korzystnie 
wpływa na powierzchnię właściwą, rozkład wielkości cząstek oraz potencjał elek-
trokinetyczny wyjściowego proszku α-TCP, a tym samym na proces wiązania oraz 
poprawę wytrzymałości na ściskanie wytworzonych na jego bazie materiałów typu 
cementowego.

3.	 Udowodniono, że zastosowanie pektyny cytrusowej, jako związku modyfikującego 
fazę ciekłą ma korzystny wpływ na właściwości mechaniczne opracowanych bio-
materiałów. Efekt ten wynika z występowania podwójnego mechanizmu wiązania, 
obejmującego jednocześnie hydrolizę α-TCP oraz sieciowanie łańcuchów polimero-
wych jonami wapnia, a w przypadku biomikrobetonów również z tworzenia most-
ków polimerowych łączących poszczególne komponenty materiałów.

4.	 Udowodniono, że poprzez wykorzystanie granul hydroksyapatytowo-chitozano-
wych modyfikowanych miedzią możliwe jest wytworzenie materiałów wiązanych 
chemicznie typu biomikrobetonów o wielokierunkowym i wzmocnionym działaniu 
antybakteryjnym. Jednocześnie wykazano, że biomikrobetony zawierające granule 
HA/CTS modyfikowane tytanem nie wykazują znaczącej aktywności antybakteryjnej.

5.	 Wykazano, że odpowiednia modyfikacja fazy stałej oraz ciekłej samowiążących ce-
mentów fosforanowo-wapniowych za pomocą silanowych środków sprzęgających 
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oraz pektyny cytrusowej pozwala na otrzymanie hybrydowych past ceramicznych, 
z których można metodą robocastingu wydrukować odpowiednio spersonalizowa-
ne implanty kostne.

6.	 Potwierdzono, że wytworzone hybrydowe biomateriały nie mają negatywnego wpły-
wu na rozwój i różnicowanie się ludzkich komórek ostoblastycznych (linia MC3T-
3-E1), a w testach in vitro w SBF wykazują potencjał bioaktywny.

7.	 Za najbardziej obiecujące materiały implantacyjne uznano biomikrobetony oraz 
rusztowania kostne oparte na zmodyfikowanym z wykorzystaniem 5% mas. 3-gli-
cydoksylopropylotrimetoksysilanu wysokoreaktywnym proszku α-TCP oraz hybry-
dowych materiałach hydroksyapatytowo-chitozanowych, które w fazie ciekłej za-
wierały mieszaninę 2,5% mas. żelu pektyny cytrusowej i 1% mas. wodorofosfora-
nu (V) sodu. Wykazano, że opracowane biomateriały można wykorzystać jako no-
śniki pierwiastków o korzystnym działaniu biologicznym, a także do wytwarzania 
porowatych rusztowań kostnych otrzymywanych przy pomocy technik formowania 
przyrostowego. Opracowane materiały po przeprowadzeniu pełnych badań biolo-
gicznych in vitro oraz in vivo mogą potencjalnie stanowić grupę biomateriałów hy-
brydowych typu cementowego, do wykorzystania w medycynie jako kościozastęp-
cze preparaty implantacyjne nowej generacji.
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Perspektywy

Rezultaty osiągnięte w ramach niniejszej rozprawy doktorskiej otwierają perspektywy 
do prowadzenia dalszych badań, koncentrujących się na łączeniu wielu strategii mo-
dyfikacji zaawansowanych cementów kostnych w celu otrzymania materiałów poręcz-
nych chirurgicznie o wielotorowym działaniu antybakteryjnym, wspierających regene-
rację tkanki kostnej. Planowane przyszłe badania powinny być realizowane w trzech 
głównych kierunkach.

Pierwszy kierunek – to badania nad wykorzystaniem silanowych środków sprzęgają-
cych do modyfikacji powierzchni biomateriałów fosforanowo-wapniowych, innych niż 
zastosowane w niniejszej pracy. Dalsze badania w tym obszarze koncentrowałyby się 
na poszukiwaniu związków o zróżnicowanej budowie chemicznej i grupach funkcyj-
nych, które mogłyby oferować jeszcze bardziej precyzyjną kontrolę nad interakcjami 
pomiędzy materiałem a środowiskiem biologicznym.

Drugi obszar badawczy powinien koncentrować się na modyfikacjach biomateriałów 
typu cementowego z wykorzystaniem jonów, leków lub substancji aktywnych o korzyst-
nym działaniu biologicznym. W dotychczasowych badaniach wykazano, że wprowadze-
nie jonów miedzi nadawało materiałom silne właściwości antybakteryjne, co jest klu-
czowe w profilaktyce zakażeń pooperacyjnych. Materiały modyfikowane tytanem, choć 
nie wykazały wyraźnej aktywności antybakteryjnej in vitro, są cenione za biozgodność 
i wysoki potencjał osteoindukcyjny. W perspektywie dalszych badań planuje się wpro-
wadzenie innych jonów, takich jak magnezowe (Mg2+), strontowe (Sr2+), bizmutowe 
(Bi3+) czy cynkowe (Zn2+). Jony te są znane z ich zdolności do wspierania osteogenezy 
i angiogenezy, co jest kluczowe dla efektywnej regeneracji tkanki kostnej.

Trzeci potencjalny kierunek badawczy obejmuje wykorzystanie poręcznych chirurgicz-
nie past cementowych do otrzymywania skomplikowanych i spersonalizowanych rusz-
towań kostnych za pomocą nowoczesnych technik formowania przyrostowego. W przy-
szłości możliwa będzie dalsza modyfikacja parametrów druku w celu uzyskania struk-
tur o gradientowej porowatości, kanałach kapilarnych imitujących naczynia krwiono-
śne czy anatomicznie dopasowane modele ubytków kostnych.
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ropean Institute of Technology – Staż naukowy z realizacją badań do pracy doktorskiej, 
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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 α-tricalcium phosphate powder (α-TCP) and hybrid hy-
droxyapatite/chitosan granules (HA/CTS). Various combinations of disodium phosphate (Na2HPO4)
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 α-tricalcium phosphate (α-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+, Cu2+) 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 α-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 (ti) should be
approximately 15 min, whereas the final setting time (tf) should be under 30 min [31,32].
However, in the literature, ranges between 4–8 min for ti, and up to 15 min for tf 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 (ti) [min] Final Setting Time (tf) [min]

MC1 4.5 ± 1.0 7.5 ± 0.5
MC2 9.0 ± 0.5 16.5 ± 1.0
MC3 11.5 ± 0.5 21.0 ± 1.0
MC4 17.5 ± 1.0 32.0 ± 1.5
MC5 30.5 ± 0.5 55.5 ± 1.0

Setting times of MC1, where the liquid phase constituted solely of 2.0 wt% Na2HPO4
solution, were the shortest and equal to 4.5 min (ti) and 7.5 min (tf). In this case, the setting
process of biomicroconcrete was based only on the hydrolysis of α-tricalcium phosphate to
calcium-deficient hydroxyapatite (CDHA), according to the following chemical equation
(Equation (1)) [34,35].

3Ca3(PO4)2 + H2O → Ca9(PO4)5(HPO)4OH (1)

It is known that the rate of α-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., Na2HPO4) 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), α-TCP hydrolysis is also a second setting reaction, which is directly connected
with pectin cross-linking by Ca2+ ions that occur [14]. The double-setting mechanism
resulted in longer setting times, because the process of α-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 (ti) and 16.5–32.0 min (tf). 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 α-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 α-TCP powder was composed of α-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: α-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 SBF.

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 SBF.

Material
7 Days in Air 7 Days in SBF

α-TCP,
wt%

Hydroxyapatite,
wt%

α-TCP,
wt%

Hydroxyapatite,
wt%

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
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The materials containing citrus pectin in the liquid phase were characterized by slightly
slower hydrolysis of α-TCP to hydroxyapatite. The amount of α-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 α-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
α-TCP, as a thermodynamically metastable phase, spontaneously hydrolyzed to calcium-
deficient hydroxyapatite. Similar observations were previously reported for α-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−1 (stretching), which corre-
sponded to the vibrations of PO4

3− groups. The wide band in the range of ~3000–3800 cm−1

was assigned to the absorbed water. Moreover, the spectra possessed an absorption band
at ~870 cm−1 that corresponded to HPO4

2− groups, confirming the presence of non-
stoichiometric hydroxyapatite. Additionally, in a similar spectral range (~873–875 cm−1),
carbonate bonds may have appeared in the material, whereas the existence of a band at
1424 cm−1 indicated partial substitution of CO3

2− in the hydroxyapatite structure. Similar
results were obtained for calcium phosphate-based biomaterials by Gao et al. [47] and
Cichoń 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−1 can be attributed to alkyl
C-H (stretching) vibrations. The band at around 1649 cm−1 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 cm−1 and 3573 cm−1

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 α-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.
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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.
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Figure 4. Compressive strength of biomicroconcretes after 7 days of drying in air (* statistically
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% Na2HPO4 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 ± 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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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.
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Figure 6. SEM microstructure of material surfaces after 7 days of incubation in SBF.

The ionic conductivity of material MC1 was in the range of ~62–74 µS/cm. It was
observed that the ionic conductivity of water around the incubated MC2–MC4 samples
increased from ~65–81 µS/cm on the first day of incubation to ~80–91 µS/cm on day 28
(Figure 7).
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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, l-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, α-tricalcium phosphate (α-TCP) and hy-
brid hydroxyapatite/chitosan (HA/CTS) granules were used. The highly reactive α-TCP
powder was obtained via a wet chemical method described previously [21,57]. As the
reagents, Ca(OH)2 (≥99.5%, POCH, Gliwice, Poland) and H3PO4 (85.0%, POCH, Gliwice,
Poland) were applied. HA/CTS hybrid materials in the form of granules (300–400 µm) 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)2 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)2 (≥99.5 wt%, POCH,
Gliwice, Poland), 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). As
the liquid phases, various mixtures of 2 wt% disodium phosphate (99.9 wt%, Chempur,
Piekary Śląskie, 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, Na2HPO4 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 α-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.
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Table 3. The initial composition of developed materials.

Material Solid Phase (P) Liquid Phase (L)

MC1
(Control)

α-TCP: HA/CTS granules
3:2

2.0 wt% Na2HPO4 solution

MC2 1.5 wt% Na2HPO4 solution
in 1.25 wt% citrus pectin gel

MC3 1.0 wt% Na2HPO4 solution
in 2.5 wt% citrus pectin gel

MC4 0.5 wt% Na2HPO4 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 (ti) and final
(tf) 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 × 7 mm × 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−1. 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.
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3.3.3. Phase Composition

The crystalline phases of obtained biomicroconcretes were analyzed using X-ray
diffraction (XRD) with Cu Kα radiation (1.54 Å) at 30 kV and 10 mA (D2 Phaser, Bruker,
Billerica, MA, USA) within the 2θ 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 α-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−1 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−1. 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 α-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 α-TCP hydrolysis and citrus pectin crosslinking in the presence of
Ca2+ 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.
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Abstract: In this paper, novel hybrid biomicroconcrete-type composites were developed and investi-
gated. The solid phase of materials consisted of a highly reactive α -tricalcium phosphate (α-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 α-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
α-tricalcium phosphate (α-TCP), calcium dihydrogen phosphate monohydrate (DCPM),
and CaCO3 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 α-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 α-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
α-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 α-tricalcium phosphate (α-TCP) powder was synthesized by the wet chem-
ical method described previously [31,32]. As reagents, Ca(OH)2 (≥99.5%, POCH, Gliwice,
Poland) and H3PO4 (85.0%, POCH, Gliwice, Poland) were applied. In brief, the α-TCP
precipitate was dried, sintered above 1250 ◦C (5 h), ground in an attritor mill (3 h), and
sieved below 63 µm.

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)2 (≥99.5 wt%, POCH, Gliwice, Poland), 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). HAp-CTS hybrids in the form of
powder and granules (300–400 µm) were applied as an aggregate in developed materials.

Five types of biomicroconcretes were prepared by mixing the solid phase, i.e., α-
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
a liquid 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.

Material
Label Solid (Powder) Phase (P) Liquid Phase (L) L/P (mL/g)

Control 25 wt% α-TCP: 35 wt% HAp/CTS
granules: 40 wt% HAp/CTS powder

5 wt% CUL in
distilled water (gel) 0.8

MC-SA2 Control + 2 wt% SA powder
MC-SA4 Control + 4 wt% SA powder

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-α radi-
ation (1.54 Å) at 30 kV and 10 mA. The intensity was recorded in a 2θ range from 10◦ to
90◦ at 0.04◦ intervals with a scanning speed of 2.5◦ min−1. The crystalline phases were
identified by comparing the experimental diffractograms to the Joint Committee on Pow-
der Diffraction Standards: α-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 Döbelin, 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−1 and resolution of 4 cm−1 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 ×
12 mm) were subjected to uniaxial compression with a crosshead speed of 1.0 mm min−1.
The biomicroconcrete samples were prepared and stored in air at 37 ◦C for 1 week. For



77

Materials 2021, 14, 7496 4 of 14

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 × 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 SBF.
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.
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the syringe to SBF.

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, ti [Min] Final, tf [Min]

Control 28 ± 2

>60
MC-SA2 33 ± 2
MC-SA4 36 ± 3

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-HPMC2) 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 α-TCP hydrolysis.
α-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 + H2O → Ca9(PO4)5(HPO4)OH, (1)

Several factors influence the setting reaction of biomicroconcretes. The most important
are: the amount of the highly reactive α-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®: tI = 10–15 min, tF~4 h; Norian SRS/CRS®: tI = 10 min,
tF~12 h) [41,42]. The presence of powder-added polymeric additives both in the form of
sodium alginate (MC-SA2, MC-SA40) 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 Na2HPO4) [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 α-TCP powder caused the initiation of
the dual setting process in the obtained biomicroconcretes. This process is based on the
hydrolysis of α-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 α-
TCP powder composed of α-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 α-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.

Material Label

Phase Composition [wt%]

7 Days after Setting and Hardening After 7 Days of Incubation in SBF
(37 ◦C)

α-TCP HAp α-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., α-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 α-TCP almost completely hydrolyzed to hydroxyapatite (Table 3).
As in a simulated environment, the α-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−1 that were assigned to the PO4

3− groups. The CO3
2− group

forms a weak peak between 870 and 880 cm−1 (note: it overlaps here with HPO4
2−) and a

more intensive peak at 1424 cm−1 (note: overlapping with -CH bending). The absorption
band with a maximum at 2928 cm−1 can be attributed to alkyl C-H stretching. The band
at around 1649 cm−1 confirms the presence of N-H bending modes of the primary amine.
Furthermore, the band around 1315 cm−1 corresponds to C-N stretching. Spectra also
revealed a band at 3573 cm−1 which is attributed to O-H stretching vibrations, and a wide
band around 3500 cm−1 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−1 (SA) [46] or esters around 3368, 1737, 1227, and 1377 cm−1

(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(1a–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
α-TCP-based bone cements was investigated.
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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.
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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.
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The compressive strength of the obtained cements ranged from 9.3 ± 2.1 to 17.2 ± 2.6 MPa
for materials after seven days of setting and hardening and from 6.6 ± 1.2 to 13.2 ± 1.2 MPa
for materials after incubation in SBF. A high compressive strength of the biomicroconcretes
was obtained due to the presence of a dual setting system (α-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-SA4, 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 Ca2+ 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 α-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 µS/cm. An additive in the form of sodium alginate (materials MC-SA2 and
MC-SA4) caused an increase in ionic conductivity (~87–113 µS/cm), whereas for HPMC
(materials MC-HPMC2 and MC-HPMC4), a decrease of ionic conductivity to ~49–69 µS/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 SBF. 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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4. Conclusions

In this study, innovative biomicroconcretes based on highly reactive α-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 α-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 SBF. 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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The influence of silane coupling agents on the
properties of a-TCP-based ceramic bone
substitutes for orthopaedic applications

Piotr Pańtak, * Joanna P. Czechowska and Aneta Zima *

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 ± 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

silane coupling agents on the properties of calcium phosphate-based bone substitutes and pave the way

for their further in vitro and in vivo studies.

1. Introduction

Alpha tricalcium phosphate (a-TCP) due to its unique proper-
ties has been intensively studied as a promising material for
bone tissue replacement and regeneration.1–3 Due to its chem-
ical similarity to the inorganic part of bone tissue and self-
setting properties a-TCP is commonly used as a main compo-
nent of calcium phosphate-based cements (CPCs).4 CPCs
possess excellent biocompatibility, osteoconductivity, and
ability to bond with natural bone tissue.5,6 However, despite
their numerous advantages, they still have some drawbacks,
including their relatively low mechanical strength and fast
resorption rates.7,8 To address these limitations, various modi-
cations of powder and liquid phase of CPCs have been
proposed.

a-TCP powder can be modied 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.7–10 A common
modication of CPCs formulation is application of different
natural polysaccharides, which additionally provides inject-
ability of cementitious pastes.11–14 Recently, it has been reported
that calcium phosphates can be modied with silane coupling
agents (SCAs), which are organosilicon compounds. Silane
coupling agents can bond chemically to both the inorganic and

organic surfaces, forming strong covalent bonds and improving
the interfacial adhesion between different materials.16,17 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.18–22

Suppakarn et al.23 modied hydroxyapatite (HA) powders
with different silane coupling agents, including g-aminopropyl
triethoxysilane (APES), methyl trimethoxysilane (MTMS), and g-
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 g-aminopropyl triethoxysilane (APES) was found
to be the most effective silane coupling agent for this applica-
tion. Ji et al.24 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 modiers 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.25 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
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more obtained composites possessed excellent biological
properties conrmed 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.26 developed promising
SiO2–CaO/PTHF/PCL-diCOOH hybrid material with improved
mechanical properties, enhanced dissolution behaviour, and
cell attachment capability. Fuh et al.27 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 modication of a-TCP has been carried out
yet. The simultaneous hydrolysis of a-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.28,29 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,
a-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 inuence 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 a-TCP powder was synthesized by the wet chemical
method described previously.30 As reagents, Ca(OH)2 ($99.5%,
POCH, Gliwice, Poland) and H3PO4 (85.0%, POCH, Gliwice,
Poland) were applied. In brief, the a-TCP precipitate aer
synthesis was dried, sintered above 1250 °C (5 h), ground in an
attritor mill (3 h), and sieved below 63 mm.

2.2. Modication of a-TCP

The a-TCP powder was modied 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. Aer 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

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

2.3. Bone cements preparation

Seven types of materials were prepared by mixing the solid
phase, i.e., non-modied and SCA-modied a-TCP with the
liquid phase. The initial composition of the prepared cements,
as well as a liquid to powder ratio (L/P), are presented in Table 2.

2.4. Methods

2.4.1. Specic surface area. The specic surface area (SSA)
of the initial a-TCP and SCAs-modied a-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-modied a-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 uo-
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 Ka radiation (1.54 Å) at 30 kV and 10 mA.
The analysis was conducted in the 2q range of 10–60° at 0.04
intervals with a scanning speed of 2.5° min−1 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 1 Composition of the initial powders

Label Description

a-TCP Non-modied a-TCP powder
a-TCP/T1 a-TCP powder modied with 1 wt% of TEOS
a-TCP/T2 a-TCP powder modied with 2 wt% of TEOS
a-TCP/T5 a-TCP powder modied with 5 wt% of TEOS
a-TCP/G1 a-TCP powder modied with 1 wt% of GPTMS
a-TCP/G2 a-TCP powder modied with 2 wt% of GPTMS
a-TCP/G5 a-TCP powder modied with 5 wt% of GPTMS

Table 2 Composition of the bone cements

Label Powder phase Liquid phase L/P [g g−1]

Cement a-TCP Distilled water 0.45
Cem_T1 a-TCP/T1
Cem_T2 a-TCP/T2
Cem_T5 a-TCP/T5
Cem_G1 a-TCP/G1
Cem_G2 a-TCP/G2
Cem_G5 a-TCP/G5

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34020–34031 | 34021
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01-076-0694) to identify the crystalline phases. TOPAS soware
(Bruker, Ballerica, MA, USA) was used for phase quantication
based on Rietveld renement. 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-modied and modied
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−1. 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 specic 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).31 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 nal 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 × 10 mm × 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 mmmin−1. 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 signicant differences
between the materials, a one-way ANOVA followed by post hoc
Tukey's Honest Signicant Difference (HSD) test was applied
with a signicance 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
Scientic, Waltham, MA, USA). To evaluate the bioactive
potential of the materials, their surfaces were assessed aer 7
days of incubation in simulated body uid (SBF) at 37 °C. Before
examination, the samples were coated with a thin layer of gold
lm 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 uid
(SBF) prepared according to Kokubo's protocol.32 Cylindrical

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). Aer immersion, the samples were
removed from solution, rinsed with distilled water, and dried at
temperatures below 40 °C. To conrm the bioactive potential,
the surfaces of the samples were observed using SEM.

3. Results and discussion
3.1. Specic surface area

The specic 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.33,34 The specic surface area of obtained powders is
shown in Fig. 1.

The specic 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 specic surface area was noticed for
non-modied a-TCP powder. From the results obtained, it can
be seen that the specic surface area of the powders decreases
with use and increasing amount of silane coupling agent.
Generally, the specic surface area of a-TCP ranged from 2.0 to
11.0 g m−2 and depends on many factors, such as synthesis,
processing routes and presence of modiers.35,36 The decreasing
value of the specic surface area of silane coupling agent-
modied powders is due to the connement 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.37 and
Chuang et al.,38 who modied the surface of silica nanoparticles

Fig. 1 Specific surface area vs. amount of used silane coupling agent.

34022 | RSC Adv., 2023, 13, 34020–34031 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
2 

N
ov

em
be

r 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

5/
20

25
 1

:1
5:

58
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online



91

with various coupling agents. They have also shown that the
specic 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 specic
requirements. The powder size distribution (Fig. 2) and zeta
potential (Table 3) of obtained powders are shown below.

It was observed that the surface modication of the a-TCP
powders with both silane coupling agents changed a powders
size distribution. For non-modied a-TCP pore size were in the
range of approximately 1.0 to 100.0 mm. However, the SCA
modication caused change of powders size distribution to the
range between ∼1.0 to 10.0 mm. 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.39 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.40–42 The
differences in zeta potential measurements also were observed.
The non-modied powder possessed the least electro-negative
zeta potential (i.e. −4.65 ± 0.3 mV). However, the surface
modication caused changes in zeta potential values. As in the
case of powders size distribution the changes in zeta potential

values were caused by the presence of layer of SCA molecules,
which can reduce the electrostatic repulsion between CaPs
particles and decrease the zeta potential43 (up to−24.4± 0.9 mV
for a-TCP/G5).

3.3. Chemical and phase composition

The XRD analysis revealed that the initial a-tricalcium phos-
phate and silane coupling agents modied a-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
modication of the powders via SCAs in anhydrous medium did
not result in hydrolysis of a-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 modication allowed for intro-
duction to a-tricalcium phosphate, and no other crystalline
phases containing silicon were observed. The X-ray uorescence
method conrmed the presence of silicon in all modied

Fig. 2 Powders size distribution of non-modified and modified a-TCP powders.

Table 3 Zeta potential of obtained powders

Powder label Zeta potential [mV]

a-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

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34020–34031 | 34023

Paper RSC Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
2 

N
ov

em
be

r 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

5/
20

25
 1

:1
5:

58
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online



92

powders and in amount of 0.035 ± 0.001 wt% for non-modied
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 modied with 5 wt% of TEOS
and GPTMS respectively. Presence of silicon may improve the
biological properties of the nal material, such as osteo-
conductivity.44 The modication allowed the powder to be
enriched with silicon ions aer a-TCP synthesis. Overwhelming
majority of scientic publications describe the introduction of
silicon ions into calcium phosphate-based materials at the
synthesis stage.45

The diffractograms of bone cements aer 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., a-TCP and hydroxyapatite, regardless the
amount of the silane coupling agents. It has been demonstrated
that in the simulated body uid, the a-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.46

Infrared spectra of initial powders (Fig. 4A), cements aer
setting and hardening (Fig. 4B) as well as cements aer 7 days of
incubation in simulated body uid (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

no signicant differences were observed for the various amount
of silane coupling agents. Specically, bands at around 565 and
605 cm−1 were observed and assigned to triply degenerate y4
P–O–P bending modes. Additionally, a strong doublet near 600
and 670 cm−1 was connected to SO4 bending vibrations (y4).
Interestingly, the coincidence of SO4 and PO4 bending vibration
bands was observed at around 603 cm−1. The other important
bands were observed at 1060 cm−1 and around 1040 cm−1,
which were assigned to y3 non-symmetric stretching modes of
P–O and are characteristic of calcium phosphates. Furthermore,
a band at 962 cm−1 was observed, which was associated with the
y1 symmetric stretching vibration of P–O bands. In addition,
a wide band around 3500 cm−1 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.47 In addition bone
cements aer setting and hardening in air, as well as aer
incubation in SBF possessed the absorption bands arising from
HPO4

2−. The weak band at around 870 cm−1 assigned as P–OH
stretch of HPO4

2− to calcium decient materials. Thus, ob-
tained data conrmed the presence of calcium-decient
hydroxyapatite (CDHA) in material at the same time shows its
bioactive potential due to hydrolysis of a-TCP to non-
stoichiometric hydroxyapatite.

Raman spectra of non-modied powder and cements
(Fig. 5A), TEOS-modied powder and cements (Fig. 5B) as well
as TEOS-modied powder and cements (Fig. 5C) revealed the
presence of bands characteristic for calcium phosphates, as well
as band unique for TEOS and GPTMS. Specically, CPCs based
on a-TCP are characterised by bands around 450 and 560 cm−1

attributed to the symmetric stretching and bending modes of
the Ca–O bonds. This bandsmay shi slightly depending on the
conditions. Additionally, phosphate groups at around 960,
1005, and 1080 cm−1 are attributed to the symmetric stretching,
bending, and asymmetric stretching modes, respectively. The
small amounts of carbonate ions, which are conrmed by bands
at around 1060 and 1415 cm−1. These bands are attributed to
the symmetric stretching and bending modes of the carbonate

Fig. 3 Diffractograms 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).

Table 4 Phase composition of tested bone cements

Material
label

Aer 7 days of setting and
hardening in air (22 � 1 °C)

Aer 7 days of incubation in
SBF (37 � 1 °C)

a-TCP Hydroxyapatite a-TCP Hydroxyapatite

Cement 90.7 � 0.5 9.3 � 0.5 10.4 � 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 85.4 � 1.0 14.6 � 1.0 5.8 � 0.5 94.2 � 0.5
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ion, especially for cements aer its incubation in SBF. The
presence of remaining water in CPCs was also conrmed by the
presence of characteristic bands at around 3300 and 3500 cm−1.
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−1,
which is attributed to the symmetric stretching mode of the Si–
O–Si bond. It also exhibits band at around 2940 cm−1, attrib-
uted to the stretching mode of the Si–CH3 bond and band
around 1250 cm−1 is assigned to the stretching mode of the Si–
O–CH3 bond in TEOS. The presence of Si–OH groups in TEOS
were conrmed by bands around 3600–3700 cm−1, which is
attributed to their stretching mode. On the other hand, GPTMS
presence in obtained materials was conrmed by the presence
of Raman band at around 910 cm−1, attributed to the stretching
mode of the CH2–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 cm−1), Si–CH3 (∼2940 cm−1) and Si–O–CH2

(∼1250 cm−1).
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 a-TCP

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−1, while the stretching vibration of the –OH appears
around 3500 cm−1. The formation of the Si–O bond results in
a shi of the Si–O stretching vibration. Ribeiro et al.48 demon-
strated interaction between ultra-ne calcium carbonate and
natural rubber by applying a supercial 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.49 investigated the
effects of trimethoxysilanes on the properties of CaCO3-based
composites. They conrmed 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.50 synthesized hybrid nano-
materials based on zinc oxide via the sol–gel method, using
different silane coupling agents. They conrmed the presence
of Si–O–Si bands in the materials and showed their positive
inuence on the materials' properties. Furthermore, the

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).

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).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34020–34031 | 34025
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presence of Si–O–P bond at 1000 and 1200 cm−1 can conrm 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 modication
using polymers with different functional groups that can also
react with SCAs.

3.4. Setting times

Setting time is critical parameter for calcium phosphate
cements because it affects their handling, injectability, and
mechanical properties.51 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 (nal setting time) (Table 5).

The results showed that the addition of silane coupling agent
used for calcium phosphate modication decreased both, the
initial and nal setting time. The process responsible for setting
and hardening of calcium phosphate cements involves a-TCP
hydrolysis. When a-TCP reacts with water, it forms calcium-
decient apatite, as described by the following eqn (1):52,53

3Ca3(PO4)2 + H2O / Ca9(PO4)5(HPO4)OH (1)

Several factors can affect the setting reaction of bone
cements, such as the amount of highly reactive a-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 a-TCP powder modications.54

Results of our studies revealed that the presence of silane
coupling agents also inuence 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-modied cements. For
example, Czechowska et al.45 developed calcium phosphate-
based bone llers based on silicon doped a-TCP with hybrid,
gold-modied granules. Their study showed a shortening of
both initial and nal setting times for silicon-containing
materials. The study by Wei et al.55 conrmed a higher solu-
bility of silicon-modied a-TCP, additionally Mestres et al.56

found a faster hydrolysis of silicon-modied a-TCP in compar-
ison with non-modied powders. All this nding 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
nal setting time46).

Table 5 Setting times of developed materials

Material
Initial setting
time (Ti) [min]

Final setting time
(Tf) [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

Fig. 6 Compressive strength of obtained bone cements after 7 days of
setting and hardening (* – statistically significant difference, p < 0.01).

Fig. 7 Morphology of initial a-TCP powders (magnification: 100 00×).
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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 modier 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 modied materials were statis-
tically signicant.

The silane coupling agents as modiers 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 inuence of using silane coupling
agents onmechanical behaviour of different biomaterials where
previously described in the literature. In the study by Ma et al.57

the trimethoxysilane was used as a modier 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.58

Fig. 8 Microstructure of obtained materials after seven days of setting and hardening in air (cross-sections, magnifications: 1000, 5000, 100 00×).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34020–34031 | 34027
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shoved benecial 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.59 presented the benecial properties of hydroxy-
apatite loaded acrylic bone cements. By modication 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.60 Thus, the hybrid-type, SACs modied 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 electronmicroscopy
(SEM) aer setting and hardening in air, as well as aer incu-
bation in SBF.

SEM observations revealed that the morphology of powder
grains of non-modied and TEOS or GPTMS modied a-TCP
did not differ signicantly (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

coupling agent no differences in materials' microstructure were
observed. Similar microstructures of a-TCP-based bone
cements can be found in other studies.61

Aer 7 days of incubation in simulated body uid (SBF) all
prepared materials were completely covered by plate-like apa-
titic structure conrmed their bioactivity in vitro according to
Kokubo and Takadama's criteria (Fig. 9).62 Furthermore, the
microstructure analysis aer incubation showed that the
developed materials retained their bioactive potential despite
the using silane coupling agents as a modier of a-TCP
powders.

3.7. In vitro 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 inuenced the
solution's pH values. Similar pH values of incubated calcium
phosphate-based bone substitutes were observed elsewhere.15

Ionic conductivity during the incubation in distilled water of
the control material was in the range of ∼72–81 mS cm−1. A
CPCs modiers caused slightly increase in ionic conductivity to
the range of∼73–87 mS cm−1 for TEOS, and to the range of∼84–
96 for GPTMS (Fig. 11). This phenomenon can be explained by

Fig. 9 Microstructure of obtained materials after 7 days incubation in SBF (magnification: 100 00×).
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RSC Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
2 

N
ov

em
be

r 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

5/
20

25
 1

:1
5:

58
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online



97

a higher degradation rate silane coupling agents and the
releasing of ion during its continuous hydrolysis in aqueous
solutions.63 Ionic conductivity of all the obtained materials is in
the range typical for a-TCP-based bone cements. It can therefore
be concluded that the modication with silane coupling agents
did not signicantly affect the degradation rate of bone
cements.

The bioactive potential of obtained materials was estimated
through its incubation in SBF.62 The SEM observations show
that the evenly distributed, bone-like apatite layer was present
on the sample's surfaces and cross-sections aer 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

this study, we developed and examined the novel, hybrid-type
calcium phosphate bone cements based on a-TCP powders
modied 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 a-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 modication of a-TCP by SCAs inuenced the
setting process of bone cements. The decrease of nal 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 uid. 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 modication of a-TCP with 5 wt% GPTMS.

All presented ndings conrm the benecial inuence 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
modied, 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 α-tricalcium phosphate (α-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 α-TCP-based cementitious materials
and confirmed the beneficial influence of polymeric addition on their compressive strength.
Watanabe et al. [12] examined α-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
PHBV 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



102

Int. J. Mol. Sci. 2025, 26, 8910 3 of 18

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 α-TCP (α-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 α-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 ± 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 ± 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 α-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 α-TCP and SCA-modified α-TCP
powders were primarily composed of α-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
SBF, revealed the presence of two crystalline phases: hydroxyapatite and a small amount of
α-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 α-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. Şahin [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 SBF.

Material
7 Days in Air 7 Days in SBF

α-TCP,
wt.%

Hydroxyapatite,
wt.%

α-TCP,
wt.%

Hydroxyapatite,
wt.%

HA/CTS 58 ± 2 42 ± 2 8 ± 2 92 ± 2

HA/CTS_TEOS_5 52 ± 1 48 ± 1 7 ± 1 93 ± 1

HA/CTS_GPTMS_5 51 ± 2 49 ± 2 6 ± 1 94 ± 2

Figure 2. FT-IR spectra of investigated materials.

The FTIR spectra of the materials revealed distinct bands at approximately 600 and
560 cm−1, corresponding to the bending vibrations of the PO4

3− groups, and around
965 and 1020 cm−1, associated with the stretching vibrations of these groups. A broad
band in the range of approximately 3000–3800 cm−1 was attributed to absorbed water.
Additionally, an absorption band at around 870 cm−1 was linked to the HPO4

2− groups,
indicating the presence of non-stoichiometric hydroxyapatite. In the same spectral range
(approximately 873–875 cm−1), there were also possible carbonate bonds in the material.
The band at 1424 cm−1 suggested partial substitution of CO3

2− within the hydroxyapatite
structure. FTIR analysis also confirmed the presence of chitosan and amidated citrus
pectin, with an absorption band at approximately 2930 cm−1 corresponding to alkyl C-H
stretching vibrations and the band around 1650 cm−1 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–Si, 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.

Material Initial Setting
Time (ti) [min]

Final Setting
Time (tf) [min]

HA/CTS 11.0 ± 1.0 19.5 ± 1.5

HA/CTS_TEOS_1 8.5 ± 0.5 17.5 ± 0.5

HA/CTS_TEOS_2 12.0 ± 1.5 15.0 ± 0.5

HA/CTS_TEOS_5 6.5 ± 1.0 15.0 ± 1.0

HA/CTS_GPTMS_1 10.0 ± 1.5 17.5 ± 1.5

HA/CTS_GPTMS_2 7.5 ± 0.5 14.5 ± 1.0

HA/CTS_GPTMS_5 5.5 ± 0.5 11.5 ± 1.0

The solid phase of the developed pastes consisted of highly reactive α-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(PO4)2 + H2O → Ca9(PO4)5(HPO4)OH (1)

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 α-TCP is influenced by many
factors. Primarily, it is dependent on the amount of highly reactive α-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 α-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 α-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 ± 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.

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 α-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 Pańtak 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).

 

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 α-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 α-TCP-based biomaterials
intended for bone tissue replacement have been reported in other studies [35].

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.

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 µS/cm. In
the case of SCA-modified materials, these values were slightly lower: between 100 and
116 µS/cm for HA/CTS_TEOS_5 and 116 and 133 µS/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 α-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].

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

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 α-TCP and SCA-Modified α-TCP Powders

The initial α-TCP powder was synthesized via a wet chemical method following a
previously described procedure [46,47]. Ca(OH)2 (≥99.5%, POCH, Gliwice, Poland) and
H3PO4 (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 µm. To modify the surface of
α-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 Pańtak et al. [19]. The anhydride solvent was used to avoid the hydrolysis
of both α-TCP and silane coupling agents. α-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 µm.

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)2 (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 µm 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 α-TCP, modified α-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 α-TCP: HA/CTS granules
3:2 by weight

1.0 wt.% Na2HPO4 solution
in 2.5 wt.% citrus pectin gel 0.5

HA/CTS_TEOS_1
α-TCP (1 wt.% TEOS):

HA/CTS granules
3:2 by weight

HA/CTS_TEOS_2
α-TCP (2 wt.% TEOS):

HA/CTS granules
3:2 by weight

HA/CTS_TEOS_5
α-TCP (5 wt.% TEOS):

HA/CTS granules
3:2 by weight

HA/CTS_GPTMS_1
α-TCP (1 wt.% GPTMS):

HA/CTS granules
3:2 by weight

HA/CTS_GPTMS_2
α-TCP (2 wt.% GPTMS):

HA/CTS granules
3:2 by weight

HA/CTS_GPTMS_5
α-TCP (5 wt.% GPTMS):

HA/CTS granules
3:2 by weight

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 Kα radiation (1.54 Å) at 30 kV
and 10 mA. The analysis covered a 2θ 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 α-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 400–4000 cm−1 with a resolution of 4 cm−1, 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 × 10 mm × 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 SBF.

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% CO2 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 × 105 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 1×105 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 α-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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13. Dziadek, M.; Zima, A.; Cichoń, E.; Czechowska, J.; Ślósarczyk, A. Biomicroconcretes based on the hybrid HAp/CTS granules,
α-TCP and pectins as a novel injectable bone substitutes. Mater. Lett. 2020, 265, 127457. [CrossRef]

14. Guo, L.; Liang, Z.; Yang, L.; Du, W.; Yu, T.; Tang, H.; Li, C.; Qiu, H. The role of natural polymers in bone tissue engineering.
J. Control. Release 2021, 338, 571–582. [CrossRef]

15. Gu, T.; Shi, H.; Ye, J. Reinforcement of calcium phosphate cement by incorporating with high-strength β-tricalcium phosphate
aggregates. J. Biomed. Mater. Res. Part B Appl. Biomater. 2011, 100B, 350–359. [CrossRef]

16. Xu, H.H.; Quinn, J.B. Calcium phosphate cement containing resorbable fibers for short-term reinforcement and macroporosity.
Biomaterials 2002, 23, 193–202. [CrossRef]

17. Boehm, A.V.; Meininger, S.; Gbureck, U.; Müller, F.A. Self-healing capacity of fiber-reinforced calcium phosphate cements. Sci.
Rep. 2020, 10, 9430. [CrossRef]

18. Czechowska, J.P.; Dorner-Reisel, A.; Zima, A. Hybrid Bone Substitute Containing Tricalcium Phosphate and Silver Modified
Hydroxyapatite–Methylcellulose Granules. J. Funct. Biomater. 2024, 15, 196. [CrossRef]
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A B S T R A C T

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 α-tricalcium phosphate (α-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 α-TCP and the crosslinking of citrus pectin in the presence of Ca2⁺ 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.

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 α-tricalcium phosphate (α-TCP) 
are notable for their self-setting capability and their ability to hydrolyze 

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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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 β-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 % Cu2⁺. 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 β-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 β-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 

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 α-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, α-tricalcium phosphate 
powder (α-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 α-TCP powder was obtained via a wet 
chemical method described previously [25]. As the reagents, Ca(OH)2 
(≥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 μm) were prepared by the modified wet chemical 
method described previously [26]. The following substrates: Ca(OH)2 
(≥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, TiCl3 (15.0 %, Merck, Darmstadt, Germany), 
and copper nitrate, Cu(NO3)2*3H2O (pure p.a., Chempur, Piekary 
Śląskie, 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 Śląskie, Poland) in 
2.5 wt% low esterified amidated citrus pectin gel (Herbstreith & Fox, 
Werder/Havel, Germany) was applied as the liquid phase.

Fig. 1. The hybrid inorganic-organic hydroxyapatite-chitosan granules modified with titanium (Ti-HA/CTS) and cooper (Cu-HA/CTS) ions.
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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: 
α-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 

(ti) and final (tf) 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 × 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 Kα radiation (1.54 Å) at 30 kV and 10 mA. The analysis 
was conducted in the 2θ 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 α-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�1 and reso-
lution of 4 cm�1 using a BioRad FTS 6000 spectrometer (Vertex 70&70v, 
Bruker, Ballerica, MA, USA). Positions of the FTIR bands were measured 

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 μL aliquots. These aliquots 
were combined with 25 μL 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 λ = 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 

Table 1 
The initial composition of developed materials.

Material Solid phase (P) Liquid phase (L) L/P 
[g/g]

BM-C α-TCP: HA/CTS 
granules 
3:2 by weight

1.0 wt% Na2HPO4 solution in 2.5 wt 
% citrus pectin gel

0.5

BM-Ti α-TCP: Ti-HA/CTS 
granules 
3:2 by weight

BM-Cu α-TCP: Cu-HA/CTS 
granules 
3:2 by weight
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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 (ø = 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 μl of bacterial inoculate in sterile 0.9 % NaCl (0.1 
McFarland standard – an equivalent of approx. 3.0 × 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 × 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 μl bacterial inoculate (the 
liquid was completely absorbed by the samples). In parallel, 40 μl 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 μl aliquots of 
all eluates were plated exponentially onto M � H agar Petri dishes using 
EasySpiral Dilute (Interscience, France) automatic plater (each sample 

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 × 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 % NaCl 
(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 

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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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 α-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 α-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 
α-TCP-based materials is the water absorption by polymers, which 

restrict the water availability crucial for α-TCP hydrolysis. To counteract 
prolonged setting it is recommended to apply substances known as 
setting accelerators (e.g., Na2HPO4) [39]. Through the simultaneous 
usage of citrus pectin gel and Na2HPO4, the materials demonstrated 
acceptable setting times. The developed biomicroconcretes possessed a 
dual setting system, which involved the simultaneous hydrolysis of 
α-TCP to non-stoichiometric hydroxyapatite and pectin cross-linking 
facilitated by Ca2+ ions [40]. The formation of complex between 
pectin and copper can also take place, as revealed inter alia by Seslija 
et al. [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 

Table 2 
Setting time of developed materials.

Material Initial setting time (ti) [min] Final setting time (tf) [min]

BM-C 11.5 ± 1.0 19.0 ± 1.5
BM-Ti 11.0 ± 0.5 18.5 ± 1.0
BM-Cu 12.0 ± 1.5 21.0 ± 1.0

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).
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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 α-TCP powder primarily consisted of the α-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: α-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 α-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 α-TCP, undergoes 
spontaneous hydrolysis to form calcium-deficient hydroxyapatite. 
Similar observations were previously made for α-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 
cm�1 and ~560 cm�1 and stretching bands around 967 and 1024 cm�1, 
which corresponds to the vibrations of PO4

3� groups. The wide band in 

the range of ~3000–3800 cm�1 is assigned to the absorbed water in the 
samples. Moreover, the spectra possess an absorption band at around 
872 cm�1 which corresponds to HPO4

2� groups, confirming the presence 
of non-stoichiometric hydroxyapatite. Additionally, in a similar spectral 
range between 870 and 875 cm�1, carbonate bonds may appear in the 
material. Whereas the existence of a band at 1425 cm�1 indicates partial 
substitution of CO3

2� 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 
Ślósarczyk 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�1 can be attributed to stretching alkyl 
C-H bands. The band at around 1650 cm�1was assigned to N-H bending 
vibrations of the primary amine from chitosan and amidated citrus 
pectin. What is more, the band around 1315 cm�1 and 3573 cm�1 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 

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

α-TCP, wt. 
%

Hydroxyapatite, wt. 
%

α-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

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).

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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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 α-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 

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 α-TCP. The absence of macropores suggests that the employed 

Fig. 6. SEM images of the materials’ cross-section with EDS analysis after 7 days in air.
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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 α-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 ± 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 μm in size, and small pores within the 
range under 1 μm (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 

Fig. 7. SEM microphotographs od obtained materials and detailed granule-matrix interface at the magnification of 5000×.

Fig. 8. Distribution and size of pores in obtained bone cements.
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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 μS/cm. In the case of modification with ions, the specific conduc-
tivity values ranged from 100 to 116 μS/cm and 140–181 μS/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 

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, l-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 

Fig. 9. pH vs. time of samples incubation in SBF.

Fig. 10. SEM microstructure of materials’ surface after 7-day incubation in SBF.

Fig. 11. Ionic conductivity vs. time of samples incubation in distilled water.
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Fig. 12. Ion release from BM-Ti (A) and BM-Cu (B) vs. time of materials’ immersion in distilled water.

Fig. 13. Antibacterial activity of the cements: zones of bacterial growth inhibition (a) and results of AATCC Test Method 100–2004 as plate images (b) and graph (c). 
(*) symbol indicates statistically significant differences between the samples and control, (#) symbol indicates statistically significant results between BM-C and the 
samples, ($) symbol indicates statistically significant results between BM-Ti and the samples; according to one-way ANOVA with post-hoc Tukey’s test (p < 0.05).
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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+2 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+2 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 

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 α-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 α-TCP hydrolysis and citrus pectin crosslinking in the 
presence of Ca2+ 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 

Fig. 14. Adhesion of bacterial cells to the cements: images of LCSM with viable bacteria stained green (a) and area of green fluorescence as percent of total image 
area (b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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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.

CRediT authorship contribution statement
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A B S T R A C T

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

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, α-tricalcium 
phosphate (α-TCP) stands out due to its self-setting properties and ability 
to hydrolyse to calcium deficient hydroxyapatite (CDHA) (Tronco et al., 
2022). α-TCP is commonly used as a component of calcium phosphate 
cements (CPCs) (Cervantes-Uc et al., 2015). Over the years, α-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), 

(Perez et al., 2012), (Wong et al., 2021), (Huang et al., 2020). Another 
approach to improving the performance of CPCs involves addition of 
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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E-mail addresses: pantak@agh.edu.pl (P. Pańtak), jczech@agh.edu.pl (J.P. Czechowska). 

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

https://doi.org/10.1016/j.jmbbm.2024.106792
Received 14 August 2024; Received in revised form 21 October 2024; Accepted 28 October 2024  

journal of the mechanical behavior of biomedical materials 161 (2025) 106792 

Available online 9 November 2024 
1751-6161/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 



132

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, Martínez-Vázquez et al. (2010) used 
hydroxypropyl methylcellulose for robocasting of biphasic β-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 
γ-aminopropyl triethoxysilane (APES), methyl trimethoxysilane 
(MTMS), and γ-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 α-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 α-TCP 
for the robocasting of self-hardening hydroxyapatite scaffolds has not 
been previously reported.

2. Experimental

2.1. Synthesis of α-TCP and SCA-modified α-TCP powders

The initial α-TCP powder was synthesized via a wet chemical method 
following a previously described procedure (Czechowska et al., 2014), 
(Kolmas et al., 2015). Ca(OH)2 (≥99.5%, POCH, Gliwice, Poland) and 

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 μm. To modify the surface of α-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 Pańtak et al. (2023a). The anhydride solvent 
was used to avoid hydrolysis of both α-TCP and silane coupling agents. 
α-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 μm.

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)2 
(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 μm.

2.3. Self-setting pastes preparation

The mixture of 1.0 wt% Na2HPO4 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 × 10 mm × 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) (C01 
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 α-TCP 1.0 wt% Na2HPO4 solution 
in 2.5 wt% citrus pectin gel

0.65
C_T5 α-TCP/TEOS_5
C_G5 α-TCP/GPTMS_5
H α-TCP + HA/CTS powder 

(3:2 by weight)
H_T5 α-TCP/TEOS_5 + HA/CTS 

powder (3:2 by weight)
H_G5 α-TCP/GPTMS_5 + HA/ 

CTS powder (3:2 by 
weight)
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setting times, the cementitious pastes were placed in a special 8 mm ×
10 mm × 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�1. 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 μm, 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+, Fundación 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 μm 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 Kα radiation (1.54 Å) 
at 30 kV and 10 mA. The analysis was conducted in the 2θ 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 
α-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�1. The 
samples were prepared as standard KBr pellets.

2.6.2. Particle size distribution
The size distribution of the initial α-TCP, SCAs-modified α-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�1. The scaffolds were compacted 
perpendicularly to the printing plane. The results were expressed as the 

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 α-TCP powders with silane coupling 
agents (SCAs) altered the particle size distribution. In unmodified α-TCP, 
the particle size ranged from approximately 0.5 to 100.0 μm. However, 
after modification with SCAs, the distribution shifted to a range of about 
0.5–40.0 μm. 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 α-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 α-tricalcium phosphate powder, which, upon contact with the 
water present in the liquid phase, undergoes hydrolysis to calcium 
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deficient hydroxyapatite (CDHA) following equation (1) (Durucan and 
Brown, 2002), (He et al., 2015): 

3Ca3(PO4)2 + H2O → Ca9(PO4)5(HPO4)OH                                     (1)

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 α-TCP hy-
drolysis is influenced by several factors. The most critical factor is the 

content of highly reactive α-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 (C01 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 α-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 (α-TCP) and presence of chitosan. Chitosan is a highly 
water-absorbent polymer and might impede the access of water to 
α-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 α-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 α-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 

Fig. 1. Powders size distribution of powders used for paste preparation.

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

Material Initial setting time (ti) [min] Final setting time (tf) [min]

C 11.5 ± 0.5 32.0 ± 2.0
C_T5 9.0 ± 1.0 28.0 ± 1.0
C_G5 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 24.0 ± 1.5 45.0 ± 1.0
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observed for silicon-doped α-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). 

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 α-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 α-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 α-TCP and SCAs-modified 
α-TCP powders composed mainly of α-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 α-TCP (Fig. 4B and C). No additional silicon-containing 
crystalline phases were detected by XRD.

Quantitative analysis revealed that in a humid environment, the 
α-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 (Şahin 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 cm⁻1 (bending), as well as around 965 and 
1020 cm⁻1 (stretching), corresponding to the vibrations of PO₄³⁻ groups. 
The broad band in the range of approximately 3000–3800 cm⁻1 was 
attributed to absorbed water. Furthermore, the spectra exhibited an 
absorption band at around 870 cm⁻1 associated with HPO₄2⁻ groups, 
confirming the presence of non-stoichiometric hydroxyapatite. Addi-
tionally, within a similar spectral range (approximately 873–875 cm⁻1), 
carbonate bonds may have been present in the material. The presence of 
a band at 1424 cm⁻1 indicated partial substitution of CO₃2⁻ 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⁻1 was associated with alkyl 
C-H (stretching) vibrations. The band around 1650 cm⁻1 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), (Kozioł et al., 2022). Fig. 2. Viscosity of the α-TCP pastes at constant shear rate (1*s−1).
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Furthermore, the bands c.a. 1320 cm⁻1 and 3570 cm⁻1 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 

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 α-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 

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.
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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 (Pańtak 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)

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 

Fig. 4. Diffractograms of obtained materials: initial powders (A), scaffolds after setting and hardening for 24 h in 100% humidity (B) and incubation in SBF for 7 
days (C).

Table 3 
Phase composition of robocasted scaffolds.

Material Phase composition, wt.%

after 24h in 100% humidity at 37 
± 1 ◦C

after 7 days of incubation in SBF at 
37 ± 1 ◦C

α-TCP Hydroxyapatite α-TCP Hydroxyapatite

C 3.7 ± 1.0 96.3 ± 1.0 0.8 ± 0.5 99.2 ± 0.5
C_T5 5.9 ± 0.5 94.1 ± 0.5 1.2 ± 1.0 98.8 ± 1.0
C_G5 6.4 ± 1.0 93.6 ± 1.0 0.2 ± 0.5 99.8 ± 0.5
H 3.9 ± 0.5 96.1 ± 0.5 0.6 ± 1.0 99.4 ± 1.0
H_T5 2.8 ± 1.0 97.1 ± 1.0 1.6 ± 0.5 98.4 ± 0.5
H_G5 2.4 ± 1.0 97.6 ± 1.0 1.2 ± 0.5 98.8 ± 0.5

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 μS/cm. The presence of 
hybrid HA/CTS powder decreased the values to the range ~65–96 
μS/cm, probably due to lower dissolution rate of hydroxyapatite 
compared to α-TCP and because of hindering the diffusion of ions into 
the incubation environment by chitosan. For scaffolds containing 
SCAs-modified α-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 α-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 

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 α-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 α-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 

Fig. 6. Compressive strength of robocasted scaffolds after 24h in 100% humidity – tested in wet (A), after 24h in 100% humidity and dried (B) and after incubation in 
SBF (C) conditions (*p < 0.01).

Fig. 7. pH versus bone scaffolds’ incubation time in SBF (A) and ionic conductivity versus scaffolds’ incubation time in distilled water (B).
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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 

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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P. Pańtak et al.                                                                                                                                                                                                                                  Journal of the Mechanical Behavior of Biomedical Materials 161 (2025) 106792 

11 



142

Oświadczenia autorów

 

Kraków, dnia 03.12.2025 

mgr inż. Piotr Pańtak 
Katedra Ceramiki i Materiałów Ogniotrwałych 
Wydział Inżynierii Materiałowej i Ceramiki 
Akademia Górniczo-Hutnicza im. Stanisława Staszica w Krakowie 
Al. Mickiewicza 30, 20-059 Kraków 
 

 

OŚWIADCZENIE 
Oświadczam, że mój wkład w powstanie niżej wymienionych publikacjach polegał na opracowaniu koncepcji 

i planu badań wraz z doborem metodyki badawczej, wytworzeniu materiałów do badań materiałowych oraz 

biologicznych, przeprowadzeniu badań materiałowych, opracowaniu, analizie i interpretacji wyników badań 

materiałowych, opracowaniu graficznym wyników badań materiałowych, przygotowaniu przeglądu literatury oraz 

dyskusji wyników badań materiałowych i biologicznych, opracowaniu statystycznym wyników badań 

materiałowych, przygotowaniu pierwotnej i ostatecznej wersji manuskryptu, wysłaniu manuskryptu  do 

czasopism, przygotowaniu odpowiedzi na recenzje. 

1. Influence of Natural Polysaccharides on Properties of the Biomicroconcrete-Type Bioceramics, Piotr 

Pańtak, Ewelina Cichoń, Joanna P. Czechowska, Aneta Zima, Materials, 2021, vol. 14, iss. 24, art. no. 

7496, s. 1–14, doi: 10.3390/ma14247496. 

2. Novel Double Hybrid-Type Bone Cements Based on Calcium Phosphates, Chitosan and Citrus Pectin, 

Piotr Pańtak, Joanna P. Czechowska, Ewelina Cichoń, Aneta Zima, International Journal of Molecular 

Sciences, 2023, vol. 24, iss. 17, art. no. 13455, s. 1–15, doi: 10.3390/ijms241713455. 

3. The influence of silane coupling agents on the properties of α-TCP-based ceramic bone substitutes for 

orthopaedic applications, Piotr Pańtak, Joanna P. Czechowska, Aneta Zima, RSC Advances, 2023, vol. 

13, iss. 48, s. 34020–34031, doi: 10.1039/d3ra06027f. 

4. The Synergistic Effect of Polysaccharides and Silane Coupling Agents on the properties of Calcium 

Phosphate-Based Bone Substitutes, Piotr Pańtak, Joanna P. Czechowska, Vladyslav Vivcharenko, 

Annett Dorner-Reisel, Aneta Zima, International Journal of Molecular Sciences, 2025, vol. 26, iss. 18, 

art. no. 8910, s. 1–18, doi: 10.3390/ijms26188910. 

5. The influence of titanium and copper on physiochemical and antibacterial properties of bioceramic-based 

composites for orthopaedic applications, Piotr Pańtak, Joanna P. Czechowska, Anna Belcarz, Aneta 

Zima, Ceramics International, 2025, vol. 51, iss. 1, s. 1214–1226, doi: 10.1016/j.ceramint.2024.11.102. 

6. Improving the processability and mechanical strength of self-hardening robocasted hydroxyapatite 

scaffolds with silane coupling agents, Piotr Pańtak, Joanna P. Czechowska, Adelia Kashimbetova, 

Ladislav Čelko, Edgar B. Montufar, Łukasz Wójcik, Aneta Zima, Journal of the Mechanical Behavior of 

Biomedical Materials, 2025, vol. 161, art. no. 106792, s. 1–11, doi: 10.1016/j.jmbbm.2024.106792. 

 

………………………………..    ……………………………….. 
             Data                Podpis 
 



143



144



145



146

 

Lublin, dnia 03.12.2025 

dr hab. n. farm. Anna Belcarz-Romaniuk, prof. UML 
Katedra i Zakład Biochemii i Biotechnologii 
Wydział Farmaceutyczny 
Uniwersytet Medyczny w Lublinie 
 
 

OŚWIADCZENIE 
Wyrażam zgodę na wykorzystanie danych zawartych w poniżej wymienionej publikacji na potrzeby rozprawy 

doktorskiej mgr. inż. Piotra Pańtaka. Jednocześnie oświadczam, że mój wkład w powstanie poniżej wymienionej 

publikacji polegał na planowaniu i doborze metodyki badań biologicznych, przeprowadzeniu badań 

biologicznych, ich analizie i interpretacji uzyskanych wyników, redagowaniu tej części manuskryptu i jego 

korekcie językowej. 

1. The influence of titanium and copper on physiochemical and antibacterial properties of bioceramic-based 

composites for orthopaedic applications, Piotr Pańtak, Joanna P. Czechowska, Anna Belcarz, Aneta 

Zima, Ceramics International, 2025, vol. 51, iss. 1, s. 1214–1226, doi: 10.1016/j.ceramint.2024.11.102. 

 

 

……………03.12.2025…………………..    ……………………………….. 
             Data                Podpis 

 

 

 



147



148



149



150

 

Kraków, dnia 03.12.2025 

dr inż. Łukasz Wójcik 
Katedra Ceramiki i Materiałów Ogniotrwałych 
Wydział Inżynierii Materiałowej i Ceramiki 
Akademia Górniczo-Hutnicza im. Stanisława Staszica w Krakowie 
Al. Mickiewicza 30, 20-059 Kraków 
 
 

OŚWIADCZENIE 
Wyrażam zgodę na wykorzystanie danych zawartych w poniżej wymienionej publikacji na potrzeby rozprawy 

doktorskiej mgr. inż. Piotra Pańtaka. Jednocześnie oświadczam, że mój wkład w powstanie poniżej wymienionej 

publikacji polegał na planowaniu i wyborze metodyki badań reologicznych, przeprowadzeniu badań 

reologicznych, ich analizie i interpretacji uzyskanych wyników, redagowaniu tej części manuskryptu i jego 

korekcie językowej. 

1. Improving the processability and mechanical strength of self-hardening robocasted hydroxyapatite 

scaffolds with silane coupling agents, Piotr Pańtak, Joanna P. Czechowska, Adelia Kashimbetova, 

Ladislav Čelko, Edgar B. Montufar, Łukasz Wójcik, Aneta Zima, Journal of the Mechanical Behavior 

of Biomedical Materials, 2025, vol. 161, art. no. 106792, s. 1–11, doi: 10.1016/j.jmbbm.2024.106792. 

 

………………………………..    ……………………………….. 
             Data                Podpis 

 



151



152


