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Streszczenie 

W niniejszej rozprawie doktorskiej przedstawiono rezultaty badań piezoelektrycznych 

nanowłóknistych podłoży do hodowli komórkowych, z perspektywą ich zastosowania w inżynierii 

tkankowej, zwłaszcza w regeneracji ubytków układu nerwowego i kostnego. W ramach badań 

opracowano i zoptymalizowano proces elektroprzędzenia, kontrolując właściwości końcowe 

włókien z poli(fluorku winylidenu) (PVDF) oraz poli(L-laktydu) (PLLA), a także z dodatkami 

piezoelektrycznego hydroksyapatytu (nHA) lub nanocząstek złota (AuNPs). Kluczowym aspektem 

badań było określenie wpływu masy cząsteczkowej oraz wybranych istotnych parametrów procesu, 

takich jak prędkość obrotowa kolektora, szybkość podawania roztworu czy stężenie polimeru,  

na ukierunkowanie i morfologię włókien oraz ich właściwości piezoelektryczne i odpowiedź 

biologiczną. 

Badania wykazały, że odpowiedni dobór parametrów elektroprzędzenia umożliwia 

otrzymanie jednorodnych włókien bez defektów strukturalnych (np. korali), zdolnych  

do generowania sygnałów elektrycznych. Badania metodami FTIR, WAXS i DSC pozwoliły 

określić kluczowe zależności pomiędzy strukturą a właściwościami włókien. Wykazano,  

że wprowadzenie dodatków, takich jak piezoelektryczny nHA i AuNPs, znacząco wpłynęło  

na poprawę właściwości piezoelektrycznych włókien poprzez wzrost zawartości faz 

piezoelektrycznych, stopnia krystaliczności oraz polarności powierzchni, co prowadzi do poprawy 

ich właściwości piezoelektrycznych. 

Przeprowadzona analiza zwilżalności, energii swobodnej powierzchni oraz sorpcji wody 

pozwoliła wykazać, że zmiana ułożenia nanowłókien i wprowadzenie dodatków poprawiają 

biokompatybilność podłoży. Wysoka zwilżalność i zwiększona porowatość włókien PVDF i PLLA 

z dodatkami sprzyjają proliferacji komórek. Wyniki badań in vitro potwierdziły, że opracowane 

podłoża nie są cytotoksyczne oraz wykazują zdolność do wspierania wzrostu fibroblastów, 

osteoblastów, komórek macierzystych i komórek nerwowych. Obserwacje mikroskopowe 

wykazały, że ułożenie włókien ma istotny wpływ na organizację i migrację komórek, co sugeruje 

potencjalne zastosowanie ukierunkowanych nanowłókien w inżynierii tkankowej, zwłaszcza  

w regeneracji tkanki kostnej i nerwowej. 

Podsumowując, praca dostarcza innowacyjnych wyników w zakresie projektowania  

i wytwarzania nanowłóknistych podłoży komórkowych o wysokiej piezoelektryczności, 

stanowiących perspektywiczny materiał do zastosowań w inżynierii tkanki kostnej i nerwowej. 

Uzyskane wyniki mogą stanowić fundament dla dalszych badań nad zastosowaniem 

nanomateriałów w medycynie regeneracyjnej, umożliwiając opracowanie inteligentnych  

i biokompatybilnych implantów wspomagających procesy naprawcze organizmu. 
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Abstract 

In this doctoral dissertation, comprehensive research was conducted on nanofibrous cell 

scaffold with piezoelectric properties, intended for applications in tissue engineering, particularly 

in the regeneration of the nervous and skeletal systems. The electrospinning process was developed 

and optimized, enabling the controlled fabrication of poly(vinylidene fluoride) (PVDF)  

and poly(L-lactide) (PLLA) fibers with piezoelectric hydroxyapatite (nHA) and gold nanoparticles 

(AuNPs) addition. A key aspect of the study was determining the influence of the molecular weight 

of the polymer, as well as the process parameters, such as collector rotation speed, solution feed 

rate and concentration of the polymer, on fiber alignment and morphology, piezoelectric properties, 

and biocompatibility. 

The studies demonstrated that appropriate selection of electrospinning parameters allows 

for the formation of fibers with high uniformity and free from structural defects (e.g., beads), while 

simultaneously enhancing their ability to generate electrical signals. Structural analysis using FTIR, 

WAXS, and DSC enabled the identification of key relationships between the molecular structure  

of the fibers and their functional properties. It was shown that the introduction of additives,  

such as piezoelectric nHA and AuNPs, significantly influences the content of piezoelectric phases, 

crystallinity degree, and polarization of nanofibers, leading to an enhancement of their piezoelectric 

properties. 

Furthermore, a detailed analysis of wettability, surface energy, and water absorption  

was conducted, demonstrating that modifications in fiber alignment and the introduction  

of additives can improve biocompatibility. High wettability and increased porosity of PVDF  

and PLLA fibers with nHA addition promote cell adhesion and proliferation. The in vitro studies 

confirmed that the developed scaffolds exhibit no cytotoxicity and have the ability to support  

the growth of fibroblasts, osteoblasts, stromal cells and neural cells. Microscopic observations 

revealed that fiber alignment has a significant impact on cell organization and migration, suggesting 

the potential application of aligned nanofibers in tissue engineering, particularly in bone and neural 

tissue regeneration. 

In summary, this study provides innovative solutions in the design and fabrication  

of nanofibrous cell scaffolds with high piezoelectricity, constituting a promising material  

for applications in bone and neural tissue engineering. The obtained results may serve  

as a foundation for further research on the application of nanomaterials in regenerative medicine, 

enabling the development of smart and bioactive implants that support the body's repair processes. 
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Lista skrótów 

Ac  Aceton 

ADSC Komórki macierzyste pochodzące z ludzkiej tkanki tłuszczowej (ang. human adipose-

derived stromal cells) 

ANOVA  Jednoczynnikowa analiza wariancji (ang. analysis of variance) 

ATR  Osłabione wewnętrzne odbicie (ang. attenuated total reflection) 

AuNPs  Nanocząstki złota 

DMEM  Zmodyfikowana pożywka Dulbecco Eagle 

DMF  Dimetyloformamid (N,N′-dimetyloformamid) 

DSC  Różnicowa kalorymetria skaningowa (ang. differential scanning calorimetry) 

ECM  Macierz zewnątrzkomórkowa (ang. extracellular matrix) 

FM   Mikroskop fluorescencyjny 

FTIR  Fourierowska spektroskopia w podczerwieni (ang. Fourier transform infrared 

spectroscopy) 

FWHM Szerokość połówkowa (ang. full width at half maximum) 

HFIP  Heksafluoroizopropanol (1,1,1,3,3,3-hexafluoro-2-propanol) 

hiPSC-NSC Hodowla neuralnych komórek macierzystych wyprowadzonych z indukowanych 

pluripotencjalnych komórek macierzystych (ang. human induced pluripotent stem 

cell-derived neural stem cell culture) 

L929   Linia komórkowa fibroblastów mysich 

MG-63  Linia osteoblastopodobnych komórek ludzkich 

Mw   Średnia wagowa masa cząsteczkowa 

Mn   Średnia liczbowa masa cząsteczkowa 

nHA  Hydroksyapatyt 

PBS   Sól fizjologiczna buforowana fosforanami (ang. phosphate-buffered saline) 

PLLA  Poli(L-laktyd) (ang. poly(L-lactide)) 

PVDF  Poli(fluorek winylidenu) (ang. poly(vinylidene fluoride)) 

SEM   Skaningowa mikroskopia elektronowa (ang. scanning electron microscopy) 

SEM-EDS Spektroskopia dyspersjna energii (ang. energy dispersive spectroscopy) 

SFE  Energia swobodna powierzchni (ang. surface free energy) 

TCP  Płytka hodowlana (ang. tissue culture plate) 

Tg   Temperatura zeszklenia (ang. glass transition temperature) 

THF   Tetrahydrofuran 

WAXS  Szerokokątowe rozpraszanie rentgenowskie (ang. wide-angle X-ray scattering) 

WCA  Kąt zwilżania wody (ang. water contact angle) 

w/w  Proporcje wagowe 
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1. Wstęp 

Współczesna medycyna stoi przed ogromnym wyzwaniem związanym z leczeniem  

i regeneracją uszkodzonych narządów oraz tkanek, takich jak tkanka nerwowa, skóra czy kości 

[1]. Zwiększająca się liczba pacjentów z urazami, powikłaniami pooperacyjnymi i chorobami 

intensyfikuje zapotrzebowanie na wprowadzanie nowocześniejszych metod leczenia, które 

będą bezpieczniejsze, skuteczniejsze oraz bardziej dostosowane do indywidualnych potrzeb 

pacjenta. W odpowiedzi na współczesne wyzwania inżynieria tkankowa (ang. tissue 

engineering) wyłania się jako dynamiczna i interdyscyplinarna dziedzina nauki na styku 

chemii, biologii, fizyki oraz nauki o materiałach [2]. 

W 1993 roku Profesor Robert Langer i Doktor Joseph Vacanti na łamach czasopisma 

Science zdefiniowali termin „inżynieria tkankowa” jako „interdyscyplinarna dziedzina, 

wykorzystująca podstawy inżynierii i nauk biologicznych w celu pozyskania biologicznych 

zamienników, które przywracają, utrzymują lub poprawiają funkcjonowanie organu” [3]. 

Zgodnie z definicją biomateriał to taka kombinacja substancji naturalnych lub syntetycznych, 

innych niż leki, które w dowolnym czasie mogą być wykorzystane do zastąpienia tkanki  

bądź organu, jednocześnie przejmując jego funkcję [4]. Inżynieria tkankowa koncentruje  

się na tworzeniu materiałów, które funkcjonalnie i strukturalnie odwzorowują naturalne 

środowisko komórkowe, czyli macierz zewnątrzkomórkową (ECM, ang. extracellular matrix) 

(Rys. 1). Zadaniem takich struktur jest tymczasowe wspieranie komórek poprzez zapewnienie 

im odpowiednich warunków do namnażania oraz tworzenia nowej, żywej tkanki. Macierz 

zewnątrzkomórkowa złożona jest m.in. z włókien białkowych, takich jak kolagen i elastyna, 

które pełnią funkcje takie jak przyłączanie komórek oraz przekazywanie sygnałów 

bioelektrycznych. Struktury ECM (Rys. 1) reagują na bodźce z otoczenia, takie jak bodźce 

mechaniczne, deformacje czy zmiany ciśnienia, przekształcając je w sygnały biochemiczne  

lub elektryczne, które wpływają na zachowanie komórek. Przekazywanie tych sygnałów może 

regulować kluczowe procesy komórkowe, takie jak migracja, proliferacja, różnicowanie  

czy apoptoza. W przypadku niektórych tkanek, zwłaszcza nerwowej i kostnej, właściwości 

elektroprzewodzące i elektroaktywne ECM mają szczególne znaczenie dla utrzymania funkcji 

fizjologicznych oraz procesów regeneracji. Inspirowane architekturą i właściwościami ECM 

polimerowe, piezoelektryczne podłoża komórkowe, odwzorowujące jej trójwymiarową 

organizację i charakterystykę biologiczną, uczestniczą również w przekazywaniu sygnałów 

bioelektrycznych. Celem opracowywania takich podłoży komórkowych jest nie tylko 
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odtworzenie ich struktury, lecz także przywrócenie zdolności ECM do dynamicznego 

przekazywania sygnałów międzykomórkowych. 

 

Rys 1. Schematyczny rysunek macierzy zewnątrzkomórkowej (ECM) [5]. 

 

W ostatnich latach w dziedzinie inżynierii tkankowej zaobserwowano wzrost 

zainteresowania naukowego i technologicznego badaniami nad rozwojem kompozytów [6], 

hydrożeli [7] oraz projektowaniem inteligentnych materiałów (ang. smart materials) [8–10]. 

Inteligentne materiały są opracowywane tak, aby reagowały na bodźce zewnętrzne (fizyczne, 

chemiczne, mechaniczne), zachowując się w ten sposób podobnie do naturalnych tkanek 

organizmu ludzkiego [11]. Jednym z rodzajów inteligentnych materiałów są materiały 

piezoelektryczne, które mogą generować sygnały elektryczne w odpowiedzi na przyłożony 

bodziec zewnętrzny (np. naprężenie), stanowiąc responsywne, mechanoelektryczne systemy 

transdukcji [12]. Przewiduje się, że materiały te mogą skutecznie stymulować ścieżki 

sygnałowe, a tym samym wspomagać regenerację tkanek w uszkodzonym obszarze. Podłoża 

komórkowe stanowią rodzaj biomateriału powszechnie badanego i stosowanego w inżynierii 

tkankowej [13]. Podłoża komórkowe powinny spełniać odpowiednie wymagania, obejmujące 

bioaktywność i biozgodność, odpowiednią porowatość i strukturę przestrzenną  

oraz morfologię sprzyjającą namnażaniu komórek. Dodatkowo, w przypadku podłoży 

piezoelektrycznych, istotna jest wysoka piezoelektryczność [14,15]. 
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Piezoelektryczność (gr. piezein – „ściskać”) to zjawisko generowania potencjału 

elektrycznego pod wpływem naprężenia mechanicznego jako bodźca zewnętrznego. Zjawisko 

piezoelektryczności zostało odkryte w 1880 roku przez Pierre’a i Jacques’a Curie [16]. 

Udowodniono, że przyłożone w określonym kierunku naprężenie mechaniczne powoduje 

powstanie proporcjonalnego napięcia elektrycznego na powierzchni badanego materiału [17]. 

Zjawiska piezoelektryczności są obserwowane w organizmach ludzi i zwierząt, na przykład  

w układzie nerwowym, DNA, ścięgnie Achillesa (kolagenie), kościach i zębinie, a nawet  

w skórze [18]. W 1940 roku Martin [19] opisał pierwsze zjawiska piezoelektryczności  

w tkankach biologicznych, obserwując powstawanie napięcia elektrycznego w wiązce wełny 

ściśniętej pomiędzy dwiema płytami mosiężnymi. 

Głównym składnikiem wełny, a także włosów i rogów, jest keratyna występująca  

w formie tzw. α-helisy. Wysoka piezoelektryczność keratyny wynika z jej uporządkowanej 

architektury, usztywnionej przez wiązania wodorowe pomiędzy grupami aminowymi  

i karbonylowymi (Rys. 2) [20–25]. 

 

 

Rys. 2. Schemat trwałej polaryzacji w α-helisie [26]. 

 

W celu zapewnienia wysokiej aktywności komórek, w szczególności komórek 

kostnych i nerwowych, niezbędna jest obecność ładunków elektrycznych [27].  

Jako że materiały piezoelektryczne mają naturalną zdolność do generowania ładunków 

elektrycznych, cecha ta stanowi jedną z ich głównych zalet. Zjawisko to jest zgodne  

ze współczesnym podejściem w inżynierii tkankowej, skierowanym na opracowanie 

technologii minimalnie inwazyjnych oraz wykorzystujących materiały inteligentne [28]. 

Celem tych działań jest ograniczenie konieczności przeprowadzania skomplikowanych  
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i czasochłonnych zabiegów chirurgicznych, przy jednoczesnym skróceniu czasu 

rekonwalescencji. 

Polimery piezoelektryczne: poli(fluorek winylidenu) (PVDF, ang. poly(vinylidene 

fluoride)) oraz poli(L-laktyd) (PLLA, ang. poly(L-lactide)), które były przedmiotem badań 

opisywanych w niniejszej rozprawie, są znane z wysokiej piezoelektryczności, łatwości 

przetwarzania oraz korzystnych właściwości biologicznych, co czyni je doskonałymi 

kandydatami do zastosowania jako inteligentne podłoża komórkowe. 

Piezoelektryczne podłoża komórkowe mogą być formowane za pomocą procesu 

elektroprzędzenia w postaci nano- i submikronowych włóknin. Nanowłókniste podłoża  

są w stanie skutecznie naśladować włóknistą strukturę ECM. W przypadku piezoelektrycznych 

nanowłókien kluczowe znaczenie ma ich zdolność do generowania ładunków elektrycznych, 

które mogą stymulować aktywność biologiczną komórek. W tym celu konieczne  

jest zwiększenie efektywność piezoelektrycznej nanowłókien jako biomateriałów poprzez 

modyfikację zarówno badanego układu materiałowego, jak i parametrów procesu 

wytwarzania. Biorąc pod uwagę obecne zapotrzebowania inżynierii tkankowej,  

a także specyfikę układu kostnego i nerwowego, połączenie nanowłókien z nanocząstkami 

stanowi obiecujące podejście w projektowaniu materiałów przeznaczonych do regeneracji 

uszkodzonych tkanek. 

Zarówno PVDF, jak i PLLA mogą występować w kilku różnych fazach krystalicznych. 

PVDF jest termoplastycznym, polimorficznym polimerem, który może krystalizować  

w co najmniej pięciu różnych fazach: α, β, γ, δ i ε (Rys. 3). Najważniejszą odmianą 

polimorficzną, ze względu na najwyższe właściwości piezoelektryczne, ferroelektryczne  

i piroelektryczne jest faza β, a w mniejszym stopniu - faza γ [29]. Natomiast PLLA wykazuje 

złożony polimorfizm z trzema głównymi formami krystalicznymi: α, β i γ, w zależności  

od warunków przygotowania [30]. Oprócz tych trzech głównych faz krystalicznych, w PLLA 

zaobserwowano dwie nieuporządkowane modyfikacje formy α, oznaczone α′ i α′′. Zgodnie  

z literaturą, modyfikacja α′ charakteryzuje się nieuporządkowaniem konformacyjnym  

oraz luźnym sposobem upakowania łańcuchów, co sprawia, że uznaje się ją za mezofazę 

(kryształy Condis) [31]. 
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Rys. 3. Schematyczne przedstawienie konformacji łańcucha faz w PVDF;  

(A) - faza α, (B) - faza β i (C) - faza γ [32]. 

 

Od lat 80. XX wieku wiadomo, że uzyskanie określonej fazy krystalicznej w PVDF  

jest możliwe przy użyciu wybranych metod. Do najważniejszych z tych metod należy zaliczyć 

krystalizację ze stopu lub z roztworu, wygrzewanie (także pod wysokim ciśnieniem), 

ciągnienie mechaniczne oraz polaryzację elektryczną w polu zewnętrznym. Dotychczas 

wykazano, że najbardziej piezoelektryczną fazę β można uzyskać poprzez dobór odpowiednich 

rozpuszczalników, takich jak dimetyloformamid (DMF) lub dimetyloacetamid (DMAC) [33], 

a także poprzez deformację rozciągającą [34,35], wygrzewanie pod bardzo wysokim 

ciśnieniem [36] oraz polaryzację w silnym polu elektrycznym [37]. Proces elektroprzędzenia 

sprzyja również zwiększeniu zawartości faz piezoelektrycznych [38], dzięki 

współwystępowaniu zjawisk polaryzacji elektrycznej, deformacji mechanicznej  

oraz możliwości zastosowania odpowiednich rozpuszczalników. Ta stosunkowo prosta i tania 

technika umożliwia formowanie włókien nano- i submikronowych, których właściwości 

znacznie różnią się od właściwości materiałów formowanych metodami tradycyjnymi [39]. 

Ponadto nanowłókna, pod względem morfologicznym, naśladują ECM, zapewniając 

komórkom odpowiednie mikrośrodowisko do wzrostu. 
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W literaturze można znaleźć doniesienia na temat wpływu procesu elektroprzędzenia 

na strukturę czystego PVDF [40] i PLLA [41], jednak nadal brakuje systematycznych badań 

obejmujących wpływ poszczególnych parametrów na właściwości piezoelektryczne. 

Wiadomo, że formowanie włókien w polu elektrycznym sprzyja orientacji łańcuchów 

makrocząsteczek, co z kolei sprzyja powstawaniu faz piezoelektrycznych [42]. 

W przypadku PVDF zawartość polarnej fazy β jest znacznie wyższa  

w elektroprzędzonych włóknach w porównaniu do odlewanej folii [43]. Jednak efekt ten  

nie został szeroko zbadany z punktu widzenia parametrów elektroprzędzenia. Zawartość faz 

polarnych w nanowłóknach zależy m.in. od prędkości obrotowej kolektora stosowanego 

podczas formowania włókien. Efekt ten jest spowodowany odkształceniem mechanicznym,  

o którym wiadomo, że sprzyja tworzeniu się fazy polarnej [44,45]. Przegląd literatury 

udowodnił potrzebę systematycznych badań nad warunkami powstawania faz 

piezoelektrycznych w nano- i submikronowych włóknach oraz nad ich wpływem na odpowiedź 

komórkową. Obecność faz piezoelektrycznych, w połączeniu z odpowiednią morfologią 

włókien i ich stosunkowo wysoką elastycznością, stwarza perspektywy zastosowania tego 

materiału w inżynierii tkankowej. Obecność faz piezoelektrycznych ma szczególne znaczenie 

w kontekście bioelektrycznej stymulacji układu kostnego i nerwowego, co stwarza potencjał 

dla skutecznej regeneracji uszkodzonych tkanek [46]. Ponadto dodanie nanocząstek może 

poprawić właściwości fizykochemiczne [47], zwiększyć zawartość faz piezoelektrycznych 

[48], wykazywać działanie przeciwbakteryjne [49], a także wpływać na wzmocnienie 

odpowiedzi biologicznej analizowanych materiałów [50]. 

W niniejszej rozprawie opisano rezultaty systematycznych badań  

nad zaawansowanymi, inteligentnymi materiałami nanowłóknistymi, składającymi  

się z piezoelektrycznych polimerów PVDF i PLLA oraz nad wpływem dodatku nanocząstek 

hydroksyapatytu (nHA) i złota (AuNPs) na ich właściwości piezoelektryczne. Zaproponowane 

materiały wybrano ze względu na ich komplementarne właściwości: PVDF charakteryzuje  

się wysoką piezoelektrycznością, stabilnością chemiczną oraz zdolnością do elektroaktywnej 

stymulacji komórek, natomiast PLLA cechuje się biodegradowalnością, bioresorbowalnością  

i wysoką biozgodnością sprzyjającą adhezji i proliferacji komórek. W połączeniu z dodatkiem 

nHA, który zwiększa bioaktywność i właściwości osteokonduktywne, oraz AuNPs 

poprawiającymi właściwości biologiczne, uzyskane nanowłókniste kompozyty stanowią 

odpowiednie materiały do zastosowań jako podłoża komórkowe w inżynierii tkankowej,  

w szczególności do regeneracji komórek kostnych i nerwowych (Rys. 4). 
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Rys. 4. Schematyczna ilustracja zastosowania biomateriałów piezoelektrycznych do regeneracji tkanki kostnej  

i nerwowej [51]. 

 

Główną zaletą tego systemu materiałowego jest połączenie biokompatybilności  

i biodegradowalności z możliwością naśladowania naturalnej struktury i właściwości kości  

oraz tkanek nerwowych, a także właściwości piezoelektrycznych. W niniejszej rozprawie 

zaproponowano proces elektroprzędzenia umożliwiający precyzyjne formowanie włóknin  

o zróżnicowanym ułożeniu nanowłókien - od losowego po ukierunkowane. Przeanalizowano 

wpływ wybranych istotnych parametrów procesowo-materiałowych na morfologię włókien 

oraz wpływ dodatków na zawartość faz piezoelektrycznych, piezoelektryczność  

oraz odpowiedź komórkową. W dostępnej literaturze istnieje niewiele prac dotyczących 

analizy piezoelektryczności materiałów polimerowych w formie nanowłóknistych podłoży 

komórkowych z dodatkami, w kontekście właściwości piezoelektrycznych obserwowanych  

w naturalnej kości i komórkach nerwowych. Ponadto brakuje danych dotyczących wpływu 

ułożenia włókien na właściwości piezoelektryczne w kontekście wzrostu i przeżywalności 

komórek. 

Niniejsza rozprawa stanowi cykl 6 publikacji, w których przedstawiono rezultaty badań 

przeprowadzonych w ciągu kilkuletniej pracy naukowej. 

Dwa pierwsze artykuły w cyklu mają charakter przeglądowy i pełnią rolę 

wprowadzenia do zagadnień poruszanych w rozprawie. W publikacjach dokonano analizy 

aktualnego stanu wiedzy z zakresu piezoelektrycznych materiałów polimerowych 

wykorzystywanych w regeneracji tkanek kostnych i nerwowych. Szczególną uwagę 

poświęcono zagadnieniu piezoelektryczności oraz jej potencjalnemu zastosowaniu  

w projektowaniu podłoży komórkowych, z uwzględnieniem jej wpływu na procesy naprawcze 

tkanek. Omówiono również istniejące strategie formowania podłoży oraz ich wpływ  

na odpowiedź biologiczną. Na podstawie przeprowadzonych analiz możliwe było 
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sformułowanie głównych kierunków badawczych podjętych w kolejnych pracach 

eksperymentalnych. 

W artykułach nr 3 i 4 przedstawiono wyniki badań wstępnych, których celem była 

optymalizacja procesu elektroprzędzenia włókien z PVDF pod kątem ich zastosowania  

w inżynierii tkankowej. Badania koncentrowały się na zależnościach pomiędzy warunkami 

procesu a strukturą i właściwościami włókien, ze szczególnym uwzględnieniem  

ich ukierunkowania oraz powstawania faz piezoelektrycznych. Określono wpływ masy 

cząsteczkowej, stężenia polimeru oraz kilku kluczowych parametrów procesu na zawartość faz 

β i γ, odpowiedzialnych za właściwości piezoelektryczne włókien. Uzyskane wyniki 

umożliwiły określenie warunków sprzyjających formowaniu włókien o pożądanej morfologii  

i właściwościach biologicznych. Sformułowane wnioski stanowiły ukierunkowanie dalszych 

badań, obejmujących również modyfikację materiałów. 

W artykułach nr 5 i 6 przedstawiono kulminacyjną część badań rozprawy, 

potwierdzając postawioną hipotezę dotyczącą potencjału piezoelektrycznych podłoży 

komórkowych do zastosowań w inżynierii tkankowej. W artykule nr 5 opisano opracowanie 

biodegradowalnych podłoży z PLLA z dodatkiem nHA o optymalnej morfologii, silnej 

odpowiedzi piezoelektrycznej oraz wysokiej biozgodności, tym samym wykazując ich 

przydatność do regeneracji ubytków kostnych. 

W artykule nr 6 opisano z kolei sposób otrzymywania podłoży z PVDF, w tym  

z dodatkiem nHA oraz z naniesionymi ultradźwiękowo na powierzchnię włókien AuNPs. 

Analizując wpływ dodatków na właściwości strukturalne i biologiczne, szczególną uwagę 

poświęcono znaczeniu ukierunkowania włókien z punktu widzenia poprawy regeneracji 

komórek kostnych i nerwowych oraz synergii pomiędzy materiałami w kontekście stymulacji 

komórkowej. Otrzymane wyniki potwierdziły hipotezę badawczą, że odpowiednio opracowane 

piezoelektryczne podłoża komórkowe mogą stanowić skuteczne narzędzie wspomagające 

procesy regeneracyjne w komórkach kostnych i nerwowych. 
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2. Cele pracy 
 

Główny cel pracy: 

Celem niniejszej rozprawy było opracowanie nanowłóknistych podłoży komórkowych 

o optymalnych właściwościach piezoelektrycznych i biologicznych, przeznaczonych  

do zastosowań w inżynierii tkankowej, szczególnie w regeneracji tkanki kostnej i nerwowej. 

 

Cele szczegółowe: 

W celu realizacji założenia, konieczny był dobór optymalnych materiałów  

oraz dodatków wraz z ich stężeniami i proporcjami, określenie rodzaju procesu wytwarzania 

oraz wybór parametrów istotnych z punktu widzenia wybranych właściwości, a także dobór 

odpowiednich metod badawczych i metodologii w celu charakterystyki próbek. 

Do badań wybrano polimery przejawiające właściwości piezoelektryczne: poli(fluorek 

winylidenu) (PVDF) i poli(L-laktyd) (PLLA) oraz metodę elektroprzędzenia (ang. 

electrospinning) do formowania włóknistych podłoży dla komórek. Głównymi parametrami 

materiałowymi były masa cząsteczkowa i stężenie polimeru, natomiast parametrami 

procesowymi - prędkość obrotowa kolektora, napięcie przyłożone podczas procesu  

oraz szybkość podawania roztworu. 

- Na wstępie kluczowy był dobór odpowiednich parametrów procesu, umożliwiających 

wytworzenie jednorodnych, pozbawionych defektów włókien, co osiągnięto, dobierając 

parametry procesu takie jak: stężenie polimeru, szybkość podawania roztworu, napięcie 

elektryczne oraz odległość igły od kolektora. Następnie, zbadanie wpływu prędkości obrotowej 

kolektora na orientację włókien, a do dalszych systematycznych badań wybrano dwie wartości 

prędkości, umożliwiające otrzymanie podłoża o prawie losowym oraz wyraźnie 

ukierunkowanym ułożeniu włókien. 

- Drugą istotną częścią pracy były systematyczne badania w zakresie inżynierii materiałowej 

mające na celu wyznaczenie szeregu istotnych właściwości otrzymanych włókien  

oraz wykonanych z nich podłoży z perspektywy wybranych parametrów procesu. Określenie 

m.in. stopienia krystaliczności, zawartości faz piezoelektrycznych, ukierunkowania włókien  

i współczynnika piezoelektryczności, a także porowatość, zwilżalność, energię swobodną 

powierzchni oraz sorpcję wody włóknin. 

- Trzecie zadanie badawcze polegało na ocenie wpływu morfologii, ukierunkowania włókien, 

a także właściwości piezoelektrycznych włóknin na ich właściwości biologiczne,  
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a ponadto na ocenieniu cytotoksyczności oraz stopnia proliferacji komórek w warunkach 

eksperymentalnych in vitro. 

Dodatkowym celem badawczym była ocena wpływu wybranych dodatków  

w kontekście efektywności piezoelektrycznej podłoży oraz ich właściwości biologicznych. 

Jako dodatków użyto piezoelektrycznego hydroksyapatytu (nHA) oraz nanocząstek złota 

(AuNPs). W ramach realizacji tego zadania skupiono się na następujących kwestiach: 

- Pierwszą kwestią było określenie wpływu dodatków na morfologię, głównie rozkład 

orientacji włókien, piezoelektryczność, zwilżalność, krystaliczność i zawartość faz 

piezoelektrycznych. 

- Następną kwestią była optymalizacja zawartości dodatków z perspektywy efektywności 

biologicznej podłoży, ocenianej w badaniach komórkowych in vitro. 

- Ostatnim wiążącym etapem pracy było całościowe określenie oraz ocena zależności 

pomiędzy odpowiedzią komórkową a piezoelektrycznością, rodzajem polimeru i dodatku  

oraz orientacją włókien. 

3. Hipoteza badawcza 
 

Przy wykorzystaniu polimerów przejawiających właściwości piezoelektryczne  

oraz procesu elektroprzędzenia, możliwe jest wytworzenie nanowłóknistego, biozgodnego 

podłoża do hodowli komórkowej, które może znaleźć zastosowanie w inżynierii tkankowej  

do regeneracji tkanki nerwowej i kostnej. 
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4. Materiały 
 

4.1. Materiały piezoelektryczne 

 

Polimery piezoelektryczne są stosunkowo nową klasą materiałów, umożliwiających 

generowanie ładunków elektrycznych pod wpływem bodźca zewnętrznego, np. stymulacji 

mechanicznej bez konieczności stosowania dodatkowych źródeł energii lub elektrod [52]. 

Dodatkowo, z punktu widzenia biomedycznego, polimery te charakteryzują  

się biokompatybilnością, co jest bardzo istotne w kontekście nowoczesnych implantów 

stosowanych w medycynie regeneracyjnej [53]. Kolejną zaletą polimerów piezoelektrycznych 

jest ich stosunkowo łatwa przetwarzalność, odróżniająca je od materiałów nieorganicznych 

[54]. Przykładowe zastosowania polimerów piezoelektrycznych przedstawiono na rysunku 5. 

 

Rys. 5. Przykładowe zastosowania polimerów piezoelektrycznych [55]. 
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4.1.1. Poli(fluorek winylidenu) 

 

PVDF zastosowany w niniejszych badaniach w pracy 3, 4 i 6  

jest niebiodegradowalnym, termoplastycznym polimerem o liniowej budowie łańcucha. 

Struktura chemiczna jednostki meru została przedstawiona na rysunku 6. 

 
Rys. 6. Struktura chemiczna meru poli(fluorku winylidenu). 

 

Segmenty łańcuchów makrocząsteczek PVDF mogą przyjmować odmienne 

konformacje, co skutkuje powstawaniem zróżnicowanych momentów dipolowych. Silny 

moment elektryczny wynika z dużej różnicy elektroujemności między atomami fluoru  

a atomami wodoru. Gdy łańcuchy polimeru są ułożone w kryształy z równoległym układem 

dipoli, ich dipole sumują się, co skutkuje powstawaniem niezerowego momentu dipolowego 

netto [56–58]. Taki układ cząsteczkowy występuje w fazach β, γ i δ, przy czym faza β wykazuje 

najsilniejszy moment dipolowy, ze względu na konformację typu TTT (trans-trans-trans).  

Dla innych konformacji łańcucha, takich jak TGTG- i T3GT3G-, równoległy układ momentów 

dipolowych (odpowiednio w fazach δ i γ), prowadzi do niższej polaryzacji wypadkowej 

łańcucha. Natomiast w przypadku antyrównoległego ułożenia dipoli przy tych samych 

konformacjach moment dipolowy netto jest równy zeru, jak to ma miejsce w fazach α i ε [59].  

Różne metody pozwalają zwiększyć zawartość faz piezoelektrycznych,  

m.in. rekrystalizacja w stanie stopionym [60], polaryzacja w wysokim polu elektrycznym [61], 

zastosowanie wysokiego ciśnienia [62], rozciąganie mechaniczne [63] oraz dodawanie 

nanocząstek [64]. W niniejszych badaniach przyjęto założenie, że pole orientujące w procesie 

elektroprzędzenia sprzyja powstawaniu konformacji łańcuchów o silnych momentach 

dipolowych TTT i T3GT3G-. W celu zwiększenia ilości faz piezoelektrycznych PVDF badano 
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wpływ wysokich prędkości obrotowych kolektora podczas procesu elektroprzędzenia,  

a także wpływ dodatku nanocząstek (piezoelektrycznego nHA). 

 

4.1.2. Poli(L-laktyd) 

 

W niniejszej rozprawie, w pracy 5, zastosowano polimorficzny PLLA, który może 

przyjmować trzy formy krystaliczne: α, β i γ (Rys. 7) [65]. Dodatkowo w PLLA mogą 

występować również dwie odmiany o obniżonym stopniu uporządkowania, określane jako α′  

i α′′. Fazy te określa się jako quasi-heksagonalne o zaburzonym uporządkowaniu rotacyjnym  

i podłużnym [66]. Polimer ten jest biodegradowalny, biokompatybilny i może być stosowany 

jako resorbowalne wypełnienie ubytków kostnych oraz nerwowych. Piezoelektryczność PLLA 

wynika z obecności izotaktycznych łańcuchów polimerowych, które mogą tworzyć 

uporządkowane struktury krystaliczne zdolne do polaryzacji. Źródłem momentów 

elektrycznych są grupy karbonylowe i eterowe, charakteryzujące się asymetrycznym 

rozkładem ładunków. Pod wpływem naprężeń mechanicznych, takich jak rozciąganie  

lub ściskanie, dipole te ulegają przemieszczeniu, co prowadzi do powstania różnicy 

potencjałów elektrycznych [67]. Podczas procesu elektroprzędzenia łańcuchy PLLA ulegają 

reorientacji, co skutkuje przesunięciem ładunków elektrycznych. W efekcie tworzy  

się dipolowy moment elektryczny, prowadzący do generowania napięcia na powierzchni 

nanowłókien. PLLA został wybrany do badań ze względu na swoje właściwości 

piezoelektryczne, biokompatybilność, możliwość przetwarzania [68] oraz biodegradowalność 

[69]. 

 

Rys. 7. Struktura chemiczna meru poli(L-laktydu) [70]. 

  



22 
 

4.1.3. Hydroksyapatyt 

 

Hydroksyapatyt (nHA) zastosowany w badaniach opisanych w pracach 5 i 6, stanowi 

główny składnik mineralny kości oraz zębów u ludzi i zwierząt [71–73], współwystępując  

ze składnikiem organicznym (kolagenem) oraz komórkami kostnymi [74]. nHA krystalizuje  

w postaci licznych płytek (lub igłowatych nanokryształów) zlokalizowanych w szczelinach 

włókienek tropokolagenu, co prowadzi do wzmocnienia struktury tkanki kostnej [75].  

Ze względu na swoją aktywność biologiczną, nHA jest szeroko stosowanym biomateriałem  

w medycynie do wytwarzania implantów kostnych i stomatologicznych (jako wypełniacz  

i materiał powłokowy) [76]. Struktura krystaliczna nHA należy do układu heksogalnego (grupa 

przestrzenna P63/m), w której grupy hydroksylowe (-OH) są uporządkowane wzdłuż  

osi krystalograficznej c. Ułożenie to pozwala na aktywny przepływ protonów wzdłuż tej osi, 

co prowadzi do wytworzenia wewnętrznej polaryzacji dipolowej i ładunku powierzchniowego. 

W wyniku przyłożenia bodźca zewnętrznego (np. ściskania) w kryształach nHA zachodzi  

do przesunięcia grup fosforanowych i jonów wapnia, powoduje to powstanie różnicy 

potencjałów, czyli zjawiska piezoelektryczności [77]. Piezoelektryczna odpowiedź nHA może 

wpływać na aktywność potencjałów w błonach komórkowych komórek osteoblastycznych,  

ale również neuronów, przyczyniając się do stymulacji procesów regeneracyjnych. 

Właściwości te sprawiają, że nHA, jako dodatek do podłoża komórkowego, może działać jako 

bioaktywne, elektroresponsywne wzmocnienie w nanowłóknach polimerowych [78].  

 

4.2. Nanocząstki złota 

 

Nanocząstki złota (AuNPs) użyte do badań w pracy 6 są szeroko znane ze swojej 

biokompatybilności, łatwości kontroli rozmiaru i kształtu oraz powtarzalności procesu 

wytwarzania [79,80]. AuNPs stanowią obiecujący materiał do zastosowania w inżynierii tkanki 

kostnej ze względu na udokumentowaną w literaturze poprawę właściwości regeneracyjnych 

kości po urazach [81]. AuNPs wspierają regenerację kości poprzez regulację różnicowania 

osteogenicznego, hamując aktywność osteoklastów [82,83]. Ponadto AuNPs są intensywnie 

badane pod kątem ich potencjalnego zastosowania w leczenia osteoporozy [84]. W przypadku 

układu nerwowego AuNPs wykorzystywane są w terapiach wspomaganych nanocząsteczkami 

jako innowacyjne platformy wspierające proces regeneracji nerwów obwodowych [85].  

W ciągu ostatnich dziesięciu lat wzrosła liczba badań w zakresie wykorzystania AuNPs  

w inżynierii tkankowej i medycynie regeneracyjnej, co potwierdza analiza bazy danych 
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PubMed. AuNPs charakteryzują się wysokim przewodnictwem elektrycznym wynikającym  

z obecności elektronów swobodnych, co umożliwia efektywną transmisję sygnałów 

elektrycznych w obrębie materiału. Ich obecność w strukturze polimerowej sprzyja 

uporządkowaniu dipoli molekularnych poprzez lokalne wzmocnienie pola elektrycznego,  

co z kolei może prowadzić do zwiększenia polarności i wzmocnienia właściwości 

dielektrycznych i piezoelektrycznych podłoży [86]. AuNPs wpływają na poprawę interakcji  

z płynami biologicznymi, ponieważ wpływają na zwiększenie hydrofilowości [87].  

 

5. Metody badawcze 
 

5.1. Formowanie włóknin - proces elektroprzędzenia 

 

Metoda formowania włókien w procesie elektroprzędzenia została opatentowana  

w 1934 roku w Stanach Zjednoczonych [88]. Największy rozwój tej metody zaobserwowano 

na przełomie lat 80. i 90. XX wieku, kiedy opracowano i skomercjalizowano materiały 

filtracyjne w przemyśle włókienniczym [89]. Układ aparaturowy jest stosunkowo prosty, 

natomiast zjawiska zachodzące w trakcie formowania włókien są na tyle złożone, że proces 

zależy od wielu czynników, nie tylko parametrów materiałowo-procesowych, lecz także  

od warunków zewnętrznych, takich jak temperatura i wilgotność. 

Piezoelektryczne, polimerowe podłoża komórkowe w formie włóknin formowano 

metodą elektroprzędzenia z roztworu, stosując odpowiednie rozpuszczalniki. Roztwór 

polimeru umieszczano w strzykawce z igłą podłączoną do źródła wysokiego napięcia. Roztwór 

polimeru podawano ze stałą szybkością (rzędu mililitrów na godzinę) za pomocą pompy  

o wysokiej dokładności. Pomiędzy igłą a uziemionym (lub o ujemnym potencjale) kolektorem 

powstają siły elektrostatyczne. Wraz ze wzrostem natężenia pola elektrycznego osiągany  

jest punkt krytyczny, w którym siła elektrostatyczna przewyższa napięcie powierzchniowe 

roztworu polimeru. Kropla polimeru wydłuża się, formując stożek nazywany stożkiem 

Taylora. Następnie z wierzchołka stożka Taylora zostaje wyrzucony naładowany strumień 

cieczy. Początkowo strumień ten przemieszcza się w sposób prostoliniowy. Na skutek 

odpychania się jednoimiennych ładunków elektrostatycznych gromadzących  

się na powierzchni strumienia, traci on stabilność, formując spiralną trajektorię i finalnie 

osadza się na kolektorze w postaci bardzo cienkich włókien tworzących włókninę (Rys. 8). 
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Rys. 8. Schemat procesu elektroprzędzenia [90]. 

 

Elektroprzędzone włókniny formowano z roztworów polimerów piezoelektrycznych  

o wybranych stężeniach i rozpuszczonych w odpowiednich rozpuszczalnikach. 

Polimer piezoelektryczny PVDF (Mw = 180 000 g/mol, 400 000 g/mol, 530 000 g/mol) 

rozpuszczano w odpowiedniej ilości rozpuszczalnika (DMF lub DMF/Ac). W celu uzyskania 

wizualnie jednorodnego roztworu mieszano go w temperaturze 50°C przez 24 godziny. PLLA 

(Mw = 330 000 g/mol) rozpuszczano w HFIP w temperaturze pokojowej i pozostawiono na noc 

w celu pełnego rozpuszczenia. Następnie roztwory domieszkowano, dodając nanocząstki nHA 

w wybranych stężeniach. Dodatkowo roztwory poddano działaniu ultradźwięków  

przez 20 minut, aby zapobiec agregacji nanocząstek nHA (myjka ultradźwiękowa EMAG, 

EMMI-D60, Niemcy). 

Proces elektroprzędzenia przeprowadzano w komercyjnej komorze przędzalniczej 

(Fluidnatek LE-50, Bioinicia, Walencja, Hiszpania) oraz w komorze wykonanej samodzielnie 

przez pracowników SPPiB (Rys. 9). Komory składają się z zasilacza wysokiego napięcia, 

pompy strzykawkowej z igłą oraz uziemionego kolektora, na którym osadzają się nanowłókna. 

W komorze wytwarzane jest silne pole elektrostatyczne, niezbędne do formowania włókien. 

Roztwór polimerowy podawano przy użyciu precyzyjnej pompy infuzyjnej, umożliwiającej 

kontrolę szybkości podawania. Komora zapewnia bezpieczeństwo użytkownika  

oraz umożliwia kontrolę warunków zewnętrznych, takich jak temperatura i wilgotność. 

Włókna zbierano w postaci nanowłóknistych mat na obracającym się kolektorze, stosując 

różne prędkości obrotowe. Próbki o losowym ułożeniu włókien formowano z prędkością  
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100-200 obr./min., natomiast próbki o ukierunkowanym ułożeniu włókien przy prędkości  

2000 obr./min. 

 

Rys. 9. Komory przędzalnicze wykorzystywane w procesie elektroprzędzenia w artykułach 3-6. Komora 

wykonana samodzielnie przez pracowników SPPiB (z lewej); komora umożliwiająca dodatkowo regulację 

warunków zewnętrznych (temperatura i wilgotność) LE-50 Fluidnatek firmy Bioinicia (z prawej). 

 

Próbki z dodatkiem nanocząstek złota otrzymywano metodą osadzania 

ultradźwiękowego. Proces sonifikacji przeprowadzano z wydajnością 80% na urządzeniu 

Hielscher UP200Ht (Teltow, Niemcy). Osadzania prowadzono w określonych odstępach czasu  

(2 x 2 min). Następnie próbki dokładnie płukano wodą i suszono.  

Szczegółowe informacje dotyczące formowania włóknin znajdują się w publikacjach  

3-6: Influence of process-material conditions on the structure and biological properties  

of electrospun polyvinylidene fluoride fibers), Enhanced Electroactive Phases  

of Poly(vinylidene Fluoride) Fibers for Tissue Engineering Applications), Poly(L-

lactide)/nano-hydroxyapatite piezoelectric scaffolds for tissue engineering, On the Structural 

and Biological Effects of Hydroxyapatite and Gold nano-scale Particles in Poly(vinylidene 

fluoride) Smart Scaffolds for Bone and Neural Tissue Engineering. 
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5.2. Pomiar lepkości roztworów  

 

Lepkość roztworów polimerowych mierzono przy użyciu wiskozymetru rotacyjnego 

HADV-III Ultra (Brookfield, Middleboro, MA, USA) o konfiguracji stożek-płytka. Pomiary 

wykonano przy różnych szybkościach ścinania, a także przy stałej szybkości ścinania 

wynoszącej ≈33 1/s. Stałą szybkość ścinania wybrano ponieważ, odpowiada ona oszacowanej 

wartości szybkości ścinania wewnątrz igły podczas procesu elektroprzędzenia. Pomiary 

przeprowadzano na etapie przygotowywania roztworów w celu określenia ich stabilności. 

Szczegółowe informacje dotyczące przeprowadzania badań lepkości i ich analiza znajdują  

się w publikacji 3: Influence of process-material conditions on the structure and biological 

properties of electrospun polyvinylidene fluoride fibers. 

 

5.3. Skaningowa mikroskopia elektronowa 

 

Skaningowa mikroskopia elektronowa (SEM, Jeol, JSM-6010PLUS/LV 

InTouchScope™, Akishima, Tokio, Japonia) została użyta do obrazowania morfologii włókien 

oraz architektury włóknin. Przed pomiarem badane próbki napylano złotem (grubość warstwy 

6-10 nm; Smart Coater, JEOL, Tokyo, Japan).  

Analiza architektury nanowłóknistych podłoży została przeprowadzona przy użyciu 

oprogramowania ImageJ (wersja oprogramowania 1.52q). Przeprowadzono 100 pomiarów 

średnicy włókien i określono ich rozkład przy użyciu funkcji Gaussa.  

Wpływ prędkości obrotowej kolektora na ukierunkowanie włókien oceniano  

przy użyciu wybranych metod. Do analizy wykorzystano tzw. wtyczkę „kierunkowość”  

w oprogramowaniu ImageJ. Rozkład orientacji aproksymowano funkcją Gaussa przy użyciu 

oprogramowania Origin 2021b (OriginLab Corporation, Northampton, USA). Stopień 

ukierunkowania włókien oceniono na podstawie szerokości połówkowej (FWHM, ang. Full 

Width at Half Maximum) - parametru funkcji Gaussa używanej do aproksymacji rozkładu 

orientacji. Dla każdej próbki wartości FWHM uśredniono na podstawie pięciu obrazów. 

Współczynnik orientacji określono przy użyciu współczynnika anizotropii α,  

gdzie α = 1 oznacza idealne ukierunkowanie włókien, a α = 0 oznacza brak ukierunkowania 

włókien. 

 Szczegółowe informacje dotyczące przeprowadzonych badań przy użyciu SEM  

oraz analiza obrazów przedstawiono w publikacjach 3-6: Influence of process-material 

conditions on the structure and biological properties of electrospun polyvinylidene fluoride 
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fibers, Enhanced Electroactive Phases of Poly(vinylidene Fluoride) Fibers for Tissue 

Engineering Applications, Poly(L-lactide)/nano-hydroxyapatite piezoelectric scaffolds for 

tissue engineering, On the Structural and Biological Effects of Hydroxyapatite and Gold nano-

scale Particles in Poly(vinylidene fluoride) Smart Scaffolds for Bone and Neural Tissue 

Engineering. 

 

5.4. Pomiar porowatości i średniego rozmiaru porów  

 

 Oszacowanie porowatości oraz średniego rozmiaru porów przeprowadzano mierząc 

masę i wymiary zewnętrzne podłoży komórkowych. W pierwszym etapie dokonano 

dokładnego pomiaru masy każdej próbki za pomocą precyzyjnej wagi laboratoryjnej (waga 

analityczna XA 52.R2, Radwag, Polska). Następnie wyznaczano wymiary zewnętrzne 

zważonych próbek, co pozwoliło na obliczenie ich objętości całkowitej. Na tej podstawie 

wyliczano gęstość pozorną, rozumianą jako stosunek masy próbki do jej całkowitej objętości. 

Następnie porównano gęstość pozorną do gęstości właściwej materiału litego co pozwalało  

na wyznaczenie porowatości, którą wyrażano jako procentowy udział objętości porów  

w całkowitej objętości próbki. Średni rozmiar porów oszacowano na podstawie zależności 

pomiędzy średnicą włókien a porowatością materiału. Szczegółowe informacje dotyczące 

przeprowadzonych badań porowatości i wyznaczania średniego rozmiaru porów włóknin 

znajdują się w publikacjach 4-6: Enhanced Electroactive Phases of Poly(vinylidene Fluoride) 

Fibers for Tissue Engineering Applications, Poly(L-lactide)/nano-hydroxyapatite piezoelectric 

scaffolds for tissue engineering, On the Structural and Biological Effects of Hydroxyapatite  

and Gold nano-scale Particles in Poly(vinylidene fluoride) Smart Scaffolds for Bone  

and Neural Tissue Engineering. 

 

5.5. Pomiar zwilżalności próbek 

 

Zwilżalność próbek oceniano przy użyciu metody statycznego kąta zwilżania wodą. 

Pomiary wykonywano za pomocą goniometru Data Physics OCA 15EC (Filderstadt, Niemcy). 

Kroplę wody destylowanej (2 µl) umieszczano w temperaturze pokojowej na powierzchni 

próbki mierząc kąt zwilżania wodą po upływie 3 sekund. Każdy pomiar powtórzono 10-krotnie 

dla każdego rodzaju materiału, a wynik uśredniono. Szczegółowe informacje dotyczące 

przeprowadzonych badań znajdują się w publikacjach 5 i 6: Poly(L-lactide)/nano-

hydroxyapatite piezoelectric scaffolds for tissue engineering, On the Structural and Biological 
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Effects of Hydroxyapatite and Gold nano-scale Particles in Poly(vinylidene fluoride) Smart 

Scaffolds for Bone and Neural Tissue Engineering. 

 

5.6. Wyznaczenie energii swobodnej powierzchni i polarności powierzchni 

 

 Energię swobodną powierzchni (SFE, ang. surface free energy) określono przy użyciu 

metody Kaelble-Owens-Wendt’a. Do obliczenia użyto wyników z pomiarów 

przeprowadzonych z wykorzystaniem trzech cieczy: dijodometanu, wody i formamidu. SFE 

wyznaczono z użyciem oprogramowania SCA20 (Data Physics Instruments GmbH, 

Filderstadt, Niemcy). Wynik uśredniono na podstawie 10 pomiarów. Do obliczenia polarności 

powierzchni podłoży komórkowych wykorzystano metodę Wu. Szczegółowe informacje 

dotyczące przeprowadzonych badań znajdują się w publikacjach 5 i 6: Poly(L-lactide)/nano-

hydroxyapatite piezoelectric scaffolds for tissue engineering, On the Structural and Biological 

Effects of Hydroxyapatite and Gold nano-scale Particles in Poly(vinylidene fluoride) Smart 

Scaffolds for Bone and Neural Tissue Engineering. 

 

5.7. Ocena zdolności podłoży komórkowych do sorpcji wody 

 

Zdolność do sorpcji wody oceniono poprzez pomiar zdolności próbek do wchłaniania 

wody. Każdą próbkę podzielono na fragmenty o wymiarach 2 x 1 cm, a następnie zanurzono  

w wodzie dejonizowanej. Po upływie 60 s próbki wyjmowano, delikatnie osuszano bibułką  

i ważono (waga analityczna XA 52.R2, Radwag, Polska). Procedurę tę powtarzano przez  

10 min. Szczegółowe informacje dotyczące przeprowadzonych badań znajdują  

się w publikacjach 5 i 6: Poly(L-lactide)/nano-hydroxyapatite piezoelectric scaffolds for tissue 

engineering, On the Structural and Biological Effects of Hydroxyapatite and Gold nano-scale 

Particles in Poly(vinylidene fluoride) Smart Scaffolds for Bone and Neural Tissue Engineering. 

 

5.8. Spektroskopia w podczerwieni  

 

Badania budowy molekularnej warstw powierzchniowych piezoelektrycznych podłoży 

komórkowych zostały wykonane przy użyciu spektrometru (Bruker, Vertex 70, Mannheim, 

Niemcy) z przystawką ATR (ang. Attenuated Total Reflection, Fourier Transform Infrared 

Spectroscopy). Wyniki uśredniono z pomiaru pięciu niezależnych próbek. Próbki skanowano 

w zakresie od 400 cm-1 do 4000 cm-1 z rozdzielczością 2 cm-1, wykonując łącznie 32 skany. 
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Dodatkowo, za pomocą spektroskopii potwierdzano obecność nanocząstek nHA  

oraz AuNPs, a także określano zawartość faz piezoelektrycznych we włóknach. Szczegółowe 

informacje dotyczące przeprowadzonych badań znajdują się w publikacjach 3-6: Influence of 

process-material conditions on the structure and biological properties of electrospun 

polyvinylidene fluoride fibers, Enhanced Electroactive Phases of Poly(vinylidene Fluoride) 

Fibers for Tissue Engineering Applications, Poly(L-lactide)/nano-hydroxyapatite piezoelectric 

scaffolds for tissue engineering, On the Structural and Biological Effects of Hydroxyapatite 

and Gold nano-scale Particles in Poly(vinylidene fluoride) Smart Scaffolds for Bone and 

Neural Tissue Engineering. 

 

5.9. Spektroskopia dyspersyjna energii  

 

 Do potwierdzenia obecności nanocząstek nHA oraz AuNPs w piezoelektrycznych 

podłożach została wykorzystana również metoda spektroskopii dyspersyjnej energii (SEM-

EDS, ang. energy dispersive spectroscopy, JSM-6010PLUS/LV InTouchScope™, JEOL, 

Tokio, Japonia). Próbki mierzono przy następujących parametrach: napięcie przyspieszające  

równe 8 kV, odległość robocza = 10 mm, prąd sondy = 500 pA i czas pomiaru 30 min. 

Szczegółowe informacje dotyczące przeprowadzonych badań znajdują się w publikacjach  

5 i 6: Poly(L-lactide)/nano-hydroxyapatite piezoelectric scaffolds for tissue engineering, On 

the Structural and Biological Effects of Hydroxyapatite and Gold nano-scale Particles in 

Poly(vinylidene fluoride) Smart Scaffolds for Bone and Neural Tissue Engineering. 

 

5.10. Różnicowa kalorymetria skaningowa  

 

 Analizę termiczną próbek wykonano przy użyciu skaningowego kalorymetru 

różnicowego Pyris 1 (Perkin Elmer, Waltham, MA, USA) wyposażonego w Intracooler 2P. 

Przed analizą próbki suszono próżniowo (suszarka próżniowa, Menmert, Hiszpania)  

w temperaturze otoczenia przez co najmniej 24 godziny w celu usunięcia pozostałości 

rozpuszczalnika. Próbki o masie 6-8 mg badano w standardowych aluminiowych naczynkach 

w atmosferze azotu. 

 Analiza termiczna podłoży komórkowych PVDF, a także PVDF z dodatkiem nHA  

i AuNPs o losowym i ukierunkowanym ułożeniu włókien obejmowała określenie temperatury 

i ciepła topnienia oraz wyznaczenie krystaliczności. Analiza efektów cieplnych wymagała 

rozdzielenia pików (dekonwolucji) przy użyciu funkcji asymetrycznej podwójnej sigmoidy. 
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Szczegółowe informacje dotyczące przeprowadzonych badań znajdują się w publikacji 6: On 

the Structural and Biological Effects of Hydroxyapatite and Gold nano-scale Particles in 

Poly(vinylidene fluoride) Smart Scaffolds for Bone and Neural Tissue Engineering. 

Analiza termiczna podłoży komórkowych PLLA, a także PLLA z dodatkiem nHA  

o losowym i ukierunkowanym ułożeniu włókien nakierowana była głównie na zbadanie 

wpływu parametrów procesu elektroprzędzenia i składu materiału na temperaturę zeszklenia. 

Szczegółowe informacje dotyczące przeprowadzonych badań znajdują się w publikacji 5: 

Poly(L-lactide)/nano-hydroxyapatite piezoelectric scaffolds for tissue engineering. 

 

5.11. Szerokokątowe rozpraszanie promieniowania rentgenowskiego  

 

 Badania struktury nadcząsteczkowej próbek metodą szerokokątowego rozpraszania 

promieniowania rentgenowskiego (WAXS, ang. Wide Angle X-ray Scattering) 

przeprowadzono przy użyciu dyfraktometru Bruker D8 Discover (Manheim, Niemcy). 

Pomiary przeprowadzono przy użyciu promieniowania CuKα o długości fali λ = 1,5406 Å. 

Profile WAXS zarejestrowano przy użyciu jednowymiarowego i wysoko czułego detektora 

Lynx Eye 1-D. Szczegółowe informacje dotyczące przeprowadzonych badań włóknin z PLLA  

oraz z dodatkiem nHA znajdują się w publikacji 5: Poly(L-lactide)/nano-hydroxyapatite 

piezoelectric scaffolds for tissue engineering. 

 W przypadku badań włóknin z PVDF, a także PVDF z dodatkiem nHA i AuNPs, profile 

WAXS analizowano przy użyciu nieliniowej metody dopasowania najmniejszych kwadratów 

z funkcją Gaussa prowadzącą do dekonwolucji refleksów dyfrakcyjnych, umożliwiając 

określenie krystaliczności całkowitej oraz zawartości faz piezoelektrycznych. Szczegółowe 

informacje dotyczące przeprowadzonych badań znajdują się w publikacji 6: On the Structural 

and Biological Effects of Hydroxyapatite and Gold nano-scale Particles in Poly(vinylidene 

fluoride) Smart Scaffolds for Bone and Neural Tissue Engineering. 

 

5.12. Pomiar współczynnika piezoelektryczności  

 

Pomiary współczynnika piezoelektryczności dla elektroprzędzonych włóknin PVDF  

i PLLA zostały wykonane przy użyciu specjalistycznego miernika d33 o wysokiej precyzji 

(miernik d33 YE2730A, Sinocera, Chiny). Urządzenie umożliwia pomiar na podstawie 

odpowiedzi prądowej generowanej w materiale piezoelektrycznym. Każda próbka została 

zmierzona 5 razy, następnie wyniki uśredniono. Szczegółowe informacje dotyczące badania 
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znajdują się w publikacjach 4 i 5: Enhanced Electroactive Phases of Poly(vinylidene Fluoride) 

Fibers for Tissue Engineering Applications, Poly(L-lactide)/nano-hydroxyapatite piezoelectric 

scaffolds for tissue engineering. 

 

5.13. Ocena odpowiedzi komórkowej 

 

Do oceny odpowiedzi komórkowej użyto czterech typów komórek: 

 

5.13.1. Badania in vitro z użyciem fibroblastów L929 

 

W przypadku podłoży z PVDF, ocenę odpowiedzi komórkowej oparto o wyniki testów 

biologicznych z użyciem komórek mysich - fibroblastów L929 (SigmaAldrich, Saint Louis, 

MO, USA). Proces hodowli komórek przeprowadzono w 48-dołkowych płytkach 

hodowlanych przez okres 7 dni. Aktywność metaboliczną komórek oceniono za pomocą testu 

MTT (SigmaAldrich, Saint Louis, MO, USA). W eksperymentach stymulacyjnych komórki 

fibroblastów L929 hodowane na podłożach piezoelektrycznych PVDF, poddawano działaniu 

ultradźwięków przez 30 minut, raz dziennie. Zastosowano bodziec ultradźwiękowy o mocy  

20 mW/cm2, 80 mW/cm2 i częstotliwości 1,7 MHz. Obrazowanie morfologii komórek 

przeprowadzono przy użyciu skaningowej mikroskopii elektronowej (SEM, JSM-

6010PLUS/LV InTouchScope™, JEOL, Tokio, Japonia). Próbkami kontrolnymi były podłoża 

komórkowe hodowane bez stymulacji ultradźwiękowej. Szczegółowe informacje dotyczące 

badania znajdują się w publikacji 3: Influence of process-material conditions on the structure 

and biological properties of electrospun polyvinylidene fluoride fibers. 

 

5.13.2. Badania in vitro z użyciem ludzkich komórek osteblastopodobnych linii MG-63 

 

W przypadku włóknin z PLLA, badania odpowiedzi komórkowej wykonano z użyciem 

linii ludzkich komórek osteoblastopodobnych MG-63 (SigmaAldrich, Saint Louis, MO, USA). 

Komórki hodowano w odpowiednim medium i inkubowano w środowisku 5% CO2  

w temperaturze 37℃. W celu oceny żywotności komórek wykonano test PrestoBlue™ 

(Thermo Fisher Scientific, Basingstoke, Wielka Brytania) po 3 i 5 dniach hodowli.  

Do weryfikacji morfologii komórek MG-63 w bezpośrednim kontakcie zastosowano 

mikroskopię fluorescencyjną (barwienie immunohistochemiczne). Obrazy uzyskano  

przy użyciu mikroskopu Leica (AM TIRF MC, Niemcy). Szczegółowe informacje dotyczące 
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badania znajdują się w publikacji 5: Poly(L-lactide)/nano-hydroxyapatite piezoelectric 

scaffolds for tissue engineering. 

 

5.13.3. Badania in vitro z użyciem komórek macierzystych pochodzących z tkanki 

tłuszczowej człowieka  

 

W przypadku podłoży z PVDF, wykonano również badania z użyciem komórek 

macierzystych pochodzących z ludzkiej tkanki tłuszczowej (ADSC, ang. human adipose-

derived stromal cells), które uzyskano zgodnie z ustalonym protokołem opisanym wcześniej 

[91] i hodowano na podłożach piezoelektrycznych elektroprzędzonych z różnymi 

prędkościami obrotowymi kolektora. W celu przeprowadzenia testu żywotności komórek, 

wysterylizowane promieniowaniem UV podłoża umieszczono w 96-dołkowej płytce 

hodowlanej, a komórki wysiewano bezpośrednio na powierzchnię. Próbki inkubowano  

w temperaturze 37°C w 5% CO2 przez 21 dni. Test PrestoBlue™ (Thermo Fisher Scientific, 

Basingstoke, Wielka Brytania) wykonano w celu zbadania aktywności metabolizmu 

komórkowego po 3, 14 i 21 dniach. Test Fluoroskan Ascent (Thermo Fisher Scientific, Wielka 

Brytania) użyto do pomiaru emisji światła o długości fali 620 nm i 530 nm. Obserwacje 

włókien i morfologii komórek przeprowadzono przy użyciu skaningowej mikroskopii 

elektronowej (SEM, JSM-6010PLUS/LV InTouchScope™, JEOL, Tokio, Japonia). 

Szczegółowe informacje dotyczące przeprowadzonych badań znajdują się w publikacji 4: 

Enhanced Electroactive Phases of Poly(vinylidene Fluoride) Fibers for Tissue Engineering 

Applications. 

 

5.13.4. Badania in vitro z użyciem neuralnych komórek macierzystych wyprowadzonych 

z indukowanych pluripotencjalnych komórek macierzystych  

 

Neuralne komórki macierzyste uzyskano z linii ludzkich indukowanych 

pluripotencjalnych komórek macierzystych (hiPSC-NSC, ang. human induced pluripotent 

stem cell-derived neural stem cell culture) zgodnie z protokołem opisanym wcześniej [92],  

z pewnymi modyfikacjami. Komórki z ludzkiej linii indukowanych pluripotencjalnych 

komórek macierzystych (Gibco, Thermo Fisher Scientific, Wielka Brytania) hodowano  

w odpowiednim medium. W celu indukcji neuronalnej komórki przemywano w PBS  

i pasażowano. Następnie komórki przeniesiono do naczyń hodowlanych pokrytych Geltrexem 

(Thermo Fisher Scientific, Wielka Brytania). Po 24 godzinach medium zastąpiono medium 
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PSC (Neural Induction Medium, Thermo Fisher Scientific, Wielka Brytania), a komórki 

hodowano przez 7 dni. W 7. dniu indukcji neuronowej, komórki pasażowano przy użyciu 

Accutase do płytek 6-dołkowych pokrytych Geltrexem w medium  

do ekspansji neuronowej. Komórki utrzymywano w tych warunkach i pasażowano co tydzień. 

Komórki z pasażu 6 wykorzystano do dalszych eksperymentów.  

Komórki hiPSC-NSC wysiewano na podłożach PVDF w medium do ekspansji 

neuronów. Następnego dnia próbki przeniesiono do nowego naczynia hodowlanego  

i hodowano przez okres 7 dni. W dniu 7. komórki na podłożach PVDF przemywano  

i utrwalano. Po usunięciu roztworu permeabilizującego, próbki utrwalano przez 1 godzinę  

w temperaturze pokojowej. Następnie komórki inkubowano przez noc w temperaturze 4°C  

z przeciwciałami pierwotnymi. Przed obrazowaniem za pomocą mikroskopu konfokalnego 

(LSM510, Zeiss, Germany) próbki przemywano w PBS, poddawano kontrastowaniu 

barwnikiem przez 15 minut w celu uwidocznienia jąder komórkowych oraz umieszczano  

w medium fluorescencyjnym. Szczegółowe informacje dotyczące przeprowadzonych badań 

znajdują się w publikacji 6: On the Structural and Biological Effects of Hydroxyapatite and 

Gold nano-scale Particles in Poly(vinylidene fluoride) Smart Scaffolds for Bone and Neural 

Tissue Engineering 

 

5.14. Analiza statystyczna 

 

Analiza statystyczna została przeprowadzona dla p<0,05 przy użyciu oprogramowania 

GraphPad Prism 8.0.1 (GraphPad, Boston, MA, USA). W razie potrzeby przeprowadzono 

dwukierunkową analizę wariancji z testem wielokrotnych porównań Tukeya. Wartość  

p poniżej 0,05 uznano za statystycznie istotną. Szczegółowe informacje dotyczące analizy 

statystycznej znajdują się w publikacjach 4-6: Enhanced Electroactive Phases of 

Poly(vinylidene Fluoride) Fibers for Tissue Engineering, Poly(L-lactide)/nano-hydroxyapatite 

piezoelectric scaffolds for tissue engineering, On the Structural and Biological Effects of 

Hydroxyapatite and Gold nano-scale Particles in Poly(vinylidene fluoride) Smart Scaffolds for 

Bone and Neural Tissue Engineering. 
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Tabela 1. Dane bibliograficzne artykułów włączonych w rozprawę doktorską na dzień 20.11.2025r. 

Numer 

publikacji 

Rok 

wydania 
IF (2025) 

Punkty 

MNiSW 

(2024) 

Liczba 

cytowań 

(Scopus) 

Liczba 

cytowań 

(Web of 

Science) 

1. 2020 4.7 100 129 119 

2. 2024 4.7 100 21 19 

3. 2020 1.2 100 16 15 

4. 2024 4.9 140 9 11 

5. 2025 2.2 100 4 3 

6. 2025 4.6 140 1 1 
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7. Podsumowanie publikacji włączonych w cykl rozprawy 

doktorskiej 
 

7.1. Piezoelectric scaffolds as smart materials for neural tissue engineering 

 

Przeprowadzono przegląd literatury, którego celem było przedstawienie aktualnego 

stanu badań nad piezoelektrycznymi nanowłóknistymi podłożami komórkowymi oraz ocena 

ich potencjalnego zastosowania w inżynierii tkanki nerwowej. Dodatkowym celem było 

określenie wpływu ukierunkowania włókien i dodatków (np. nHa) na właściwości 

fizykochemiczne oraz piezoelektryczność materiału, analiza interakcji nanowłókien  

z komórkami w warunkach in vitro, w kontekście ich cytotoksyczności i proliferacji. 

Najistotniejszym efektem przeglądu była ocena możliwości zastosowania używanych obecnie 

materiałów w biomedycynie, szczególnie w kontekście przyspieszenia regeneracji tkanki 

nerwowej poprzez stymulację piezoelektryczną. 

Na wstępie omówiono zaburzenia oraz uszkodzenia ośrodkowego (CNS)  

i obwodowego (PNS) układu nerwowego, które prowadzą do trwałych dysfunkcji 

sensorycznych i motorycznych. Ograniczona zdolność organizmu człowieka do samodzielnej 

regeneracji tych tkanek sprawia, że skuteczne terapie wciąż pozostają wyzwaniem. To skłania 

badaczy do poszukiwania nowych biomateriałów wspierających regenerację uszkodzonych 

neuronów. Jednym z obiecujących podejść jest zastosowanie piezoelektrycznych podłoży 

komórkowych, które mogą generować sygnały elektryczne pod wpływem działania bodźca 

zewnętrznego. Materiały te dobrze naśladują naturalne środowisko biologiczne i mogą 

wspomagać różnicowanie komórek nerwowych. Tkanki biologiczne, takie jak kości, ścięgna 

czy nerwy, wykazują naturalną piezoelektryczność, co pozwala przypuszczać, że sztucznie 

wytworzone materiały o tej właściwości będą wspierały regenerację tych tkanek. Co istotne, 

piezoelektryczność podłoży oznacza brak konieczności stosowania elektrod i źródeł zasilania, 

co czyni je niezwykle atrakcyjnymi do zastosowań w inżynierii tkanki nerwowej. 

Następnie przedstawiono budowę układu nerwowego oraz charakterystykę neuronów. 

Szerzej omówiono elektryczne właściwości komórek nerwowych odpowiedzialnych  

za transmisję sygnałów elektrycznych. Podsumowując, wskazano kluczowe cechy materiałów, 

z uwzględnieniem technik formowania podłoży komórkowych oraz ich zalet i ograniczeń. 

Podkreślono rosnące zapotrzebowanie na inteligentne podłoża komórkowe reagujące  

na bodźce zewnętrzne i zdolne do generowania oraz przekazywania sygnałów 

bioelektrycznych, które zachowują się analogicznie do sygnałów tkanek natywnych  



37 
 

i zapewniają odpowiednie funkcje fizjologiczne. Materiały piezoelektryczne są szczególnie 

obiecujące, gdyż mogą generować sygnały elektryczne w odpowiedzi na przyłożone 

naprężenie, wywołane nawet przez migrację komórek lub ruchy ciała. 

Przeprowadzono analizę literatury eksperymentalnej dotyczącej badań nad materiałami 

piezoelektrycznymi i ich odpowiedzią komórkową, przedstawiającą aktualne trendy  

w stosowaniu podłoży piezoelektrycznych do regeneracji układu nerwowego oraz ich główne 

zalety i wady. Szczególną uwagę poświęcono inteligentnym polimerowym podłożom 

komórkowym oraz stosowanym dodatkom. Zwrócono uwagę na metodę elektroprzędzenia, 

która umożliwia wytwarzanie nanowłókien z PVDF, który, przy wysokiej zawartości fazy β, 

odznacza się wysokimi właściwościami piezoelektrycznymi.  

Stwierdzono, że obecne strategie terapeutyczne stosowane przy regeneracji nerwów  

są bardzo ograniczone, dlatego też piezoelektryczne podłoża komórkowe mogą stanowić 

przełomową technologię. W przeciwieństwie do klasycznych biomateriałów, umożliwiają one 

nieinwazyjną stymulację bioelektryczną, naśladując naturalne sygnały nerwowe. Zauważono, 

że do tak zaawansowanego zadania zastosowanie tylko jednego materiału polimerowego może 

być niewystarczające. Postawiono tezę, że zastosowanie połączenia różnych materiałów 

polimerowych w formie nanowłókien, na przykład PVDF z odpowiednimi dodatkami, może 

skuteczniej podnieść właściwości piezoelektryczne i poprawić odpowiedź biologiczną podłoży 

w porównaniu z aktualnie stosowanymi rozwiązaniami.  

Artykuł przeglądowy umożliwił wybór materiałów o określonych, kluczowych 

właściwościach z perspektywy układu nerwowego, które następnie zostały systematycznie 

zbadane w toku niniejszej pracy doktorskiej.  

 

7.2. Piezoelectric Scaffolds as Smart Materials for Bone Tissue Engineering  

 

Przeprowadzono przegląd literatury, którego celem było przedstawienie aktualnego 

stanu wiedzy na temat materiałów piezoelektrycznych i ich zastosowania w inżynierii tkanki 

kostnej. W artykule skoncentrowano się na analizie właściwości piezoelektrycznych 

biomateriałów oraz ich zdolności do generowania sygnałów elektrycznych. Przedstawiono 

istniejące wyniki dotyczące wpływu ułożenia włókien na właściwości piezoelektryczne 

podłoży komórkowych i ich oddziaływanie na regenerację kości. 

 W artykule przeglądowym omówiono rolę piezoelektryczności w inżynierii tkanki 

kostnej oraz możliwości zastosowania różnych materiałów piezoelektrycznych,  

które odgrywają kluczową rolę w proliferacji i różnicowaniu komórek kostnych. 
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W ostatnich latach zauważono znaczący wzrost zainteresowania materiałami 

piezoelektrycznymi w inżynierii tkankowej kości. Szczególną uwagę poświęcono polimerom 

syntetycznym, takim jak PVDF i PLLA, a także ich modyfikacjom poprzez domieszkowanie 

materiałami takimi jak hydroksyapatyt, nanorurki węglowe czy tytanian baru. 

Zaobserwowano, że zastosowanie powyższych materiałów pozwala na uzyskanie 

satysfakcjonujących właściwości biologicznych oraz piezoelektrycznych, co czyni  

je obiecującymi kandydatami do zastosowań w biomedycynie. Omówiono również znaczenie 

bioelektryczności w regeneracji tkanki kostnej, w tym wpływ sygnałów elektrycznych  

na gojenie i remodelowanie kości. Przedstawiono doniesienia o pozytywnym wpływie 

ładunków elektrycznych w kościach na proliferację i wzrost komórek oraz o korzystnym 

oddziaływaniu ukierunkowania włókien na piezoelektryczność podłoży komórkowych. 

Stwierdzono, że korzystne jest dążenie do właściwości piezoelektrycznych implantowanych 

materiałów możliwie jak najbardziej zbliżonych do właściwości naturalnych kości.  

 Następnie szeroko omówiono naturalne i syntetyczne polimery piezoelektryczne,  

ich właściwości oraz potencjalne zastosowania biomedyczne. Wskazano, że naturalne 

polimery wykazują się ograniczoną stabilnością oraz znaczną degradacją, co może ograniczać  

ich długoterminowe zastosowanie w inżynierii tkankowej. Z kolei w przypadku polimerów 

syntetycznych zauważono, że mogą one umożliwić bardziej precyzyjne dobranie właściwości 

piezoelektrycznych oraz zapewnić większą stabilność biomateriałów. Stwierdzono, że z uwagi 

na złożoność zagadnienia konieczne są dalsze badania w celu optymalizacji formowania 

materiałów piezoelektrycznych i ich integracji z komórkami kostnymi. Skoncentrowano  

się na dyskusji wyników aktualnych badań, analizując wpływ struktury, morfologii  

i właściwości fizykochemicznych elektroprzędzonych włóknin na ich potencjał w inżynierii 

tkankowej oraz wpływ dodatków i ukierunkowania włókien. Wykazano, że odpowiednia 

modyfikacja składu materiałowego może pozwolić na uzyskanie podłoży o zwiększonej 

biozgodności, piezoelektryczności i potencjale regeneracyjnym w odniesieniu do tkanki 

kostnej oraz tkanki nerwowej.  

Podsumowując, piezoelektryczne biomateriały są obiecującym rozwiązaniem  

w inżynierii tkanki kostnej, gdyż mogą generować sygnały elektryczne, które wspierają 

regenerację tkanek, imitując naturalne procesy zachodzące w organizmie. Przyszłe badania 

powinny koncentrować się na poprawie biokompatybilności i biodegradowalności 

piezoelektrycznych polimerów, opracowaniu nowych kompozytów o lepszych właściwościach 

piezoelektrycznych, optymalizacji metod wytwarzania inteligentnych podłoży  

oraz integracji piezoelektrycznych biomateriałów z metodami stymulacji zewnętrznej.  
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W odpowiedzi na te zagadnienia przyjęto, że piezoelektryczne podłoże komórkowe na bazie 

PLLA, zmodyfikowane dodatkiem piezoelektrycznego nHA, stanowi perspektywiczną 

kombinację materiałową. Parametry tego podłoża można regulować poprzez zastosowanie 

elektroprzędzenia przy różnych prędkościach odbioru, co umożliwia precyzyjne dostosowanie 

podłoża komórkowego do określonych potrzeb. 

 

7.3. Influence of process-material conditions on the structure and biological 

properties of electrospun polyvinylidene fluoride fibers 

 

Piezoelektryczność PVDF wynika z obecności faz polarnych, w szczególności fazy β, 

której powstawanie zależy od warunków procesu elektroprzędzenia. Elektroprzędzone włókna 

PVDF o podwyższonych właściwościach piezoelektrycznych mogą pełnić funkcję 

inteligentnych podłoży komórkowych. 

Celem badań opisanych w niniejszym artykule było opracowanie i optymalizacja 

procesu elektroprzędzenia piezoelektrycznego polimeru PVDF, a także określenie wpływu 

prędkości obrotowej kolektora na morfologię, zawartość faz piezoelektrycznych  

oraz właściwości biologiczne. W szczególności analizowano wpływ struktury na interakcję 

komórek z podłożem oraz wpływ zawartości faz piezoelektrycznych na odpowiedź 

komórkową. 

 Przed procesem elektroprzędzenia przeprowadzono pomiary lepkości roztworów 

polimerowych. Ustalono, że efekt rozrzedzania ścinaniem występuje jedynie w przypadku 

roztworu o najwyższym stężeniu, natomiast roztwory o niższych stężeniach zachowują się jak 

płyny newtonowskie. Efekt rozrzedzania ścinaniem jest najprawdopodobniej związany  

z efektywną orientacją cząsteczek przy wyższych szybkościach ścinania. Analiza zmian 

lepkości w funkcji czasu, prowadzona od momentu przygotowania roztworu, wykazała,  

że niezależnie od użytego stężenia polimeru roztwory pozostają stabilne. 

 Proces formowania włókien PVDF prowadzono z roztworów o szeroko 

zróżnicowanym stężeniu, co pozwoliło na określenie optymalnych parametrów  

oraz wyznaczenie okna procesowego gwarantującego stabilność procesu i uzyskanie 

jednorodnych włókien bez defektów morfologicznych, takich jak tzw. koraliki. 

 Analiza morfologii z użyciem obrazów SEM wykazała, że najwyższej jakości włókna, 

pozbawione defektów struktury, otrzymano z roztworu o stężeniu 22%, który został następnie 

wybrany do dalszych badań. Włókna formowano przy różnych prędkościach obrotowych 

kolektora w celu uzyskania zarówno losowego, jak i ukierunkowanego ułożenia. Analiza 
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morfologii włókien wykazała, że wraz ze wzrostem prędkości obrotowej kolektora średnica 

włókien ulega zmniejszeniu, a rozkład średnic opisuje krzywa Gaussa. Ponadto wykazano,  

że rozkład orientacji włókien staje się węższy (szerokość połówkowa rozkładu maleje)  

wraz ze wzrostem prędkości kolektora. W pracy wykazano, że wzrost prędkości obrotowej 

kolektora w procesie elektroprzędzenia prowadzi do zwiększenia stopnia ukierunkowania 

włókien.  

 Do obliczenia zawartości faz piezoelektrycznych (faza β i faza γ) w podłożach 

komórkowych zastosowano spektroskopię FTIR-ATR. Wykazano, że zwiększenie prędkości 

obrotowej kolektora prowadzi nie tylko do zwiększenia stopnia ukierunkowania włókien  

oraz zmniejszenia ich średnicy, ale także do istotnego wzrostu zawartości faz 

piezoelektrycznych. Dalsza analiza ujawniła, że próbki o losowym ułożeniu włókien zawierają 

jedynie 0,6% faz piezoelektrycznych, natomiast w próbkach o ukierunkowanym ułożeniu 

wartość ta osiągnęła 94,5%. 

 Badania in vitro przeprowadzono z wykorzystaniem mysich fibroblastów linii L929. 

Dodatkowo komórki poddano stymulacji ultradźwiękowej, przy czym jako próbki kontrolne 

zastosowano podłoża bez stymulacji. We wszystkich przypadkach przeżywalność komórek 

przekraczała 70%, co, zgodnie z normą ISO 10993-5, wskazuje, że analizowane próbki  

nie wykazują cytotoksyczności. Zaobserwowano, że włókna o ukierunkowanym ułożeniu  

i poddane stymulacji ultradźwiękowej charakteryzowały się wyższą przeżywalnością komórek 

w porównaniu z włóknami niestymulowanymi. Po siedmiodniowej hodowli fibroblasty  

na powierzchni włókien PVDF wykazywały wydłużoną i spłaszczoną morfologię, co sugeruje 

korzystną interakcję komórek z podłożem komórkowym. 

Uzyskane wyniki są niezwykle obiecujące i wskazują na potencjał elektroprzędzonych 

włókien PVDF jako innowacyjnych podłoży komórkowych. Wykazano, że poprzez precyzyjny 

dobór parametrów procesu możliwe jest uzyskanie podłoży komórkowych o zwiększonych 

właściwościach piezoelektrycznych oraz poprawionej odpowiedzi komórkowej.  

Takie inteligentne materiały mogą w przyszłości wpłynąć na rozwój inżynierii tkankowej, 

szczególnie w zakresie regeneracji tkanki nerwowej i kostnej, eliminując konieczność 

stosowania zewnętrznej stymulacji. Wyniki te mogą stanowić podstawę do dalszych badań  

nad zaawansowanymi biomateriałami aktywnymi, które w połączeniu z nowoczesnymi 

technologiami medycznymi mogą prowadzić do nowych rozwiązań w medycynie 

regeneracyjnej.  
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7.4. Enhanced Electroactive Phases of Poly(vinylidene Fluoride) Fibers  

for Tissue Engineering Applications 

 

Celem badań przedstawionych w artykule była analiza wpływu masy cząsteczkowej 

polimerów piezoelektrycznych oraz parametrów procesu elektroprzędzenia na zwiększenie 

właściwości piezoelektrycznych i odpowiedzi komórkowej. Badania miały doprowadzić  

do uzyskania optymalnych parametrów procesu elektroprzędzenia, pozwalających  

na uzyskanie pożądanej morfologii, dużej zawartości faz piezoelektrycznych, a tym samym 

wartości współczynnika piezoelektryczności oraz zwiększonej odpowiedzi biologicznej,  

z perspektywy materiału odpowiedniego do zastosowań w inżynierii tkankowej. W pracy 

badano wpływ masy cząsteczkowej PVDF, ułożenia włókien oraz parametrów procesu 

elektroprzędzenia na zawartość faz piezoelektrycznych, wartość współczynnika 

piezoelektryczności oraz odpowiedź komórkową, badaną z wykorzystaniem ludzkich 

stromalnych komórek macierzystych. 

Przeprowadzono proces formowania podłoży komórkowych przy różnych parametrach 

procesu, takich jak prędkość obrotowa kolektora, szybkość podawania roztworu  

oraz przyłożone napięcie, w wyniku czego wytworzono 24 różne próbki, które poddano 

analizie pod kątem morfologii, ułożenia włókien oraz zawartości faz piezoelektrycznych. 

Pierwsza grupa podłoży komórkowych została wytworzona z polimerów o różnej masie 

cząsteczkowej (Mw = 180 000 g/mol, 530 000 g/mol) z zastosowaniem zróżnicowanej 

prędkości obrotowych kolektora podczas procesu elektroprzędzenia. Analiza morfologii 

włókien przeprowadzona za pomocą mikroskopii SEM potwierdziła otrzymanie jednorodnych, 

bezdefektowych nanowłókien o równomiernej średnicy. Stwierdzono, że średnica włókien 

zmniejsza się wraz ze wzrostem prędkości obrotowej kolektora, jak również, że przy dużych 

prędkościach obrotowych kolektora średnica włókien nie zależy od masy cząsteczkowej 

polimeru, natomiast przy małych prędkościach obserwuje się wyraźny wpływ masy 

cząsteczkowej na średnicę włókien. Wywnioskowano, że gęstość splątań i długość łańcucha  

w polimerze mają znaczenie w warunkach relatywnie małego naprężenia rozciągającego 

działającego na włókna przy małych prędkościach obrotowych kolektora. Przy dużej prędkości 

obrotowej kolektora siły rozciągające eliminują ograniczenia wynikające z lepkości, 

umożliwiając tworzenie cieńszych włókien dzięki działaniu intensywnego naprężenia 

mechanicznego. 

Wpływ prędkości obrotowej kolektora na ukierunkowanie nanowłókien PVDF 

określono ilościowo przy użyciu wskaźnika anizotropii (α), którego wartość wzrastała  
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wraz ze wzrostem prędkości obrotowej kolektora. Porównanie wartości wskaźnika anizotropii 

dla różnych mas cząsteczkowych wykazało jedynie niewielki wzrost ukierunkowania włókien 

dla dużej masy cząsteczkowej. Ilościową analizę zawartości faz piezoelektrycznych 

przeprowadzono z użyciem spektroskopii FTIR-ATR. Wraz ze wzrostem prędkości obrotowej 

kolektora, powodującej wzrost sił rozciągających, stwierdzono wzrost zawartości faz 

piezoelektrycznych.  

Kolejną grupę próbek poddano analizie wpływu napięcia przyłożonego podczas 

procesu elektroprzędzenia. Badania prowadzono przy ustalonej, dużej prędkości obrotowej 

kolektora. Stwierdzono, że zawartość faz piezoelektrycznych osiąga maksimum przy wartości 

22 kV, która sprzyja rozciąganiu i orientowaniu się łańcuchów polimerowych.  

Po przekroczeniu tej wartości siły elektrostatyczne są zbyt wysokie, co powoduje destabilizację 

strugi i powstawanie kropli polimeru, a w rezultacie zmniejszenie zawartości faz 

piezoelektrycznych. 

W przypadku wpływu szybkości podawania roztworu polimeru na proces 

elektroprzędzenia najniższa szybkość przepływu (0,5 ml/h) okazała się niewystarczająca  

do utworzenia stabilnej strugi polimeru. Stwierdzono, że zawartość faz piezoelektrycznych 

osiąga maksimum przy szybkości przepływu 0,8 ml/h. Gdy szybkość przepływu osiąga 

wartość 1,5 ml/h, proces staje się niestabilny, ze względu na osłabienie sił rozciągających 

strugę roztworu polimeru. 

 Uzyskane wyniki wyraźnie wskazują na korelację współczynnika piezoelektryczności  

z zawartością faz piezoelektrycznych. Zależność tę wykazano, badając zawartość faz 

piezoelektrycznych metodą spektroskopii FTIR-ATR. Stwierdzono ponadto, że współczynnik 

piezoelektryczności wzrasta wraz ze wzrostem prędkości obrotowej kolektora, niezależnie  

od masy cząsteczkowej polimeru. Zaobserwowano, że wpływ prędkości obrotowej kolektora 

jest większy w przypadku dużej masy cząsteczkowej i prowadzi do wyższego współczynnika 

piezoelektryczności.  

 Badania biologiczne wykazały brak cytotoksyczności oraz zwiększoną przeżywalność 

ludzkich stromalnych komórek macierzystych hodowanych na podłożach o zwiększonych 

właściwościach piezoelektrycznych. Najwyższe wartości proliferacji uzyskano dla podłoży 

formowanych przy prędkości obrotowej 2000 obr./min. Morfologię komórek oceniono  

za pomocą mikroskopii SEM w 3. i 21. dniu hodowli. Korzystne rozpłaszczanie się komórek 

obserwowano we wszystkich próbkach. Najgęstsza warstwa komórkowa, prawdopodobnie 

zawierająca również macierz zewnątrzkomórkową wytworzoną przez komórki, została 

zaobserwowana w próbce o najwyższych właściwościach piezoelektrycznych po 21. dniu 
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hodowli. Uzyskane wyniki wykazały korzystny wpływ faz piezoelektrycznych na adhezję 

komórek do podłoża, co było widoczne w ich wysokiej proliferacji i optymalnej morfologii. 

 Badania pozwoliły na pogłębione zrozumienie mechanizmów fundamentalnego 

procesu formowania faz piezoelektrycznych w PVDF, wykazując ich ścisły związek z masą 

cząsteczkową i parametrami procesu elektroprzędzenia. Określono optymalne parametry 

formowania włókien, umożliwiające uzyskanie maksymalnej zawartości faz 

piezoelektrycznych. Wykazano, że wysoka zawartość faz piezoelektrycznych, powodująca 

relatywnie dużą piezoelektryczność, nie wpływa negatywnie na cytotoksyczność próbek. 

Wartość współczynnika piezoelektryczności formowanych podłoży wynosiła około  

4-4,5 pC/N-1, podczas gdy ludzka kość charakteryzuje się właściwościami piezoelektrycznymi 

na poziomie 0,7-2,3 pC/N-1. 

 

7.5. Poly(L-lactide)/nano-hydroxyapatite piezoelectric scaffolds for tissue 

engineering 

 

Celem badań przedstawionych w artykule było opracowanie piezoelektrycznego, 

biodegradowalnego i nanowłóknistego podłoża komórkowego na bazie PLLA zawierającego 

nHA, charakteryzującego się jednorodną i regularną morfologią nanowłókien, podwyższonymi 

właściwościami piezoelektrycznymi oraz zwiększoną odpowiedzią komórkową.  

Przy wykorzystaniu procesu elektroprzędzenia wytworzono piezoelektryczne włókna PLLA  

z dodatkiem nHA o losowym i ukierunkowanym ułożeniu włókien, a następnie oceniono 

wpływ ułożenia włókien oraz obecności nHA na zawartość faz piezoelektrycznych  

i właściwości piezoelektryczne. Ponadto przeprowadzono badania in vitro z wykorzystaniem 

ludzkich komórek osteoblastopodobnych MG63 w celu określenia cytotoksyczności, 

przeżywalności komórek oraz analizę morfologii hodowli na opracowanych materiałach.  

 W procesie elektroprzędzenia zastosowano optymalne parametry procesu ustalone  

na podstawie wcześniejszych badań, stosując różne prędkości obrotowe kolektora. 

Zastosowanie mniejszych prędkości obrotowych prowadziło do powstania próbek o losowym 

ułożeniu włókien, natomiast przy dużej prędkości obrotowej kolektora uzyskano próbki 

charakteryzujące się ukierunkowanym ułożeniem włókien. 

Analiza morfologii za pomocą mikroskopii SEM wykazała, że włókna 

charakteryzowały się jednolitą strukturą, bez widocznych defektów ani aglomeratów nHA. 

Stwierdzono, że zwiększenie prędkości obrotowej kolektora powoduje zmniejszenie średnicy 

włókien zarówno w czystych próbkach, jak i w próbkach domieszkowanych nHA. Analiza 
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obrazów SEM wykazała, że obecność dodatku nHA nie wpływa na średnicę włókien, natomiast 

analiza SEM-EDS potwierdziła obecność nHA wewnątrz nanowłókien PLLA. Stwierdzono,  

że większa prędkość obrotowa kolektora prowadzi do większego ukierunkowania włókien, 

określonego ilościowo za pomocą wskaźnika anizotropii (α). Dodatkowo, stwierdzono wpływ 

dodatku nHA na wzrost porowatości włókien o około 5%. Z kolei, badania zwilżalności 

wykazały, że dodatek nHA zwiększa hydrofilowość podłoży z PLLA. Pomiar kąta zwilżania 

wykazał, że obecność nHA obniża kąt zwilżania dla wszystkich analizowanych cieczy (woda, 

formamid, dijodometan), przy czym największy efekt zaobserwowano w przypadku włókien  

o ułożeniu ukierunkowanym.  

Analiza energii swobodnej powierzchni (SFE) metodą Kaelble-Owensa-Wendt’a 

wykazała wpływ dodatku nHA na wzrost SFE nanowłóknistych podłoży z PLLA. Szczególnie 

istotny wzrost zaobserwowano w przypadku włókien ukierunkowanych PLLA/nHA. 

Zwiększenie wartości SFE wynikało głównie z wyższego udziału składowej oddziaływań 

polarnych, co wskazuje na lepszą interakcję z wodnymi środowiskami biologicznymi. Badania 

zdolności sorpcji wody wykazały, że dodatek nHA zwiększa zdolność włókien do wchłaniania 

wody. Najwyższą sorpcję odnotowano dla włóknin PLLA/nHA o ukierunkowanym ułożeniu. 

Z punktu widzenia inżynierii tkankowej jest to korzystne, ponieważ może poprawić transport 

substancji odżywczych oraz wspomagać proliferację komórek. 

Analiza wykonana metodą spektroskopii FTIR-ATR potwierdziła obecność nHA 

wewnątrz nanowłókien PLLA oraz pozwoliła ocenić potencjalne interakcje chemiczne między 

składnikami kompozytu. Widma FTIR czystego PLLA wykazały charakterystyczne pasma  

dla tego polimeru, w tym pasma związane z drganiami grup estrowych, grup metylowych  

oraz mostków estrowych. W przypadku włókien PLLA/nHA dodatkowo zaobserwowano 

pasma charakterystyczne dla nHA, w tym pasma związane z jonami fosforanowymi. Nie 

zaobserwowano pasma przy 921 cm-1, które jest związane z krystaliczną fazą PLLA,  

co wskazuje na amorficzność PLLA we włóknach. Ponadto brak istotnych przesunięć pasm 

nHA wskazuje na brak silnych oddziaływań chemicznych między PLLA a nHA. 

Badania metodą WAXS potwierdziły amorficzność otrzymanych włókien PLLA, 

pokazując brak ostrych refleksów dyfrakcyjnych PLLA oraz obecność dodatku krystalicznego 

nHA. Analiza amorficznego halo dla PLLA wykazała jego bimodalny kształt, sugerując 

współistnienie klasycznej składowej nieuporządkowanej fazy α oraz części struktury 

wykazującej słabe uporządkowanie, prawdopodobnie pochodzącej od fazy α’. Stwierdzono,  

że dodatek nHA nie wpływa na krystalizację PLLA podczas procesu elektroprzędzenia. 

Podsumowując, elektroprzędzone włókna PLLA, niezależnie od ułożenia i obecności nHA, 
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pozostawały w stanie amorficznym, ze słabym uporządkowaniem charakterystycznym dla fazy 

α’. Wyniki te korelują z analizą DSC, w której wykazano intensywną krystalizację próbek 

dopiero po przekroczeniu temperatury zeszklenia (Tg), co może wskazywać na istnienie słabo 

uporządkowanej struktury stanowiącej obszar sprzyjający zimnej krystalizacji, zachodzącej 

bezpośrednio po przekroczeniu Tg. 

 Badania metodą różnicowej kalorymetrii skaningowej (DSC) zostały przeprowadzone 

w celu określenia właściwości cieplnych podłoży z PLLA oraz oceny wpływu dodatku nHA  

na ich stabilność termiczną i procesy krystalizacji. W zakresie temperatur poniżej 50°C 

obserwowano liniowy wzrost pojemności cieplnej (Cp), natomiast w przedziale 50-80°C,  

po przekroczeniu Tg, zarejestrowano dwa efekty cieplne: endotermiczny (relaksacja naprężeń) 

oraz silny egzotermiczny efekt zimnej krystalizacji. W zakresie 80-150°C zarejestrowano 

dodatkowy szeroki efekt egzotermiczny, prawdopodobnie związany z rekrystalizacją i/lub 

przemianami polimorficznymi fazy α' w bardziej uporządkowaną fazę α. Powyżej 160°C 

zaobserwowano silny efekt endotermiczny związany z topnieniem kryształów, które pojawiły 

się podczas ogrzewania, osiągając maksimum przy 180-190°C. Istotnym spostrzeżeniem było 

to, że próbki PLLA/nHA wykazywały mniejszą zdolność do krystalizacji oraz niższą entalpię 

topnienia w porównaniu z czystym PLLA. Stopień krystaliczności czystego PLLA wynosił ok. 

70%, natomiast PLLA/nHA ok. 40%, co wskazuje na to, że obecność nHA ogranicza 

mobilność łańcuchów polimerowych i hamuje proces krystalizacji. Ponadto włókniny 

PLLA/nHA wykazywały niższą pojemność cieplną w stanie amorficznym w porównaniu  

z czystym PLLA, co potwierdza zmniejszoną mobilność łańcuchów polimerowych  

w obecności nHA.  

 Badania współczynnika piezoelektryczności przeprowadzono w celu oceny wpływu 

ukierunkowania włókien oraz dodatku nHA na właściwości piezoelektryczne 

elektroprzędzonych podłoży komórkowych z PLLA. Wyniki wykazały, że zarówno 

ukierunkowanie włókien, jak i wprowadzenie dodatku nHA znacząco zwiększały wartość 

współczynnika piezoelektryczności. Próbka PLLA/nHA o losowym ułożeniu włókien 

osiągnęła wartość 4,42±0,13 pC/N-1, natomiast próbka PLLA/nHA o ukierunkowanym 

ułożeniu włókien wykazała najwyższą wartość 4,68±0,08 pC/N-1. Zaobserwowany wzrost 

właściwości piezoelektrycznych można wyjaśnić dwoma czynnikami: większą orientacją 

dipoli piezoelektrycznych w przypadku włókien ukierunkowanych, co umożliwia 

efektywniejszą konwersję energii mechanicznej w energię elektryczną, oraz wpływem nHA, 

który sam wykazuje właściwości piezoelektryczne i może wzmacniać efekt piezoelektryczny 

PLLA. 
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 Badania in vitro przeprowadzono w celu oceny cytotoksyczności  

oraz osteokonduktywności piezoelektrycznych podłoży komórkowych z wykorzystaniem 

ludzkiej linii osteoblastów MG-63, analizując ich przeżywalność, proliferację oraz morfologię 

po 3. i 5. dniu hodowli. Wszystkie testowane podłoża wykazały brak cytotoksyczności, 

spełniając wymagania normy ISO 10993-5 dotyczące materiałów biomedycznych. 

Przeżywalność osteoblastów wynosiła ponad 70% dla wszystkich próbek, przy czym 

najwyższą proliferację komórek zaobserwowano na podłożach PLLA/nHA z włóknami  

o ułożeniu ukierunkowanym. Obserwacje przy użyciu mikroskopii fluorescencyjnej wykazały,  

że osteoblasty na wszystkich próbkach wykazywały prawidłową rozpłaszczoną morfologię.  

Na próbkach o losowym ułożeniu włókien komórki również przyjmowały rozpłaszczony 

kształt. Na podłożach PLLA/nHA zaobserwowano lepsze przyleganie komórek oraz bardziej 

rozbudowaną strukturę cytoszkieletu, co wskazuje na korzystny wpływ nHA na interakcje 

komórka-materiał. Ukierunkowanie włókien wspomagało organizację i migrację komórek.  

Badania potwierdziły, że opracowane nanowłókniste podłoża komórkowe z PLLA  

z dodatkiem nHA wykazują właściwości sprzyjające zastosowaniom w inżynierii tkanki 

kostnej. W szczególności wykazano, że zarówno ukierunkowane ułożenie włókien,  

jak i obecność nHA wpływają na kluczowe parametry fizykochemiczne, piezoelektryczne  

oraz biologiczne materiału. Ukierunkowane włókna wykazywały bardziej uporządkowaną 

strukturę, co zwiększało ich piezoelektryczność i sprzyjało korzystnym interakcjom  

z komórkami. Próbki o losowym ułożeniu włókien tworzyły bardziej porowatą i nieregularną 

sieć, co mogło wspierać wielokierunkowy wzrost tkanki, ale ich właściwości piezoelektryczne 

były niższe. Otrzymane wyniki jednoznacznie wskazują, że ukierunkowane nanowłókna  

oraz obecność dodatku nHA stanowią szczególnie obiecujący biomateriał do regeneracji kości 

dzięki połączeniu biodegradowalności, piezoelektryczności oraz wysokiej bioaktywności. 

 

7.6. On the Structural and Biological Effects of Hydroxyapatite and Gold  

nano-scale Particles in Poly(vinylidene fluoride) Smart Scaffolds for Bone and 

Neural Tissue Engineering 

 

Celem badań przedstawionych w artykule było opracowanie piezoelektrycznego  

i nanowłóknistego podłoża komórkowego formowanego z PVDF o dużej masie cząsteczkowej 

(Mw = 530 000 g/mol), o losowym i ukierunkowanym ułożeniu włókien, a także z dodatkiem 

piezoelektrycznego nanohydroksyapatytu (nHA) lub powierzchniowo bioaktywnymi 

nanocząstkami złota (AuNPs). Badania obejmowały ocenę morfologii, zwilżalności, energii 
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swobodnej powierzchni i polarności, sorpcji wody i zawartości faz piezoelektrycznych  

z perspektywy materiału odpowiedniego do zastosowań w inżynierii tkankowej. Badania 

biologiczne obejmowały ocenę odpowiedzi komórkowej z użyciem ludzkich komórek 

osteoblastopodobnych (MG63) i komórek pochodzących z hodowli neuralnych komórek 

macierzystych wyprowadzonych z indukowanych pluripotencjalnych komórek macierzystych 

(hiPSC-NSC) w celu wykluczenia cytotoksyczności i oceny przeżywalności, a także ocenę 

morfologii hodowli in vitro na proponowanych materiałach. 

 Analiza morfologii próbek metodą mikroskopii SEM potwierdziła otrzymanie podłoży 

o jednorodnej strukturze pozbawionej defektów. Podobnie jak w publikacjach 7.3, 7.4 i 7.5., 

zwiększenie prędkości obrotowej kolektora skutkowało zwiększeniem ukierunkowanego 

ułożenia włókien oraz zmniejszeniem ich średnicy we wszystkich typach próbek. Włączenie 

dodatków do struktury włókien nie powodowało znaczących zmian w ich średnicy, natomiast 

zwiększyło porowatość próbek. Obecność dodatków potwierdzono przy użyciu spektroskopii 

SEM-EDS. 

 Przeprowadzono badania sorpcji wody, kąta zwilżania oraz energii swobodnej 

powierzchni (SFE). Najwyższą zdolność sorpcyjną wykazywały próbki zawierające nHA, 

zarówno o losowym, jak i ukierunkowanym ułożeniu włókien. Wzrost sorpcji wody  

w próbkach o ukierunkowanym ułożeniu włókien przypisywano z bardziej uporządkowaną 

strukturą, która zwiększała dostępność powierzchni dla wody. Zwilżalność próbek  

o ukierunkowanym ułożeniu włókien była wyższa, a dodatkowo obecność nHA i AuNPs  

w strukturze włókien zwiększała ten efekt. SFE była najwyższa dla próbki o ukierunkowanym 

ułożeniu włókien, a wprowadzenie dodatków prowadziło do dalszego jej wzrostu. 

 Badania metodą spektroskopii FTIR-ATR potwierdziły obecność nanocząstek nHA 

(drgania zginające i rozciągające grup fosforanowych przy 565 cm-1 i 601 cm-1) oraz AuNPs 

(drgania rozciągające wiązań Au-O przy 525 cm-1 i 612 cm-1). Przeprowadzono  

również analizę ilościową zawartości faz piezoelektrycznych PVDF. Zidentyfikowano 

obecność fazy α (490, 766, 1402, 1432 cm-1), fazy β (510, 600, 840, 1280 cm-1) oraz fazy γ 

(812, 840, 1234 cm-1). Wykazano, że zawartość fazy β była wyższa w przypadku włókien 

formowanych przy prędkości kolektora 2000 obr./min. w porównaniu z włóknami 

otrzymanymi przy 100 obr./min. Ponadto zaobserwowano, że dodatek nHA zwiększał 

zawartość faz piezoelektrycznych zarówno w próbkach o losowym, jak i ukierunkowanym 

ułożeniu włókien. Najsilniejszy efekt odnotowano w przypadku próbek o ukierunkowanym 

ułożeniu włókien. Zmniejszenie zawartości faz piezoelektrycznych w próbkach z dodatkiem 

AuNPs może wynikać z lokalnego nagrzewania podczas procesu sonifikacji, co mogło 
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prowadzić do częściowej transformacji faz β i γ w fazę α. Zagadnienie to wymaga dalszych 

badań. Stwierdzono również, że wzrost prędkości obrotowej kolektora powodował istotne 

zwiększenie ilości faz piezoelektrycznych, przy jednoczesnym zmniejszaniu średnicy włókien. 

Zjawisko to można wytłumaczyć wzrostem sił rozciągających, które sprzyjają orientacji 

łańcuchów polimerowych w nanowłóknach. Na podstawie otrzymanych wyników oceniono, 

że mniejsza porowatość próbek sprzyja większej zawartości faz piezoelektrycznych,  

przy jednoczesnym zmniejszeniu średnicy włókien. Na podstawie przeprowadzonych badań 

stwierdzono, że stabilność faz β i γ jest większa w materiałach uporządkowanych i bardziej 

porowatych, gdzie występuje ograniczona migracja i deformacja łańcuchów polimerowych. 

Profile WAXS zostały wykorzystane do oszacowania krystaliczności podłoży 

komórkowych, zawartości faz α i β, a także obecności nHA i AuNPs. Całkowitą krystaliczność 

próbek określono na około 30%. Dodanie nHA znacząco zwiększało zawartość fazy β. Z kolei 

stymulacja ultradźwiękami prowadziła do wzrostu zawartości fazy α. Ponadto wyższa 

prędkość obrotowa kolektora (włókna ukierunkowane) prowadziła do zwiększenia zawartości 

fazy β we włóknach PVDF i PVDF/Au, ale nie wpływała znacząco na zawartość faz  

we włóknach PVDF/nHA. Zawartość faz α i β uzyskana z analizy WAXS była zgodna  

z wynikami spektroskopii FTIR-ATR.  

Badania DSC przeprowadzono w celu określenia temperatury i ciepła topnienia  

oraz wyznaczenia krystaliczności. W analizowanych próbkach wyróżniono trzy 

charakterystyczne efekty termiczne: P1 (~60°C) - przypisany do rozpadu kryształów  

o najmniejszej doskonałości, który jest typowy dla PVDF przechowywanego w warunkach 

pokojowych; P2 (~166°C) - odpowiadający topnieniu kryształów faz α i β, obecnych  

we wszystkich badanych próbkach i P3 (~171°C) - odpowiadający topnieniu kryształów fazy 

γ, występującej w próbkach PVDF i PVDF/Au, natomiast nieobecnej w PVDF/nHA. 

Sonifikacja w próbkach o ukierunkowanym ułożeniu włókien z dodatkiem AuNPs 

doprowadziła do nieznacznego zmniejszenia ilości fazy γ, przy jednoczesnym wzroście liczby 

wadliwych kryształów wtórnych, co potwierdzono wzrostem wielkości piku P1. W próbkach 

o losowym ułożeniu włókien sonifikacja spowodowała nieznaczny wzrost ilości kryształów α 

powstających z wadliwych kryształów wtórnych, co znalazło odzwierciedlenie w zmniejszeniu 

wielkości piku P1.  

Przyjmując teoretyczną wartość równowagowej entalpii topnienia, ΔH0 = 104,5 J/g, 

krystaliczność próbek określono na ok. 60%, co stanowi wartość niemal dwukrotnie wyższą 

niż ta uzyskana metodą analizy profili WAXS (ok. 30%). Tak duża rozbieżność  

jest zaskakująca, tym bardziej że analiza krystaliczności granulatu PVDF wyniosła 
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odpowiednio 53,5% (WAXS) i 55,8% (DSC). Zjawisko to można wytłumaczyć dużym 

stopniem zdefektowania struktury krystalicznej, wynikającym z ekstremalnie szybkiego 

odparowywania rozpuszczalnika. Struktura ta o relatywnie niskiej krystaliczności  

była rejestrowana bezpośrednio w badaniach WAXS prowadzonych w temperaturze 

pokojowej. Z kolei w analizach DSC krystaliczność wyznaczana jest na podstawie ciepła 

topnienia kryształów zarówno tych, które powstają w trakcie elektroprzędzenia, jak i tych, 

które mogą powstawać podczas ogrzewania próbki z niedoskonałych struktur krystalicznych 

jako rezultat dążenia do osiągnięcia równowagi termodynamicznej. Skutkuje to pozornie 

wyższą krystalicznością wyznaczaną metodą DSC.  

Analiza in vitro z użyciem komórek MG-63 potwierdziła brak cytotoksyczności 

nanowłóknistych podłoży PVDF. Przeżywalność komórek wynosiła powyżej 70%, co spełnia 

kryteria normy ISO 10993-5 dla materiałów nietoksycznych. Stwierdzono istotny wpływ 

ułożenia włókien (określanego na podstawie wartości FWHM) oraz zawartości faz 

piezoelektrycznych na przeżywalność komórek MG-63. Najwyższą przeżywalność 

odnotowano dla próbek z dodatkiem nHA i ukierunkowanym ułożeniem włókien,  

które charakteryzowały się jednocześnie najwyższą zawartością fazy β. W próbkach  

o losowym ułożeniu włókien komórki wykazywały niższą proliferację, co może być związane 

z mniej korzystną morfologią i niższą zawartością faz piezoelektrycznych. Natomiast  

w przypadku próbek o ukierunkowanym ułożeniu włókien komórki wykazywały 

charakterystyczne rozpłaszczanie i ukierunkowanie wzdłuż włókien.  

 Wstępne eksperymenty in vitro z wykorzystaniem komórek hiPSC-NSC 

przeprowadzono w celu oceny różnicowania komórek oraz ich zachowania  

na elektroprzędzonych nanowłóknistych matach formowanych z czystego PVDF oraz PVDF  

z dodatkiem nHA, przy losowym i ukierunkowanym ułożeniu włókien. Komórki hodowane  

na powierzchni nanowłókien różnicowały się w neurony, co potwierdzono obecnością markera 

beta-tubuliny III. Wpływ ukierunkowania włókien na morfologię komórek był stosunkowo 

niewielki, co może wynikać z obecności dodatkowej powłoki białkowej macierzy 

zewnątrzkomórkowej, naniesionej na maty nanowłókniste, niezbędnej do zapewnienia 

odpowiedniej adhezji komórek. W próbkach o ukierunkowanym ułożeniu włókien 

zaobserwowano jednak wyższy stopień kierunkowego różnicowania komórek neuronalnych  

w porównaniu z próbkami o losowym ich ułożeniu. Kwestia, czy ukierunkowanie włókien 

skuteczniej wspiera formowanie sieci neuronowych oraz wydłużanie aksonów, pozostaje 

otwarta i wymaga dalszych, bardziej szczegółowych badań. 
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 Podsumowując, wykazano, że wprowadzenie dodatku nHA do elektroprzędzonych 

włókien PVDF i duża prędkość obrotowa kolektora, nie tylko zwiększają ukierunkowane 

ułożenie wlókien, ale również sprzyjają powstawaniu faz piezoelektrycznych. Włókna  

o losowym ułożeniu mogą lepiej odwzorowywać strukturalną złożoność naturalnej macierzy 

kostnej, natomiast włókna o wysokim stopniu ukierunkowania mogą być szczególnie 

odpowiednie w kierowaniu regeneracją nerwów, co podkreśla wielofunkcyjny charakter 

opracowanego materiału. Przeprowadzone badania potwierdzają, że opracowane kompozyty 

piezoelektryczne mogą stać się obiecującymi materiałami w inżynierii tkankowej, szczególnie 

w trudnych zagadnieniach regeneracyjnych, takich jak naprawa kości i układu nerwowego. 
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8. Wnioski 
 

Potwierdzono hipotezę badawczą, że przy wykorzystaniu polimerów przejawiających 

właściwości piezoelektryczne, możliwe jest wytworzenie metodą elektroprzędzenia 

nanowłóknistych i biozgodnych podłoży sprzyjających efektywnemu wzrostowi komórek, 

umożliwiając ich zastosowanie w inżynierii tkankowej, w szczególności do regeneracji tkanki 

nerwowej i kostnej. 

W szczególności stwierdzono, że: 

- Najwyższe właściwości piezoelektryczne podłoży uzyskuje się w warunkach sprzyjających 

silnej orientacji makrocząsteczek polimeru, przy czym dla PVDF prowadzi to do krystalizacji 

faz o konformacjach piezoelektrycznych, podczas gdy dla PLLA mamy do czynienia  

z pojawieniem się konformacji piezoelektrycznej w fazie amorficznej, która może lokalnie 

indukować powstawanie słabo uporządkowanej fazy α’. 

- Wzrost ukierunkowania włókien oraz dodatek nHA prowadzą do wzrostu piezoelektryczności 

podłoży, podnosząc przeżywalność komórek. 

- Zastosowanie dodatków nHA i AuNPs zwiększa hydrofilowość podłoży poprawiając tym 

samym ich odpowiedź biologiczną. 

- Szeroki zakres aplikacyjny opracowanej technologii umożliwia wytworzenie zarówno 

włókien o losowym ułożeniu, które bardziej naśladują strukturalną złożoność naturalnej 

macierzy kostnej, jak i włókien ukierunkowanych, które wydają się szczególnie odpowiednie 

dla zastosowań w inżynierii tkanki nerwowej. 
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9. Elementy wkładu oryginalnego  
 

Elementem wkładu oryginalnego w dziedzinę przedmiotu jest opracowanie metody 

otrzymywania nanowłókien polimerowych o kontrolowanej zawartości faz piezoelektrycznych 

i precyzyjnie sterowanym ułożeniu włókien za pomocą zoptymalizowanego procesu 

elektroprzędzenia. Po raz pierwszy wykazano, że optymalizacja parametrów procesu takich jak 

napięcie pola elektrycznego, prędkość obrotowa kolektora oraz prędkość podawania roztworu 

w połączeniu z odpowiednim doborem masy cząsteczkowej polimeru, umożliwia znaczące 

zwiększenie właściwości piezoelektrycznych polimerów PVDF i PLLA. Wyniki 

przeprowadzonych badań stanowią poszerzenie wiedzy na temat wpływu struktury, 

morfologii, ułożenia włókien na bioaktywność i funkcjonalność nanowłókien, szczególnie  

w kontekście ich potencjalnych zastosowań w inżynierii tkankowej.  

Pomimo, że dotychczasowe prace w literaturze odnoszą się do pewnych wybranych 

zagadnień piezoelektryczności [93–95], wciąż brakowało systematycznych badań  

w kontekście ułożenia włókien i ich wpływu na piezoelektryczność. W pracy po raz pierwszy 

systematycznie oceniono wpływ masy cząsteczkowej polimerów oraz ich stężenia  

na właściwości piezoelektryczne i morfologię włókien PVDF oraz PLLA. Wykazano,  

że zastosowanie odpowiednich warunków wytwarzania umożliwia formowanie włókien  

o wysokim stopniu jednorodności, pozbawionych defektów, z jednoczesnym zwiększeniem ich 

właściwości piezoelektrycznych. Określono optymalne parametry elektroprzędzenia 

umożliwiające uzyskanie włóknin o kontrolowanym ukierunkowaniu włókien,  

co jest kluczowe dla ich funkcjonalności w zastosowaniach biomedycznych.  

Nowatorskim elementem pracy było również uzyskanie wyników wpływu dodatków 

(nHA, AuNPs) na strukturę i właściwości piezoelektryczne włóknin polimerowych  

oraz opracowanie optymalnych parametrów procesu formowania takich materiałów  

z perspektywy ich piezoelektryczności i właściwości biologicznych w kontakcie z komórkami. 

Dodatkowo, pozyskano wyniki kompleksowej analizy oddziaływań międzycząsteczkowych, 

struktury nadcząsteczkowej oraz właściwości cieplnych włókien przy wykorzystaniu metod 

FTIR, WAXS oraz DSC. Dzięki temu, określono dokładne zależności pomiędzy parametrami 

procesu, a strukturą i właściwościami nanowłókien, co stanowi istotne uzupełnienie 

dotychczasowych badań literaturowych. Wykazano, że dodatek piezoelektrycznego 

hydroksyapatytu oraz nanocząstek złota istotnie wpływa na stopień krystaliczności i polarność 

powierzchni, co prowadzi do zwiększenia ich właściwości piezoelektrycznych. W rozprawie 

po raz pierwszy otrzymano wyniki badań dotyczących systematycznej oceny wpływu struktury 
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nadcząsteczkowej, ułożenia włókien i obecności dodatków na współczynnik 

piezoelektryczności, wskazując najbardziej korzystne konfiguracje materiałowe. Oryginalnym 

aspektem pracy były także wyniki badań in vitro z wykorzystaniem różnych typów linii 

komórkowych (L929, MG-63, ADSC oraz hiPSC-NSC), jak również wyniki eksperymentów 

biologicznych w warunkach stymulacji ultradźwiękowej. 
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Abstract: Injury to the central or peripheral nervous systems leads to the loss of cognitive and/or
sensorimotor capabilities, which still lacks an effective treatment. Tissue engineering in the post-injury
brain represents a promising option for cellular replacement and rescue, providing a cell scaffold
for either transplanted or resident cells. Tissue engineering relies on scaffolds for supporting cell
differentiation and growth with recent emphasis on stimuli responsive scaffolds, sometimes called
smart scaffolds. One of the representatives of this material group is piezoelectric scaffolds, being able
to generate electrical charges under mechanical stimulation, which creates a real prospect for using
such scaffolds in non-invasive therapy of neural tissue. This paper summarizes the recent knowledge
on piezoelectric materials used for tissue engineering, especially neural tissue engineering. The most
used materials for tissue engineering strategies are reported together with the main achievements,
challenges, and future needs for research and actual therapies. This review provides thus a compilation
of the most relevant results and strategies and serves as a starting point for novel research pathways
in the most relevant and challenging open questions.

Keywords: neural tissue engineering; piezoelectric scaffolds; smart materials; polymers

1. Introduction

The nervous system is the most complicated system in the body affecting the sensory and motor
functions, when the system is damaged. Injuries of the central nervous system (CNS), i.e., brain and
spinal cord, lead usually to permanent disability due to severe limitations for spontaneous regeneration
of the CNS [1–9], leading to considerable socio-economic problems. For instance, 577 cases of traumatic
brain injuries (TBI) per 100,000 people per year occurred in the U.S. alone, while, in Europe, the
number of patients with diagnosed TBI was estimated at 262 per 100,000 [10]. Spinal cord injuries
(SCI) are predominantly associated with irreversible loss of motor functions. In the U.S., 39 per 100,000
people were estimated to be SCI victims every year, mostly due to traffic accidents, jumping in pools,
and falling from heights, while in Europe, the amount of SCI cases was 15 per 100,000 per year [11].
Regeneration of damaged neural tissue is often hindered by the presence of internal factors, such as
tumor and scar tissue formation, which blocks its reconstruction. Up to date, there is no effective
therapy for TBI and SCI, and surgery is able to inhibit lesion spreading only, while drug therapies
have been so far focused mostly on pain relief. Hence, the current goal of CNS tissue engineering is to
design a biomaterial enabling the effective outgrowth and differentiation of neural stem cells [12–14].

In recent decades, there has been increasing interest in research related to the development of
smart materials [15]. Such materials are generally designed to respond to external stimuli (physical,
chemical, mechanical) and behave similar to natural body tissues. One type of such smart materials
is piezoelectric scaffolds, which can generate electrical signals in response to the applied stress [16].
Furthermore, they can stimulate the signaling pathways and thereby enhance the tissue regeneration
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at the impaired site. This applies especially to neural tissue, where the electrical charges are crucial for
cellular activity. The major advantage of such piezoelectric scaffolds is that electrical potential can be
generated non-invasively under the influence of mechanical forces, without the need to use invasive
electrodes [17,18].

It is known that obtaining piezoelectric scaffolds is possible using various paths, involving solvent
casting, TIPS (thermally induced phase separation), freeze drying, or solution blowing [19]. One of
most simple and effective methods of fabricating scaffolds in the form of ultrafine fibers with diameters
ranging from a few nanometers to several micrometers is electrospinning. This relatively new method
uses electric force applied in the form of a very high electrostatic field to draw charged threads
from polymer solutions or melts up to the fiber. The process of electrospinning depends on various
parameters, which are usually divided into three groups related to the process, material, and ambient
parameters. This quite simple and inexpensive technique enables the formation of nano and submicron
fibers, the properties of which differ substantially from the ones observed in the bulk materials [20].

For neural tissue engineering, a broad spectrum of synthetic and natural polymers has been
studied in the form of electrospun scaffolds [21–30]. Nerve regeneration is a localized and complex
biological phenomenon that makes the treatment of patients suffering from nervous system injuries
difficult. Therefore, the application of piezoelectric polymers as nerve guidance conduits allows direct
delivery of electrical stimulation of the cell’s ingrowth with its electrical activity during mechanical
deformation without the need for an external power source. Recent investigations have proven that
neurons are extremely sensitive to electrical signals [30–39].

The aim of this paper is to summarize the studies on piezoelectric materials used for neural
tissue engineering. The most used materials for neural tissue engineering strategies are reported
together with the main achievements, challenges, and future needs for research and actual therapies.
This review provides thus a compilation of the most relevant results and strategies and serves as a
starting point for novel research pathways in the most relevant and challenging open questions.

2. Mechanotransduction and Piezoelectricity in Living Organisms

Mechanotransduction is any of the various mechanisms through which cells sense and convert
mechanical stimuli into electrochemical activity. The well known direct element on the way between
external stress transmitted through the extracellular matrix and the cells are s.c. stress activated
channels, being membrane proteins capable of responding to mechanical stimuli, i.e., opening or closing,
generating selective ion fluxes inside the cell, resulting in a cascade of signaling processes [40–43].
Other types of transmembrane ion channels are voltage gated channels, which are activated by changes
in the electrical membrane potential near the channel (Figure 1) [44–46]. They play a key role in
excitable cells such as neuronal and muscle tissues, allowing rapid and coordinated depolarization
in response to triggering voltage change. Found along the axon and at the synapse, voltage gated
ion channels directionally propagate electrical signals. Voltage gated ion channels are usually ion
specific, for instance to sodium (Na+), potassium (K+), calcium (Ca2+), and chloride (Cl−) ions. In the
case of voltage gated channels, the natural piezoelectricity of the body elements is important for the
generation of electrical charges under mechanical stress [47–50].

Mechanotransduction influences many aspects of biological functions. Nerves and neural stem
cells (NSC) are sensitive to their surrounding environment, and they interact with this environment
through cell surface receptors. Niche features such as substrate bound molecules, extracellular
matrix (ECM) proteins, and properties such as stiffness and topography affect cell adhesion, survival,
proliferation, migration, morphology, and differentiation [51–58].
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Figure 1. Various mechanical stimuli exerted on the cell induce changes in plasma membrane tension,
eliciting piezo-channel openings (adapted from [59]).

The unique features of the nervous system present challenges to bioengineering research addressing
nerve injuries. The nervous system is classified into the central nervous system (CNS) containing
brain and spinal cord and the peripheral nervous system (PNS) created by the nerves leaving the CNS
(Figure 2). The PNS somatic system transmits sensory and motor information for the CNS, while the
autonomic one controls automatic functions (e.g., heart beating, blood pressure) [60–62].
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Figure 2. Classification of the nervous system.

The basic functional units in the nervous system having specific electrical properties are neurons
and neuroglia (Figure 3), which enable effective transmission of the signals [63,64]. The plasma
membrane in a non-excited state is characterized by the resting potential, the value of which is usually
around −70 mV [65–67].
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The electrical properties of the neural cells are described by transmission of electrical signals.
This phenomenon strongly affects cell behavior via activated ion influx/efflux across the cell membrane.
Another phenomenon connected with the transmission of the signals in nerve cells is the action
potential. This potential can be dispersed along the axon, which next releases the neurotransmitter
(presynaptic ending), and the potential is spread further. A method to activate the action potential
is the application of an electrical signal across the neuron. When a dendrite receives an electrical
stimulus, the Na+ channels open, and the potential changes from −70 mV to −55 mV. When the
potential changes up to +30 mV, the depolarization process starts. Next, the Na+ channels close,
and the K+ ones open, completing the depolarization process. When the potential reaches a value
around −90 mV, hyperpolarization begins, and the next step is the repolarization of the membrane,
which allows receiving another stimulus through the neuron (Figure 4). After the hyperpolarization,
the Na+ and K+ channels restore the potential state at the level of −70 mV [68].
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Signal transmission is the integral objective of neurons; hence, they are influenced by electrical
stimuli. Many research groups have tried to explain the effect of electric stimulation on nerve
regeneration. One group described the general effect of electrical stimulation on neurons [70]. Another
group studied the activation of the growth controlling transport processes across the plasma membrane
and the electrophoretic accumulation of the surface molecules responsible for neurite growth or cell
substratum adhesion [70]. Freeman et al. [71] suggested that changes in ionic currents comprise a
possible phenomenon that can affect nerve cells, while another thesis [72] described the effect of
electrical stimulation on the synthesis of protein and stimulation of the neurite outgrowth in vitro.
Furthermore, the authors in [73] postulated that pheochromocytoma in rat neuronal cells (PC12 cells)
was electrically activated, while in [74], it was shown that the electrical stimulation increased the
adsorption of fibronectin, which explains the enhanced neurite extension on electrically stimulated
polypyrrole films. Additionally, nerve cells in the presence of electrical stimulation showed an
extensively elongated morphology. In general, tensile/compression forces acting on the piezoelectric
scaffolds generate the electrical stimulation and transfer it to the surrounding cells, promoting the cell
signaling pathways, responsible for growth factor synthesis (Figure 5) [75].
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Figure 5. Representative scheme of tissue regeneration in response to the mechanical and electrical
stimulation on the piezoelectric scaffold.

In 1940, Martin [76] reported the first piezoelectric phenomena in biological tissues, when he
observed electric potentials from a bundle of wool compressed by two brass plates. The main
component of hair, horns, and wool is keratin in the form of an alpha-helix. It is known that the
piezoelectricity of this tissue is due to the highly ordered arrangement and natural polarization of the
alpha-helices, which are stabilized by hydrogen bonds between the hydrogen in the amine group and
the oxygen in the carbonyl group [77–82] (Figure 6).
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The results of investigations on the piezoelectric properties of biological tissues have been
extensively reported [83–85]. The piezoelectric phenomenon has been confirmed in a variety of
biological tissues, such as bone and tendons, due to the presence of highly ordered crystalline fibrillar
structures such as collagen, chitin, and elastin [86–90].

The piezoelectric effect, by definition, is described by four piezoelectric coefficients d, e.g., and h:

d = (δD/δX)E = (δx/δE)X (1)

e = (δD/δx)E = −(δX/δE)x (2)

g = −(δE/δX)D = (δx/δD)X (3)

h = −(δE/δx)D = −(δX/δD)x (4)

which relate the electrical variables: D (electric displacement) and E (electric field) with the mechanical
variables: X (stress) and x (strain). The first terms in Equations (1)–(4) describe the direct piezoelectric
effect, while the second terms the converse piezoelectric effect. The subscripts relate to zero constraints
of E, D, X, or x. Moreover, each of the coefficients d, e, g, and h is a third rank tensor expressed
as a 3 × 6 matrix. The piezoelectric coefficients are indicated in the scheme in Figure 7, along with
the coefficients ε (dielectric permittivity) and c (elastic constant) relating to each other the electrical
variables D and E as well as the mechanical variables X and x, respectively.
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The ratios of the coefficients ε and c at zero constraints of x, X, E, and D, as indicated by superscripts,
define the electromechanical coupling coefficient, K, as given by:

εx/εX = cE/cD = 1 − K2 (5)

which characterizes the efficiency of the conversion of mechanical energy to electrical energy and vice
versa in the direct and converse piezoelectric effect, respectively. The piezoelectric coefficients may be
determined through the direct and converse effects or the piezoelectric resonance, providing directly
d, e, g, and h coefficients or the efficiency coefficient K, respectively. The results are complementary,
as they cover the low (below audio) and the high frequency ranges (above 10 kHz) [91].

The piezoelectric effect is exhibited in all of the amino acid crystals, excluding alpha glycine alone.
The piezoelectric coefficients found in biological materials are generally low, typically in the range of
0.1–10 pm/V (the converse effect) with the values for collagen as low as 0.2–2.0 pC/N (the direct effect).
The piezoelectric properties for the most relevant natural materials are reported in Table 1.

Table 1. Natural polymers with the piezoelectric response.

Natural Polymers Piezoelectric Coefficient −d14 (pC/N) Ref.

Collagen
Skin 0.2 [92]
Bone 0.7 [92]

Tendon 2.0 [93]

Keratin
Horn 1.8 [94]
Wool 0.1 [94]

Fibrin Salmon DNA 0.07 [93]

3. Scaffolds: Stimuli Responsive (Piezoelectric) vs. Passive

It is generally perceived that the tissue engineering scaffolds should mimic natural existing
extracellular matrix (ECM), having similarities as much as possible to the native tissues they are
intended to replace in terms of the chemical composition, morphology, physical and mechanical
properties, as well as biocompatibility and biodegradability. In detail, the fundamental requirements,
that need to be taken into account during scaffold designing are: scaffold biocompatibility, appropriate
degradation time in the case of biodegradable materials, the presence of interconnected pores in an
appropriate size range, scaffold thickness, mechanical properties, and convenience of use during a
surgical procedure [95,96].

It is well known that ECM is a highly dynamic structure; it is constantly being remodeled,
either enzymatically or non-enzymatically, and its molecular components are subjected to various
modifications. However, most of the recent artificial scaffolds remain passive, i.e., non-stimuli
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responsive to the external changes of the environment (static scaffolds) [97]. Moreover, conventional
static scaffolds, even conductive, largely disturb the natural signaling pathways, due to their rigidity
towards the signal conduction. Thus, there is a high need for smart, stimuli responsive scaffolds,
which can generate and transfer the bioelectric signals analogously to the native tissues for appropriate
physiological functions. Piezoelectric materials can generate electrical signals in response to the applied
stress, which can be imposed even by attachment and migration of cells or body movements [98].
Using piezoelectric materials as tissue engineering scaffolds enables electrical stimulation without the
need for electrodes, an external source of electricity, or implanting batteries. Such scaffolds should
possess proper architecture and mechanical properties in addition in order to support cell adhesion,
proliferation, and differentiation. The size of pores should be controllable and adjusted in order to enable
diffusion of the metabolite, but also for appropriate cell adhesion to the biomaterial. Ninety percent
porosity and a pore size in the range of 10–100 µm seem to be the most suitable for neuron growth.
Scaffolds characterized by 85–90% porosity may be obtained by the electrospinning technique [99].
Such porosity is reported as supporting cellular migration and controlled diffusion of cells, metabolites,
and medium, being important for cells organization, differentiation, and survival [100,101].

Obtaining a scaffold that would be biocompatible, biodegradable, conducting, and resistant to
infection in order to provide neurite outgrowth is a complex task [102]. Successful nerve regeneration
requires tissue engineered scaffolds not only for mechanical support of growing neurites and
impediment of the ingrowth of fibrous scar tissues, but also to send biological signals to guide
the axonal growth cone to the distal stump. Polymers are in general that materials that have been
extensively used for creating suitable scaffolds for neural tissue [103].

Table 2 summarizes the main works on the application of piezoelectric potential scaffold materials
and their applications.

Table 2. Piezoelectric materials in nerve tissue engineering.

Material Type Scaffold Design Cells Type Used Ref.

Polyvinylidene Fluoride (PVDF)

Film * Spinal cord neurons [104]
Film * Mouse neuroblastoma cells [105]

Channels Mouse sciatic nerve model [106]
Tubes Wistar rats [107]

Membranes Neuronal cells [108]
Films Stem cells [109]

Nanosheets * Rat neuronal cell line [110]
Fibers * Osteoblasts MG-63 cells [111]
Fibers Mesenchymal stem cells [112]

Poly[(vinylidene
fluoride-co-trifluoroethylene]

(PVDF-TrFE)

Fibers
Poietics normal human neural progenitors [113]

Dorsal root ganglion [114]
Films Poietics normal human neural progenitors [113]

Membranes * Osteoblasts SaOS-2 cells [115]
Tubes In vivo implementation: rat sciatic nerves [116]

Fibers * Preosteoblasts [117]

Poly(3,4ethylenedioxythiophene)
(PEDOT)

Films Fibroblast growth factor (bFGF) [118]
Films * - [119]
Films * Neural stem cells [120]
Films Neural stem cells [121]

Nanofibers * Brain neuroglioma cells [122]

Polylactic acid
(PLLA)

Fibers

Sprague–Dawley rats [123]
PLLA blends for vascular differentiation in vitro [124]

Neural differentiation and growth in vitro [125,
126]

PLLA blends for bone formation in vitro [127]
+PANi fibers * Nerve stem cells [128]

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) Fibers * Human mesenchymal stem cell [129]

Collagen Fibers Schwann cells [130]
3D gel matrices Embryonic rat cerebral cortices [131]

BaTiO3 +PVDF matrix Osteoblasts [132]

* Tests conducted with electrical/mechanical stimulation.
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4. Application of Piezoelectric Biomaterials in Neural Tissue Engineering

4.1. Piezoceramics

The earliest studied piezoelectric material group is the piezoceramics. The first applications
were dated since around 1950, and since then, they have been widely used in the industry [133].
Wersing et al. [134] conducted the pioneering study on porous piezoceramics, as well as provided
the basics in the theory and initial measurements [135]. Currently, there is a great need for lead-free
piezoelectric materials, but the most practical ceramics are still based on lead zirconate titanate.
Rat cortical neurons cultured on PZT slides coated with poly-L-lysine grew significantly longer
axons, despite a decrease in cell number. Furthermore, the frequency and amplitude of the excitatory
postsynaptic currents increased, suggesting that piezoelectricity could have augmented neuronal
activity [136]. It is worth mentioning that piezoceramics are used for medical applications, especially
medical actuators, transducers, and sensors. Due to allergic reactions, piezoceramics are not used in
pure solution for medical implants. The innovative systems for medical applications are composites
based on polymer matrices, with ceramic fillers, in the form of fibers [137–139]. To achieve bone defect
repair, Lopes et al. [140] incorporated barium titanate nanoparticles into polymer matrix, which induced
relatively high spontaneous polarization. Moreover, this system is characterized by reduced fragility
and can be used as electroactive scaffolds [141].

4.1.1. Barium Titanate

The first piezoelectric effects in ceramics were discovered during poling of BT and led to the wide
use of this material group, also as an addition in scaffolds, especially in medical applications [142,143].
Piezoceramics based on barium titanate exhibit low toxicity compared to lead based piezoelectric
materials. For their high strain, they are among the most investigated groups of piezoceramics.
BT nanoparticles have demonstrated cytocompatibility, even at higher concentrations of 100µg/mL [144].
Ciofani et al. [145] demonstrated that PLGA matrix with the addition of BT nanoparticles supports
the cell proliferation and attachment of osteocytes and osteoblasts. Additionally, the incorporation of
barium titanate nanoparticles into the polymeric matrix improves the mechanical properties of the
composite scaffold [146] and promotes cellular activity in tissue engineering applications [147].

4.1.2. Boron Nitride

Boron nitride (BN) based nanomaterials play a significant role in nanotechnology owing to their
conductivity, mechanical strength, and high thermal stability [148,149]. The most known boron nitride
piezo-materials are in the shape of nanotubes, and with increased cytocompatibility, they can be used
in tissue engineering [150] and drug delivery, due to their high piezoelectric properties [151–155].
It has been proven that boron nitride nanotubes have a positive influence on the adhesion of cells [156].
Among all the properties of boron nitride nanotubes (BNNTs), their excellent piezoelectricity is the most
important for using them as nanovectors to deliver electrical or mechanical signals within cells [157].

4.1.3. Zinc Oxide

Zinc oxide based piezoceramics are widely used due to their asymmetric hexagonal wurtzite
structure and polar crystal surface. They have found application as piezoelectric nanogenerators,
because of the easy fabrication [158]. ZnO in the shape of nanostructures is biocompatible [159]. It has
been suggested that with ZnO size, its cytotoxicity increases, which has an influence on the levels of
reactive oxygen species, reduces the mitochondrial membrane potential, and induces the production
of interleukin in human cells. Additionally, it has been reported that chemical modification can reduce
toxicity, providing a way for use in biomedical applications [160,161].



Polymers 2020, 12, 161 9 of 25

4.2. Piezopolymers

Piezoelectric polymers are a relatively new class of materials allowing the formation of electrical
charges under mechanical stimulation in the absence of additional energy sources or electrodes [162].
Additionally, which is very important from the biomedical point of view, polymers are able to meet the
requirements of biocompatibility and biodegradability, which is very crucial for new types of implants
in regenerative medicine [163]. Further, their big advantage is the very high processing flexibility,
which differentiates them from inorganic materials [164].

4.2.1. Synthetic Polymers

Polyvinylidene Fluoride

Among various piezoelectric polymers, PVDF is widely investigated, primarily because of its
high piezoelectricity, processability, good chemical resistance, thermal stability, and good mechanical
properties as compared to other piezoelectric polymers. PVDF may exist in at least five crystalline
polymorphic phases, among which the β-phase shows the highest piezoelectricity, which reaches
20 pC/N (Figure 8) [165,166].Polymers 2019, 11, x FOR PEER REVIEW 10 of 25 
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PVDF macromolecules may take various chain conformations and arrangement of CH2–CF2

molecular dipoles, resulting in various net dipole moments. A strong electric moment in the PVDF
monomer unit arises from the strong electro-negativity of fluorine atoms as compared to hydrogen
atoms. In the case that polymer chains are packed into crystals to form parallel dipoles, the crystal has
a non-zero net dipole moment [89–94]. Such a molecular arrangement is observed in the β, γ, and δ
phases, the first one showing the strongest dipole moment, due to the all-trans conformation. In the
case of other chain conformations: TGTG- and T3GT3G-, parallel dipole moment arrangement, as in the
δ and γ phases, respectively, leads to lower polarity; in the case of the same conformations, antiparallel
chain dipole arrangement leads to the zero net dipole moment as in the α and ε phases [167].

The piezoelectricity of PVDF is phase content dependent, which hinges on the processing
conditions. Obtaining a particular crystal phase is possible using various paths, involving melt or
solution crystallization, annealing (also at high pressure), mechanical drawing, or electrical poling.
The presence of polar phases is very important, in particular, due to its bioelectrical effect of the
stimulation of the nervous system, holding promise for effective tissue regeneration [168,169].

As regards the most polar β-phase, it may be obtained, for example, by annealing at very high
pressure from the α-phase, by poling at a very high electrical field from the α-phase or δ-phase [170]
or drawing from the γ-phase [171]. In order to increase the content of polar phases, various
methods are reported: melt-recrystallization [172], poling under a high electric field [173], application
of high pressure [174], mechanical stretching [175], and the addition of nanoparticles, graphene,
and nanowires [176].

The desire to use PVDF in piezoelectric scaffolds in tissue engineering requires the use of fabrication
techniques that allow obtaining the proper morphology and high polar phase content responsible for
the high piezoelectricity [177]. One of the promising fabrication techniques to fulfil both expectations is
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the electrospinning technique. Many publications were devoted to electrospinning of PVDF nanofibers
from solution [178], determining the effect of processing parameters on the structure and properties of
nanofibers and the characteristics of nonwoven nanofiber [179]. The content of the β-phase in PVDF
was studied from the point of view of the applied voltage and rotation speed of the rotational collector.
The collector rotational speed relates to the mechanical deformation, which is known to promote the
formation of the polar phase [180]. Liu et al. [181] formed nanofibers with different rotational speeds
of the collector: 900, 1100, 1300, 1500, 1700 and 1900 rpm. XRD diffraction showed a peak around
20.6–20.9 deg, which belonged to the β-phase, while the α-phase peaks disappeared. They received
piezoelectric PVDF fibers with a small diameter, smooth surface morphology, and appropriate β-phase
at a velocity of 1900 rpm. Recent works support the view that increasing of the rotational speed of the
collector induces a higher content of the piezoelectric β-phase [182–184].

The hydrophobicity of PVDF is a problematic issue in neural tissue engineering. In order to
reduce it, numerous research works have been conducted. In order to enhance the hydrophilic,
as well as mechanical and electrical properties, PVDF has been modified by the addition of different
nanostructures: nanoparticles [185–187], inorganic nanoparticles [188,189], nanotubes [190], and also
by the addition of different polymers such as polyethylene glycol (PEG) [191] and polyvinyl alcohol
(PVA) [192]. The addition of nanoparticles, especially metallic ones, improves the chemical, physical,
and optical properties [193], while diamond nanoparticles have no significant impact on neuroblastoma
cell morphology [194]. The incorporation of these nanostructures into a polymer piezoelectric scaffold
can positively affect the nerve tissue. Additionally, modification of the surface can increase the neuron
length and number of synaptic connections [195,196].

Arinzeh et al. [113,114] tested the piezoelectric scaffolds’ potential for promoting in vitro neural
differentiation of human neural stem cells, thus demonstrating their applicability in neural tissue
engineering. The authors in [197] extended the above studies by applying mechanical vibration,
while generating electric fields to induce the piezoelectric effect in piezopolymers. The activation
of the piezoelectric effect can be achieved by choosing various sources of mechanical stimulation,
including vibration plates, sound, and ultrasound (US) [198,199]. Hoop et al. [85] investigated the
influence of the piezoelectric PVDF substrate on supporting neural differentiation under dynamic
stimulation. The results showed that the applied ultrasonic waves were sufficient to induce polarization
in piezoelectric PVDF sheets and resulted in differentiation of PC12 cells. Piezoelectric PVDF
can influence neuronal differentiation and neurite outgrowth of mouse neuroblastoma cells [200].
Electric fields have been shown to influence the growth and orientation of neurons in vitro, whereas
the electric field was generated via electrodes [201]. Other studies have been reported successful neural
stimulation in various piezoelectric systems, especially piezoelectric micro- and nano-fibers [202,203].

It was shown that the long term application of piezoelectric stimulation on neurons induces the
number, length, and branching of neural cells with respect to non-stimulation conditions. No effects
on neurite regeneration were observed when vibrations were applied to non-piezoelectric materials
(e.g., mechanical stimulation of neurons) [204–206].

Poly-Vinylidene Fluoride-Trifluoroethylene

Among the piezoelectric materials, this copolymer demonstrated the highest electroactive
properties with a piezoelectric coefficient as high as 30 pC/N [207]. PVDF-TrFE forms the β-phase
through copolymerization without the need for mechanical stretching or drawing [208]. In the case of
additional annealing, mechanical stretching, or electrical poling, it is possible to further increase the
crystallinity and alignment of the CF2 dipoles, thereby inducing higher piezoelectricity as compared to
homopolymer PVDF, dependent on the TrFE content [209]. Electrospun PVDF-TrFE fibrous scaffolds
showed higher crystallinity and β-phase content as compared to the starting powder material for
neural and bone tissue engineering [101–104]. PVDF-TrFE and barium titanate piezoelectric composite
membrane has been reported as a charge generator to promote bone regeneration [106].
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PVDF-TrFE piezoelectric fibrous scaffolds were used to study their influence on neural repair.
Many investigations reported a positive influence of PVDF-TrFE scaffolds on nerve cell growth and
differentiation [210]. Lee et al. [114] fabricated a PVDF-TrFE piezoelectric electrospun scaffold with
different orientations of the fibers, randomly and aligned. It was shown that the scaffold with aligned
fibers had the highest potential in neural tissue engineering, especially in neurite outgrowth of dorsal
root ganglion neurons. It was observed that PVDF-TrFE scaffolds can promote the formation of mature
neural cells exhibiting neuron-like characteristics, while aligned fibers can promote primary neuron
extension and can direct the neurite outgrowth [211].

Nerve guidance channels may be built using PVDF-TrFE for neural regeneration [212]. In this
study, poled (negatively charged and positively charged) and unpoled channels were used. After four
weeks, it was observed that the positively poled channels increased the number of regenerated nerves.

In muscle regeneration, the charge at the surface of PVDF films influences the cell proliferation [213].
However, until now, studies with specific dynamic conditions for piezoelectric PVDF-TrFE with
mechanical or electrical stimulation have not been conducted.

Poly-3-Hydroxybutyrate-3-Hydroxyvalerate

PHBV is a polyester with a low piezoelectric coefficient (1.2 pC/N) [214]. It is a thermoplastic
produced by many bacteria as an intracellular reservoir of carbon and energy. This polyester is also
biodegradable, biocompatible, and exhibits strong mechanical properties, which allow using PHBV as
a scaffold in biomedicine and as a biosensor [215,216]. PHBV has a comparable piezoelectric potential
to that of bone, which can facilitate bone growth and healing [217,218]; thus, it can be used in the
form of a composite with the addition of hydroxyapatite for bone tissue engineering. PHBV has
been studied for neural tissue engineering, as a support for neuronal cell growth and axon dendrite
polarization [219]. In the form of electrospun aligned PHBV fibers, with the addition of collagen, it can
be used as a substrate for nerve tissue engineering [220–222].

Poly-L-Lactic Acid

Poly-L-lactic acid is a biodegradable and biocompatible polymer, with a piezoelectric coefficient
of −10 pC/N [223]. Fukada et al. demonstrated that implantation of PLLA can promote bone growth
in the response of its piezoelectric polarization [93]. PLLA with a structure similar to natural ECM
may be used as a biomaterial in various biomedical applications [224]. Aligned PLLA nanofibrous
scaffolds coated with graphene oxide promote neural cell growth [225]. Finally, the addition of iron
oxide nanoparticles supports extending neurites along electrospun PLLA microfibers [226,227].

4.2.2. Natural Biopolymers

Natural polymers are gaining more importance in tissue engineering because of their
biodegradability and low toxicity. In general, many biopolymers exhibit piezoelectricity. As an
example, we show some polysaccharides and proteins with relatively strong piezoelectricity.

Cellulose

Cellulose with a piezoelectric coefficient of 0.10 pC/N is a widely investigated natural polymeric
material. Cellulose is a linear homopolymer of glucose with high biocompatibility [228–234]. It is
used in different shapes and forms: membrane sponges, microspheres, and non-woven, woven,
or knitted textiles. Cellulose has been investigated in the tissue engineering of bones [235,236],
cartilage [237], for connective tissue formation [238], as a drug delivery system [239], and as a scaffold
for growing functional cardiac cell constructs in vitro [240]. One of the important derivatives of
cellulose is methylcellulose (MC), presenting in general good solubility in water, particularly at low
temperatures, being dependent on the degree of methyl substitution and the distribution of methoxy
groups. Collectively, these data indicate that MC is well suited as a biocompatible injectable scaffold for
the repair of brain defects [241–243]. Gelatin coated nanoparticles contained in cellulose acetate/PLA
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scaffolds showed higher cell viability than uncoated scaffolds, and they acted as a nerve guidance
conduit for sciatic nerve defects in vitro and in vivo [244], while a gelatin/chitosan/PEDOT hybrid
scaffold enhanced the neurite growth of PC12 cells and promoted neuron-like cell adhesion and
proliferation [245].

Chitin and Chitosan

Chitin is a natural polysaccharide with a piezoelectric structure with a low piezoelectric coefficient
in the range from 0.2 to 1.5 pC/N [246]. It is a natural component of the cuticles of crustaceans, insects,
and mollusks. Since it is hydrophilic and biocompatible, chitin is used for biomedical applications,
promoting cell adhesion, proliferation, and differentiation [247].

Chitosan is a biodegradable and biocompatible linear polysaccharide obtained by partial
deacetylation of chitin. It has been extensively investigated for the preparation of porous scaffolds
for cartilage tissue engineering [248]. However, the low mechanical properties of scaffolds prepared
from chitosan make its clinical application problematic. An effective method to overcome chitosan’s
drawbacks is to blend it with synthetic polymers [249–252]. Skop et al. designed biocompatible chitosan
microspheres for the delivery of neural stem cells and growth factors for CNS injuries [253]; another
group designed chitosan particles loaded with the drug piperine, reported to have neuroprotective
potential against Alzheimer’s disease, which successfully targeted specific areas of the brain [254].
Chitosan nanoparticles have also been developed for intranasal delivery of therapeutic agents
to the brain [255,256]. Aligned PCL/chitosan fibers supported PC12 cells adhesion and growth,
enhancing neurite extension along the fiber orientation [257]. PLGA/chitosan scaffolds guided neuronal
differentiation for peripheral nerve regeneration both in vitro and in vivo [258,259].

Collagen

This is a natural piezoelectric material with a piezoelectric coefficient in the range from 0.2
to 2.0 pC/N [260]. Research has been reported on the application of collagen scaffolds in bone
healing [261–264]. Furthermore, collagen-calcium phosphate composites have been reported for
cartilage tissue engineering [265]. Similarly, collagen-hydroxyapatite piezoelectric composite scaffolds
have been proven to be suitable for cellular growth [266]. Collagen scaffolds with the addition
of chitosan have been tested in adipose tissue regeneration. Adipocytes were seeded, and the
in vitro cytocompatibility and in vivo biocompatibility of scaffolds was confirmed experimentally [267].
An interesting application of collagen is entubulation, hence the use of magnetically aligned type I
collagen gel, achieved by exposing the forming collagen gel to a high strength magnetic field, as a
filler for collagen tubes. This method was successful in small peripheral nerve lesions, improving
nerve regeneration significantly in a 6 mm nerve gap in mice [268] and guiding neurite elongation and
Schwann cell invasion in vitro [269] and in vivo [270].

5. Conclusions and Future Perspectives

Recently, smart materials have been of great interest for scientists and physicians, because of
the many opportunities to use them as candidates for developing the next generation of biomedical
devices, transient implants, and drug delivery vehicles. Considering smart scaffolds for tissue repair
and regeneration, piezoelectric materials have recently been of particular interest as they can deliver
electrical stimulus without an external power source. There is no doubt that the bioelectric signals
produced by piezoelectric scaffolds can regenerate and repair the tissues by definite pathways similar
to the natural processes occurring within the natural extracellular matrix (ECM). The combination
of morphology together with the chemical, mechanical, and electrical properties of the scaffolds is
crucial for the success in tissue regeneration. Electrical charges are particularly important in neural
tissue engineering, in which electric pulses can stimulate neurite directional outgrowth to fill gaps in
nervous tissue injuries. There is no doubt that the perspective of the broader application of piezoelectric
scaffolds as smart materials for neural tissue regeneration is of great importance, allowing avoiding
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traditional (invasive) electrical stimulation. It was shown recently in in vitro conditions that the
deformation of the piezoelectric scaffolds either by mechanical or ultrasound stimulation led to neurite
extension and enhanced cell adhesion and proliferation. However, one should be aware that most of
the up-to-date experiments using piezoelectric scaffolds were performed without such stimulation,
which does not lead to piezoelectricity and resulting electrical charges. In such a case, the only charges
that can be active from the cellular perspective are surface charges due to permanent polarization,
as well as related to transient deformation caused by the contraction and protrusion of the attached
cells. Nonetheless, it is crucial from the perspective of experiments with piezoelectric scaffolds to
mimic the in vivo conditions with internal macro- and micro-deformations by in vitro conditions using
mechanical (ultrasounds) agitation, allowing obtaining a real piezoelectric response. The next problem
in the area of piezoelectric scaffolds is related to the non-biodegradability of the polymers exhibiting the
highest piezoelectric coefficients, i.e., PVDF and its copolymers. Therefore, attention should be focused
on biodegradable piezoelectric polymers like PHB or PLLA. An interesting alternative, which should
be explored in the future, is related to the composite scaffolds containing an electro-conductive polymer
like PANi in addition to a piezoelectric polymer. It was shown that the addition of an electro-conductive
polymer to the piezoelectric matrix resulted in an increase in piezoelectricity. This kind of composite
scaffold should be taken into account, when thinking about biodegradable piezoelectric polymers with
originally relatively low piezoelectricity.
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Abstract: Bone repair and regeneration require physiological cues, including mechanical, electrical,
and biochemical activity. Many biomaterials have been investigated as bioactive scaffolds with
excellent electrical properties. Amongst biomaterials, piezoelectric materials (PMs) are gaining
attention in biomedicine, power harvesting, biomedical devices, and structural health monitoring.
PMs have unique properties, such as the ability to affect physiological movements and deliver
electrical stimuli to damaged bone or cells without an external power source. The crucial bone
property is its piezoelectricity. Bones can generate electrical charges and potential in response
to mechanical stimuli, as they influence bone growth and regeneration. Piezoelectric materials
respond to human microenvironment stimuli and are an important factor in bone regeneration
and repair. This manuscript is an overview of the fundamentals of the materials generating the
piezoelectric effect and their influence on bone repair and regeneration. This paper focuses on the
state of the art of piezoelectric materials, such as polymers, ceramics, and composites, and their
application in bone tissue engineering. We present important information from the point of view
of bone tissue engineering. We highlight promising upcoming approaches and new generations of
piezoelectric materials.

Keywords: piezoelectricity; scaffolds; smart scaffolds; PVDF; PLLA; PVDF-TRFE; collagen; keratin;
tissue engineering; bone tissue engineering; smart medicine; regenerative medicine

1. Introduction

Piezoelectric materials (PMs) are smart materials (SMs) that can generate electrical
signals in response to applied factors. In 1880, Pierre and Jacques Curie discovered piezo-
electricity through deformation, resulting in a shift in ions or charges. This phenomenon
includes electricity generation and electric polarization changes [1].

PMs dedicated to bone tissue engineering (BTE) have been gaining attention since
2016 [2]. Generally, the biological properties of the selected material depend on its ability to
mimic human tissues [3], and in piezoelectric materials, the electric stimuli are crucial [4].
External electrical stimulation, electrical fields, and bioelectrical signals are important
factors due to their contribution to bone repair. PMs can deliver electrical signals without
external stimuli and increase the bone’s ability to regenerate [5–8]. Also, these specific
types of materials are known for the converse piezoelectric effect. Thus, electromechanical
behavior can be managed by physiological electrical changes as mechanical signals appear.
There is an increasing amount of research on the use of piezoelectric nanomaterials in
bone tissue engineering. Especially since 2016, the number of publications has increased
dramatically. The state of the-art shows the need for novel materials to restore bone
fractures [9].

Piezoelectric, ferroelectric, and pyroelectric signals are the bioelectrical signals that
occur in a naturally living bone. It has been proven that these factors influence the healing,

Polymers 2024, 16, 2797. https://doi.org/10.3390/polym16192797 https://www.mdpi.com/journal/polymers

https://doi.org/10.3390/polym16192797
https://doi.org/10.3390/polym16192797
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0003-3571-1438
https://orcid.org/0009-0004-2327-9750
https://orcid.org/0000-0003-2381-4122
https://orcid.org/0000-0003-4092-9853
https://doi.org/10.3390/polym16192797
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym16192797?type=check_update&version=1


Polymers 2024, 16, 2797 2 of 30

remodeling, and growth of bone structures [10,11]. Bioelectricity in the living bone was
found to be connected with the non-centrosymmetry and piezoelectricity of collagen
molecules [12]. The electric field in bones supports cell proliferation and growth. It
has been noted that the polarity of the piezoelectric charges depends on the direction of
bone deformation or mechanical stress, with positive and negative piezoelectric charges
(Figure 1). The piezoelectric constant (d33) of bone has been found to range from 0.7 to
2.3 pC/N−1 [13].
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Figure 1. The piezoelectricity in bone caused by mechanical deformation with positive and negative
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The piezoelectric potential of human bone during walking is around 300 µV [15].
Information about the piezoelectric and dielectric properties of bone (trabecular and cortical)
and articular cartilage is shown in Table 1.

Table 1. Piezoelectric coefficient, relative permittivity, and conductivity of bone and articular cartilage.

Bone
Articular Cartilage Ref.

Cortical Trabecular

Piezoelectric Coefficient (d33) [pC/N−1] 0.7–2.3 0.2–0.7 [16]

Relative Permittivity 1.45 × 102 2.49 × 102 1.39 × 103 [17]

Conductivity (S/m) 0.02 0.079 1.14 ± 0.11 [18]

PMs generate electrical charges on the surface under an external stimulus, similarly
to bone. It was reported that polarized surfaces can improve the osteogenic properties
of natural bone [19]. Also, piezoelectric implants promote bone tissue repair [20]. Imple-
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menting the piezoelectric scaffold into the bone defect causes electrical stimulation through
physiological loads [21]. During activation of the cell membrane, calcium channels are
open, providing hyperpolarization.

Figure 2 illustrates the calcium ion (Ca2+) signal transduction pathway and several ad-
ditional signaling pathways triggered by both electrical and mechanical stimulation. When
mechanical forces are applied to a piezoelectric scaffold, they generate electrical signals
that, in turn, activate voltage-gated Ca2+ channels. This leads to an increase in intracellular
Ca2+ concentration, subsequently initiating the activation of calcium-modulated protein
(calmodulin). Calmodulin, in turn, triggers the activation of calcineurin, a calcium- and
calmodulin-dependent serine/threonine protein phosphatase. Once activated, calcineurin
dephosphorylates NF-AT (nuclear factor of activated T-cells), causing it to translocate to
the nucleus, where it collaborates with other associated proteins as transcription factors.
Furthermore, mechanical stimulation itself can activate mechanoreceptors within the cell
membrane, ultimately initiating the activation of protein kinase C (PKC) and mitogen-
activated protein kinase (MAPK) signaling cascades. These cascades contribute to the
synthesis of proteoglycan and the inhibition of interleukin-1 (IL-1), which is responsible for
the degradation of proteoglycan [22].
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The role of intracellular Ca2+ ions is significant in cellular proliferation [23]. Hence,
it can be deduced that the use of piezoelectric biocompatible scaffolds may lead to early
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restoration of damaged tissue compared to their non-piezoelectric counterparts [24]. Liu
et al. [25] examined the osseointegration of various implants by implanting positively
polarized bismuth ferrite perovskites membrane–strontium titanate, a negatively polarized
strontium titanate membrane–strontium titanate implant, and a non-polarized strontium
titanate implant into rat femurs. At the interface of the oppositely charged strontium
titanate and bismuth ferrite perovskites implant (+75 mV) and the electronegative bone
defect surface (−52 to −87 mV), an inherent electric field was formed [26]. Consequently,
this electric field promoted greater osseointegration compared to the strontium titanate
and the bismuth ferrite perovskites implant and non-polarized strontium titanate surfaces.

Given the aforementioned context, this review provides an overview of the fundamen-
tal concepts, origins, and implications of piezoelectricity in natural bone. Furthermore, it
explores the potential of different piezoelectric bioceramics and biopolymers to emulate the
electromechanical characteristics observed in living bone. The discussion also addresses the
challenges associated with processing and achieving the desired combination of piezore-
sponse properties, along with potential solutions. Additionally, an objective examination
of the beneficial effects of polarized piezoelectric substrates on enhancing biocompatibility
is included.

2. The Role of Piezoelectricity in Bone Tissue Engineering

In 1940, Martin [27,28] observed the initial manifestation of biological piezoelectricity.
This occurred during the discovery of electric potentials emanating from compressed
wool enclosed in shellac between two brass plates. Mammalian hair, wool, horn, and
hoof primarily consist of α-keratin, characterized by a spiral α-helix structure [29]. The
piezoelectric properties of these tissues stem from the orderly arrangement of α-helices,
promoting inherent polarization [30]. The α-helix, a right-handed coil, achieves stability
through hydrogen bonds between the amine and carbonyl groups. As depicted in Figure 3,
the helical structure aligns amino acid dipoles, resulting in a substantial and enduring
polarization [31].

The piezoelectric properties of bone were first reported by Yasuda in 1954 [32]. Subse-
quently, Yasuda and Fukada [33] conducted experiments on boiled bone and determined
that the piezoelectric response was not attributed to living cells. They concluded that the
application of shear on collagen within bone was responsible for its piezoelectric behavior.
Bone is a composite material comprising densely packed collagen fibrils aligned with
hydroxyapatite particles [34]. Collagen, the most abundant protein in mammals, possesses
a triple helix structure known as the “triple helix” [35].

In 1892, Julius Wolff [36] proposed that bone adapts its structure in response to
mechanical stress, known as “Wolff’s Law”. This principle is evidenced by the denser
bone found in the arms of tennis players who hold rackets and the bone loss observed
in astronauts. The discovery of piezoresponse in dry bone [32,37] led to the suggestion
that piezoelectricity could explain the process of bone growth and resorption in response
to stress. One of the pioneers in investigating the biological effects of piezoelectricity,
Bassett [38], observed that periodically deformed chick embryonic tibiae produced large
periosteal chondroid masses after seven days, unlike undeformed samples. He described
Wolff’s Law as a negative feedback loop: the applied load on bone induces strain in
less dense regions, while denser and stiffer regions remain unstrained. The strain is
converted into an electric field that aligns macromolecules and ions in the extracellular
matrix, stimulating bone remodeling by cells until the signal is deactivated.

As piezoelectric measurements expanded to include wet bone [39] and wet colla-
gen [40], which represent physiological conditions, discrepancies were observed in the
amplitude and behavior of stress-generated potentials between wet and dry samples, and
it was discovered that the induced electric potential and the relaxation time are dependent
on the induced potential, which is significantly higher in wet samples. Various hypotheses
were proposed to explain these inconsistencies, including the p–n junction characteristic
of apatite–collagen [41], which suggested that bone exhibited piezoelectric behavior in
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one direction and piezoresistive behavior in another. However, a widely accepted notion
suggested that while piezoelectricity accounted for stress-induced potentials in dry bone,
the mechanism responsible for wet bone was the streaming potential [42,43]. According to
the streaming potential theory, the stress-generated potential in wet bone was a result of the
flow of ion-containing interstitial fluid through the bone under pressure. This theory gained
prominence after Pienkowski et al. [44] reported that the conductivity of the saturating
fluid significantly influenced the amplitude and polarity of the generated potentials, and
the longer relaxation time was attributed to the fluid’s viscosity.
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A more recent theory of mechanosensation in bone proposes that applied stress on
bone is translated into biochemical signals through the flow of interstitial fluid into the
canaliculi–lacunae space, which supplies bone cells with nutrients and conveys shear stress
to cells [45]. Despite these new theories, the debate continues regarding the exclusion of
piezoelectricity entirely from mechanosensation.

V =
ζPκ

4πση
(1)

where ζ, P, κ, σ, and η are the zeta potential, the pressure on the bone, the dielectric
permittivity, the conductivity, and the viscosity of the interstitial fluid, respectively.

3. Overview of Piezoelectric Materials for Bone Tissue Engineering

Piezoelectric polymers can be divided into natural and synthetic. Figure 4 shows
selected piezoelectric materials along with the piezoelectric coefficient (d33).
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hydroxybutyrate (PHB). Reprinted from ref. [46].

3.1. Natural Polymers

Among the natural polymers are two groups important from the point of view of
piezoelectricity: polysaccharides and proteins. Piezoelectric polysaccharides are, e.g.,
chitosan and cellulose, and piezoelectric proteins are, e.g., keratin, collagen, and fibrin.
Table 2 shows piezoelectric coefficients in various types of natural materials.

Table 2. The piezoelectric coefficient for different natural piezoelectric materials.

Type of Material Piezoelectric Materials Piezoelectric Coefficient Ref.

Polysaccharides

Chitosan d33 = 18.4 pCN−1 [47]

Chitin (nanofibers) d33 = 9.49 pCN−1 [48]

Cellulose d33 = 19.3 ± 2.9 pCN−1 [49]

Proteins

Collagen d14 = 12 p N−1 [50]

Keratin d14 = 1.8 pCN−1 [51]

Silk d14 = 5–1.5 pCN−1 [52]

Fish swim bladder (FSB) d33 = 22 pCN−1 [53]

3.1.1. Chitosan

Chitosan, a naturally occurring polysaccharide polymer with piezoelectric proper-
ties, was examined in a comprehensive review by Martino [54]. Studies have shown that
polymer scaffolds derived from chitosan possess a range of beneficial features suitable for
orthopedic implants, including osteoconductivity, porosity, ease of shaping, antibacterial
properties, and minimal foreign body response. Preliminary investigations have docu-
mented the piezoelectric sensitivity of chitosan [55], and the current study presents the
development of a vibration sensor leveraging chitosan’s piezoelectricity, with the maximum
d33 coefficient of chitosan amounting to 18.4 pCN−1 [47,56]. Chitosan, while regenerating
bone defects, may also have antibacterial properties (see Figure 5).
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3.1.2. Cellulose

Cellulose, an inherent polysaccharide polymer with piezoelectric properties, emerges
as a promising option for bone tissue applications owing to its exceptional biocompati-
bility and robust mechanical strength. In a study by Zaborowska [58], it was found that
employing a microporous cellulose scaffold led to a considerably greater proliferation of
MC3T3-E1 osteoblast cells compared to the nanoporous scaffold. Research studies have
provided evidence of cellulose’s capacity to enhance cellular adhesion, specifically for chon-
drocytes, osteocytes, endothelial cells, and smooth muscle cells [59]. As a result, cellulose
is regarded as a suitable piezoelectric material for applications in both bone and cartilage
tissue engineering [60].

3.1.3. Keratin

Keratin has been utilized to create diverse scaffold architectures suitable for tissue
engineering applications. These include hydrogels [61], films [62], sponges [63], microcap-
sules, and dense materials [64]. Various fabrication techniques, such as solvent casting,
lyophilization, electrospinning, and 3D printing, have been employed to produce these
keratin-based structures [65]. Furthermore, keratin’s cell recognition domains have been
observed to facilitate the attachment of different cell types, including osteoblasts [66].

3.1.4. Collagen

The application of collagen scaffolds in bone healing has been previously reported [67].
Additionally, the effectiveness of collagen–hydroxyapatite piezoelectric composite scaffolds
in promoting cellular growth and facilitating bone healing has been demonstrated [68].
Moreover, collagen–calcium phosphate composite scaffolds have been explored for cartilage
tissue engineering. Studies involving these scaffolds have shown an average filling ratio
of the defect area with newly formed cartilage tissue at weeks eight and twenty to be
approximately 81% and 96%, respectively [69]. Nonetheless, it is important to acknowledge
certain limitations of these scaffolds, including low mechanical stiffness, rapid degradation,
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and potential toxicity associated with the use of crosslinking agents. Collagen under
stress reduces the hydraulic permeability and increases the stiffness [70], which can be
improved through electrical stimulation [71]. Table 3 summarizes information about natural
piezoelectric materials and their applications in bone tissue engineering (BTE).

Table 3. Natural piezoelectric materials and their applications in bone tissue engineering.

Materials Advantages Description and Application Ref.

Chitosan

-biocompatible
-antibacterial

-biodegradable
-high porosity
-non-cytotoxic

Bone tissue engineering [72]

Chitosan/alginate hydrogels containing parathyroid hormone (PTH),
peptide, and hydroksyapatite (HA) dedicated to cranial

bone regeneration.
[73]

Chitosan-coated poly(trimethylene carbonate)/oleic-acid-treated HA/
PLA/vancomycin hydrochloride microsphere scaffold used in BTE. [74]

Cellulose

-biocompatible
-non-cytotoxic

-high tensile strength
-biodegradable

A cellulose porous scaffold was prepared through incorporation of
paraffin wax with bacterial cellulose via a fermentation process for a

higher osteoblast response.
[58]

Keratin

-structural integrity
-biocompatibility
-biodegradability

-bioactivity

Keratin-based biomaterials in orthopedic tissue engineering. [75]

Electrospun poly(3-hydroxybutyrate)/keratin scaffold for bone tissue
engineering focused on the osteogenic activity of the scaffolds, which is

enhanced in the presence of keratin.
[76]

Silk fibroin/wool keratin composite scaffold with a hierarchical fibrous
and porous structure formed through electrospinning with potential

use in meniscal repair and healing bone injuries.
[77]

Collagen
-biocompatibility
-biodegradability

-bioactivity

Preparation of 3D porous microsphere of collagen/BMP-2/bacterial
cellulose through the

reverse-phase suspension regeneration method to promote
biocompatibility, osteogenic differentiation, proliferation, and

adhesion of mice cells in 3D scaffolds.

[78]

Composites made from the piezoelectric component of bone, collagen
(fibrilar bovine collagen type I), used to fabricate materials for

bone substitutes.
[79]

A scaffold combination of collagen and hydroxyapatite that exhibits
osteoconductive properties. [80]

3.2. Synthetic Polymers

Piezoelectric synthetic polymers have unique electrical properties that can be used
to stimulate bone tissue cells. Thanks to the ability to convert mechanical energy into
electrical signals, these polymers are used in the creation of tissue scaffolds that not only
mechanically support bone regeneration but also provide electrical stimulation that mimics
the natural conditions of the cellular microenvironment [81,82]. The piezoelectric coefficient
data for different synthetic piezoelectric materials are shown in Table 4.

Table 4. The piezoelectric coefficient for different synthetic piezoelectric materials.

Type of Material Piezoelectric Materials Piezoelectric Coefficient Ref.

Polymers

Polyvinylidene fluoride (PVDF) d31 = 23 pCN−1 [78]

Polyvinylidene fluoride–trifluoroethylene (PVDF-TrFE) d33 = 38 pCN−1 [79]

Poly (l-lactic acid) (PLLA) d14 = 9.82 pCN−1 [83]

Polyhydroxybutyrate (PHB) d14 = 1.6–2 pCN−1 [14]

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) d14 = 1.3 pCN−1 [14]

Glycine–polyvinyl alcohol (PVA) d33 = 5.3 pCN−1 [84]

Peptide
Poly-γ-benzyl-L-glutamate (PBLG) d33 = 25 pCN−1 [85]

Poly-γ-methyl-L-glutamate (PMLG) d14 = 2 pCN−1 [83]
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3.2.1. Polyvinylidene Fluoride (PVDF)

PVDF is a water-insoluble polymer that has gained a lot of attention in a broad range
of fields due to its electroactive properties as well as its high chemical and thermal stability.
The crystalline phase of PVDF can include five different polymorphs (i.e., α, β, γ, δ, ε)
(Figure 6), and their presence is dictated mostly by processing method conditions [86].
PVDF usually crystallizes in the form of α phase due to its thermodynamic stability. How-
ever, β and γ phases are very often desired because of their electroactive properties, such
as piezoelectricity, pyroelectricity, and ferroelectricity [87,88]. These properties are related
to the conformation of their chains, where the γ phase shows a worse piezoelectric effect
than the β phase due to a gauche bond existing in every fourth repeating unit [89]. It has
been known for some time that β-PVDF induces cellular proliferation and differentiation,
especially under dynamic conditions, which is one of the reasons why PVDF is considered
a promising material for BTE [90]. This section focuses on advances made in the field of
PVDF for application in BTE, and it reviews articles published mainly since 2018 to date,
acting as a follow-up to the review by Tandon et al. [2].
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Recently, great advances have been made to address one of the main limiting factors
to the widespread use of PVDF in BTE, which is its hydrophobic profile. Kitsara et al. used
oxygen plasma treatment for electrospun and solvent-cast scaffolds and proved that the
enhanced hydrophilic profile of PVDF can be maintained even up to two years, resulting
in better cell spreading and interaction with the scaffold [92]. Hydrophilicity was also
improved through spin coating of PVDF onto the TiO2 nanotube surface of titanium,
which halved the contact angle after PVDF polarization and promoted mineralization,
but maintaining these properties long-term is questionable due to the loss of negative
charge [93]. A different approach to address poor cell–scaffold interaction due to the
hydrophilicity of PVDF was proposed, in which PVDF membranes were coated with
elastin-like recombinants containing l-arginyl-glycyl-l-aspartic acid sequence (RGD) motifs,
and it improved MSCs’ adhesion and proliferation [94]. As mentioned previously, the β

phase is the most desirable for BTE, and during the electrospinning process, a fraction of
this phase can be increased by adjusting the accelerating voltage towards higher values [95].
Therefore, to obtain a significant amount of β phase, the piezoelectricity and the molecular
weight can be increased. The surface is shown in Figure 7.
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Recently, Lee et al. produced a three-dimensional cotton-like scaffold by changing
the relative humidity and compared different post-treatment methods (i.e., heating, cool-
ing, quenching) to increase the β-PVDF content, from which cooling showed the best
results [97]. A comparison of 2D and 3D structures was conducted for solvent casting
methods at different temperatures, and although the room temperature process resulted in
higher amounts of β-PVDF and crystallinity, their hydrophobicity was greater compared
to high-temperature solvent casting [98]. Surprisingly, their results also showed that 2D
films promote cell proliferation better than 3D scaffolds. Mirzaei et al. came to different
conclusions when comparing 2D films with 3D electrospun fibers and showed that the
latter is better at improving the osteogenic differentiation of induced pluripotent stem
cells (iPSCs) [99]. Different studies tested a freeze-extraction method to produce PVDF
membranes with controlled microporosity. However, their control samples (glass slides)
showed better proliferation of MSCs than the obtained membranes [100]. Szewczyk et al.
showed that the surface potential of PVDF electrospun fibers has a significant effect on the
mineralization rate and cell attachment, and it can be controlled through polarity during the
electrospinning process [101]. Moreover, it was shown that Kelvin probe force microscopy
is a viable method to measure the surface potential of electrospun fibers.

Studies on PVDF copolymers and composites have been focused mainly on difficulties
with the fabrication of scaffolds with proper topography and spatial morphology and
maintaining sufficient piezoelectric properties. For example, poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) copolymer was used to produce a termite-like scaffold
using the wet electrospinning method, which resulted in improved electric output and
promoted NIH 3T3 cell migration and attachment in comparison to regular electrospun
fibers [102]. On the other hand, Zhou et al. fabricated electrochemically polypyrrole (PPy)
nanocones on the surface of the PVDF membrane, which enhanced bone marrow mesenchy-
mal stem cells’ (BMSCs) spreading, adhesion, and osteogenic differentiation [103]. Cell
stimulation can be realized through the pulsed electromagnetic field (PEMF) method, and it
was shown that the presence of conductive polymer polyaniline (PANI) in the electrospun
PVDF fibers not only improves biocompatibility and osteoinductivity of copolymer but
also enhances the effect that PEMF has on dental pulp stem cells’ (DPSCs) osteogenic
differentiation [104].

3.2.2. Poly(Vinylidene Fluoride-Trifluoroethylene) (PVDF-TRFE)

This polymer is a copolymer composed of vinylidene fluoride (VDF) and trifluoroethy-
lene (TrFE). Among the various polymers, this particular copolymer has demonstrated the
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highest piezoelectric coefficient (30 pCN-1) [33,105]. Research indicates that the copolymer
exhibits cytocompatibility and exerts a positive influence on cell adhesion and proliferation.
Notably, it possesses regenerative capabilities for various tissue types, including bone, skin,
cartilage, and tendons [106,107]. Electrospun nanofibrous scaffolds based on the PVDF-
TrFE copolymer have shown remarkable efficiency in the regeneration of bone, cartilage,
and others [108]. In addition, PVDF and PVDF-TrFE have been blended with natural poly-
mers, such as starch or cellulose, to develop suitable scaffold structures for tissue repair and
regeneration, especially in the field of bone tissue engineering. Blending starch or cellulose
produces a porous structure that supports tissue growth [109]. Scientists [110] showed
increased bone growth when a thin film of PVDF-TrFE with 10 vol% BaTiO3 piezoelectric
composite, thermally treated at 1200 ◦C for 4 h, was implanted into the tibiae of male
rabbits for 21 days. The formation of new bone was stimulated through electrical signals
generated from the strained piezoelectric membrane during the rabbits’ physical activity.
Lopes et al. [111] conducted a comparison between the P(VDF-TrFE) 10 vol% BaTiO3 piezo-
electric composite and polytetrafluoroethylene (PTFE) to evaluate new bone formation
by implanting them in rat calvarial defects for 4 and 8 weeks. Their findings suggest that
the piezoelectricity and hydrophilicity of the P(VDF-TrFE)–BaTiO3 composite enhance the
protein binding affinity, leading to increased osteogenesis. Light microscopy and micro-CT
images demonstrated significant hard tissue growth and connective tissue formation at
the interface of the implanted piezoelectric membrane in both implants. Scientists [112]
have discovered that the responses of bone marrow macrophages (BMDMs) and bone
marrow mesenchymal stem cells (BMSCs) to PMMA-coated PVDF-TRFE scaffolds can be
controlled by changing certain parameters, such as the surface potential, which in turn
enables targeted bone regeneration (see various parameters in Figure 8).
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3.2.3. Barium Titanate (BaTiO3, BT) as PVDF Dopant

In the literature, one of the most commonly found constituents of PVDF composites is
barium titanate (BaTiO3, BT), mainly due to its outstanding ferroelectric properties, high
dielectric constant, and decent biocompatibility [113]. Recently, a PVDF/BT composite
was fabricated for the purpose of testing whether electrical stimulation in the form of a
monophasic direct current, a square waveform, and a biphasic waveform has a direct effect
on hMSCs’ differentiation. The presented results show that the biphasic waveform does not
induce osteogenic differentiation, whereas square wave stimulation does show osteogenic
lineage commitment with lower reactive oxygen species (ROS) compared to direct current
stimulation [114]. Similar studies explored a composite made from PVDF/BT with a multi-
walled carbon nanotube (MWCNT) addition and its combined effect with direct current
stimulation of MC3T3-E1 cells, which resulted in a significant improvement in cell prolifera-
tion, migration, and osteogenic differentiation in comparison to an unstimulated composite
and PVDF control samples [115]. On the other hand, it was shown that PVDF-TrFE/BT
membranes combined with MSCs injection are a viable approach for bone repair in the pres-
ence of osteoporosis; however, in vivo studies did not result in full bone repair [116]. Freitas
et al. showed in their paper the importance of cell sources used with the PVDF-TrFE/BT
membrane for bone repair, and only MSCs from bone marrow enhanced bone formation,
while MSCs from adipose tissue did not show significant improvement [117]. An in-depth
analysis of the biological processes that occur during MSCs osteogenesis induced through a
piezoelectric PVDF/BT composite was conducted, and it was noted that the transformation
of physical signals into intracellular mechanotransduction is the main driving factor for
the improvement of osteogenesis [118]. The homogeneous distribution of BT filler in a
polymeric matrix poses a significant challenge, and functionalization with polydopamine
has been proposed as a possible approach [119]. Composites obtained through the selective
laser sintering (SLS) method with functionalized BT showed not only homogenous distri-
bution, which resulted in an 11% increase in β-PVDF’s presence and more than tripled the
voltage output, but also improved mechanical properties of the scaffold. A follow-up study
by the same researchers introduced Ag nanoparticles onto the surface of functionalized BT
nanoparticles, thus increasing the conductivity and voltage output of a PVDF composite,
as well as providing it with antibacterial properties [120]. A similar but different approach
was presented recently, in which PVDF was functionalized with polydopamine and later
combined with BT to produce a bioactive coating on a bioinert Ti6Al4V alloy. Functionaliza-
tion of PVDF increased the fraction of β-PVDF by 91%, and combining it with BT further
enhanced β-PVDF’s presence by 96% [121]. Qi et al. produced core–shell BT nanoparticles
through functionalization with polydopamine and high-temperature carbonization, which
were combined with PVDF and turned into scaffolds through the SLS method [122]. The
results show that carbon-coated BT nanoparticles promote β phase formation and increase
composite conductivity and its mechanical properties.

3.2.4. Carbon-Based Materials (GO, MXene) as PVDF Dopants

Graphene oxide (GO) is known for its outstanding conductive properties and has been
utilized in several studies as an addition to PVDF. The presence of GO in PVDF scaffolds
produced through SLS resulted in higher tensile and compressive strength but also en-
hanced the transformation of PVDF from α to β phase through fluorine and carbonyl group
interactions [123]. The same composite system was used for the fabrication of electrospun
fibers, and although cell studies showed improvement in iPSCs’ osteogenic differentiation
in comparison to pure PVDF, their mechanical properties were significantly worse [123].
Other studies tried to improve electrospun fibers of PVDF/GO composite by blending
it with PVA, which increased the tensile strength almost tenfold and more than doubled
the tensile strain and modulus [124]. Moreover, this ternary system of PVDF/PVA/GO
showed better osteoinductive properties, cell proliferation, and alkaline phosphatase (ALP)
activity in comparison to PVDF/GO and PVDF/PVA. Fu et al. used a different approach
and incorporated MXenes into the electrospinning solution of PVDF, which improved the



Polymers 2024, 16, 2797 13 of 30

mechanical properties, promoted bone regeneration in vivo, increased the β phase content,
and also increased the contact angle, making fibers more hydrophobic [125].

3.2.5. Zinc-Based Materials as PVDF Dopants

Zinc-based materials have garnered interest in bone tissue engineering due to their
great antibacterial properties. The addition of zinc oxide (ZnO) into electrospun PVDF
fibers promoted β phase formation, significantly improved its mechanical properties,
and provided the scaffold with antibacterial properties, which were better when piezo-
excitation was applied by Li et al. [126]. Their in vitro studies on human osteoblasts
resulted in lower cell density after three days without piezo-excitation in comparison to
the control group, but with stimulation, cell density was higher for the tested composite.
Similar results were obtained by Xi et al., who conducted studies on the same composite
in comparable conditions [127]. An interesting approach was recently proposed in which
a hybrid system composed of PVDF piezoelectric nanofibers with ZnO nanorods and
polycaprolactone (PCL) nanofibers with dexamethasone-loaded chitosan nanoparticles
were fabricated using a dual electrospinning method [128]. The obtained results showed
that increasing the content of ZnO nanorods simultaneously increases β phase content and
that the hybrid scaffold induces osteogenic differentiation of mouse bone marrow stromal
stem cells (mBMSCs) and improves their proliferation. On the other hand, Chen et al. used
zinc-based metal–organic frameworks (ZIF-8) and, through shear milling and salt leaching
methods, produced PVDF/ZIF-8 foams, which were able to generate 10 V outputs without
polarization and showed angiogenic, osteogenic, and antibacterial activity [129].

3.2.6. Hydroxyapatite (HA) as PVDF Dopant

One of the most popular groups of materials applied in BTE is calcium phosphates.
For example, studies conducted on electrospun PVDF fibers with the addition of hydroxya-
patite (HA) showed no cytotoxicity; apatite growth was observed, but the presence of HA
slightly decreased the amount of β phase [130]. Other studies used a different approach and
first produced electrospun PVDF fibers, which were later treated with plasma, and HA was
electrodeposited on their surface [131]. Obtained scaffolds showed a highly hydrophilic
character due to plasma treatment. They possessed antibacterial properties, and they
promoted MG63 cell proliferation. However, no significant improvement was observed
in comparison to reference samples. PVDF coating on the anodized surface of titanium
was modified with HA, which decreased the contact angle by 66% for 20% HA content,
and enhanced mineralization was observed [132]. Malherbi et al. produced PVDF/β-
TCP/HA discs and showed that under oscillating electric fields, the apatite growth rate is
increased in SBF in comparison to no stimulation [133]. In other studies, Ca-P-Si-derived
material was combined with PVDF, and through the phase separation–hydration method,
porous scaffolds were produced that did not show cytotoxicity, had mechanical properties
similar to cancellous bone, and promoted HA deposition and osteoblast redifferentiation.
However, studies have compared scaffolds with different contents of calcium phosphate
silicate (Ca-P-Si) and lack reference to pure PVDF scaffolds [134]. Ma et al. fabricated a
PVDF-HFP scaffold through dipping and phase separation methods, which were modi-
fied with calcium phosphate (CaP). The resulting scaffolds showed a hydrophilic profile,
promoted bone repair in rats, and were capable of generating electrical signals through
body movement [135]. PVDF has limited biodegradation in the physiological environ-
ment, and to address this issue, PVDF/HA electrospun fibers were produced with the
addition of PCL to the electrospinning solution [136]. Although these scaffolds showed
cytocompatibility, cell proliferation was worse in comparison to PCL after three days,
and only a small increase in ALP activity was observed. Moreover, degradation studies
were not included despite being one of the main reasons for PCL addition. In a different
approach, polycaprolactone–tricalcium phosphate (PCL-TCP) films were coated in PVDF
through a self-polarization technique, which resulted in enhanced osteoinduction through
the synergistic effect of polycaprolactone/tricalcium phosphate/poly(vinylidene fluoride)
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(PCL/TCP/PVDF) piezoelectricity and PEMF stimulation [137]. Alimohammadi et al.
used PVDF to improve the bioactivity of sulfonated PEEK and further modified it with
HA and carbon nanofibers, which resulted in an improved hydrophilic profile, apatite
formation, and MG-63 cell attachment and proliferation [138]. Because the fabrication of
PVDF scaffolds with a developed spatial structure is difficult, a UV-curable poly(glycerol
azelaic acid)-g-glycidyl methacrylate (PGAz-g-GMA) resin was used and modified with
PVDF, HA, and Cloisite Na+ [139]. These scaffolds proved to be mechanically compliant
with cancellous bone tissue, the hydrophilic profile was improved due to nanofillers, and
the attachment and proliferation of MG-63 cells were observed.

3.2.7. Cobalt Ferrite (CoFe2O4, CFO) as PVDF Dopant

A few studies have tried to incorporate CFO into PVDF to produce magnetoactive
scaffolds. Fernandes et al. used a solvent casting method to develop a porous PVDF/CFO
scaffold with the help of a nylon template, which was later removed [140]. The addition of
CFO slightly increased the β phase fraction and decreased contact angle, and it showed
improved cell proliferation with magnetic stimulation. Other studies have focused on
providing magnetoelectric properties for injectable methacrylated gellan gum (GGMA)
hydrogel through the incorporation of CFO/PVDF spheres in its structure; however, the ob-
tained scaffold showed worse cell viability in comparison to control samples [141]. Recently,
PVDF/CFO spheres were produced using the electrospraying method and introduced into
gelatin hydrogel for the purpose of guiding MSCs towards osteogenic differentiation, but
magnetic stimulation was shown to have a minimal effect in this regard [94].

3.2.8. Poly(L-Lactic Acid) (PLLA)

PLLA is the second most popular piezoelectric polymer utilized in BTE. One of the
main advantages that PLLA has over PVDF is that it is biodegradable; however, similarly
to PVDF, it also suffers from hydrophobicity, which hinders scaffold–cell interaction. More-
over, its piezoelectric properties are usually weaker than those of PVDF, which is why it is
less commonly found in the literature. Nevertheless, in recent years, several noteworthy
advances have been made.

The fused deposition modeling (FDM) method was used to fabricate computer-
designed PLLA scaffolds with high porosity, and mechanical testing has shown that the
obtained properties are similar to those of trabecular bone [142]. Moreover, scaffolds main-
tained piezoelectric properties after the 3D printing process, but crystallinity was lower in
comparison to the initial filament. Similarly to what has been shown for PVDF, the voltage
polarization applied during the electrospinning process has a direct effect on the surface
potential and piezoelectricity of PLLA fibers [143]. Positive polarization resulted in better
MG-63 cell adhesion and spreading. In a different study, PLLA electrospun fibers were
used in pairs with externally controlled ultrasound to stimulate stem cells in vitro and
induce bone growth in vivo [144]. The synergistic effect of the scaffold and the stimulation
exhibited positive outcomes in both situations. Tai et al. showed that the fiber diameter
and heat treatment of electrospun PLLA fibers affect the voltage output. Heat treatment
above the glass transition temperature of PLLA simultaneously increases longitudinal and
decreases transverse voltage output. They also showed that neurogenic differentiation of
stem cells was improved for orthogonal piezoelectricity, whereas osteogenic differentiation
was improved for shear piezoelectricity [145]. The novel approach proposed by Lai et al.
produced an electrospun PLLA scaffold with extracellular vesicles for the treatment of
cartilage defects [146]. Piezoelectric stimulation improved the migration and proliferation
of chondrocytes and increased the retention of extracellular vesicles. Liu et al. conducted
studies on PLLA scaffolds designed for a cartilage–bone interface in which gradient polar-
ization was applied [147]. This approach resulted in scaffolds with gradient piezoelectric
properties in which stronger piezoelectricity guided MSCs towards osteogenic differentia-
tion, whereas weaker piezoelectricity guided them towards chondrogenic differentiation.
In a different study by the same first author, the PLLA scaffold was tested in vivo to eval-
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uate the effect of exercise on cartilage regeneration [148]. Although the presence of the
scaffold improved cartilage healing in rabbits, the results regarding the impact of exercise
are inconclusive. As mentioned previously, the hydrophobicity of PLLA is a significant
obstacle towards functional BTE scaffolds, and thus plasma treatment was applied with
argon (Ar) and oxygen (O2) on electrospun membranes, which had no significant impact on
the physicochemical properties of PLLA but increased the surface roughness and decreased
the contact angle [149].

On the other hand, piezoelectric stimulation has been shown to provide antibacterial
properties. Ando et al. produced PLLA yarns and tested them against Staphylococcus
Aureus, which proved their antibacterial properties during mechanical deformation [150].
However, the mechanism through which bacteria are killed was not fully explained. Their
studies were later expanded by Gazevoda et al., who obtained similar results on nan-
otextured films but showed that the impact of reactive oxygen species and pH changes is
insignificant and bactericidal properties are attributed to the piezo stimulation [151].

3.2.9. Barium Titanate (BT) as PLLA Dopant

Antibacterial and anti-inflammatory properties were obtained for PLLA solvent-cast
membranes through the addition of electrospun BT nanofibers co-doped with Ca/Mn [152].
PLLA scaffolds showed increased electroactivity, osteogenesis, and mineral deposition in
the presence of nanofiller. Other authors have addressed the issue of dielectric differences
between ceramic BT and PLLA by introducing graphene oxide into this composite [153].
They produced scaffolds using the SLS method and showed that the addition of GO
improved the output voltage and the current and promoted cell proliferation and dif-
ferentiation, especially when stimulated with ultrasounds. The orientation of PLLA/BT
electrospun fibers has been shown to affect the differentiation of BMSCs and the electrical
properties of the scaffold [154]. Randomly oriented PLLA fibers generally showed better
properties by promoting osteogenic differentiation and higher dielectric permittivity, which
was further improved by the presence of BT, which simultaneously decreased the contact
angle and increased the surface roughness. In a recent study, the effects of BT morphology
(i.e., nanoparticles, nanosheets, nanotextured rods, microblocks) incorporated into PLLA
film were evaluated. The results showed that high-aspect-ratio structures of the filler
are preferable for obtaining highly crystalline PLLA, which translated into better cellular
proliferation [155].

3.2.10. Hydroxyapatite (HA) as PLLA Dopant

In the literature, there is an abundance of reports regarding PLLA/HA composites;
however, the majority of these studies focus either on piezoelectric properties for non-
biomedical applications (e.g., energy harvesting [156,157]) or strictly on the aspect of
cellular scaffolds for BTE, excluding the piezoelectric effect [158–160]. We have failed to
find a study that evaluates both of these for the same PLLA/HA platform. HA dopants
for the PLLA were tested in vivo to produce plates for the fixation of bone fractures [161].
Subcutaneous implantation of PLA/HA [162] scaffolds in mice showed good tolerance
of all scaffolds and tissue growth. Samples containing HA showed a lower inflammatory
response after 14 days of implantation compared to PLA samples (see Figure 9).
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3.2.11. Carbon-Based Materials (GO, MXene) as PLLA Dopants

A different study incorporated graphene oxide (rGO) into PLLA and modified pro-
duced electrospun fibers with perylene-3,4,9,10-tetracarboxylic dianhydride (PDA) to
increase the attachment of chondrocytes [163]. The results showed that not only piezo-
electricity but also the degradation profile have a direct effect on clonal mouse embryonic
cell line (ATDC5) cell differentiation. Pariy et al. also modified PLLA electrospun fibers
with rGO but focused their studies on its effect on piezoelectricity, which was increased
in and out of plane 2.3 and 15.4 times, respectively [164]. Moreover, they showed that
the piezoresponse of the PLLA composite is dependent on the molecular structure. Other
authors showed that coating PLLA electrospun fibers with PANI and carbon nanotubes
(CNTs) deteriorates the mechanical properties but lowers the electrical resistance and
increases the voltage output [165]. The addition of conductive components improved
human-bone-marrow-derived mesenchymal stem cells’ (hBMMSCs) proliferation and os-
teogenic differentiation only when stimulated through ultrasonication. Ramasamy et al.
decided to go a step further and incorporate into the PLLA fibers two pluronic F-127
(PL) functionalized fillers, with one improving conductivity (PL-MWCNT’s) and the other
improving piezoelectricity (PL-BN) [166]. This complex system resulted in increased me-
chanical properties and an improvement in wettability and electroactivity, and it promoted
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MC3T3-E1 cell adhesion and proliferation. Table 5 summarizes information about synthetic
piezoelectric materials and their applications in BTE.

Table 5. Synthetic piezoelectric materials and their applications in bone tissue engineering.

Materials Advantages Description and Application Ref.

Polyvinylidene
fluoride (PVDF)

-easy to process
-high piezoelectric coefficient

-non-cytotoxic
-flexible

-biocompatible

Application in bone tissue engineering. [27]

PVDF scaffold largely promoted the
osteogenic differentiation of

human-adipose-derived stem cells.
[167]

Actuator device based on PVDF with
effective stimulation properties for

bone growth.
[168]

Bone formation in vitro. [95]

Osteogenic differentiation in vitro. [169]

In vivo tests of β-PVDF polymer samples
were conducted through implantation in

rats’ bones.
[170]

Significant increase in cell viability compared
to control samples. [171]

Polyvinylidene fluoride
trifluoroethylene (PVDF-TrFE)

-high piezoelectric coefficient
-flexible

-non-cytotoxic
-biocompatible

Faster bone regeneration and higher
osteogenic properties of bone cells. [172]

Piezoelectric fibers promoted the MSCs’
chondrogenic differentiation and the
osteogenic differentiation of MSCs.

[173]

Cartilage tissue engineering. [83]

Bone, cardiac, neural, skin TE, cartilage. [14,174,175]

Poly (l-lactic acid) (PLLA)

-biocompatible
-elastomeric behavior

-biodegradable
-non-cytotoxic

-corrosion resistance
-easy to process

In vitro PLLA blends for bone regeneration. [176]

Bone regeneration in vivo. [177]

Electrospun P(LLA-CL) type I collagen
for BTE. [178]

Electrospun PLLA with freeze-dried collagen
promotes the osteogenic differentiation of

seeded MSCs in vitro. In vivo tests on
damaged rabbits’ bones enhanced

AC formation.

[179]

Electrospun PLLA, PCL, and PLLA/PCL
scaffolds were seeded with MSCs. All
scaffolds promoted the chondrogenic

differentiation of MSCs.

[180]

Cartilage, vascular, medical devices (e.g.,
screws), skin, bone, and neural TE, wound

dressing, and drug delivery.
[72,181,182]

PHB/PHBV

-biodegradable
-biosynthesized

-resistant to UV radiation
-low moisture permeability
-good moisture resistance
-provides an odor barrier

Proliferation and differentiation of rabbit
bone marrow cells. [183]

Multiple applications in BTE. [69]

Higher cell proliferation and differentiation
on PHB/HA scaffolds compared to the

PHB samples.
[184]
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3.3. Other Piezoelectric Polymeric Materials

As previously described, PVDF and PLLA are the most commonly found piezoelectric
polymers in the literature for use in BTE. However, two alternatives have been proposed
to date that might be suitable for scaffold design. This section will briefly characterize
them by showing their advantages and disadvantages, but it will also mention the most
significant advances.

Poly(3-hydroxybutyrate) (PHB) is a part of the polyhydroxyalkanoate family, biodegrad-
able bacterial polyesters that have been found to be used in different branches of
medicine [185–187]. PHB is considered to be highly biocompatible due to its degrada-
tion product being a natural metabolite, and it does not induce inflammatory reactions.
Moreover, it possesses piezoelectric properties, which are attributed to the presence of a
polar oxygen group linked with an asymmetric carbon [188]. However, PHB has a low
degradation rate, it may contain contaminants causing adverse effects, it is hydrophobic
and brittle, and its piezoelectric coefficient is significantly lower than that of PVDF and
PLLA [189]. Nevertheless, several studies have explored the viability of PHB, its blends,
and composites, mostly in the form of electrospun fibers [190,191] but also as 3D-printed
scaffolds [6,192], hot-pressed films [193], solvent-casted films [194,195], and lyophilized
films [196].

Polyamide-11 (PA-11) is a synthetic polymer with better piezoelectric and mechanical
properties than PHB, but its non-biodegradable character limits its application in BTE.
PA-11 can crystallize into five different phases, from which the polar pseudo-hexagonal γ
phase exhibits the highest piezoelectricity [197]. Despite the popularity of polyamides in
the biomedical field, very few researchers have decided to study PA-11 for BTE. In 2007,
Wang et al. produced a PA/HA composite scaffold through the phase inversion method
and showed that the obtained structures are characterized by exceptional mechanical prop-
erties, promote MSCs’ osteoblastic differentiation, and induce bone formation in vivo [198].
However, the study did not consider the piezoelectric aspect of polyamide. A more recent
study produced piezoelectric PA-11 nanoparticles for ultrasound stimulation of stem cells
towards osteogenic differentiation [197]. In their paper, the authors stated that synthesized
particles are endocytosed by stem cells and exhibit great potential in regulating their fate
under stimulation. Despite the fact that PA-11 is not biodegradable, its potential is under-
appreciated, and it is expected that in the upcoming years, more researchers will include it
in their studies either as a standalone scaffold or as a bioactive coating for inert implants.

4. Stimulation and Biological Properties of Piezoelectric Materials

The introduction of piezoelectric material stimulation into tissue engineering opens
up perspectives for more effective and precise therapies in the healing and regeneration
processes of bone tissue. Determining how mechanical stimulation of these materials can
affect cells and tissues, with a particular emphasis on bone tissue regeneration processes, is
crucial for improving the quality of treatment [2].

Multiple stimulation factors can activate the piezoelectric properties of scaffolds. It
was reported that cells, through adhesion to the surface of the scaffold, can exert enough
strain to cause polarization and an electrical response [135]. Moreover, the surface polarity
of piezoelectric material can affect the conformation of adsorbed proteins from the extracel-
lular matrix (ECM), thus possibly improving adhesion and osteogenic differentiation [123].

Optimizing the piezoelectric effect of biomaterials for biomedical applications requires
careful adjustment of many material and process parameters that affect their mechanical
and electrical properties [2]. In the context of tissue regeneration, such as bone, piezoelectric
biomaterials can convert mechanical stimuli into electrical signals that support natural
biological processes. The key is to optimize the piezoelectric effect, which starts with the
selection of the appropriate material depending on the application. More specifically, piezo-
electric composites that combine the flexibility of polymers with the higher piezoelectricity
of inorganic materials can be an interesting choice. The structure of the piezoelectric mate-
rial also plays a role [199]. The orientation of the fibers (e.g., [46]) can increase their ability
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to generate electrical signals. Appropriate mechanical properties are also important so that
the material has mechanical properties similar to bone tissue, which prevents damage to the
newly formed tissue. The introduction of appropriate additives [200] and the adjustment of
the biodegradation rate [201] also play a key role. Only through a comprehensive approach
is it possible to obtain biomaterials that will effectively support regenerative processes
while offering long-term stability and biocompatibility.

Mechanical stimulation is the simplest stimulus that also naturally occurs during
movement and can be easily applied to a scaffold. Piezoelectric scaffolds induce better
attachment, proliferation, and differentiation of cells under dynamic culturing condi-
tions [90,98,103]. On the other hand, in vivo studies have shown that piezoelectric scaffolds
perform significantly better during regular exercises, which improves overall chondrogenic
differentiation and cartilage formation in rabbits [148]. The combination of electrical stimu-
lation (ES) and conductive polymers, which strengthen the local electrical field, has been
known to improve osteogenic activity. This synergistic effect favors mineral nucleation and
protein absorption, accelerates the transport of Ca2+ ions into the cells, and upregulates
the mitochondrial activity [202–206]. Bhaskar et al. constructed an in-house 12-well plate
device to study the effects of electrical stimulation on cell culture and showed that ES pro-
motes cell migration, spreading, and attachment on the piezoelectric PVDF/BT/MWCNT
scaffold in comparison to a lack of stimulation [115]. The effect of the waveform on osteo-
genesis was recently evaluated by Panda et al. [114]. It was found that the direct current
causes higher levels of intracellular ROS and induces early osteogenesis in MSCs, whereas
the square wave produces lower levels of ROS and affects late osteogenesis. On the other
hand, one study showed that the PVDF scaffold does not induce apatite nucleation in simu-
lated body fluid (SBF) with and without ES, but PVDF/HA composite does [133,186]. It
can be concluded that electrical stimulation can positively affect bone regeneration [23,207]
and control the movement of tested cells [208].

Negatively charged PVDF scaffolds [167] promoted the osteogenic differentiation of
human-adipose-derived stromal cells. Combining mechanical stimuli with biochemical
stimuli successfully replicates the biomimetic microenvironment of the human body. These
findings were validated by in vivo studies in which PVDF films were tested for their
osteogenic properties in Wistar rats by analyzing new bone formation in a bone defect
model [170]. After four weeks, significantly more defect closure and bone remodeling were
observed (Figure 10). In this case, the mechanical stimuli were provided by the movements
of the rats.
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a poled β-PVDF film. Reproduced with permission [170].

The electromagnetic field (EMF) is another stimulus that can be considered in combi-
nation with a piezoelectric scaffold to improve overall performance. Although there are
reports stating that it can have a negative impact on different physiological processes, the ex-
tremely low-frequency EMF shows therapeutic potential in bone tissue treatment [209,210].
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Mirzaei et al. showed that the dental pulp stem cells seeded on piezoelectric scaffolds
have better attachment and viability, and protein adsorption is increased, when EMF is
applied [104,211].

In the literature, ultrasound stimulation has shown promising results in bone and car-
tilage tissue engineering. Chen et al. conducted in vivo studies by implanting PVDF/ZIF-8
foam into femur defects of rats [129]. The piezoelectric component was activated through
ultrasonic stimulation for 20 min at 1000 Hz three times a day. This resulted in improved
angiogenesis and osteogenesis, as well as upregulated ions transported into the cells. Cell
adhesion, proliferation, and differentiation on PVDF composite scaffolds were also signifi-
cantly improved when ultrasounds were applied [119,120,123]. Similar results were also
obtained for piezoelectric PLLA scaffolds [155]. Das et al. conducted extensive in vitro and
in vivo studies and found that cellular osteogenesis, as well as bone defect healing, is best
when both the piezoelectric scaffold and ultrasound (US) are applied synergistically [144].
The piezoelectric material can be used as a coating for metallic bone implants and, in a
similar manner, also improve osteogenesis with the help of US [212]. In subsequent work,
scientists investigated PVDF scaffolds in vitro with [213] and without [46] ultrasound. It
has been shown that appropriate ultrasound power can increase cell proliferation; in this
case, it was 80 mW.

In the context of preclinical evaluation, it was observed that polarized PVDF exhibited
significantly higher osteogenic efficacy compared to a non-polarized polymer substrate
when implanted into the interosseous membrane of the rat tibia for six weeks. It is indicated
that enhanced bone regeneration can be attributed to piezoelectric signals generated by
polarized surfaces. Polarized PVDF films and fibers facilitate enhanced bone regeneration
in rat femurs compared to non-polarized PVDF [169,214].

5. Future Challenges

While contemporary tissue engineering methods have progressed significantly,
there remain numerous unresolved limitations and challenges within the field, including
the following.

- Effective integration of piezoelectric nanomaterials into existing bone tissue. Issues
related to biomechanics and biomechanical compatibility may affect the durability
and effectiveness of piezoelectric stimulation in physiological conditions.

- In vivo studies on piezoelectric scaffolds are full of challenges, such as physiological
differences between animals and humans, material degradation issues, post-implant
inflammation, and incomplete knowledge of bioelectric mechanisms. Further research
is needed to meet these requirements.

- The biological environment in organisms is very complex. The challenge is to under-
stand how piezoelectric nanomaterials behave in a dynamic cellular environment,
taking into account various aspects, such as movement, fluid flow, and the presence
of other cells.

- The immune system’s response to the introduction of nanomaterials may pose a
challenge. Potential side effects, immunological reactions, and long-term consequences
of the use of piezoelectric nanomaterials in bone tissue must be taken into account.

- Obtaining piezoelectric materials with appropriate mechanical, electrical, and biocom-
patibility properties can be a challenge. It is also important that these materials are
available in sufficient quantities for the potential scale of application in therapeutics
and tissue engineering.

- The introduction of new technologies must take into account ethical issues as well as
issues related to patient safety. Research into the long-term effects and potential risks
to patient health is essential.

6. Conclusions

Research on the use of piezoelectric nanomaterials in tissue engineering shows the
promising potential of piezoelectric stimulation in the process of bone regeneration. In vitro
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and in vivo experiments provide evidence of the beneficial effects of these materials on
the proliferation and differentiation of bone cells [82]. However, despite promising results,
there are limitations related to the effective integration of piezoelectric nanomaterials into
the biological environment of bone tissue. Further understanding of cellular interactions,
biomechanics, and the long-term effects of stimulation is needed. One of the answers is the
use of piezoelectric stimulation, which can accelerate the healing process of bone fractures
and support the formation of a dense bone tissue structure. This opens up prospects for
shortening the recovery time of patients and improving the effectiveness of treatment of
bone injuries.

In the context of future research, it is worth considering the role of artificial intelligence
in optimizing the applications of piezoelectric nanomaterials. Machine learning algorithms
can support the design of materials with optimal biomechanical and biological properties.

In order to transfer this promising research from the laboratory to clinical practice,
further clinical studies are necessary to evaluate the effectiveness, safety, and long-term
results of the use of piezoelectric nanomaterials in bone regeneration therapy.

In the context of future research, it is necessary to focus on research on the long-term
safety of using piezoelectric nanomaterials in organisms while taking into account potential
side effects and the immune system’s response.
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Abbreviation Full Name
ALP alkaline phosphatase
ATDC5 clonal mouse embryonic cell line
BMP-2 bone morphogenetic protein 2
BMSCs bone marrow mesenchymal stem cells
BTE bone tissue engineering
CaP calcium phosphate
Ca-P-Si calcium phosphate silicate
CNT carbon nanotubes
DPSCs dental pulp stem cells
ECM extracellular matrix
EMF electromagnetic field
ES electrical stimulation
FDM fused deposition modeling
FSB fish swim bladder
GGMA methacrylated gellan gum
GO graphene oxide
HA hydroksyapatite
hBMMSCs human-bone-marrow-derived mesenchymal stem cells
IL-1 interleukin-1
iPSCs induced pluripotent stem cells
MAPK mitogen-activated protein kinase
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mBMSCs mouse bone marrow stromal stem cells
MSCs mesenchymal stem cells
MWCNT multiwalled carbon nanotube
NF-AT nuclear factor of activated T-cells
PANI polyaniline
PA-11 polyamide-11
PBLG poly-γ-benzyl-L-glutamate
PCL polycaprolactone
PCL-TCP polycaprolactone–tricalcium phosphate
PDA perylene-3, 4,9, 10-tetracarboxylic dianhydride
PEMF pulsed electromagnetic field
PHB poly(3-hydroxybutyrate)
PHBV poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PKC protein kinase C
PLA poly(lactic acid)
PLLA poly (l-lactic acid)
PMLG poly-γ-methyl-L-glutamate
PMs piezoelectric materials
PPy polypyrrole
PTH parathyroid hormone
PVA polyvinyl alcohol
PVDF polyvinylidene fluoride
PVDF-HFP poly(vinylidene fluoride-hexafluoropropylene)
PVDF-TrFE polyvinylidene fluoride-trifluoroethylene
RGD l-arginyl-glycyl-l-aspartic acid sequence
ROS reactive oxygen species
SBF simulated body fluid
SLS selective laser sintering
SMs smart materials
TCP tricalcium phosphate
TE tissue engineering
US ultrasound
ZIF-8 zinc-based metal–organic frameworks
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Abstract. Polyvinylidene fluoride (PVDF) is one of the most important piezoelectric polymers. Piezoelectricity in PVDF appears in polar b and ɣ  
phases. Piezoelectric fibers obtained by means of electrospinning may be used in tissue engineering (TE) as a smart analogue of the natural 
extracellular matrix (ECM). We present results showing the effect of rotational speed of the collecting drum on morphology, phase content 
and in vitro biological properties of PVDF nonwovens. Morphology and phase composition were analyzed using scanning electron microscopy 
(SEM) and Fourier-transform infrared spectroscopy (FTIR), respectively. It was shown that increasing rotational speed of the collector leads to 
an increase in fiber orientation, reduction in fiber diameter and considerable increase of polar phase content, both b and g. In vitro cell culture 
experiments, carried out with the use of ultrasounds in order to generate electrical potential via piezoelectricity, indicate a positive effect of 
polar phases on fibroblasts. Our preliminary results demonstrate that piezoelectric PVDF scaffolds are promising materials for tissue engineering 
applications, particularly for neural tissue regeneration, where the electric potential is crucial.

Key words: scaffolds, electrospinning, polyvinylidene fluoride, tissue engineering.

Influence of process-material conditions on the structure  
and biological properties of electrospun polyvinylidene fluoride fibers

A. ZASZCZYŃSKA1*, P.Ł. SAJKIEWICZ1, A. GRADYS1, R. TYMKIEWICZ2,  
O. URBANEK1, and D. KOŁBUK1

1 Institute of  Fundamental Technological Research, Polish Academy of  Sciences, Laboratory of Polymers and Biomaterials,  
Pawińskiego 5B, 02-106 Warsaw, Poland

2 Institute of  Fundamental Technological Research, Polish Academy of  Sciences, Department of  Ultrasound,  
Pawińskiego 5B, 02-106 Warsaw, Poland

Since the discovery of strong piezoelectric activity in poly-
vinylidene fluoride (PVDF), intensive research has been con-
ducted on this polymer. At least four different polymorphs, 
referred to as α, β, γ, and δ phases, depending on the pro-
cessing conditions, have been reported [14, 15]. Among them, 
the β-phase, showing the highest piezoelectricity because of 
trans-trans molecular conformation in orthorhombic crystals, 
has been reported during the past 40 years in numerous works 
aiming at high level of β-phase (Fig. 1) [16].

1.	 Introduction

As regards the field of biomedical engineering, in recent 
decades, increasing scientific and technical interest has been 
observed in research related to development of composites [1] 
and hydrogels [2] as well as the design of polymers with nano-
fillers [3, 4] and smart materials [5]. Smart materials are gener-
ally designed to react in response to external stimuli (physical, 
chemical, mechanical) thus behaving similar to natural body 
tissues [6–8]. One type of such smart materials are piezoelectric 
scaffolds, which can generate electrical signals in response to 
the applied stress or vice versa, constituting sensitive mechano-
electrical transduction systems. It is anticipated that such mate-
rials can effectively stimulate signaling pathways and thereby 
enhance tissue regeneration at the impaired site. Piezoelectric 
phenomena are observed in animal bodies, for example in DNA, 
the tendons, bones, skin, cartilage, ligaments and the dentin.

It is known that electrical charges are important for the 
activity of cells, particularly neural cells. The major advantage 
of piezoelectric scaffolds is that electrical potential can be gen-
erated non-invasively under the influence of a mechanical field, 
without the need to use invasive electrodes. State-of-the-art 
in tissue engineering is directed towards minimally invasive 
and “smart” technologies [9–13]. In these approaches, smart 
materials are reported to help avoid complex and long surgeries.

*e-mail: azasz@ippt.pan.pl
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Fig. 1. Schematic representation of the chain conformation for the α, 
β and γ phases of PVDF
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A variety of experimental techniques, such as mechan-
ical stretching [17], application of high pressure [18, 19], 
melt-quenching [20], poling under high electric field [21] and 
incorporating some additives (e.g. nanoparticles, nanowires, 
graphene) [22–26], have been investigated to induce forma-
tion of the β-phase. For piezoelectric applications, β-crystal 
samples must be subjected to a poling procedure to orient the 
CF2 dipoles; however, they are more prone to break down under 
a high-electric field [27]. The presence of polar phases is very 
important, in particular, due to its bioelectrical effect in stimu-
lation of the nervous system, holding promise of effective tissue 
regeneration [28–32]. The content of polar phases in nanofibers 
may also be affected by rotational speed of the collector used 
during electrospinning [33].

An interesting idea, reported only in few publications, is 
to design an innovative smart electrospun active piezoelectric 
scaffold for tissue engineering applications. Among polymeric 
materials, PVDF nanofibers have the strongest piezoelectric 
properties with practically no aging of piezoelectricity at the 
body temperature of mammals [34], rendering it biologically 
very attractive [35–38].

We recall the studies on the effect of rotational speed of 
the collecting drum on phase content, morphology and in vitro 
biological properties of PVDF nonwovens.

2.	 Materials and methods

2.1. Materials. Polyvinylidene fluoride (PVDF) nonwovens 
were formed using the electrospinning process from a mixture 
of acetone and an N,N′-dimethylformamide (DMF) solution. 
PVDF pellets (Kynar, MW = 400,000 g/mol) were purchased 
from Arkema while high purity acetone and DMF were obtained 
from Merck.

Solutions of PVDF at the concentrations of 17, 19 and 
22 (w/v%) were prepared by dissolving PVDF pellets in the 
DMF/ acetone mixture of solvents at a 4:1 ratio. First, PVDF 
pellets were dissolved in DMF for 4 hours at 70°C, then acetone 
was added and the solution was mixed for 2h at room tempera-
ture to receive a homogeneous solution.

2.2. Electrospinning process. The electrospinning setup (Fig. 2) 
consisted of a syringe ended with a 0.3 mm needle facing 
a grounded rotating drum collector (4 cm radius and 12 cm in 
length). A high voltage generator with a positive terminal was 
connected to the stainless steel needle. The distance between the 
needle and the collector was 180 mm, flow rate of the solution 
was 600 µl/h. The applied voltage was in the range of 16–18 kV, 
which was optimum for obtaining uniform fibers and for main-
taining a stable electrospinning process. Collecting of the fibers 
was performed at three rotational speeds of the collector: 100, 
900 and 1000 rpm. The electrospinning process was conducted 
horizontally. After electrospinning, nonwovens were placed 
under a fume hood for 48 hours to remove solvent residue.

Samples were labeled with collector rotational speed and, 
if necessary, additional information was provided in the text or 
in the descriptions of figures.

2.3. Solution viscosity measurements. Solution viscosity 
was measured using a Brookfield HADV-III Ultra rotational 
viscometer with cone-plate configuration. In addition to the 
viscosity measurements at various shear rates, viscosity mea-
surements at a constant shear rate ¼ 33 1/s were performed 
as a function of time during solution preparation in order to 
determine stability of the solution. The shear rate ¼ 33 1/s cor-
responds to the value estimated for the shear rate, inside the 
applied needle (1):

	γ  = 
4Q
πr3� (1)

where Q is the volumetric flow rate (600 µL/h) and r is the 
inner needle radius (0.17 mm).

2.4. Scanning electron microscopy. Scanning electron micros-
copy (SEM) imaging was performed using scanning electron 
microscopy (SEM, Jeol JSM-6010PLUS/LV InTouchScope™) 
in order to determine the distribution of fiber orientation and 
diameter as a function of collector rotational speed. Before 
imaging, the nonwovens were coated with gold. The acceler-
ation voltage was 10 kV. Data analysis was performed using 
ImageJ software. The fibers diameter distribution was deter-
mined by means of 100 measurements for each sample, using 
Gaussian function approximation. The fibers orientation distri-
bution was determined using ImageJ software with a Direction-
ality plugin. Half width was calculated using Pearson VII func-
tion for approximation of orientation distribution.

2.5. Fourier-transform infrared spectroscopy (FTIR). Fouri-
er-transform infrared (FTIR) analysis was performed using the 
Perkin Elmer FTIR-ATR 100 instrument, MA, USA, and the 
data presented are representative of three independent samples 
and runs. The samples were scanned from 400 to 4000 cm−1 
with a resolution of 2 cm−1 and a total of 32 scans.

The relative fraction of two polar phases, β and γ, in addi-
tion to non-polar α was determined according to the procedure 

Fig. 2. Scheme of conventional electrospinning setup used with 
a rotating collector
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described in [38]. This method allows to determine relative 
amounts of the electroactive β and γ phases, FEA, in terms of 
crystalline components in any samples such as a sample con-
taining two phases (α + β, α + γ, or β + γ) or three phases 
(α + β + γ):

	 FEA =  
I840*

Ã
K840*
K763

!

I763 + I840*

 £ 100%� (2)

where, characteristic absorption I840* and I763 are bands at 
837–841 cm−1, which can be assigned to both β and γ phases, 
and at 763 cm−1 attributed to an α phase, respectively, assum-
ing these absorption bands follow the Beer-Lambert law with 
absorption coefficients of  K763 = 6.1£104 and K840* = 7.7£ 
104 cm2 mol−1.

Quantification of individual β and γ phases content, F(β) 
and F(γ), was performed by using the absorbance (peak area or 
peak height) of the two bands at 1275 and 1234 cm−1. However, 
a much more preferable method is proposed by calculating the 
peak-to-valley height ratio between the peaks around at 1275 
and 1234 cm−1 and their nearest valleys:

	 F(β) = FEA £ 
µ

ΔHβ ′
ΔHβ ′ + ΔHγ ′

¶
 £ 100%� (3)

	 F(γ ) = FEA £ 
µ

ΔHγ ′
ΔHβ ′ + ΔHγ ′

¶
 £ 100%� (4)

where, ΔHβ′ and ΔHγ′ are the height differences (absorbance 
differences) between the peak present at 1275 cm−1 and the 
nearest valley present at 1260 cm−1, and the peak present at 
1234 cm−1 and the nearest valley present at 1225 cm−1, respec-
tively.

2.6. Cellular studies. Polyvinylidene fluoride (PVDF) nano-
fibers were subjected to in vitro cellular studies. In the stim-
ulation experiments, L929 fibroblast cells cultured on piezo-
electric PVDF scaffolds, collected at various rotational speeds 
of the collector, were exposed to ultrasounds for 30 minutes, 
once a day, for 7 days. Ultrasound stimulus with the power of 
20 mW/cm2 and 80 mW/cm2 at the frequency of 1.7 MHz was 
applied (Fig. 3). In order to confirm the piezoelectric effect of 
the PVDF scaffolds on fibroblasts activity, piezoelectric PVDF 
scaffolds without ultrasonic stimulation were used as a control 

(0 mW/ cm2) and a fibroblasts mitochondrial activity (MTT) 
test was conducted.

Observations of cell morphology on fibers were conducted 
using SEM.

3.	 Results

3.1. Solution viscosity measurements. One of the most im-
portant material parameters of electrospinning is viscosity. It 
defines the resistance of the fluid to flow, thus stabilizing the 
jet. Viscosity is directly proportional to the concentration of the 
solution and to the molecular weight of the polymer.

From shear rate dependence in Fig. 4, it is evident that 
the shear thinning effect is seen only for the highest solution 
concentration, while for the lower concentrations the solutions 
behave like Newtonian fluids. The shear thinning effect is most 
probably related to an effective molecular orientation at higher 
shear rates. From the viscosity over time dependence (Fig. 5), 

Fig. 3. Schematic illustration of the influence of ultrasound stimulation 
on the shape of L929 fibroblast cell

Ultrasound
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Fig. 4. Viscosity as a function of shear rate for various PVDF 
concentrations

Fig. 5. Viscosity as a function of time (at shear rate = 33 1/s) for 
various PVDF concentrations
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measured from the moment of solution preparation, it is seen 
that irrespective of the polymer concentration used, the solution 
is stable over time.

3.2. Electrospinning and morphology of fibers. All PVDF 
concentrations provided a stable electrospinning process, how-
ever, beadless fibers were obtained only for PVDF concentra-
tion of 22%. This solution was subjected to further studies.

In Figs. 6–8, SEM images and fiber diameter and orien-
tation distribution for various collector rotational speeds are 

Fig. 6. SEM micrograph for nonwovens electrospun from 22% PVDF 
solution for different rotational speeds of the collector: a) 100 rpm, 

b) 900 rpm and c) 1000 rpm

presented. The fiber diameter was in the range from 200 nm 
to 1.4 µm with the average value of 900 nm. It is seen that 
the average fiber diameter decreases with collector rotational 
speed, which is consistent with the previous results [39–44]. 

a)

b)

c)

Fig. 7. Diameter distributions for nonwovens electrospun from 
22% PVDF solution for different rotational speeds of the collector: 

a) 100 rpm, b) 900 rpm and c) 1000 rpm
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This reduction is due to increasing tangential force caused by 
the rotating collector providing stronger mechanical stretch-
ing. From Fig. 8, it is evident that with increasing rotational 
speed, the fiber orientation distribution becomes narrower. The 

Fig. 8. Fiber orientation distribution (experimental data with numerical 
approximation) for nonwovens electrospun from 22% PVDF solution 
for different rotational speeds of the collector a) 100 rpm, b) 900 rpm 

and c) 1000 rpm
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half width of the orientation distribution changes from 14.3° 
at 1000 rpm through 19.0° at 900 rpm to 86.1° at 100 rpm. 
Alignment around 90° in samples PVDF900 and PVDF1000 
corresponds to the collector rotation direction.

3.3. Fourier-transform infrared spectroscopy (FTIR). FTIR 
spectrum of PVDF nanofiber mats is shown in Fig. 9. Based on 
Equations (2–4), the relative fraction of the electroactive β and 
γ phases for all samples was calculated (Table 2). The randomly 
oriented electrospun PVDF fibers contain only 0.6% of polar 
phases, thus the piezoelectric effect should be negligible. At 
rotational speed of the collector of 900 and 1000 rpm, polar 
phases content is found at 76.65% and 94.48%, respectively. 
Thus, increasing collector rotation speed results not only in 
increased fiber orientation and smaller fiber diameter but also 
in a dramatic increase of the polar phase content.

Fig 9. FTIR-ATR spectra for nonwovens spun from 22% PVDF 
solution. Most significant peaks corresponding to α-, β- and γ-phases 

are indicated
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Table 2. 
Relative content of polar phases in e-spun PVDF

Sample (F(β) + F(γ)) F(β) F(γ)

[%] [%] [%]

PVDF100 00.60 ± 0.01 00.57 ± 0.01 00.03 ± 0.01

PVDF900 76.65 ± 0.20 72.03 ± 0.20 04.61 ± 0.20

PVDF1000 94.48 ± 0.20 55.17 ± 0.20 39.31 ± 0.20

3.4. Cellular studies. Results of MTT tests presented in Fig. 10 
indicate a positive effect of polar phases on the cells via the 
piezoelectric effect achieved under ultrasounds stimulation. 
Cell viability results were in agreement with other studies that 
conclude that PVDF is not cytotoxic and that it allows cell 
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proliferation [24, 25]. Piezoelectric effect was mostly evident 
for samples formed at the highest collector rotational speed, 
allowing formation of the highest content of polar phases. The 
observations using SEM confirm good attachment and prolifer-
ation of the cells on the ultrasound-stimulated fiber scaffolds: 
on day 1, the cells had more rounded morphology, while by 
day 7, their morphology was more elongated and spread-out 
(Fig. 10).

4.	 Conclusions

We showed that the application of relatively high rotational speed 
of the collector allows for electrospinning of thin PVDF fibers 
with preferred spatial arrangement and high polar phases con-
tent. Our preliminary cellular studies under in vitro conditions 
show that such nonwovens constitute promising smart scaffolds 
for tissue engineering applications, especially when stimulated 
by ultrasounds in order to activate their piezoelectric properties.
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Abstract: Nanofibrous materials generated through electrospinning have gained significant attention
in tissue regeneration, particularly in the domain of bone reconstruction. There is high interest
in designing a material resembling bone tissue, and many scientists are trying to create materials
applicable to bone tissue engineering with piezoelectricity similar to bone. One of the prospective
candidates is highly piezoelectric poly(vinylidene fluoride) (PVDF), which was used for fibrous
scaffold formation by electrospinning. In this study, we focused on the effect of PVDF molecular
weight (180,000 g/mol and 530,000 g/mol) and process parameters, such as the rotational speed of
the collector, applied voltage, and solution flow rate on the properties of the final scaffold. Fourier
Transform Infrared Spectroscopy allows for determining the effect of molecular weight and processing
parameters on the content of the electroactive phases. It can be concluded that the higher molecular
weight of the PVDF and higher collector rotational speed increase nanofibers’ diameter, electroactive
phase content, and piezoelectric coefficient. Various electrospinning parameters showed changes
in electroactive phase content with the maximum at the applied voltage of 22 kV and flow rate of
0.8 mL/h. Moreover, the cytocompatibility of the scaffolds was confirmed in the culture of human
adipose-derived stromal cells with known potential for osteogenic differentiation. Based on the
results obtained, it can be concluded that PVDF scaffolds may be taken into account as a tool in bone
tissue engineering and are worth further investigation.

Keywords: scaffolds; polymers; piezoelectricity; bone tissue engineering; nanofibers; regenerative medicine

1. Introduction

We are witnessing a rapid aging of society. More and more people are hospitalized
due to bone system diseases [1]. Despite the great achievements of modern medicine,
many diseases are still not effectively treated. Approximately 1.5 million individuals suffer
from bone diseases such as osteoporosis [2]. Furthermore, bone fractures represent a
prevalent musculoskeletal issue necessitating hospitalization more frequently than any
other condition in this category [3]. The challenges are colossal, and several solutions must
be implemented to improve patient care. Intensive work on materials for medicine that
will support the regeneration of bone tissue is necessary.

Bone tissue regeneration is a complex biological phenomenon. Many material require-
ments must be fulfilled. In the realm of biomedical engineering, there has been a growing
surge of scientific and technical attention towards investigating smart materials (SM) over
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the past few decades. These materials have garnered interest due to their ability to react to
different external stimuli, including physical, chemical, and mechanical signals, thereby
mimicking the behavior observed in natural bodily tissues [4]. One important type of SM
is piezoelectric scaffolds, which can generate electrical signals in response to the applied
stress. Furthermore, they can stimulate the signaling pathways and thereby enhance tissue
regeneration at the impaired site [5]. Piezoelectric phenomena are observed in various
molecular structures in animal bodies, for example, in DNA, collagen, and keratin, being
present in multiple tissues and organs like dentin, tendons, and, most importantly, in
human bones [6]. The existence of piezoelectricity in the living organism was shown first
by Fukada et al. [7] in 1957 (dry and wet bones) and Basset in 1962 [8]. He described the
generation of electrical potentials by bone responses to mechanical stress. It is known that
electrical charges are important for the activity of cells, particularly for human adipose-
derived stromal cells [9]. One significant benefit of piezoelectric scaffolds is their capacity
to generate electrical potential in a non-invasive manner when subjected to mechanical
forces, eliminating the requirement for invasive electrodes. In bone tissue engineering, the
main properties of the scaffolds are accounted for to emulate both the morphology and
function of the native tissue. Consequently, piezoelectric scaffolds can dynamically mimic
the cellular microenvironment to be appropriate for a specific bone tissue engineering in-
jury [10–12]. The presence of polar phases combined with fiber morphology and relatively
high elasticity provides the perspective of using this material in bone regeneration [13].
Classification of various piezoelectric materials is shown in Figure 1.
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ethylene), PVDF: poly(vinylidene fluoride), PHB: polyhydroxybutyrate, PLLA: poly(l-lactic acid),
gallium nitride (GaN), boron nitride (BN), zinc oxide (ZnO), HA: hydroxyapatite.

The important property of nanofibrous piezoelectric scaffolds is biocompatibility,
but also topography, porosity, density, geometry [14,15], humidity [16], and electrical
polarity [17]. In the last few years, several studies have shown that different techniques,
such as phase separation, 3D printing, photolithography, and electrospinning, have been
tested to create a unique 3D nanofibrous scaffold with appropriate features [18]. The
general influence of electrospinning parameters on fiber diameter is shown in Figure 2.
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Figure 2. Schematic representation of the influence of electrospinning parameters on fiber diameter.

In tissue engineering, electrospinning is widely investigated as a scaffold for drug
delivery [19], bone tissue engineering [20], cardiac tissue engineering [21], cartilage [22],
soft tissue [23], or skin [24]. In addition to many advantages of electrospinning, such
as the controlled architecture of the scaffolds providing similarity to ECM, cheapness,
and simplicity [25], the electrospinning technique (Figure 3A) is a particularly promising
method of PVDF scaffold formation because of the possibility of reaching relatively high
polar form and thus piezoelectricity by optimizing electrospinning conditions [26]. The
electrospinning configuration comprises a high-voltage power source, a spinneret assembly,
and a grounded collector. The spinneret part contains a syringe with a needle, feed storage
that is polymer solution, and a special pump, which injects solution at a constant flow rate.
High voltage is connected to the tip of the metal needle, thereby generating electrostatic
forces [27], which in addition to surface tension, viscoelastic force, air drag, and gravity
force, result in the formation of the nanofibers from a liquid jet (Figure 3B). The main
stages of the electrospinning process are the starting formation of the cone at the top of
the spinneret and the development of a rectilinear jet; evaporation of solvent during the
bending deformation with looped and spiral trajectories during the process; final nanofiber
collections on the collector [28,29].
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Various natural and synthetic polymers have been investigated for bone tissue engi-
neering applications [30]. One of the most promising is piezoelectric PVDF with strong
chemical resistance, biocompatibility, and optical transparency [31]. PVDF is a semi-
crystalline and can crystallize in at least five different crystallographic phases: α, β, γ, δ,
and ε (Figure 4). They differ in chain conformation and arrangement of CH2–CF2 dipoles,
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resulting in various net dipole moments. A strong electric moment in the PVDF monomer
unit arises because of the strong electro-negativity of fluorine atoms as compared to hydro-
gen atoms. In case the polymer chains are packed into crystals to form parallel dipoles, the
crystal has a non-zero net dipole moment. Observations indicate distinct characteristics
across the β, γ, and δ phases. The β phase exhibits the highest dipole moment, primarily at-
tributed to its all-trans conformation. Conversely, parallel dipole arrangements are evident
in alternative chain conformations such as TGTG− and T3GT3G−, corresponding to lower
polarity in the δ and γ phases, respectively. Conversely, identical conformations result in
a net zero dipole moment due to antiparallel chain arrangements, as seen in the α and ϵ

phases [32]. Thus, the most electrically important polymorphic variant due to the highest
piezo-, ferro- and pyroelectric properties is the β-phase [33]. In the recent literature, the
electrospinning technique has been quite frequently used for the formation of PVDF fibers.
It is known that the electrospinning of PVDF from solutions generally favors the formation
of polar phases [34]. It is explained by the extremely short time of solvent evaporation
being equivalent to fast cooling in melt crystallization as well as the electric interactions of
the polymer with the external electric field [35]. In the case of pure PVDF, Cozza et al. [36]
have revealed that the content of polar β-phase is much higher in electrospun fibers than
cast film. As such, systematic studies from the perspectives of polymer molecular weight
and electrospinning parameters are necessary.
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Figure 4. Schematic representation of the chain conformation of the phases in PVDF; (A)—α-phase,
(B)—β-phase, and (C)—γ-phase.

The formation of random and aligned fiber orientation scaffolds allows the forming of
connected 3D nonwovens of micro- and nano-fibers with high surface area and porosity,
which should enhance cell adhesion [37]. Hence, fibrous scaffolds may offer a more
conducive environment for cellular attachment and proliferation compared to non-fibrous
scaffolds [38]. In this study, PVDF cell scaffolds in the form of nanofibers (lowly and highly
oriented) were formed by the electrospinning technique. The effect of PVDF molecular
masses, fiber spatial arrangements of fibers, and electrospinning parameters during the
process on polymorph content was investigated. The aim of the research was to optimize the
morphology, chemical structure, content of electroactive phases, piezoelectricity coefficient,
and biocompatibility from the perspective of material suitable for BTE.
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2. Results and Discussion
2.1. Morphology

SEM images of fiber mats collected at 200, 1000, and 2000 rpm of the collector speed
for the two Mws (Figure 5) indicate continuous bead-free morphology of the nanofibers. It
is evident from Figure 6 that the average fiber diameter decreases with increasing collector
rotational speed. The reduction in diameter is particularly evident when changing rotational
speed from 1000 to 2000 rpm. From Figure 7 it can be concluded that at the high rotational
speed of the collector, the average diameter does not depend on the molecular weight. In
contrast, at low rotational speeds of the collector, the influence of the molecular weight on
the average diameter of the fibers is observed. In conditions of low rotational speed, when
the fiber stretching force exerted by the collector on which the fiber is wound is low, the
effect of molecular weight on the fiber diameter is visible. It is caused by the density of
chain splicing, which is higher for large molecular weights, at which the viscosity is high,
and the viscous resistance during fiber formation is high. As the collector rotates rapidly,
the tensile (mechanical) forces eliminate any viscosity issues, and thin fibers are formed due
to the significant mechanical field from the collector [39,40]. In the case of low molecular
weight PVDF, the total porosity was 82 ± 0.16%, 80 ± 0.22%, and 79 ± 0.4% for PVDF1,
PVDF2, and PVDF3, respectively, and the mean pore size was ~215 ± 12 nm. The porosity
increased with the increase in molecular weight [41] and was 84 ± 0.11%, 83 ± 0.13%, and
81 ± 0.45% for samples PVDF4, PVDF5, and PVDF6, respectively, and the mean pore size
was ~189 ± 19 nm.
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Figure 5. SEM images of electrospun fiber mats. PVDF1—180,000 g/mol, collector speed—200 rpm;
PVDF2—180,000 g/mol, collector speed—1000 rpm; PVDF3—180,000 g/mol, collector speed—
2000 rpm; PVDF4—530,000 gm/mol, collector speed—200 rpm; PVDF5—530,000 g/mol, collec-
tor speed—1000 rpm; PVDF6—530,000 g/mol, collector speed—2000 rpm. All samples Cp = 20%,
FR—1 mL/h (details in Table 4).
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Figure 6. Histograms of the PVDF fiber diameter distribution approximated with the Gauss func-
tion. PVDF1—180,000 g/mol, collector speed—200 rpm; PVDF2—180,000 g/mol, collector speed—
1000 rpm; PVDF3—180,000 g/mol, collector speed—2000 rpm; PVDF4—530,000 gm/mol, collector
speed—200 rpm; PVDF5—530,000 g/mol, collector speed—1000 rpm; PVDF6—530,000 g/mol, collec-
tor speed—1000 rpm. All samples Cp = 20%, FR—1 mL/h (details in Table 4).

Also, the average diameter is higher for PVDF6 is 148 ± 84 nm (Mw—530,000 g/mol),
compared to samples with lower molecular weight (Mw—180,000 g/mol) and the same
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collector speed (PVDF3 = 141 ± 62 nm). More precisely, the slight diameter reduction
is connected to tangential force, which increases with molecular weight and the higher
rotating speed of the collector. Generally, in random and aligned samples, the diameter of
the fibers decreases with higher collector rotational speed, combined the effect of collector
rotational speed and polymer molecular weight is interdependent. Additionally, the dimen-
sions of the fibers are lower in samples with higher collector rotational speed in random
and aligned orientations, which is in agreement with the literature [42]. Higher rotational
speed can partially counteract the hindered elongation caused by higher molecular weight,
leading to a reduction in average fiber diameter. However, the dominant factor affecting
fiber diameter is often the molecular weight of the polymer.
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Figure 7. The relation between collector rotational speed, polymer molecular weight, and average
fiber diameter (A), and relation between collector rotational speed and average fiber diameter
(B). PVDF1—180,000 g/mol, collector speed—200 rpm; PVDF2—180,000 g/mol, collector speed—
1000 rpm; PVDF3—180,000 g/mol, collector speed—2000 rpm; PVDF4—530,000 gm/mol, collector
speed—200 rpm; PVDF5—530,000 g/mol, collector speed—1000 rpm; PVDF6—530,000 g/mol,
collector speed—1000 rpm. All samples Cp = 20%, FR—1 mL/h (details in Table 4).

The effect of collector rotational speed and polymer molecular weight on spatial
arrangements of fibers can be deduced from the analysis of the orientation distribution of
PVDF (Figure 8), and FWHM (Figure 9). It is evident that the fiber orientation becomes
higher with the increasing speed of the rotational collector, being weakly dependent on
the molecular weight. The full width at half maximum (FWHM) of the orientation of the
fibers changes from 81.30 o at 200 rpm, through 27.13 at 1000 rpm, and 13.29 at 2000 rpm
in PVDF for lower molecular weight PVDF, and 74.10 o at 200 rpm, through 25.19 at
1000 rpm, and 11.16 at 2000 rpm for higher molecular weight PVDF. Higher rotational
speeds lead to increased tensile forces, which can enhance the stretching and alignment of
the fibers [43]. To quantitatively compare the effect of the rotational speed of the collector
on the arrangement of PVDF nanofibers, the anisotropy index was used (α). As the rotating
speed increases from 200 to 2000 rpm, the α increases from 0.29 to 0.78 in PVDF with low
molecular weight and from 0.35 to 0.84 in PVDF with higher molecular weight. It indicates
clearly an increase in the nanofibers’ orientation with the rotational speed of the collector.
The comparison of the anisotropy index for different molecular weights shows only a small
increase in orientation with increasing molecular weight.
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Figure 8. The distribution of PVDF nanofibers orientation, the anisotropy index (α) calcu-
lated from Equations (1) and (2). PVDF1—180,000 g/mol, collector speed—200 rpm; PVDF2—
180,000 g/mol, collector speed—1000 rpm; PVDF3—180,000 g/mol, collector speed—2000 rpm;
PVDF4—530,000 gm/mol, collector speed—200 rpm; PVDF5—530,000 g/mol, collector speed—
1000 rpm; PVDF6—530,000 g/mol, collector speed—1000 rpm. All samples Cp = 20%, FR—1 mL/h
(details in Table 4).
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2.2. Influence of the Process Parameters on the Electroactive Phases Content
2.2.1. Collector Rotational Speed

Figure 10 shows the FTIR spectra of the nanofibrous samples. The bands at 490,
766, 1402, and 1432 cm−1 are assigned to the α phase, while the bands at 510, 600, 840,
and 1280 cm−1 are assigned to the electroactive β-phase. Additionally, the bands at 812,
840, and 1234 cm−1 correspond to the electroactive γ-phase. Some of the α and β bands
are overlapped with the bands coming from the γ-phase, for instance, with the band at
840 cm−1. Multiple phases such as α, β, and γ phases coexist with partially overlapped
bands. The relative amount of β-phase in each sample was estimated using the absorption
bands at 840 and 766 cm−1 (corresponding to the β and α phases) and calculated from
Equations (3)–(5).
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Figure 10. FTIR-ATR spectrum (400–1500 cm−1) of selected samples with various molecular weights
and rotational speeds of the collector. PVDF1—180,000 g/mol, collector speed—200 rpm; PVDF2—
180,000 g/mol, collector speed—1000 rpm; PVDF3—180,000 g/mol, collector speed—2000 rpm;
PVDF4—530,000 gm/mol, collector speed—200 rpm; PVDF5—530,000 g/mol, collector speed—
1000 rpm; PVDF6—530,000 g/mol, collector speed—1000 rpm. All samples Cp = 20%, FR—1 mL/h
(details in Table 4).

It is evident from Figure 11 that the effect of the collector’s rotational speed on the
content of electroactive phases is strong. The electroactive phase fractions of samples
from PVDF with lower molecular weight were determined to be 12, 65, and 92%, at
200, 1000, and 2000 rpm, respectively, and with higher molecular weight, 24, 72, and
91%, respectively. Such a strong increase in the content of electroactive phases with
increasing collector rotational speed is related to an increase in stretching forces leading
to better molecular alignment and orientation in the nanofibers. It is well known from
the literature that molecular orientation induced by external fields like mechanical [44]
promotes the formation of piezoelectric phases. The effect of molecular weight on the
content of electroactive phases is evident only at the lowest rotational speed. The analysis
of β and γ phase content (Figure 11, Table 1) indicates the gradual increase in γ phase
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content with collector rotational speed and kind of saturation of β phase content above
1000 rpm.
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tain the highest content of electroactive phases. Figure 12 shows FTIR spectra of samples 
electrospun at 15 kV, 22 kV, and 25 kV. It is seen from Figure 13 that there is a maximum 
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weight, respectively. 

Figure 11. The relation between collector rotational speed, polymer molecular weight, and
electroactive phase content. PVDF1—180,000 g/mol, collector speed—200 rpm; PVDF2—
180,000 g/mol, collector speed—1000 rpm; PVDF3—180,000 g/mol, collector speed—2000 rpm;
PVDF4—530,000 gm/mol, collector speed—200 rpm; PVDF5—530,000 g/mol, collector speed—
1000 rpm; PVDF6—530,000 g/mol, collector speed—1000 rpm. All samples Cp = 20%, FR—1 mL/h
(details in Table 1).

Table 1. Electroactive phase content in PVDF scaffolds.

Sample ID F(α) (%) F(β) + F(γ) (%) F(β) (%) F(γ) (%)

PVDF1 88 ± 0.2 12 ± 1.2 9 ± 3 3 ± 4

PVDF2 35 ± 1.4 65 ± 0.7 52 ± 6.1 13 ± 3.3

PVDF3 8 ± 2.2 92 ± 4 47 ± 2 45 ± 4.8

PVDF4 76 ± 3 24 ± 0.4 15 ± 0.6 9 ± 4.2

PVDF5 28 ± 1.9 72 ± 2.9 57 ± 0.9 15 ± 1.3

PVDF6 11 ± 3.3 91 ± 6.3 60 ± 2 29 ± 1.2

2.2.2. Applied Voltage

In this section, the effect of applied voltage on the content of electroactive phases
was investigated using the samples formed at the collector’s rotational speed allowing to
obtain the highest content of electroactive phases. Figure 12 shows FTIR spectra of samples
electrospun at 15 kV, 22 kV, and 25 kV. It is seen from Figure 13 that there is a maximum
of the electroactive phases amount around 22 kV. Additionally, there is a weak effect of
molecular weight on electroactive phase content; for instance, in the case of applied voltage
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15 kV, the amount of electroactive phases is 37% and 52%, for low and high molecular
weight, respectively.
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Figure 12. FTIR-ATR spectrum (400–1500 cm−1) of selected samples formed with various applied
voltages. PVDF7—180,000 g/mol, applied voltage—15 kV; PVDF8—180,000 g/mol, applied voltage—
20 kV; PVDF9—180,000 g/mol, applied voltage—25 kV; PVDF10—530,000 gm/mol, applied voltage—
15 kV; PVDF11—530,000 g/mol, applied voltage—20 kV rpm; PVDF12—530,000 g/mol, applied
voltage—25 kV. All samples: Cp = 20%, FR—1 mL/h, collector rotational speed—2000 rpm (details in
Table 4).

During the electrospinning process of the PVDF, applied voltage causes the stretching
and orientation of the polymer chains, promoting the formation of electroactive phases. The
applied voltage is a factor of great importance in the effective stretching of the molecules
and the formation of the electroactive phases [45]. It is evident from Figure 13 and Table 2
that the maximum of the phase content at 22 kV is reached by each of the electroactive
phases, β, γ. The reduction in electroactive phase content above 22 kV is most probably
related to disturbances of the electrospinning process and molecular orientation at the
highest voltage [46]. Considering the positive effect of higher molecular weight on the
formation of the electroactive phase, it can be concluded that a combination of higher
applied voltage and higher molecular weight PVDF results in nanofibers with higher
electroactive phase content while not exceeding the voltage at which the fibers are not
effectively formed [47].
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Figure 13. The relation between applied voltage, polymer molecular weight, and the sum of electroac-
tive phase content. PVDF7—180,000 g/mol, applied voltage—15 kV; PVDF8—180,000 g/mol, applied
voltage—20 kV; PVDF9—180,000 g/mol, applied voltage—25 kV; PVDF10—530,000 gm/mol, applied
voltage—15 kV; PVDF11—530,000 g/mol, applied voltage—20 kV rpm; PVDF12—530,000 g/mol,
applied voltage—25 kV. All samples: Cp = 20%, FR—1 mL/h, collector rotational speed—2000 rpm
(details in Table 4).

Table 2. Electroactive phase content in PVDF scaffolds.

Sample ID F(α) (%) F(β) + F(γ) (%) F(β) (%) F(γ) (%)

Applied Voltage [kV] 15 kV

PVDF7 63 ± 2 37 ± 0.4 23 ± 2.7 14 ± 2.9

PVDF10 48 ± 0.6 52 ± 2.9 28 ± 0.6 24 ± 0.9

Applied Voltage [kV] 22 kV

PVDF8 8 ± 3 93 ± 1.4 48 ± 0.7 45 ± 1.1

PVDF11 11 ± 6.1 95 ± 6.3 45 ± 4 50 ± 0.9

Applied Voltage [kV] 25 kV

PVDF9 78 ± 2 22 ± 0.6 15 ± 0.9 6 ± 3.4

PVDF12 63 ± 0.9 47 ± 0.7 26 ± 1.4 21 ± 1.8

2.2.3. The Flow Rate of the Solution

Figure 14 shows the FTIR-ATR spectra for electrospun fibers using various flow rates—
0.5 mL/h, 0.8 mL/h, and 1.5 mL/h. The lowest flow rate (0.5 mL/h) was insufficient to
form a stable polymer jet due to excessive stretching (similar to high applied voltage) [48].
To summarize, when the stretching effect is too low, it is difficult to form the electroactive
phases (F(β) + F(γ) in PVDF13 and PVDF16, 34% and 42%, respectively). When the flow
rate increases, the polymer jet is more stable, and in effect, the amount of electroactive
phases increases (FR = 0.8 mL/h, F(β) + F(γ) = 89% and 96% in PVDF14 and PVDF17,
respectively). It is caused by the stretching effect—when the flow rate increases, the
stretching effect decreases [49]. Next, when the flow rate reaches the value of 1.5 mL/h
or more, the increase in the flow rate lowers the stretching effect of the electric field, and
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the effect decreases the electroactive phase content (F(β) + F(γ) = 11% and 42% in PVDF15
and PVDF18, respectively) [50]. The changing of the flow rate affects the structure of the
nanofibers and, more precisely, affects the stretching of the polymer solution. The phase
content vs. flow rate has a maximum similar to the applied voltage and speed of the
collector (Figure 15 and Table 3).
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Figure 14. FTIR-ATR spectrum (400–1500 cm−1) of selected samples formed with various flow
rates. PVDF13—180,000 g/mol, FR—0.5 mL/h; PVDF14—180,000 g/mol, FR—1.0 mL/h; PVDF15—
180,000 g/mol, FR—1.5 mL/h; PVDF16—530,000 gm/mol, FR—0.5 mL/h; PVDF17—530,000 g/mol,
FR—1.0 mL/h; PVDF18—530,000 g/mol, FR—1.5 mL/h. All samples: Cp = 20%, collector rotational
speed—2000 rpm, applied voltage—20 kV (details in Table 4).

Table 3. Electroactive phase content in PVDF scaffolds.

Sample ID F(α) (%) F(β) + F(γ) (%) F(β) (%) F(γ) (%)

Flow Rate 0.5 mL/h

PVDF13 63 ± 2 37 ± 0.4 23 ± 2.7 14 ± 2.9

PVDF16 48 ± 0.6 52 ± 2.9 28 ± 0.6 24 ± 0.9

Flow Rate 0.8 mL/h

PVDF14 7 ± 3 93 ± 1.4 48 ± 0.7 45 ± 1.1

PVDF17 3 ± 6.1 97 ± 6.3 47 ± 4 50 ± 0.9

Flow Rate 1.5 mL/h

PVDF15 89 ± 2 11 ± 0.6 9 ± 0.9 7 ± 3.4

PVDF18 58 ± 0.9 42 ± 0.7 27 ±1.4 15 ± 1.8
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Figure 15. The relation between applied voltage, polymer molecular weight, and electroactive phase
content. PVDF13—180,000 g/mol, FR—0.5 mL/h; PVDF14—180,000 g/mol, FR—1.0 mL/h; PVDF15—
180,000 g/mol, FR—1.5 mL/h; PVDF16—530,000 gm/mol, FR—0.5 mL/h; PVDF17—530,000 g/mol,
FR—1.0 mL/h; PVDF18—530,000 g/mol, FR—1.5 mL/h. All samples: Cp = 20%, collector rotational
speed—2000 rpm, applied voltage—20 kV (details in Table 4).

2.3. Piezoelectric Coefficient Measurements

Measurements of the piezoelectric properties of the fibers with the highest electroactive
phase content as a function of collector rotation speed and polymer molecular weight were
performed (see Figure 16). Notably, regardless of the molecular weight used, the d33
response from the fibers increased with the rotations of the collector. It is seen that the effect
of collector rotation speed is slightly larger for higher molecular weight samples, leading
to higher d33 coefficients. For instance, the d33 piezoelectric coefficient for the highest
rotational speed is 4.28 ± 0.08 for low molecular weight (PVDF21) and 4.52 ± 0.08 for high
molecular weight (PVDF24). In contrast, the d33 piezoelectric coefficient for the lowest
collector rotational speed is 0.9 ± 0.3 for low molecular weight (PVDF19), and 0.58 ± 0.08
for high molecular weight (PVDF22).

An increase in the piezoelectric coefficient with collector rotational speed is caused
by an increase in electroactive phase content. Figure 17 illustrates the dependence of the
piezoelectric coefficient on β and γ phase content determined by FTIR. Despite the relatively
large data scattering, it is evident, as expected, a strong dependence of piezoelectricity on
the content of both electroactive phases [51].

It is worth noticing that the increase in the piezoelectric coefficient with the collector
rotational speed results in an increase in the electroactive phase content. Moreover, the
dependence of the piezoelectric coefficient on the content of electroactive phases β and γ

was proved based on FTIR analysis. Despite some scatter in the data, a strong dependence
of piezoelectricity on the content of both electroactive phases is visible. The values of the
d33 coefficient vary depending on the specific material and its properties, such as crystal
structure, degree of polymerization, and production conditions. There are studies in the
literature in which the d33 coefficient plays a key role, but in, e.g., electronic applications and
is [52,53]. In the designed scaffolds, the goal was to increase the d33 factor while maintaining
the cytotoxicity of the material for tissue engineering applications, and there are few such



Int. J. Mol. Sci. 2024, 25, 4980 15 of 25

detailed studies in the literature [54]. Moreover, human bone has piezoelectric properties
lower than the designed materials and is at the level of 0.7–2.3 pC/N−1 [55–57]. Implanting
a material with a higher piezoelectric coefficient d33 may result in faster regeneration of
damaged bone.
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2.4. In Vitro Study

Cell viability was assessed for ADSC cultured on scaffolds with the highest number of
electroactive phases formed from PVDF (Mw—530,000 g/mol). Three types of materials,
obtained by using different rotational speeds of the collector, i.e., 200 rpm, 1000 rpm, and
2000 rpm, with the same applied voltage of 22 kV and flow rate of 0.8 mL/h were taken into
observation. The results of the viability assay performed on those materials are presented
in Figure 18. In all cases, the growing cell number in time was observed. The highest
values were obtained for the scaffolds obtained by using 2000 rpm rotational speed. For
this material viability of ≥70% of the control was found regardless of the time point in
culture, which confirms its cytotolerance in accordance with the ISO 10993-5.
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Figure 18. Cell viability of ADSC cultured on three types of PVDF samples different in rotational
speeds of the collector applied—as described in Table 4, shown as the percentage of the values
obtained in the control (cells cultured on tissue culture polystyrene). The data are presented as the
mean value with standard deviation Statistical significance: * p < 0.05.

ADSCs morphology on the PVDF22, PVDF23, and PVDF24 samples, as visualized
by SEM on days 3 and 21, is presented in Figure 19. Cell attachment and spreading were
observed in all cases, which confirms material cytocompatibility. The densest culture—
consisting of cells and, most likely, also of the extracellular matrix produced by them—was
observed on the PVDF24 surface on day 21.

Cell proliferation, attachment, and spreading may be difficult on the surface of the
scaffolds obtained by electrospinning as compared to the surface of the culture dish, which
served as a control, because of the availability of the points for the focal adhesion forma-
tion. Nevertheless, the obtained results confirm the cytocompatibility of the investigated
scaffolds, especially the PVDF24, i.e., the scaffold obtained by using the rotational speed of
the collector of 2000 rpm.
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Figure 19. Representative SEM pictures of PVDF piezoelectric scaffolds cultured for 3, and 21 days.
PVDF22—530,000 g/mol, collector rotational speed—200 rpm, PVDF23—530,000 g/mol, collector
rotational speed—1000 rpm, PVDF24—530,000 g/mol, collector rotational speed—2000 rpm. All
samples: Cp—20%, applied voltage 22 kV, FR—0.8 mL/h (details in Table 4).

The development of nanostructured scaffolds with piezoelectric properties has shown
promise in improving bone tissue regeneration [53]. Our research allows us to explore the
issue of the formation and increase in the number of electroactive phases and their positive
impact on the human adipose-derived stromal cells proliferation and also constitutes a good
basis for determining the interactions of cells with the external environment (piezoelectric
scaffold). In vitro, research on PVDF scaffolds is essential in the context of various fields of
science [58], and PVDF is a material with unique properties that can be properly used to
improve the lives of patients. Research on cell cultures on piezoelectric scaffolds concerns
cell adhesion and proliferation [59], cytotoxicity, and the cultivation of piezoelectric scaf-
folds in the presence of ultrasound [60]. Recently, research has been conducted on the use
of piezoelectric materials in the regeneration of vascularized bone [61]. However, there are
also challenges associated with in vitro studies on PVDF scaffolds, such as controlling the
electrospinning process to ensure a uniform and repeatable structure [62]. The quality of
the scaffold formation is also important. Long-term studies are needed to determine the
interactions of scaffolds with bone cells and the surrounding biological environment. Par-
ticularly noteworthy are ceramic nanoparticles with a high piezoelectricity coefficient (high
d33), which, when dispersed in a polymer matrix, can have a positive effect on increasing
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the formation of piezoelectric phases while being biocompatible, which may constitute
one of the systems with the most significant potential for BTE applications. In conclusion,
in vitro studies on PVDF scaffolds have great potential in the field of regenerative medicine.
However, further research is necessary to better understand the properties of these scaffolds
and their potential clinical applications.

3. Materials and Methods
3.1. Materials

Poly(vinylidene fluoride) (PVDF) with various molecular masses, 180,000 g/mol and
530,000 g/mol (Merck, Rahway, NJ, USA) was used for the formation of the scaffold using
electrospinning from N,N-Dimethylformamide (DMF), and acetone (Merck, USA) solutions.

All materials were analytical standard.

3.2. Electrospinning

The PVDF pellets from each polymer were dissolved in the solvent at a concentration
of 20 wt % at 50 ◦C for 24 h until a visually homogeneous solution was formed. The
electrospinning chamber (Fluidnatek LE-50, Bioinicia, Valencia, Spain) in a horizontal mode
used for scaffold formation consisted of a syringe with the polymer solution, a needle 23G
connected to the high-voltage supply with a positive potential, a pump, and a grounded
collector. The fibers were collected as non-woven mats on a rotating drum (12 cm in length
and 4 cm radius).

The process was provided at room temperature, 20% relative humidity, and 150 mm
tip to the collector distance. The range of parameters was chosen to obtain a stable elec-
trospinning process and continuous beadless fibers. The collected fiber mats were placed
under the fume hood for 72 h for residual solvent evaporation. Table 4 describes the
parameters used during electrospinning. Three sets of samples were analyzed from the
perspective of the number of electroactive phases, morphology, and orientation. They were
collected: (1) at various collector speeds, (2) at various applied voltages, and (3) at various
flow rates. The effect of the applied voltage and of the flow rate was evaluated for the value
of the collector speed 2000 rpm which led to the highest content of the electroactive phase.
Then, 6 samples (PVDF19—PVDF24) were produced under favorable conditions for the
formation of electroactive phases (applied voltage—22 kV, FR—0.8 mL/h) and tested to de-
termine the piezoelectric coefficient (d33). Finally, 3 samples (PVDF22—PVDF24) with the
highest number of electroactive phases (Mw—530,000 g/mol), formed at different collector
rotational speeds (200 rpm, 1000 rpm, and 2000 rpm), were selected for in vitro tests.

Table 4. Sample identification.

Sample ID Molecular Weight
[g/mol] Cp [%] Applied Voltage

[kV] Flow Rate [ml/h] Collector Speed
[rpm]

PVDF1

180,000

20

20 1

200

PVDF2 1000

PVDF3 2000

PVDF4

530,000

200

PVDF5 1000

PVDF6 2000

PVDF7

180,000

15

1 2000

PVDF8 20

PVDF9 25

PVDF10

530,000

15

PVDF11 20

PVDF12 25
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Table 4. Cont.

Sample ID Molecular Weight
[g/mol] Cp [%] Applied Voltage

[kV] Flow Rate [ml/h] Collector Speed
[rpm]

PVDF13

180,000

20

20

0.5

2000

PVDF14 1

PVDF15 1.5

PVDF16

530,000

0.5

PVDF17 1

PVDF18 1.5

PVDF19

180,000

22 0.8

200

PVDF20 1000

PVDF21 2000

PVDF22

530,000

200

PVDF23 1000

PVDF24 2000

3.3. Scanning Electron Microscopy (SEM)

Characterization of fiber morphology was performed using scanning electron mi-
croscopy (SEM, JSM-6010PLUS/LV InTouchScope™, JEOL, Tokyo, Japan) at an acceleration
voltage of 10 kV. Prior to analysis, a layer of gold was applied to all samples. Quantitative
microstructure analysis was performed using ImageJ software with the Fiji distribution plu-
gin using Gaussian function approximation [63]. Fiber diameter was measured on 50 fibers
for each fiber mat sample. The fiber diameter distribution was analyzed with the Gaussian
fitting, also providing the goodness of fit using ImageJ software (1.52q software version).

The effect of the rotational speed of the collector on the fibers’ orientation in the scaffold
was determined using the directionality plugin to the ImageJ software. The orientation
patterns were determined using the Fourier Transform on sections of the SEM images. The
orientation distribution was approximated using the Gaussian function with Origin 2021b
software. The degree of fiber alignment was additionally estimated using the full-width
at half maximum (FWHM) of the Gaussian used for approximation of the orientation
distribution. FWHM was averaged on five images for each sample.

The orientation factor was calculated using the anisotropy index α (α = 1 for perfect
alignment, and α = 0 for random distribution), (Equations (1) and (2)) [64].

Ω =
1

Itot
∑ Ii

∣∣∣∣ cos2θi sinθicosθi
sinθicosθi sin2θi

∣∣∣∣ (1)

α = 1 − λ1/λ2 (2)

where Ω is the orientation matrix with eigenvalues of λ1 and λ2, Itot—is the sum of the
nanofiber length (nm), Ii—length of a single i-th nanofiber (nm), θi—the angle between
the nanofiber axis and the x-axis (the direction perpendicular to the collector axis). The
lengths of the nanofibers and the angles were determined from the SEM images using the
Directionality plugin to the ImageJ software.

Total average porosity (p) was calculated as in our earlier research (Equation (3)) [65]:

p =
Vt − Vf

Vt
=

(
1 − Vf ×

ρ

mt

)
=

(
1 −

m f

mt

)
(3)

In this equation, mt represents the theoretical mass of the solid sample, calculated as
the product of the volume occupied by a patch Vt and the density of PVDF (1.75 g/cm3)



Int. J. Mol. Sci. 2024, 25, 4980 20 of 25

while Vf and mf denote the actual sample volume and mass, respectively. The average pore
size (p) was determined using the following formula (Equation (4)):

P =
2D

(1 − p)
(4)

D represents the mean fiber diameter, and (1 − p) denotes the average total projected area
of fibers per unit area, where p is approximately the total porosity.

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

The content of the electroactive phases in the nonwoven scaffolds was determined
using Fourier transform infrared spectroscopy (FTIR-ATR, Bruker Vertex 70, Billerica, MA,
USA). The results presented are representative for five independent specimens and runs.
The specimens were investigated from 400 cm−1 to 4000 cm−1 with a resolution of 2 cm−1,
which summarizes 32 scans.

FEA, the relative content of two piezoelectric phases, β and γ, was determined in
accordance to [42,66] using equation:

FEA =
I840*(

K840*
K763

)
× I763 + I840*

× 100% (5)

where I763 and I840* are the intensities of the bands at 763 cm−1 and 837–841 cm−1, assigned
to the α phase, and to both β and γ phases together, respectively. These absorption bands
follow Beer–Lambert law with absorption coefficients of K840* = 7.7 × 104 cm2 mol−1, and
K763 = 6.1 × 104.

The absorbance of the peak area or peak height at bands at 1234 cm−1 and 1275 cm−1

was used to quantify individual β and γ phases content, F(β) and F(γ). The procedure used
was the calculation of the peak-to-valley height ratio between the peaks around 1234 cm−1

and 1275 cm−1, and their nearest valleys.

F(β) = FEA ×
(

∆Hβ′

∆Hβ′ + ∆Hγ′

)
× 100% (6)

F(γ) = FEA ×
(

∆Hγ′

∆Hβ′ + ∆Hγ′

)
× 100% (7)

where ∆Hβ′ is the absorbance difference (height difference) between the peak, 1275 cm−1,
and the nearest valley, around 1260 cm−1, and ∆Hγ′ is the peak, around 1234 cm−1 and the
nearest valley, around 1225 cm−1.

3.5. Piezoelectric Coefficient Measurements

The piezoelectric coefficients of the electrospun PVDF scaffolds were examined using
a d33 meter (YE2730A d33 meter, Sinocera, Shanghai, China). This instrument is specifically
designed for directly measuring the d33 values of piezoelectric materials. For testing,
an 8 nm 80Au−20Pd layer (Q150RS, Quorum Technologies, Laughton, East Sussex, UK)
was applied as an electrode on both sides of the PVDF fibers. Five measurements were
conducted for each sample, and the average d33 value was calculated. To account for
potentially low piezoelectric values of fibers resulting from the high porosity of the prepared
materials, a reference sample was also tested to validate the instrument. The reference
sample was a piezoelectrically poled PVDF film 110 µm thick, with a piezoelectric coefficient
stated by the supplier ranging from 23 to 28 pCN−1, obtained from PolyK (Philipsburg,
PA 16866, USA). The sample was used as received after a 4 × 4 cm square was cut out
from the polymer film. Prior to the measurements on fibers, the instrument was validated
using the reference sample, which yielded a value of 25.6 ± 2.3 pCN−1, falling within the
manufacturer’s specified range of 23–28 pCN−1.
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3.6. In Vitro Tests

Human adipose-derived stromal cells (ADSCs) were obtained according to established
protocol as previously described [67] and cultured on the piezoelectric PVDF scaffolds
electrospun with different collector rotational speeds (200, 1000, and 2000 rpm). First, PVDF
samples were cut and sterilized by radiation. Next, for the cell viability test, piezoelectric
scaffolds were placed in a 96-well culture plate (six samples for each type of material) and
ADSCs were seeded directly on the surface of the scaffolds in a density of 4 × 103 cells
per well. Cells seeded at the bottom of culture dish (6 wells) served as a control. For SEM
observation, scaffolds were inserted into a 24-well culture plate (two samples per group)
and seeded with a total of 5 × 104 cells per well. Cells were cultured in an osteogenic
differentiation medium, composed of DMEM with 10% fetal bovine serum (FBS) and
1% antibiotic–antimycotic, supplemented with 10 nM dexamethasone, 3 mM NaH2PO4,
and 50 µg/mL ascorbic acid 2-phosphate [68]. All specimens were incubated at 37 ◦C in
5% CO2 for 21 days.

PrestoBlue assay (Thermo Fisher Scientific, Basingstoke, UK) for studying cellular
metabolism activity was performed after 3, 14, and 21 days. First, the culture medium was
removed, and cells were rinsed with PBS solution. Next, PrestoBlue working solution was
applied and samples were placed in the incubator for 2 h. After incubation, solutions were
transferred to new 96-well plate. Fluoroskan Ascent was used to measure the emission of
the light at wavelengths 620 nm and 530 nm. Results were evaluated in comparison to the
metabolic activity of the cells seeded on TCP (Tissue Culture Plastic, control 100%).

The observations of fibers and cell morphology were conducted using scanning elec-
tron microscopy (SEM, JSM-6010PLUS/LV InTouchScope™, JEOL, Tokyo, Japan) after 3
and 21 days. First, samples were properly prepared, washed with PBS, and next, were fixed
with 2.5% glutaraldehyde in PBS overnight. The process of dehydration was conducted
using water and ethanol (30, 40, 50, 60, 70, 80, 90, 100 (×2)% v/v). Then, ethanol/HDMS
(Sigma Aldrich, Burlington, MA, USA) solutions were used (2:1 and 1:2 v/v). The last stage
was to rinse samples with pure HDMS and leave them overnight.

3.7. Statistical Analysis

The data were additionally utilized to assess their statistical significance. The statistical
analysis of viability data was conducted for p < 0.05 using GraphPad Prism 8.0.1 Software
(GraphPad, Boston, MA, USA). A two-way ANOVA with Tukey’s multiple comparisons
test was conducted as necessary. A p-value below 0.05 was deemed statistically significant.
Notations of “*” were assigned as 0.01 < p < 0.05, “**” was assigned as 0.001 < p < 0.01, and
“***” was assigned as p < 0.001.

4. Conclusions

This study aimed to better understand to fundamental process of forming the polar
phases in PVDF. The most important result is a demonstration of the effect of selected
electrospinning parameters—rotational collector speed, the solution flow rate, and the
applied voltage on polymorphs content of two PVDF types differing in molecular weight
(180,000 g/mol and 530,000 g/mol). It is evident that in the case of rotational collector
speed, there is a continuous increase in electroactive β and γ phase content, in addition
to the rise of fiber orientation and reduction in fiber diameter. In the case of the applied
voltage and solution flow rate, there is a maximum of electroactive phase content at a
particular parameter’s value. Therefore, the electroactive phase content is possible by
optimizing the processing parameters. The maximum electroactive phase content equal to
92% was obtained at a rotational collector speed of 2000 rpm, voltage of 22 kV, and a flow
rate of 0.8 mL/h. An increase in electroactive phase content is responsible for the observed
increase in piezoelectric d33 coefficient, which could be crucial for cells considering the
further perspective of using this kind of scaffold in regenerative medicine. Cell culture
using human-adipose-derived stromal cells confirmed the non-cytotoxic nature of scaffolds.
Additionally, it was observed that the cell viability increases not only with cultivation time
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but also for fibers collected with the highest rotational speed, with the best fiber orientation
and the largest content of electroactive phases.
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M.L.-S., U.S. and P.Ł.S.; software, A.Z. (Angelika Zaszczyńska), A.G., A.Z. (Anna Ziemiecka), and
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A B S T R A C T

The development of bone tissue engineering, a field with significant potential, requires a biomaterial with high 
bioactivity. The aim of this manuscript was to fabricate a nanofibrous poly(L-lactide) (PLLA) scaffold containing 
nano-hydroxyapatite (nHA) to investigate PLLA/nHA composites, particularly the effect of fiber arrangement and 
the addition of nHA on the piezoelectric phases and piezoelectricity of PLLA samples. In this study, we evaluated 
the effect of nHA particles on a PLLA-based electrospun scaffold with random and aligned fiber orientations. The 
addition of nHA increased the surface free energy of PLLA/nHA (42.9 mN/m) compared to PLLA (33.1 mN/m) in 
the case of aligned fibers. WAXS results indicated that at room temperature, all the fibers are in an amorphous 
state indicated by a lack of diffraction peaks and amorphous halo. DSC analysis showed that all samples located 
in the amorphous/disordered alpha’ phase crystallize intensively at temperatures just above the Tg and 
recrystallize on further heating, achieving significantly higher crystallinity for pure PLLA than for doped nHA, 
70 % vs 40 %, respectively. Additionally, PLLA/nHA fibers show a lower heat capacity for PLLA in the amor
phous state, indicating that nHA reduces the molecular mobility of PLLA. Moreover, piezoelectric constant d33 
was found to increase with the addition of nHA and for the aligned orientation of the fibers. In vitro tests 
confirmed that the addition of nHA and the aligned orientation of nanofibers increased osteoblast proliferation.

1. Introduction

Over 1 million bone graft procedures are conducted annually in the 
United States (Huang et al., 2024; Wortham et al., 2024). Tissue engi
neering emerges as a potential avenue for effective bone repair (Zhang 
et al., 2024). Scaffolds intended for bone tissue engineering must have a 
structure similar to natural bone (Kennedy et al., 2024; Zaszczyńska 
et al., 2022) and be meticulously formed to facilitate osteogenic cell 
adhesion, proliferation, and differentiation (Bose et al., 2024; Pathak 
et al., 2023).

The requirements for cellular scaffolds in bone tissue engineering 
include several key aspects of effective bone growth, development, and 
regeneration (Bose et al., 2012). To provide adequate structural support, 
scaffolds can have a similar chemical composition and architecture 
similar to natural bone tissue (Chen et al., 2022). They must be 
biocompatible, meaning they should not cause negative immune re
actions or toxicity when interfacing with surrounding cells (Fendi et al., 

2024). This is crucial to avoid rejection and ensure safe use in living 
organisms. Additionally, the scaffold should gradually degrade, leaving 
space for the growth and regeneration of natural bone (Bauso et al., 
2024; Manzini et al., 2021). Optimal scaffold microstructure and 
porosity allow nutrients, gases, and cells to diffuse through the scaffold. 
High porosity supports cell colonization and increases the effectiveness 
of regenerative processes (Liu et al., 2023). From the perspective of 
scaling from the laboratory to the industrial scale and widespread use, 
there should be the ease of fabrication of these scaffolds in a controlled 
manner, and the production process should be easy to scale to enable 
mass production for clinical applications (Norouzi et al., 2024; Zaszc
zyńska et al., 2024a).

PLLA exists in an amorphous or semi-crystalline form, exhibiting 
several desirable properties in tissue engineering (Khouri et al., 2024; 
Saurav et al., 2024; Srivastava et al., 2024). One of the possible appli
cations is the area of bone tissue engineering, considering its favorable 
biocompatibility and biodegradability (Liu et al., 2024; Sethu et al., 
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2024). These features depend largely on the molecular conformation 
and the arrangement of polymer chains, which may vary depending on 
the PLLA crystal form (Hoogsteen et al., 1990; Zhang et al., 2010). PLLA 
shows complex polymorphism with three main crystalline forms: α 
(Eling et al., 1982; Puiggali et al., 2000), β (Eling et al., 1982; Puiggali 
et al., 2000; Glimcher, 1959), and γ (Cartier et al., 2000), depending on 
preparation conditions. Besides these three main crystal polymorphs, 
two disordered modifications of the α form, named α′ and α′′, were 
observed in PLLA (Zhang et al., 2005, 2006; Wasanasuk and Tashiro, 
2011; Wunderlich and Grebowicz, 1984; Liu et al., 2014). According to 
the literature, the α′ modification has a conformational disorder and a 
loose chain-packing manner, which makes this crystal modification a 
mesophase (condis crystal) (Liu et al., 2014; Pan et al., 2012; Barbosa 
et al., 2023; Zhang and Ma, 1999).

An ideal bone grafting material should exhibit osteoconductive, 
osteoinductive, and piezoelectric characteristics (Glimcher, 1959). Hy
droxyapatite affects the piezoelectric properties of bone tissue. This is 
caused by shifts of ions in the crystal structure of nHA under mechanical 
stress, which leads to a change in the ionic balance and a dipole moment. 
Asymmetries in the structure allow the network to be polarized and an 
electrical signal generated. This piezoelectricity plays a key role in bone 
remodeling and tissue regeneration and is important for bone homeo
stasis (Barbosa et al., 2023). Hydroxyapatite is a crucial bioactive 
osteogenic inducer, playing a vital role in the adhesion of synthetic 
scaffolds to regenerating bone. The chemical integration between 
prosthetic biomaterials and bone tissue in situ can be accomplished by 
forming a layer of biologically active bone-like apatite on the surface of 
the scaffold (Zhang and Ma, 1999; Hong et al., 2008). Spherical nano
particles exhibit the highest surface-to-volume ratio (Winey and Vaia, 
2007). Due to their nanoscale dimensions, nearly spherical morphology, 
distinctive mechanical and physicochemical properties, surface chem
istry, and excellent biocompatibility, nanoparticles integrated into a 
polymer matrix stand out as highly promising materials for multifunc
tional nanocomposites across diverse applications, including biomedical 
ones (Rancan et al., 2009; Rachmawati, 2016; Patel and Gundloori, 
2023). The surface charges generated influence protein adsorption, 
affecting cell adhesion, migration, morphology, and proliferation. 
Polarized nHA accelerates protein adsorption, affecting cell adhesion, 
migration, morphology, proliferation, and the growth of bone-like 
apatite crystals in simulated body fluid (Saxena et al., 2019; Zhang 
et al., 2023a; Farag, 2023). Osteoblast cells exhibit enhanced prolifer
ation on negatively polarized nHA surfaces, promoting new bone for
mation and enhanced osteobonding at injury sites. Furthermore, 
polarized nHA aids in the regeneration of blood vessels and epidermis 
during wound healing (Nagai et al., 2008; Okabayashi et al., 2009).

Considering the diverse range of potential applications for electro
spun mats, including biomedical (Baniasadi et al., 2023), environmental 
(Zhou et al., 2023), and electronic applications (Li et al., 2024), one of 
the significant challenges in the electrospinning approach lies in pre
paring mats with adjustable properties (Xing et al., 2023). In this 
context, various modifications, both during the process and post-process 
of electrospun mats, have been suggested (Yang et al., 2023). These 
modifications encompass the use of multiple jets, fiber alignment, co
axial electrospinning, surface modifications, blending with other bio
polymers, and/or incorporating micro or nanoparticles as fillers for the 
polymer matrix (Behroozi et al., 2023; Wang et al., 2023). Composite 
and nanocomposite materials have widespread applications across 
various fields, such as sensors, energy, anticorrosion, and catalysis. The 
ultimate properties of polymer-based composites are significantly 
influenced by various factors related to the interaction between the 
matrix and particles, including structure anisotropy and particle di
mensions (Karbowniczek et al., 2022; Moradi et al., 2023; Szewczyk 
et al., 2023).

PLLA and nHA are materials widely used in tissue engineering, 
especially in the context of bone and nervous tissue regeneration. There 
are studies in the literature that analyze the effect of nHA on the 

properties of PLLA and its application in biomedicine. Li et al. investi
gated the properties of PLLA and nHA composites prepared by melt 
electrospinning (Li et al., 2012). Diaz et al. investigated the properties of 
materials made of PLLA/nHA in the form of polymer films (Díaz et al., 
2019). In vivo, tests of printed materials made of PLLA with the addition 
of nHA were also carried out (Chen et al., 2019). However, only a few 
studies in the literature relate to PLLA nanofibers with the addition of 
nHA, e.g., (Tazibt et al., 2023; Davachi et al., 2016; Hwangbo et al., 
2022). PLLA and nHA were selected for this study because of their 
complementary properties that make them suitable for tissue engi
neering applications, particularly for bone regeneration. The main 
advantage of this material system is thai it is a combination of 
biocompatibility and biodegradability, ability to mimic the natural 
composition of bone, and piezoelectric properties that is particularly 
crucial for bone tissue perspective. In our article, we propose an inno
vative approach to the electrospinning process, more precisely, the 
production of samples with random and aligned orientation of nano
fibers. To summarize, the aim of the work was to investigate PLLA/nHA 
composites, particularly the effect of the fiber arrangements and the 
addition of nHA on the content of piezoelectric phases and piezoelec
tricity of PLLA samples. There are no works analyzing the piezoelec
tricity of PLLA materials with the addition of nHA in the context of 
piezoelectric properties occurring in natural bone. Our hypothesis was 
that even in the case of semicrystalline PLLA, nHA amplifies the piezo
electricity of the obtained fibers. Additionally, there is a lack of data on 
the influence of fiber arrangement on piezoelectricity in the context of 
cellular growth and viability. Osteoconductivity was examined using 
osteoblasts to evaluate the suitability of PLLA/nHA composites in bone 
tissue engineering.

2. Materials and methods

2.1. Materials

Poly(L-lactide) (PLLA, Purasorb PL 49, Corbion), with molecular 
weight Mw - 330 000 g/mol, was purchased from Purac, Netherlands. 
Nano-hydroxyapatite (nHA), a nanopowder <200 nm particle, was 
purchased from Sigma-Aldrich, Germany. 1,1,1,3,3,3, -hexafluoro-2- 
propanol (HFIP) was purchased from Iris Biotech GmbH, Germany. All 
chemical reagents were analytically pure.

Reagents for in vitro tests, such as amino acids, L-glutamine, fetal 
bovine serum (FBS), and antibiotics (penicillin/streptomycin), were 
purchased from Sigma Aldrich, Germany. Phosphate-buffered saline 
(PBS), Presto Blue, Trypsin EDTA, Dulbecco’s Modified Eagle Medium, 
ActinGreen, and NucBlue were purchased from Thermo Fisher Scienti
fic, United States. The cell line osteoblasts MG-63 were purchased from 
Sigma-Aldrich, Germany.

2.2. Preparation of PLLA solution, PLLA/nHA solution, and nanofibrous 
scaffold formation

PLLA fibers were formed using electrospinning. PLLA pellets were 
dissolved in HFIP at room temperature and left overnight. For electro
spinning, 3.5 w/v % of PLLA solutions were prepared. Subsequently, the 
solution was doped with nHA at a 10 % w/v concentration. To prevent 
aggregation of the nHA nanoparticles, the solutions were treated with 
ultrasound (ultrasonic cleaner EMAG, EMMI-D60, Germany) for 20 min.

All PLLA solutions were loaded into a 3 ml syringe and positioned in 
an electrospinning chamber (Fluidnatek LE-50, Bioinicia, Valencia, 
Spain). The solutions were dispensed through 23-gauge stainless steel 
needles with an inner diameter of 0.337 mm at a flow rate of 1.5 ml/h. 
The distance from the needle tip to the collector was 110 mm. Fibers 
were gathered on a rotating drum collector (50 mm radius and 70 mm 
length) at rotation speeds of 200 rpm for random fibers and 2000 rpm 
for oriented fibers, with a linear velocity of 5.16 m/s. The process was 
conducted at temperatures between 21◦C and 23◦C and relative 
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humidity of 30 %. A positive voltage of 11 kV was applied to the needle 
while the collector was kept at a potential of − 2 kV. After electro
spinning, all materials were placed under a fume hood for 24 h to allow 
solvent residues to evaporate. The samples were named in analogy to the 
composition and speed of the collector during the manufacturing pro
cess; more precisely, PLLA formed at low rotational speed (100 rpm) was 
named PLLA_R (random orientation of fibers), and those formed at high 
rotational speed (2000 rpm) were named PLLA_A (aligned orientation of 
fibers). In the case of hydroxyapatite addition, nHA was added to the 
sample name; for example, PLLA/nHA_R means a hydroxyapatite-added 
sample formed at low collector speed (100 rpm), and PLLA/nHA_A 
means a hydroxyapatite-added sample formed at high collector speed 
(2000 rpm).

2.3. Characterization of PLLA/nHA nanofibrous scaffolds

2.3.1. Morphology analysis
Scanning electron microscopy (SEM) imaging was used to analyze 

the morphology using an accelerating voltage of 10 kV (SEM, JSM- 
6010PLUS/LV InTouchScope™, JEOL, Tokyo, Japan). Before imaging, 
each nonwoven underwent gold coating (approx. 10 nm) (Smart Coater, 
JEOL, Tokyo, Japan). Data analysis was conducted using ImageJ soft
ware (1.52q software version). The fiber diameter distribution was 
determined by employing a Gaussian approximation with 100 mea
surements per sample, and the goodness fit was also provided using 
ImageJ software

The impact of the collector’s rotational speed on fiber orientation 
within the nanofibrous scaffold was analyzed using the directionality 
plugin in ImageJ software. Fourier Transform was applied to segments 
of the SEM images to determine the orientation patterns. The orientation 
distribution was then approximated with a Gaussian function using 
Origin 2021b software. The degree of fiber alignment was further 
evaluated by calculating the full width at half maximum (FWHM) of the 
Gaussian function used for the orientation distribution approximation. 
FWHM values were averaged across five images for each sample 
(Hotaling et al., 2015).

The orientation factor was determined using the anisotropy index α, 
where α equaling 1 indicates perfect alignment and α = 0 represents a 
random distribution (Eqs. (1),(2)) (Shehata et al., 2018): 

Ω =
1
Itot

∑
Ii

⃒
⃒
⃒
⃒

cos2θi sinθicosθi
sinθicosθi sin2θi

⃒
⃒
⃒
⃒ (1) 

α = 1 − λ1/λ2 (2) 

where Ω represents the orientation matrix with eigenvalues of λ1 and λ2, 
Itot - is the total length of the nanofiber (nm), Ii- is the length of the in
dividual i-th nanofiber (nm), θi- angle between the nanofiber and the x- 
axis. The lengths and angles of the nanofibers were measured from SEM 
images using the Directionality plugin in ImageJ software.

Total average porosity (p) was determined from Eq. (3) (Zaszczyńska 
et al., 2024a): 

p =
Vt − Vf

Vt
=

(

1 − Vf ×
ρ
mt

)

= (1 −
mf

mt
) (3) 

Where mt is the theoretical mass of the solid sample, calculated as the 
product of the volume occupied by a patch Vt and the density of PLLA 
(1.25 g/cm3) (Wang et al., 2007), while Vf and mf denote the actual 
sample volume and mass, respectively.

The average pore size (p) was calculated from Eq. 4 (Zaszczyńska 
et al., 2024a): 

P =
2D

(1 − p)
(4) 

where, p is approximately the total porosity, D - the mean fiber diameter, 

(1 − p) - average total area of fibers per unit area.
Energy Dispersive X-ray Spectroscopy (EDS) was used to confirm the 

presence of nHA (JSM-6010PLUS/LV InTouchScope™, JEOL, Tokyo, 
Japan). Samples were measured with the following parameters: accel
erating voltage of 8 kV, working distance (WD) = 10 mm, probe current 
= 500 pA, and a collecting time of 30 min. The EDS analysis of the 
distribution of oxygen (O), phosphorus (P), calcium (Ca), and carbon (C) 
was performed.

2.3.2. Water contact angle measurements, surface tension energy, and 
water uptake determination

The water contact angle (WCA) of all nanofibrous samples was 
assessed using the static water contact angle method. Measurements 
were performed with a Data Physics OCA 15EC contact angle goniom
eter (Filderstadt, Germany). A distilled water droplet (2 µl) was placed 
on the nanofibrous scaffold surface at room temperature, and the water 
contact angle was recorded after 3 s. Each measurement was repeated 
10 times for each type of material, and then the measurement was 
averaged.

The surface free energy (SFE) was specified using the Kaelble-Owens- 
Wendt method, which considers that the SFE consists of two main in
dependent components: dispersion and polar interactions. Three liquids 
were used to calculate the surface free energy: diiodomethane, water, 
and formamide, according to the previously described procedure 
(Rudawska and Jacniacka, 2009; Kołbuk et al., 2022).

Components γp
s and γd

s of all samples can be calculated from Eq. 5 and 
Eq. 6: 

(γd
s )

0,5
=

γd(cosθd + 1) −

̅̅̅̅̅̅̅̅̅̅̅(
γp
d

γp
w

)√

γw(cosθw + 1)

2(
̅̅̅̅̅

γd
d

√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γp
d − (

γp
w

γp
w
)

√ (5) 

(γp
s )

0,5
=

γw(cosθw + 1) − 2
̅̅̅̅̅̅̅̅̅
γd

s γd
w

√

2
̅̅̅̅̅
γp

w
√ (6) 

where, γd
s is the dispersion element of Surface Free Energy of tested 

materials, and γp
s is the polar element of tested materials; γd Surface Free 

Energy of diiodomethane; γd
d the dispersive element of diiodomethane 

surface energy; γp
d the polar element of diiodomethane; γw Surface Free 

Energy of Water; γd
wthe dispersive element of water Surface Free Energy; 

γp
wpolar element Surface Free Energy of water; θd and θw contact angle of 

diiodomethane and water.
Wu’s method can be used to calculate the surface polarity (Xp) (Eq. 

7) (Kleintjens, 2012): 

Xp =
γp

s
γs

(7) 

The absorption capacity of the scaffolds was assessed by measuring 
their ability to take in water, which is primarily influenced by the ma
terials’ hydrophilic properties (Rai et al., 2005). Each scaffold was 
sectioned into 2×1 cm pieces and submerged in deionized water. After 
specific time intervals (60 s), the scaffolds were retrieved, softly dried 
with tissue paper, and weighed (analytical balance, XA 52.R2, Radwag, 
Poland). This procedure was repeated over 10 min. The water absorp
tion rate was calculated using equation (Kleintjens, 2012): 

%Water uptake = 100 ×
Wwet − Wo

W0
(8) 

where Wo is the dry weight of the sample, and Wwet is the weight of the 
wet sample.

2.3.3. Fourier transform infrared spectroscopy (FTIR)
Molecular structure analysis, including hydroxyapatite addition, was 

conducted using Fourier Transform Infrared Spectroscopy (FTIR-ATR, 
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Bruker Vertex 70, Mannheim, Germany). The results were averaged 
from five independent samples and runs. The samples were scanned in 
the range of 400 cm− 1 to 4000 cm− 1 with a resolution of 2 cm− 1 and a 
total of 32 scans.

2.3.4. Differential scanning calorimetry (DSC)
Thermal analysis of PLLA scaffolds, both pure and with nHA parti

cles, was performed using a Differential Scanning Calorimeter Pyris 1 
DSC (Perkin Elmer, Waltham, MA, USA) equipped with Intracooler 2 P 
under nitrogen atmosphere. Before DSC analysis, samples with masses 
6–8 mg were loaded into standard aluminum pans and vacuum dried 
(vacuum dryer, Menmert, Spain) at ambient temperature for at least 
24 hours to remove a solvent residue. DSC analysis consisted of two 
heating and cooling cycles at 10 K/min from − 55ºC to 220ºC with 
10 min fusion time. The scans were corrected for instrumental heat flow 
drift and curvature and are presented as apparent heat capacity, Cp, in J/ 
gPLLAK.

2.3.5. Wide angle X-ray scattering (WAXS)
Investigations were performed using a Bruker D8 Discover Diffrac

tometer (Manheim, Germany). Measurements were conducted using Cu 
Kα radiation of wavelength λ = 1.5406 Å at a voltage of 40 kV and 
current of 40 mA. Measurements were conducted in reflection mode. 
Formation of the incident beam was performed using optics consisting of 
Göbel mirrors, a 1 mm linear slit, and a 2.5º n axial Soller. The WAXS 
profiles were recorded using a Lynxeye one-dimensional detector pre
ceded by a Ni filter and a 2.5º axial Soller.

2.3.6. Piezoelectric coefficient measurements
The piezoelectric coefficient for electrospun PLLA membranes was 

evaluated using a specialized d33 meter (YE2730A d33 meter, Sinocera, 
China), tailored for precise measurements of d33 values in piezoelectric 
materials. Before the tests, electrodes of an 8 nm Au80–20Pd layer were 
sputter coated (Q150RS, Quorum Technologies, UK) on both sides of the 
PLLA fiber mats. Each sample was measured 5 times to obtain an 
average d33 value. A reference sample was integrated into the assess
ment process to ensure the instrument’s accuracy and account for po
tential variations in piezoelectric values attributed to the high porosity 
of the materials (Sukumaran et al., 2023). This reference sample, ob
tained from PolyK (USA), was a piezoelectrically poled PVDF film 
measuring 110 μm in thickness, with a specified piezoelectric coefficient 
ranging from 23 to 28 pCN− 1. The 4 × 4 cm segment cut out from the 
reference sample was used for testing. The measurements were validated 
using the reference sample, yielding a value of 27.7 ± 1.5 pCN− 1, 
consistent with the manufacturer’s reported range of 23–28 pCN− 1.

2.3.7. In vitro study
Biocompatibility tests were conducted using the human MG-63 cell 

line (86051601, Sigma Aldrich). The cells were cultured in a 25 cm2 

flask with a medium consisting of High Glucose Dulbecco’s Modified 
Eagle’s Medium (DMEM), 10 % fetal bovine serum (FBS), 1 % antibi
otics, and 1 % glutamine. The cells were incubated in a 5 % CO2 envi
ronment at 37 ℃. To detach the cells from the flask, they were washed 
with PBS. Subsequently, 3 ml of 0.05 % trypsin solution was added to 
the cells, and the flask was placed in the incubator for a few minutes. 
After harvesting the cells, 10 ml of culture medium was added, and 
centrifugation was performed at room temperature. The pellet was 
resuspended in a culture medium to achieve the required cell density. 
Various studies were conducted to assess the cellular response to 
monolithic nanofibers, including cytotoxicity on direct contact and 
cellular morphology after 3 and 5 days of cultivation.

For cellular viability assessment, the MG-63 cell suspension was 
seeded on samples and Tissue Culture Plate TCP with a density of 1×104 

cells/well and placed in an incubator according to the previously 
described protocol (Zaszczyńska et al., 2024b). After 3 and 5 days, the 
culture medium was removed, and each well was filled with 180 mL of 

PBS and 20 mL of Presto blue reagent. Afterward, the plate was returned 
to the incubator for 60 min. Fluorescence was measured using 
530/620 nm excitation/emission filters by Fluorescent Accent FL 
Thermo Fisher Scientific. The results were compared with the Presto 
Blue fluorescence of blank samples, indicating no metabolic activity, 
and the control (Tissue Culture Plate TCP), which exhibited 100 % 
viability.

Fluorescence microscopy was employed to verify MG-63 
morphology in direct contact. MG-63 cells were seeded on electrospun 
membranes, and after 3 and 5 days of cultivation, cells were fixed in 3 % 
formaldehyde for 20 min. Fixed cells were then treated with 0.01 % 
Triton X 100 for 5 min to permeabilize cell membranes.

Finally, cellular nuclei and the cytoskeleton were stained for 
30 minutes with a combined solution of ActinGreen and NucBlue. 
ActinGreen binds to the cytoskeleton, while NucBlue targets nuclear 
DNA. Images were obtained using a Leica AM TIRF MC microscope 
(Germany).

2.4. Statistical analysis

The results were used to determine their statistical significance. The 
statistical analysis of viability data was performed for p < 0.05 using 
GraphPad Prism 8.0.1 software (GraphPad, Boston, MA, USA). Two-way 
ANOVA with Tukey’s multiple comparisons was applied as necessary. 
Statistical significance was assessed by analyzing the p-values. A p-value 
below 0.05 was marked statistically significant. If the p-value fell be
tween 0.01 and 0.05, it was marked with an "*".

3. Results and discussion

3.1. Morphology analysis

It is evident from Fig. 1 that fibers reveal a uniform morphology 
without bead formation in all scaffolds. Increasing the collector rota
tional speed reduces the fiber diameter in both pure samples and those 
with the addition of nHA. This reduction is from the average diameter of 
125 ± 32 nm for pure PLLA_R and 123 ± 9 nm for PLLA/nHA_R at low 
collector rotation speed (100 rpm) to the value of 111 ± 7 nm for 
PLLA_A and 110 ± 6 nm for PLLA/nHA_A at higher collector rotation 
speed (2000 rpm). Based on the results, the inclusion of nHA does not 
cause changes in the average fiber diameter. This is consistent with 
previous literature, which suggests that the addition of hydroxyapatite 
does not affect fiber diameter (e.g., (Van Manen et al., 2014)). SEM 
images reveal a uniform distribution of nHA nanoparticles within the 
fibers without any visible agglomerations (see Fig. 1 C, D).

Fig. 2 shows that increasing the collector rotational speed improves 
the fiber orientation, leading to an orientation with a narrow distribu
tion for fibers collected at 2000 rpm, contrary to randomly arranged 
fibers collected at 200 rpm. The fiber orientation distribution’s full 
width at half maximum (FWHM) decreases from 87.90 at 100 rpm to 
22.40 at 2000 rpm for both pure and doped PLLA. Higher rotational 
speeds increase tensile forces, enhancing the fibers’ stretching and 
alignment (Obregon et al., 2016). The anisotropy index (α) confirms this 
tendency. As the rotational speed increased from 100 to 2000 rpm, the α 
value increased from 0.27 to 0.91 for pure PLLA and from 0.33 to 0.89 
for PLLA with the addition of nHA. These results indicate an increase in 
the orientation of nanofibers with increasing collector rotation speed 
and no effect of the addition of nHA on the anisotropy index.

The analysis of porosity and mean pore size clearly indicates the 
effect of nHA addition. It leads to higher porosity of nonwovens and 
slightly lower pore size. In the case of PLLA_R samples, addition of nHA 
results in an increase of porosity from 82 ± 0.4 % to 89 ± 1.1 %, and for 
PLLA_A nonwovens from 85 ± 1.2 % to 94 ± 0.6 %. The mean pore size 
was reduced, irrespective of the fibers alignment from ~202 ± 6 nm to 
~194 ± 9 nm after nHA addition. The effect of fiber alignment is 
negligible. Porosity is an important factor in tissue engineering because 
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it allows better penetration of nutrients and gases and promotes angio
genesis (Buitrago-Vásquez and Ossa-Orozco, 2018).

Verification of the presence of hydroxyapatite nanoparticles is 
shown in Table 1. Using the EsB detector, material contrasts were 
observed, which enabled the differentiation of individual components 
within the sample structure based on differences in the grayscale. In the 
case of doped samples, EDS analysis revealed the presence of key 
chemical elements characteristic of nHA nanoparticles, such as calcium 
(Ca) and phosphorus (P), in addition to the basic PLLA elements- carbon 
(C) and oxygen (O). This confirms that the hydroxyapatite nanoparticles 

were successfully added to the PLLA structure.

3.2. Water contact angle measurements, surface free energy, and water 
uptake determination

Fig. 3 shows the contact angle measurements, while Table 2 shows 
the SFEs and their components for all electrospun scaffolds. It is evident 
from Fig. 3 that the contact angles measured by using formamide are 
much lower compared with water and diiodomethane. Comparison of 
wettability within each group of fiber topography (random and aligned) 

Fig. 1. SEM micrographs of A) PLLA_R, B) PLLA_A, C) PLLA/nHA_R, and D) PLLA/nHA_A nanofibrous scaffolds with corresponding diameter distributions 
approximated with Gaussian function.
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clearly indicates the reduction of contact angle by addition of nHA being 
observed in all liquids. The effect of fiber arrangement on wettability is 
negligibly small if any. It is known from the literature that the wetta
bility is strongly correlated with roughness which in turns depends on 
fibers arrangement, being higher for randomly arranged fibers 
(Szewczyk et al., 2019). Therefore, it can not be excluded that the 
slightly higher contact angle for randomly arranged fibers is at least 
partly due to the more rough surface of random nonwovens. The 
reduction in contact angle by nHA addition is important for cell adhe
sion to the nanofiber surface, which is beneficial in tissue engineering 
applications (Paragkumar N et al., 2006).

The SFE analysis reveals that aligned samples generally exhibit 
higher values (see Table 2), with SFE measured at 30 ± 2.2 mN/m and 
33.4 ± 0.9 mN/m for random PLLA and PLLA/nHA, respectively, 
compared to 33.1 ± 0.3 mN/m for aligned PLLA, and 42.9 ± 1.9 for 

aligned PLLA with nHA addition. The ascending order of SFE is PLLA_R 
> PLLA_A > PLLA/nHA_R > PLLA/nHA_A. The Kaelble-Owens-Wendt 
method was used to calculate the total SFE, which combines the polar 

Fig. 2. Orientation distributions approximated with Gaussian function of all samples with anisotropy index α calculated from Eqs. (1) and (2) for samples A) PLLA_R, 
B) PLLA_A, C) PLLA/nHA_A and D) PLLA/nHA_A.

Table 1 
PLLA scaffold elemental composition in wt% as measured using SEM-EDS.

Element PLLA_R PLLA_A PLLA/nHA_R PLLA/nHA_A

C 61.81 ± 0.7 61.97 ± 0.6 60.47 ± 0.3 60.13 ± 0.4
O 38.19 ± 0.3 38.03 ± 0.4 33.9 ± 0.7 33.81 ± 0.6
Ca - - 3.52 ± 0.4 3.79 ± 0.3
P - - 2.11 ± 0.2 2.27 ± 0.1
Other - - - -

Fig. 3. Contact angle measurements for all electrospun scaffolds.
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component resulting from hydrogen bonds and dipole-dipole in
teractions with the dispersive component resulting from London and van 
der Waals forces (Rudawska and Jacniacka, 2009). Notably, the 
dispersion component was the main factor influencing the SFE of PLLA 
substrates. Moreover, the dispersion component showed an increasing 
trend in the following order: PLLA_R > PLLA_A > PLLA/nHA_R >
PLLA/nHA_A.

PLLA_R indicated a lower polar component of the contact angle than 
PLLA_A. Therefore, the surface polarity (Xp) of PLLA_A was higher than 
PLLA_R. Additionally, polar components increased with the nHA addi
tive, which was more effective for aligned fibers. Weak crystallinity and 
molecular order decide lower surface polarity (Kołbuk et al., 2022; 
Zaszczyńska et al., 2024b; Vijayendran, 1979), which was observed for 
PLLA_R. Adding nHA increases the surface polarity of PLLA/nHA_R and 
PLLA/nHA_A due to its low polar component γsp equal to c.a. 16.4 mN/m 
and related low WCA (Nasker et al., 2019). Surface polarity enhances 
protein adsorption, which was confirmed by using fibronectin (Barroca 
et al., 2018). From Fig. 4, it is evident that the highest water uptake was 
in samples with nHA addition. The PLLA/nHA aligned scaffold showed a 
lower percentage of water absorbed at the first minute. Still, it gradually 
increased till the second minute. The results showed that PLLA/nHA in 
random and aligned scaffolds exhibit better hydrophilicity than pure 
PLLA random or PLLA_A scaffolds. Also, it exhibits increased water 
uptake due to the hydrophilicity of nHA and its ionic exchange with 
water. According to the literature, this ionic exchange with the sur
rounding medium results in degradation and the formation of 
micro-porosities that enhance water uptake (Buitrago-Vásquez and 
Ossa-Orozco, 2018). Both the material’s initial porosity and the fibers’ 
porosity caused by nHA dissolution may play a significant role in water 
uptake. In summary, adding nHA increased samples’ SFE and water 
uptake and is very important for porous materials dedicated to tissue 

engineering applications (Bhat et al., 2013).

3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of all investigated electrospun fibers as well as PLLA 
before electrospinning (powder) and pure hydroxyapatite, are presented 
in Fig. 5. The main peaks of PLLA and nHA are summarized in Table 3
and assigned to the particular vibration data.

FTIR spectra of pure PLLA fibers formed at low and high rotational 
collector speed, do not show any differences. What is important is that 
there is no peak at 921 cm− 1, which is usually assigned to the crystalline 
form of PLLA, indicating that the samples do not contain crystals 
(Hambleton and Mele, 2024; Polak et al., 2023). The analysis of FTIR 
spectra of PLLA/nHA samples indicates the existence of all peaks related 
to PLLA and nHA. This observation leads to the conclusion that nHA is 
effectively loaded into PLLA fibers. Considering the partial overlapping 
of some of the PLLA and nHA peaks, we could not estimate the content of 
nHA in PLLA/nHA fibers. Additionally, there is no essential shift in the 
positions of the peaks of PLLA and nHA in PLLA/nHA fibers, indicating 
no molecular interactions between both components.

3.4. Wide angle X-ray scattering (WAXS)

Fig. 6 illustrates WAXS profiles for all fibers. It is evident after sub
traction of the nHA profile of crystalline nature that all spun PLLA and 
PLLA doped with nHA fibers, both random and aligned, are amorphous. 
However, it is evident that the shape of the amorphous profile is not 
unimodal, requiring the approximation use of two Gaussian functions. 
This fact indicates that the amorphous structure in spun PLLA fibers is 
not completely disordered. It has two local maxima, indicated by peak 
deconvolution requiring two Gaussian peaks, suggesting the existence of 
some ordering with two most probable interatomic distances.

Table 2 
SFE, water contact angle (WCA), and their components for all nanofibrous scaffolds.

Sample ID Water Contact Angle 
[º]

Dispersive 
Component [mN/ 
m]

Polar component [mN/ 
m]

Surface Free Energy [mN/ 
m]

Surface Polarity 
[Xp]

Water Uptake 
[%]

PLLA_R 123 ± 0.3 27.3 ± 2.1 2.7 ± 0.4 30 ± 2.2 0.0989 140 ± 2
PLLA_A 121.7 ± 0.4 29 ± 2.1 4.1 ± 0.6 33.1 ± 0.3 0.1413 149 ± 5
PLLA/ 
nHA_R

117 ± 0.3 29.8 ± 0.4 3.6 ± 0.5 33.4 ± 0.9 0.1208 215 ± 7

PLLA/ 
nHA_A

116 ± 0.2 34.5 ± 1.1 8.4 ± 0.3 42.9 ± 1.1 0.2434 257 ± 4

Fig. 4. Water uptake of the four kinds of scaffolds in deionized water over time 
calculated from Eq. (8).

Fig. 5. FTIR spectra of hydroxyapatite particles, PLLA powder, electrospun 
pure PLLA, and PLLA/nHA scaffolds with random and aligned fiber orientation.
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3.5. Differential scanning calorimetry (DSC)

The curves in Fig. 7 represent the apparent heat capacity, Cp, 
normalized to PLLA mass, which were determined from the DSC heating 
scans registered at 10 K/min for as spun fibers. All the samples, which at 
ambient conditions are amorphous (as indicated by WAXS analysis), 

show several transitions during heating. Generally, we see qualitatively 
similar behavior: below 50 ºC, there is a linear increase in Cp with 
temperature. Between 50 ºC and 80 ºC there are two sharp thermal ef
fects, where the endothermic one is seen to change abruptly into the 
exothermic one. Between 80 and 150 ºC there is an additional broad 
exothermic effect. Above 160 ºC starts a strong endothermic effect with a 
maximum at c.a. 180–190 ºC. Above 200 ºC there is a linear increase in 
Cp with temperature.

For pure PLLA fibers, the linear trend below 50 ºC agrees with the 
behavior of PLLA Cp below the glass transition temperature, Tg, and 
reflects the Cp temperature dependence of PLLA at the glassy/crystal 
state (C). Above 200 ºC, the linear trend agrees with the Cp behavior of 
PLLA in an amorphous state (A) (Pyda and Czerniecka-Kubicka, 2017). 
The respective lines for Cp(C) and Cp(A) were plotted as dash-dotted 
lines in Fig. 12 for reference.

The PLLA glass transition temperature, Tg, is expected at 59 ºC (Pyda 
and Czerniecka-Kubicka, 2017). However, in this temperature range, we 
observe the abrupt sharp endothermic and exothermic effects, which 
cover the expected Cp change, ΔCp, at Tg, making its determination 
difficult. The sharp endothermic effect at 55 ºC is interpreted as an 
enthalpy relaxation (Pyda and Czerniecka-Kubicka, 2017), which is 
typical for PLLA and is known to depend on the thermal history. The 
sharp exothermic effect at 70 ºC reflects crystallization from the glassy 
state (referred to as cold crystallization, cc), which is typically observed 
during heating for samples with reasonably high content of the mobile 
amorphous phase. However, it has to be noted that the temperature 
position and shape of the cc peak does not resemble the results found in 
the literature (Pyda and Czerniecka-Kubicka, 2017) for amorphous 
samples cooled from the melt. It is highly probable that this fast cold 
crystallization occurs in a highly disordered α’ phase, as indicated by 
WAXS analysis.

The additional broad exothermic effect observed between 80 and 
150 ºC also does not resemble typical thermal effects reported in the 
literature for bulk PLLA samples cooled from melt and crystalizing 
during heating from the glassy state. However, it must be related to 
further recrystallization and/or polymorphic crystal-crystal transition 
(Di Lorenzo and Androsch, 2019). Assuming our hypothesis that the cold 
crystallization results in the formation of the α’ phase, it is highly 

Table 3 
Experimentally observed main FTIR peaks of PLLA and nHA.

Sample Abbreviation Vibrational 
mode

Position 
[cm¡1]

Ref.

nHA νβ PO4 PO4 bending (νβ) 1092 (Stoch et al., 
2000; Lopresti 
et al., 2020; 
Panda et al., 
2022)

ν1PO4 PO4 stretching 
(ν1)

962 (Panda et al., 
2022)

ν4PO4 PO4 bending (ν4) 601
555

PLLA ν(C-COO) Stretching C-COO 868 (Leroy et al., 
2017)

νs(C-CH3) Symmetrical 
stretching C-CH3

1035 (Leroy et al., 
2017)

νs(C-O-C) Symmetrical 
stretching C-O-C

1092 (Pariy et al., 
2022)

νas (C-O) + τ 
(CH3)

Symmetrical 
stretching and 
twisting

1180, 
1211

(Pariy et al., 
2022)

δas(CH3) Asymmetrical 
scissoring

1450 (Scaffaro et al., 
2023)

ν(C––O) Stretching 1747 (Scaffaro et al., 
2017)

ν(CH2) Symmetrical 
stretching

2940 (Nazir et al., 
2021; Ribeiro 
et al., 2011)

Fig. 6. WAXS profiles of analyzed fiber mats.The profiles at the bottom show a 
nHA profile, and the original profiles for the fibers doped with nHA display the 
nHA diffraction peaks; the upper curves show these profiles after subtraction of 
the nHA diffraction peaks, which were approximated with Gaussian function 
during peak deconvolution. For clarity, the upper profiles were shifted verti
cally. The vertical orange dashed lines indicate the positions of the most intense 
diffraction peaks of the α’phase of PLLA (Pan et al., 2007; Righetti et al., 2015), 
which overlap the small nHA diffraction peaks. Peak deconvolution of the 
asymmetric halo required two Gaussian function peaks.

Fig. 7. Apparent heat capacity determined during 1st heating at 10 K/min for 
as-spun fibers. The curves for pure PLLA and doped with nHA are shifted along 
the y axis for clarity, and the scale bar is given. The exothermic effects of cc and 
recrystallization are indicated with grid-shaded areas; the endothermic 
enthalpy relaxation and melting are indicated with shaded areas. The linear 
approximation of temperature dependence of the heat capacity for amorphous 
and crystalline states (Cp(A), Cp(C)) determined by us are plotted as dash-dotted 
lines. The glass transition temperature, Tg, is indicated after (Pyda and 
Czerniecka-Kubicka, 2017).

A. Zaszczyńska et al.                                                                                                                                                                                                                           Micron 188 (2025) 103743 

8 



probable that transitions in the temperature range between 80 and 160 
ºC contain α’- α transition. This effect is followed by the final endo
thermic melting peak at c.a. 180–190 ºC, similar to the results in the 
literature.

A comparison of the curves in Fig. 7 shows that the thermal effects 
for the fibers doped with nHA are much smaller than for pure PLLA fi
bers. Moreover, for fibers doped with nHA, the PLLA heat capacity in an 
amorphous state, Cp(A) at T>200 ºC, was lower than for pure PLLA 
fibers.

The enthalpies of the thermal effects observed during heating: 
relaxation, cold crystallization/recrystallization, and melting, are pre
sented in Fig. 8. Enthalpy relaxation is seen as the strongest for aligned 
pure PLLA fibers (c.a. 5 J/gPLLA) as compared to other samples (c.a. 3 J/ 
gPLLA). It indicates the highest orientation of the polymer chains and 
extended chain conformation in aligned pure PLLA fibers, which prob
ably leads to higher crystallization enthalpy during further heating (c.a. 
38 J/gPLLA). It is, however, not reflected in the melting enthalpy, as the 
highest value is observed for pure random PLLA fibers (c.a. 65 J/gPLLA), 
which corresponds to c.a. 71 % of crystallinity. This may be related to 
differences in polymorphic phase content indicated by a single melting 
peak for PLLA_R and a double melting peak for PLLA_A (Fig. 8).

For PLLA doped with nHA, we see much lower crystallization and 
melting enthalpies than for pure PLLA fibers (ΔHc= 25 and ΔHm= 36 J/ 
gPLLA, respectively), indicating 40 % crystallinity developed during 
heating. The collector rotational speed has no apparent effect on the 
PLLA/nHA fibers. It is clear that nHA reduces the crystallization ability 
of PLLA, most probably by affecting the polymer chain mobility as 
indicated by the lower heat capacity of the nHA doped vs pure PLLA 
samples.

3.6. Piezoelectric coefficient measurements

Piezoelectric coefficient measurements on fibers were carried out to 
examine how rotation speed and the addition of nHA affect the piezo
electric properties of prepared materials, see Fig. 9.

The results reveal significant differences in the piezoelectric co
efficients between samples subjected to different collector rotation 
speeds. Specifically, PLLA_A exhibits a notably higher piezoelectric co
efficient (4.58 ± 0.08 pCN− 1) than PLLA_R (4.04 ± 0.21 pCN− 1). This 
suggests that the increased rotation speed of the collector results in 
higher piezoelectric properties of the PLLA-based materials. Moreover, 

introducing hydroxyapatite nHA nanoparticles into the PLLA matrix 
influences the piezoelectric coefficient. PLLA/nHA_R and PLLA/nHA_A 
exhibit slightly higher coefficients (4.42 ± 0.13 pCN− 1 and 4.68 ± 0.08 
pCN− 1, respectively) than their non-nHA counterparts. Comparing the 
samples, PLLA/nHA_A demonstrates the highest piezoelectric coeffi
cient, suggesting that the combination of higher collector rotation speed 
and nHA nanoparticles yields the most favorable piezoelectric response.

It is anticipated that the higher rotation rate forces a stretching of 
polymer chains. Although the polymer remains practically amorphous, 
with some traces of precrystalline local ordering (WAXS data), there is a 
change in molecular conformation, increasing polarization and piezo
electricity (Polak et al., 2023).

As for the PLLA with hydroxyapatite, our structure analysis results 
indicate that the increase of piezoelectric coefficient over the value of 
pure PLLA is most probably due to the contribution of higher nHA 
piezoelectricity compared to PLLA, only. The calculated piezoelectric 
coefficient for hexagonal phase d33 ~6.4 pm/V is consistent with the 
previously obtained value for monoclinic nHA (15.7 pm/V) (Polak et al., 
2023).

3.7. In vitro study

Osteoblasts are fundamental for continuous bone remodeling and 
play an important role in evaluating materials for bone tissue engi
neering (Zhu et al., 2021a). Therefore, parallel to cellular viability, we 
determined osteoblasts nonwovens interaction.

Cell viability was assessed for MG-63 cultured on pure PLLA scaffolds 
and with the nHA addition, with random and aligned fiber orientation 
(Fig. 10). The in vitro analysis confirmed the non-toxic properties of all 
PLLA nanofibrous scaffolds. All scaffolds reached ≥ 70 % values of 
viability, which is in accordance with the ISO 10993–5 standard con
nected to the nontoxic materials for cells. Cell proliferation and 
attachment represent the initial stages of tissue regeneration and are 
essential for tissue regeneration (Jeznach et al., 2022). Hence, an 
assessment of cellular morphology was conducted. Following 3 and 5 
days of cell cultivation directly seeded onto pristine PLLA scaffolds and 
PLLA/nHa, immunostained cells were analyzed using fluorescence mi
croscopy (See Figs. 11 and 12). The morphology and spreading of os
teoblasts in contact with the sample’s surface closely resembled those 
observed on TCP, indicating cellular viability. The cells displayed 
well-spread morphology and demonstrated robust intercellular in
teractions. Effective osteoblasts-nonwoven interaction was confirmed by 
the elongation of cells, and notably, cell spreading was particularly 
pronounced on PLLA/nHA_A composite nanofibers. On aligned fibers 

Fig. 8. The enthalpies of the thermal effects observed during the 1st heating 
scans are seen in Fig. 7 for enthalpy relaxation, cold crystallization/recrystal
lization, and melting. The right y scale indicates the crystallinity, which 
appeared during the 1st heating, calculated from the melting enthalpy, using 
the value of heat of fusion for the 100 % crystalline sample, Δhm

0 = 91 J/g (Pyda 
and Czerniecka-Kubicka, 2017).

Fig. 9. Results from d33 piezoelectric coefficient measurement.
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cells align themselves and grow along the fibers more than they do on 
random meshes where they spread to a more round shapes. Previous 
studies have underscored the importance of integrating nanoscale 
components like nHA into engineered scaffolds to promote cell prolif
eration (Amarjargal et al., 2019). Consequently, the enhanced adhesion 
and proliferation of PLLA/nHA fibers can be attributed to the inclusion 
of nHA nanoparticles, which is related to reduced hydrophobicity 
(Table 2). An in vitro study substantiates that the PLLA/nHA nanofibrous 
scaffold exhibits increased bioactivity and holds promise for stimulating 
bone formation (Softas, 2022).

4. Discussion

In recent years, the growing demand for bone substitutes in clinical 
settings has fueled advances in bone tissue engineering (Koons et al., 
2020). A major goal in this field is the replication of the bone extra
cellular matrix (ECM). In these efforts, the integration of bioceramic 
materials with biocompatible scaffolds has gained much interest 
(Salerno and Netti, 2023). Although PLLA scaffolds have properties 
similar to bone (ECM, their application in tissue engineering is 
hampered by inherent limitations (Capuana et al., 2022). In response to 
these limitations, in this paper, a piezoelectric cell scaffold composed of 
PLLA/nHA was spun as smart scaffolds dedicated to tissue engineering.

The fiber alignment in piezoelectric scaffolds is crucial in scaffold 
implantation material-cell response and plays a significant role in 
determining the final properties of the scaffolds. In our results, two types 
of fiber arrangements were produced: random and aligned. In randomly 
arranged fiber scaffolds, the fibers create a porous and complex struc
ture, which is beneficial for cell adhesion and nutrient diffusion. The 
random arrangement of fibers can promote the formation of a more 
natural, complex spatial network that supports tissue growth in different 
directions (Tamayol et al., 2013). In contrast, oriented fibers are pro
duced by increasing the collector speed during electrospinning (in our 
article, increasing from 100 rpm to 2000 rpm). The aligned fibers and 
the addition of nHA to the structure of nanofibrous scaffolds increased 
the SFE and water uptake of the samples, which are important for porous 
materials intended for tissue engineering applications (Bhat et al., 
2013). The alignment of the fibers per se increased the effective contact 
area, which led to slightly greater SFE. The fiber orientation promotes 
the formation of structures that are more similar to natural tissue 
structures, leading to better tissue integration and regeneration 

(Fernandez-Yague et al., 2015).
The results of wettability measurements indicate hydrophilization of 

the nonwovens by adding nHA. This tendency is reflected by surface free 
energy measurements, particularly evident for the aligned fibers ge
ometry (SFE determined with the Kaelble-Owens-Wendt method 42.9 
mN/m for PLLA/nHA versus 33.1 mN/m for pure PLLA). The effect of 
nHA is not so evident in the case this type of random structures (SFE 33.4 
mN/m vs. 30 mN/m for PLLA/nHA and PLLA nonwovens, respectively). 
for which the surface is more roughly with possible air bubbles trapped 
between the fibers, resulting in additional wettability deviation.

One of the reasons for an increase in piezoelectric response in sam
ples formed with higher collector rotational speed can be attributed to 
fiber alignment.When the fibers are aligned, the piezoelectric dipoles are 
oriented in a uniform direction, even in practically amorphous material, 
resulting in a more efficient conversion of mechanical stress into elec
trical signals. This alignment may better mimic the anisotropic nature of 
natural bone tissue, potentially leading to improved tissue regeneration 
outcomes. Additionally, the increase in the piezoelectric coefficient d33 
is caused by the higher fiber arrangement and uniform distribution of 
nHA nanoparticles in the PLLA matrix. These nanoparticles act as 
nucleating agents, leading to the ordering of PLLA chains (Zhang et al., 
2023b). This structural ordering is key to enhancing the piezoelectric 
effect because it provides a more efficient conversion of mechanical 
stress into electrical signals (Zhao et al., 2023). Comparing the piezo
electric coefficients d33 for randomly arranged and aligned PLLA 
nanofibers with the literature data, significant differences are visible, 
which reflect the influence of fiber orientation on their piezoelectric 
properties. In the literature, d33 values for random PLLA nanofibers are 
usually lower because the orientation of molecular dipoles is random, 
which leads to a reduction of the total piezoelectric effect. Typical d33 
values for randomly arranged PLLA nanofibers range from about 1–3 
pCN− 1 (Zhao et al., 2017), while in our studies a value of 4.04 ± 0.21 
pCN− 1 was obtained. For aligned PLLA fibers, where the fibers are 
regularly aranged in one direction, the d33 coefficient increases signifi
cantly to 4.58 pCN− 1 and is higher than that obtained in the literature 
(Ren et al., 2024). The development of composite scaffolds with 
increased piezoelectric properties opens new possibilities in the field of 
bone and nervous tissue engineering (Li, 2019). The observed im
provements in piezoelectricity are particularly noteworthy because they 
play a key role in mimicking the natural electrical environment of bone 
tissue, thereby promoting cellular activities necessary for tissue regen
eration (Kapat et al., 2020).

Our in vitro studies are important due to the development of new 
scaffolds that improve osteoblast proliferation thanks to the addition of 
nHA. Confirmation of this can be found in FTIR-ATR spectral analysis, 
where characteristic nHA peaks were detected, confirming the success
ful modification of PLLA fibers. Our findings support the effective 
integration of nHA with PLLA, leading to increased proliferation of MG- 
63 cells on nHA-supplemented scaffolds compared to basic PLLA scaf
folds. This highlights the potential of these advanced scaffolds in bone 
tissue engineering. Additionally, Yanagida’s (Yanagida et al., 2009) 
research on PLLA coated with HAp nanocrystals showed promising 
properties of implant materials, such as reduced inflammation and 
improved cell adhesion, suggesting the possibility of creating soft 
tissue-compatible and biodegradable scaffolds. Similarly, Liao’s work 
(Liao et al., 2006) on biodegradable PLLA/nHA/collagen composites 
highlighted increased neutrophil responsiveness, highlighting the need 
for further in vivo studies on the effectiveness of scaffolds in critical bone 
regeneration. These collaborative discoveries contribute to a better 
understanding of the potential applications of innovative biomimetic 
materials in tissue engineering. The initiation of osteogenesis in the 
presence of nHA coating on PLLA is complex and involves various fac
tors such as biomineralization, osteoconductive properties, signals 
transmission, and optimized cell-material interactions. We note that 
nHA promotes the deposition of nHA crystals, mimicking natural 
mineralization (Ielo et al., 2022). Additionally, its osteoconductive 

Fig. 10. Cell viability of MG-63 cells cultured on pristine and with nHA 
addition PLLA nanofibrous scaffolds as the rate of TCP (Tissue Culture Plastic, 
100 %). Statistical significance: * p < 0.05.

A. Zaszczyńska et al.                                                                                                                                                                                                                           Micron 188 (2025) 103743 

10 



properties support the adhesion and migration of osteogenic cells (Zhu 
et al., 2021b), and the release of ions from nHA acts as important signals 
to catalyze osteogenic differentiation (Armiento et al., 2020).

5. Conclusions

The goal of this work was to develop an electrospun nanofibrous 

scaffold with PLLA and evaluate the effects of nHA addition on its 
properties for bone tissue engineering applications. The influence of 
changing the collector rotational speed on the properties of the scaffolds 
was determined. The electrospinning process was successful, and ho
mogenous fibers were obtained with and without adding nHA. The 
presence of nHA showed no significant impact on the morphology of the 
fibers and their alignment for different rotational speeds. FTIR 

Fig. 11. FM images of MG-63 after immunofluorescent staining directly cultured on the nanofibrous scaffold for 3 days. Samples PLLA_R, PLLA_A, PLLA/nHA_R, and 
PLLA/nHA_A in comparison to TCP.
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spectroscopy did not present any important changes in composition nor 
detect any interaction between constituents.

The hydrophilization of the nonwovens by adding nHA is clearly 
visible, being particularly evident for the aligned fibers geometry WAXS 
results show that all the fibers are in an amorphous state indicated by a 
lack of diffraction peaks. However, the presence of some disordered α’ 
phase may be inferred from the asymmetric shape of the amorphous 
halo. DSC analysis revealed the presence of intense enthalpy relaxation 
effects at the glass transition temperature, the largest being for pure 

aligned PLLA fibers. All samples, being in the non-equilibrium (non- 
relaxed) amorphous/disordered α’ phase state, intensively crystallize at 
temperatures just above Tg and recrystallize during further heating, 
developing much higher crystallinity for pure PLLA than for doped with 
nHA, 70 % vs 40 %, respectively. Additionally, PLLA/nHA fibers show 
lower heat capacity for PLLA in an amorphous state, indicating that nHA 
reduces PLLA molecular mobility.

Furthermore, PLLA fibers loaded with nHA showed increased 
porosity by 7–9 % compared to their counterparts, which is beneficial 

Fig. 12. FM images of MG-63 after immunofluorescent staining directly cultured on the nanofibrous scaffold for 5 days. Samples PLLA_R, PLLA_A, PLLA/nHA_R, and 
PLLA/nHA_A in comparison to TCP.
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for tissue engineering applications. Most importantly, the piezoelectric 
coefficient d33 was impacted by rotational speed and nHA presence. For 
the samples without nHA, obtained values were 4.04 pCN− 1 for 100 rpm 
and 4.58 pCN− 1 for 2000 rpm and increased further in its presence to 
4.42 pCN− 1 and 4.68 pCN− 1, respectively. Notably, our results show that 
the nHA can lead to the formation of more piezoelectric structure 
regardless of rotational speed. In addition, the nanoadditive improved 
osteoblast proliferation as reported by others.

The developed PLLA/nHA nanofibrous scaffold holds great promise 
for bone tissue engineering, offering biodegradability combined with 
reasonable piezoelectricity, porosity and slightly increased hydrophi
licity due to nHA presence.
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Angelika Zaszczyńska 1 , Marzena Zychowicz 2, Dorota Kołbuk 1 , Piotr Denis 1 , Arkadiusz Gradys 1,*
and Paweł Ł. Sajkiewicz 1,*

1 Institute of Fundamental Technological Research, Polish Academy of Sciences, Pawinskiego 5B,
02-106 Warsaw, Poland; azasz@ippt.pan.pl (A.Z.); dkolbuk@ippt.pan.pl (D.K.); pdenis@ippt.pan.pl (P.D.)

2 Department of Stem Cell Bioengineering, Mossakowski Medical Research Institute, Polish Academy of
Sciences, Pawinskiego 5, 02-106 Warsaw, Poland; mzychowicz@imdik.pan.pl

* Correspondence: argrad@ippt.pan.pl (A.G.); psajk@ippt.pan.pl (P.Ł.S.)

Abstract: Piezoelectric materials, due to their ability to generate an electric charge in re-
sponse to mechanical deformation, are becoming increasingly attractive in the engineering
of bone and neural tissues. This manuscript reports the effects of the addition of nanohy-
droxyapatite (nHA), introduction of gold nanoparticles (AuNPs) via sonochemical coating,
and collector rotation speed on the formation of electroactive phases and biological proper-
ties in electrospun nanofiber scaffolds consisting of poly(vinylidene fluoride) (PVDF). FTIR,
WAXS, DSC, and SEM results indicate that introduction of nHA increases the content of
electroactive phases and fiber alignment. The collector rotational speed increases not only
the fiber alignment but also the content of electroactive phases in PVDF and PVDF/nHA
fibers. Increased fiber orientation and introduction of each of additives resulted in increased
SFE and water uptake. In vitro tests conducted on MG-63 and hiPSC-NSC cells showed
increased adhesion and cell proliferation. The results indicate that PVDF-based composites
with nHA and AuNPs are promising candidates for the development of advanced scaffolds
for bone and neural tissue engineering applications, combining electrical functionality and
biological activity to support tissue regeneration.

Keywords: scaffolds; tissue engineering; bone tissue engineering; smart medicine;
biodegradable polymers; regenerative medicine; poly(vinylidene fluoride)

1. Introduction
In recent times, nanoscale materials, especially Smart Materials (SM), have the poten-

tial to enhance tissue engineering and stem cell therapy [1,2]. Tissue engineering presents
an exciting avenue for the development of functional constructs that mimic the structural
organization of native tissues, aiming to enhance or replace biological functions, thus poten-
tially obviating the need for organ transplantation. In tissue engineering, the main goal is
successful formation of three-dimensional (3D) tissues, which may be achieved by seeding
of the biological cells into specially designed manufactured scaffolds [3]. The ideal scaffold
for tissue engineering applications should perfectly imitate the functional properties of the
extracellular matrix (ECM) of the target tissues for regeneration [4]. However, the intricate
chemical and architectural composition of the bone and neural systems pose additional
challenges to engineering tissue, necessitating specific criteria in scaffold design, especially
in bone and neural tissue engineering.
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One of the responses to such requirements is the use of SM, among which poly(vinylidene
fluoride) (PVDF) is very well-known due to its high piezoelectric properties [5]. In this
context, various approaches, such as conductive polymers, aligned polymers, and both ex-
ogenous and endogenous electrical stimulation, have demonstrated promising outcomes [6].
Figure 1 shows schematic illustration of SM for bone and neural tissue applications.
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PVDF is a synthetic polymer known for its high piezoelectric properties and electro-
spinning ability [7]. PVDF exhibits five distinct crystalline phases, named as, α, β, γ, δ, and
ε [8]. Among these, the piezoelectric phases (β, γ, δ) are characterized by a polar crystal
structure, where the dipoles align in parallel, resulting in a non-zero dipole moment [9].
The β-phase is particularly significant due to its outstanding piezoelectric, pyroelectric, and
ferroelectric properties [10]. In this phase, all dipole moments align in a single direction,
producing the strongest piezoelectric response. Polar γ-phase has lower piezoelectricity
compared to β-phase, this is due to the presence of gauche bond in C-C repeating unit [11].

This thermoplastic polymer has high chemical resistance, and biocompatibility, render-
ing it indispensable in various electro-optical [12], electromechanical [13], and biomedical
applications [14]. Piezoelectric PVDF holds significant promise for advanced applications
in cell biology and tissue engineering, particularly in piezoelectric sensing and actuation
of cellular activities [15]. Notably, PVDF and its copolymers have emerged as highly
promising materials in the realm of biological and biomedical applications [16]. These
materials lend themselves readily to processing, yielding well-defined nanofibers that find
application in cell culture. PVDF is a non-toxic material with great potential for applications.
However, it is important to control the production and modification processes to avoid
introducing harmful additives or by-products that could negatively affect the safety of
biomedical applications [17]. Given the burgeoning interest in tissue engineering scaffolds
with piezoelectric capabilities, PVDF assumes a prime position as an excellent candidate
for fabricating bioscaffolds endowed with piezoelectric properties. While the piezoelectric
properties of PVDF hold potential applications for neuronal and osteogenic cell outgrowth,
thorough demonstrations of this aspect remain rare in the current literature [18,19].

Piezoelectric materials have the unique ability to generate electric charges in response
to mechanical deformation, which is particularly useful in the regeneration of neural
tissue [20]. In nerve regeneration, electrical signals play a key role because they promote
the growth, guidance, and differentiation of nerve cells [21]. Electrical signals generated by
piezoelectric materials can activate ion channels in nerve cell membranes, which in turn
promotes the release of growth factors and other cellular signals necessary for regeneration.
This can lead to increased proliferation and differentiation of nerve cells [22].
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Additionally, piezoelectricity is found in bones [23]. Piezoelectric materials play an
important role in the regeneration of bone tissue due to their ability to generate electric
charges under the influence of mechanical deformations [24]. Bone tissue, similar to nervous
tissue, responds to electrical signals that can support regenerative processes. Electrical
signals can activate osteoblasts, promoting their proliferation (increase in cell number) and
differentiation (transformation into mature bone cells). Increased osteoblast activity leads
to faster formation of new bone tissue [25].

Scientists have long been interested in the use of nanohydroxyapatite (nHA) in bone
tissue engineering due to its chemical similarity to the natural bone matrix. In the study con-
ducted by Yang et al. [26], nHA was incorporated into poly(lactide-co-glycolide) (PLGA)
to enhance the bioactivity of the scaffolds. Their study showed that these composites
promoted adhesion, proliferation, and increased expression of osteogenic-related genes,
suggesting their potential for use in bone regeneration. Other studies, such as those con-
ducted by Akbari et al. [27], focused on piezoelectric PVDF/PCL/HA composites. They
demonstrated that these composites could generate electrical pulses in response to mechan-
ical stress, which could stimulate bone regeneration via mechanotransduction. The results
showed that the piezoelectric properties of PVDF combined with the bioactivity of nHA
could accelerate the bone healing process. Furthermore, gold nanoparticles (AuNPs) have
been widely studied due to their excellent conductive properties and biocompatibility [28].
For example, Motamedi et al. [6] studied PVDF and gold nanoparticle composites, showing
that their combination can improve the electrical conductivity of scaffolds, which may be
suitable for use as a scaffold in neural tissue engineering. Other studies have also been
conducted on electrospun PVDF fibers [29] with additives [30] but without orientation.
Still, there are only a few studies on aligned fibers and their effects on the material struc-
ture and biological properties. To the authors’ knowledge, studies on the orientation of
piezoelectric nanofibrous scaffolds with additives for bone and neural cell regeneration
applications are lacking in the literature. All these studies emphasize the growing interest
and potential of piezoelectric PVDF, nHA, and AuNPs composites in bone and neural
tissue regeneration, indicating their innovativeness and multifaceted impact on developing
advanced biomedical scaffolds.

Therefore, our goal was to design piezoelectric scaffolds with random and aligned
fiber orientation. Studying various nanofiber orientations and their influence on properties
is a new approach that can lead to optimizing the functionality of these materials in multi-
biomedical applications. Oriented nanofibers can better simulate the structure of natural
tissues and induce the formation of piezoelectric phases, which can be crucial for effective
regeneration. On the other hand, the addition of piezoelectric nHA and AuNPs can also
increase piezoelectric phase content, material-cell interactions, promoting osseointegration,
and can support repair processes in nerve cells. In the context of current advances in the
field of SM and their importance for tissue engineering applications, selecting the most
optimal method for manufacturing PVDF fibers with strong piezoelectric response is crucial
to increase the efficiency of these materials applications while reducing production costs.

2. Results and Discussion
2.1. Morphology Analysis

From Figure 2, it is clear that the fibers in all scaffolds exhibit uniform and bead-
free morphology. Increasing the collector rotation speed reduces the fiber diameter in all
samples. This reduction ranges from an average diameter of 903 ± 54 nm for PVDF_R,
847 ± 70 nm for PVDF/nHA_R, and 890 ± 81 nm for PVDF/AU_R at low collector rotation
speed (100 rpm) to values of 347 ± 14 nm for PVDF_A, 290 ± 30 nm for PVDF/nHA_A,
and 354 ± 30 nm for PVDF/AU_A at higher collector rotation speed (2000 rpm). Increasing
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the collector rotation speed leads to the fibers being stretched with greater force along their
length. As a result of this stretching, the fibers become thinner, which means that their
diameter decreases [31]. High rotation speed leads to increased molecular orientation along
the fiber axis (e.g., [32]). SEM images revealed a uniform distribution of nanoparticles in
the fibers without visible agglomerations (see Figure 2C–F). The addition of nHA increases
the dielectric properties and electrical conductivity of the solution [33]. This causes an
increase in repulsive interactions in the solution, which in turn increases the jet pulling
force (reduces Rayleigh instabilities) which led to a slight decrease in the fiber diameter
(903 ± 54 nm, 847 ± 70 nm for PVDF_R, PVDF/nHA_R and 347 ± 14 nm and 290 ± 30 nm
for PVDF_A and PVDF/nHA_A, respectively) (Figure 3) [34].
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Figure 4 shows that increasing the collector rotational speed improves the fiber
orientation, leading to an orientation with a narrow distribution for fibers collected at
2000 rpm, contrary to randomly arranged fibers collected at 100 rpm. The fiber orientation
distribution’s full width at half maximum (FWHM) decreases from 87.90 at 100 rpm to
22.40 at 2000 rpm for pure PVDF. Higher rotational speeds increase tensile forces, en-
hancing the fibers’ stretching and alignment. The anisotropy index (α) confirms this ten-
dency. As the rotational speed increased from 100 to 2000 rpm, the α value increased from
0.29 to 0.78 for pure PVDF, from 0.40 to 0.92 for PVDF with the addition of nHA, and from
0.27 to 0.87 for PVDF with AuNPs addition. It is worth mentioning that the addition of nHA
influenced the slight orientation already in the sample with random fiber orientation, which
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may be caused by a higher electrical charge in material (PVDF/nHA_R, Figure 4C) [35].
PVDF contains molecular dipoles, and the addition of nHA increases dielectric constant,
leading to stronger repulsive interactions in solution, and hence promoting their direc-
tionality [36]. In the case of pure PVDF and with AuNPs addition, there is practically no
preferred orientation in nonwovens collected at 100 rpm.
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The analysis of porosity and average pore size shows the influence of collector rotation
speed as well as nHA and AuNPs addition (Table 1). Increasing collector rotation speed
leads to lower porosity of nonwovens and slightly lower pore size. Porosity increases
slightly with the addition of nHA and AuNPs but is still lower in the aligned fiber ori-
entation. The addition of nHA and AuNPs increases porosity in PVDF/nHA_R and for
PVDF/nHA_A (analogously for samples with AuNPs addition), but still the porosity in
aligned samples is lower. Thus, the influence of collector rotation speed on fiber porosity
can be observed for pure PVDF samples and for samples with nHA and AuNPs additions.
The average pore size was reduced with the introduction of a higher collector rotation
speed for all samples. The largest difference was observed for samples with nHA addition.
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Table 1. Porosity and pore size values for all nanofibrous scaffolds.

PVDF_R PVDF_A PVDF/nHA_R PVDF/nHA_A PVDF/AU_R PVDF/AU_A

Porosity
[%] 87 ± 1.1 83 ± 0.9 93 ± 1.1 87 ± 0.6 90 ± 0.4 85 ± 0.3

Pore size
[nm] 202 ± 7 195 ± 3 204 ± 9 198 ± 8 203 ± 6 200 ± 4

The presence of nHA and AuNPs as additives to PVDF has been verified by SEM-EDS
(Table 2). In the case of samples with nHA and AuNPs, analysis confirmed the presence of
elements of nHA nanoparticles, such as phosphorus (P) and calcium (Ca), in addition to
the basic PVDF elements carbon (C) and oxygen (O). Additionally, the presence of gold
was confirmed in both samples PVDF/AU_R and PVDF/AU_A.



Molecules 2025, 30, 1041 7 of 32

Table 2. Piezoelectric scaffold composition in wt% as measured using SEM-EDS.

Element PVDF_R PVDF_A PVDF/nHA_R PVDF/nHA_A PVDF/AU_R PVDF_AU_A

C 61.81 ± 0.7 61.97 ± 0.6 60.47 ± 0.3 60.13 ± 0.4 60.75 ± 0.5 60.84 ± 0.7
O 38.19 ± 0.3 38.03 ± 0.4 33.9 ± 0.7 33.81 ± 0.6 38.9 ± 0.3 38.83 ± 0.4
Ca - - 3.52 ± 0.4 3.79 ± 0.3 - -
P - - 2.11 ± 0.2 2.27 ± 0.1 - -

Au - - - - 0.35 ± 0.5 0.33 ± 0.2
Other - - - - - -

2.2. Water Uptake, Contact Angle Measurements, and Surface Free Energy Determination

Figure 5 illustrates the contact angle measurements, and additionally Table 3 shows
the surface free energy values and their components. The overall effect of the addition of
nHA, AuNPs, and fiber configuration on the contact angle is visible. The higher collector
rotational speed during the electrospinning process, the addition of nHA and AuNPs
causes a decrease in the contact angle. A similar phenomenon is observed for aligned fibers
arranged compared to randomly oriented fibers. The Figure 5 shows that the contact angles
measured with formamide are lower than those obtained with water and diiodomethane.
However, the influence of nHA, AuNPs, and fiber configuration is similar for all liq-
uids. The reduction in contact angle in nHA- and AuNPs-doped PVDF samples may also
indicate improved cell adhesion to the nanofiber surfaces, which is beneficial in tissue
engineering, where it is crucial to ensure adequate cell adhesion to scaffolds to improve
tissue regeneration [37].
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It is evident from Figure 6 that the highest water uptake was in scaffolds with nHA in
both random and aligned orientation. Pure samples PVDF_R and PVDF_A samples showed
lower water absorption in all cases. After 10 min, the water absorption in the PVDF_R
sample was about 140%, compared to 194% for PVDF_A. Such low water absorption
capacity is consistent with the hydrophobic nature of PVDF, which does not exhibit strong
interactions with water. The random arrangement of fibers did not favor increasing the
contact surface with water, which additionally limited the ability of the samples to absorb
moisture [38]. In the case of oriented PVDF fibers, the higher result can be explained by the
more ordered fiber structure, which increases the surface availability for water, resulting
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in a slightly higher level of absorption. However, the water absorption of pure PVDF still
remained low, due to its nonpolar nature [39].
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The introduction of nHA and AuNPs increased the ability of the samples to absorb
water. The samples with nHA showed significantly higher water absorption capacity. For
the PVDF/nHA_R the water absorption was about 157% after 10 min. Hydroxyapatite
promoted moisture retention and increased the sample’s ability to absorb water. However,
the random arrangement of the fibers limited the full use of this potential, which is why
water absorption was lower than in the case of an aligned structure. On the other hand,
in the aligned structure, PVDF/nHA_A showed the highest level of water absorption
among all the tested samples—about 257% after 10 min. The combination of nHA, AuNPs
and the organized structure of the fibers promoted maximization of the contact surface
with water, which resulted in significantly better moisture absorption. Such high water
absorption capacity could be beneficial in the context of applications in bone/neural tissue
engineering, where good moisture retention and stimulation of biological regenerative
processes are required [40]. In summary, fiber orientation has a clear effect on the results,
with aligned fibers promoting higher water uptake in all samples, suggesting that the
topography of the material may be an important factor influencing its hydrophilic prop-
erties [41]. The SFE was calculated using the Kaelble-Owens-Wendt method [42]. SFE
measurements confirm that the samples with aligned fiber orientation exhibit higher values
(see Table 3). More precisely, SFE measured at 35 ± 0.8 mN/m and 45 ± 0.5 mN/m and
38 ± 1.3 mN/m for random PVDF_R and PVDF/nHA_R, and PVDF/AU_R, respectively,
compared to 37 ± 0.2 mN/m for aligned PVDF_A, 47 ± 1.1 mN/m for PVDF/nHA_A,
and 42.9 ± 1.9 for aligned PVDF/AU_A. The growing order of SFE is PVDF_R > PVDF_A
> PVDF/AU_R > PVDF/AU_A > PVDF/nHA_R > PVDFA/nHA_A. In all samples, the
dispersive component was higher compared to the polar component and was the main
factor influencing the SFE. Moreover, the polar components increased with the addition of
nHA and AuNPs, which was more effective in the case of aligned fibers. Thus, the surface
polarity (Xp) of PVDF/nHA_A was higher and was Xp = 0.271 compared to PVDF_A
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Xp = 0.156. Low crystallinity and molecular ordering lead to lower surface polarity [43–45],
which was observed in the samples with random fiber orientation. The addition of nHA
and AuNPs increases the surface polarity in PVDF/nHA_A and PVDF/AU_A samples due
to the low polar component γ

p
s of about 8 mN/m and the associated lower WCA [46]. The

surface polarity promotes protein adsorption, which has been shown for fibronectin [47].
According to available studies, this ion exchange with the surrounding environment leads
to material degradation and the formation of microporosity, which in turn increases the
water absorption capacity [48]. Both the material porosity and the fiber porosity resulting
from the addition of nHA and AuNPs can have a significant impact on moisture absorption.
In summary, the addition of nHA and AuNPs significantly increased the SFE of the samples
and their water absorption capacity (see Figure 6), which is crucial for porous biomaterials
used in tissue engineering [49–51].

Table 3. SFE, water contact angle (WCA), and their components for all nanofibrous scaffolds.

Sample ID Water Contact
Angle [◦]

Dispersive
Component

[mN/m]

Polar
Component

[mN/m]

Surface Free
Energy
[mN/m]

Surface
Polarity

(Xp)

Water Uptake
[%]

PVDF_R 133 ± 0.7 32 ± 0.7 3 ± 0.4 35 ± 0.8 0.093 140 ± 5

PVDF_A 120 ± 1.1 32 ± 0.4 5 ± 0.7 37 ± 0.2 0.156 194 ± 3

PVDF/nHA_R 120 ± 2.7 37 ± 0.1 8 ± 0.3 45 ± 0.5 0.216 157 ± 6

PVDF/nHA_A 110 ± 0.7 37 ± 0.6 10 ± 1.2 47 ± 1.1 0.271 257 ± 7

PVDF/AU_R 127 ± 0.5 34 ± 1.2 4 ± 0.6 38 ± 1.3 0.117 150 ± 7

PVDF/AU_A 115 ± 0.4 35 ± 0.9 7± 0.9 42 ± 0.9 0.211 120 ± 6

2.3. Determination of the Crystallinity and the Phase Content
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

It is evident from Figure 7A,B that both additives nHA and AuNPs were successfully
added to PVDF nanofibrous scaffolds. Figure 7A shows the spectra of PVDF samples with
nHA added in random and aligned fiber orientation, as well as the measurement of nHA. In
PVDF samples, there are three characteristic peaks, 565 cm−1 and 601 cm−1, corresponding
to PO4 bending (ν4) and PO4 stretching (ν1), 962 cm−1 corresponding to PO4 stretching
(ν1) and 1092 cm−1 which can be assigned to PO4 bending (νβ) [52,53]. This confirms the
presence of nHA in the structure of PVDF samples. Figure 7B shows the FTIR spectra
of PVDF samples with AuNPs. An observed peak at around 525 cm−1 and 612 cm−1 is
relative to the Au-O stretching vibration [54–56] and confirms the presence of AuNPs in
the nanofibrous scaffolds.

Figure 8 exhibits the FTIR spectra of all samples. The bands from α-phase (490, 766,
1402, 1432 cm−1), β-phase (510, 600, 840, 1280 cm−1) and γ-phase (812, 840, 1234 cm−1)
are present [57]. Some of the α and β bands are overlapped with the bands coming
from the γ-phase, for instance, with the band at 840 cm−1. Multiple phases such as
α, β, and γ phases coexist with partially overlapped bands (Figure 8A). Additionally,
the peak at 1407 cm−1 attributes νas(CC) and ω(CH2) modes of vibration because of the
electronegativity difference of fluorine atoms in PVDF and the surface charge of AuNPs, and
nHA. This interaction of PVDF with nHA minimizes the potential energy of stereochemical
conformation and induces β, and γ-phases. These particular characteristics have been
observed by slight shifts of FTIR spectra corresponding to piezoelectric phases by the
addition of nHA to the PVDF matrix [58,59]. Attention was focused on the spectrum
in the range of 760 cm−1 to 880 cm−1, where α- and β-phase peaks are illustrated in
detail (Figure 8B) [60]. The differences between the heights of these peaks were used to
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calculate the piezoelectric phases using Equations (5)–(7). In Figure 8C, peaks of polar
β-phases are observed at 3019 and 2980 cm−1. These peaks are due to νas(CH2) and νs(CH2)
vibrational bands. AuNPs and nHA cause the minor shifting towards higher wavelength
corresponding to lower energy states. This is evidence for the strong interactions of nHA,
AuNPs with PVDF [61].
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graph shows the occurrence of piezoelectric β and γ phases, omitting the bands of non-piezoelectric
α phase.
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The relative amount of β-phase in each sample was estimated from absorption
bands at 840 cm−1 and 766 cm−1 (corresponding to β and α phases, respectively) using
Equations (3)–(5) (Table 4, Figure 9). For pure PVDF scaffolds, it is obvious that the β-phase
content is higher for the fibers formed at a collector speed of 2000 rpm than for the fibers
formed at a collector speed of 100 rpm. Therefore, it can be concluded that the piezoelec-
tric effect will show higher values for the fibers formed at a collector speed of 2000 rpm.
The calculated β + γ phase content for the pure PVDF samples is 55.3 ± 2.4 for PVDF_R
and 79.8 ± 0.1 for PVDF_A. These calculations confirm the increased amount of β and γ

phases in the sample spun at higher collector speeds similar to our previous results [62].
Moreover, it was observed that the addition of nHA increased the amount of piezoelectric
phases, in both, random and aligned piezoelectric scaffolds. The strongest effect was
exerted by the addition of nHA, with the piezoelectric phase content of 81.9 ± 0.8 for the
PVDF/nHA_A sample (including 0.901 ± 1.1 γ-phase), followed by 81 ± 0.5 (including
0.9003 ± 0.4 γ-phase) for the PVDF/nHA_R sample. The addition of nHA can modify the
local PVDF matrix, promoting the formation of an ordered chain structure, which favors
the occurrence of the β-phase. According to Islam et al. [63] nHA leads to stabilization of β
structure, reducing the tendency of its transformation into non-piezoelectric phases. The
decrease in the content of piezoelectric phases in PVDF/AU_R (34 ± 1.9) and PVDF/AU_A
(53 ± 7.3) may be due to some heating during the sonication, which could lead to a partial
transformation of the β and γ phases into the α phase [64]. This issue needs further studies.

Table 4. Phase content in nanofibrous scaffolds from FTIR.

Sample ID F(α) (%) F(β) + F(γ) (%) F(β) (%) F(γ) (%)

PVDF_R 44.7 ± 0.3 55.3 ± 2.4 52.3 ± 1.1 3 ± 2.2
PVDF_A 13 ± 0.6 88 ± 0.1 80.8 ± 3.1 7.2 ± 2.3

PVDF/nHA_R 19 ± 1.7 81 ± 0.5 80.997 ± 2.2 0.003 ± 0.4
PVDF/nHA_A 18.1 ± 0.8 81.9 ± 0.8 80.999 ± 0.2 0.901 ± 1.1
PVDF/AU_R 66 ± 0.9 34 ± 1.9 32.97 ± 0.9 1.03 ± 1.3
PVDF/AU_A 47 ± 1.2 53 ± 7.3 50.96 ± 2 2.04 ± 2.6
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Figure 10A demonstrates the relationship between the degree of fiber alignment (ex-
pressed as FWHM values), the average fiber diameter, and the piezoelectric phases (β
and γ) content. Such a strong increase in the piezoelectric phases content with increasing
collector rotation speed, with a simultaneous lower fiber diameter, is associated with an
increase in tensile forces, which leads to better alignment and orientation of molecules
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in nanofibers [65]. It is known from the literature that the orientation of molecules in-
duced by an external field, such as a mechanical one [66], promotes the formation of
piezoelectric phases. Similarly, Figure 10B shows that lower porosity in the samples causes
an increase in the amount of piezoelectric phases, with a simultaneous lower average
fiber diameter. In materials with lower porosity, a higher compactness of the structure
promotes the stabilization of the piezoelectric phases, which have higher piezoelectricity
compared to the α phase (non-piezoelectric). The β and γ phases are more stable in more
ordered and less porous materials because this limits the migration and deformation of the
polymer chains [67].
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2.3.2. Wide Angle X-Ray Scattering (WAXS)

Figure 11 illustrates WAXS profiles for all scaffolds. It is supplemented with the profile
registered for PVDF pellets crystalized from melt at 10 K/min for comparison. The hkl
indices of the α and β crystal planes reflections of PVDF at observed diffraction peaks are
provided according to the literature [68], and indicated by extended dark grey and red,
respectively, vertical dash-dotted lines for guidance: α100, α020, α110 and α021 for the α

phase evidenced at c.a. 17.7◦, 18.4◦, 20◦ and 26.6◦ and β200/110 for the β phase evidenced
at c.a. 20.8◦. Additionally, the profile registered for pure nHA is shown (without hkl indices)
with indications of the positions of eight diffraction peaks by vertical blue dash-dotted
lines. No reflections for Au in PVDF/Au fibers were noticed in the range studied.

The strongest reflections from the α and β phases: α110 and β200/110 are expected at
very similar diffraction angles: 2θ = 20.13◦ and 20.8◦, respectively. Additionally, they are
superimposed with a broad amorphous halo, with a maximum expected at c.a. 18–19◦. This
makes analysis of the profiles registered for the scaffolds quite difficult. However, it is more
reasonable to judge the α phase content from the intensity of the diffraction peaks at higher
diffraction angles, 2θ > 25◦, expected to come from three reflections: the α120, α021 and
α111 planes, which are clearly resolved on the profile registered for PVDF pellet crystalized
at 10 K/min. The positions of those three diffraction peaks, according to the literature [68],
are expected at 2θ = 25.77◦, 26.73◦ and 27.97◦, respectively. On the other hand, the profiles
registered for the scaffolds show only one broad diffraction peak and based on its position,
this peak was assigned to the reflection from the α021 plane. According to the intensity of
the α021 peak, it may be judged from Figure 12 that the highest α phase content may be
expected in ultrasonicated PVDF/Au random fibers. Furthermore, decreasing content of α
phase may be expected in the order: PVDF/Au aligned > PVDF random > PVDF aligned
> PVDF/nHA random and aligned.
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In order to determine the scaffolds’ crystallinity and the contents of the α and β phases
as well as of nHA, deconvolution of the diffraction peaks was performed by using the
non-linear least-square fitting method using Gauss function. It was necessary to start with
determination of the interrelations between the intensities of the α phase peaks. For this,
the profile registered for PVDF pellet was used, as it shows very high content of the α phase
only. Then, according to the data provided in [68], indicating that the structure factors
for the α020 reflection are the same for the antipolar and polar forms of the α phase, the
α020 peak intensity was taken as the reference. According to our deconvolution results
for the PVDF pellet (see Supplementary Materials), the intensity of the strongest α phase
reflection, i.e., α110 was assumed as 2.55 times of the α020 intensity. Moreover, according
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to the literature [68], the structure factor for the α120 reflection in the polar form of α phase
was assumed as equal to zero, while the structure factors for the reflections from the α021
and α111 planes for antipolar and polar α phases were assumed equal. In deconvolution
analysis of the scaffolds’ profiles, presence of only the α021 reflection was assumed for
simplicity, without resolving the α111 reflection.

Figure 12 presents the results of the overall crystallinity and the phase content for the
scaffolds. The overall crystallinity was determined as c.a. 30% (see Supplementary Materials
for details). It may be seen that addition of nHA strongly increases the β phase con-
tent in PVDF from 10 to 27% in random fibers and from 20 to 27% in aligned fibers.
On the other hand, ultrasonication leads to increase in the α phase content, from
17 to 25% in the PVDF/Au random fibers and from 7 to 17% in the PVDF/Au aligned
fibers. It may also be concluded that higher rotation speed of the collector (aligned fibers)
increases the β phase content in PVDF and PVDF/Au fibers but does make no change in
PVDF/nHA fibers.

As regards the α and β phase content, the WAXS results generally agree with the
FTIR results. It has to be noted that in the diffraction angle range applied in the WAXS
methodology, we could not reveal the presence of the γ phase. The indication of the
presence of the γ phase was found by DSC method, what is reported in next section.

2.3.3. Differential Scanning Calorimetry (DSC)

Figure 13 shows the DSC scans registered during 1st heating for all the samples. On the
curves characteristic features are marked: two endothermic peaks with apparent maxima
and one shoulder denoted as P1, P2, and P3, respectively, where the peak P1 appears
around 60 ◦C, the peak P2 around 166 ◦C and the shoulder P3 around 171 ◦C. It has to be
noted that for samples doped with nHA the peak P2 occurs without the shoulder P3.
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The peak P1, which is usually detected in PVDF samples after storing at ambient
conditions, is attributed to disruption of very defective secondary crystals. The peak
temperature range and size was found comparable to the results reported for PVDF samples
casted from DMF solution at various temperatures [69] and to the results from the studies
on the effect of storage and annealing in PVDF [70].
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As regards the high-temperature melting thermal effect consisting of the peaks P2 and
P3, observed only in PVDF and PVDF/Au samples, these thermal effects were subjected to
a peak deconvolution analysis using Asymetric Double Sigmoid (ADS) function, which
resulted in determination of the contribution of each peak (P2 and P3). The temperature
position and the melting enthalpy, ∆H, of each peak (P1, P2, P3) are presented in Figure 14.
Moreover, the deconvolution analysis examples are provided in the Supplementary Materi-
als, also for PVDF/nHA samples, where approximation of the melting thermal effect was
done with a single ADS function.
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Figure 14. Characteristics of the peaks P1, P2 and P3 determined after deconvolution of the DSC
scans (see Figure 13): maximum of the peak temperature, Tp, (left axis), and the cumulative melting
enthalpies normalized to the PVDF content, ∆H (J/gPVDF) (right axis).

Figure 14 shows that the temperature position of the P1 peak, which is attributed
to disruption of very defective secondary crystals, depends on the fiber composition or
post-processing (sonication). Pure PVDF fibers show the highest temperature positions
of the P1 peak, c.a. 64 and 63 ◦C, for random and aligned fibers, respectively. The lowest
temperature positions of the P1 peak are seen for PVDF/nHA fibers, c.a. 57 and 58 ◦C,
for R and A fibers, respectively. For sonicated PVDF/Au fibers, the positions of the P1
peak were found lower than for pure PVDF, at temperatures c.a. 61 and 62 ◦C, for R
and A fibers, respectively.

The temperature position of the P2 peak is seen at c.a. 166 ◦C for all the samples, while
of the P3 peak c.a. 171 ◦C, observed for PVDF and PVDF/Au fibers only. As revealed by
our FTIR and WAXS analysis (see the previous Section 2.3.2) showing always the presence
of the α and β phases, the P2 peak was assigned to the simultaneous melting of the α and
β crystals. On the other hand, the P3 peak was assigned to the melting of the γ crystals as
revealed by our FTIR analysis, which is also supported by data in the literature [71].

For PVDF/nHA fibers the size of the peak P1 was found slightly higher than for pure
PVDF, c.a. 4 J/gPVDF, along with the highest size of the peak P2, 57 and 58 J/gPVDF for
random and aligned fibers, respectively.

Ultrasonication of PVDF/Au fibers led to slight decrease in the size of the P1 peak for
random fibers, from 3.7 to 3.4 J/gPVDF, and to slight increase in the size of the P1 peak
for aligned fibers, from 3.7 to 4 J/gPVDF. The size of the P2 was found to increase for
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random fibers without a change in the size of the P3 peak. On the other hand, for aligned
fibers the size of the P3 peak decreased without a change in the size of the P2 peak. It
may be concluded that ultrasonication of aligned fibers led to a slight decrease in γ phase
while increasing the amount of very defective secondary crystals, indicated by increase
in the size of the P1 peak. For random fibers, ultrasonication led to a slight increase in
the α crystals from the very defective secondary crystals, manifested by a decrease in the
size of the P1 peak. Both conclusions are supported by our FTIR results (see Section 2.3.1,
Table 4 and Figure 9).

Assuming the theoretical value of the equilibrium fusion enthalpy, ∆H0 = 104.5 J/g [72],
crystallinities for the scaffolds were determined as c.a. 60%, which is two-fold higher than
the values obtained by WAXS analysis (c.a. 30% in Figure 13). Such a huge discrepancy
is highly unexpected and the presumed difference should not exceed a few percent in
favor of DSC values. This has been confirmed for PVDF pellet showing 53.5% WAXS
and 55.8% DSC crystallinity (see Supplementary Materials). Similarly small differences in
crystallinity as determined by WAXS and DSC for various PVDF samples can be found in
the literature [73]. Much larger difference between DSC and WAXS crystallinity is usually
observed in fibers formed by electrospinning technique (e.g., [74]). Such a difference can
be easily explained by the highly defective crystal structure of electrospun fibers, formed
during extremely fast solvent evaporation. This structure with relatively low crystallinity
is registered by WAXS experiment, contrary to the DSC analysis where crystallinity is
deduced from melting of crystals formed both during electrospinning as well as during
heating. Taking into account that the structure of electrospun fibers is very far from the
thermodynamic equilibrium, the process of additional crystallization/recrystallization is
naturally expected during DSC heating, resulting in apparently high crystallinity. The
process of growing of small and imperfect crystals during heating is unresolved in the
heat flow since it is stretched out on a relatively long time (temperature range). Accord-
ing to the literature [75], for polymer fibers there exists the effect of the crystal melting
point depression with decreasing fiber diameter below the bulk melting point. Con-
trary to this, we found slightly higher melting temperatures, Tp, for the fibers than for
the pellet (165 ◦C), which might be another indication of the crystals’ growing/perfecting
upon heating.

Additional reason of higher melting enthalpies could be related to the fact of using the
same value of the equilibrium melting enthalpy (∆H0 = 104.5 J/g [72]), irrespectively of the
phase content. Assumption of this value for α phase only, and a much higher value, for
example ∆H0

β = 219.7 J/g [69] for the β phase, could provide better, however, still limited
approximation of the DSC and WAXS results. In such an approach, good approximation
was obtained only for the β phase-rich PVDF/nHA fibers but not for the samples with low
content of the β phase (pure PVDF and PVDF/Au fibers).

2.4. In Vitro Study on Osteoblasts Human MG-63 Cell Line

Osteoblasts are crucial for ongoing bone remodeling and play a significant role in
assessing materials used in bone tissue engineering [76]. In addition to evaluating cellular
viability, we investigated the interaction between osteoblasts and nonwoven scaffolds.
Cell viability was measured for MG-63 cells cultured on pure PVDF scaffolds, as well as
those with nHA and AuNPs additives, with both random and aligned fiber orientations
(Figure 15). The in vitro analysis confirmed the non-toxic nature of all PVDF nanofibrous
scaffolds, with all samples achieving cell viability levels ≥ 70%, meeting the ISO 10993-5
standard [77] for non-toxic materials.
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Experiments on piezoelectric scaffolds made of pure PVDF, PVDF/nHA and
PVDF/AU showed interesting relationships between nanofiber orientation, piezoelec-
tric phase content (mainly β phase) and MG-63 cell viability after 5 days of cell culture
(Figure 16). The influence of fiber alignment (expressed as FWHM), and piezoelectric phase
content on MG-63 cell viability was significant. The highest MG-63 cell viability was ob-
served in the the sample with nHA addition and aligned fiber orientation (lowest FWHM),
which were additionally characterized by the highest β phase content. Hydroxyapatite,
due to its bioactivity, promoted better bone cell deposition and growth [78]. Moreover,
aligned PVDF fibers with high β phase content additionally enhanced biological processes,
promoting piezoelectric activity, which in turn stimulated MG-63 cells. The alignment of
the fiber with the cell growth direction promoted more organized proliferation and better
cell attachment to the scaffold surface. On the contrary, on PVDF_R samples, MG-63 cells
showed moderate viability, which can be attributed to the lower β-phase content and less
favorable structure for cell adhesion and proliferation. The random fiber orientation limits
the mechanical and electrical stimuli that affect the cells. The addition of AuNPs promoted
an increase in the piezoelectric phase. AuNPs supported the stabilization of the β-phase
through surface interactions, which contributed to the increased piezoelectric phase content.
Samples with AuNPs showed better results in terms of cell viability compared to pure
PVDF, regardless of the fiber orientation. Both AuNPs and nHA could act as an additional
factor supporting cell adhesion and proliferation by improving the electrical conductivity
and supporting the piezoelectric properties of PVDF. In the case of aligned samples, cell
growth was even more noticeable, indicating the synergistic effect of fiber orientation
and additives.

In summary, there is a relationships between nanofiber orientation (expressed as
FWHM), piezoelectric phase content, and MG-63 cell viability (Figure 16). Oriented fibers
(lower FWHM) favor higher β-phase content, which in turn improves MG-63 cell viability
and proliferation. Modification of PVDF with gold or hydroxyapatite further enhances
these effects, making such materials more suitable for bone tissue engineering applications.
However, this issue is very complex and requires more detailed research. Analysis of
these relationships allows for a better understanding of the influence of the structure and
surface modification of materials on their bioactivity and application potential in bone
tissue engineering [79].
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Cell proliferation and attachment are critical for tissue regeneration, representing the
early stages of the process [80]. To further evaluate this, cellular morphology was assessed.
After 3 and 5 days of culture on pure PVDF scaffolds, PVDF/nHA, and PVDF/AuNPs,
immunostained cells were analyzed using fluorescence microscopy (Figures 17 and 18). The
morphology and spreading of osteoblasts on the scaffold surfaces closely resembled those
on tissue culture plastic (TCP), corresponding with good cell viability. The cells exhibited a
well-spread morphology and strong intercellular connections. Effective interaction between
osteoblasts and the nonwoven scaffolds was confirmed by the elongation and spreading of
the cells, which was especially pronounced on PVDF_A, PVDF/nHA_A and PVDF/Au_A
composite nanofibers. Fluorescence microscopy images clearly show different cell growth
patterns depending on the nanofiber orientation-cell elongation due to contact guidance is seen
on aligned nonwovens. The cells tended to elongate in the direction of the fiber orientation,
suggesting that PVDF nanofibers affect the direction of osteoblast migration and proliferation.
This behavior may be due to the mechanical interaction of the piezoelectric properties of
PVDF, which can generate electric charges, thus promoting cell elongation along the fibers.
These effect was observed previously on nonvowens formed from PCL [81], PMMA [44] etc.
In the case of scaffolds with a random nanofiber structure, osteoblast cells showed a more
dispersed morphology, which is characteristic of an irregularly arranged surface.

Previous research has highlighted the importance of incorporating nanoscale compo-
nents like nHA and AuNPs into scaffolds to enhance cell proliferation [82,83]. The improved
adhesion and proliferation observed on PVDF/nHA and PVDF/Au fibers are likely due
to the inclusion of nHA and AuNPs, which contribute to reduced porosity (Table 1) and
hydrophobicity (Table 3). In vitro studies support the conclusion that PVDF/nHA and
PVDF/Au nanofibrous scaffolds demonstrate increased bioactivity and hold significant
potential for promoting bone formation.

2.5. In Vitro Study on Human Induced Pluripotent Stem Cell-Derived Neural Stem Cell Culture
(hiPSC-NSC)

In vitro preliminary experiments using Human Induced Pluripotent Stem Cell-Derived
Neural Stem Cell (hiPSC-NSC), were conducted to evaluate cell differentiation and behavior
on electrospun nanofibrous mats made from pure PVDF and PVDF doped with nHA, with
fibers oriented in both random and aligned configurations (Figure 19). These nanofibers served
as scaffolds, supporting the growth of iPSC-derived neural stem cells. YAP/TAZ staining used
to visualize mechanosensitive molecules that shuttle between the nucleus and cytoplasm in
response to environmental conditions was mainly observed throughout the cells, similar to
what is typically seen on soft hydrogels or 3D scaffolds. Cells at the surface of the nanofibers
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differentiated into neurons, displaying long, interconnected projections (as indicated by beta-
tubulin III staining). A slight effect of fiber orientation on cell alignment was observed. This
may be attributable to an additional extracellular matrix (ECM) protein coating applied to the
nanofibrous mats, which is necessary for adequate cell adhesion. In aligned samples, higher
directional differentiation of neuronal cells can be observed compared to random orientation.
However, whether aligned fibers better support the formation of neuronal networks and axonal
growth compared to random scaffolds requires more detailed studies.

Molecules 2025, 30, x FOR PEER REVIEW 20 of 35 
 

 

 

Figure 17. FM images of stained MG-63 directly cultured on the specimen substrate for 3 days. Sam-
ples PVDF_R, PVDF_A, PVDF/nHA_R, PVDF/nHA_A, PVDF/AU_R and PVDF/AU_A in compari-
son to TCP. 

Figure 17. FM images of stained MG-63 directly cultured on the specimen substrate for 3 days.
Samples PVDF_R, PVDF_A, PVDF/nHA_R, PVDF/nHA_A, PVDF/AU_R and PVDF/AU_A in
comparison to TCP.
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Figure 18. FM images of stained MG-63 directly cultured on the specimen substrate for 5 days.
Samples PVDF_R, PVDF_A, PVDF/nHA_R, PVDF/nHA_A, PVDF/AU_R and PVDF/AU_A in
comparison to TCP.
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Figure 19. Immunocytochemical analysis of hiPSC-derived NSC cultured for 5 days on the PVDF 
scaffolds. After 5 days of culture, cells were stained for a neuronal marker (β-tubulin III, red) or 
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Figure 19. Immunocytochemical analysis of hiPSC-derived NSC cultured for 5 days on the PVDF
scaffolds. After 5 days of culture, cells were stained for a neuronal marker (β-tubulin III, red) or
mechanotransduction mediating factors YAP/TAZ (green) together with f-actin staining (Alexa546-
conjugated Phalloidin, red). Extracellular matrix-coated (diluted geltrex) glass coverslips served as
2D control. Cell nuclei are contra-stained with Hoechst (blue).
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3. Experimental Part
3.1. Materials and Methods

Poly(vinylidene fluoride) (PVDF) with a molecular weight of Mw = 530,000 g/mol was
purchased from Sigma-Aldrich, Steinheim, Germany. Hydroxyapatite (nHA) nanopowder,
with particles smaller than 200 nm, was also obtained from Sigma-Aldrich, Germany,
as well as dimethylformamide (DMF) and acetone. A solution of citrate-stabilized gold
nanoparticles (AuNPs, 40 nm in size, 99.99% purity, optical density of 8.7) was obtained
from Nano Flow, Liège, Belgium. Reagents used were of analytical grade.

Reagents for in vitro tests on osteoblasts, such as amino acids, L-glutamine, fetal
bovine serum (FBS), and antibiotics (penicillin/streptomycin), were purchased from Sigma
Aldrich (Gillingham, UK). Phosphate-buffered saline (PBS), Presto Blue, Trypsin EDTA,
Dulbecco’s Modified Eagle Medium, ActinGreen, and NucBlue were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). The human osteoblast cell line MG-63 was
also purchased from Sigma-Aldrich (86051601, London, UK).

Reagents for in vitro tests on hiPSC-NSC (Thermo Fisher Scientific, USA), such as,
Essential 8 Medium, Vitronectin (VTN-N) Recombinant Human Protein, Truncated, Ul-
traPure™ 0.5 M EDTA, pH 8.0, Geltrex™ LDEV-Free hESC-qualified Reduced Growth
Factor Basement Membrane Matrix, Neurobasal™ Medium, Gibco™ PSC Neural Induction
Medium, Advanced DMEM, Goat serum, Alexa Fluor™ 546 Phalloidin, Alexa Fluor™
546 goat anti mouse IgG2aAlexa Fluor™ 488 goat anti rabbit H + L were purchased from
Thermo Fisher Scientific (USA). Dulbecco’s Phosphate Buffered Saline, Modified, without
calcium chloride and magnesium chloride, Accutase® solution, PFA, Triton X-100, Anti-
β-Tubulin III (neuronal) antibody, Hoechst 33258, Mouse monoclonal were purchased
from Sigma-Aldrich (UK). Rabbit polyclonal anti YAP/TAZ antibody was purchased from
Cell Signaling Technology, Danvers, MA, USA, and Fluorescent Mounting Medium was
purchased from Dako, Santa Clara, CA, USA.

3.2. Preparation of PVDF/nHA Solution and Scaffold Fabrication via Electrospinning Technique
and Sonochemical Coating

PVDF pellets were dissolved in DMF/acetone (4:1 ratio) at 60 ◦C for 6 h. For pure
PVDF 20 wt.% of PVDF solutions were prepared. For samples with nHA addition, an
appropriate amount of nHA nanoparticles was added to obtain 10 (w/v%) solution and
stirrer for 2 h. To avoid nHA aggregation, the solutions were sonificated for 30 min
(ultrasonic cleaner EMAG, EMMI-D60, Salach, Germany).

All the PVDF solutions were loaded into a 5 mL syringe and placed into a Bioini-
cia horizontal setup (Fluidnatek LE-50, Bioinicia, Valencia, Spain). Based on previous
studies [62,84], the process parameters leading to the formation of the higher amount of
piezoelectric phases in samples were selected. A 23 G needle was used with an inner
diameter of 0.337 mm. A flow rate during process was 0.8 mL/h. The distance between
the collector and the needle was 190 mm. The fibers were collected on a rotating drum
collector rotating at 100 (to obtain random fibers), and 2000 rpm (to obtain aligned fibers).
The process was carried out at the temperature range of 21 ◦C and humidity of 25%. The
positive voltage applied to the needle was 22 kV, and the collector electric potential was
−2 kV. After electrospinning, all materials were placed under a fume hood for 48 h in order
to evaporate the solvent. The pure PVDF samples were marked as PVDF_R for random and
PVDF_A for aligned fiber orientation of the sample. Also, samples with addition of nHA
were marked PVDF/nHA_R for random fiber orientation and PVDF/nHA_A for aligned
fiber orientation in the sample. For samples with AuNPs, the sonochemical coating was
used according previously developed method [85]. The ultrasonic treatment of pure PVDF
samples with gold (AuNPs) nanoparticles was carried out in a citric acid bath containing
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the Au component. Ultrasonic fiber functionalization was achieved with an efficiency of
80% using a pulse cycle on a Hielscher UP200Ht device (Teltow, Germany). The coating
process took place at specific time intervals (2 × 2 min). Then, the samples were thoroughly
rinsed with water and dried. These samples were marked as PVDF/Au_R for random and
PVDF/Au_A for aligned fiber orientation with AuNPs addition.

3.3. Characterization of Piezoelectric Nanofibrous Composites
3.3.1. Morphology Analysis

The morphological analysis of piezoelectric scaffolds was performed using Scanning
Electron Microscopy imaging (SEM, JSM-6010PLUS/LV InTouchScope™, JEOL, Tokyo,
Japan), operated at an accelerating voltage of 11 kV. Before imaging, each nonwoven sample
was double-coated with a thin layer of gold (2–3 nm). After imaging, analysis of microstruc-
tures was conducted using ImageJ software (1.52q software version, Washington, DC, USA).
Fiber diameter distribution was determined by applying a Gaussian approximation, with
100 measurements taken for each sample.

The alignment of the fibers analyzed using ImageJ software with the directionality
plugin was quantified by calculating the full-width at half maximum (FWHM) of the
Gaussian function used to approximate the orientation distribution. FWHM values were
averaged across six images for each sample.

Analysis of the fiber orientation in all specimens was determined using the anisotropy
index α, ranging between 1 for the ideal alignment of fibers and 0 for the random distribu-
tion of fibers (Equations (1) and (2)) [86,87].

Ω =
1

Itot
∑ Ii

∣∣∣∣∣ cos2θi sinθicosθi

sinθicosθi sin2θi

∣∣∣∣∣ (1)

α = 1 − λ1/λ2 (2)

More precisely, Ω is a matrix with λ1 and λ2 values, Itot—the sum of individual
nanofiber lengths (nm), Ii—the length of the nanofiber (nm), θi—the angle between the
x-axis and the axis of the nanofiber oriented perpendicular to the collector axis.

Porosity (p) was determined from Equation (3) [88]:

p =
Vt − Vf

Vt
=

(
1 − Vf ×

ρ

mt

)
= (1 −

m f

mt
) (3)

where, Vf is the volume of the tested sample, mf is the mass of the tested sample, mt is the
theoretical mass of the solid sample as the product of the PVDF density (1.75 g/cm3 [89])
and the volume Vt.

Pore size (P) was estimated from Equation (4) [88]:

P =
2D

(1 − p)
(4)

where, D is the mean fibers diameter in each specimen, (1 − p) is the area of fibers per unit
and p is the porosity.

The presence of nHA and AuNPs was confirmed through Energy Dispersive X-ray
Spectroscopy (EDS) (JSM-6010PLUS/LV InTouchScope™, JEOL, Tokyo, Japan). Samples
were measured with the following parameters: working distance (WD) = 10 mm, accelerat-
ing voltage of 8 kV, probe current of 500 pA, and a collecting time of 30 min.
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3.3.2. Water Uptake, Water Contact Angle Measurements and Surface Free
Energy Determination

Piezoelectric samples was divided into a 2 × 1 cm rectangle and immersed in dem-
ineralized water every 60 s for 10 min and weighed (XA 52.R2 analytical balance, Radwag,
Radom, Poland).

The water uptake capacity of the samples was determined using Equation (5) [90].

% Water uptake = 100 × Wwet − Wo

Wo
(5)

where, Wo and Wwet is the weight of dry and wet samples, respectively.
The wettability of nanofibrous scaffolds was tested using the Data Physics OCA 15EC

contact angle goniometer (Filderstadt, Germany). A drop of liquid (volume 2 µL) was
deposited on the surface of the nanofibrous scaffolds. The contact angle was calculated
after 3 s at 21 ◦C.

Surface Free Energy (SFE) was calculated using the Kaelble-Owens-Wendt method.
This method assumes that SFE is the sum of two main independent components related to
polar and dispersion interactions. Three liquids were used to evaluate SFE-water, highly
dispersible diiodomethane, and formamide, as described [87] (Equations (6) and (7)).

(γ d
s

)0.5
=

γd(cosθd + 1)−
√(

γ
p
d

γ
p
w

)
γw(cosθw + 1)

2(
√

γd
d −

√
γ

p
d −

(
γ

p
w

γ
p
w

)
)

(6)

(γ p
s
)0.5

=
γw(cosθw + 1)− 2

√
γd

s γd
w

2
√

γ
p
w

(7)

where, γd
s —dispersion component of SFE, γ

p
s —polar component, γd—SFE of diiodomethane;

γd
d—dispersive component of diiodomethane, γ

p
d —polar element of diiodomethane,

γw—SFE of water; γd
w—the dispersive element of water, γ

p
w—polar element of water;

θd and θw contact angle of diiodomethane and water, respectively.
Surface polarity (Xp) was determined using the Wu’s method (Equation (8)) [91]:

Xp =
γ

p
s

γs
(8)

3.3.3. Determination of the Crystallinity and the Phase Content
Fourier Transform Infrared Spectroscopy (FTIR)

Molecular structure analysis, determination of piezoelectric phase content and pres-
ence of nHA and AuNPs was conducted using Fourier Transform Infrared Spectroscopy
with ATR technique (Bruker Vertex 70, Mannheim, Germany). The results are data from
measurements of five samples. Investigations of the nanofibrous scaffolds was provided in
the range of 400 cm−1 to 4000 cm−1 with a resolution of 2 cm−1 and a total of 32 scans.

The amount of piezoelectric phases (FEA), β and γ, was calculated from Equation (9) [36,92]:

FEA =
I840∗(

K840∗
K763

)
× I763 + I840∗

× 100% (9)

where, intensities from bands 763 cm−1 and 837–841 cm−1 were calculated. According to
the Beer-Lamber law, absorption coefficients K840 and K763 are 7.7 × 104 cm2 mol−1 and
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6.1 × 10, respectively. Absorbance from bands 1234 cm−1 and 1275 cm−1 was used to
calculate the β-phase (F(β)) and γ-phase (F(γ)) [36,92].

F(β) = FEA ×
(

∆Hβ′

∆Hβ′ + ∆Hγ′

)
× 100% (10)

F(γ) = FEA ×
(

∆Hγ′

∆Hβ′ + ∆Hγ′

)
× 100% (11)

where ∆Hβ′ is the absorbance difference between the peaks (1275 cm−1 and 1260 cm−1),
whereas ∆Hγ′ is the peak 1234 cm−1 and the nearest valley, around 1225 cm−1.

Wide Angle X-Ray Scattering (WAXS)

Bruker D8 Discover diffractometer (Manheim, Germany) was used. Coupled theta-
2theta geometry with divergent beam optic (1 mm slit) was used in reflective mode with
Cu lamp X-ray source (power was set to nominal 1600 W). Scans were done at 10–30 deg.
2theta angular range, with 1 s signal record time per step (0.02◦. increment step size).

The WAXS profiles were analysed using the non-linear least-square fitting method
with the Gauss function resulting to deconvolution of the diffraction peaks, enabling
determination of the overall crystallinity, XC, and the α and β phase contents, Xα and
Xβ as:

Xc =
∑ Ii
Itot

, Xα =
∑ Iiα
Itot

, Xβ =
∑ Iiβ

Itot
(12)

where Ii represents integral intensity of an i-th diffraction peak, Iiα and Iiβ are the intensities
of the α or β phase diffraction peaks, respectively, and Itot represents the total integral
intensity of the registered WAXS profile.

Differential Scanning Calorimetry (DSC)

Thermal analysis of PVDF scaffolds was performed using a Differential Scanning
Calorimeter (DSC, Pyris 1, Perkin Elmer, Waltham, MA, USA) equipped with Intracooler
2P under nitrogen atmosphere. Oriented and random fibrous samples (7–10 mg) as well as
a pellet sample for comparison were loaded into standard aluminum pans.

Thermal analysis consisted of determination of the melting temperatures and en-
thalpies as well as calculation of the crystallinity after a deconvolution analysis of the
melting endotherms using Asymmetric Double Sigmoid (ADS) function.

3.3.4. In Vitro Study on Human Osteoblasts MG-63 Cell Line

In vitro research was evaluated using the human MG-63 cell line. The cells were
grown in 25 cm2 flasks containing medium made from 10% fetal bovine serum (FBS), High-
Glucose Dulbecco’s Modified Eagle’s Medium (DMEM), 1% glutamine and antibiotics.
Incubation was carried out at 37 ◦C in an atmosphere containing 5% CO2. To detach
the cells, the flask was rinsed with PBS, followed by the addition of 3 mL of a 0.05%
trypsin solution. The flask was then returned to the incubator for a few minutes. After cell
detachment, 10 mL of fresh culture medium was added, and the suspension was centrifuged
at room temperature. The resulting pellet was re-suspended in culture medium to obtain
the desired cell density. Several experiments were performed to evaluate the cellular
response to monolithic nanofibers, including cytotoxicity tests using extracts and analysis of
cellular morphology.

To evaluate cellular viability, MG-63 cells were seeded onto the test samples and
Tissue Culture Plate (TCP) at a density of 1 × 104 cells per well, followed by incubation.
On days 3 and 5, the culture medium was carefully removed, and each well was filled with
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180 µL of PBS and 20 µL of Presto Blue reagent. The plate was then incubated for 60 min.
Fluorescence readings were obtained using excitation/emission filters of 530/620 nm with
a Fluorescent Accent FL device from Thermo Fisher Scientific. The results were analyzed
by comparing the Presto Blue fluorescence of blank samples, which served as a baseline for
no metabolic activity, and the control (TCP), which represented 100% cell viability.

Fluorescence microscopy was used to examine the morphology of osteoblasts in direct
contact with the material. MG-63 cells were cultured on electrospun membranes, and after
3 and 6 days of incubation, the cells were fixed using 3% formaldehyde for 20 min. To
permeabilize the cell membranes, the fixed cells were treated with 0.01% Triton X-100 for
5 min. Subsequently, the cellular nuclei and cytoskeleton were stained for 30 min using a
solution containing ActinGreen and NucBlue, which specifically bind to the cytoskeleton
and nuclear DNA, respectively. Microscopic images were acquired using a Leica AM TIRF
MC microscope (Wetzlar, Germany).

3.3.5. In Vitro Study on Human Induced Pluripotent Stem Cell-Derived Neural Stem Cell
Culture (hiPSC-NSC)

Neural stem cells were derived from a human induced pluripotent stem cell (hiPSC)
line following the protocol described by Buzanska et al. [93], with some modifications.
Briefly, cells from a human episomal iPSC line (Gibco, Thermo Fisher Scientific) were
routinely cultured on vitronectin-coated culture dishes in Essential 8 Medium (Thermo
Fisher Scientific). For neural induction, the cells were washed in PBS without calcium
and magnesium (PBS−/−) and passaged using EDTA. The cells were then transferred
to Geltrex-coated (Thermo Fisher Scientific) culture vessels in Essential 8 Medium. After
24 h, the medium was replaced with PSC Neural Induction Medium (Thermo Fisher Sci-
entific), and the cells were cultured for up to 7 days, with daily medium changes. On day
7 of neural induction, the confluent cultures were washed with PBS−/− and passaged
using Accutase into new Geltrex-coated (1:100 in Neurobasal Medium) 6-well plates at a
density of 1 × 105 cells/cm2 in neural expansion medium (a 1:1 mixture of PSC Neural
Induction Medium and Advanced DMEM, Thermo Fisher Scientific). The cells were main-
tained under these conditions and passaged weekly. Cells from passage 6 were used for
further experiments.

Cell Culture on Biomaterials and Immunofluorescent Staining

To culture hiPSC-NSCs on biomaterials, PVDF scaffolds were sterilized by exposure
to UV light for 30 min on each side, then rinsed with 70% ethanol, washed three times with
PBS for 10 min each, and incubated with a Geltrex solution (1:100 in Neurobasal Medium)
for 1 h at 37 ◦C. The hiPSC-NSCs were seeded onto the PVDF scaffolds at a density of
1 × 105 cells/cm2 in neural expansion medium. An uncoated scaffold was used to assess
the adhesion of the neural stem cells directly to the PVDF biomaterial. The next day, the
scaffolds were transferred to a new culture dish and cultured for up to 7 days. On day 7,
the cells on the PVDF scaffolds were washed with PBS, fixed with 4% paraformaldehyde
(PFA), washed again with PBS, and permeabilized with 0.5% Triton X-100 for 15 min. After
removing the permeabilization solution, the samples were blocked with 10% goat serum
for 1 h at room temperature. The cells were then incubated overnight at 4 ◦C with the
following primary antibodies: monoclonal mouse anti-neuronal beta III tubulin (1:1000,
Sigma-Aldrich), polyclonal rabbit anti-YAP/TAZ (1:500, Stem Cell Signaling), and Alexa-
546-conjugated Phalloidin (1:500, Thermo Fisher Scientific). The next day, after washing
with PBS, the samples were incubated for 1 h at room temperature with the appropriate
secondary antibodies: Alexa-546 goat anti-mouse IgG2a and Alexa-488 goat anti-rabbit
polyclonal antibody (both 1:500, Thermo Fisher Scientific). After washing with PBS, the
samples were counterstained with Hoechst (1:100, Sigma) for 15 min to visualize the
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nuclei. Following a final PBS wash, the samples were mounted in fluorescent mounting
medium (Dako, Glostrup, Denmark) and imaged using a confocal microscope (LSM510,
Zeiss, Oberkochen, Germany) at the Laboratory of Advanced Microscopy Techniques,
Mossakowski Medical Research Institute, PAS.

3.4. Statistical Analysis

All results were analyzed to determine statistical significance. Viability results were
evaluated using GraphPad Prism 8.0.1 software, applying a threshold of p < 0.05. As
needed, a two-way ANOVA followed by Tukey’s multiple comparisons test was performed.
Statistical significance was assessed based on p-values, with values below 0.05 considered
significant. p-values in the range of 0.01 to 0.05 were marked with an asterisk (“*”) to
indicate significance.

4. Conclusions
It was presented that higher collector rotational speed or nHA addition to PVDF

electrospun fibers increases not only the fibers’ alignement but also promotes formation
of the piezoelectric phases. The β phase content was found the highest in PVDF/nHA
fibers, being 80–90% of the total crystallinity and was found independent on the collector
rotational speed. The lowest β phase content was determined for ultrasonicated PVDF/Au
random fibers, being 12–33% of the total crystallinity. For pure PVDF and ultrasonicated
PVDF/Au fibers, higher β phase content was observed for higher collector rotational speed.
Additionally, low content of the γ phase in pure and with AuNPs addition, being 3–7% of
the total crystallinity, was found in FTIR analysis and confirmed using DSC analysis as a
small high temperature melting peak. Moreover, addition of nHA or coating of the fibers
with AuNPs improved scaffolds’ surface properties (SFE) and water absorption.

According to WAXS analysis, the fibers were c.a. 30% crystalline, only, which is much
lower than the crystallinity of a pellet (c.a. 53%). During DSC heating, high metastability
of electrospun structure led to intense growth of the defective small crystals resulting
in twice higher melting enthalpy and slightly higher melting temperature than for the
pellet samples.

In vitro results using MG-63 results showed that aligned fibers favor higher β-phase
content, which in turn improves MG-63 cell viability and proliferation. Modification of
PVDF with nHA or AuNPs further enhances these effects, making such materials more
suitable for bone tissue engineering applications [94]. Whereas, in vitro results using hiPSC-
NSC showed that in aligned samples, higher directional differentiation of neuronal cells
can be observed. This is due to that aligned fibers better support the formation of neuronal
networks and axonal growth compared to random scaffolds [95].

The piezoelectric composites demonstrated a high degree of adaptability in their
fiber orientation (random vs. aligned), offering flexibility in their applications. Randomly
oriented fibers may better mimic the structural complexity of a natural bone matrix, while
aligned fibers are particularly suited for guiding nerve regeneration, highlighting the
material’s multifunctionality.

The conducted studies on piezoelectric nanofibrous composites with nHA and AuNPs
confirmed the value of these innovative composites as promising candidates for advancing
tissue engineering solutions, particularly in challenging regenerative contexts like bone
and nervous system repair.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules30051041/s1, Figure S1: DSC deconvolution; Figure S2:
WAXS deconvolution.
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2. Zaszczyńska, A.; Zabielski, K.; Gradys, A.; Kowalczyk, T.; Sajkiewicz, P. Piezoelectric Scaffolds as Smart Materials for Bone Tissue

Engineering. Polymers 2024, 16, 2797. [CrossRef]
3. Yu, S.; Tai, Y.; Milam-Guerrero, J.; Nam, J.; Myung, N.V. Electrospun Organic Piezoelectric Nanofibers and Their Energy and Bio

Applications. Nano Energy 2022, 97, 107174. [CrossRef]
4. Li, S.; Dan, X.; Chen, H.; Li, T.; Liu, B.; Ju, Y.; Li, Y.; Lei, L.; Fan, X. Developing Fibrin-Based Biomaterials/Scaffolds in Tissue

Engineering. Bioact. Mater. 2024, 40, 597–623. [CrossRef]
5. Percival, K.M.; Paul, V.; Husseini, G.A. Recent Advancements in Bone Tissue Engineering: Integrating Smart Scaffold Technologies

and Bio-Responsive Systems for Enhanced Regeneration. Int. J. Mol. Sci. 2024, 25, 6012. [CrossRef] [PubMed]
6. Motamedi, A.S.; Mirzadeh, H.; Hajiesmaeilbaigi, F.; Bagheri-Khoulenjani, S.; Shokrgozar, M.A. Piezoelectric Electrospun

Nanocomposite Comprising Au NPs/PVDF for Nerve Tissue Engineering. J. Biomed. Mater. Res 2017, 105, 1984–1993. [CrossRef]
7. Ali, M.; Bathaei, M.J.; Istif, E.; Karimi, S.N.H.; Beker, L. Biodegradable Piezoelectric Polymers: Recent Advancements in Materials

and Applications. Adv. Healthc. Mater. 2023, 12, 2300318. [CrossRef]
8. Kalimuldina, G.; Turdakyn, N.; Abay, I.; Medeubayev, A.; Nurpeissova, A.; Adair, D.; Bakenov, Z. A Review of Piezoelectric

PVDF Film by Electrospinning and Its Applications. Sensors 2020, 20, 5214. [CrossRef]
9. Mohammadi, B.; Yousefi, A.A.; Bellah, S.M. Effect of Tensile Strain Rate and Elongation on Crystalline Structure and Piezoelectric

Properties of PVDF Thin Films. Polym. Test. 2007, 26, 42–50. [CrossRef]
10. Kabir, E.; Khatun, M.; Nasrin, L.; Raihan, M.J.; Rahman, M. Pure β-Phase Formation in Polyvinylidene Fluoride (PVDF)-Carbon

Nanotube Composites. J. Phys. D Appl. Phys. 2017, 50, 163002. [CrossRef]
11. Mokhtari, F.; Latifi, M.; Shamshirsaz, M. Electrospinning/Electrospray of Polyvinylidene Fluoride (PVDF): Piezoelectric

Nanofibers. J. Text. Inst. 2016, 107, 1037–1055. [CrossRef]
12. Khonina, S.N.; Voronkov, G.S.; Grakhova, E.P.; Kazanskiy, N.L.; Kutluyarov, R.V.; Butt, M.A. Polymer Waveguide-Based Optical

Sensors—Interest in Bio, Gas, Temperature, and Mechanical Sensing Applications. Coatings 2023, 13, 549. [CrossRef]
13. Mohammadpourfazeli, S.; Arash, S.; Ansari, A.; Yang, S.; Mallick, K.; Bagherzadeh, R. Future Prospects and Recent Developments

of Polyvinylidene Fluoride (PVDF) Piezoelectric Polymer; Fabrication Methods, Structure, and Electro-Mechanical Properties.
RSC Adv. 2023, 13, 370–387. [CrossRef] [PubMed]
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