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1. Wstęp  
 

Jednym z największych wyzwań współczesnej medycyny jest walka z chorobami 

układu nerwowego. Choroby neurodegeneracyjne skutkują postępującym uszkodzeniem 

komórek nerwowych, prowadzącym do zaburzeń związanych z poruszaniem się, utratą 

pamięci oraz spadkiem sprawności umysłowej. Przykładem chorób neurodegeneracyjnych są 

choroby Parkinsona, Alzheimera czy Huntingtona. Choć diagnozowane są one od dawna, 

jednak wciąż brakuje metod umożliwiających skuteczną terapię. Na przełomie ostatnich lat 

obserwuje się tendencję wzrostową liczby pacjentów cierpiących na choroby 

neurodegeneracyjne. Co więcej, Światowa Organizacja Zdrowia na podstawie danych 

statystycznych przewiduje, że ze względu na wydłużającą się długość życia liczba 

zachorowań będzie stale wzrastać (Rys.1a) [1]. Wiąże się to również ze wzrostem liczby 

publikacji naukowych dotyczących chorób neurodegeneracyjnych i możliwości ich leczenia 

(Rys.1b). 

 

Rys. 1. a) Liczba ludzi z demencją (mln) w roku 2010 oraz przewidywana liczba chorych 

w latach 2030 i 2050 [2], b) liczba publikacji naukowych dotyczących chorób 

neurodegeneracyjnych opublikowanych w latach 2013-2021 według bazy Scopus. 

 

Pomocą w diagnostyce i terapii chorób neurodegeneracyjnych służyć mogą urządzenia 

biomedyczne, w których kluczową rolę pełnią elektrody neurologiczne. Neuroelektrody 

stanowią znaczne osiągnięcie w neurotechnice, umożliwiając kontrolę nad elektrycznie 

aktywnym elementem budulcowym układu nerwowego - neuronami. Urządzenia 

biomedyczne umieszczone w centralnym lub obwodowym układzie nerwowym pozwalają 

zarówno na rejestrację potencjałów czynnościowych neuronów, jak również ich stymulację za 

pomocą zewnętrznych impulsów elektrycznych [3]. Elektrostymulacja układu nerwowego to 

metoda, której początki sięgają XVIII wieku i pionierskich badań L. Galvaniego oraz A. 

Volty. W ślad za wysiłkami włoskich uczonych, G. Duchenne w XIX wieku wykazał, że prąd 
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elektryczny może służyć do przezskórnego stymulowania mięśni [4,5]. Natomiast w 1920 

roku W. Hess jako pierwszy wszczepił elektrody do mózgów kotów, demonstrując 

skuteczność neurostymulacji [6].  

Współcześnie stymulacja elektryczna układu nerwowego jest wykorzystywana 

w leczeniu urazów rdzenia kręgowego [7], porażenia mózgowego [8–10], do zmniejszania 

częstości pojawiania się objawów choroby Parkinsona (głęboka stymulacja mózgu) [11] czy 

epilepsji (stymulacja nerwu błędnego) [12], a także w celu przywrócenia słuchu (implanty 

ślimakowe) [13] lub wzroku (protezy siatkówki) [14]. Niemniej jednak, stosowane implanty 

neuronowe mają szereg ograniczeń. Dla przykładu, wciąż trwają badania nad poprawą 

biokompatybilności na styku elektroda/tkanka nerwowa [15]. Obecnie biokompatybilność 

wyrobu medycznego jest oceniana zgodnie ze standardowymi normami Międzynarodowej 

Organizacji Normalizacyjnej (ISO) (ISO 10993) [16]. Uwzględniają one między innymi 

wpływ wyrobów medycznych na tkanki, badania cytotoksyczności in vitro, ocenę miejscowej 

reakcji po implantacji czy ocenę biozgodności. Podstawowym celem badań zgodnie 

z przedstawionymi normami jest obniżenie ryzyka biologicznego wynikającego 

z zastosowania nowych materiałów bioinżynieryjnych.  

W celu opracowania odpowiedniego materiału elektrodowego należy wziąć pod 

uwagę zarówno skład chemiczny podłoża, jak również jego cechy fizykochemiczne, w tym 

topografię powierzchni, porowatość, hydrofobowość i ładunek powierzchniowy [17,18]. 

Ponadto, potencjalne elektrody powinny być niewielkich rozmiarów oraz powinny zapewniać 

sprawne przenoszenie ładunku elektrycznego, co związane jest z niską impedancją materiału 

i możliwością akumulowania ładunku [19,20]. Istotne jest również, aby materiał 

charakteryzował się stabilnością (elektryczną i mechaniczną) w warunkach fizjologicznych 

oraz podczas sterylizacji (sterylizacja etanolem, tlenkiem etylenu, autoklawowanie, 

promieniowanie UV, itp.). 

Ze względu na bardzo dobre przewodnictwo, stabilność oraz wielokrotnie 

potwierdzoną biokompatybilność, obecnie jako neuroelektrody stosuje się metale szlachetne, 

zwłaszcza platynę i jej stopy [21,22]. Jednak w dłuższej perspektywie niedopasowanie 

mechaniczne między miękką, żywą tkanką, a twardą powierzchnią implantu nerwowego 

może prowadzić do powstawania chronicznego stanu zapalnego i aktywacji komórek 

glejowych, a w konsekwencji do degeneracji neuronów i powstania blizny glejowej, co 

prowadzi do utrudnienia rejestracji sygnałów komórkowych oraz zmniejszenia skuteczności 

stymulacji elektrycznej [3,23]. W związku z tym, w ostatnich latach pojawiło się wiele prac 
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badawczych nad alternatywnymi materiałami, które mogłyby sprostać wymaganiom 

stawianym elektrodom neurologicznym. 

Istotnym problemem bezpośrednio związanym z wszczepialnymi urządzeniami 

biomedycznymi są infekcje bakteryjne [24]. Zakażenia szpitalne wiążą się z długotrwałym 

leczeniem, mogą prowadzić do obniżenia jakości życia, a w niektórych przypadkach nawet do 

śmierci. Co więcej, stanowią one powszechny problem w wielu oddziałach szpitalnych (Rys. 

2).  

 

 

Rys. 2. Zakażenia bakteryjne zgłoszone w latach 2017-2018 w Hrabstwie Mures w Rumunii 

(1024 pacjentów) w poszczególnych oddziałach szpitalnych [25].  

 

Oprócz ryzyka rozwinięcia się zakażenia okołowszczepowego, obecność biofilmu 

bakteryjnego osadzonego na powierzchni implantu znacznie utrudnia integrację komórek 

nerwowych z urządzeniem biomedycznym [26]. Rozwój biofilmu rozpoczyna się wraz 

z osadzeniem się bakterii na powierzchni materiału na skutek działania sił Van der Waalsa, 

oddziaływań kwasowo-zasadowych lub sił elektrostatycznych [27]. Następnie bakterie 

zaczynają wytwarzać pozakomórkowe substancje polimerowe, co daje im możliwość 

proliferacji. Funkcjonowanie bakterii w biofilmie możliwe jest dzięki komunikacji, która 

odbywa się na drodze sygnałów chemicznych [28,29] i elektrycznych [30,31] regulujących 

jego wzrost. Komunikacja na drodze sygnalizacji chemicznej (ang. quorum sensing) odbywa 

się poprzez produkcję i wyczuwanie określonych cząsteczek umożliwiających rozpoznanie 

otoczenia przez bakterie [32,33]. Natomiast sygnalizacja na drodze elektrycznej odbywa się 

poprzez przesyłanie impulsów elektrycznych za pomocą kanałów potasowych, w których 

zachodzi propagacja przestrzennie uporządkowanych fal [30,34]. Struktura biofilmu 
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bakteryjnego zapewnia mu przyczepność, trwałość i odporność na środowisko zewnętrzne,   

a tym samym możliwość przetrwania w najtrudniejszych warunkach [35,36]. Jedną z bakterii, 

które powszechnie powodują skażenie urządzeń medycznych oraz prowadzą do licznych 

zakażeń szpitalnych jest Escherichia coli [37,38]. Jest ona jedną z najbardziej znanych 

bakterii Gram-ujemnych i służy jako organizm modelowy dla badań w inżynierii biologicznej 

i mikrobiologii przemysłowej. Pałeczka Escherichia coli to bakteria o średniej długości 1–2 

µm i szerokości 0,5–1,0 µm, ale jej wymiary mogą ulec zmianie w zależności od dostępności 

pożywki i jej bogactwa w składniki odżywcze [39,40].  

Obecnie powszechną praktyką lekarską w walce z infekcjami bakteryjnymi jest terapia 

z wykorzystaniem antybiotyków. Wykazano jednak, że ze względu na utrudnioną zdolność 

dyfuzji dojrzały biofilm jest znacznie trudniejszy do usunięcia za pomocą antybiotyku niż 

pojedyncze bakterie. Jednocześnie zastosowanie zbyt wysokiego stężenia leku nie jest 

wskazane, ponieważ może okazać się toksyczne dla zdrowych komórek [41]. Jednym 

z czynników, które mogą regulować żywotność bakterii jest ładunek elektryczny. Jak 

wskazują liczne doniesienia literaturowe [42], równoczesne zastosowanie środków 

bakteriobójczych z polem elektrycznym zwiększa skuteczność działania antybiotyków, co 

znane jest jako efekt bioelektryczny. Zatem materiały elektroaktywne z unieruchomionymi 

cząsteczkami biologicznie czynnymi mogą umożliwić kontrolę wzrostu biofilmów 

bakteryjnych. Ponieważ bakterie osadzone na powierzchni implantu utrudniają kontakt 

pomiędzy komórkami nerwowymi a urządzeniem, zastosowanie powłoki antybakteryjnej 

może dodatkowo zwiększać skuteczność stymulacji elektrycznej.  

Ze względu na ograniczenia obecnie stosowanych biomateriałów, w tym 

neuroelektrod, wzrasta zainteresowanie materiałami alternatywnymi do metali szlachetnych, 

które charakteryzowałyby się miękką powierzchnią, wysokim przewodnictwem 

i biokompatybilnością. Obiecujące do tego typu zastosowań są polimery przewodzące, które 

łączą niski moduł Younga oraz możliwość formowania w kształty dopasowane do potrzeb 

żywych tkanek [6]. Co więcej, charakteryzują się one wysoką pojemnością elektryczną, niską 

impedancją oraz możliwością efektywnego przenoszenia ładunku [43–45]. Wykazana 

biokompatybilność i zdolność do pełnienia funkcji nośników związków biologicznie 

aktywnych, takich jak antybiotyki [46], leki przeciwnowotworowe [47–49] czy 

przeciwzapalne [50,51] sprawia, że polimery przewodzące mają potencjalne zastosowanie 

w inżynierii biomedycznej [52] [A3]. Najczęściej badanymi polimerami przewodzącymi pod 

kątem zastosowań neurologicznych są polipirol (Ppy) [53,54] i poli(3,4-etylenodioksytiofen) 

(PEDOT) [55–58].   
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Rys. 3. Wzory strukturalne polimerów przewodzących: a) PPy, b) PEDOT, c) PEDOP. 

  

Ppy ze względu na doskonałą biokompatybilność i stabilność środowiskową jest 

szeroko badany jako materiał do zastosowań biomedycznych [59]. Co więcej, dzięki dobrej 

przewodności elektrycznej badany jest jako materiał do otrzymywania warstw (mediatorów) 

pośredniczących w stymulacji elektrycznej komórek i tkanek [60]. Jednak PPy jest mało 

plastyczny i odporny na rozciąganie, dlatego prace badawcze przeważnie koncentrują się na 

połączeniu go z innymi polimerami w celu modyfikacji właściwości [61,62].  

Podobnie jak PPy, również PEDOT wykazuje biokompatybilność zarówno in vitro jak 

i in vivo [63], stabilność środowiskową oraz elektrochemiczną, która jest wynikiem obecności 

mostka etylenodioksylowego w jego strukturze chemicznej. PEDOT stosowany jest jako 

materiał do otrzymywania implantów [64,65], systemów dostarczania leków [51,66,67], jak 

również rusztowań tkankowych [68,69]. PEDOT badany jest także pod kątem zastosowania 

w bakteriologii do kontrolowania adhezji bakterii [70], diagnozowania infekcji bakteryjnych 

[71] oraz zapobiegania tworzeniu się biofilmu [72] [A3]. 

Obiecującą alternatywą dla PPy oraz PEDOT jest poli(3,4-etylenodioksypirol) 

(PEDOP), który należy do grupy polipiroli (PPy) i podobnie jak PEDOT posiada w swojej 

strukturze mostek etylenodioksylowy. Polimer ten w porównaniu z PPy i PEDOT 

charakteryzuje się niskim potencjałem polimeryzacji oraz wysoką stabilność 

elektrochemiczną [73]. W literaturze pojawiły się już pierwsze doniesienia na temat wysokiej 

biokompatybilności PEDOPu z komórkami nerwowymi [74] oraz pod kątem zastosowania 

jako nośnik leków [75,76]. 
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2. Cel pracy 
 

Celem niniejszej rozprawy doktorskiej jest opracowanie innowacyjnych materiałów 

dla zastosowań biomedycznych, opartych na wybranych polimerach przewodzących będących 

nośnikami antybiotyku. Powinny one umożliwiać jednoczesną kontrolę nad procesem 

powstawania biofilmu bakteryjnego oraz stymulację komórek nerwowych, a także zapewniać 

działanie neuroprotekcyjne. W ramach przeprowadzonych badań zastosowano matryce 

PEDOT oraz PEDOP do unieruchomienia antybiotyku: tetracykliny (Tc), który posiada 

właściwości antybakteryjne zarówno wobec bakterii Gram-dodatnich jak i Gram-ujemnych. 

Ponadto, istnieją doniesienia naukowe o neuroprotekcyjnym działaniu antybiotyków 

należących do grupy tetracyklin, które ograniczają aktywację mikrogleju, osłabiają zjawisko 

apoptozy oraz hamują produkcję reaktywnych form tlenu [77–79].  

Pracę rozpoczyna przegląd literatury mający na celu określenie możliwości 

regulowania wzrostu biofilmu poprzez stymulację elektryczną oraz obecność materiałów 

elektroaktywnych [A1]. W kolejnym etapie prac określono w jakim stopniu powierzchnia 

platyny, czyli materiału powszechnie wykorzystywanego w projektowaniu elektrod 

neurologicznych, ulega procesowi kolonizacji bakteryjnej [A2]. Po eksperymentalnym 

potwierdzeniu podatności platyny na rozwój biofilmu bakteryjnego, zajęto się opracowaniem 

pokryć ochronnych na bazie wybranych polimerów przewodzących [A3,A4]. PEDOT 

i PEDOP osadzano metodą polimeryzacji elektrochemicznej na powierzchni szkła z napyloną 

cienką warstwą platyny. Immobilizację leku prowadzono równocześnie z procesem 

polimeryzacji elektrochemicznej, uzyskując powłoki o dobrych właściwościach elektrycznych 

i wysokiej zawartości leku. Ponadto, otrzymane powłoki scharakteryzowano 

z wykorzystaniem technik elektrochemicznych (woltamperometria cykliczna, 

elektrochemiczna spektroskopia impedancyjna, chronoamperometria), spektroskopowych 

(spektroskopia w podczerwieni, spektroskopia UV/Vis) i mikroskopowych (skaningowa 

mikroskopia elektronowa), a także określono ich zwilżalność i adhezję do powierzchni. 

Wytypowane matryce wykorzystano jako podłoża do hodowli modelowych szczepów 

bakteryjnych i komórkowych. Charakter antybakteryjny powierzchni oceniano wykorzystując 

szczep bakterii Gram-ujemnych Escherichia coli. Działanie neuroprotekcyjne analizowano 

z wykorzystaniem linii komórkowej szczurzego nerwiaka zarodkowego B35. Istotną częścią 

pracy była analiza morfometryczna bakterii oraz komórek nerwowych na podstawie obrazów 

otrzymanych za pomocą skaningowego mikroskopu elektronowego (SEM). W ramach pracy 

doktorskiej zoptymalizowano proces przygotowania próbek biologicznych do pomiarów 
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SEM, a także wyselekcjonowano parametry, które dostarczają informacji o stanie komórek 

(faza wzrostu, możliwość podziału, apoptoza, nekroza, itp.) [A5]. 

 

 

Rys. 4. Schemat przedstawiający cel pracy. 
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3. Część eksperymentalna 
 

3.1. Elektrochemiczna synteza polimerów przewodzących i ich modyfikacja poprzez 

zastosowanie tetracykliny 

Wybrane polimery przewodzące, PEDOT i PEDOP, osadzano na powierzchni szkiełek 

mikroskopowych (Labglass) z napyloną warstwą platyny. W celu naniesienia cienkiej 

warstwy metalu na powierzchnię szklaną zastosowano metodę napylania próżniowego 

stosując napylarkę Q150R Quorum Technologies pracującą przy 30 mA przez 120 s. 

Uzyskano warstwę Pt o grubości 4,8 nm [A2].  

Matryce polimerowe syntezowano na drodze polimeryzacji elektrochemicznej metodą 

woltamperometrii cyklicznej (CV) z wykorzystaniem potencjostatu CH Instruments 400c 

[A3,A4]. Proces prowadzono w układzie trójelektrodowym, w którym elektrodą pracującą 

była płytka szklana z napyloną warstwą Pt o powierzchni aktywnej równej 0,283 cm2. 

Elektrodą pomocniczą była blaszka platynowa o powierzchni 1 cm2, natomiast elektrodą 

odniesienia była elektroda Ag/AgCl (3M KCl).  

Polimeryzację elektrochemiczną EDOT przeprowadzono z roztworu monomeru (10 

mM) w PBS stosując zakres potencjałów od -0,9 V do 1,27 V (vs Ag/AgCl), przy szybkości 

skanowania 0,1 V/s w zakresie 15-100 cykli CV. Matryce polimerowe funkcjonalizowane 

chlorowodorkiem tetracykliny (PEDOT/Tc) otrzymano podczas polimeryzacji 

elektrochemicznej 10 mM EDOT w PBS wraz z Tc (od 0,5 mM do 50 mM). Podobnie jak 

w przypadku matrycy PEDOT, polimeryzacja elektrochemiczna była prowadzona w zakresie 

potencjałów od -0,9 V do 1,27 V (vs Ag/AgCl), przy szybkości skanowania 0,1 V/s 

w zakresie 15-100 cykli CV [A3].  

Polimeryzację elektrochemiczną EDOP przeprowadzono z roztworu monomeru (10 

mM) w PBS stosując zakres potencjałów od -0,8 V do 1,0 V (vs Ag/AgCl), przy szybkości 

skanowania 0,1 V/s w zakresie 15-100 cykli CV. Matryce polimerowe funkcjonalizowane 

chlorowodorkiem tetracykliny (PEDOP/Tc) otrzymano podczas polimeryzacji 

elektrochemicznej 10 mM EDOP w PBS wraz z Tc (od 1 mM do 20 mM). Aby uzyskać 

matrycę z lekiem, prowadzono polimeryzację elektrochemiczną w zakresie potencjałów od -

0,8 V do 1,0 V (vs Ag/AgCl), przy szybkości skanowania 0,1 V/s w zakresie 15-100 cykli CV 

[A4].  

 



18 
 

3.2. Ocena właściwości fizykochemicznych otrzymanych materiałów  

3.2.1 Właściwości elektryczne  

 

Zdolność magazynowania ładunku (CSC) 

Zdolność magazynowania ładunku, tj. CSC, badano z wykorzystaniem 

woltamperometrii cyklicznej. Pomiary prowadzono w trójelektrodowym układzie 

analogicznym jak w procesie syntezy elektrochemicznej polimerów na powleczonej 

polimerem elektrodzie platynowej w roztworze PBS, przy szybkości skanowania 0,1 V/s.  

Wartość CSC wyliczono korzystając ze wzoru:   

𝐶𝑆𝐶 =
1

𝑆
∫ 𝐼(𝑡)𝑑𝑡

𝑡2

𝑡1

 

gdzie: S to powierzchnia elektrody (cm2), t1 to początek cyklu CV a t2 koniec cyklu CV, 

natomiast i to natężenie prądu (A) [A3,A4].  

 

Stabilność elektrochemiczna  

 Parametr CSC umożliwił również ocenę stabilności uzyskanych matryc 

polimerowych po kolejnych cyklach utlenienia i redukcji. Krzywe CV rejestrowane były 

w zakresie potencjałów od -0,9 V do 1,27 V (vs Ag/AgCl) dla PEDOT oraz PEDOT/Tc, 

natomiast od -0,8 V do 1,0 V (vs Ag/AgCl) dla PEDOP i PEDOP/Tc. Warstwy polimerowe 

porównywano w zakresie 15-100 cykli CV [A3,A4].  

 

Przewodnictwo i pojemność elektryczna matryc 

Pomiary wykorzystujące elektrochemiczną spektroskopię impedancyjną (EIS) 

przeprowadzono w roztworze PBS o amplitudzie AC 40 mV (vs Ag/AgCl) i potencjale DC 0 

V (vs Ag/AgCl), w zakresie częstotliwości od 100 mHz do 10 kHz. W celu dopasowania 

danych eksperymentalnych do równoważnego modelu obwodu zastosowano oprogramowanie 

EIS Spectrum Analyzer 1.0 oraz algorytm Powella [A4]. 

 

Zdolność do „wstrzykiwania” ładunku (CIC) 

W celu wyznaczenia profilów napięcia podczas wstrzykiwania ładunku zastosowano 

chronopotencjometrię z powtarzalnymi impulsami utleniania i redukcji o przeciwnej 

biegunowości, ale równym czasie (5 ms) i wielkości, równoważnym impulsowi 

dwufazowemu bez przerwy międzyfazowej. Pomiary prowadzono w PBS w układzie 

trójelektrodowym, z elektrodą pomocniczą z drutu platynowego i elektrodą odniesienia 
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Ag/AgCl (3M KCl). Stosowano cztery gęstości ładunku, tj. 3 μC/cm2, 10 μC/cm2, 36 μC/cm2 

i 50 μC/cm2. Pełny impuls dwufazowy, składający się z jednego impulsu utleniania i jednego 

impulsu redukcji, powtórzono pięć razy [A4]. 

 

3.2.2 Właściwości powierzchni 

 

Struktura chemiczna powierzchni 

Strukturę chemiczną otrzymanych filmów polimerowych, a także samego leku, 

określono za pomocą spektroskopii w podczerwieni FTIR (PerkinElmer Spectrum Two). 

Umożliwiło to określenie skuteczności wprowadzenia Tc w strukturę matryc polimerów 

przewodzących. Widma rejestrowano w zakresie od 500 cm-1 do 1800 cm-1 stosując 16 

skanów przy użyciu kryształu UATR [A3,A4]. 

 

Morfologia powierzchni 

Obserwację morfologii wszystkich otrzymanych polimerów przewodzących [A3,A4], 

a także szkła i napylonej warstwy platyny [A2] przeprowadzono wykorzystując skaningowy 

mikroskop elektronowy (SEM) (Phenom Pro X) pracujący przy napięciu przyspieszającym 10 

kV lub 15 kV. Parametr chropowatości powierzchni (średnia arytmetyczna wysokość, Sa) 

określono przy użyciu oprogramowania 3D Roughness Reconstructions (Phenom ProSuite) 

[A2,A3,A4].   

 

Grubość matryc polimerowych 

 Pomiar grubości próbek wykonano za pomocą profilometru Profilm3D i 3D Optical 

Profiler (Filmetrics) [A3,A4]. 

 

Zwilżalność powierzchni 

Hydrofilowość materiałów wyrażoną przez kąt zwilżania (CA) określono za pomocą 

goniometru optycznego (DataPhysic OCA15) przeprowadzając pomiary w temperaturze 

pokojowej (~ 20°C) z użyciem wody dejonizowanej [A2,A3,A4].  

 

Adhezja matryc do powierzchni  

Adhezję warstw PEDOP i PEDOP/Tc do płytek z napyloną warstwą Pt oraz warstwy 

Pt do płytki szklanej oceniano metodą testu zarysowania, za pomocą urządzenia Micro-Combi 

Tester (Anton Paar) zgodnie z normami ISO 19252, ISO 20502 i ASTM C1624. Do 
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wykonania rysy użyto diamentowego stożka Rockwella o średnicy 100 µm. Zarysowania 

próbek wykonano stosując wzrastające obciążenia od 0,03 N do 15 N dla warstw PEDOP oraz 

PEDOP/Tc, natomiast dla Pt od 0,03 N do 30 N przy prędkości 3 mm/min i długości 

zarysowania równej 3 mm. Wykonano "prescan" i "postscan", stosując stałe obciążenie 0,03 

N, które miały na celu identyfikację profilu powierzchni [A4].  

  

3.2.3. Badanie matryc polimerowych jako nośników leku 

 

Spontaniczne uwalnianie leku 

W celu określenia ilości Tc uwalnianej w sposób spontaniczny z matrycy PEDOP/Tc 

wykorzystano trzy elektrody powleczone warstwą polimeru i umieszczono w oddzielnych 

kuwetach kwarcowych o ścieżce optycznej 2 mm wypełnionych 0,5 ml roztworu PBS. W celu 

zbadania kinetyki uwalniania leku zastosowano model kinetyczny Avramiego według 

równania:  

ln(− ln(1 − 𝑋)) = ln 𝑘 + 𝑛 ln 𝑡, 

gdzie: X to ułamek leku uwolnionego w czasie t, n jest wykładnikiem uwalniania, a k 

jest stałą szybkości uwalniania [A4].  

 

Wymuszone uwalnianie leku 

Aby uwolnić maksymalną dostępną ilość Tc z otrzymanych polimerów 

przewodzących, elektrody zanurzone w PBS poddano stymulacji elektrycznej poprzez 

chronoamperometryczny skok potencjału od -0,6 V (przyłożony przez 2 s) do -0,5 V 

(przyłożony przez 600 s) względem elektrody odniesienia Ag/AgCl (3M KCl) [A3,A4].  

 

Spektroskopia UV/Vis 

Ilość Tc uwalnianego z matrycy polimerowej metodą chronoamperometryczną 

oceniano za pomocą spektrofotometrii UV-Vis (UV-Vis Hewlett Packard 8453). Stężenia Tc 

wyznaczono stosując krzywą kalibracyjną: y=3,0461⋅x + 0,0326 (R2 = 0,9969), gdzie y jest 

wartością absorbancji przy długości fali równej 363 nm, natomiast x jest stężeniem Tc 

wyrażonym w mM. Przeprowadzono również badania dotyczące samoistnego uwolnienia 

antybiotyku z matryc polimerowych, zanurzając je w wodnym roztworze PBS i umieszczając 

w kuwetach kwarcowych. W tym przypadku widma UV-Vis rejestrowano w określonych 

punktach czasowych, a stężenie Tc oceniano za pomocą krzywej kalibracyjnej [A3,A4].  
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3.3. Badania biologiczne z wykorzystaniem bakterii   

3.3.1 Hodowla bakteryjna 

 

W celu oceny właściwości antybakteryjnych otrzymanych warstw polimerowych 

zastosowano modelowy szczep bakterii Gram-ujemnych Escherichia coli (DSM 30083, 

U5/41). Bakterie hodowano na podłożu agarowym 23 g/L (BTL) w temperaturze 35°C przez 

48 godzin w cieplarce. Po tym czasie skosy agarowe przemyto solą fizjologiczną (0,85% 

wodny roztwór NaCl; Acros Organics). Tak przygotowaną zawiesinę bakterii (≈10,5⋅108 

CFU/ml) wykorzystano do przeprowadzenia hodowli bakteryjnej na powierzchniach szkła, Pt, 

PEDOT, PEDOT/Tc, PEDOP oraz PEDOP/Tc [A2,A3,A4]. Wcześniejszą sterylizację 

materiałów osiągnięto poprzez ich umieszczenie na płytkach 12-dołkowych i zanurzenie na 1 

godzinę w 70% etanolu [A2] lub pozostawienie ich na godzinę pod działaniem 

promieniowania UVC (253,7 nm) [A3,A4]. Na próbki wkraplano kolejno po 0,1 ml zawiesiny 

bakteryjnej w soli fizjologicznej i 2 ml pożywki hodowlanej (zawierającej 10 g/L tryptonu 

(BTL), 5 g/L ekstraktu drożdżowego (BTL) i 10 g/L soli fizjologicznej (Acros Organics) przy 

pH = 7). Hodowlę bakterii prowadzono przez 48 h w inkubatorze w temperaturze 35°C. 

Próbki do analiz pobierano po 3, 24 i 48 godzinach. W celu uzyskania wiarygodnych 

wyników, każdy z eksperymentów wykonano trzykrotnie dla wszystkich materiałów 

w identycznych warunkach. W celu określenia istotności statystycznej przeprowadzono test t-

Studenta (p < 0,05). 

 

3.3.2 Ocena właściwości antybakteryjnych 

 

Analiza morfometryczna 

W celu przygotowanie próbek do obrazowania, materiały utrwalano 3% aldehydem 

glutarowym (Fisher BioReagents) przez 24 h, następnie odwadniano zanurzając próbki 

w roztworach etanolu (Acros Organics) o wzrastających stężeniach (30%, 50%, 70% 80%, 

90%, 95%, 99,8%) każdorazowo przez 10 min. Tak przygotowane próbki suszono w suszarce 

laboratoryjnej (24 godz., 50 °C), a następnie pokryto warstwą złota (20 min, 20 mA; Q150R 

Quorum Technologies). Rozmieszczenie i morfologię bakterii na przygotowanych 

powierzchniach oceniano na podstawie mikrofotografii SEM wykonanych przy napięciu 

przyspieszającym 15 kV oraz powiększeniach 1000×, 5000× i 10000×. Średnią długość 

i szerokość komórek bakteryjnych oraz ich gęstość (liczbę bakterii na 200 μm2) obliczono 

z wykorzystaniem oprogramowania ImageJ (NIH) [A2,A3,A4]. 
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Analiza żywotności komórek 

Analizę żywotności komórek bakteryjnych przeprowadzono z wykorzystaniem testu 

LIVE/DEAD® BacLight Bacterial Viability Kit (Life Technologies, Thermo Fisher 

Scientific) oraz fluorescencyjnego mikroskopu konfokalnego (Olympus FluoView FV1000). 

Żywe komórki bakteryjne oznaczono zielonym barwnikiem SYTO9, natomiast martwe 

komórki bakteryjne oznaczono na czerwono jodkiem propidyny (PI). Analizę procentową 

żywych i martwych komórek przeprowadzono przy użyciu oprogramowania ImageJ (Fiji, 

NIH) [A2,A3,A4]. 

 

3.4. Badania biologiczne z wykorzystaniem linii komórkowej 

3.4.1 Hodowla komórkowa 

 

Linię komórkową szczurzego nerwiaka zarodkowego B35 (ATCC® CRL-2754™) 

hodowano w 15 ml pożywki Eagle/Dulbecco F-12 (DMEM/F12, Sigma-Aldrich) 

uzupełnionej 10% płodową surowicą bydlęcą (FBS, Gibco) i gentamycyną (40 mg/ ml, Krka) 

w atmosferze o stałej wilgotności (80%) i stężeniu dwutlenku węgla (5%) w 37°C (Heracell™ 

150i, Thermo Scientific). Komórki do eksperymentów przygotowano przez trypsynizację 

0,25% roztworem trypsyna-EDTA (Sigma-Aldrich) w PBS. Następnie trypsynę zobojętniano 

przez dodanie równej ilości pożywki hodowlanej, a komórki zliczano w komorze Bürkera. Na 

każdą próbkę wysiano po 2·105 komórek w 2 ml pożywki i hodowano przez 48 godzin. Po 

tym czasie do każdego dołka dodano 1 ml 0,25% roztworu trypsyna-EDTA (Sigma-Aldrich). 

Otrzymane zawiesiny komórek wirowano przy 1500 obr./min przez 3 min [A4].  

 

3.4.2. Ocena biokompatybilności 

 

Ocena cytotoksyczności 

Do analizy cytotoksyczności badanych materiałów wykorzystano test MTT (bromek 

3-[4,5-dimetylotiazol-2-ilo]-2,5-difenylotetrazoliowy). 50 µl roztworu MTT (0,05 mg/ml 

w czerwieni fenolowej i wolnym od FBS DMEM-F12; PAA) dodano do odwirowanych 

wcześniej komórek. Po 1-2 godzinach w inkubatorze CO2 roztwór MTT usunięto, a powstałe 

kryształy formazanu rozpuszczono w 400 µl izopropanolu. Absorbancję roztworów mierzono 

spektrofotometrycznie przy długości fali równej 570 nm, stosując wielodołkowy czytnik 

płytek SYNERGY4 (BioTek Instruments) [A4]. 
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Analiza cyklu komórkowego 

Do przeprowadzenia analizy cyklu komórkowego zastosowano cytometr przepływowy 

(Becton Dickinson Aria III). Komórki wybarwiono za pomocą 250 µl buforu hipotonicznego 

(składającego się z 100 µg/mL PI w PBS; 5 mg/L kwasu cytrynowego; roztworu 1:9 Triton-

X; 100 µg/mL RNaza w PBS firmy Sigma), poziomy DNA oceniano poprzez pomiary 

fluorescencji przy użyciu sortera BD FACSAriaTM III (Becton, Dickinson and Company) 

w konfiguracji PE (linia lasera wzbudzającego 547 nm; emisja: 585 nm) [A4]. 

 

Ocena zjawiska apoptozy 

Do oceny liczby komórek martwych i apoptotycznych hodowanych na badanych 

próbkach wykorzystano zestaw FITC Annexin-V Apoptosis Detection Kit z PI (Bio Legend). 

Do komórek zebranych po 48 godzinach hodowli dodano 50 μl buforu wiążącego aneksynę 

V, 2,5 μl aneksyny V FITC i 10 μl PI (100 μg/ml). Następnie próbki odwirowano 

i inkubowano w ciemności przez 20 min w temperaturze pokojowej (25°C). Przed pomiarem 

do każdej probówki dodano 250 μl buforu wiążącego aneksynę-V. Fluorescencję PI (komórek 

nekrotycznych) analizowano w konfiguracji kanału PE, a fluorescencję przeciwciał 

sprzężonych z Aneksyną-V z FITC (komórek apoptotycznych) w konfiguracji kanału FITC 

(linia lasera wzbudzającego 488 nm; emisja: lustro LP 503, filtr BP 530 /30) [A4]. 

 

Analiza morfometryczna 

W celu zobrazowania morfologii hodowanych komórek zastosowano mikroskopię 

SEM. Komórki nerwiaka zarodkowego utrwalano przy użyciu 3% aldehydu glutarowego 

(Fisher BioReagents) przez 24 godziny. Następnie komórki przemywano trzykrotnie wodą 

dejonizowaną i odwadniano poprzez zanurzenie próbek w roztworach etanolu (Acros 

Organics) o rosnących stężeniach (30%, 50%, 70%, 80%, 90%, 95%, 99,8%) przez 10 min. 

Próbki suszono przez 24 h w 50 °C, a następnie napylano warstwą złota (20 min, 20 mA; 

Q150R Quorum Technologies). Obrazowanie prowadzono przy napięciu przyspieszającym 10 

kV i powiększeniach 3000x [A4]. 

 

3.5. Analiza statystyczna 

Analizę statystyczną oparto na teście t, a wartość p poniżej 0,05 uznano za istotną 

statystycznie. Wszystkie testy przeprowadzono w trzech powtórzeniach dla wszystkich 

materiałów we wszystkich punktach czasowych w tych samych warunkach.  
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4. Wyniki badań  
  

Tabela 1 Porównanie właściwości powierzchni szkła i platyny i ich wpływu na rozwój 

biofilmu bakteryjnego [A2] 

Parametr Szkło Platyna 

Właściwości powierzchni 

Sa [µm] 0,26 ± 0,01 0,21 ± 0,01 

CA [°] 60,4 ± 7,5 35,2 ± 10,5 

Ocena skuteczności antybakteryjnej 

Analiza morfometryczna 

Średnia długość bakterii po 3 

h [µm] 

2,00 ± 0,04 1,79 ± 0,03 

Średnia długość bakterii po 

24 h [µm] 

1,94 ± 0,03 1,95 ± 0,03 

Średnia długość bakterii po 

48 h [µm] 

2,04 ± 0,04 1,90 ± 0,03 

Średnia szerokość bakterii po 

3 h [µm] 

0,77 ± 0,01 0,75 ± 0,01 

Średnia szerokość bakterii po 

24 h [µm] 

0,70 ± 0,01 0,66 ± 0,01 

Średnia szerokość bakterii po 

48 h [µm] 

0,71 ± 0,01 0,71 ± 0,01 

Średnia gęstość bakterii/200 

µm2 po 3 h 

15,3 ± 1,6 12,9 ± 2,1 

Średnia gęstość bakterii/200 

µm2 po 24 h 

28,9 ± 2,5 29,5 ± 3,0 

Średnia gęstość bakterii/200 

µm2 po 48 h 

11,3 ± 1,6 11,4 ± 2,3 

Analiza LIVE/DEAD 

% komórek żywych po 3 h 20,5 ± 1,7 38,9 ± 2,0 

% komórek żywych po 24 h 56,8 ± 0,6 61,8 ± 1,3 

% komórek żywych po 48 h 62,5 ± 1,1 62,1 ± 0,7 
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Tabela 2 Wartość CSC oraz stężenie uwolnionej Tc w zależności od zastosowanego stężenia 

Tc w trakcie polimeryzacji elektrochemicznej [A3, A4] 

Materiał 
Stężenie Tc [mM] 

0 0,5 1 5 10 20 30 40 50 

CSC [mC/cm2] 

PEDOT/Tc 29,5 ± 

5,8 

26.8 ± 

1.1 

19,2 ± 

6,1 

18.5 ± 

1.3 

16,5 ± 

2,6 

9,2 ± 

0,5 

18,3 ± 

0,6 

13,1 ± 

1,0 

18,2 ± 

2,0 

PEDOP/Tc 54,2 ± 

1,0 

n/a 38,8 ± 

5,3 

63,6 ± 

6,0 

48,4 ± 

7,9 

28,5 ± 

3,8 

n/a n/a n/a 

Stężenie Tc uwolnionej z matrycy polimerowej [µM] 

PEDOT/Tc 0 3.7± 

1,0 

38,2 ± 

11,0 

45,5 ± 

12,2 

22,5± 

15,2 

17,4 ± 

0,1 

18,0 ± 

5,9 

7,6 ± 

3,0 

6,2 ± 

5,3 

PEDOP/Tc 0 n/a 10,0 ± 

2,9 

123,5 ± 

12,3 

77,9 ± 

12,8 

111,9 ± 

6.0 

n/a n/a n/a 

n/a – nie dotyczy 

 

Tabela 3 Wartość CSC oraz stężenie uwolnionej Tc w zależności od zastosowanej liczby cykli 

CV  w trakcie polimeryzacji elektrochemicznej [A3, A4] 

Materiał 
Liczba cykli CV 

15 25 50 75 100 

CSC [mC/cm2] 

PEDOT/Tc 11,0 ± 1,0 19,2 ± 6,1 17,6 ± 5,2 28,3 ± 4,8 37,2 ± 

20,0 

PEDOP/Tc 30,3 ± 2,1 63,7 ± 6,0 60,3 ± 6,7 119,0 ± 14,4 149,5 ± 21,0 

Stężenie uwolnionej Tc z matrycy polimerowej [µM] 

PEDOT/Tc 0,4 ± 0,3 38,2 ± 11,0 11,8 ± 2,6 14,6 ± 11,7 19,8 ± 5,8 

PEDOP/Tc 7,8 ± 2,3 123,5 ± 12,3 14,6 ± 3,6 22,6 ± 11,8 46,5 ± 12,7 
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Rys. 5. Porównanie krzywych CV polimeryzacji EDOT (A), EDOT/Tc (B), EDOP (C) 

i EDOP/Tc (D) [A3,A4] 

Źródło: „Rys. 5. został opublikowany w a) Materials Science and Engineering: C 123, 

Czerwińska-Główka D., Przystaś W., Zabłocka-Godlewska E., Student S., Cwalina B., Łapkowski 

M., Krukiewicz K., Electrically-responsive antimicrobial coatings based on a tetracycline-loaded 

poly(3,4-ethylenedioxythiophene) matrix, 1-11 (2021); b) Bioelectrochemistry 144, Czerwińska-

Główka D., Skonieczna M., Barylski A, Golba S., Student S., Przystaś W., Zabłocka-Godlewska 

E., Cwalina B., Krukiewicz K., Bifunctional conducting polymer matrices with antibacterial and 

neuroprotective effects, 1-14 2021. Umieszczone za zgodą Elsevier”.  

 

Tabela 4 Porównanie procesu polimeryzacji elektrochemicznej EDOT, EDOT/Tc, EDOP 

i EDOP/Tc otrzymanych matryc [A3,A4] 

Parametr EDOT EDOT/Tc EDOP EDOP/Tc 

Zakres 

potencjałów 

polimeryzacji 

[V vs. 

Ag/AgCl] 

-0,9 ÷ 1,27 -0,9 ÷ 1,27 -0,8 ÷ 1,0 -0,8 ÷ 1,0 

Potencjał 

utlenienia [V 

vs. Ag/AgCl] 

~1,27 ~1,27 ~0,7 ~0,7 
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Tabela 5 Porównanie właściwości elektrycznych Pt, PEDOP i PEDOP/Tc [A4] 

Parametr Pt PEDOP PEDOP/Tc 

Rezystancja 

roztworu RS [Ω] 

118 ± 3 132 ± 2 118 ± 3 

Rezystancja 

przenoszenia 

ładunku RCT [Ω] 

24 760 ± 3 895 488 ± 11 2 416 ± 141 

Element 

Warburga Aw  

6411 ± 1691 165 ± 14 510 ± 139 

P ∙ 105 4,96 ± 0,15 11,60 ± 0,35 7,20 ± 0,42 

n 0,895 ± 0,007 0,745 ± 0,006 0,885 ± 0,009 

χ2 0,00426 0,00434 0,00098 

Max. potencjał 

anodowy (dla 

gęstości ładunku 

36 µC/cm2) [V] 

0,6 0,25 0,35 

 

Tabela 6 Porównanie adhezji Pt, PEDOP i PEDOP/Tc do podłoża [A4] 

Parametr Pt PEDOP PEDOP/Tc 

Siła powodująca 

uszkodzenie 

warstwy Pt [N] 

4,1 ± 0,5 4,9 ± 1,6 3,3 ± 0,5 

Siła powodująca 

uszkodzenie 

warstwy 

polimeru [N] 

n/a 1,5 ± 0,1 1,3 ± 0,2 

n/a – nie dotyczy 

 

Tabela 7 Porównanie właściwości powierzchni Pt, PEDOT, PEDOT/Tc, PEDOP 

i PEDOP/Tc [A3,A4] 

Parametr Pt PEDOT PEDOT/Tc PEDOP PEDOP/Tc 

Sa [µm] 0,21 ± 0,01 0,62 ± 0,03 0,63 ± 0,06 4,36 ± 0,52 4,13 ± 0,90 

CA [°] 35,2 ± 10,5 31,5 ± 2,6 26,2 ± 3,5 38,2 ± 4,3 45,8 ± 8,5 
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Rys. 6. Obrazy SEM powierzchni Pt (A), PEDOT (B), PEDOT/Tc (C), PEDOP (D) 

i PEDOP/Tc (E) [A3,A4] 

Źródło: „Rys. 6. został opublikowany w a) Materials Science and Engineering: C 123, 

Czerwińska-Główka D., Przystaś W., Zabłocka-Godlewska E., Student S., Cwalina B., Łapkowski 

M., Krukiewicz K., Electrically-responsive antimicrobial coatings based on a tetracycline-loaded 

poly(3,4-ethylenedioxythiophene) matrix, 1-11 (2021); b) Bioelectrochemistry 144, Czerwińska-

Główka D., Skonieczna M., Barylski A, Golba S., Student S., Przystaś W., Zabłocka-Godlewska 

E., Cwalina B., Krukiewicz K., Bifunctional conducting polymer matrices with antibacterial and 

neuroprotective effects, 1-14 2021. Umieszczone za zgodą Elsevier”.  

 

Tabela 8 Porównanie efektywności uwalniania Tc z PEDOT/Tc i PEDOP/Tc [A3,A4] 

Parametr PEDOT/Tc PEDOP/Tc 

Stężenie Tc osiągnięte 

podczas spontanicznego 

uwalniania [mg/l] 

5,7 9,4 

Stężenie Tc osiągnięte 

podczas wymuszonego 

uwalniania [mg/l] 

18,1  59,4 

 

 



29 
 

Tabela 9 Porównanie właściwości antybakteryjnych Pt, PEDOT, PEDOT/Tc, PEDOP oraz 

PEDOP/Tc [A3,A4] 

Parametr Pt [A3] PEDOT 

[A3] 

PEDOT/Tc 

[A3] 

Pt [A4] PEDOP 

[A4] 

PEDOP/Tc 

[A4] 

Analiza morfometryczna 

Średnia 

długość 

bakterii po 

3 h [µm] 

1,77 ± 0,04 1,64 ± 0,03 1,73 ± 0,03 1,70 ± 0,03 1,35 ± 0,03 1,40 ± 0,04 

Średnia 

długość 

bakterii po 

24 h [µm] 

2,02 ± 0,03 1,80 ± 0,03 1,91 ± 0,03 1,90 ± 0,04 1,54 ± 0,03 1,28 ± 0,04 

Średnia 

długość 

bakterii po 

48 h [µm] 

2,17 ± 0,06 1,84 ± 0,04 1,97 ± 0,03 1,87 ± 0,04 1,50 ± 0,03 4,89 ± 0,39 

Średnia 

szerokość 

bakterii po 

3 h [µm] 

0,70 ± 0,01 0,62 ± 0,01 0,64 ± 0,01 0,62 ± 0,01 0,47± 0,01 0,55 ± 0,01 

Średnia 

szerokość 

bakterii po 

24 h [µm] 

0,66 ± 0,01 0,60 ± 0,01 

 

0,60 ± 0,01 0,61 ± 0,01 0,50 ± 0,01 0,44 ± 0,01 

Średnia 

szerokość 

bakterii po 

48 h [µm] 

0,63 ± 0,01 0,51 ± 0,01 0,52 ± 0,01 0,59 ± 0,01 0,49 ± 0,01 0,64 ± 0,02 

Średnia 

gęstość 

bakterii/20

0 µm2 po 3 

h 

27,9 ± 3,8 21,5 ± 1,4 13,2 ± 2,8 11,5 ± 1,0 10,7 ± 0,9 0,7 ± 0,1 

Średnia 

gęstość 

bakterii/20

0 µm2 po 

24 h 

25,1 ± 5,2 22,7 ± 4,8 15,0 ± 2,0 9,7 ± 1,4 17,4 ± 2,0 0,9 ± 0,3 

Średnia 

gęstość 

bakterii/20

0 µm2 po 

48 h 

28,0 ± 4,0 12,7 ± 1,8 10,1 ± 1,5 3,8 ± 0,5 4,9 ± 0,7 1,9 ± 0,5 

Analiza LIVE/DEAD 

% 

komórek 

74,8 ± 2,2 44,7 ± 2,3 42,7 ± 0,7 61,8 ± 6,4 25,8 ± 4,0 45,6 ± 2,4 
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żywych po 

3 h 

% 

komórek 

żywych po 

24 h 

59,2 ± 1,2 59,6 ± 1,0 48,2 ± 1,7 43,8 ± 5,8 36,7 ± 2,6 53,4 ± 1,2 

% 

komórek 

żywych po 

48 h 

60,6 ± 1,1 63,7 ± 0,5 70,0 ± 1,0 47,4 ± 0,8 48,8 ± 0,5 21,4 ± 2,4 

 

 

Tabela 10 Porównanie właściwości neuroprotekcyjnych Pt, PEDOP i PEDOP/Tc [A4] 

Parametr Pt PEDOP PEDOP/Tc 

Analiza cytotoksyczności po 48 h 

% komórek żywych 86,2  ± 4,4 59,3  ± 3,6 83,7  ± 4,3 

Analiza cyklu komórkowego po 48 h 

% komórek w fazie 

sub-G1 

3,6 ± 1,5 3,7 ± 0,7 6,6 ± 0,6 

% komórek w fazie 

G0/G1 

68,2 ± 0,7 66,2 ± 3,0 68,3 ± 1,2 

% komórek w fazie S 9,4 ± 0,2 10,4 ± 1,3 9,6 ± 0,4 

% komórek w fazie 

G2/M 

18,2 ± 1,5 18,6 ± 0,7 15,0 ± 1,0 

Ocena zjawiska apoptozy 

% komórek 

normalnych 

74,0 ± 0,7 61,4 ± 1,7 68,8 ± 0,5 

% komórek wczesno 

apoptotycznych 

2,9 ± 0,6 6,7  ± 1,8 1,9 ± 0,1 

% komórek późno 

apoptotycznych 

19,8 ± 1,3 30,8 ± 0,4 23,9 ± 1,8 

% komórek 

nekrotycznych 

3,3 ± 0,2 1,1 ± 0,4 5,3 ± 1,7 

Analiza morfometryczna 

Średnia długość 

neurytów/µm 

28,6 ± 3,0 21,4 ± 2,4 35,5 ± 4,3 

Liczba neurytów/ 

komórkę 

3,6 ± 0,3 3,2 ± 0,3 4,1 ± 0,3 
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5. Dyskusja 
 

5.1. Określenie możliwości regulowania wzrostu biofilmu poprzez stymulację elektryczną 

oraz obecność materiałów elektroaktywnych [A1] 

Pierwszym etapem moich prac było określenie możliwości regulowania wzrostu 

biofilmu poprzez stymulację elektryczną oraz obecność materiałów elektroaktywnych. 

Przegląd literatury [A1] stanowi wprowadzenie do tematu prac oryginalnych pokazując 

związek pomiędzy elektrochemią a mikrobiologią. Praca podkreśla znacznie technik 

elektrochemicznych w monitorowaniu i modulacji wzrostu biofilmu bakteryjnego, a także 

wpływ elektrostymulacji na zachowanie bakterii. W publikacji skupiłam się na opisie roli 

prądów elektrycznych w funkcjonowaniu biofilmu bakteryjnego. Warto podkreślić, że nawet 

pojedyncze bakterie w postaci planktonu mogą odbierać sygnały elektryczne, natomiast 

dopiero w większych skupiskach stają się elektroaktywne i podatne na stymulację 

elektryczną. Ponadto, komórki bakteryjne w biofilmie różnicują się do pełnienia konkretnych 

funkcji poprzez komunikację chemiczną oraz elektryczną. Taki sposób organizacji umożliwia 

efektywny dostęp do substancji odżywczych, a przez to wzrost biofilmu i jego uodpornienie 

na działanie czynników zewnętrznych, w tym związków antybakteryjnych.   

 

5.2. Badanie podatności powierzchni platyny na rozwój biofilmu bakteryjnego [A2] 

Kolejnym etapem pracy było określenie podatności powierzchni platyny na rozwój 

biofilmu bakteryjnego [A2]. W literaturze istnieją doniesienia na temat antybakteryjnego 

charakteru metali szlachetnych w postaci jonów, nanocząstek lub napylonych warstw [80–

82]. Metody napylania metali pozwalają na dokładne pokrycie dowolnych powierzchni równą 

warstwą metalu, co nadaje im znaczny potencjał aplikacyjny. Platyna jest powszechnie 

stosowana w urządzeniach biomedycznych, ponieważ charakteryzuje się wykazaną 

biokompatybilnością i przewodnością elektryczną, co jest szczególnie istotne 

w funkcjonowaniu implantów neurologicznych czy rozruszników serca. Z tego względu 

zdecydowałam o napyleniu cienkiej warstwy platyny na powierzchnię czystego szkiełka 

mikroskopowego stosując napylarkę próżniową. Aby ocenić, czy taka warstwa może stanowić 

materiał antybakteryjny, przeprowadziłam badania mikrobiologiczne z wykorzystaniem 

modelowego szczepu bakterii Gram-ujemnych – Escherichia coli.  

Zarówno chropowatość jak i hydrofilowość materiałów mają wpływ na skuteczną 

adhezję bakterii do powierzchni [83,84]. Ocena fizykochemiczna pozwoliła ustalić, że 

powierzchnia szkła z napyloną warstwą Pt była nieznacznie mniej chropowata oraz bardziej 
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hydrofilowa w odniesieniu do szkła (Tabela 1). Przyjmuje się, że chropowatość powierzchni 

sprzyja przyczepności bakterii, a bakterie o właściwościach hydrofilowych (w tym E.coli) 

preferują osadzanie się na powierzchniach hydrofilowych. Tym samym otrzymane wyniki nie 

dały jednoznacznej odpowiedzi co do sugerowanych właściwości antybakteryjnych podłoży. 

W celu weryfikacji hipotezy badawczej przeprowadziłam hodowlę bakteryjną w układzie 

zamkniętym, analizując próbki po 3h, 24h i 48h. Analiza morfometryczna przeprowadzona na 

podstawie mikrofotografii SEM umożliwiła wyliczenie gęstości bakterii, ich długości 

i szerokości. Różnice między gęstościami zaobserwowano po 3h hodowli, gdzie na warstwie 

Pt było ich o 15,7% mniej niż na czystym szkle. Był to jednak efekt krótkotrwały, gdyż 

w kolejnych punktach czasowych różnice w gęstości bakterii na porównywanych materiałach 

były niewielkie. Ponadto, badane bakterie posiadały przeciętne wymiary komórek w kształcie 

pałeczki, przy czym na powierzchni szkła były dłuższe i szersze niż na powierzchni szkła 

z napyloną warstwą Pt. Po 24h hodowli odnotowałam wzrost długości wszystkich bakterii, 

weszły one w fazę podziału i znacząco zwiększyły swoją populację. Ostatni punkt czasowy 

przedstawia fazę śmierci komórek spowodowaną brakiem dostępności do świeżej pożywki 

oraz nagromadzeniem metabolitów, co przejawia się zmniejszeniem gęstości bakterii na 

obydwu badanych powierzchniach. 

Analiza LIVE/DEAD  z wykorzystaniem mikroskopii konfokalnej umożliwiła ocenę 

stosunku liczby komórek żywych i martwych. Wyniki wskazały, że procent żywych komórek 

na powierzchni napylonej Pt był znacznie wyższy niż na powierzchni szkła zarówno 

w pierwszej jak i drugiej fazie wzrostu i namnażania bakterii (3h, 24h).  Po 48h, mimo spadku 

gęstości bakterii, większość z nich wciąż była żywa zarówno na powierzchni czystego szkła 

jak i warstwy Pt. Na podstawie zebranych danych ustaliłam, że napylona warstwa Pt nie 

wpływała hamująco na rozwój bakterii. Wręcz przeciwnie, ich żywotność była zwiększona 

w odniesieniu do bakterii hodowanych na powierzchni kontrolnej.  

W konsekwencji uzyskane wyniki nie potwierdziły antybakteryjnego charakteru 

napylonej warstwy metalu, a wręcz wskazały ryzyko możliwości zwiększonego namnażania 

się bakterii na jej powierzchni. Może to być związane ze znaczną stabilnością 

fizykochemiczną osadzonej warstwy, co wpływa na brak możliwości uwalniania jonów 

i nanocząstek Pt. Ponieważ platyna jest materiałem często stosowanym w biomedycynie,     

w  kolejnych badaniach skupiłam się na opracowaniu metod modyfikacji jej powierzchni tak, 

aby zminimalizować możliwość jej kolonizacji przez bakterie. 
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5.3. Otrzymanie i charakterystyka matryc polimerowych [A3,A4] 

Jedną z metod ograniczenia tworzenia się biofilmu bakteryjnego jest zastosowanie 

impulsów elektrycznych. W związku z tym postanowiłam zmodyfikować powierzchnię Pt 

organiczną warstwą elektroaktywną zbudowaną z polimerów przewodzących [A3,A4]. 

Wykorzystałam polimeryzację elektrochemiczną do otrzymania powłoki PEDOT 

powszechnie wykorzystywanej w bioinżynierii [85] oraz PEDOP o znacznym potencjale 

biomedycznym [74] (Rys. 5). Ponadto, wykorzystałam możliwość zastosowania polimerów 

przewodzących jako nośników związków biologicznych unieruchamiając w ich strukturze 

antybiotyk o szerokim spektrum działań bakteriobójczych, tetracyklinę (Tc). Działanie 

tetracykliny opiera się na wiązaniu leku z podjednostką rybosomalną 30S bakterii oraz 

zakłóceniu biosyntezy białek [86]. 

Proces elektrochemicznej polimeryzacji EDOT i EDOT/Tc przeprowadziłam 

z wykorzystaniem woltamperometrii cyklicznej w szerokim zakresie potencjałów,                 

a  nieodwracalny pik świadczący o utlenieniu monomeru zaobserwowałam przy potencjale 

1,27 V. Natomiast polimeryzację EDOP przeprowadziłam w węższym zakresie potencjałów 

obserwując nieodwracalny pik utlenienia monomeru przy potencjale 0,7 V. Zawężenie 

zakresu potencjałów polimeryzacji korzystnie wpływa na proces immobilizacji biocząsteczek 

w strukturze matrycy polimerowej minimalizując ryzyko ich przypadkowego utlenienia, które 

mogłoby zmniejszyć skuteczność ich działania biologicznego.  

Zauważyłam, że dla każdego układu po 25 cyklach polimeryzacji otrzymałam krzywe 

CV o różnej powierzchni (Rys. 5), co świadczy o różnicy w pojemności elektrycznej 

otrzymanych materiałów. Prądy płynące przez matryce polimerowe były wyższe w przypadku 

PEDOP i PEDOP/Tc w porównaniu z PEDOT i PEDOT/Tc, co wskazuje na bardziej 

rozwiniętą powierzchnię zdolną do gromadzenia większej ilości ładunku. Mimo że każdy 

układ polimerowy charakteryzował się wyższym CSC w odniesieniu do czystej Pt czy Au 

[57,87], wyższe wartości odnotowałam dla układów opartych na PEDOP niż na PEDOT 

(Tabela 2). Najwyższy wynik uzyskałam dla matrycy PEDOP/Tc (63,6 ± 6,0 mC/cm2), który 

znacznie przewyższał wartość uzyskaną dla matrycy PEDOT/Tc (19,2 ± 6,1 mC/cm2). 

Ponadto, okazał się również wysoki w odniesieniu do innych matryc polimerowych 

z immobilizowanymi biocząsteczkami m.in. PEDOP/kwercetyna (41,9 ± 3,5 mC/cm2) [75], 

PEDOP/ibuprofen (30 ± 1 mC/cm2) [88], PEDOT/heparyna (20,9 mC/cm2) [89] czy 

PEDOT/deksametazon (2,6 ± 0,2 mC/cm2) [90].  
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Kolejne badania miały na celu ustalenie mechanizmu przewodzenia ładunku dla 

układów PEDOP i PEDOP/Tc. Wyniki uzyskane z wykorzystaniem EIS (Tabela 5) wykazały, 

że obecność PEDOP i PEDOP/Tc znacząco wpłynęła na obniżenie impedancji elektrody Pt    

o jeden rząd wielkości, szczególnie w zakresie niskich częstotliwości (<100 Hz). Co więcej, 

stosując symulację za pomocą układu zastępczego (obwód Randlesa) zaobserwowałam 

znaczny spadek oporu przenoszenia ładunku zarówno dla PEDOP/Tc (2 416 ± 141 Ω) jak 

i dla PEDOP (488 ± 11 Ω) w porównaniu z napyloną warstwą Pt (24,8 ± 3,9 kΩ). Wartości te 

są porównywalne z danymi przedstawionymi dla innych polimerów, m.in. poli(ε-

dekalakton)/CNT (2 450 Ω), poli(ε-dekalakton)/AgNW (643 Ω) [91] PEDOP-Ag (500 Ω) 

[92] czy rGO/PEDOT (444,2 Ω) [93]. Niski opór przenoszenia ładunku jest niezwykle istotny 

przy projektowaniu neuroelekrod wykorzystywanych do badania funkcjonowania tkanki 

nerwowej, ponieważ wpływa na zwiększenie czułości urządzeń [20].  

Badanie adhezji powłok polimerowych jest istotne przy projektowaniu interfejsów 

neuronowych, w związku z tym, w celu sprawdzenia wytrzymałości adhezji powłoki PEDOP 

do podłoża wykonałam test zarysowania (tzw. scratch test). Zmierzyłam zarówno obciążenie 

przy którym całkowicie uszkodzona została warstwa Pt oraz obciążenie, przy którym 

uszkodzeniu uległa warstwa polimeru (Tabela 6). Uzyskane wyniki pozwoliły stwierdzić, że 

siła adhezji polimerów jest podobna, natomiast siła połączenia między napyloną warstwą Pt  

a szkłem trzykrotnie większa. Projektując interfejsy neuronowe, należy wziąć pod uwagę 

mechaniczne interakcje między implantem a mózgiem. Siła działająca na neuroelektrodę 

podczas jej implantacji zależy od kilku parametrów, w tym geometrii elektrody, jej 

właściwości mechanicznych i szybkości implantacji. Typowe siły stosowane podczas 

implantacji są rzędu mN [94]. Po implantacji, elektroda poddawana jest siłom związanym 

z normalną pracą mózgu, ruchami głowy, itp., które ocenia się na kilka  pN [95]. Siła adhezji 

rzędu 1,5 N, potwierdzona zarówno dla PEDOP jak i PEDOP/Tc, sugeruje, że powłoki te nie 

powinny ulec uszkodzeniu ani podczas procesu implantacji ani podczas dalszej obecności 

w organizmie. W celu określenia podatności powierzchni polimerów na adhezję bakterii 

i komórek nerwowych zbadałam morfologię i hydrofilowość otrzymanych matryc (Tabela 7). 

Przeanalizowałam chropowatość powierzchni, która determinuje łatwość adhezji 

drobnoustrojów jak i możliwość zakotwiczenia się komórek nerwowych. Powierzchnie 

PEDOT i PEDOT/Tc wydają się zdecydowanie bardziej jednorodne, o podobnej ziarnistości 

w porównaniu do przestrzennie pofałdowanej, gąbczastej warstwy PEDOP i PEDOP/Tc 

(Rys.6). Obserwacje te potwierdziłam analizując parametr chropowatości wyrażony jako 

średnie arytmetyczne odchylenie wysokości nierówności powierzchni od płaszczyzny 
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odniesienia (Sa), który był średnio ponad 6-krotnie wyższy dla matryc PEDOP w porównaniu 

z matrycami PEDOT. Sugerując się analizą morfologii założyłam, że przyczepność bakterii 

na obu powierzchniach polimerowych będzie preferencyjna w porównaniu z napyloną 

warstwą Pt. Jednocześnie polimery PEDOP oraz PEDOP/Tc, jako te o wyższej 

chropowatości, powinny sprzyjać adhezji komórek nerwowych. Oceniłam również 

hydrofilowość polimerów na podstawie analizy kąta zwilżania. Stwierdziłam, że wszystkie 

proponowane powierzchnie są hydrofilowe, w związku z czym nie stanowią bariery dla 

adhezji hydrofilowych bakterii E.coli. 

Aby ocenić potencjał antybakteryjny powłok, zbadałam ilość Tc, jaka uwolniła się 

z matryc PEDOT/Tc oraz PEDOP/Tc spontanicznie oraz na skutek stymulacji elektrycznej. 

Ze względu na obecność chromoforów w strukturze Tc, uwalnianie leku monitorowałam 

z wykorzystaniem spektrofotometrii UV-Vis. Ilość Tc uwalnianej z matryc polimerowych 

PEDOT/Tc i PEDOP/Tc była zależna od początkowego stężenia leku wykorzystanego 

w trakcie procesu polimeryzacji. Przeprowadzone badania pozwoliły mi wnioskować, że przy 

stężeniu 1 mM (PEDOT/Tc) oraz 5 mM  (PEDOP/Tc) matryce osiągnęły stan nasycenia 

lekiem, a jego wyższe stężenie nie skutkowało zwiększeniem ilości unieruchomionej Tc 

(Tabela 2). Przeanalizowałam również wpływ wzrostu liczby cykli CV w procesie 

elektropolimeryzacji na ilość uwolnionego leku (Tabela 3). W trakcie procesu polimeryzacji 

elektrochemicznej w każdym cyklu CV na powierzchni tworzy się nowa warstwa polimeru,  

a lek jest unieruchamiany pomiędzy nimi. Wytworzenie zbyt cienkich warstw może znacznie 

ograniczyć możliwą pojemność matrycy polimerowej, a tym samym ilość uwalnianego leku. 

Natomiast wytworzenie zbyt grubej warstwy polimerowej uniemożliwia uwolnienie części 

leku znajdującej się przy powierzchni elektrody, stąd dalszy wzrost liczby cykli CV nie 

wiązał się ze wzrostem wydajności uwalniania Tc. 

Porównując ilości Tc uwolnione z matryc PEDOT/Tc i PEDOP/Tc (Tabela 8) 

odnotowałam, że matryca na bazie PEDOP umożliwiła uwolnienie większych ilości Tc, 

zarówno w wyniku spontanicznego jak i wymuszonego uwalniania. Gąbczasta struktura 

PEDOP/Tc okazała się bardziej wydajna pozwalając na immobilizację większej ilości Tc,     

a tym samym uzyskanie wyższych stężeń uwolnionej Tc. Procent uwolnionego leku 

w odniesieniu do ilości leku w roztworze w trakcie procesu polimeryzacji wynosił ~3% dla 

obydwu matryc polimerowych.  

Metoda chronoamperometryczna (wymuszone uwalnianie) pozwoliła na uwolnienie 

ponad trzy razy więcej leku z matrycy PEDOT/Tc oraz ponad sześć razy więcej w przypadku 

matrycy PEDOP/Tc w porównaniu z uwalnianiem spontanicznym. Jest to związane z faktem 
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zastosowania stymulacji elektrycznej, która umożliwiła uwolnienie leku z głębszych warstw 

matrycy polimerowej. Dla matrycy PEDOT/Tc podczas uwalniania spontanicznego 

zaobserwowałam w ciągu pierwszych 15 minut eksperymentu wzmożone uwalnianie Tc, 

którego stężenie następnie osiągnęło stały poziom. Natomiast w przypadku PEDOP/Tc, 

zaobserwowałam szybki wzrost stężenia Tc w ciągu pierwszych 4 godzin uwalniania,            

a stopniowy wzrost trwał aż do 4 dnia eksperymentu, gdy odnotowałam maksymalne stężenie 

Tc. W każdym z analizowanych przypadków osiągnięto stężenia znacznie większe niż 

minimalne skuteczne stężenie Tc (16 µg/l) [96]. Na podstawie wyników uzyskanych 

z eksperymentu spontanicznego uwalniania Tc można wnioskować, że mimo, że matryca 

PEDOP/Tc pozwoliła na końcowe uwolnienie większej ilości leku, to matryca PEDOT/Tc 

uwalniała lek szybciej. Oczekuje się, że początkowe gwałtowne uwalnianie Tc z matrycy 

PEDOP/Tc będzie skutecznie eliminować bakterie obecne na powierzchni, natomiast dalsze 

stopniowe uwalnianie wydłuży efekt terapeutyczny.  

 

5.4. Ocena właściwości antybakteryjnych Pt, PEDOT, PEDOT/Tc, PEDOP oraz PEDOP/Tc 

[A3,A4] 

W celu oceny wpływu powierzchni polimerowych PEDOT, PEDOT/Tc, PEDOP oraz 

PEDOP/Tc na kontrolę wzrostu bakterii przeprowadziłam hodowlę komórkową modelowego 

szczepu bakterii (Escherichia coli) w systemie zamkniętym. Próbki pobierałam w 3 punktach 

czasowych (3h, 24h i 48h) i na podstawie metod mikroskopowych przeprowadziłam analizę 

morfometryczną oraz analizę żywotności bakterii (Tabela 9).  

Badając matryce polimerowe zaobserwowałam mniejsze gęstości komórek 

bakteryjnych w odniesieniu do napylonej warstwy Pt zarówno dla matrycy PEDOT (22,9%) 

jak i dla PEDOT/Tc (52,7%). Efekt ten był długotrwały i obserwowany zarówno po 24h 

i 48h, co wskazuje na skuteczność antybakteryjną zarówno uwalnianego leku jak i samej 

matrycy PEDOT. Podobne wnioski można wysnuć na podstawie analizy morfometrycznej, 

gdzie najdłuższe i najszersze komórki bakteryjne zaobserwowałam na powierzchni Pt. Można 

przypuszczać, że powierzchnie polimerów miały hamujący wpływ na wzrost komórek 

i dostępność niezbędnych składników odżywczych. Analiza LIVE/DEAD potwierdziła, że 

procent żywych komórek bakteryjnych na powierzchni PEDOT/Tc był istotnie niższy 

w porównaniu z powierzchniami Pt oraz PEDOT. Matryca PEDOT/Tc okazała się 

skutecznym nośnikiem antybiotyku wykazując aktywność antybakteryjną nawet bez 

stymulacji elektrycznej, chociaż mogłaby ona dodatkowo wzmocnić działanie biologiczne 

tego materiału. 
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Badania mikrobiologiczne przeprowadzone z wykorzystaniem matryc PEDOP oraz 

PEDOP/Tc wykazały ich silny wpływ na bakterie. Matryca PEDOP/Tc wykazała znaczne 

działanie antybakteryjne wyrażone poprzez znikomą adhezję we wszystkich punktach 

czasowych, zmniejszenie żywotności, a także charakterystyczne wydłużenie komórek 

bakteryjnych obserwowane po 48 h hodowli. Z kolei matryca PEDOP okazała się warstwą 

silnie promującą adhezję komórek bakteryjnych, na której zaobserwowałam znaczną 

proliferację bakterii w odniesieniu do próbki kontrolnej Pt.   

Na podstawie zebranych danych stwierdziłam, że obie matryce z immobilizowanym 

lekiem (PEDOT/Tc, PEDOP/Tc) wykazują charakter antybakteryjny względem bakterii E. 

coli. Jednak matryca PEDOP/Tc okazała się pod tym względem bardziej skuteczna od 

matrycy PEDOT/Tc, dlatego została wytypowana do badań na linii komórkowej B35 w celu 

oceny jej potencjału jako materiału dla inżynierii tkanki nerwowej.  

 

5.5. Właściwości neuroprotekcyjne [A4] 

Do przeprowadzenia badań na linii komórkowej wybrałam matrycę PEDOP/Tc ze 

względu na obserwowane silne działanie hamujące rozwój bakterii, a także warstwę PEDOP 

oraz napyloną Pt jako próbki odniesienia. Co więcej, wybrany antybiotyk należy do grupy 

tetracyklin, która według doniesień literaturowych może wykazywać działanie protekcyjne 

względem  komórek nerwowych [79,97]. W celu weryfikacji tej hipotezy przeprowadziłam 

badania przy użyciu szczurzej linii komórkowej nerwiaka niedojrzałego B35, których 

żywotność i morfologię po 48h hodowli analizowałam przy użyciu testów MTT, cyklu 

komórkowego, apoptozy oraz mikrofotografii SEM (Tabela 10).  

Żywotność komórek B35 na powierzchni PEDOP/Tc (83,7%) była porównywalna 

z kontrolną warstwą Pt (86,2%) wskazując, że powłoka PEDOP/Tc spełnia kryteria 

biozgodności określone w normie ISO 10993. Warstwa PEDOP natomiast nie spełniała 

opisanych kryteriów, ponieważ żywotność hodowanych na niej komórek wyniosła jedynie 

59,3%. Otrzymane wyniki wskazują, że dodatek Tc wpłynął na poprawę biokompatybilności 

polimeru przewodzącego. Analiza cyklu komórkowego wykazała większą liczbę komórek 

znajdującą się we frakcji sub-G1 dla matrycy PEDOP/Tc, w związku z tym w kolejnych 

badaniach oceniłam rodzaj śmierci komórkowej przeprowadzając test apoptozy. Uzyskane 

wyniki wskazały, że komórki obumierały na skutek zaprogramowanej, fizjologicznej śmierci. 

Co więcej, mikroskopia SEM umożliwiła mi zaobserwowanie bardzo dobrej integracji 

neuronów z warstwami PEDOP i PEDOP/Tc. Zaobserwowałam różnice w rozgałęzieniu 



38 
 

i liczbie neurytów w przeliczeniu na komórkę w zależności od stosowanego materiału (Tabela 

10). Wykorzystanie matrycy PEDOP/Tc pozwoliło na równomierne rozmieszczenie neurytów 

oraz ich usieciowanie, natomiast komórki hodowane na warstwie PEDOP ulegały agregacji 

nie tworząc tak rozległych sieci. Ścisła integracja między wytworzoną matrycą PEDOP/Tc   

a neuronami sprawia, że polimer wykazuje się znacznym potencjałem aplikacyjnym jako 

powłoka dla urządzeń biomedycznych, przede wszystkim interfejsów neuronowych. Z racji 

tak obiecujących wyników, sposób otrzymania przedstawionej matrycy PEDOP/Tc zgłoszono 

do ochrony własności intelektualnej. 

 

5.6. Analiza morfometryczna komórek bakteryjnych i komórek nerwowych [A5] 

Istotnym elementem badań przedstawionych w mojej pracy była analiza 

morfometryczna bakterii i komórek nerwowych. Skaningowy mikroskop elektronowy stanowi 

wartościowy instrument badawczy wykorzystywany do określenia cech morfologicznych 

izolowanych mikroorganizmów i komórek. Szeroki zakres deskryptorów morfologicznych 

umożliwia przełożenie otrzymanych obrazów mikroskopowych na dane ilościowe, co może 

pomóc w ocenie charakteru antybakteryjnego, cytotoksyczności czy biokompatybilności 

badanych materiałów. W artykule [A5] omówiłam konieczność odpowiedniego 

przygotowanie próbek biologicznych, które wymagają utrwalenia i odwodnienia w celu 

uzyskania najlepszych rezultatów obrazowania SEM. Nieodpowiednia preparatyka może 

spowodować wysuszenie materiału biologicznego, skutkującego obkurczeniem oraz 

odkształceniem się komórek, a przez to prowadzić do błędnych wniosków.  

Analiza biologiczna z wykorzystaniem SEM może służyć zarówno do obrazowania 

morfologii komórek prokariotycznych i eukariotycznych, jak i określenia ich przyczepności 

do powierzchni. Dokładna charakterystyka morfometryczna umożliwia również określenie 

liczby i rozmieszczenia hodowanych komórek na badanych materiałach, ocenę budowy błony 

komórkowej, długości i szerokości komórek, objętości, która związana jest z ich kondycją, 

stopnia rozgałęzienia neurytów, ocenę ich długości, liczby jąder komórkowych i wiele innych 

cech, które są istotnie skorelowane ze stosowanymi lekami, dostępnością składników 

odżywczych czy warunkami środowiskowymi.  

W publikacji podkreśliłam fakt, że morfologia komórek prokariotycznych 

i eukariotycznych to krytyczny element umożliwiający ocenę przebiegu cyklu komórkowego, 

sprawności czy proliferacji w badaniach biologicznych. Precyzyjne i obiektywne pomiary 

kształtu umożliwiają określenie użyteczności stosowanego biomateriału.  



39 
 

6. Podsumowanie 
 

Rozprawa doktorska obejmuje pięć publikacji, w tym dwie prace przeglądowe, trzy 

prace oryginalne oraz zgłoszenie patentowe. W moich badaniach skupiłam się na  

opracowaniu bifunkcjonalnych materiałów bioinżynieryjnych wykazujących działanie 

antybakteryjne i neuroprotekcyjne na bazie polimerów przewodzących, PEDOT i PEDOP, 

będących nośnikami modelowego antybiotyku, tetracykliny. Uzyskałam powłoki o dobrych 

właściwościach elektrycznych i wysokiej pojemności na lek, spośród których najlepsze 

właściwości posiadały matryce PEDOP i PEDOP/Tc. Ponadto, matryca PEDOP/Tc dała się 

poznać jako niezwykle skuteczna pod kątem działania antybakteryjnego w odniesieniu do 

innych przebadanych materiałów. Wyniki badań komórkowych potwierdziły, że warstwa 

PEDOP/Tc może służyć jako neuroelektroda o bifunkcyjnych właściwościach biologicznych, 

odmiennych dla komórek eukariotycznych i prokariotycznych, stanowiąc tym samym 

obiecującą alternatywę dla powszechnie stosowanych elektrod. Ponieważ moje osiągnięcie 

ma potencjalne zastosowanie w przemyśle, zostało zgłoszone do ochrony patentowej. 

Elementem dopełniającym moją pracę doktorską była publikacja dotycząca analizy 

morfometrycznej bakterii oraz komórek nerwowych na podstawie obrazów otrzymanych za 

pomocą skaningowego mikroskopu elektronowego. W trakcie pracy zoptymalizowałam 

procedurę przygotowania próbek biologicznych do pomiarów SEM, a także 

wyselekcjonowałam deskryptory morfometryczne, które mogą posłużyć do przeprowadzenia 

rozszerzonej analizy stanu komórek. W ten sposób usystematyzowałam aktualny stan wiedzy 

oraz zaproponowałam procedurę przygotowania próbek i analizy obrazów, która cechuje się 

prostotą, zmniejszonym wykorzystaniem niebezpiecznych odczynników i dostarcza szeregu 

informacji zarówno o komórkach eukariotycznych jak i prokariotycznych. 
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7. Dorobek naukowy 
 

7.1. Liczbowe zestawienie dorobku (31.05.2022, Scopus): 

Liczba publikacji: 8 

Liczba cytowań: 29 

Sumaryczny IF: 42.464 

Sumaryczna liczba punktów MEiN: 960 

Indeks H: 3 

7.2. Staże naukowe 

2017 – 3,5 miesięczny staż w National University of Ireland (Galway) (Centre for Research in 

Medical Devices). 

 

7.3. Udział w projektach naukowych 

• Naukowy opiekun pomocniczy w projekcie PBL VII edycja pt. Bakteriostatyczne i 

elektroaktywne powłoki poprawiające adhezję komórek dla celów inżynierii 

biomedycznej (2022).  

• Grant na dofinansowanie rozpoczęcia działalności naukowej w nowej dziedzinie 

badawczej pt:” Zastosowanie poliestrów alifatycznych opartych na izosorbidzie do 

otrzymywania nanowłókien metodą elektroprzędzenia i ocena ich przydatności jako 

rusztowania (scaffolds) i wszczepy” w ramach priorytetowego obszaru badawczego 

POB3. 30 IV 2021-30 X 2022. (04/040/SDU/10-22-03). Kierownik projektu. 

• Udział w projekcie badawczym NCN Elektroaktywne polimery jako powłoki 

odpowiednie do sterowania wzrostem biofilmu bakteryjnego, realizowanego na 

Katedrze Fizykochemii i Technologii Polimerów, Wydziale Chemicznym Politechniki 

Śląskiej (19 VII 2017 – 18 VII 2021), Sonata NCN- 2016/23/D/ST5/01306. 

• Realizacja projektu Zastosowanie analizy morfometrycznej do oceny wpływu 

przewodzących matryc polimerowych na bakterie i komórki nerwowe, w ramach 

dotacji SBM, 5.05.2021-31.12.2021,(04/040/BKM21/0178).  

• Realizacja projektu Wpływ właściwości powierzchni PEDOP/Tc na wzrost komórek 

nerwowych, w ramach dotacji SBM, 2020, Wykonawca w projekcie. 

• Badania mikrobiologiczne w projekcie New approach in the photogeneration of 

singlet oxygen: carbon-based nanomaterials finansowanym przez Narodowe Centrum 
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Nauki (UMO-2016/21/D/ST5/01641) trwającym od 27 I 2017 – 26 I 2020. 

• Badania mikrobiologiczne w projekcie PBL III Edycja Organiczne powłoki 

antybakteryjne aktywowane światłem widzialnym realizowane w ramach projektu 

POWER POWR-03.05.00-00-Z098/17-00. 

• Realizacja projektu Badanie wzrostu komórek nerwowych na przewodzących 

matrycach polimerowych z immobilizowanym lekiem, w ramach dotacji BKM, 2019. 

 

7.4. Udział w konferencjach 

• National Scientific Conference “Understand the Science” V Edition, online, 25 IX 

2021, Czerwińska-Główka D., Skonieczna M., Student S., Przystaś W., Zabłocka-

Godlewska E., Cwalina B., Krukiewicz K.,: Bifunctional conducting polymer matrices 

with antibacterial and neuroprotective effects (komunikat ustny, autor prezentujący)   

• 72nd Annual Meeting of the International Society of Electrochemistry held in Jeju 

Island Korea, online, 29.08-2 IX 2021, Czerwińska-Główka D., Skonieczna M., 

Student S., Przystaś W., Zabłocka-Godlewska E., Cwalina B., Krukiewicz K.,: The 

influence of surface morphology of poly(3,4-ethelenedioxypyrrole) on the adhesion 

and development of bacteria and neural cells (prezentacja posterowa, autor 

prezentujący)   

• XXVI International Symposium on Bioelectrochemistry and Bioenergetics, Cluj 

Napoca, online 9-13 V 2021, Czerwińska-Główka D., Skonieczna M., Przystaś W., 

Zabłocka-Godlewska E., Student S., Cwalina B., Krukiewicz K.: Antimicrobial and 

neuroprotective tetracycline-loaded poly(3,4-ethylenedioxypyrrole) for biomedical 

applications (prezentacja posterowa, autor prezentujący)   

• 9th European Young Engineers Conference, Warszawa, online, 19-21 IV 2021, 

Czerwińska-Główka D., Skonieczna M., Krukiewicz K., Przystaś W., Zabłocka-

Godlewska E., Student S., Cwalina B,, Łapkowski M.: Antibacterial and 

neuroprotective conducting polymers for biomedical applications (prezentacja 

posterowa, autor prezentujący)   

• UK-Poland Conference on Bioinspired Materials, online, 23-24 XI 2020, 

Czerwińska-Główka D., Skonieczna M., Łapkowski  M., Krukiewicz K.,: 

Electroactive polymer surfaces for biomedical applications (prezentacja posterowa, 

autor prezentujący) 

• UK-Poland Bioinspired Materials Conference, online, 23-24 XI 2020, Skorupa M., 
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Więcławska D., Czerwińska-Główka D., Krukiewicz K., Influence of doping ions on 

the properties of PEDOT and its potential biomedical applications (prezentacja 

posterowa) 

• 1st Scientific Summer School on-line, 8 VIII  2020, Czerwińska-Główka D., 

Krukiewicz K., Przystaś W., Zabłocka-Godlewska E., Student S., Cwalina B, 

Łapkowski M.,: Conductive polymers as antibacterial surfaces (prezentacja 

posterowa, autor prezentujący) 

• 5th International Conference on Composite Materials and Material Engineering 

(ICCMME 2020), Seul, 13-16 I 2020, Skorupa M., Więcławska D., Czerwińska-

Główka D., Krukiewicz K., PEDOT/AgNW as a composite electroactive coating for 

the control of biofilm growth  (komunikat ustny) 

• III Konferencja Naukowo-Techniczna ‘Innowacje w Przemyśle Chemicznym’, 

Gliwice, 29-30 X 2019, Czerwińska-Główka D., Krukiewicz K., Przystaś W., 

Zabłocka-Godlewska E., Student S., Cwalina B., Łapkowski M.,: Badanie 

właściwości antybakteryjnych cienkiej warstwy platynowej (prezentacja posterowa, 

autor prezentujący) 

• 8th European Young Engineers Conference, Warszawa, 8-10 IV 2019, Czerwińska-

Główka D., Controlling the growth of bacterial biofilm on electroactive surfaces 

(komunikat ustny, autor prezentujący) 

• XX. Linz Winter Workshop 2018, Austria, 2-5 II 2018, Advances in Single-Molecule 

Research for Biology & Nanoscience, Czerwińska-Główka D., Krukiewicz K., 

Cwalina B., Control of biofilm formation on the surface of conductive polymers 

(prezentacja posterowa, autor prezentujący) 

• XVI International Congress of Young Chemists, Bydgoszcz, 10-14 X 2018, 

Czerwińska-Główka D., Controlling the formation of biofilm on electroactive surface 

(komunikat ustny, autor prezentujący)   

• Pomiędzy naukami, VII Edycja Konferencji dla Młodych Naukowców, 14 IX 2018, 

Chorzów, Czerwińska D., Krukiewicz K., Cwalina B.,: Kontrola wzrostu biofilmu na 

powierzchniach elektroaktywnych (komunikat ustny, autor prezentujący) 

• 23rd Topical Meeting of the International Society of Electrochemistry, Vilnius 

(Lithuania), 8-11 V 2018, Krukiewicz K., Czerwinska D., Cwalina B.: 

Electrochemical impedance analysis on drug-loaded conducting polymer matrices 

(presentacja posterowa) 
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• Gliwice Scientific Meetings, Gliwice, 17-18 XI 2017, Czerwińska D., Krukiewicz K., 

Erfurt K., Chrobok A., Biggs M.,: The influence of electrochemical modyfication on 

surface properties of ITO (prezentacja posterowa, autor prezentujący) 

• 2nd International Summer School “Multifunctional Smart Coatings and Surfaces, 

Aveiro, 

Portugal, 24 – 28 VII 2017, Krukiewicz K., Czerwinska D., Vallejo-Giraldo C., Erfurt 

K., Chrobok A., Biggs M.: The influence of electrochemical modification on surface 

properties of ITO (prezentacja posterowa) 

 

7.5. Inne osiągnięcia 

• Grant rektorski w ramach programu projakościowego na granty za publikacje wydane 

w czasopismach TOP1, TOP10, czasopismach Nature lub Science oraz za monografie 

w wysoko punktowanych wydawnictwach, w ramach programu Inicjatywa 

Doskonałości – Uczelnia Badawcza za publikację „Bifunctional conducting polymer 

matrices with antibacterial and neuroprotective effects” w czasopiśmie 

Bioelectrochemistry – TOP10.  

• Grant rektorski projakościowy II stopnia w ramach konkursu projakościowego na 

rektorskie granty za wysoko punktowane publikacje lub udzielone patenty. 

• Grant rektorski w ramach programu projakościowego na granty za publikacje wydane 

w czasopismach TOP1, TOP10, czasopismach Nature lub Science oraz za monografie 

w wysoko punktowanych wydawnictwach, w ramach programu Inicjatywa 

Doskonałości – Uczelnia Badawcza za publikację „Electrically-responsive 

antimicrobial coatings based on a tetracycline-loaded poly(3,4-

ethylenedioxythiophene) matrix” w czasopiśmie Materials Science and Engineering: C 

– TOP10.  

• Grant rektorski w ramach programu projakościowego na granty za publikacje wydane 

w czasopismach TOP1, TOP10, czasopismach Nature lub Science oraz za monografie 

w wysoko punktowanych wydawnictwach, w ramach programu Inicjatywa 

Doskonałości – Uczelnia Badawcza za publikację „A journey in the complex 

interactions between electrochemistry and bacteriology: From electroactivity to 

electromodulation of bacterial biofilms” w czasopiśmie Bioelectrochemistry – TOP10.  
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Although the term bioelectrochemistry tends to be associated with animal and human tissues, bioelectric cur-
rents exist also in plants and bacteria. Especially the latter, when agglomerated in the formof biofilms, can exhibit
electroactivity and susceptibility to electrical stimulation. Therefore, electrochemical methods appear to become
powerful techniques to expand the conventional strategies of biofilm characterization and modification. In this
review, we aim to provide the insight into the electrochemical behaviour of bacteria and present the variety of
electrochemical techniques that can be used either for the non-destructive monitoring of bacterial communities
ormodulation of their growth. Themost common applications of electrical stimulation on biofilms are presented,
including the prevention of bacterial growth by charging the surface of the materials, changing the direction of
bacterial movement under the influence of the electric field and increasing of the potency of antibiotics when
bactericides are coupled with the electric field. Also, the industrial applications of microbial electro-
technologies are described, such as bioremediation, wastewater treatment, and microbial fuel cells. Conse-
quently, we are showing the complexity of interactions that exist between electrochemistry and bacteriology
that can be used for the benefit of these two disciplines.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Despite the electrochemical aspects of bacteriology has been known
in the literature formore than 100 years [1], in the beginning thisfield of
bioelectrochemistry was considered as a scientific curiosity rather than
applied science. The advances in the fundamental research have finally
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led to the development of so-called microbial electrochemical technol-
ogies, in which bacteria started to be applied to solve industrial prob-
lems in terms of bioproduction, bioremediation, wastewater
treatment, biosensing and many more [2].

In this review,we aim to present a storyline of the progress in the re-
search focused on the interactions between electrochemistry and bacte-
riology. In the belief that no scientific breakthrough is possible without
previous theoretical considerations and basic research, we start our dis-
cussion from providing the basic aspects of bacterial
bioelectrochemistry, namely the description of the process of electrical
signalling among bacteria and biofilms. The confirmation of the exis-
tence of bioelectric currents in bacterial biofilms led to the concept of
applying electrochemical methods for biofilm characterization. Conse-
quently, we present a summary of numerous electrochemical tech-
niques that can be used for the non-destructive monitoring of
bacterial communities and evaluating their electrical properties. Know-
ing that bacterial biofilms can express electroactivity allowed to take an
important step forward, namely to develop a concept of using electric
current to affect bacteria. Indeed, this idea was a spark of inspiration
to the development of microbial electrochemical technologies, such as
bioremediation, wastewater treatment and microbial fuel cells, as well
as specific biomedical applications involving the prevention of bacterial
growth, changing the direction of bacterial movement or increasing the
potency of antibiotics through electrical stimulation. Due to its consec-
utive structure, this review provides an overview of the complexity of
interactions existing between electrochemistry and bacteriology that
can be used for the benefit of both of these disciplines.

2. Bioelectrical currents in animals, plants and bacteria

The electric current is commonly understood as the ordered move-
ment of electrons. However, when referring to living organisms, the
most common charge carriers appear to be ions, such as K+, Na+, Ca2
+, Cl-, giving rise to the bioelectrical currents (Scheme 1). Since the
cell membranes are semipermeable, they exhibit selectivity for one
type of ions, resulting in the regulation of extracellular and intracellular
ion concentrations. These small, charged particles can travel across the
membrane by means of diffusion through the ion channels by the ion
pump mechanism, at which it is necessary to provide energy for the
transport of ions [3–5]. The local potential changes generated bymoving
ions allow targeting the metabolism, electrical impulses or cell

membrane permeability depending on the external signal. The electric
signals can be also used to allow both plant or animal cells and bacteria
in biofilms to communicate with each other, with the complexity of the
messages varying from simple signals to complex long-distance electri-
cal signalling, which is faster than any chemical signalling [6–8].

In 1791, Luigi Galvani was the first scientist to describe the existence
of bioelectrical current in animals on the example of a frog [9]. He
showed that touching the muscle of the frog's limb simultaneously
with two different, interconnected metals, caused its contraction. Ad-
mittedly, it did not refer to the electricity of tissues but to the current
caused by the contact of metals with moisture. However, these studies
started an interest in the field of bioelectrochemistry [10] and led to
the formation of widely accepted principles. Generally, the organisms
are made up of cells that regulate the exchange of chemicals through
the cell membrane. Intracellular signalling uses readily available parti-
cles such as ions. The flow of ions is regulated through the ion channels
made from proteins that allow for the passage of some ions and are able
to block others. The mechanism depends on the inward movement of
sodium ions when depolarization takes place, followed by potassium
ions flowing outside causing repolarization [7]. The action potential
formed as the result of these activities is responsible for the rapid trans-
port of information, which are transmitted along the axons in the ner-
vous system and over the surface of some muscle or glandular cells.
These signals are transmitted to the whole organism; they have a con-
stant speed and amplitude, and are used to control metabolic processes
and physiological functions. Electrical signals allow to see, feel and con-
trol the main physiological processes, including development and re-
generation of the cells. Relevant environmental signals, such as light
or temperature, can affect ionic conductivity alteringmembrane poten-
tial [11–13]. Currently, bioelectricity is also used in various diagnostic
tests. Such studies include measurements of electrical effects from
heart or brain cells [14].

Electrical signalling, however, does not apply only to the animal
world, but also to the kingdom of plants. In 1873, Burdon-Sanderson
discovered the presence of action potentials in plants by stimulating
the leaf of Dionaea [15]. Since then, the detailed examination of the
plants for their electroactivity has begun. In the case of plants, the trans-
mission of signal plays an important role in inter- and intra-cellular
communication. The electrical signals include action potentials, varia-
tion potentials and local electrical potential [6,16,17], all of them
resulting in numerous changes in the membrane potential. The action

Scheme 1. Amino acid sequence of the peptide Pc_312–324.
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potential is a typical long-range signalling, which is a self-perpetuating
electrical signal based on the activity of ionic potential. The variation po-
tential, although also occurs due to transient changes in electrical po-
tential, yet cannot be electrically induced but changes with the
intensity of the stimulus. The last one, namely local electrical potential,
is produced only regionally and cannot be transported to other parts of
the plant. The transmission of long-distance electrical signals with con-
stant speed and amplitude is mainly associated with action potential
depending on two K+ channels, Cl- and changes in Ca2+ concentration,
and is also associatedwith signalling in plants [6,13]. The environmental
stimulus causing the action potential in plants may be derived from a
change in temperature, light, or electrical stimulation as well as the
presence of pathogens [7,16]. It affects the possibility of nutrition, gas
exchange, water uptake, leaf movement or energy production.

Another group of organisms constituting a separate kingdom are
bacteria, the microorganisms characterized by various dimensions and
shapes. As the only ones, they do not possess cellular organelles
surrounded by amembrane. Contrastingly, bacterial cells are embedded
in extracellular polymeric substances (EPS), forming tightly packed bac-
terial clusters, biofilms, which seem to be preferred form of bacterial
communities. Under such conditions, bacteria can share their functions
and exchange information [18,19]. In order to coordinate their behav-
iour, bacteria use chemical and electrical signalling. Bacteria produce,
secrete and may sense certain molecules, thanks to which they are
able to recognize the surrounding, the presence of other bacteria and
various species. Such a chemical process is called quorum sensing
[20–22]. Another way of communication is possible by transmitting
electrical impulses. It is long-distance signalling by potassium ion chan-
nels in which the propagation of spatially ordered potassium waves
takes place. The exact mechanism of this phenomenon in the viscous
structure of the extracellular polymer matrix has not been thoroughly
studied yet, emerging as a potential field of investigations in the scien-
tific community. According to Masi et al. [23], the electrical activity de-
pends strictly on the ability of bacteria to form the biofilm, and not
necessarily only on the density of the bacterial population. Conse-
quently, a single bacterium can receive an electrical signal, but only in
a larger cluster bacteria can cooperate.

Priendle et al. [24] found that electrical signalling is combined with
themetabolism of bacteria. Bacterial biofilms grow in certain cycles de-
pending on the concentration levels of glutamate. When bacteria in the
interior of the biofilm sense its depletion, the amount of produced am-
monium ions decreases. As a result, when microorganisms on the cir-
cumference of the colony notice this change, they stop growing. When
the amount of glutamate is topped up in the internal cells, the amount
of ammonium increases and the bacteria on the perimeter of the biofilm
begin to grow again.What is crucial, suitable glutamate and ammonium
concentrations are affected by the membrane potential, which is syn-
chronized by the biofilm thanks to the signalling process using potas-
sium ions. Correspondingly, the depletion of glutamate inside the

biofilm leads to the release of potassium ion through the YugO potas-
sium channel (Scheme 2) [25–27]. Similar process is also responsible
for the long-term effects of the bacteria on the behaviour of other bacte-
rial cells that do not belong to the biofilm. Potassium ions emitted from
biofilm affect the change in the membrane potential of distant cells
changing their mobility [28]. It is a common case that two adjacent bac-
terial colonies compete for nutrients, which iswhy their average growth
rate is slower than for a single biofilm. These two biofilms can synchro-
nize oscillations of growth rate and electrical signalling. At lower gluta-
mate concentrations, biofilms benefit from the strategy of sharing
resources over time to avoid competition [29,30].

3. Electrochemical analysis of bacterial biofilms

The development of biofilm begins with the settlement of bacteria
on the surface of the material, which occurs through the action of Van
der Waals forces, acid-base interactions and electrostatic forces [31].
Generally, bacteria attach themselves to the surface, start to produce ex-
tracellular polymeric substances and begin to multiply. The three-
dimensional structure obtained in this way is more difficult to remove
than a single bacterium, because it greatly hinders the diffusion of mol-
ecules, including antibiotics [32,33]. Yet, it can be electroactive and sus-
ceptible to electrical stimulation. The electrical activity of biofilm was
clearly demonstrated by Masi et al. [23] in a multi-electrode array
(MEA) system equipped with 59 microelectrodes, which enabled high
spatio-temporal resolution. Action potentials produced during the de-
velopment of biofilm were examined continuously for at least 72 h.
The research was carried out on two strains of bacteria: able to create
biofilms (Bacillus licheniformis and Pseudomonas alcaliphila) and non-
biofilm forming (Escherichia coli HEC30). In the case of bacteria forming
a biofilm, as the amount of biofilm increased, a jump in the action po-
tential was observed on the MEA device. This dependence was not ob-
served in the case of non-biofilm forming bacteria. Therefore, it was
concluded that electrical activity does not depend on the density of bac-
teria, but on the possibility of creating a biofilm. The experiments once
again proved that even though single bacteria can receive an electrical
signal, the formation of a biofilm is necessary to observe their
cooperation.

For the description of the electrical activity of biofilms, it is necessary
to be able to assess the rate of electron transfer between the bacteria
and conductive surface. Biofilms exhibiting this kind of behaviour are
called electrochemically active biofilms and are used e.g. in microbial
fuel cells (MFCs). In the pursuit of maximizing electrical power produc-
tion from these devices, researchers are looking for the bacteria
possessing a strictly defined mechanism of electron transfer between
their surface and the surface of the electrode. The evaluation of electron
transfer, however, depends on many factors like electrode material, re-
actor configuration and culture conditions [34], which greatly affect the
measured current. Even though the most popular electrode materials

Scheme2.Combination of the electrical signallingwith themetabolismof bacteria: the limitation of glutamate inside the biofilm leading to the release of potassium ions through the YugO
potassium channel, followed by the change in glutamate concentration gradient.
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are of similar carbon-based type, especially glassy carbon due to its
nonporosity and low background currents, still it is crucial to be able
to compare between the performance of different systems. Therefore,
there is an urgent need to develop non-destructive methods allowing
to evaluate both thermodynamic and kinetic parameters of electron
transfer process. In response to this need, a powerful set of electrochem-
ical techniques was described by Marsili et al. [35] who cultivated the
biofilm of bacteria that reduce metal, Geobacter sulfurreducens, on the
surface of polished glassy carbon electrodes in a three-electrode anaer-
obic reactor. Consecutively, the biofilm was evaluated using cyclic volt-
ammetry, differential pulse voltammetry and electrochemical
impedance spectroscopy, in order to assess the electron transfer effi-
ciency. During the measurements, a narrow range of potentials
(−0.55 V to 0.24 V vs. SHE) was used so as not to inhibit the formation
of a biofilm. After 72 h, the electrodes were completely covered with
biofilm and showed a stable rate of electron transfer. Due to the high re-
peatability of acquired results, Geobacter sulfurreducens current density
was estimated at approximately 2 A/m2. In this way, electrochemical
techniques were shown to allow to define electron transfer from cells
to electrodes. Since these methods are not destructive, it is possible to
apply them to compare the performance of many bacterial strains, as al-
ready shown in some literature proceedings [36,37]. Therefore, it has
been proven that the electroanalytical techniques may be applied as ef-
ficient screening methods for the identification of microorganisms and
MFCs design leading to the highest efficiency in the power production.

The most traditional methods of monitoring microbial colonization,
macroscopic approaches, are found to fail in providing the information
of the effect of colony size, which is caused by the variations in biofilm
thickness reaching from 1 to 2 μm (single bacteria) to ≥50 μm [38].
Therefore, Bressel et al. [38] used a sophisticated combination of gravi-
metric, optical and electrochemical techniques to monitor the growth
of 5 µm-thick mixed biofilms on the surface of platinum and gold elec-
trodes. Thesemethods allowed to assess with high local resolution how
the development of biofilm affects its electrochemical properties. In
short, the formation of biofilm on metallic surfaces, simultaneously
with the monitoring of open circuit potentials, was observed with elec-
trochemical quartz crystal microbalance. Confocal scanning laser mi-
croscopy enabled three-dimensional imaging of bacterial layers.
Together with the use of fluorescent dyes, it allowed the assessment
of the viability of growing bacteria. Cyclic voltammetry was also used,
showing that biofilm formation on the surface of Pt electrode inhibited
hydrogen adsorption and oxide formation, as well as catalyzed oxygen
reduction. The combination of these techniques provided unprece-
dented set of data allowing to correlate biofilm morphology with its
electrochemical behaviour in terms of the potential shift phenomena.
Moreover, it offered a non-destructive and continuous evaluation of

biofilm properties, which was not achievable through the application
of classical microscopic techniques.

Becerro et al. [42], on the other hand, used cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) to assess the growth of Staph-
ylococcus epidermidis biofilm and the adhesion of the bacteria to the sur-
face. In particular, electrochemical methods were chosen to investigate
the redox behaviour of electrochemically active molecules (EAM) se-
creted by the bacteria (Scheme 3). Consequently, EAMs reacting with
free electrons from the electrode were monitored using thin-layer mi-
croelectrodes, and their redox signals were easily detected on both CV
andDPV curves. The resultswere collected every 30min and the culture
was maintained for 65 h. The authors noticed an increase in the total
amount of currentwhichwas proportional to the state of growth of bio-
film, namely initial media adaptation, lag phase, exponential phase, sta-
tionary phase as well as final decline phase. At the end of the analysis,
the measured current decreased due to the reduced metabolic activity
of the bacteria and their death. Even though both CV and DPV were
found to be useful in the analysis, it was DPVwhich allowed to precisely
determine the number of redox centers, as well as it wasmore prone to
the changes in EAM concentrations. The results clearly showed that
electrochemical analysis of biofilms allows the monitoring of bacterial
activity already in the initial stage of biofilm development, which is
not so easy to accomplish with other experimental techniques, Conse-
quently, early detection of bacterial presence on the surface makes it
possible to eliminate bacterial biofilms with antibacterial agents even
before the extracellular matrix is generated.

Electrochemical methods have been found to provide numerous in-
formation describing the state of the biofilm and its properties, includ-
ing the kinetics of growth, interfacial/extracellular electron transfer,
redox behaviour of EAMs, as well as biofilm resistance, capacitance
and impedance, etc. Consequently, the detailed list of electrochemical
methods suitable for the characterization of biofilm has been presented
in Table 1. This summary shows the electrochemical aspects of biofilms
by linking the electrochemical properties of the bacteria with the exper-
imental techniques used for their quantification. For each case, the de-
tailed experimental conditions are provided in order to indicate the
range of parameters allowing for the non-destructive testing of living
bacteria.

4. The effect of electrical stimulation on bacteria

The interest in electrical stimulation is increasing due to the more
available knowledge about the electrical properties of tissues and cells.
Electrical signals are processed and conducted by electrically excitable
cells, inwhich cellmembrane contains ion channels that allow theprop-
agation of an electrical signal. Due to the appropriate stimulus, the ion

Scheme 3. The schematic representation of electron transfer between electrode and bacteria through EAMs, and the examples of EAMs: pyocyanin, iodinin, 1,6-dihydroxyphenazine and
actinorhodin [39–41].
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Table 1
Electrochemical methods and experimental conditions applied for the characterization of electrochemical properties of specific bacterial biofilms.

Method Experimental conditions Measured property Bacterial strain Reference

Cyclic voltammetry (CV) Equilibrium time: 5 s
Scan rate: 1 mV/s
Potential range: −0.558 V to 0.242 V (vs. SHE)

The kinetics of
interfacial electron
transfer between
bacteria and
electrodes

Geobacter sulfurreducens [35]

Potential range: −0.45 V to 1.2 V (vs. SHE)
Scan rate: 50 mV/s

Rate of hydrogen
adsorption, oxygen
reduction

Mixed culture biofilm [38]

Potential range: −1 V to 1 V
Scan rate: 100 mV/s
Sampling interval: 1 mV

Redox behaviour of
EAMs

Staphylococcus epidermidis [42]

Scan rate: 10 mV/s
Potential range: 0.24 V to −0.56 V (vs. SHE)

Electron transfer Geobacter sulfurreducens [36]

Scan rate: 2 mV/s
Potential range: −0.49 V to 0.71 V (vs. SHE)

Extracellular
electron transfer

Shewanella oneidensis [43]

Scan rate: 10 mV/s
Potential range: −0.7 V to 0 V (vs. SCE)

Extracellular
electron transfer

Pseudomonas
aeruginosa

[44]

Scan rate: 5–100 mV/s
Potential range: −0.6 V to 0.6 V (vs. SCE)

Electroactivity of
bioanodes

Lactobacillus rhamnosus GG [45]

Scan rate: 1 mV/s
Potential range: 0.1 V to 1.2 V (vs. NHE)

Redox behaviour of
biofilm

Acidithiobacillus thiooxidans [46]

Scan rate: 10 mV/s
Potential range: −0.7 V to 0 V (vs. Ag/AgCl)

Determination of a
pseudo-linear
response for the
catalytic behavior of
biofilms

Geobacter sulfurreducens [47]

Differential pulse voltammetry (DPV) Potential range: −0.558 V to 0.242 V (vs. SHE)
Pulse height: 50 mV
Pulse width: 300 ms
Step height: 2 mV
Step time: 500 ms
Scan rate: 4 mV/s
Accumulation time: 5 s

The kinetics of
interfacial electron
transfer between
bacteria and
electrodes

Geobacter sulfurreducens [35]

Potential range: −1 V to 1 V
Signal amplitude: 0.1 V
Increment: 2 mV
Pulse width: 0.25 s
Sampling width: 0.0167 s
Pulse period: 0.55 s

Redox behaviour of
EAMs

Staphylococcus epidermidis [42]

Square wave voltammetry (SWV) Potential range: −0.7 V to 0 V (vs. Ag/AgCl)
Scan rate: 20 mV/s
Sweep time: 45 s
Pulse height: 25 mV
Frequency: 10 Hz
Step size: 2 mV

Determination of a
pseudo-linear
response for the
catalytic behaviour
of biofilms

Geobacter sulfurreducens [47]

Potential range: 0.5 V to − 0.2 V (vs. SCE)
Step increment: 4 mV
Amplitude: 25 mV
Frequency: 15 Hz
Quiet time: 2 s

Redox behaviour of
EAMs

Pseudomonas aeruginosa [48]

Chronoamperometry (CA) Potential: 0.242 V (vs. SHE) The kinetics of
interfacial electron
transfer between
bacteria and
electrodes

Geobacter sulfurreducens [35]

Potentials: 0.71 V, 0.21 V, −0.19 V (vs. SHE) Bioelectrocatalytic
current production

Shewanella oneidensis [43]

Potential: 0 V (vs. SCE) Electroactivity of
bioanodes

Lactobacillus rhamnosus GG [45]

Electrochemical impedance spectroscopy
(EIS)

Perturbation amplitude: 10 mV
Frequency range: 100 kHz to 0.01 Hz

Double-layer
capacitance
(correlated with cell
density)

Indigenous microorganisms in the raw
dam water

[49]

Perturbation amplitude: 10 mV
Frequency range: 1 kHz to 1 mHz

Electrical properties
of biofilms interface:
biofilm resistance,
biofilm capacitance,
charge transfer
resistance

Acidithiobacillus thiooxidans [46]

Perturbation amplitude: 5 mV
Frequency range: 100 kHz to 0.1 Hz

Biofilm impedance,
conductance

Geobacter sulfurreducens [47]

Potentiostatic EIS (pEIS) Potentials of interest: 0.04 V, −0.06 V, −0.16 V,
−0.26 V (vs. SHE)
Perturbation amplitude: 10 mV
Frequency range: 100 kHz to 0.01 Hz

Electron transfer
characteristics of
active cells attached
to electrodes

Geobacter sulfurreducens [35]

(continued on next page)
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permeability through the membrane is changes and action potential is
achieved, allowing to pass the information throughout the body. The ac-
tion potential can be triggered by external electrical stimulation, which
is increasingly used in many fields of medicine. Currently, electrical
stimulation is used in treating the damages to the brain and nervous
system, in spinal cord injuries or cerebral palsy [50–52]. Also, in the
case of muscle stimulation in their weakness or paralysis [53–55] or in
orthopaedics after injuries or surgery [56,57]. It is also applicable in car-
diology [57,58] and various types of implants [50]. Electrical stimulation
can be used in the system of administration of anti-inflammatory drugs,
in the treatment of wounds and rehabilitation [57]. Therefore, it is
highly expected that the electrical stimulation should have a significant
influence on the behaviour of bacteria and biofilms.

As shown in the previous sections, electrochemical methods are
highly useful in themonitoring of the biofilmdevelopment by observing
the changes in the electrical properties of the electrodes. Similarly as in
the case of excitable animal cells, it is also possible to affect bacteria de-
posited on conductivematerials by applying electric current. Using elec-
trochemical methods for the control of biofilm development usually
brings the difficulty of connecting bacteria to selected surfaces or re-
moving already embedded layers from the electrodes [59]. The mecha-
nism of inhibition of bacterial growth under the influence of the electric
field is not yet fully understood. There are some assumptions indicating
possible mechanisms, including direct and indirect approaches
(Scheme 4). Direct approach indicates that the electric current directly
leads to cell death through the damage to the bacterial membrane or
through blocking the multiplication of bacterial cells. As an indirect in-
fluence, temperature and pH are given, among others. However, now
it is known that the temperature does not change much during the cur-
rent flow. Contrarily, the pH does change at the electrodes, reaching
more alkaline pH at the cathode and more acidic pH at the anode. An-
other indirect action is the production of toxic products of electrolysis,
such as H2O2 [60,61]. During the electrochemical reaction biocides are
generated, which cause unfavourable changes in the composition ofmi-
croorganisms leading to their death [59]. The bacterial mortality can be
also explained by galvanotaxy, which is the movement of particles to a

cathode or anode under the influence of an electric field. The proposed
reasons are likely, but the main mechanism of action of electric field on
bacteria is still not fully understood and requires additional research in
this direction [60].

5. Specific applications of electro-bacteriology

5.1. Electrically-induced antimicrobial activity

Individual bacteria living in the organism can be removed relatively
easily using antibacterial agents. However, when bacteria accumulate
and form a society, they start to cooperate with each other, communi-
cate and take common actions, which makes themmuchmore danger-
ous and harder to remove. Many serious bacterial diseases are
associated with the infection of medical equipment with bacterial
biofilms [62]. Bacteria can group on implants, valves and pacemakers,
catheters and other biomedical devices. After implantation, they break
healthy cell membranes what prevents wound healing and leads to se-
rious infections. Due to the increasing resistance of biofilms to germi-
cides, dealing with the infections often ends up with the removal of
the implant and carries a risk to the health and life of patients [22,60].
Increasingly frequent use of antibiotics makes the bacteria efficiently
immunized to their effects, and administered drugs are becoming less
and less effective. Consequently, the inability to inhibit bacterial growth
through the use of drugs prevents efficient treatment [32].

Since the bacterial membrane is charged, the presence of opposed
charge on the surface of biomaterial can lead to the situation when bio-
material and bacteria repel one another. To use and strengthen this phe-
nomenon, electricitymay be applied, so that bacteria can bemore easily
separated from the surface [31,61]. Consequently, it has been shown
that the electric field can affect the potential, shape and the behaviour
of bacterial membrane, leading to the inactivation of bacterial growth
and increased mortality (see Table 2). When investigating this effect
also in relation to biofilms on implants, bactericidal and bacteriostatic
character caused by electrical stimulationwas confirmed andwas called
the electric effect [31,63]. To provide specific examples, stainless steel

Table 1 (continued)

Method Experimental conditions Measured property Bacterial strain Reference

Potential of interest: OCP
Perturbation amplitude: 10 mV
Frequency range: 100 kHz to 0.01 Hz

Electron transfer Geobacter sulfurreducens [36]

Electrochemical quartz crystal
microbalance (EQCM)

Resonance frequency: 5 MHz Potential shift Mixed culture biofilm [38]
Polarization potential: 0 V (vs. Ag/AgCl) Biofilm frequency

shift and current
Geobacter sulfurreducens [47]

Scheme 4. Proposed direct and indirect mechanisms of inhibition of bacterial growth under the influence of electric current.
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pin implants were tested to prevent spinal infections [64]. Staphylococ-
cus epidermidis was inoculated in the tibia bone of the goats and their
behaviour was observed under the influence of the constant electric
current of 100 µA. After 21 days, the implantswere removed and the de-
velopment of biofilmswas assessed. It has been shown that bacteria de-
tached from the implant surface and their viability decreased. The
results suggested that the use of electric currents under real conditions
could be effective.

In neural applications, the effectiveness of vertical electrical stimula-
tion on amorphous carbonwas also shown to increase bacterial mortal-
ity [65]. The applied electric field intensity of 2.5 V/cm exhibited
bactericidal properties with no negative effects on neural cells. Two
types of bacteria were tested: gram-positive (Staphylococcus aureus)
and gram-negative (Escherichia coli). Themortality of both types of bac-
teria increases with a higher field intensity (10 V/cm) for a shorter pe-
riod of time, or lower field intensity (2.5 V/cm) of current for a long
time. However, in such conditions, Escherichia coli with a thinner cell

wall reacted faster than Staphylococcus aureus possessing a thicker
wall. After discontinuing the field, the bacteria were incubated to
check their regeneration. Escherichia coli turned out to recover faster
andweremore active than Staphylococcus aureus, for which no recovery
was observed.

The ability to change the direction of bacterial movement under the
influence of the electric field was also noted. The works of Shi et al. [66]
and Berthelot et al. [67] demonstrated that electrical stimulation can be
a valuable method of preventing infections by directing bacterial cells
away from the site of injured tissues. Forced direction of bacterial mi-
gration would allow the control and the ability to protect tissue against
the development of bacteria in the exposed area. This phenomenon
could also help to reduce the use of antimicrobial agents. However, it
was observed that different bacteria react in a different manner in re-
sponse to the electric field [32]. The relevant tests were carried out in
a microfluidic channel where the electric currents of 0, 0.07 and
0.125 mA were applied for 60 s. On the examples of Escherichia coli

Table 2
Specific application of bacteria-based electro-technologies.

Application Stimulus Working conditions Effect Bacterial strain Reference

Antibacterial neural
electrodes

Electric field Electric field strength: 0–10
V/cm
Time: 0.25–4 h

Inactivation of bacterial growth Staphylococcus aureus,
Escherichia coli

[65]

Preventing
infections by
galvanotaxis

Direct current Current intensity: 0.07–0.70
mA
Time: 4 days

Reduced motility of bacteria Escherichia coli,
Pseudomonas aeruginosa

[67]

Sterilization Direct current Current intensity: 1 mA
Time: 24 h

Increased mortality of bacteria Pseudomonas
Aeruginosa, Klebsiella
pneumoniae

[68]

Bactericidal effect Alternative (AC), direct (DC) and
superimposed (SP) currents

DC field intensity: 1.25 V/cm, 2
V/cm
AC field component: 1.25 V/cm
AC frequency: 10 MHz
SP electric field: 0.5 V DC field
+0.5 V AC field at 10 MHz
Time: 24 h
Additional treatment: 10 µg/ml
gentamycin

Reduced viability of the bacteria Escherichia coli [33]

Preventing
orthopaedic
infections

Direct current Current intensity: 100 µA
Time: 21 days

Bacterial detachment and
decreased viability

Staphylococcus epidermidis [64]

Direct current Current intensity: 50–250 µA
Time: 4 h
Additional treatment:
gentamycin

Enhanced susceptibility of biofilm
to antibiotic

Staphylococcus aureus [69]

Direct current Current intensity: 200 µA
Time: 21 days

Significantly reduced bacterial
growth

Staphylococcus epidermidis [71]

Block current Current intensity: 15–100 µA
Frequency: 0.1–2 Hz
Duty cycle: 5–50%
Time: 8000 s

Bacterial detachment and
decreased viability

Staphylococcus epidermidis [72]

Electrical stimulation Potentials: 15–30 V
Pulse duration: 0.4 ms
Frequency: 20 Hz
Time: 2 days

Decrease in biofilm formation Straphylococcus aureus [63]

Biological
wastewater
treatment

Direct current Current intensity: 13 and 70
mA
Electric field strength: 0, 0.28,
0.57, 1.14 V/cm
Time: 50 h

Stimulation of aerobic activity Aerobic bacteria [90]

Direct current Current intensity: 6.2–24.7
A/m2

Time: 4 h

Avoiding bacteria inactivation Heterotropic bacterial mass [83]

Soil bioremediation Direct current Electric field strength: 5 V/m
Current density: 6 µA/cm2

Time: 90 days

Increased efficiency of
biodegradation

Pseudomonas putida, Bacillus
subtilis, Klebsiella pneumoniae

[85]

Direct current Electric field strength: 2 V/cm
Time: 72 h

Controlling the direction of
bacterial migration

Pseudomonas fluorescens [86]

Direct current Electric field strength: 1.4 V/cm
Time: 34 days

Stimulating bioremediation
without harmful effects on bacteria

Soil bacteria [91]

Direct current Electric field strength: 1.3 V/cm
Time: 42 days

Increased efficiency of
biodegradation

Mixed culture of
petroleum-utilizing bacteria

[92]
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and Pseudomonas aeruginosa, it was shown that these bacteria migrate
towards different electrodes. Escherichia coli moved towards the
anode and Pseudomonas aeruginosa migrated towards the cathode. It
was also shown that the electric field reduced the speed of bacteria,
but at the same time increased their directionality.

The combination of bactericides and electric field can be used to in-
crease the potency of antibiotics on bacteria living in the biofilms. This
bioelectric effect turned out to be a very good method in which an anti-
biotic with poor performance becomes very effective after applying
electric current [68]. It was also shown that the reduced viability of
the bacteria due to the combination of the drug and the electric field
is mainly caused by the supply of additional energy and not to the
type of electrochemical signal used. Consequently, Escherichia coli bio-
film was tested using alternating, direct and superimposed potentials
for 24 h in combination with gentamycin treatment (10 µg/ml) [33].
The results showed that the applied potentials of equivalent energies
gave similar results in the antibacterial action of the drug. Generally,
in most studies related to the bioelectric effect, two electrodes are
used in the electrolyte, between which the current is passed. As a result
of the currents in the range of mA, reactive oxygen species and metal
ions are generated in the course of electrochemical reactions from
metal electrode surfaces. Therefore, the use of such a system would
not be recommended in medicine due to its harmful effects on the
body. The alternative approachmay consider the application of conduc-
tive polypyrrole/chitosan films throughwhich the electric current could
pass [69]. This system was characterized by high flexibility, non-
cytotoxicity and biodegradability. The efficacy of the drug (gentamycin)
in combinationwith direct currentflowing through conductivefilmwas
examined on the example of Staphylococcus aureus biofilm. The results
were promising, indicating that the application of the bioelectric effect
is a favourable way to limit the occurrence of bacterial infections related
to medical equipment [61].

Infection associated with implantation is another major problem in
biomedicine. It may result from the lack of strict compliance with hy-
giene rules by hospital staff or may be caused by bacteria coming from
the patient's own skin [63]. One type of the biomaterials particularly
susceptible to infection associated with the formation of biofilms are
percutaneous pins used in orthopaedic anchoring frames. These infec-
tions can lead to inflammation of bones or surrounding tissues. Due to
the fact that the bacteria are present on the implanted biomaterial, the
patient's immune system protects them against antibacterial sub-
stances. Because in any treatment special care should be taken not to
damage the surrounding tissues, bacteria and bacterial biofilms are so
difficult to remove. Since the use of electric currents can affect bacteria
and inhibit their growth [70], Del Pozo et al. [71] decided to test the elec-
trical effect in vivo on rabbits with osteomyelitis in the presence of
Staphylococcus epidermidis. A stainless steel implant was infected with
bacteria and implanted into the medullary cavity of the tibia. The effect
of treatmentwith low amperage continuous current (200 µA)was com-
pared with the effect of intravenous doxycycline treatment and with a
control group not subjected to any treatment. It was shown that the
amount of bacteria was significantly decreased in the groups subjected
to treatment, both electrical and based on antibiotics, than in a control
group. In addition, using the electrical current turned out to be statisti-
cally more significant, as well as more efficient, than doxocycline treat-
ment. Otherwork [72] showed that block current (15–100 µA, 0.1–2Hz,
5–50% duty cycle) in addition to direct current (25–125 µA) was also
suitable to inhibit bacterial growth. Consequently, using a block current
in a parallel plate flow chamber allowed to stimulate 76% of Staphylo-
coccus epidermidis to detach from surgical stainless steel and reduce
the lifespan of remaining bacteria.

Literature reports have also shown that numerous materials used in
orthopaedics can be easily modified by the electrochemical anodization
technique giving the surface nanostructured features improving their
antifouling properties [73,74]. Moreover, the materials obtained in
such away usually show an increase in osteoblast adhesion and provide

a developed bone-implant interface [75]. By coupling anodized surfaces
with additional electrical stimulation, it is possible to further enhance
the antibacterial effect of the surface [63]. Consequently, electric stimu-
lation by a multi-channel electrical stimulator was used to limit the
growth of Straphylococcus aureus on anodized titanium. The results
showed that the electrical stimulation (15–30 V) on the anodized
metal surface was able to limit the formation of biofilm to a higher ex-
tend than on both the surface of unmodified and non-electrically stim-
ulated titanium. Therefore, it was concluded that there exists a
synergistic interaction between the electrochemically-tailored surface
of the material and additional electrical stimulation that leads to the
prevention in the biofilm formation and the increase in the osteoblast
function. For that reason, a proposed mixed approach seems to act as
a promising way to treat orthopaedic device-related infections.

5.2. Bacteria-based electro-technologies

Bacterial biofilms are extremely widespread systems on Earth. They
perform many important functions that we are able to use for our own
sake. Microorganisms are responsible for the biogeochemical processes
of elements in soil and water, therefore they can be used in drinking
water purification systems [76], sewage degradation [77] or biocataly-
sis, which applies enzymes synthesized by selected microorganism in
catalyzing the reactions mainly for pharmaceutical or food industry
[78] (see Table 2). Biological water treatment processes enable the re-
moval of many pollutants, are cheap and do not exhibit high energy
consumption. Surface and underground water can be used as drinking
water after proper treatment and purification. In microbiological filtra-
tion processes, bacteria growing on the membrane are involved in the
removal of biological hazards, such as worms or pathogenic bacteria,
but also chemical hazards in the formofmetals, ammoniumor synthetic
compounds, for example derived from agriculture [79–81]. Biological
systems can be also used in wastewater treatment, enabling the re-
moval of environmental contaminants through microbial degradation.
In this process, bacteria use oxygen metabolism to degrade biological
compounds in wastewater, so that they are able to grow and multiply.
In the next stage, anaerobic degradation takes place, where anaerobic
bacteria are used for the removal of organic waste, mainly proteins, cel-
lulose, lipids, starch and nucleic acids. Their main role is to reduce the
volume of sludge and to produce methane [82]. Since the formation of
biofilm is required in the aforementioned applications, researchers are
focused on designing the techniques allowing to control the adhesion
and growth of bacteria, as well as their organization in three-
dimensional communities. In this section, we aim to show that the con-
trol of bacterial growth can be easily carried out using electrical stimu-
lation, without having harmful effects on the microorganisms.

The example of combining electrochemistry and bacteriology is the
application of electro-technologies, such as electrocoagulation or elec-
trophoresis, for wastewater treatment. Even though exhibiting high ef-
ficiency, decreasing the amount of added chemicals and being easy to
control automatically, these electro-technologies can be further im-
proved by the addition of a biological process unit based on the action
of the microorganisms. Therefore, the presence of bacteria is here cru-
cial, and their growth and development are promoted. As the electric
current may have negative effect on the viability of bacteria and their
adhesion to the surface, minimizing the effect of electricity on bacteria
is essential in electric wastewater treatment systems. Consequently,
Wei et al. [83] studied the behaviour of heterotrophic bacterial mass
from the membrane bioreactor by subjecting it to the constant current
of different magnitude and duration. The results showed that the safe
regime of the electric stimulation is the current density of 6.2 A/m2

and time of 4 h. Below this threshold the bacterial viability was not sig-
nificantly affected by the electric current, exhibiting less than 10% of
death percentage. When using higher currents, the viability of the bac-
teria was decreased (15–29% of death percentage), which was, how-
ever, related more to the increase in the pH of the biomass fluid than
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to the electricity itself. Extending the time of the process was also
shown to have adverse effects on the bacteria by the increase in their
mortality. Because the state of the bacteria was found to be dependent
on their position in the bioreactor, whether they growon the electrodes,
between the electrodes or outside the space between the electrodes,
sufficient mixing was indicated as the crucial factor to enhance the effi-
ciency of the process by preventing local inactivation of
microorganisms.

An important technology for removing contaminants from ground-
water and soils is bioremediation, which uses live microorganisms to
catalyze and biodegrade pollutants. One approach tomaximize the effi-
ciency of this process includes the application of electric field in order to
force the transport of the contaminants in the soil [84]. Undoubtedly,
the use of this method, called electrokinetics, is supposed to have a
strong effect on the behaviour of the bacteria. For this reason,
Olszanowski et al. [85] studied the migration of bacteria during the bio-
remediation process using a weak electric field. The bacterial activity of
Pseudomonas putida, Bacillus subtilis and Klebsiella pneumoniaewere an-
alyzed after application of electric fields with the intensity of 5 V/m and
the current density of 6 µA/cm2. It was shown that the weak field had a
significant impact on the speed and direction of bacterial migration.
Bacteria were found tomove towards the anode through the phenome-
non of electrophoresis. The weak electric field contributed to the in-
crease in the amount of bacteria in the sampling points comparing
with the control soil not subjected to electrical stimulation. Moreover,
these studies also showed that the application of electric field increased
the efficiency of biodegradation of amodel contaminant, crude oil, by al-
most 20%.

In the case when there is not enough bacteria in the soil to success-
fully carry out the bioremediation process, it is necessary to spread
them further. This possibility was examined by Suni et al. [86] who per-
formed the electroosmotic test in three types of soils, namely garden
soil, sand and clay. Green fluorescent protein-marked Pseudomonas
fluorescens, which is a phenol-degrading bacterial strain, was used and
phenol was added as a bacterial growth medium in the soils. The re-
search was carried out in a specially designed system resembling field
conditions, which was based on a horizontal gel electrophoresis setup
combined with microcosms. Currents with a constant voltage of
2 V/cm were used and the migration of bacteria with water towards
the cathode was observed. Phosphate buffers were added to maintain
the constant pH during the experiment. Analysis of the results indicated
thatmigration using electroosmosis is an effectiveway to transport bac-
teria even in dense soils such as clay. In an easily permeable sand, the
migration velocity achieved approx 1 cm/h, while in garden soil and
clay the velocities were lower, but still substantial, i.e. 0.6 cm/h and
0.1 cm/h, respectively. Although this and further works [87–89] pointed
out the potential of electroosmosis and electrokinetics in bioremedia-
tion, there are still very few studies expanding the scope of this process
from the laboratory scale into field applications. One of these was per-
formed in 2012 in Denmark, and showed the efficiency of electrokinet-
ics in disseminatingmicroorganismsused to degrade perchloroethylene
[84]. An additional advantage of using electricitywas heating the soil, so
that in colder regions the bioremediation process can take place
throughout the whole year [86].

6. Microbial fuel cells

The idea of employing bacteria to generate electricity dates back to
1911 and M.C. Potter, who was later supported by the works of Cohen,
Karube and Bennetto [93]. Currently, after the significant progress in
this area has been achieved, the fact that bacteria are able to generate
electricity is crucial considering the urgent need for newenergy sources.
Microbial fuel cells (MFCs) are the devices that convert chemical energy
into electricity employing microorganisms as biocatalysts [94]. In gen-
eral, MFCs consist of an anaerobic anode and a cathodic chamber
which are usually separated by an ion exchange membrane [95].

Organicmatter is oxidized by bacteria on the anode to produce CO2, pro-
tons and electrons. Protons are then passed through a membrane to a
cathode and electrons are transferred through the outer perimeter,
where they reactwith oxygen to formwater. As anodematerials, carbon
materials such as carbon cloth, carbon paper or graphite brushes are
most often used because of their large surface area and conductivity,
whereas platinum is usually used as a cathode. MFCs havemany advan-
tages, such as mild working conditions, using organic substrates as a
fuel, providing renewable sources of hydrogen, and the possibility to
be used in sewage treatment systems or biosensors. Despite so many
advantages, the low power density is still a major problem limiting
the industrial application of MFCs [93,95]. Since the power that can be
obtained in such a cell depends onmany factors, including the substrate
conversion factor, amount of bacteria, mass transfer within the device
and, last but not least, the internal resistance of the wholeMFC, the cur-
rent research on microbial cells, focused on controlling and adapting
various parameters, is a rapidly evolving field [96].

The power production by MFCs has increased greatly in the last de-
cades. The first devices based on the oxygen reduction process could not
reach the power of 1 mW/m2 [97], what was obviously not efficient
enough for any industrial application. Oneway to increase the efficiency
of MFC was described by Logan et al. [98] who used two-chamber MFC
with carbon paper as the anode, carbon paper covered with catalyst as
the cathode and a proton exchange membrane inoculated with an an-
aerobic marine sediment. In this design, cysteine was chosen to serve
as both oxygen scavenger and a substrate for the bacteria growth. Due
to thepresence of this amino acid, the substantial increase in electric en-
ergywas observed reaching amaximumpower of 19mW/m2 (385mg/l
cysteine) and 39 mW/m2 (770 mg/l cysteine). Additionally, it was
shown that the cathode material can significantly affect the obtained
power. By using a cathodemade of platinum or platinum-ruthenium in-
stead of carbon paper, the initial power of 19 mW/m2 increased to
33 mW/m2. Also, after analysis of the bacterial biofilm formed on the
anode, it was found that the main bacteria involved in the oxidation of
cysteine was Shewanella spp, closely related to Shewanella affinis.

Rodrigo et al. [99] in their research tested the possibility of generat-
ing energy from urban wastewater as a fuel. In their design, the acti-
vated sludge obtained from the sewage treatment was used for the
development of aerobic and anaerobic bacteria. The maximum power
density that was achievedwas equal to 25mW/m2 (at the cell potential
of 0.23 V), which showed the potential of urban wastewater as a fuel
and was an inspiration for further research aiming to increase the effi-
ciency of MFCs. For instance, Wu et al. [100] reached the maximum
power density of 471 ± 13 mW/m2 through the use of a composite
anode combining a flat mesh to block oxygen crossover and graphite
fiber brushes to stabilize the potential. This unique architecture allowed
to increase the efficiency of power generation by 20% and 150% when
compared with only brush anodes or only mesh anodes, respectively.
Another advantage of this type of design was the limitation of the bio-
fouling of the electrodes and increased coulombic efficiency of MFC.
An interesting study was published by Chouler et al. [101] who used
urine as an energy source forMFCs. The purpose of the study was to de-
velop an effective, small scale MFC for energy generation in remote or
impoverished regions of the world. Through the use of an air cathode
configuration and twodifferent types of biomass-derived oxygen reduc-
tion catalysts, it was possible to achieve the power density of
1.95W/m3. Moreover, the devices could be easily connected in parallel,
which led to the substantial increase in the power output.

Apart from the generation of electricity, the use of wastewater in
MFCs has an additional advantage, which is achieving biological waste-
water treatment by removing organic matter in the form of chemical
oxygen demand or biochemical oxygen demand. The studies performed
by Liu et al. [102], who used a single-chamber MFC containing eight
graphite anodes and one air cathode inoculated with a pure culture of
Geobacter metallireducens or the bacteria present in the sewage, showed
that it was possible to achieve the power density of 26 mW/m2 while,
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simultaneously, removing up to 80% of the chemical oxygen demand.
Similar percentage of contaminant removal was reached by the 12 an-
odes/cathodes MFC described by Jiang et al. [103], but this design was
found to produce the energy of 465–500 mW/m2. Moreover, this sub-
stantially high power density was achieved by using copper- or
cobalt-doped cathodes instead of the costly platinum electrodes.

Although the current MFC technologies (see Table 3) exhibit much
better performance, being able to generate power densities in the
range of severalW/m2 [104,105], the unsolvedproblem is the biofouling
of the electrodes, leading to an increase in internal resistance and a de-
crease in the power density that occurs in time [103]. Still, MFCs focused
on energy production can provide an interesting approach also to
wastewater treatment. By increasing energy production, it may be pos-
sible to balance the costs associated withwastewater treatment, thanks
to which this method can become available also in impoverished coun-
tries. Nevertheless, further research is still required to face the major
problems associated with this technology, including the prevention of
(bio)fouling and scaling up to meet the real-life needs.

The subject of microbial fuel cells is of a great interest to researchers,
therefore, the number of publications on this topic increases steadily
every year (Fig. 1). Due to the large number of research studies on
MFCs, review works are being continuously published to systematize
research achievements, focusing on various aspects of this technology.
For instance, the classification of technologies based on interfacing mi-
crobiology and electrochemistry can be found in the paper of Schröder
et al. [2]. Zhao et al. [106] focused on presenting electrochemical and
electroanalytical techniques used in MFC studies, discussing in details
the principles and possibilities of given techniques. On the other hand,
Rimbound et al. [107] presented electroanalytical techniques regarding
the formation and characterization of microbial anodes. The most cur-
rent literature reports are discussing the concepts of using electrochem-
ical techniques to study the interfacial kinetics of bacteria and
characterize the biofilm [108], the strategies to improve the

performance of MFCs [109–112], their scalability [113] and mathemati-
cal simulations allowing the formation of various MFC models for spe-
cific applications [114]. The Readers interested in the detailed aspects
of MFC technology are encouraged to follow the aforementioned litera-
ture reports.

7. Conclusions and perspectives

Apart from animal tissues and plants, bioelectric currents exist also
among bacteria. Even single bacterium can receive an electrical signal,
but only in larger clusters, biofilms, they are able to cooperate making
bacterial biofilms electroactive and susceptible to electrical stimulation.
Consequently, electrochemical methods have been found to serve as ef-
ficient ways to provide numerous information describing the state of
the biofilm and its properties. Cyclic voltammetry, differential pulse
voltammetry, square wave voltammetry, chronoamperometry, electro-
chemical impedance spectroscopy, electrochemical quartz crystal mi-
crobalance, among others, have been successfully applied to assess the
kinetics of growth, interfacial/extracellular electron transfer, redox be-
haviour of electrochemically active molecules, as well as biofilm resis-
tance, capacitance and impedance. Also, the analysis of the redox
behaviour of electrochemically active molecules secreted by the bacte-
ria has been shown as a way to correlate the electrochemical investiga-
tions with the state of growth of biofilm, allowing early detection of
bacterial presence. Besides, coupling electrochemical techniques with
typical optical and gravimetric techniques has allowed providing an un-
precedented set of data used to correlate biofilm morphology with its
electrochemical behaviour.

Not only electrochemical methods are highly useful for the non-
destructive monitoring of the biofilm development, but they can be
also used to affect the bacteria. Themost common application of electri-
cal stimulation is the prevention of bacterial growth that is usually
achieved by charging the surface to induce repulsive interactions

Table 3
Recent achievements in MFCs technology.

Anode material Cathode material Feedstock Maximum
power
density

Additional benefit Reference

Graphite Graphite Kitchen wastewater 250
mW/m2

Substantial removal of chemical
oxygen demand

[115]

Carbon felt Carbon cloth/Pt/C Pyroligneous liquor 383
mW/m2

High current density, coulombic
efficiency and phenol removal rate

[116]

Graphite brush/carbon mesh Polyvinylidene fluoride binder/activated
carbon/carbon black

Domestic wastewater 471
mW/m2

Reduced oxygen contamination of the
anode and the bio-fouling of cathode

[100]

Graphite Cu–MnO2 or
Co–MnO2/polytetrafluoroethylene/carbon
cloth

Domestic wastewater 465–500
mW/m2

Low cost of the cathode [103]

TiO2/Fe2O3 photoanode coupled
with conventional bioanode
(graphite felt)

Graphite Culture medium 638
mW/m2

Efficient removal of hexavalent
chromium Cr(VI), efficient microbial
oxidation and photoelectrocatalysis

[117]

Nitinols Pt-coated Ti mesh Synthetic wastewater 811
mW/m2

Biocompatibility with human tissue
and bacteria

[118]

Carbon cloth/carbon felt/granular
activated carbon

Activated carbon/carbon
black/polytetrafluoroethylene
/stainless-steel mesh

Synthetic wastewater 1300
mW/m2

Promoted mass transfer, reduced
internal resistance, increased
bioburden

[119]

MnO2/carbon black/
polytetrafluoroethylene/stainless
steel mesh

Carbon felt Phosphate buffered saline,
acetate, trace minerals,
vitamins

1671
mW/m2

High electrical conductivity, efficient
electron transport, low overpotential

[120]

Carbon felt Co3O4/NiCo2O4/activated carbon Domestic wastewater,
phosphate buffered saline,
trace minerals, vitamins

1810
mW/m2

Acceleration of the overall oxygen
reduction reaction rate

[121]

Polypyrrole/SrFe12O19/poly
(ethylene terephthalate)

Carbon cloth Phosphate buffered saline
mineral, vitamin solution,
glucose

3317
mW/m2

Magnetic field promoting
bioelectrochemical reaction rates and
decreasing anode charge transfer
resistance

[104]

Poly(bisphenol
A-co-epichorohydrin)/carbon
nanotubes

Pt/C/carbon paper Phosphate-buffered basal
medium

3800
mW/m2

Strong interaction between anode
with bacteria, significant power
output improvement

[105]
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betweenmicroorganisms and substrate. The ability to change the direc-
tion of bacterial movement under the influence of the electric field has
been also noted, such as the increase of the potency of antibiotics
when bactericides are coupled with the electric field. Even though the
effectiveness of bioelectric effect has been confirmed by some biological
studies under both in vitro and in vivo conditions, still there is a serious
risk to the health and life of patients coming from reactive oxygen spe-
cies and metal ions that are generated through electrochemical reac-
tions from metal electrode. This makes it urgent to develop new types
of electrodes or electrode coatings that will exhibit excellent electro-
chemical behaviour together with high biocompatibility and, as addi-
tional benefit, biodegradability.

Being responsible for the biogeochemical processes of elements in
soil and water, microorganisms can be successfully used for bioremedi-
ation and wastewater treatment. Since the current approaches involve
the use of advanced electro-technologies, such as electrocoagulation
or electrophoresis, several researchers have put an effort to optimize
the electrical signal to allow the adhesion and growth of bacteria with-
out having harmful effects on the microorganisms. Consequently, by
combining the effect of electric field and the presence of bacteria, it
was possible to force the bacteria to migrate, as well as to increase the
efficiency of biodegradation. An additional advantage of using electricity
was heating the soil, allowing to employ the bioremediation strategy
also in colder regions throughout the whole year. Nevertheless, basing
on the number of literature reports these are microbial fuel cells that
seem to be one of the most promising industrial application of bacteria
and biofilms. Even though the concept of using bacteria to generate
electricity is more than 100 years old, the last couple of years have
brought a significant increase in power density reaching several W/
m2. This was possiblemainly thanks to themodification of thematerials
used as the electrodes and the optimization of the composition of the
feedstock. Aiming to face the environmental problems, current MFC
technologies allow to produce energy from urban wastewater or urine
as the feedstock. Still, further research is required to face the major
problem associated with this technology, i.e. biofouling of the elec-
trodes, leading to an increase in internal resistance and a decrease in
the power density that occurs in time.
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Abstract: Due to its biocompatibility and advantageous electrochemical properties, platinum is 
commonly used in the design of biomedical devices, e.g., surgical instruments, as well as 
electro-medical or orthopedic implants. This article verifies the hypothesis that a thin layer of 
sputter-coated platinum may possess antibacterial effects. The purpose of this research was to 
investigate the adhesion and growth ability of a model strain of Gram-negative bacteria, Escherichia 
coli, on a surface of a platinum-coated glass slide. Although some previous literature reports 
suggests that a thin layer of platinum would inhibit the formation of bacterial biofilm, the results of 
this study suggest otherwise. The decrease in the number of bacterial cells attached to the 
platinum-coated glass, which was observed within first three hours of culturing, was found to be a 
short-time effect, vanishing after 24 h. Consequently, it was shown that a thin layer of 
sputter-coated platinum did not exhibit any antibacterial effect. For this reason, this study indicates 
an urgent need for the development of new methods of surface modification that could reduce 
bacterial surface colonization of platinum-based biomedical devices. 

Keywords: antimicrobial properties; bacterial attachment; bacterial growth; Escherichia coli; glass; 
platinum; sputter-coating 

 

1. Introduction 

The antimicrobial properties of metals have been known for centuries [1]. Noble metal ions, 
particularly, have been indicated as potential antibacterial agents. For instance, Vaidya et al. [2] 
tested various solutions of metal ions (silver, copper, platinum, gold and palladium) for their 
antimicrobial properties against Enterococcus faecium, Acinetobacter baumannii and Klebsiella 
pneumoniae, confirming the superiority of platinum, gold and palladium over non-noble metal ions. 
Apart from antibacterial activity, noble metals, especially platinum, offer high strength and stability 
in different conditions, as well as biocompatibility. Furthermore, high electrical conductivity of 
platinum is an excellent property qualifying this metal for the design of pacemakers, hearing aids 
and neurological implants [3–5]. 

Antimicrobial effects may be also achieved by the use of metal nanoparticles. Consequently, 
nanoparticles of gold, silver, zinc, silica or platinum have been successfully used in the design of 
biomedical devices [6,7], as bactericidal [8–11] or antibiofouling agents [12,13]. For instance, Gopal et 
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al. [14] studied the behavior of bacteria exposed to platinum nanoparticles with various sizes, 
showing the toxicity of small nanoparticles (1–3 nm) and bacterial tolerance of larger nanoparticles 
(4–21 nm). Small nanoparticles with a spherical morphology were supposed to pass through the 
pores of the bacterial membrane. In contrast, larger ones, possessing cuboid or flower shapes, were 
not able to penetrate the membrane. In other studies, Huang et al. [15] indicated a different 
mechanism of antibacterial action of silver nanoparticles coated with catechol-conjugated chitosan 
against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria. In the 
case of Staphylococcus aureus, nanoparticles induced damage to the cell wall and leakage of 
cytoplasmic proteins. In the case of Escherichia coli, nanoparticles were found to adsorb onto the 
surface of bacterial cells, leading to the change in permeability of a cell membrane, allowing the 
passage of silver ions into the cytoplasm and thus causing the damage to the bacterial cell. In the 
work of Kummala et al. [16], silver and titanium dioxide nanoparticles were deposited onto a glass 
surface by a liquid flame spray technique. This method allowed to distribute nanoparticles 
uniformly over the entire surface, with a layer thickness controlled through sputtering time. 
As-formed coatings exhibited antibacterial activity against Gram-positive (Staphylococcus aureus) and 
Gram-negative (Escherichia coli) bacteria, and were able to effectively reduce their growth. 

Demonstration of antibacterial properties of noble metal ions, as well as their nanoparticles, 
suggested the desirability of investigating whether noble metals as coatings in a form of ultrathin 
layers would also exhibit antibacterial activity. Such a thin layer of metal (for example platinum) 
could be obtained by the use of sputtering techniques. Metal sputtering methods have been 
increasingly investigated as processes allowing to form a variety of unique materials. For instance, 
thin layers of copper and silver were sputtered alternately on glass and plastic surfaces, and their 
antibacterial activity was confirmed against Staphylococcus epidermidis and Staphylococcus aureus 
strains [17]. Similarly, Wang et al. [18] used radio frequency magnetron sputtering to deposit 
nanostructured silver films on the surface of polypropylene nonwovens. The antibacterial properties 
of as-formed layers were assessed against Staphylococcus aureus and Escherichia coli, demonstrating 
the enhancement of antibacterial effects with the thickness of silver layer. Furthermore, Musil [19] 
described flexible antibacterial coatings fabricated through a reactive magnetron sputtering method. 
Cr–Cu–O, Al–Cu–N and Zr–Cu–N coatings were given as examples, and their antibacterial 
properties were analyzed against Escherichia coli. It was shown that sputter-coating allowed to 
produce thick, durable and flexible coatings effective against model bacterial strain after just three 
hours of contact. Due to the fact that sputter-coating can be used to modify any type of surface, 
coatings obtained in this way have numerous potential industrial applications in a variety of fields, 
particularly in biomedical engineering. 

In the light of previous research studies showing the antibacterial activity of surfaces modified 
through sputter-coating, it could be expected that also sputter-coated platinum films should possess 
similar biocidal characteristics. To verify whether a thin layer of platinum can serve as an efficient 
factor inhibiting the adhesion and multiplication of bacteria, we compared the behavior of 
Escherichia coli cultured on the surface of platinum-coated and noncoated (bare) glass slides. 
According to Gaynes et al. [20], Escherichia coli was the most commonly reported Gram-negative 
pathogen in 2013. In addition, Escherichia coli has been identified by Vihta et al. [21] as a major cause 
of bloodstream infection with a critical antimicrobial resistance. As bacterial culture was conducted 
in a closed system, Escherichia coli was expected to grow in a predictable way, giving a growth curve 
consisting of four different phases: the initial phase (lag phase) referring to metabolically active 
bacteria that may increase in cell mass, but not in the cell number; the logarithmic phase (log phase), 
in which a rapid exponential growth of bacteria population is observed; the stationary phase, in 
which the population of bacteria begins to decline as nutrients are consumed and inhibitory 
products are accumulated; and, finally, a death phase, in which bacterial cells die due to the lack of 
nutrients, the excess of toxic substances and also some harmful conditions [22–24]. Therefore, to 
extensively analyze the effect of surface modification on the attachment and growth of Escherichia 
coli, the bacterial cells were characterized in terms of their dimensions and vitality after 3 h, 24 h and 
48 h, corresponding to the initial phase, logarithmic phase and death phase during the growth of 
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bacteria. The biologic features were discussed together with the physicochemical characteristics of 
platinum and glass (roughness and hydrophilicity), revealing the relationship between the surface 
morphology of the materials and their interactions with microorganisms. 

2. Materials and Methods 

2.1. Preparation and surface characterization of bare and Pt-coated glass slides 

A glass support substrate (microscopic slide, Labglass, 75 mm × 25 mm × 1 mm) was used as the 
reference material. To fabricate Pt-coated films, glass slides were sputter-coated with a thin layer of 
Pt (4.8 nm) using a sputter-coater (automatic, rotary-pump coating system, Q150R Quorum 
Technologies, Lewes, UK) working at 30 mA for 120 s. According to the specifications of the 
manufacturer, the conditions of the sputter-coating process allowed to produce a continuous 
platinum film with the grain size in the order of 2 nm. To compare both materials, their roughness 
was examined using scanning electron microscopy (Phenom ProX, Thermo Fisher Scientific, 
Waltham, MA, USA) and the 3D Roughness Reconstruction software (Phenom ProSuits, Thermo 
Fisher Scientific, Waltham, MA, USA). The wettability of materials was determined by contact angle 
measurements, by means of a DataPhysics OCA15 goniometer (DataPhysics Instruments, 
Filderstadt, Germany) using deionized water. In all measurements, three sample sites were analyzed 
on three different sample surfaces, giving n = 9. 

2.2. Culturing Bacteria and Examining Their Growth on Bare and Pt-Coated Glass Slides 

The bacterial strain of Gram-negative Escherichia coli (DSM 30083, U5/41) was cultured in 23 g/L 
agar broth (BTL, Warsaw, Poland) at 35 °C for 48 h in an incubator. After this time, the agar slants 
were washed with physiological salt (0.85% water solution of NaCl; Acros Organics, Geel, Belgium). 
At such prepared suspension of bacteria, the turbidity was established between 3 and 4 according to 
McFarland scale, which corresponds to estimated bacteria number of 10.5∙108 cells/mL. This 
suspension was used for the inoculation of bare and Pt-coated glass slides. 

The sterilization of bare and Pt-coated glass slides—necessary before starting biologic 
examinations—was achieved through placing the substrates in 12-well plates and immersing them 
for 1 h in 70% ethanol (obtained by dilution of 99.8% ethanol, Acros Organics, Geel, Belgium). This 
method of sterilization did not change the surface properties of the materials. After this, ethanol was 
removed, and the samples were rinsed three times with distilled water. Next, they were left to dry. 

Consecutively, 0.1 mL of bacterial saline suspension was applied on bare and Pt-coated glass 
slides. Then, 2 mL of culture nutrient-poor growth medium, containing 10-g/L tryptone (BTL, 
Warsaw, Poland), 5 g/L yeast extract (BTL, Warsaw, Poland) and 10 g/L physiological saline (Acros 
Organics, Geel, Belgium) at pH = 7, was added. Culturing of bacteria was carried out for 2 days in an 
incubator at 35 °C. Samples for analysis were taken after 3 h, 24 h and 48 h. 

In order to obtain reliable results, the experiments were performed in triplicate for all materials 
under the same conditions. The results were presented as mean values ± standard deviation. A 
Student’s t-test was performed to determine the statistical significance (p < 0.05). 

2.3. Staining and Imaging Bacterial Cells Adhered to Glass Slides 

The two-color fluorescence assay LIVE/DEAD® BacLight Bacterial Viability Kit (Life 
Technologies, Thermo Fisher Scientific, Waltham, MA, USA) was used to stain bacteria; live bacterial 
cells were labeled in green with SYTO9 stain, whereas dead bacterial cells were labeled in red with 
D-propidium iodide. Confocal fluorescent microscope (Olympus FluoView FV1000, Tokyo, Japan) 
was used to visualize bacteria on bare (noncoated) and Pt-coated glass slides, and then to analyze 
the number of live and dead cells. Image analysis was accomplished using ImageJ software (NIH, 
Bethesda, MD, USA). 

Scanning electron microscopy was used to visualize and analyze the morphology of bacteria 
grown on bare and Pt-coated glass surfaces. Before the samples could be visualized, the materials 
underwent several stages of conditioning (dehydration). Consequently, the materials were fixed 
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using 3% glutaraldehyde (Fisher BioReagents, Waltham, MA, USA) for 24 h and dehydrated by 
immersing the samples in the solutions of ethanol (Acros Organics) with increasing concentrations 
(30%, 50%, 70%, 80%, 90%, 95%, 99.8%), and then dried in the dryer (24 h, 50 °C). Dehydrated 
samples were sputter-coated with a gold layer for better image quality (20 min, 20 mA; Q150R 
Quorum Technologies, Lewes, UK), and then their surface was examined by scanning electron 
microscopy (Phenom ProX, Thermo Fisher Scientific, Waltham, MA, USA). Images were taken with 
an accelerating voltage of 15 kV at the magnifications of 1000×, 5000× and higher. The average length 
and width of bacteria, as well as their density (number of bacteria per 200 µm2) were calculated 
using the ImageJ software (NIH, Bethesda, MD, USA). 

3. Results and Discussions 

3.1. Materials Characterization 

This article concerns the investigations of antibacterial properties of a thin layer of platinum 
sputter-coated on the surface of a glass slide in relation to a noncoated slide (bare glass). Sputter 
coating allows for a full surface coverage, resulting in the formation of a thin coating with a distinct 
metallic gloss. Imaging of the sputter-coated sample using SEM confirmed that platinum is present 
on the surface of a glass slide and forms a homogeneous layer (Figure 1). Surface properties, such as 
surface roughness, charge, wettability or surface energy, are among many material features that can 
influence the phenomenon of bacterial adherence [25,26]. Literature data indicate that higher 
roughness [27,28] and more hydrophobic nature of a surface [29–31] result in facilitated adhesion of 
bacteria. However, these effects are observed particularly in the first stages of surface colonization 
by bacterial cells, and they vanish as the biofilm becomes mature [28,32]. 

 

Figure 1. Homogeneity of a sputter-coated layer of platinum. Optical image of a Pt-coated glass slide 
and a SEM image as the inset. 

The surface area roughness of bare and Pt-coated glass slides, expressed by the arithmetical 
mean height (Sa), varied slightly, retaining values of 0.26 ± 0.01 µm for a bare glass slide and 0.21 ± 
0.01 µm for a Pt-coated glass slide, respectively. Even though the difference in Sa was slight, it was 
supposed to affect the adhesion of bacteria. The greater roughness promotes the adhesion, as shown 
by Han et al. [27], who analyzed the development of Streptococcus mutans, Streptococcus sanguinis and 
polymicrobial (Microcosm) biofilms on modified surfaces of titanium. A significantly higher number 
of bacteria of each strain was observed on the surface of titanium that was sandblasted with large 
grits and acid-etched (Sa of 1.4 µm), than on the surface of pickled titanium disk (Sa of 0.3 µm). 
However, during biofilm maturation, the effect of surface roughness decreased. Therefore, based on 
the surface roughness analysis, it was supposed that the attachment of bacteria to the surface of bare 
glass should be slightly enhanced as compared with Pt-coated glass. 

Another important surface feature that can significantly affect the process of bacterial adhesion 
is surface hydrophilicity. It is accepted that bacteria with hydrophilic properties prefer hydrophilic 
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material surfaces, whereas the ones with hydrophobic characteristics prefer hydrophobic surfaces. 
Consequently, a difference in the wettability between bare glass slides and Pt-coated slides was 
investigated by determining the contact angle (θ) at room temperature (T ≈ 20 °C) using deionized 
water. The results (Figure 2) showed that the surface of Pt-coated glass was evidently more 
hydrophilic (θ = 35.2° ± 10.5°) than a surface of bare glass (θ = 60.4° ± 7.5°). According to the 
literature data [32–35], the adhesion effect of various hydrophilic bacteria, including Escherichia coli, 
is usually enhanced on hydrophilic surfaces, but at a different extent. Bacterial cells show a higher 
affinity to surfaces with moderate wettability as compared with extremely hydrophobic or 
hydrophilic surfaces [34]. Thus, it was expected that Escherichia coli should exhibit a higher affinity 
towards Pt-coated glass than to bare one. 

As the potential effects of surfaces roughness and hydrophilicity on the attachment of bacteria 
were ambiguous—and a layer of platinum could lead to the decrease (basing on surface roughness 
data) or to the increase (basing on its hydrophilic character) in bacterial adhesion—there was a need 
to carry out biologic investigations on the behavior of a selected bacterial strain colonizing both 
types of surfaces. 

 

Figure 2. Surface hydrophilicity of investigated surfaces. (A) Behavior of a drop of water on the 
surface of a bare glass slide and (B) a Pt-coated glass slide. 

3.2. Bacterial Colonization of Materials Surface 

To assess the ability of bacteria to attach and grow on bare and Pt-coated glass slides, Escherichia 
coli, as a common pathogen, was cultured on the surface of materials for 48 h. After specified time, 
samples were investigated using SEM, and the micrographs were used to visualize the interactions 
between bacteria and investigated surfaces (Figure 3A). Consecutive stages of bacterial growth were 
monitored by assessing the bacterial cell density after 3 h, 24 h and 48 h of incubation. Accordingly, 
the results obtained after 3 h of culturing were related to the initial phase of bacteria growth, in 
which the bacteria tendency to attach to the surface could be investigated. As observed in Figure 3B, 
the density of bacteria on bare glass (15.3 ± 1.6 cells/200 µm2) was slightly higher than on a Pt-coated 
glass slide (12.9 ± 2.1 cells/200 µm2), what was consistent with the literature data [27,32], indicating a 
better adhesion of bacteria to more rough surface, although obtained data don't show statistically 
significant differences. These results may also suggest that the effect of roughness dominates over 
the effect of hydrophilicity, making the surface of a Pt-coated glass slide less prone to bacterial 
attachment. 

Comparing to the first stage of bacterial growth (3 h of culture), where bacteria were 
irreversibly bound to the surface, the next phase (24 h) represented the multiplication stage of 
bacteria that occurred after their attachment to the surface. At this time, the bacterial cells multiplied 
and started spreading over the surface of specimens. In this phase, significantly increased number of 
bacteria was observed on both types of surfaces, namely 28.9 ± 2.5 cells/200 µm2 and 29.5 ± 3.0 
cells/200 µm2 for bare and Pt-coated glass slides, respectively (Figure 3B). Since the bacteria density 
on both types of surfaces was almost identical, it could be concluded that the initial inconsiderable 
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decrease in the rate of adhesion observed on the surface of Pt was only a short-term effect, overcame 
by the ability of bacteria to proliferate. 

After 48 h, a significant decrease in bacterial density on both surfaces was evident. This time 
point indicated a death phase of bacterial growth since the bacteria did not receive a new portion of 
fresh culture medium during this experiment. Therefore, many bacterial cells observed in the 
micrographs possessed deformed shapes (Figure 3A—insets). From the distorted surface of bacterial 
cells, it could be concluded that the growth and reproduction of bacteria were disrupted. Due to this, 
dead bacteria underwent lysis, released cells debris, and were easily detached from the surface. For 
this reason, only few healthy cells were observed on the surface of samples, and the bacterial density 
reached the values even lower than in the initial phase, i.e., 11.3 ± 1.6 cells/200 µm2 and 11.4 ± 2.3 
cells/200 µm2 for a bare glass and a Pt-coated glass slide, respectively. These identical results pointed 
to the high similarity of both surfaces in terms of material characteristics influencing the adhesion of 
bacteria. 

 
Figure 3. Colonization of Escherichia coli on the surfaces of bare and Pt-coated glass slides. (A) SEM 
micrographs presenting bacterial populations grown for 3 h, 24 h and 48 h on the surface of samples; 
(B) bacterial cells density (number of bacterial cells per 200 µm2) calculated from SEM images. 

3.3. Dimensions of Bacterial Cells 

Escherichia coli has already been extensively analyzed, becoming one of the best-known models 
of Gram-negative and relatively anaerobic bacteria. Escherichia coli is a rod-shaped bacterium with 
the average cell length of 1–2 µm and width of 0.5–1.0 µm. These dimensions depend on the bacterial 
metabolism and intensity of growth, since Escherichia coli can easily modulate its size to maintain 
vitality and reproductive capacity depending on the availability of nutrient-rich medium [36,37]. 

Therefore, to analyze the growth of bacteria on the surfaces of both materials (Figure 4A), their 
dimensions (length and width) were assessed (Table 1). To numerically describe the shape of the 
bacteria independently of their sizes, the dimensionless aspect ratio was introduced and calculated 
as a function of width and length. The values of the aspect ratio approached zero for very elongated 
bacteria and were close to unity for circular cells. In general, the investigated bacteria possessed 
average dimensions of rod-shaped Escherichia coli cells, namely the average length between 1.79 µm 
and 2.04 µm, and the average width between 0.66 µm and 0.77 µm. Although having similar shape, 
the bacteria cells cultured on the surface of bare glass were longer and wider (length of 1.95–2.04 µm, 
width of 0.70–0.77 µm) than the cells grown on the surface of Pt-coated glass (length of 1.79–1.95 µm, 
width of 0.66–0.75 µm). 
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Table 1. Average dimensions of bacterial cells. Comparison of average values of length, width and 
aspect ratio of bacteria cultured on bare and Pt-coated glass slides for 3 h, 24 h and 48 h; * = p < 0.05, n 
= 150. 

Surface Glass Platinum 
Time, h 3 24 48 3 24 48 

Length, µm 2.00 ± 0.04 * 1.94 ± 0.03 2.04 ± 0.04 * 1.79 ± 0.03 * 1.95 ± 0.03 1.90 ± 0.03 * 
Width, µm 0.77 ± 0.01 0.70 ± 0.01 * 0.71 ± 0.01 0.75 ± 0.01 0.66 ± 0.01 * 0.71 ± 0.01 

Aspect ratio 0.40 ± 0.01 * 0.37 ± 0.01 0.37 ± 0.01 0.43 ± 0.01 * 0.35 ± 0.01 0.39 ± 0.01 
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Figure 4. Size distribution of bacterial cells on bare and Pt-coated glass slides. (A) SEM micrographs 
presenting bacterial populations grown for 3 h, 24 h and 48 h on bare and Pt-coated glass; (B) 
histograms of the bacterial cells percentage in terms of specified values of (C) length, width and (D) 
aspect ratio, calculated from SEM images; n = 150. 

 
The analysis of histograms showing the variations in length, width and aspect ratio (Figure 

4B–D) was performed to provide more information and to assess the cycle of bacterial proliferation. 
Changes in the average length of bacterial cells, observed in Figure 4B after 3 h of incubation on both 
bare glass and Pt-coated glass, suggested that the cells remained still in the lag phase. After 24 h, 
bacteria cultured on glass were longer than in case of bacteria cultured on Pt, suggesting that their 
metabolic activity was enhanced. In addition, the bacteria cultured on glass were thicker than 
bacteria cultured on Pt (Figure 4C), confirming preferential growth of bacteria on glass. 
Furthermore, the bacteria were the widest after the first 3 h of incubation, while in subsequent time 
points (24 h and 48 h) they were longer in order to divide into daughter cells. After 24 h, all bacteria 
were found to grow actively (an increase in length was noted), which allowed them to enter the 
division phase and to significantly increase their population. A significant increase in length of 
bacterial cells was observed on the Pt-coated glass, for which the average value exceeded the result 
observed on bare glass. 

However, after 48 h the length of cells was found to decrease. This effect, together with a 
significant decrease in cell density (Figure 3), suggested that bacteria entered the death phase. At this 
stage, the higher number of shorter cells was observed on bare glass as compared with the Pt-coated 
glass. However, the opposite effect was observed for cells being 1.4–2.0 mm long. In addition, the 
distribution of cells with lengths in the range of 1.4–2.2 mm (comprising lengths characteristic for 
Escherichia coli) was similar to that noted in the first phase. Some bacterial cells occupying the surface 
of bare glass were considerably longer than bacteria on Pt-coated glass. Comparing the aspect ratio 
of cells (Figure 4D), more frequently lower values were observed for bacteria growing for 24 h on 
both bare and Pt-coated glass, indicating intensive cell proliferation at that time. 

3.4. LIVE/DEAD Analysis 

To assess bacterial viability, a LIVE/DEAD analysis based on confocal fluorescent microscopic 
images was carried out at each time point (Figure 5A). The set of data (Figure 5B) indicated that, 
despite the higher density of bacteria on the surface of bare glass after first 3 h of culture, a 
significant part of them (79.5% ± 1.7%) was dead. The percentage of dead bacteria was significantly 
lower (61.1% ± 2.0%) during bacteria growth on Pt-coated glass. This result showed that a thin film 
of Pt deposited on a surface did not exhibit any antibacterial effects but seemed to be more 
compatible towards bacteria than a glass control surface. The percentage of live bacteria was twice as 
high on the surface of a Pt-coated glass than a glass control (38.9% ± 2.0% and 20.5% ± 1.7%, 
respectively). 

This tendency partially vanished at the subsequent time point (after 24 h of incubation) 
representing the growth phase of bacterial culture. Now, live bacteria that adhered to the surface 
during the initial phase started to multiply, leading to a significant increase in cell density. After 24 h 
of incubation, the increased percentage of live bacteria on both types of surfaces was also observed. 
This effect was more pronounced in the case of Pt-coated glass than bare glass (61.8% ± 1.3% and 
56.8% ± 0.6%, respectively). 

Despite the fact that there were only a few bacteria remaining on the slides after 48 h, most of 
them were alive. The number of live bacteria was almost identical for both bare and Pt-coated glass 
slides (62.5% ± 1.1% and 62.1% ± 0.7%, respectively). On platinum, the percentage of live bacteria 
remained similar as in the previous time point. The 3D reconstruction of bacteria cultured on the 
surface of a Pt-coated glass slide for 48 h (Supplementary file) indicated that some cells were 
attached perpendicularly to the investigated surface, which should be associated with hydrophilicity 
of the substrate [38]. 
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Figure 5. Viability of Escherichia coli on surfaces of glass and Pt-coated glass slides. (A) Confocal 
fluorescent microscopic images and (B) percentage values of live and dead bacteria after 3 h, 24 h and 
48 h; * = p < 0.05, n = 8. 

Since previous studies reported the antibacterial effect of sputter-coated layers of copper and 
silver [17,18], it was expected that also sputter-coated layer of platinum should possess similar 
biocidal character. This hypothesis was supported by the fact that both Pt ions and Pt nanoparticles 
are known for their antibacterial activity. Pt ions, due to their electronegativity, are supposed to be 
highly attracted to the negatively charged bacteria [2]. As a consequence, the increase in the 
bacterial-metal ion interactions is observed, leading to cell death. Small Pt nanoparticles, on the 
other way, are supposed to easily pass through the pores of the bacterial membrane, affecting cell 
growth and viability [14]. We expected similar results for a sputtered layer of Pt since the 
sputter-coating process should produce a platinum film with the grain size of about 2 nm. However, 
our results revealed opposite observations to those expected, as a thin layer of sputtered Pt was not 
shown to exhibit any antibacterial effect. 

The lack of antibacterial properties of sputter-coated Pt layer should be correlated with the 
physicochemical stability of deposited film, preventing Pt ions and nanoparticles from release. In 
contrast, the mechanism of antimicrobial activity of sputter-coated silver and copper films was 
based on the release of Ag or Cu, respectively [17]. In the case of a mixed layer of Ag–Cu, the 
antibacterial effect could also arise from the galvanic action and small electrical field generated by 
the Ag–Cu electrochemical couple, as suggested by Blenkinsopp et al. [39]. For a thin film made 
purely of Pt, electric field could not be generated without external stimulation. 

Thus, high physicochemical stability of platinum being its great advantage is also responsible 
for the lack of biocidal character of a sputter-coated layer against a model Gram-negative bacterial 
strain, Escherichia coli. Therefore, the surface of thin Pt film may be easily colonized by bacterial 
population, leading to an increased risk of infections, including nosocomial infections. For this 
reason, there is an urgent need for the development of new methods of surface modification that will 
reduce the risk of its colonization by bacteria and subsequent infections. 

4. Conclusions 

In this study, bare glass and Pt-coated glass slides were used to investigate the antibacterial 
activity of sputter-coated Pt films against a model bacterial strain, Escherichia coli. It was shown that 
the interactions between bacteria and both materials were similar. Although the examined materials 
were found to differ in hydrophilic character, roughness had a stronger effect on the adhesion of 
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bacteria than wettability. Therefore, the surface of a Pt-coated glass slide was less prone to bacterial 
attachment than a bare glass slide. Unfortunately, the lower number of bacterial cells adhering to the 
Pt-coated glass observed initially was only a short-term effect. The density of bacteria on both types 
of surfaces increased considerably after 24 h of culture. Consequently, it was shown that a thin layer 
of sputtered Pt was not sufficient to cause any antibacterial effects. 

The lack of expected biocidal character of sputter-coated Pt layer against Escherichia coli seems 
to be correlated with the high physicochemical stability of such thin film, preventing Pt ions and Pt 
nanoparticles from release. Therefore, even though platinum is a metal exhibiting high 
biocompatibility and superior electrochemical properties and has a great importance and potential 
in biomedical applications, this study shows its serious limitation in the context of colonization by 
bacterial population, particularly Escherichia coli. For this reason, there is an urgent need for the 
development of new methods of surface modification that will reduce the risk of surface 
colonization by bacteria and subsequent infections, but will maintain high physicochemical stability 
and electroactivity of Pt. 

Supplementary Materials: The following are available online at 
https://www.mdpi.com/1996-1944/13/12/2674/s1, Video S1: E.coli-on-sputter-coated-Pt-film_48h.  
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A B S T R A C T   

The growth of bacteria and the formation of complex bacterial structures on biomedical devices is a major 
challenge in modern medicine. The aim of this study was to develop a biocompatible, conducting and anti-
bacterial polymer coating applicable in biomedical engineering. Since conjugated polymers have recently 
aroused strong interest as controlled delivery systems for biologically active compounds, we decided to employ a 
poly(3,4-ethylenedioxythiophene) (PEDOT) matrix to immobilize a powerful, first-line antibiotic: tetracycline 
(Tc). Drug immobilization was carried out simultaneously with the electrochemical polymerization process, 
allowing to obtain a polymer coating with good electrochemical behaviour (charge storage capacity of 19.15 ±
6.09 mC/cm2) and high drug loading capacity (194.7 ± 56.2 μg/cm2). Biological activity of PEDOT/Tc matrix 
was compared with PEDOT matrix and a bare Pt surface against a model Gram-negative bacteria strain of 
Escherichia coli with the use of LIVE/DEAD assay and SEM microscopy. Finally, PEDOT/Tc was shown to serve as 
a robust electroactive coating exhibiting antibacterial activity.   

1. Introduction 

Up to now, no surface is fully resistant to bacterial colonization. For 
this reason, many scientific investigations concern the formation of 
bacterial structures, such as colonies and biofilms, as well as the ways of 
preventing their growth [1]. This problem has become one of major 
challenges in modern medicine and biomedical engineering. Numerous 
reports demonstrated that bacterial biofilms often lead to severe in-
fections due to their development on medical devices like prosthetic 
heart valves [2], central venous catheters [3], urinary catheters [4], etc. 
Some bacterial species prefer to grow in the form of biofilms, which are 
complex structures consisting of microbial cells enclosed in a matrix of 
extracellular polymeric substances (EPS) [5]. This type of microbial 
growth provides a considerable hardiness of cells to many unfavourable 
factors in the external environment, protects microorganisms from me-
chanical, chemical and other damages, as well as ensures a high degree 
of biofilm adhesion [6]. A very important feature of microorganisms 
growing in biofilms is their resistance to antibiotics, disinfectants and 

other germicides, particularly when compared with freely floating single 
cells. The antimicrobial agents cannot reach the full depth of the biofilm, 
as EPS significantly reduce their diffusion capacity [1]. In addition, the 
ability of cells to communicate through an exchange of chemical signals 
and plasmids coupled with the quorum-sensing mechanism [7], as well 
as through electrical signalling [8,9], makes microorganisms growing in 
biofilms an extremely developed form of a community with social in-
telligence [10]. 

Over the years, it has been observed that surface morphology in-
fluences its interactions with bacterial cells [11]. The surface topog-
raphy determines the ease of microbial colonization, and it is possible to 
achieve a control in bacterial attachment and biofilm formation through 
surface modification. On the other hand, bacteria are sensitive to elec-
trical impulses [12]. Thus, it seems that electroactive materials 
comprising specific chemical compounds could be the ones allowing to 
control a growth of bacterial biofilms. Conjugated polymers, particu-
larly, are unique multifunctional compounds that combine electrical 
activity, in terms of high charge capacity, low impedance and effective 
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charge transfer [13–15], with biocompatibility. Due to their unusual 
nature, they have found a number of versatile applications as materials 
for solar cells [16,17] or light emitting diodes [18,19]. Demonstrated 
biocompatibility and the ability of serving as carriers for biologically 
active compounds, make conjugated polymers potentially applicable in 
biomedical engineering [20–23]. One of the most investigated conju-
gated polymers is poly(3,4-ethylenedioxytiophene) (PEDOT), exhibiting 
environmental and electrochemical stability making it attractive both as 
a material for implants [24,25], drug delivery systems [26–28], as well 
as tissue scaffolds [29,30]. Due to its in vitro and in vivo biocompati-
bility [31], PEDOT is believed as an ideal candidate for various bioen-
gineering applications [31]. In addition, the possibility of using PEDOT 
as a carrier for many chemical compounds with specific activities, 
including anti-inflammatory [28,32,33], antibacterial [34,35] or anti- 
cancer functions [36–38], allows expanding the applicability of poly-
mer matrices towards multifunctional electroactive systems. 

Conducting polymers, particularly PEDOT, have been already used 
in bacteriology to detect and modulate bacterial colonization [39,40], 
diagnose bacterial infections [41], as well as to prevent biofilm forma-
tion [42]. Interestingly, the interactions between bacteria and PEDOT 
were found to be greatly influenced by the electrochemical redox state of 
conducting polymer [40]. When oxidized, PEDOT was found to promote 
bacteria adhesion and growth, and to facilitate the formation of biofilm, 
and this behaviour was expected to arise from the presence of available 
sites (electron holes) for bacterial electron transfer. In contrary, reduced 
PEDOT films were shown to express antibacterial effects, most probably 
due to the electron-saturation of the surface preventing bacterial elec-
tron transfer. Besides, experiments revealed that bacteria occupying the 
surface of PEDOT induced the electrochemical reduction of conducting 
polymer, allowing PEDOT to exhibit antibacterial effects without 
external electrical stimulation. 

In this study, the application of an electrically-responsive PEDOT- 
based matrix as a surface able to control the bacterial growth was pre-
sented. As the surface of interest, sputter-coated platinum films were 
chosen, mainly because of their wide applicability in biomedical engi-
neering [43], particularly cardiac and neural tissue engineering, and 
their vulnerability towards bacterial colonization [44]. PEDOT coating 
was formed on a platinum-coated substrate in the course of an electro-
chemical polymerization process, and was used as a carrier of tetracy-
cline (Tc). The choice of Tc was dictated by the fact that it is a powerful 
antibiotic with a broad antibacterial spectrum, exhibiting a bactericidal 
effect through disrupting protein biosynthesis [45]. The mechanism of 
action of Tc ensures effectiveness against almost all medically relevant 
aerobic and anaerobic bacteria, both Gram-positive and Gram-negative, 
as well as atypical organisms such as protozoan parasites [46,47]. The 
physicochemical properties of PEDOT and PEDOT/Tc matrices were 
analyzed with the use of following methods: electrochemical (cyclic 
voltammetry), spectroscopic (UV–Vis, infrared spectroscopy) and 
microscopic (scanning electron microscopy). To assess biological ac-
tivity of PEDOT and PEDOT/Tc matrices, a selected strain of Gram- 
negative bacteria, Escherichia coli, was cultured on their surfaces. Ex-
amination of bacterial attachment and growth was carried out by means 
of a scanning electron microscopy (bacterial dimensions), as well as 
confocal fluorescent microscopy (LIVE/DEAD assay). 

2. Materials and methods 

2.1. Electrochemical polymerization and drug immobilization 

Electrochemical polymerization of 3,4-ethylenedioxythiophene, 
EDOT (Sigma-Aldrich, 97%) and immobilization of tetracycline hydro-
chloride, Tc (Sigma-Aldrich, 98.0%–102.0%) were carried out in a 
standard three-electrode arrangement, in which a Pt sputter-coated 
(automatic, rotary-pump coating system, Q150R Quorum Technolo-
gies, 30 mA, 120 s, giving a 4.8 nm thick layer of Pt) glass slide 
(microscopic slide, Labglass) was employed as a working electrode 

(0.283 cm2), Ag/AgCl (3 M KCl) as a reference electrode and a platinum 
foil (1 cm2) as a counter electrode. The electrochemical deposition of 
PEDOT on a Pt-coated glass slide was performed by means of cyclic 
voltammetry (CV) (CH instruments 400c) in aqueous solution of 10 mM 
EDOT based on phosphate-buffered saline (PBS, composed of 0.14 M 
NaCl, 0.0027 M KCl, 0.01 M Na2HPO4⋅2H2O, 0.002 M KH2PO4, pH =
7.4) being an isotonic, physiologically relevant solution, in the potential 
range from − 0.9 V to 1.27 V (vs. Ag/AgCl), at a scan rate of 0.1 V/s for 
25 CV cycles. Tetracycline-loaded polymer matrices (PEDOT/Tc) were 
obtained during electrochemical polymerization of 10 mM EDOT in PBS 
solution supplemented with Tc (from 0.5 mM to 50 mM). Similarly as in 
the case of pristine PEDOT, the electrochemical polymerization was 
achieved in the potential range from − 0.9 V to 1.27 V (vs. Ag/AgCl), at a 
scan rate of 0.1 V/s for 25 CV cycles. 

2.2. Material characterization 

Surface morphology of PEDOT and PEDOT/Tc films was examined 
by means of a scanning electron microscope, SEM (Phenom ProX) 
operating at 10 kV. The 3D Roughness Reconstruction software 
(Phenom ProSuits) enabled the assessment of surface roughness and film 
thickness. Wettability of polymers was determined through contact 
angle measurements by means of DataPhysic OCA15 goniometer at 
room temperature (T ≈ 20 ◦C) using deionized water. In all measure-
ments, three sample sites were analyzed on three different sample sur-
faces, giving n = 9. Chemical structure of PEDOT and PEDOT/Tc 
matrices was characterized by FTIR spectroscopy by using IR Perkin 
Elmer Spectrum Two spectrometer. IR spectra were recorded in the 
range between 500 cm− 1 and 1800 cm− 1 for 16 scans using a Diamond 
UATR accessory. Charge storage capacity (CSC) was calculated from CV 
curves, as the electric charge integrated under a corresponding CV 
curve. 

2.3. Drug release 

To assess the maximum amount of Tc that could be released from 
PEDOT/Tc, a chronoamperometric potential jump from − 0.6 V (applied 
for 2 s) to − 0.5 V (applied for 600 s) vs. Ag/AgCl was used to PEDOT/Tc 
electrodes immersed in PBS. The amount of released Tc was controlled 
by an UV–Vis Hewlett Packard 8453 UV/Vis Spectrophotometer. Con-
centrations of the drug were evaluated using a calibration curve: y =
3.0461⋅x + 0.0326 (R2 = 0.9969), where y is the absorbance value at 
363 nm, and x is the concentration of Tc expressed in mM. 

To assess the reference amount of Tc released with and without an 
electrical trigger in the absence of bacteria, PEDOT/Tc electrodes were 
placed into quartz cuvettes and immersed in PBS. UV–Vis spectra were 
recorded at specific time points, and Tc concentration was evaluated 
using a calibration curve, in which the absorbance value determined for 
peak at 363 nm was normalized to the baseline absorbance (determined 
at 420 nm). 

2.4. Preparation of bacterial suspension and culture 

A model Gram-negative bacteria strain Escherichia coli (DSM 30083, 
U5/41) was used to assess the antimicrobial properties of PEDOT and 
PEDOT/Tc matrices with respect to a bare Pt-coated glass slide. Bacteria 
were cultured at agar broth (BTL) slants at 35 ◦C for 48 h. After this time, 
a suspension of bacterial biomass in physiological saline (0.85% NaCl 
aqueous solution) (Acros) was prepared. The turbidity of suspension was 
established between 3 and 4 according to the McFarland scale 
(≈10.5⋅108 CFU/ml). 

PEDOT, PEDOT/Tc and Pt-coated glass slides were sterilized by 
leaving them under UVC radiation (253.7 nm) for an hour. Next, ster-
ilized surfaces were placed in sterile 12 well plates. The portions of 0.1 
ml of bacterial suspension mixed with 2 ml of growth medium (10 g/l 
Tryptone (BTL), 5 g/l yeast extract (BTL) and 10 g/l NaCl (Acros), pH =
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7) were added into each well. Cultivation of bacteria on the surfaces was 
carried out in incubator for 48 h at 35 ◦C, and the samples were analyzed 
after 3 h, 24 h and 48 h. 

In order to obtain reliable results, the experiments were done in 

triplicate for all materials, for each timepoint, under the same condi-
tions. The results were presented as mean values ± standard deviation. A 
t-test was performed to determine statistical significance (p < 0.05). 

Fig. 1. Electrochemical polymerization and drug loading capacity of different PEDOT/Tc formulations. A) CV curves showing the electropolymerization process of 
10 mM EDOT in PBS, and B) 10 mM EDOT in PBS in the presence of 1 mM Tc; scan rate = 0.1 V/s. C) CV curves of the 25th cycle of electropolymerization process of 
10 mM EDOT in PBS, in the presence of 0.5 mM, 1 mM, 5 mM 10 mM, 20 mM, 30 mM, 40 mM and 50 mM Tc, and D) CSC of corresponding PEDOT/Tc matrices; * = p 
< 0.05 (vs. PEDOT), n = 3. E) CV curves of the 15, 25, 50, 75 and 100 CV cycles of electropolymerization process of 10 mM EDOT solution in PBS, in the presence of 
1 mM Tc, and F) CSC of corresponding PEDOT/Tc matrices. 
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2.5. Staining and imaging bacterial cells attached to test surfaces 

LIVE/DEAD® BacLight Bacterial Viability Kit (Life Technologies) 
together with confocal fluorescent microscopy (Olympus FluoView 
FV1000) were used to assess the viability of bacteria growing on PEDOT, 
PEDOT/Tc and Pt-coated glass slides. Staining alive bacteria in green 
with SYTO9 and dead bacteria in red with D-propidium iodide allowed 
to analyse the percentage of alive and dead bacterial cells on selected 
surfaces. Image analysis was accomplished using ImageJ (NIH) 
software. 

Morphology of E.coli cells cultured on the surfaces of PEDOT, 
PEDOT/Tc and Pt-coated glass was observed by scanning electron mi-
croscopy (Phenom ProX). Before the samples could be visualized, ma-
terials were fixed using 3% glutaraldehyde (Fisher BioReagents) for 24 
h. Consequently, samples were washed three times with sterile distilled 
water and dehydrated by immersing successively in the solutions of 
ethanol (99.8%, Acros Organics) with increasing concentrations (30%, 
50%, 70%, 80%, 90%, 95%, 99.8%), each time for 10 min. After drying 
(24 h, 50 ◦C), samples were sputter-coated with a gold layer for better 
image quality (20 min, 20 mA; Q150R Quorum Technologies). SEM 
images were taken with an accelerating voltage of 15 kV at the magni-
fications of 5000×. The average length and width of bacterial cells, as 
well as their density (number of bacteria per 200 μm2) were calculated 
using the ImageJ (NIH) software. 

3. Results and discussion 

3.1. Electrochemical polymerization and drug immobilization 

The results of electrochemical investigations, involving electro-
polymerization of EDOT, Tc immobilization and characterization of 
different PEDOT/Tc formulations, were shown in Fig. 1. The course of 
an electrochemical polymerization process of EDOT could be tracked 
through the cyclic voltammetric (CV) curves, as shown in Fig. 1A&B. 
The irreversible oxidation peak at 1.27 V vs. Ag/AgCl for EDOT and 
EDOT/Tc, observed in the first CV cycle, corresponded to the electro-
chemical oxidation of monomer. For both data sets, gradually increasing 
currents confirmed the formation of a conducting film typical for elec-
tropolymerization process. Besides, a redox signal characteristic for Tc 
(− 0.65 V vs. Ag/AgCl, Fig.S1) was present in the 1st polymerization 
cycle of EDOT/Tc, hindering the redox signal associated with electro-
chemical reactions of hydrogen [48] (− 0.8 V vs. Ag/AgCl) as seen in the 
1st polymerization cycle of EDOT. The differences between pristine 
PEDOT (Fig. 1A) and PEDOT/Tc (Fig. 1B) films were evident when 
comparing both 25th polymerization cycles, representing fully devel-
oped polymeric forms. Firstly, it could be clearly observed that the 
currents flowing through the polymer films were higher in the case of 
PEDOT as compared with PEDOT/Tc, indicating a more developed 
surface area of the electrode coated with a pristine polymer. On the 
other hand, a sharp oxidation peak at approx. 0.6 V (vs. Ag/AgCl) was 
observed in the CV curve of PEDOT/Tc. The presence of broad waves in 
CV curves is usually associated with many redox processes occurring 
during reduction/oxidation of a conjugated polymer [49], and nar-
rowing of anodic band in the case of PEDOT/Tc may suggest formation 
of a structure more sensitive to redox processes. Besides, small dopants 
stimulate more effective polymerization process than larger ones [50]. 
Thus, bulky Tc molecules could hinder the process of electrochemical 
polymerization of EDOT, which could result in less developed polymer 
structures. Due to the bulky nature of Tc, it is expected that the process 
of drug immobilization relies on physical entrapment rather than ionic 
interactions. 

To describe the maximum amount of charge that can be stored within 
a polymer matrix, a charge storage capacity (CSC) was calculated from 
CV curves for both PEDOT and PEDOT/Tc (Fig. 1D). CSC was chosen as a 
measure of the electrochemical quality of polymer mainly because it is a 
common practice to characterize electroactive, tissue interface materials 

by determining their CSC [51]. The results showed that the incorpora-
tion of Tc had a deteriorating effect on the capacitance of polymer film, 
since average value of CSC calculated for PEDOT/Tc (19.15 ± 6.09 mC/ 
cm2) was found to be lower than CSC value calculated for pristine 
PEDOT (29.49 ± 4.05 mC/cm2). Nevertheless, both coatings out-
performed bare noble metals electrodes, since the average CSC values 
determined for Pt and Au were 1.5 mC/cm2 and 7.4 mC/cm2, respec-
tively [50,52]. Even though the careful choice of doping ions could 
elevate CSC of PEDOT to the values of 44.9 mC/cm2 (doping with LiClO4 
[28]) or 58.83 mC/cm2 (doping with p-toluene sulfonate [53]), bio-
functionalized PEDOT is typically characterized by moderate values of 
CSC, such as 3.2 mC/cm2 (functionalization with tauroursodeoxycholic 
acid [27]), 2.6 mC/cm2 (functionalization with dexamethasone phos-
phate[27]) and approx. 3.5 mC/cm2 (functionalization with laminin- 
derived peptides [54]). 

To assess the effect of drug concentration on the efficiency of elec-
trochemical polymerization, eight polymer matrices were fabricated 
from electropolymerization solutions containing various concentrations 
of Tc (0.5–50 mM), and were electrochemically characterized through 
cyclic voltammetry (Fig. 1C). When comparing capacitances of coatings 
(Fig. 1D), a significant decrease in CSC values was noticed for Tc 
(especially at concentrations above 10 mM) when compared with pris-
tine PEDOT, further confirming the deteriorating effect of Tc on the 
electrochemical polymerization of EDOT. Taking into account the 
variability of CV curves, the values of CSC calculated for PEDOT formed 
in the presence of 0.5 mM and 1 mM Tc seemed to be not statistically 
different from CSC values determined for a pristine polymer. 

To examine the effect of electropolymerization time on film capaci-
tance, electrochemical polymerization of 10 mM EDOT in the presence 
of 1 mM Tc was performed with an increasing number of polymerization 
cycles (from 15 to 100 CV cycles) (Fig. 1E). Even though longer poly-
merization times typically result in the deposition of thicker polymer 
layers, a maximum thickness of 68 ± 4 μm was observed for PEDOT/Tc 
grown during 50 CV cycles (Fig.S2). CSC, however, was found to be the 
highest for PEDOT/Tc formed in the course of 100 CV cycles (37.14 ±
20.01 mC/cm2). It should be kept in mind that the measurement of 
thickness was conducted for dry matrices. Since thick matrices are 
fragile, unstable and prone to the process of swelling [50], it is expected 
that their structure could be affected by the process of drying, and the 
acquired results might not well represent their thickness in a wet state. 
To avoid this problem, polymer films of moderate thickness, obtained 
during 25 CV cycles, were chosen for further experiments. 

3.2. Material characterization 

Chemical structures of PEDOT and PEDOT/Tc were confirmed using 
FTIR spectroscopy (Fig. 2A). Both PEDOT and PEDOT/Tc spectra 
showed typical bands for PEDOT [55–58]. The bands at approximately 
1474 cm− 1, 1422 cm− 1, 1362 cm− 1 were assigned to asymmetric 
stretching mode of C––C and inter-ring stretching mode of C–C. The 
signals at around 1208 cm− 1 and 1070 cm− 1 were related to C–O–C, 
while the signals at 986 cm− 1, 848 cm− 1 and 697 cm− 1 were charac-
teristic for stretching vibrations of C–S–C bond. Similarly, several 
bands characteristic for Tc (Fig. 2B) [59–61] were observed in the FTIR 
spectra of PEDOT/Tc, including signals at 1616 cm− 1 and 1580 cm− 1 

typical for C––O stretching of aromatic ring, bands at approximately 
1448 cm− 1 and 1176 cm− 1 typical for C–N stretching mode. Bands at 
1310 cm− 1 assigned to deformation band for OH, a signal at 1034 cm− 1 

characteristic for stretching C–O and a signal at 742 cm− 1 typical for 
C–H band in aromatic ring. The presence of bands characteristic for Tc 
in the spectrum of PEDOT/Tc proved that the process of electrochemical 
polymerization led to the immobilization of Tc on the surface and/or in 
the bulk of a polymer matrix. 

SEM analysis was used to compare surface morphology of PEDOT 
and PEDOT/Tc, as shown in Fig. 3. PEDOT was characterized by more 
regular grains compared to PEDOT/Tc, which surface revealed a 
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presence of distinct, irregular drug-loaded surface structures. These 
structures were similar to structures found during examination of 
another drug-loaded system, namely poly(3,4-ethylenedioxypyrrole) 
doped with ibuprofen [62], and are supposed to arise from a growth 
of polymer film around drug agglomerates occurring at the surface of the 
electrode. Even though a visual observation of both types of surfaces 
suggested different surface morphology, these surfaces exhibited a 
similar value of a roughness parameter expressed by the arithmetical 
mean height (Sa). For PEDOT, the value of Sa was estimated to equal 
0.62 ± 0.03 μm, and for PEDOT/Tc to equal 0.63 ± 0.06 μm. Both values 

of Sa were significantly different when compared with a bare substrate, 
namely Pt-coated glass (Sa = 0.21 ± 0.01 μm). Literature data indicate 
that surface topography has a significant impact on the mutual inter-
action between bacterial cells and surface [11,63]. As higher roughness 
promotes adhesion of bacteria, the analysis of PEDOT and PEDOT/Tc 
surface morphology suggested that the attachment of bacteria on both 
surfaces may be preferential when related to a surface of bare Pt-coated 
glass. 

The differences in wettability between PEDOT, PEDOT/Tc and Pt- 
coated slides were investigated by determining the contact angle (θ) at 
room temperature (T ≈ 20 ◦C) using deionized water. The results 
showed that the surface of PEDOT/Tc was slightly more hydrophilic (θ 
= 26.2◦ ± 3.5◦) than a surface of PEDOT (θ = 31.5◦ ± 2.6◦), and they 
were both more hydrophilic than a surface of glass sputter-coated with 
Pt (θ = 35.2◦ ± 10.5◦). Literature data [64–66] showed that hydrophilic 
bacteria such as Escherichia coli can adhere easily to hydrophilic sur-
faces. Therefore, wettability studies suggested that bacteria should 
attach effectively to all investigated surfaces, namely Pt, PEDOT and 
PEDOT/Tc. 

3.3. Drug release studies 

To assess the maximum amount of Tc that could be released from 
PEDOT/Tc, an electrochemical reduction of a polymer matrix was per-
formed in PBS as a physiologically relevant solution. It is known that 
when oxidized/reduced, conjugated polymers are able to capture/ 
release doping ions, resulting in a change in a polymer volume [62]. 
Consequently, the shrinkage of conducting polymer matrix as the effect 
of applying sufficiently low potential is responsible for the release of Tc 
from PEDOT/Tc into the solution. Due to the presence of chromophores, 
the release of Tc could be easily monitored by UV–Vis spectrophotom-
etry. As it was shown in Fig.S3, the absorption spectrum of Tc exhibited 
a multiplet with maximum absorption peaks at 276 nm and 363 nm, 
corresponding mainly to π → π* transition [67]. The absorption peak at 
363 nm remained stable in a wide range of Tc concentrations, thus a 
peak at this wavelength was used for the calculations of the amount of 
released Tc. 

Literature reports [62] have shown that drug loading capacity of a 
conjugated polymer matrix is not in a linear relationship with the con-
centration of drug in a polymerization solution. Therefore, also in our 
study the fabrication of a polymer matrix was carried out using a series 
of drug concentrations (Tc, 0.5–50 mM). Even though the concentration 
of Tc released from PEDOT/Tc was dependent on the initial Tc con-
centration during the polymerization process (Fig.S4A), a maximum 
concentration of released Tc was noted for a polymer matrix formed in 
the presence of 1 mM and 5 mM Tc (38.2 ± 11.03 μM and 45.5 ± 12.2 
μM, respectively) (Fig. 4A). Interestingly, higher Tc concentrations in 
the polymerization solution did not lead to the increase in drug loading 
capacity, which could be the consequence of the deteriorating effect of 

Fig. 2. Chemical characterization of polymer matrices. A) FTIR spectra of Tc, 
PEDOT and PEDOT/Tc (yellow bands indicate signals characteristic for Tc), and 
B) a chemical structure of tetracycline hydrochloride. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 3. Surface characterization of polymer matrices. SEM micrographs of A) Pt-coated glass, B) PEDOT, and C) PEDOT/Tc; scale bars are 30 μm for main images and 
8 μm for insets. 
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Tc on the electrochemical polymerization of EDOT. As shown earlier, 
electrochemical properties of a PEDOT/Tc matrix formed in the pres-
ence of 1 mM Tc resembled pristine PEDOT matrix. Besides, the appli-
cation of a reduction potential allowed PEDOT/Tc (1 mM) matrix to be 
efficiently contracted, leading to the release of substantial amounts of Tc 
in a controlled manner (Fig.S5A).Since the UV–Vis spectrum of released 
Tc was identical to the spectrum of untreated Tc (Fig.S6), the chemical 
structure of Tc was not expected to be changed during electrochemical 
immobilization and release processes. 

Apart from the maximum Tc loading efficiency, the release profile of 
Tc without electrical stimulation was also determined (Fig.S5B). A rapid 
release was observed within first 15 min of the experiment, then reached 
the plateau that was observed for the next 6 h. A maximum Tc con-
centration released in this way reached 61.4 ± 10.5 μg/cm2 (5.7 mg/l), 
which value was much above the minimum therapeutic dose of Tc 
(minimum inhibitory concentration of 16 μg/l) [68]. Therefore, it is 
expected that the initial burst release of Tc will be sufficient to avoid 
possible risk or potential of resistance and tolerance of bacteria to Tc, 
which could occur in a constantly low Tc-releasing environment. The 
maximum concentration of Tc achieved by spontaneous release was 
31.5% of the maximum amount of immobilized Tc, therefore, it should 
be expected that the presence of bacteria that are able to reduce the 
polymer will be sufficient to release further portions of immobilized 
drug [40]. 

The analysis of Tc release from PEDOT/Tc formed with increasing 
number of polymerization cycles (from 15 to 100 CV cycles) (Fig. 4B) 
revealed the maximum efficiency of drug release for the matrix formed 
during 25 CV cycles (Fig.S4B). Similarly as for other drug-loaded con-
jugated polymer matrices [62,69], PEDOT/Tc matrices formed during 
few CV cycles possessed limited drug capacity, and PEDOT/Tc matrices 
formed during ≥50 CV cycles were harder to be fully reduced. An in-
crease in the amount of released Tc observed with the increase in the 
number of CV cycles should be related to the instability of a matrix and 
its possible electrochemical degradation. Consequently, by extending 
the time of electropolymerization, it was not possible to maximize 
neither drug loading capacity nor the amount of released drug. 

3.4. Antimicrobial activity 

Escherichia coli is commonly found to contaminate medical devices 
and to cause nosocomial infections [70–72], therefore, it can serve as a 
model organism for different studies in biological engineering and in-
dustrial microbiology [73]. Also in our study, the antibacterial 

properties of PEDOT and PEDOT/Tc in relation to Pt-coated glass slides 
were investigated against this bacteria strain. To characterize the 
growth of E.coli strain cultured on different surfaces, the density of 
bacterial cells (number of bacterial cells per 200 μm2) as well as their 
dimensions (length, width and aspect ratio) were analyzed using SEM 
after 3 h, 24 h and 48 h of bacterial culture (Fig. 5). These three time 
points were selected based on the progression of growth curves of bac-
terial cultures in a closed system batch cultivation (without food sup-
plementation and removing metabolites). In the initial phase (lag phase, 
3 h), the bacteria in nutrient-rich medium adapt to the new conditions, 
attach reversibly to the surface and grow in mass. Subsequently, in the 
logarithmic growth phase (24 h), bacteria attached to the surface 
significantly increase their dimensions (length and width), achieving the 
ability to divide. The bacterial cell divides to form two identical 
daughter cells. At this stage, biological processes begin to dominate over 
the physical and chemical processes of attachment to the surface. In the 
stationary phase (48 h), population growth begins to decline as nutrients 
are consumed and wastes (metabolites) are accumulated. Cells become 
less metabolically active and lose their ability to divide. Finally in the 
death phase the inaccessibility of nutrients and the excess of metabo-
lites, in this also toxic substances, cause a rapid decline in the number of 
living bacterial cells in the population [74,75]. 

Calculated average values of bacterial cells density were shown in 
Fig. 6. After 3 h of culture, cells density (Fig. 6A) was much lower on the 
PEDOT (21.5 ± 1.4 cells/200 μm2), and in particular on PEDOT/Tc 
(13.2 ± 2.8 cells/200 μm2), when related to Pt-coated glass (27.9 ± 3.8 
cells/200 μm2). The decrease in the density of bacterial cells (Fig. 6B) 
was equal to 22.9% for PEDOT, and was as high as 52.7% for PEDOT/Tc. 
In the next phase of bacterial growth (24 h), the average density of 
bacterial cells did not change significantly, and was equal to 25.1 ± 5.2 
cells/200 μm2 for Pt-coated glass, 22.7 ± 4.8 cells/200 μm2 for PEDOT 
and 15.0 ± 2.0 cells/200 μm2 for PEDOT/Tc. Therefore, it might be seen 
that the antibacterial effect of PEDOT (9.6% decrease in bacterial cells 
density when compared with a control) and particularly PEDOT/Tc 
(40.2% decrease in bacterial cells density when compared with a con-
trol) was maintained. In the last phase of bacterial growth (48 h), the 
bacterial density on Pt-coated glass slides began to increase (28.0 ± 4.0 
cells/200 μm2), while a significant decrease was observed on the sur-
faces of both polymers, namely PEDOT (12.7 ± 1.8 cells/200 μm2, 
40.2% decrease in bacterial cells density when compared with a control) 
and PEDOT/Tc (10.1 ± 1.5 cells/200 μm2, 54.6% decrease in bacterial 
cells density when compared with a control). 

The adhesion of bacterial cells to the surface of a substrate, which is 

Fig. 4. The results of drug release studies. Concentrations of Tc released from PEDOT/Tc matrix A) formed in the presence of 0.5–50 mM Tc, and B) formed during 
15–100 CV cycles. 
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Fig. 5. Morphology of bacterial cells. SEM micrographs presenting E.coli cultured on Pt-coated glass, PEDOT and PEDOT/Tc after 3 h, 24 h and 48 h of culturing; 
scale bars are 10 μm each; false colours indicate bacterial cells present on the surface of PEDOT (green) and PEDOT/Tc (orange). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Bacterial surface colonization analysis. A) Bacterial cells density (number of bacterial cells per 200 μm2) calculated from SEM images after 3 h, 24 h and 48 h 
of culturing E.coli on the surface of Pt-coated glass, PEDOT and PEDOT/Tc; * = p < 0.05, n = 3, and B) corresponding percentage decrease in E.coli cells density on 
PEDOT and PEDOT/Tc in relation to Pt-coated glass. 
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the first stage of bacterial biofilm formation, depends mainly on the 
surface properties. Our previous observations showed that both PEDOT 
and PEDOT/Tc possessed favourable roughness and were hydrophilic in 
nature, so the adhesion of bacteria on these polymer matrices should be 
facilitated when related to a Pt-coated glass slide. The results of bio-
logical investigations showed, however, that both PEDOT and PEDOT/ 
Tc exhibited antibacterial effects. It is expected that the antibacterial 
activity of pristine PEDOT arose from the electron-saturation of con-
ducting polymer surface, due to its spontaneous reduction in time and/ 
or electrochemical reduction induced by the presence of bacteria, as 
reported elsewhere [40]. Still, the reduction in bacterial cells density 
was the highest for PEDOT/Tc, and this effect was maintained for the 
whole time of the experiment indicating the effectiveness of drug 
entrapped in the polymer matrix against E.coli. Interestingly, the 
reduction of bacterial cells density was not constant in time for a pristine 
PEDOT matrix. Particularly, the significant decrease in bacterial cells 
density when compared with a control was noted at the last time point 
(48 h), possibly indicating facilitated detachment of dead bacterial cells 
from a surface of PEDOT. 

3.5. Bacterial cell dimensions 

The shape of bacterial cells is significantly influenced by the avail-
ability and composition of the culture medium and appropriate culture 
conditions. If they are provided, new proteins and other structural ele-
ments of bacterial cells may be produced. Consequently, bacteria grow 
until they reach a certain size, and then they are able to divide into two 
daughter cells. Their size at the stage of division is not constant, but is 
typically distributed over a narrow range [76]. The length of a cell has a 
significant impact on its functioning. Too short cells do not have 
adequate reproductive resources, while too long ones have problems 
with a transport of nutrients. Bacterial cells growing under constant and 
certain culture conditions add the same volume regardless of the initial 
size obtained after cell division, keeping their aspect ratio (a ratio of 
width to length) at the same level [77]. In this regard, bacterial cells 
modulate size to maximize viability and reproductive efficiency [78]. 

The average bacterial cell length and width (Fig. 7) were calculated 
based on SEM micrographs. In the initial phase (3 h), bacteria were still 
relatively short on Pt-coated glass (1.77 ± 0.04 μm), PEDOT (1.64 ±
0.03 μm) as well as on PEDOT/Tc matrices (1.73 ± 0.03 μm) (Fig. 7A). 
Their average width was represented as 0.70 ± 0.01 μm for Pt surfaces, 
0.62 ± 0.01 μm for PEDOT and 0.64 ± 0.01 μm for PEDOT/Tc (Fig. 7B). 
To more accurately compare the shape of bacterial cells, an aspect ratio 
was calculated (Fig. 7C), allowing to assess whether the cells were more 
elongated or oval. After 3 h, bacterial cells cultured on Pt expressed 
slightly more circular shapes (0.42 ± 0.01) than for both PEDOT (0.39 ±
0.01) and PEDOT/Tc (0.37 ± 0.01), the latest being slightly more 

elongated than others. 
After 24 h, the bacterial cell length increased on all investigated 

surfaces, namely bare Pt (2.02 ± 0.03 μm), PEDOT (1.80 ± 0.03 μm) and 
PEDOT/Tc (1.91 ± 0.03 μm). The bacteria became longer, but slightly 
reduced their width. The average width was equal to 0.66 ± 0.01 μm for 
bare Pt, 0.60 ± 0.01 μm for PEDOT and 0.60 ± 0.01 μm for PEDOT/Tc. 
After 24 h, a change in shape was observed: bacteria became more rod- 
shaped and elongated on each surfaces, and the aspect ratios were equal 
to 0.34 ± 0.01 for bare Pt, 0.35 ± 0.01 for PEDOT and 0.33 ± 0.01 for 
PEDOT/Tc. 

After 48 h, a slight increase in length was observed, but only for 
bacteria cultured on Pt-coated glass (2.17 ± 0.06 μm). For PEDOT (1.84 
± 0.04 μm) and PEDOT/Tc (1.97 ± 0.03 μm), the values practically did 
not change. However, narrowing of bacterial cells was observed, espe-
cially in the case of PEDOT (0.51 ± 0.01 μm) and PEDOT/Tc (0.52 ±
0.01 μm) when compared to bare Pt (0.63 ± 0.01 μm). At the same time, 
the aspect ratio of bacteria was equal to 0.31 ± 0.01 for bare Pt, 0.30 ±
0.01 for PEDOT and 0.28 ± 0.01 for PEDOT/Tc. 

At all time points, the longest and the widest bacterial cells were 
observed on Pt-coated glass. Both polymeric surfaces were found to 
inhibit the growth of bacterial cells, and the strongest impact of surface 
was observed after 48 h of culture. Interestingly, the shape of bacterial 
cells, in terms of their aspect ratio, was similar on all investigated sur-
faces, even though it changed in time. The observed homeostasis of 
aspect ratio at the single cell level was a good example of how bacteria 
were able to control their dimensions through maintaining a constant 
ratio between the accumulation of division proteins and the rate of cell 
elongation [79]. A slow growth of bacteria observed on the surfaces of 
PEDOT and PEDOT/Tc might indicate that they became dormant, 
similarly as when bacteria were starved for nutrients [80]. Since the 
amount and content of culture medium were the same for all investi-
gated samples, it may be supposed that PEDOT and PEDOT/Tc could 
have inhibitory impact on bacterial cells growth and/or could limit the 
accessibility of nutrients, e.g. by the interactions between biologically 
active compounds and polymeric surface. 

3.6. LIVE/DEAD assay 

The viability of E.coli on the surface of Pt-coated glass, PEDOT and 
PEDOT/Tc was assessed with the use of the LIVE/DEAD assay allowing 
to count the number of live (green coloured) and dead (red coloured) 
bacterial cells by fluorescent microscopy (Fig. 8). After 3 h of culture, the 
highest percentage of live bacterial cells was observed on the surface of 
Pt-coated glass slides (74.8 ± 2.2%). On the surface of polymer matrices, 
both PEDOT (44.7 ± 2.3%) and PEDOT/Tc (42.7 ± 0.7%), the number of 
viable cells was less than a half of a total bacterial population (live and 
dead cells). When bacteria were in the logarithmic growth phase (24 h), 

Fig. 7. Bacterial cell dimension analysis. The average values of A) length, B) width, and C) aspect ratio of bacterial cells on the Pt, PEDOT and PEDOT/Tc at three 
time points: 3 h, 24 h and 48 h; * = p < 0.05, n = 3. 
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a decrease in the percentage of live cells to 59.2 ± 1.2% was observed on 
the surface of Pt. However, they still constituted more than half of a total 
bacterial population. On the contrary, the percentage of live cells on the 
surface of PEDOT increased and equalled with bacteria counted on the 
Pt-coated glass slides (59.6 ± 1.0%). Still, only a slight increase in the 
percentage of live cells was observed on the surface of PEDOT/Tc (48.2 
± 1.7%). The percentage of live cells on the Pt-coated surface after 48 h 
did not change, and the number of live cells remained at a constant level 
(60.6 ± 1.1%). However, in the case of PEDOT and PEDOT/Tc, despite a 
significant decrease in cell density, their viability increased signifi-
cantly. More than a half of total bacterial population was still alive (63.7 
± 0.5%) on the surface of PEDOT. Live bacterial cells prevailed (70.0 ±
1.0%) also on the surface of PEDOT/Tc. This observation may indicate 
that dead bacterial cells were more liable to lysis and/or were more 
easily detached from the polymer layers than Pt-coated glass slides, 
what was already suggested above and impacted on the obtained per-
centage results concerning the viability of bacteria. 

Although the results of the LIVE/DEAD assay may suggest weak 
antibacterial effects of PEDOT and PEDOT/Tc, since the percentage of 
live bacterial cells after 48 h was the highest for these samples, acquired 
data must be coupled with the surface coverage by bacterial cells. 
Similarly as in the case of SEM micrographs (Fig. 5), also fluorescent 
images (Fig. 8A) confirmed that the total number of bacterial cells was 
significantly lower on the surface of PEDOT/Tc when compared with the 
surface of bare Pt or pristine PEDOT. In this way, the efficiency of 
PEDOT as a potent Tc carrier was confirmed. The process of electro-
chemical immobilization was shown not to interfere with antibacterial 
properties of Tc, and the amounts of released Tc were appropriate to 
have a desired biological response towards E.coli. Also, PEDOT/Tc was 
shown to exhibit antibacterial activity without an electrical trigger, 
although electrical stimulation could further enhance the antibacterial 
performance of this material [42]. Even though the antibacterial effect 
of PEDOT/Tc was mainly associated with Tc, the application of a con-
jugated polymer as a matrix allows using PEDOT/Tc to modulate the 

metabolism of bacteria by changing electrochemical redox state of 
electroactive surface, similarly as reported by Gomez-Carretero et al. 
[40]. Therefore, PEDOT/Tc could serve as a robust coating with tunable 
antibacterial characteristics. 

4. Conclusions 

In summary, we fabricated a robust antibacterial coating by incor-
porating an antibiotic (tetracycline, Tc) into poly(3,4- 
ethylenedioxythiophene) (PEDOT) matrix. Optimization procedure 
allowed the selection of the appropriate Tc concentration (1 mM) during 
immobilization and the most effective polymerization conditions, so 
that the resulting matrix was characterized simultaneously by superior 
electrochemical properties (CSC of 19.15 ± 6.09 mC/cm2) and high drug 
loading capacity (194.7 ± 56.2 μg/cm2). Even though a pristine PEDOT 
matrix exhibited antimicrobial activity against a model Gram-negative 
bacteria strain (Escherichia coli), the presence of Tc evidently 
enhanced the antimicrobial activity of PEDOT, leading to a three-fold 
decrease in the number of bacteria after 48 h when compared with a 
control Pt surface. Smaller dimensions of bacteria growing on both 
PEDOT and PEDOT/Tc surfaces when compared with a bare Pt surface 
might indicate that their metabolic activity was decreased (they became 
dormant), possible due to some negative effects resulting from the in-
teractions between nutrients and polymeric surface. The application of a 
conjugated polymer as the carrier of Tc allowed designing a robust 
antibacterial system with electrically-triggered biological performance, 
providing solid basis for further application, particularly in implantol-
ogy. Still, to fully evaluate the antibacterial activity of PEDOT/Tc, it will 
be required to assess its effects on Gram-positive bacteria, including 
sporulating and non-sporulating bacterial strains. Nevertheless, it is 
expected that electroactive PEDOT/Tc systems, combining good elec-
trochemical performance with antibacterial characteristics, would serve 
as multifunctional coatings for biomedical devices used in cardiac and 
neural tissue engineering. 

Fig. 8. The results of a LIVE/DEAD assay. A) Confocal fluorescent microscope images of E.coli on the surface of Pt-coated glass, PEDOT and PEDOT/Tc at three time 
points: 3 h, 24 h and 48 h; green colour denotes live bacteria, while red colour denotes dead bacteria; scale bars are 20 μm each. B) Percentage of live and dead 
bacteria on the surface of Pt, PEDOT and PEDOT/Tc at three time points: 3 h, 24 h and 48 h; * = p < 0.05, n = 8. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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a b s t r a c t

Current trends in the field of neural tissue engineering include the design of advanced biomaterials com-
bining excellent electrochemical performance with versatile biological characteristics. The purpose of
this work was to develop an antibacterial and neuroprotective coating based on a conducting polymer
– poly(3,4-ethylenedioxypyrrole) (PEDOP), loaded with an antibiotic agent – tetracycline (Tc).
Employing an electrochemical technique to immobilize Tc within a growing polymer matrix allowed
to fabricate robust PEDOP/Tc coatings with a high charge storage capacity (63.65 ± 6.05 mC/cm2), drug
release efficiency (629.4 mg/cm2 ± 62.7 mg/cm2), and low charge transfer resistance (2.4 ± 0.1 kO), able
to deliver a stable electrical signal. PEDOP/Tc were found to exhibit strong antimicrobial effects against
Gram-negative bacteria Escherichia coli, expressed through negligible adhesion, reduction in viability, and
a characteristic elongation of bacterial cells. Cytocompatibility and neuroprotective effects were evalu-
ated using a rat neuroblastoma B35 cell line, and were analyzed using MTT, cell cycle, and Annexin-V
apoptosis assays. The presence of Tc was found to enhance neural cell viability and neurite outgrowth.
The results confirmed that PEDOP/Tc can serve as an efficient neural electrode coating able to enhance
charge transfer, as well as to exhibit bifunctional biological characteristics, different for eukaryotic and
prokaryotic cells.

� 2021 Elsevier B.V. All rights reserved.

1. Introduction

Neurodegenerative diseases are often associated with a pro-
gressive damage of neural cells leading to disorders related to
mobility, memory, and a decrease in mental performance. The
World Health Organization predicts that, due to the increasing life
expectancy, the number of patients suffering from neurodegenera-
tive diseases will increase intensively over the next years [1].
Therefore, the recent research efforts have been focused on design-
ing biomaterials compatible with neural tissue, and able to be
employed in a wide range of neurostimulation therapies, particu-
larly electrostimulation [2–4]. Undoubtedly, neural implants have

to meet many requirements, as the key elements for the efficiency
of their performance are the interactions at the tissue/implant
interface. Not only the chemical composition of the substrate,
but also its physicochemical features, including surface topogra-
phy, porosity, hydrophobicity, and surface charge, have an impact
on cell behavior [5–7]. For proper functionality, neural implants
should allow an efficient transfer of electrical charge, usually
assessed in terms of low impedance and high capacitance [8,9].
Therefore, the most popular neural electrode materials comprise
noble metals, especially platinum and its alloys [10]. Unfortu-
nately, the mismatch between the soft living tissue and the hard
surface of metal often leads to an exacerbation of the inflammatory
response, increased expression of proinflammatory cytokines, glial
cell activation, and neuronal degeneration [11,12]. The grand chal-
lenge to the design of a robust neural interface is to minimize scar
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tissue surrounding the implants, as the migration of astrocytes and
microglia towards the implant can significantly decrease the rate
of charge transfer [13].

Similarly to other implantable biomedical devices [14], neural
implants are susceptible to bacterial colonization. For instance, a
previous study [15] has shown that a surface of platinum may be
easily colonized by bacteria. Besides, the process of implantation
often leads to a localized inflammatory reaction [16], which
reduces the ability of the organism to ward off bacteria [17]. It is
clear that the development of a bacterial biofilm on the surface
of neural implants is an extremely severe problem, leading to the
increase in a number of revision surgeries, and, sometimes, fatality.
Therefore, tailoring a biomaterial to exhibit antibacterial effects
would be considered as an important benefit [18,19].

Combining low Young’s modulus, excellent electrochemical and
mechanical characteristics, as well as biocompatibility, conducting
polymers are currently a competitive alternative to noble metals
[20–28]. Besides, since the entrapment of bioactive molecules into
the polymer matrix is an efficient drug immobilization method,
conducting polymers can serve as robust electro-responsive drug
delivery systems [29–31]. Recent studies [32,33] have shown that
conducting polymers, either in their pristine form or loaded with
antibacterial agents, can be used to modulate bacterial attachment
and biofilm formation. Since bacterial biofilm growing on the sur-
face of the implant limits the integration of neural cells with a
device [34], antimicrobial coatings are supposed to indirectly
increase the efficiency of electrical stimulation. Simultaneously,
the increase in the capacitance and conductivity of the coated elec-
trode is supposed to allow an application of lower stimulation cur-
rents, increasing the safety of the overall treatment.

The scope of this study was aimed to fabricate and characterize
a bifunctional conducting polymer coating based on a poly(3,4-
ethylenedioxypyrrole) (PEDOP) matrix loaded with tetracycline
(Tc), combining antibacterial and neuroprotective functionalities.
PEDOP is a conducting polymer belonging to the family of polypyr-
roles (PPy), known for their high biocompatibility towards neural
cells [35]. The presence of an ethylenedioxy bridge in its structure
increases the electrochemical stability of PEDOP [36], making it
related to another conducting polymer with a great potential in
bioelectronics, namely poly(3,4-ethylenedioxythiophene), PEDOT
[37]. Although structurally similar to the most frequently applied
conducting polymers, PEDOP has been long considered as a versa-
tile but underutilized polymer [38]. Recently, our group has
revealed the applicability of PEDOP as a drug carrier [39–41] and
a neural interface [42,43], highlighting its advantages when com-
pared with PPy and PEDOT, including low polymerization potential
[40], high electrochemical stability [42] and the ability to provide
controlled drug release [43].

Tc, on the other hand, is a potent bacteriostatic agent, able to
bind to the 30S ribosomal subunit of bacteria and inhibit the syn-
thesis of proteins, and is typically used as an antibiotic for humans
[44]. It has been shown that Tc and its derivatives possess neuro-
protective functions, as they can inhibit activation and prolifera-
tion of microglia [45], attenuate apoptosis and suppress the
production of reactive oxygen species [46], influencing the mecha-
nisms involved in the neurodegeneration processes compromising
the performance of neural implants. Therefore, we have stated that
by immobilizing Tc into PEDOP matrix, it will be possible to form
an electroactive coating exhibiting simultaneously neuroprotective
and antibacterial effects. This kind of a bifunctional behaviour has
not been identified as yet neither for PEDOT nor PPy.

To form a Tc-loaded PEDOP coating on the surface of Pt-coated
electrodes, the in situ drug immobilization in the course of electro-
chemical polymerization was employed. The extensive physico-
chemical characterization of as-formed PEDOP/Tc coatings
involved the assessment of electrochemical performance (cyclic

voltammetry, chronopotentiometry), charge transfer resistance
(electrochemical impedance spectroscopy), surface characteriza-
tion (infrared spectroscopy, contact angle measurements, scanning
electron microscopy, atomic force microscopy), strength of adhe-
sion (scratch test), as well as the estimate of drug release efficiency
(UV–Vis spectroscopy). Antibacterial activity of PEDOP/Tc was
evaluated against Escherichia coli and was examined using LIVE/
DEAD fluorescent assay and morphometric analysis (scanning elec-
tron microscopy). Cytocompatibility and neuroprotective functions
of PEDOP/Tc were verified towards a B35 rat neuroblastoma cell
line using MTT, cell cycle, and Annexin V apoptosis assays.

2. Materials and methods

2.1. Electrochemical polymerization and drug immobilization

Electrochemical polymerization of conducting polymer matri-
ces was carried out using a potentiostat (CH Instruments 400c)
with the three-electrode arrangement, employing a Pt sputter-
coated (automatic, rotary-pump coating system, Q150R Quorum
Technologies, 30 mA, 120 s, giving a 4.8 nm thick layer of Pt) glass
slide (microscopic slide, Labglass) as a working electrode
(0.283 cm2), Ag/AgCl (3 M KCl) as a reference electrode, and a plat-
inum foil (1 cm2) as a counter electrode. The choice of Pt-coated
glass slides as the substrates was based on the applicability of glass
in neural science [47–49], allowing to couple electrical stimulation
with optogenetic and infrared stimulation [50]. Sputter-coating of
a thin layer of Pt, on the other hand, was used to provide conduc-
tivity to the substrate while maintaining a certain level of trans-
parency. Poly(3,4-ethylenedioxypyrrole), PEDOP, was
electrochemically synthesized by means of a cyclic voltammetry
(CV) in an aqueous solution of 10 mM EDOP (Sigma Aldrich, 2%
(w/v) in THF) in a phosphate-buffered saline (PBS: 0.14 M NaCl,
0.0027 M KCl, 0.01 M Na2HPO4�2H2O, 0.002 M KH2PO4, pH = 7.4)
in the potential range from �0.8 V to 1.0 V (vs. Ag/AgCl), at a scan
rate of 0.1 V/s for 25 CV cycles. PBS was chosen as a
physiologically-relevant medium able to prevent local pH changes
induced by electrochemical processes. Tetracycline hydrochloride,
Tc (Sigma-Aldrich, 98.0%-102.0%) was incorporated into a polymer
matrix via an electrochemical polymerization process in an aque-
ous solution of PBS, monomer (10 mM of EDOP), and Tc (from
1 mM to 20 mM). To obtain a drug-loaded film (PEDOP/Tc), the
polymerization was performed in the potential range from
�0.8 V to 1.0 V (vs. Ag/AgCl), at a scan rate of 0.1 V/s for 15–100
CV cycles.

2.2. Material characterization

The chemical structure of PEDOP, PEDOP/Tc, and Tc was charac-
terized by FTIR spectroscopy (IR Perkin Elmer Spectrum Two spec-
trometer) using a Diamond UATR accessory, in the range between
500 cm�1 and 1800 cm�1 for 16 scans. The surface morphology of
polymer matrices was studied using a scanning electron micro-
scope, SEM (Phenom ProX, Thermo Fisher Scientific) operating at
an accelerating voltage of 10 kV. A surface roughness parameter
(arithmetic mean height, Sa) was determined using 3D Roughness
Reconstructions software associated with SEM (Phenom ProSuite),
while a root mean square roughness (Rrms) was determined by
means of atomic force microscopy (CoreAFM, Nanosurf) and a
Gwyddion software. Contact angle (CA) measurements were per-
formed using an optical goniometer (OCA15 DataPhysisc) at room
temperature (T � 20 �C) employing deionized water. The capaci-
tance of investigated samples was presented in terms of a charge
storage capacity (CSC), and was calculated as the electric charge
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integrated under a corresponding CV curve according to the fol-
lowing equation:

CSC ¼ 1
S

Z t2

t1

I tð Þdt ð1Þ

where: S is geometrical area of the electrode (cm2), t1 denotes
the beginning of a CV cycle, t2 denotes the end of a CV cycle, and
I is the current (A).

Electrochemical impedance spectroscopy (EIS) was performed
in a PBS solution with an AC amplitude of 40 mV (vs. Ag/AgCl)
and a DC potential of 0 V (vs. Ag/AgCl), within a frequency range
from 100 mHz to 10 kHz. The results were presented on Bode plots
and compared to those of a bare Pt electrode. EIS Spectrum Ana-
lyzer 1.0 software [51] and the Powell algorithm were used to fit
the experimental data to an equivalent circuit model.

Voltage profiles during charge injeciton were determined bas-
ing on chronopotentiometric experiments performed with repeti-
tive oxidation and reduction pulses of opposing polarity, but
equal time (5 ms) and magnitude, being equivalent to a biphasic
pulse with no interphase gap. The measurements were conducted
in PBS using a three electrode setup, with a platinum wire counter
electrode and Ag/AgCl reference electrode. Basing on literature
studies, four charge densities were selected, namely 3 lC/cm2 (typ-
ical minimum limit used for cochlear implants) [52], 10 lC/cm2

(typical maximum limit used for cochlear implants) [52], 36 lC/
cm2 (used to evoke motor response in rats) [53] and 50 lC/cm2

(used to establish charge injection limit). A complete biphasic
pulse, comprising one oxidation and one reduction pulse, was
repeated five times.

2.3. Drug release studies

A chronoamperometric potential jump from �0.6 V (2 s) to
�0.5 V (600 s) was applied to trigger the release of Tc from
PEDOP/Tc and to assess the total drug release efficiency of
PEDOP/Tc. The amount of released Tc was measured by UV/Vis
spectroscopy (Hewlett Packard 8453), with the use of a calibration
curve: y = 3.0461x + 0.00326 (R2 = 0.9969), where y is the absor-
bance value at 363 nm, and x is the concentration of Tc expressed
in mM.

To measure the amount of Tc released spontaneously form
PEDOT/Tc, three PEDOT/Tc-coated electrodes were put separately
in three quartz cuvettes (optical path of 2 mm) filled with PBS
(0.5 ml). UV–Vis spectra of the supernatants were taken at specific
time points (1 h, 2 h, 4 h, 8 h, 24 h, 2 days, 3 days, 4 days and
7 days). Avrami’s model was used to investigate the release kinet-
ics of Tc from PEDOP/Tc following the equation [54–56]:

X ¼ 1� expð�ktn ð2Þ
rearranged to its linear form:

ln � ln 1� Xð Þð Þ ¼ ln kþ n ln t ð3Þ
where: X is the fraction of a drug released at time t, n is the

exponent of release, and k is the release rate constant. The fitting
of the data describing the release kinetics was made with the use
of two free parameters, namely n and k. The equilibrium concen-
tration was determined experimentally.

2.4. Adhesion of the polymer coating

The adhesion forces of PEDOP and PEDOP/Tc to Pt-coated glass
slides, and a layer of Pt to a glass slide were assessed using a
scratch test method by means of a Micro-Combi Tester platform
(Anton Paar) in accordance with the ISO 19252, ISO 20,502 and
ASTM C1624 standards. During the test, a Rockwell diamond cone

with a diameter of 100 mm was used to make a scratch. Every test
was divided into three stages. In a pre-scan, a profile of sample was
scanned with a constant loading of 0.03 N. An actual scan consisted
of making a scratch with a gradual increase in the normal force
loading from 0.03 N to 15 N for PEDOP and PEDOP/Tc, and from
0.03 N to 30 N for a bare Pt-coated glass slide, with the speed of
3 mm/min and the crack length of 3 mm. In a post-scan, a profile
of sample was scanned with a constant loading of 0.03 N. Three
measurements were taken on each sample.

2.5. Bacterial suspension and culture conditions

Microbiological analysis was performed using a bacterial strain
of Gram-negative Escherichia coli (DSM 30083, U5/41). Bacteria
were cultivated for 48 h in agar broth (BTL) at 35 �C. Next, the sus-
pension of microorganisms in a physiological saline (0.85 % water
solution of NaCl; Acros Organics) was prepared with the final con-
centration of approx. 10.5 � 108 CFU/ml. PEDOP, PEDOP/Tc, and Pt-
coated glass slides were sterilized by UVC radiation (253.7 nm) for
an hour and then placed in sterile 12-well plates. 0.1 ml of bacterial
suspension and 2 ml of a sterile growth medium (10 g/l Tryptone
(BTL), 5 g/l yeast extract (BTL), and 10 g/l NaCl (Acros), pH = 7)
were added into each well. The samples were then incubated at
35 �C and analyzed after 3 h, 24 h, and 48 h.

2.6. Staining and imaging of bacterial cells

Assessing bacterial viability on PEDOP, PEDOP/Tc, and Pt-coated
glass slides was performed using a LIVE/DEAD� BacLight Bacterial
Viability Kit (Life Technologies, Thermo Fisher Scientific) together
with an Olympus FV 1000 confocal fluorescent microscope. Bacte-
ria labeled with SYTO9 stain (live bacterial cells) were observed as
green, and bacteria stained with D-propidium iodide (dead bacte-
rial cells) were observed as red. Image analysis was accomplished
using ImageJ software (Fiji, NIH).

SEM microscopy (Phenom ProX) was employed to visualize the
morphology of bacteria on investigated surfaces. Firstly, bacteria
on PEDOP, PEDOP/Tc, and Pt-coated glass slides were fixed using
3 % glutaraldehyde (Fisher BioReagents) for 24 h, then washed
three times with sterile distilled water. Subsequently, samples
were dehydrated by immersing them for 10 min in the solutions
of ethanol (Acros Organics) with increasing concentrations (30 %,
50 %, 70 %, 80 %, 90 %, 95 %, 99.8 %), then dried for 24 h at 50 �C.
To enhance the quality of imaging, dehydrated samples were
sputter-coated with a gold layer (20 min, 20 mA; Q150R Quorum
Technologies). Images were taken with an accelerating voltage of
15 kV at the magnifications of 1 000 �, 5 000 � and 10 000 � . Ima-
geJ software (NIH) was used to quantify the size distribution of E.-
coli cells (length, width, aspect ratio), as well as their density
(number of bacteria per 200 lm2).

2.7. Cell line and culture conditions

A rat neuroblastoma cell line B35 (ATCC� CRL-2754TM) was used
to analyze cell viability on PEDOP, PEDOP/Tc, and Pt-coated glass
slides. Cells were cultured in 75 cm2 bottles (Nunc) in 15 ml Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/
F12, Sigma-Aldrich) supplemented with 10 % fetal bovine serum
(FBS, Gibco) and gentamicin (40 mg/ml, Krka Poland Sp. z o.o.) in
constant 80 % humidity atmospheres and 5 % carbon dioxide con-
centration at 37 �C (HeracellTM 150i, Thermo Scientific). The cells for
experiments were prepared by trypsinization with a 0.25 %
trypsin-EDTA solution (Sigma-Aldrich) in PBS. Then, trypsin was
neutralized by the addition of an equal amount of culture medium,
and cells were counted in a Bürker chamber. 2 � 105 cells in 2 ml
medium were seeded per each well of 12-well plates (Biologix) on
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PEDOP, PEDOP/Tc and Pt-coated glass slides, and were cultured for
48 h. After that time, 1 ml of 0.25 % trypsin-EDTA solution (Sigma-
Aldrich) was added to each well. The resulting cell suspensions
were centrifuged at 1500 rpm for 3 min.

2.8. MTT viability assay

For cytotoxicity analysis, MTT (3-[4,5-dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide) assay based on mitochondrial
dehydrogenase enzyme activity was performed. 50 ml of MTT solu-
tion (0.05 mg/ml in phenol red and FBS free DMEM-F12; PAA) was
added to centrifuged cells previously grown on the surfaces of
PEDOP, PEDOP/Tc, Pt-coated glass slide and in the empty well of
12-well plates. After 1–2 h in a CO2 incubator, MTT solution was
removed and formazan crystals were dissolved in 400 ml acidic iso-
propanol. The absorbance of solutions was measured spectropho-
tometrically at 570 nm, using a multi-well plate reader
SYNERGY4 (BioTek Instruments, USA).

2.9. Assessment of a cell cycle

To analyze the cell cycle of B35 neuroblastoma cells, a flow
cytometer (Becton Dickinson Aria III) was employed. Cells after
centrifugation were washed with 500 ml PBS and centrifuged again.
Finally, the cells were stained with 250 ml of hypotonic buffer
(comprising 100 mg/mL PI in PBS, 5 mg/L citric acid, 1:9 Triton-X
solution, 100 mg/mL RNase in PBS, from Sigma, Poznan, Poland),
DNA levels were assessed by fluorescence measurements using
BD FACSAriaTM III sorter (Becton, Dickinson and Company, Frank-
lin Lakes, NJ, USA) at a PE configuration (547 nm excitation laser
line; emission: 585 nm).

2.10. Apoptosis analysis

FITC Annexin-V Apoptosis Detection Kit with PI (Bio Legend)
was used to assess the number of necrotic and apoptotic cells cul-
tured on PEDOP, PEDOP/Tc, Pt-coated glass slides, and an empty
well. 50 ll of Annexin V Binding Buffer, 2.5 ll of FITC Annexin V
and 10 ll propidium iodide (100 lg/ml) were added to cells col-
lected after 48 h of culture. Next, the samples were vortexed gently
and incubated in dark for 20 min at room temperature (25 �C).
Before measurement, 250 ll of Annexin-V Binding Buffer was
added to each tube. The fluorescence of PI (necrotic cells) was
detected at the configuration for PE channel, and for Annexin-V
FITC-conjugated antibody (apoptotic cells) at FITC channel config-
uration (488 nm excitation laser line; emission: LP mirror 503, BP
filter 530/30).

2.11. Imaging of rat neuroblastoma cells

To visualize the morphology of cells cultured on PEDOP, PEDOP/
Tc, and Pt-coated glass, SEM microscopy (Phenom ProX) was used.
Similarly as for imaging of bacteria, neuroblastoma cells were fixed
using 3 % glutaraldehyde (Fisher BioReagents) for 24 h. Analo-
gously, cells were washed three times with deionized water and
dehydrated by immersing the samples in the solutions of ethanol
(Acros Organics) with increasing concentrations (30 %, 50 %, 70 %,
80 %, 90 %, 95 %, 99.8 %) for 10 min each, and dried 24 h at 50 �C.
Then, samples were sputter-coated with a gold layer (20 min,
20 mA; Q150R Quorum Technologies) and images were taken at
10 kV at the magnifications of 3000 � .

2.12. Statistical analysis

The statistical analysis was based on a t-test and a p-value
< 0.05 was considered as statistically significant. All tests were

performed in triplicate for all materials in all timepoints under
the same conditions. The results were expressed as a mean
value ± standard deviation.

3. Results

3.1. Electrochemical polymerization and drug immobilization

CV curves presenting the process of electrochemical polymer-
ization of EDOP in the absence and presence of Tc were shown in
Fig. 1. In both datasets, an irreversible oxidation peak associated
with monomer oxidation was observed in the first potential cycle
at the potential of approx. 0.7 V vs. Ag/AgCl. The increasing cur-
rents observed for both matrices during consecutive CV cycles
exemplified the formation of conducting polymer films. It could
be noticed that after completing 25 CV cycles, different areas under
CV curves for PEDOP and PEDOP/Tc were achieved, giving slightly
higher charge transferred in PEDOP/Tc when compared with a pris-
tine PEDOP.

3.2. Drug release efficiency

To estimate a total amount of reversibly immobilized drug,
PEDOP/Tc matrix was subjected to a reduction potential suffi-
ciently low to cause polymer shrinkage and release of Tc. Analyzing
the effect of different Tc concentrations (1–20 mM) on drug release
efficiency of PEDOP/Tc matrices (Fig. 2A), it was found that the
highest amount of released Tc was related to PEDOP/Tc elec-
tropolymerized for 25 CV cycles from a solution containing
5 mM of Tc (123.48 ± 12.31 mM). Both the decrease in the initial
Tc concentration and its further increase did not increase drug
release efficiency.

Also the number of CV cycles of an electrodeposition process
played a key role in tailoring drug release efficency. The depen-
dence of the drug release efficiency on the polymer films grown
at a constant Tc concentration of 5 mM for 15–100 CV cycles
(Fig. 2B) indicated that the lowest amount of drug was released
from a polymer layer grown for 15 cycles (7.83 ± 2.29 mM), and this
amount was much lower as compared with the drug release effi-
ciency from a layer of PEDOP/Tc grown for 25 CV cycles (123.48 ±

Fig. 1. Electrochemical fabrication of PEDOP and PEDOP/Tc. Current (I/mA) vs.
potential (E/V vs. Ag/AgCl) curves showing 1st (dashed line) and 25th (solid line)
cycle of an electropolymerization process of 10 mM EDOP in PBS (teal line), and
10 mM EDOP in PBS in the presence of 5 mM Tc (blue line); scan rate = 0.1 V/s.
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12.31 mM). However, a further increase in the number of CV cycles
was not associated with the increase in drug release efficiency.

Consequently, an optimised protocol of PEDOP/Tc fabrication
was developed, and it consisted on the electropolymerization of
EDOT in the presence of 5 mM Tc for 25 CV cycles. A spontaneous
Tc elution profile from optimized PEDOP/Tc matrix (Fig. 2C) indi-
cated a rapid increase in Tc concentration during first 4 h of
release, followed by its gradual increase until day 4, when a max-
imum Tc concentration was noted (19.5 ± 1.6 mM). Tc release pro-
file was found to match the Avrami’s kinetic model (R2 = 0.95),
exhibiting a rate constant (k) of 0.095 1/h and the exponent of
release (n) of 0.66.

3.3. Electrochemical characterization

Analyzing the effect of different initial Tc concentrations (1–
20 mM) on the capacitance of PEDOP/Tc matrices (Fig. 2A & Fig-

ure S1A), it was found that a maximum value of a charge storage
capacity, CSC, was achieved for PEDOP/Tc polymerized from the
solution containing 5 mM Tc (63.65 ± 6.05 mC/cm2), and this value
was not statistically different from CSC of a pristine polymer (54.
22 ± 5.76 mC/cm2). With a further increase in Tc concentration,
CSC values of PEDOP/Tc decreased, reaching 48.35 ± 7.88 mC/cm2

for 10 mM Tc and 28.51 ± 3.76 mC /cm2 for 20 mM Tc, respectively.
CSC was also found to vary with the number of CV cycles used

for the process of electropolymerization (Fig. 2B & Figure S1B),
starting from CSC of 30.28 ± 2.12 mC/cm2 for PEDOP/Tc grown
for 15 CV cycles, and reaching the value of 149.54 ± 21.04 mC/
cm2 for PEDOP/Tc grown for 100 CV cycles.

EIS analysis (Fig. 3A) indicated that covering a Pt-coated elec-
trode with a PEDOP layer decreased the impedance of the system
by one order of magnitude, particularly in a low frequency region
(<100 Hz). Although PEDOP/Tc was also found to decrease the
impedance of the electrode, this change was not as notable as for
pristine PEDOP. Upon the analysis of a phase angle profile
(Fig. 3B), a shift in the frequency peak was observed from 2 Hz
for Pt, to 15 Hz for PEDOP. By fitting the experimental data to
the equivalent electrical circuit model (Randles circuit) [42], it
was possible to calculate electrical properties of Pt-coated elec-
trode, PEDOP and PEDOP/Tc, including solution resistance (RS),
charge transfer resistance (RCT), Warburg element (Aw) associated
with the diffusion of charge through electrode, and constant phase
element (comprising of two parameters, P and n) of the electrode/-

Fig. 2. Evaluation of capacitive properties and drug release efficiency of PEDOP/Tc.
Charge storage capacity (CSC/mC/cm2) values and concentrations of Tc released
from PEDOP/Tc matrices ([Tc]rel/mM) formed for 25 CV cycles in the presence of
different concentrations of Tc ([Tc]/mM) (A), and formed at [Tc] = 5 mM for different
number of CV cycles (nCV) (B), n = 3. Drug elution profile of spontaneous Tc release
from PEDOP/Tc ([Tc] = 5 mM, nCV = 25); dots are the experimental values, and lines
represent the corresponding fitting curve calculated basing on Avrami’s kinetic
model (C).

Fig. 3. Impedance behaviour of PEDOP and PEDOP/Tc, compared with a Pt-coated
glass slide. EIS results in the form of Bode plots of impedance modulus (|Z|/O) vs.
frequency (f/Hz) (A) and a phase angle (h/o) vs. frequency (f/Hz) (B) for PEDOP and
PEDOP/Tc, as well as a bare Pt electrode; dots represent experimental data, while
lines represent simulated results. Equivalent circuit model used for the fitting of EIS
data is presented as an inset.
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solution interface (Table S1). The model resulted in a good fit
between the experimental and simulated data (v2 < 0.005).

Even though the solution resistance was almost identical for all
the samples, a significant decrease in the charge transfer resistance
was noted when a Pt-coated electrode (RCT = 24.8 ± 3.9 kO) was
covered with a layer of PEDOP/Tc (RCT = 2 416 ± 141 O) or PEDOP
(RCT = 488 ± 11 O). Also a Warburg diffusion element was found
to decrease greatly for polymer-coated electrodes. The analysis of
constant phase element parameters revealed the decrease in n
value and the increase in P value when a Pt-coated electrode was
covered with a layer of PEDOP/Tc or PEDOP.

When subjected to the recurrent biphasic potential pulse
(Fig. 4), both PEDOP and PEDOP/Tc were found to decrease the
polarizaiton of the electrode when compared with a Pt-coated con-
trol for all investigated charge densities (Figure S2). For the charge
density of 36 mm/cm2, for instance, the maximum anodic potential
reached 0.6 V for Pt, and only 0.35 V and 0.25 V for PEDOP/Tc and
PEDOP, respectively. Also, the voltage profile within a single pulse
was found to be flat for both polymers. In contrast, a voltage profile
of a Pt-coated electrode displayed an initial ohmic drop followed
by a more gradual polarization of the interface. However, the bal-
ance between the magnitude of cathodic and anodic pulse was evi-
dently disturbed for Pt electrode, for which more charge was
transferred within an oxidation pulse. For PEDOP and PEDOP/Tc,
the amount of charge injected during a negative and a positive
pulse was approximately the same.

3.4. Surface characterization

FTIR spectrum of PEDOP/Tc (Fig. 5A) exhibited typical bands for
PEDOP, including the band at approximately 1476 cm�1 assigned
to the asymmetric stretching bond of C = C. The absorption bands
at 1436 cm�1 and 1370 cm�1 were related to the inter-ring stretch-
ing bond of C-C. The typical band at around 1077 cm�1 was
assigned to C-O-C, while 1240 cm�1 belonged to stretching of C–
N [57,58]. Also the signals characteristic for Tc (Fig. 5B) were visi-
ble in the spectrum of PEDOP/Tc, including a band at 1449 cm�1

which was assigned to the amide bonds. Besides, 1640 cm�1 and
1580 cm�1 bands were observed as typical to the C = O stretching
in Tc rings, while a band at 1310 cm�1 was related to the deforma-
tion of OH [59].

The surface morphology of PEDOP, PEDOP/Tc, and a Pt-coated
glass slide was characterized by scanning electron microscopy
(Fig. 6) and atomic force microscopy (Figure S3). Both polymers

exhibited a spongy-like, highly porous morphology, with an arith-
metic mean height (Sa) of 4.36 ± 0.52 mm and 4.13 ± 0.90 mm for
PEDOP and PEDOP/Tc, respectively – much higher than Sa of a Pt-
coated glass slide (Sa = 0.21 ± 0.01 mm). An AFM-derived roughness
(Rrms), was much smaller than Sa, with the values of 5.1 ± 0.5 nm, 1.
5 ± 0.2 nm, and 2.0 ± 0.3 nm noted for a Pt-coated glass slide,
PEDOP and PEDOP/Tc, respectively, The wettability of the investi-
gated surfaces was determined by contact angle (h) measurements.
The results indicated that Pt-coated glass slides exhibited the most
hydrophilic character (h = 35.2� ± 10.5�). The rough surface of the
polymers slightly increased the contact angle values reaching h
of 38.2� ± 4.3� and 45.8� ± 8.5� for PEDOP and PEDOP/Tc,
respectively.

3.5. Adhesion strength

The adhesion forces of PEDOP and PEDOP/Tc to the Pt-coated
glass slide, as well as a layer of Pt to a glass substrate, were
analysed by means of a scratch test. The investigation of
cracks (Figure S4) allowed to identify two critical loadings, LC2
(Pt) – loading at which Pt layer was completely damaged, and LC
(P) – loading at which a polymer layer (either PEDOP or PEDOP/
Tc) was damaged entirely (Table 1). The strength of adhesion of
both PEDOP and PEDOP/Tc was found to be similar (approx
1.5 N), and was three times lower than the strength of adhesion
between a layer of sputter-coated Pt and a glass slide.

3.6. Antimicrobial activity

Antimicrobial activity of PEDOP/Tc was determined against
E.coli as a model bacterial strain, and was based on SEM

Fig. 4. Voltage profile during charge injection. Potential (E/V vs. Ag/AgCl)) vs. time
(t/ms) curves recorded for a current density of 36 mC/cm2 in PBS for PEDOP, PEDOP/
Tc and Pt-coated electrodes.

Fig. 5. Chemical characterization of polymer surface. Transmittance vs. wavenum-
ber (m/cm�1) FTIR spectra of PEDOP, PEDOP/Tc, and Tc; marked regions correspond
to bands characteristic for Tc (A), and a chemical structure of tetracycline
hydrochloride (B).
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measurements (Fig. 7A-C), by a quantitative analysis of bacterial
density (number of bacterial cells per 200 mm2) (Fig. 7D) and bac-
terial dimensions (length (Figure S5A), width (Figure S5B), and
aspect ratio (Fig. 7E)) after 3 h, 24 h and 48 h of culture. Even
though the high roughness of PEDOP and PEDOP/Tc could poten-
tially obstruct the observation of bacteria within the pores of the
coating, the use of high magnification (10 000 �) SEM images
and confocal fluorescent microscope images of different layers
allowed to provide a reliable analysis.

In the initial lag phase (after 3 h of culture in a closed batch sys-
tem), when bacteria attached to the surface, the density of E.coli
adhering to PEDOP/Tc was lower than that for a Pt-coated control
and stayed at a similar level in each time point. The presence of Tc
limited the adherence of bacterial cells in the initial lag phase
(0.7 ± 0.1 cells/200 mm2 related to 11.5 ± 1.0 cells/200 mm2 noted
for control) and their subsequent multiplication after 24 h
(0.9 ± 0.3 cells/200 mm2) and 48 h (1.9 ± 0.5 cells/200 mm2). Inter-
estingly, pristine PEDOP was not found to inhibit bacterial growth,

seeming to support the expansion of bacteria. After 3 h, the density
of bacterial cells on PEDOP (10.7 ± 0.9 cells/200 mm2) was similar to
the density of bacterial cells on a Pt-coated glass slide. After 24 h,
however, in the exponential growth phase, bacterial density on
PEDOP noticeably increased reaching 17.4 ± 2.0 cells/200 mm2

(while the density of 9.7 ± 1.4 cells/200 mm2 was noted for a con-
trol). After 48 h (death phase), a decrease in bacterial density
was observed on both PEDOP (4.9 ± 0.7 cells/200 mm2) and Pt
(3.8 ± 0.5 cells/200 mm2).

SEM microscopy allowed for a more detailed investigation of
cell morphology. In general, dimensions of spherocylindrical E.coli
vary in a range from 0.8 to 1 mm in diameter and from 2 to 4 mm in
length depending on available nutrition [60]. In our study, after the
first 3 h and 24 h, an average length (Figure S5A) and width (Fig-
ure S5B) of adhered bacterial cells depended on the investigated
surfaces, with the longest and widest cells observed on a Pt-
coated glass slide. However, after 48 h of culture, a significant
increase in both length and width on PEDOP/Tc was observed. Also,
the calculation of an aspect ratio, determining the circularity of
bacterial cells, indicated a significant bacterial cell elongation on
PEDOP/Tc.

LIVE/DEAD assay allowed to assess the viability of E.coli cells on
Pt-coated glass slides, PEDOP and PEDOP/Tc after 3 h, 24 h and 48 h
(Figure S6 & Fig. 7F). After 3 h of incubation, the highest percent-
age of live bacterial cells was noted on the surface of a Pt-coated
glass slide (61.8 ± 6.4 %), then less than half of bacterial population
on PEDOP/Tc (45.6 ± 2.4 %) and pristine PEDOP (25.8 ± 4.0 %). Sub-
sequently, after 24 h PEDOP/Tc presented the highest percentage of
live cells (53.4 ± 1.2 %) despite the very low density of bacteria. A
gradual increase in viability of bacterial cells was observed on pris-
tine PEDOP (36.7 ± 2.6 %), which was 42.2 % higher than in the
adhesion phase (3 h). However, a decrease in the percentage of live
cells to 43.8 ± 5.8 % was observed on a Pt-coated glass slide. 48 h of
culture was the time when a further increase in cell viability on the
surface of pristine PEDOP was noticed, reaching the value of
48.8 ± 0.5 %. The viability of bacteria on a Pt-coated glass slide
did not change significantly, remaining at a constant level
(47.4 ± 0.8 % of live cells). Simultaneously, a notable decrease in
the percentage of live cells concerning previous stages was deter-
mined for PEDOP/Tc (21.4 ± 2.4 %).

3.7. Neural cell cytocompatibility

Cytocompatibility of PEDOP and PEDOP/Tc concerning a Pt-
coated glass slide and an empty well as control was determined
towards rat neuroblastoma cell line (B35) using MTT assay, in
which the amount of reduced MTT was proportional to the meta-
bolic activity of the cell’s mitochondria, and to the number of
metabolically active cells in the population. As shown in Fig. 8A,
PEDOP/Tc exhibited similar cell viability (83.7 % ± 4.3 %) as a Pt-
coated glass slide (86.2 % ± 4.4 %), both fulfilling the criteria of bio-
compatibility [61]. Simultaneously, for pristine PEDOP the viability
of B35 cells was lower (59.3 % ± 3.6 %), and could be indicative of
moderate cytotoxicity of this material.

Flow cytometry was employed to evaluate the effects of PEDOP,
PEDOP/Tc, and Pt-coated glass slide on the B35 cell cycle after 48 h
of treatment. The cell cycle (Fig. 8B) is the process of generating
genetically identical daughter cells. It consists of two stages,
including the G0, sub-G1, G1, S, G2 interphase, and M mitosis dur-
ing which karyokinesis and cytokinesis take place. The sub-G1
phase includes cells that are dead as a result of apoptosis or necro-
sis. In the G1 phase, the cells are metabolically active and the syn-
thesis of lipids and proteins takes place. While in the G0 phase cells
are metabolically active but do not divide. S phase launches DNA
replication and histone synthesis, and G2 contains the synthesis
of lipids and proteins necessary in mitosis. Finally, in the M phase

Fig. 6. Surface morphology. 2D SEM micrographs and 3D SEM profiles of Pt-coated
glass slide (A), PEDOP (B), and PEDOP/Tc (C), scale bar is 30 mm.

Table 1
The strength of adhesion of PEDOP and PEDOP/Tc to the Pt-coated glass slide; LC2(Pt)
– loading at which Pt layer was damaged, LC(P) – loading at which a polymer layer
was damaged; n = 3.

Critical loading Pt-coated glass slide PEDOP PEDOP/Tc

LC2(Pt), N 4.1 ± 0.5 4.9 ± 1.6 3.3 ± 0.5
LC(P), N – 1.5 ± 0.1 1.3 ± 0.2
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cell’s growth and final division take place. As shown in Fig. 8C, no
significant differences in the distribution of the cell cycle phases
were observed when compared to the untreated cells. For all sam-
ples, the highest number of cells (over 60 %) were placed in the G0/
G1 phase, about 20 % in the G2/M phase, and about 10 % in the
other two phases (sub-G1 and S). Also, the results for the Pt-
coated glass slide were almost identical to the control in each
phase of the cell cycle. For PEDOP, the results were also similar,
however, for PEDOP/Tc the obtained data were slightly more varied
especially in sub-G1 and G2/M phases. Cells were not arrested in
the G0/G1 phase, indicating their normal development on the sur-
faces. Analysis of the sub-G1 fraction showed a slightly higher
number of damaged cells for PEDOP/Tc.

As cell cycle analysis indicated a presence of damaged cells in a
population, it was necessary to distinguish apoptosis as pro-
grammed, physiological cell death, from necrosis which acts as
an uncontrolled effect caused by external agents. The use of
Annexin-V apoptosis assay and flow cytometry enabled the obser-
vation and differentiation of normal, early-stage apoptotic, late
apoptotic, and necrotic cells on PEDOP, PEDOP/Tc, and a Pt-
coated glass slide as well as a control well after 48 h of culture
(Fig. 8D & Figure S7). The experimental results showed that nor-
mal cells were the most abundant on control samples: an empty
well (82.4 % ± 0.4 %) and a Pt-coated glass slide (74.0 % ± 0.7 %).
The highest percentage of early apoptotic cells was observed for
PEDOP (6.7 % ± 1.8 %), and significantly less for a Pt-coated glass
slide (2.9 % ± 0.6 %) and PEDOP/Tc (1.9 % ± 0.1 %). For late apoptosis,
again, the highest percentage was observed for PEDOP (30.8 % ± 0.4
%), and lower for PEDOP/Tc (23.9 % ± 1.8 %) and Pt-coated glass
slide (19.8 % ± 1.3 %). Necrotic cells were scarce in each case, with
only 5.3 % ± 1.7 % observed for PEDOP/Tc and 1.1 % ± 0.4 % for pris-
tine PEDOP.

SEM micrographs of B35 rat neuroblastoma cells cultured on a
Pt-coated glass slide, PEDOP, as well as PEDOP/Tc were presented
in Fig. 9A-C. It could be noticed, that neural cells, when cultured
on different substrates, differed in size as well as the level of net-
working (Fig. 9C-D). Due to the favourable surface roughness of

polymeric substrates, cells were found to be anchored on both
PEDOP and PEDOP/Tc (as marked with a rectangular shape in Fig. 9-
B-C). A close interaction of neurons with polymers was observed,
with neurites climbing the surface of PEDOP and PEDOP/Tc and
penetrating their structure. Notably, neurons cultured on PEDOP/
Tc exhibited highly complex and evenly distributed neurites creat-
ing interconnected networks. On the other hand, neurons cultured
on pristine PEDOP were found to form clusters with shorter neu-
rites (Fig. 9D) and limited branching (Fig. 9E).

4. Discussion

Identifying the major limitations of noble metal-based neural
interfaces as an exacerbation of the inflammatory response and
an easy surface colonization by bacterial cells, we aimed to provide
a coating combining neuroprotective and antibacterial functional-
ities with excellent electrochemical characteristics. Basing on our
previous experience in designing protective neural coatings
[33,39,40,42,43], we have hypothesised that PEDOP should serve
as an excellent electroactive carrier for Tc, an antibiotic known
from its neuroprotective functions [44,62–64]. To verify our
hypothesis, we have fabricated Tc-loaded PEDOP matrices, and
extensively examined their properties, including electrochemical
performance, surface morphology, adhesion strength, antibacterial
effects against E.coli and neuroprotective effects towards B35 cells.

Electrochemical oxidation process enabled to obtain a pristine
polymer matrix (PEDOP) as well as a polymer with immobilized
antibiotic – tetracycline (PEDOP/Tc). In both cases, the oxidation
of EDOP occurred at the potential of 0.7 V, which was approx.
0.5 V lower than the potential typically observed for the oxidation
of its more famous ‘‘relative”, EDOT [33], confirming that the
electron-rich structure of EDOP facilitates the process of elec-
tropolymerization [65]. As polymerization medium consisted of a
phosphate-buffered saline (PBS), it is expected that PEDOP was pri-
marily doped with chlorides, and co-doped with phosphates. Since
PBS is known to simulate physiological conditions, it has been

Fig. 7. Antibacterial activity of PEDOP and PEDOP/Tc. SEM micrographs of E.coli on the surface of a Pt-coated glass slide (A), PEDOP (B) and PEDOP/Tc (C) after 48 h of culture;
density of E.coli (number of bacterial cells per 200 mm2), * = p < 0.05, n = 3 (D), and average aspect ratio calculated from corresponding SEMmicrographs, * = p < 0.05, n = 80 (E).
Percentage of live bacterial cells on Pt-coated glass slides, PEDOP and PEDOP/Tc after 3 h, 24 h and 48 h, * = p < 0.05, n = 8 (F).
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hypothesized that PEDOP electrodeposited in the presence of PBS
should be stable upon implantation. Although Tc was present in
the polymerization solution in a form of a hydrochloride salt, it is
supposed that due to its bulky nature, the immobilization of Tc
relied on physical entrapment rather than ionic interactions, as
shown previously [33].

The fact that at the final CV cycle higher charges were trans-
ferred through PEDOP/Tc than PEDOP suggested that the presence
of Tc affected the capacitance of PEDOP. This effect could be asso-
ciated with a high molecular size of Tc, since large molecules can
affect polymer density and thus modify its physicochemical prop-
erties [66]. To further investigate this issue, a parameter called a
charge storage capacity (CSC) was calculated, since it allows to
determine the maximum amount of charge stored in a polymer
matrix. Noticeably, materials possessing high CSC values are found
to enhance neural stimulation and recording [67,68]. Intrestingly,
the highest CSC was achieved for PEDOP/Tc deposited from a solu-

tion containing 5 mM Tc (63.65 ± 6.05 mC/cm2), and this sample
outperformed pristine PEDOP, as well as other previously studied
drug-loaded conducting materials, such as PEDOP/ciprofloxacin
(20.7 ± 1.6 mC/cm2), PEDOP/quercetin (41.9 ± 3.5 mC/cm2) [40],
PEDOP/ibuprofen (13.7 mC/cm2) [39], or PEDOT/Tc (19.15 ± 6.09
mC/cm2) [33]. Nevertheless, higher Tc concentration did not lead
to further increase in CSC values. A similar trend was described
previously in the literature, e.g. in the works examining the effect
of ibuprofen concentration on the electropolymerization of pyrrole
[56] as well as EDOP [39]. In both cases, the inhibition of a poly-
merization process and a decrease in release efficiency was
observed for drug concentration exceeding 15 mM, and was
explained by the steric effects of drug molecules used as dopants.

Similarly to the results presented in other works [69,70], CSC
values were found to steadily increase with the number of CV
cycles. Therefore, electrochemical polymerization of EDOP could
be considered as living polymerization, where the amount of
formed polymer is determined by the accessibility of monomer
and electrical charge. Still, it must be kept in mind that while
CSC describes the electroactivity of a conducting polymer coating,
it does not fully reflect its ability to immobilize and release drug
molecules.

Fig. 8. Neuroprotective effects of PEDOP and PEDOP/Tc. Cells viability assessed
through a MTT assay (after 48 h of culturing B35 cells in an empty well (untreated
control), as well as on the surface of Pt-coated glass slide, PEDOP and PEDOP/Tc (A),
a diagram representing a typical cell cycle (B), cell cycle analysis (C), and percentage
of cells in each phase (D); for each * = p < 0.05 (vs. control), n = 9.

Fig. 9. Interactions between B35 cells and polymer surface. SEM micrographs of
B35 cells on a Pt-coated glass slide (A), PEDOP (B) and PEDOP/Tc (C) after 48 h of
culturing; the average length of neurites (D), and an average number of
neurites/cell (E).
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When immobilizing a drug into the polymer structure, it is nec-
essary to determine the actual amount of trapped biomolecules
that can be released. Previous studies [29] reported that non-
optimized electropolymerization conditions may lead to the for-
mation of a so-called ‘‘dead volume” – the situation when conduct-
ing polymer matrix is too thick to allow the release of drug. In this
study, the use of a polymerization solution containing 5 mM Tc
enabled to fabricate a material able to carry the highest amount
of Tc (up to 59.4 mg/l), which significantly exceeded the minimum
inhibitory concentration (16 mg/l) predicted for resistant bacteria
[71]. Moreover, this concentration was achieved for the polymer
layer deposited during 25 CV cycles, and a further increase in the
number of cycles was not associated with the increase in drug
release efficiency, probably due to the aforementioned ‘‘dead vol-
ume” effect.

PEDOP/Tc was also found to release Tc spontaneously, in the
absence of an electrical trigger. Even though the achievable Tc con-
centrations (9.4 mg/l) were lower than in case of an electrically-
triggered release, they were much above a therapeutic level. Fitting
the experimental data to the Avrami’s kinetic model, which is fre-
quently used to describe the release kinetics of conducting
polymer-based drug delivery systems [43,54,72], revealed a rela-
tively low value of drug release constant (0.095 1/h), suggesting
prolonged time of release. The fact that the exponent of release
(n) was close to 0.5 indicated that the release of Tc from PEDOP/
Tc has a diffusive character [73,74], which is consistent with previ-
ous studies on conducting polymer-based drug delivery systems
working under open circuit conditions [73].

Although the presence of PEDOP/Tc was found to greatly
decrease the impedance and charge transfer resistance of Pt-
coated electrodes, the effect was much more evident for pristine
PEDOP, suggesting hindered electron transfer in the presence of
Tc. Still, the charge transfer resistance of PEDOP/Tc was low
enough to consider it as an interface able to enhance the perfor-
mance of neural electrodes [75,76] and the detection of electro-
physiological signals [77]. The analysis of a phase angle profile
and constant phase element parameters indicated that particularly
PEDOP acted as an imperfect capacitor (a decrease in n-value)
exhibiting high capacitance (an increase in P value). A significant
decrease in the value of a Warburg parameter suggested limited
diffusion of faradaic current in the case of both PEDOP and
PEDOP/Tc [78].

Ideally, neural electrodes should allow to deliver a stable, con-
stant electrical signal for the whole duration of a stimulating pulse
[79]. Voltage profiles recorded during a charge injection event
equivalent to a biphasic pulse used in the treatment of neural dis-
orders highlighted the non-ideality of a platinum-based neural
interface. Pt electrode was found to deliver signal that was variable
in time and consisted of an initial ohmic drop followed by a grad-
ual polarization. Besides, enhanced interface polarization noted for
a Pt-coated electrode could be considered as a sign of a low charge
injection capacity of this material [52]. In contrast, both PEDOP and
PEDOP/Tc displayed a stable performance with much lower initial
ohmic voltage drop, which was not followed by additional polar-
ization. Therefore, by using both polymers, and particularly PEDOP,
it was possible to inject more charge without exceeding the elec-
trochemical water window for the electrodes, which is a typical
benefit of using conducting polymers as neural interfaces [80].

While designing neural interfaces it is crucial to consider
mechanical interactions between the implant and the brain. The
mechanobiology of brain function involves cellular processes gen-
erating the forces in the order of pN [81]. The major challenge for
any neural interface would be, however, to maintain its integrity
during the implantation. Although the insertion force is dependent
on several parameters, including implant geometry, mechanical
properties, and insertion speed, the typical forces applied during

insertion are in the order of mN [82]. With the adhesion force of
approx. 1.5 N, both PEDOP and PEDOP/Tc are expected to ‘‘survive”
the process of implantation and remain stable in the body
afterwards.

Apart from beneficial electrochemical characteristics, mechani-
cal robustness and high drug content, antibacterial and neuropro-
tective interfaces should exhibit defined surface morphology. High
roughness has a significant impact on neural applications, since it
is known to lead to high effective surface area and lower electrode
impedance [83]. Also, roughness is a crucial factor for cell attach-
ment, because rough structures favor neuronal anchorage [84]. At
the same time, rough surfaces could increase bacterial attachment
and biofilm formation [85]. The issue of surface roughness is,
therefore, a double-edged sword. Recent studies have suggested
that by a careful manipulation with surface roughness, it is possi-
ble to fabricate surfaces facilitating cell attachment and limiting
bacterial adhesion. Diaz et al [86] noticed that bacteria prefer to
adhere to nanopatterned surfaces than smooth ones. Interestingly,
the same bacteria were not found to adhere easily to micro-rough
structures. Sorkin et al [84], on the other hand, demonstrated that
cell attachment is favored if surface roughness matches the sizes of
neurons. PEDOP and PEDOP/Tc were found to exhibit a complex
microstructure with considerable smooth polymer aggregates den-
sely located on the electrode, giving rise to highly rough surface.
Because of the variability in surface roughness at different levels
of magnification, it should be expected that PEDOP and PEDOP/Tc
would be susceptible to the attachment of neural cells while pre-
venting the adhesion of bacterial cells.

Also the evaluation of wettability plays a crucial role in material
comparison. Based on previous reports [87–92], it is known that
the hydrophilicity of the material is an important factor contribut-
ing to both cell adhesion as well as biofilm formation. In general,
substrates with extremely hydrophobic or hydrophilic properties
limit interactions between E.coli and surface. It is also known that
hydrophobic bacteria are repelled by the hydrophilic surface due to
electrostatic interactions [93]. Consequently, hydrophilic bacteria
like E.coli should be more attracted to hydrophilic surfaces [94–
96]. For instance, Yuan et al [87] demonstrated that moderate
hydrophobicity (h of 90�) facilitates bacterial cell adhesion. Also,
neural cells were observed to exhibit the strongest adhesion to
hydrophilic surfaces (h of 55�) [97]. On the other hand, Wang
et al [98], decided to cover PLGA/MWNCT scaffolds with poly-L-
lysine to provide a hydrophilic environment, which resulted in
effective attachment and proliferation of PC-12 and Schwann cells.
As both PEDOP, PEDOP/Tc and Pt-coated glass slides are typically
hydrophilic surfaces, they seem to serve as an extremely favour-
able environment for both neural cell attachment and bacterial
biofilm development.

For the assessment of antimicrobial activity of PEDOP and
PEDOP/Tc, E.coli was selected as a Gram-negative bacterial strain
commonly inhabiting biomedical devices and causing nosocomial
infections [99–102]. Microscopic observations of bacterial adhe-
sion enabled us to perceive that pristine PEDOP exhibited promot-
ing effect for bacterial attachment, while PEDOP/Tc showed a
bacteriostatic effect. Moreover, bacterial dimensions (length, width
and aspect ratio) calculated basing on SEM micrographs revealed
significantly elongated cells on the surface of PEDOP/Tc. The
change in bacterial dimensions was expected to be the result of
the action of released Tc. Under constant conditions, bacteria usu-
ally maintain a uniform rod shape with an approximately perma-
nent width and varying length during the cell cycle [103,104].
The presence of external factors, such as antibiotics, often leads
to the occurrence of bacterial stresses causing disturbances in cell
division. It can be observed as an elongation of bacterial cells
which was described previously [105–107]. An inadequate amount
of protein initiating the division process results in the formation of
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filamentous cells while maintaining a constant width, which is
reflected in the aspect ratio [108,109]. These observations, together
with the results of bacterial density and dimension analysis, indi-
cated that PEDOP/Tc exhibited a long-term antimicrobial activity.

In the first stage, the release of Tc led to the reduction in cell
adhesion to the surface, elongation of bacterial cells, and a visible
decrease in their viability. On contrary, pristine PEDOP strongly
promoted bacterial cell adherence with a steady increase in their
viability. The rough surface of PEDOP together with its hydrophilic-
ity, as assumed, turned out to be favourable for bacterial coloniza-
tion, especially when compared with a smooth surface of Pt-coated
glass slide. Due to its ability to prevent the association of
aminoacyl-tRNA with the bacterial ribosome, the incorporation of
Tc into a conducting polymer matrix allowed to switch the bacte-
rial growth promoting nature of PEDOP to bacteriostatic character-
istics of PEDOP/Tc. Even though Tc is considered as bacteriostatic,
it exhibits a slow bactericidal effect when its concentration
exceeds 10–500 times the minimal inhibitory concentration
(MIC) [110]. This was found to be a case for PEDOP/Tc, for which
the maximum amount of released Tc was 3000 higher than MIC.

Neuroprotective functions of PEDOP/Tc were evaluated using a
rat neuroblstoma B35 cell line, which exhibits almost normal kary-
otype and neuronal properties [111] and is frequently used as a
model to analyse CNS neurons in culture, particularly in the
research aimed to study signalling pathways that guide axonal out-
growth and cell motility [111–113], as well as neuroprotective
activity [114,115]. The results of biological assays and SEM imag-
ing clearly showed that the presence of Tc in PEDOP matrix had
a beneficial effect on neural cell proliferation. As described previ-
ously [116–118], tetracyclines are a group of antibiotics with large
therapeutic effects extended in a wide range of diseases, also pos-
sessing anti-inflammatory and neuroprotective functions
[44,45,62,119]. The presence of Tc allowed diminishing the moder-
ate cytotoxic effects of PEDOP matrix on B35 cells, highlighting
neuroprotective effects of this antibiotic. Indeed, numerous
in vitro and in vivo models [44–46,120,121] have shown that tetra-
cyclines are able to prevent neural cell death by at least two mech-
anisms. The first one considers the ability of tetracyclines to
attenuate innate and adaptive immunity through the inhibition
of microglial activation and proliferation, induction of caspase-1
and inducible nitric oxide synthase, as well as induction of
cyclooxygenase 2 [44]. Another proposed mechanism states that
tetracyclines target mitochondrium and block the release of pro-
apoptopic factors: cytochrome c, SMAC and an apoptosis-
inducing factor [120,121]. Since in our study we used a single cell
line, we expect that the observed neuroprotectice effects of PEDOP/
Tc resulted from the blockage of the apoptopic cascades.

Besides, a close integration of neurons with PEDOP/Tc was
observed through SEM analysis, with neurites climbing the surface
of PEDOP and PEDOP/Tc and penetrating their structure. A similar
effect observed previously for a bioinspired microcone-array-based
living biointerface [122] was the consequence of the rough micro-
and nanostructure of the surface, which should also play a key role
in the case of neuronal anchorage to PEDOP/Tc. Another study [84]
highlighted that a high level of integration can be realized particu-
larly for surfaces for which roughness matches the diameter of
neuronal processes. Although the diameter of a human neuron cell
body (10–50 mm) is considerably larger than polymer structures
present on the surface of PEDOP, the diameters of axon (1–
25 mm) and neurite (fraction of a micrometer) [123] are compara-
ble with polymer roughness. Consequently, neurons cultured on
PEDOP/Tc were found to exhibit highly complex and evenly dis-
tributed neurites creating interconnected networks, which are
essential for proper brain functionality [122,124]. Because a close
integration between the electrode and tissue allows facilitating
charge transfer enhancing the efficiency of treatment [125],

PEDOP/Tc was shown as a perfect candidate to serve as a polymer
coating for biomedical devices.

5. Conclusions

In this work, a conducting, antibacterial and neuroprotective
polymer coating for biomedical devices was developed by immobi-
lizing tetracycline into the poly(3,4-ethylenedioxypyrrole) matrix.
Optimized material presented prominent electrochemical proper-
ties (CSC of 63.65 ± 6.05 mC/cm2, low charge transfer resistance,
and ability to deliver a stedy electrical signal), as well as high drug
release efficiency (629.4 mg/cm2 ± 62.7 mg/cm2) and mechanical
stability. PEDOP/Tc demonstrated a strong antimicrobial effect
expressed through negligible adhesion, reduction in viability, and
characteristic elongation of bacterial cells. In contrast, pristine
PEDOP appeared to greatly promote bacterial attachment and
development by providing favourable growth conditions. The pro-
tective effect of PEDOP/Tc film on neural cells was demonstrated
by MTT, cell cycle, and apoptosis assay with the use of a rat neu-
roblastoma B35 cell line. Cell viability was significantly increased
due to the presence of Tc, making PEDOP/Tc suitable for neural
applications. What is more, PEDOP/Tc proved to lead to the
increase in the number of neurites per cell as well as neurites
length when compared with cells grown on Pt-coated glass slides
and a pristine PEDOP layer. Consequently, PEDOP/Tc was shown
as an appropriate candidate for neural interface applications, pos-
sessing advanced electrochemical properties coupled with effec-
tive antibacterial effect and high cytocompatibility.
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Abstract: The invention of a scanning electron microscopy (SEM) pushed the imaging methods and
allowed for the observation of cell details with a high resolution. Currently, SEM appears as an
extremely useful tool to analyse the morphology of biological samples. The aim of this paper is to
provide a set of guidelines for using SEM to analyse morphology of prokaryotic and eukaryotic
cells, taking as model cases Escherichia coli bacteria and B-35 rat neuroblastoma cells. Herein, we
discuss the necessity of a careful sample preparation and provide an optimised protocol that allows
to observe the details of cell ultrastructure (≥ 50 nm) with a minimum processing effort. Highlighting
the versatility of morphometric descriptors, we present the most informative parameters and couple
them with molecular processes. In this way, we indicate the wide range of information that can
be collected through SEM imaging of biological materials that makes SEM a convenient screening
method to detect cell pathology.

Keywords: Escherichia coli; image analysis; morphological analysis; morphometry; neuroblastoma;
scanning electron microscopy

1. Introduction

A continuous development of biological research is possible due to the constant
improvement in experimental techniques. The classical observational and descriptive meth-
ods in light microscopy allowed for the visualisation of objects invisible to the naked eye,
constituting a breakthrough in microbiology and medicine. The invention of an electron
microscopy enabled to observe cell details, including the smallest cell organelles, with a
high resolution [1]. Thanks to the continuous advances in scanning electron microscopy
(SEM), the observation of the micro world and a deep interpretation of observed images
have become achievable.

The first SEM image was taken in 1935 by Max Knoll [2], and now SEM is an extremely
useful method in biomedical engineering, allowing a comprehensive observation of isolated
microorganisms or cells at a significant magnification [3]. To create a SEM image, an electron
beam is emitted from a cathode, accelerated and attracted by a positively charged anode.
When accelerated electrons hit the specimen, their kinetic energy is dissipated, which is
a source of secondary electrons (typically used to create a SEM image), reflected or back-
scattered electrons, characteristic X-rays (used for elemental analysis by means of an energy
dispersive spectroscopy), light, heat, and transmitted electrons. The resolution of obtained
image depends on electron wavelength, which is much shorter than the wavelength of
visible light providing much higher resolution (typically approx. 10 nm) than in traditional
light microscopy (about 200–250 nm). New generations of high resolution SEM allow to
achieve image resolution of 1 nm, approaching the resolution typical for a transmission elec-
tron microscopy, TEM, but without requiring high accelerating potentials (100–200 kV) [4].
Nevertheless, since the best instrumentation is only as good as the best specimen [5], sample
preparation should be performed under favourable conditions.
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The aim of this paper is to provide a set of guidelines for using a scanning electron
microscopy to analyse morphology of prokaryotic and eukaryotic cells, taking as model
cases Escherichia coli bacteria (known as a molecular biologist tool box [6]) and B-35 rat
neuroblastoma cells (an easily transfected, cultured cell model of central nervous system
neurons [7]). We discuss the necessity of a careful sample preparation and provide an
optimised protocol that allowed to observe the details of ultrastructure (≥ 50 nm) of model
cells with a minimum processing effort. Highlighting the versatility of morphometric
descriptors that can be used to analyse prokaryotic and eukaryotic cells, we present the
most valuable parameters and couple them with molecular processes, such as cell division,
mobility, growth dynamics, apoptosis, and necrosis. In this way, we indicate the wide
range of information that can be collected through SEM imaging of biological materials.

2. Sample Preparation

To obtain a high resolution SEM image of small objects, such as bacteria and eukaryotic
cells, proper preparation of a sample is essential. Since it is crucial to maintain a vacuum of
at least 10−4 Pa and to prevent contamination, biological samples must be carefully pro-
cessed and dehydrated. An inadequate preparation of a specimen may result in shrinkage
and deformation of cells, leading to incorrect results and misleading interpretations [8].
The process of preparing biological samples for SEM imaging consists of several stages,
and the main ones include fixation, dehydration and drying. In addition, specimens are
typically sputter-coated with a conducting film, since the investigated surface should be
conductive to prevent image distortion caused by an electron charging effect [9].

2.1. Fixation

In the first stage of sample preparation (fixation), biological samples are treated with
protein and/or lipid crosslinking reagents. The aim of this process is to keep the structure
of a biological material unchanged, thus enabling the imaging of a natural state of an
object. Fixation should also prevent autolysis and decomposition of cells. Many fixatives
are known [10], however in practice the most commonly used are glutaraldehyde, osmium
tetroxide or their mixtures with other compounds, e.g., paraformaldehyde—the comparison
of their properties is presented in Table 1. Generally, the penetration of a fixative into
the cell membrane is a long-term process lasting from several to several dozen hours,
requiring the use of an appropriately selected pH, temperature, and osmolarity. The basic
fixative with the strongest protein crosslinking character is undoubtedly glutaraldehyde.
Its effectiveness is related to its multicomponent nature, where at a given pH several
forms are present in a reagent solution [11–13]. Osmium tetroxide is the second most
commonly used biological fixative that crosslinks lipids. However, it penetrates into the
cell structure slower than glutaraldehyde. Moreover, its vapours are harmful to eyes,
respiratory and digestive systems. Osmium tetroxide is also a strong oxidising agent, and
can cause undesirable damage or shrinkage of membrane components during the fixation
process [14]. Sometimes paraformaldehyde in combination with glutaraldehyde is used
due to faster penetration into the tissue, but this mixture exhibits a weaker fixing effect.
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Table 1. Comparison of the most popular fixatives used for processing of biological materials for SEM imaging; where
dH2O is deionised water, CAC is a cacodylate buffer; PB is a phosphate buffer.

Fixing Agent Fixing
Conditions Fixing Time Rinsing

Conditions Major Risks Ref.

Osmium tetroxide

1% OsO4 in
dH2O or 0.1 M

CAC
30–60 min

1 × 2 min with
0.1 M CAC or

dH2O, and
2 × 2 min with

dH2O

Causes eye and skin burns. Causes
digestive and respiratory tract

burns. Aspiration hazard if
swallowed. Can enter lungs and

cause damage. May cause adverse
reproductive effects.

Target organs: kidneys.

[9,15–17]

0.5% OsO4 and
0.8%

K4Fe(CN)6 in
dH2O or 0.1M
CAC (reduced

osmium)

30–60 min

1 × 2 min with
0.1 M CAC or

dH2O, and
2 × 2 min with

dH2O

Causes eye and skin burns. Causes
digestive and respiratory tract

burns. Aspiration hazard if
swallowed. Can enter lungs and

cause damage. May cause adverse
reproductive effects.

Target organs: kidneys.

[9,15–17]

Glutaraldehyde
1.5–4% in 0.1 M
CAC or PB, pH

6.8–7.4

20–60 min for
animal cells,
1–48 h for

bacterial cells

3 × 2 min with
0.1–0.2 M CAC

or PB

Causes eye and skin burns. Causes
digestive and respiratory tract

burns. May cause allergic
respiratory and skin reaction.

Harmful if swallowed, inhaled, or
absorbed through the skin.

Aspiration hazard if swallowed.
Can enter lungs and cause damage.

Dangerous for the environment.
Target organs: central nervous

system, lungs, respiratory system,
eyes, skin.

[9,14–
16,18]

Paraformaldehyde
4% in 0.1 M

CAC or PB, pH
6.8–7.4

30–60 min for
animal cells, 48 h
for bacterial cells

4 × 5 min with
0.1 M CAC or PB

Harmful if swallowed. Causes skin
irritation. May cause an allergic

skin reaction. Causes serious eye
damage. Harmful if inhaled. May

cause respiratory irritation.
Suspected of causing cancer.

Target organs: respiratory system.

[9,16,19]

Methacarn
methanol/

chloroform/
acetic acid 6:3:1

48 h for bacterial
cells

4 × 5 min with
0.1 M CAC

May cause irritation to the eyes,
nose, throat, headache, dizziness,

nausea.
Target organs: eyes, skin,

respiratory system, central nervous
system, gastrointestinal tract.

[16,20]

2.2. Dehydration

Living organisms are largely composed of water, and it is necessary to dry them
properly before placing them in a vacuum. Therefore, another important step in the
preparation of biological samples for SEM analysis is dehydration, in which water present
in cells is gradually removed. The dehydration process is carried out by immersing
samples for several minutes in water solutions of increasing concentrations of ethanol or
acetone, until reaching ethanol/acetone concentration of 100%. Ethanol is preferable as
a dehydrating agent due to the fact that anhydrous acetone absorbs water more strongly
from the atmosphere than from a specimen [9,14]. Additionally, it has been shown that
ethanol dehydration causes only a minimal reduction in a cell size [21].

An interesting approach is the application of an organosilicon compound, hexamethyl-
disilazane (HMDS), as a drying agent exhibiting a reduced surface tension and an ability
to crosslink proteins. HMDS treatment is supposed to improve a mechanical stability of
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a specimen, which is beneficial in the next steps of sample processing and imaging [22].
HMDS is typically used as a final dehydrating solution in the course of an ethanol/acetone
dehydration process [23]. After the last HMDS wash, specimens are left in HMDS until the
complete evaporation of the solution. Numerous studies confirmed that HMDS treatment
prevents the occurrence of imaging artifacts, allows a specimen to preserve surface details,
as well as preserves cell microstructure without shrinkage [24]. Therefore, this drying
method can be successfully employed for the visualisation of delicate samples, for instance
pollen grains [25], but also hepatic endothelial cells [22], porcine retina [23] and bacteria
(P. fluorescens) [26]. The risk of changing surface properties of a specimen as a result of
silanization [27], however, restricts the application of HMDS treatment for high resolution
imaging. Another drawback of HMDS is its acute toxicity [28].

An alternative to conventional SEM imaging performed under reduced pressure is
the use of an environmental scanning electron microscopy (ESEM), in which the pressure
around the sample is increased to 10–20 torr. In this method, gas particles in the chamber
are ionised facilitating a free flow of current, which in turn allows for imaging of wet and
non-conductive samples. The obvious advantage of imaging biological materials with
ESEM is the ability to collect an image with minimal sample preparation [29,30]. However,
a negative effect of humidity is still observed at higher pressures, and the presence of
condensed water layer on a sample can result in low contrast and poor visibility of fine
details of cells. Moreover, applied conditions are at a burden for biological materials,
therefore it is generally accepted that a single ESEM sample can be only viewed once [31].
According to these limitations, the major challenge associated with ESEM is to dry the
samples while preventing structural damage to investigated materials. Common drying
methods include critical point drying, freeze-drying and direct air-drying after dehydration
with alcohol.

Critical point drying (CPD) takes advantage of the fact that at the critical point the
liquid turns into gas, and this phenomenon is not accompanied by distorting forces. A
previously used dehydrating agent is displaced with a liquid (carbon dioxide or freon)
brought to a critical point at elevated temperature and pressure. Once the critical point
is reached, the heat is kept at the critical temperature and steam is slowly released from
the chamber until the vessel reaches atmospheric pressure [14]. CPD procedure allows
to reduce surface charging and improve contrast of observed materials, however it is
not devoid of drawbacks. CPD requires the use of an additional equipment, and some
types of samples may show artifacts, cracks, and undergo significant shrinkage upon
processing [8,32]. Although CPD was found to cause a 25–30% reduction in the diameter of
dehydrated cells, high resolution SEM studies demonstrated that all structural components
of cells retained their usual relationship [21].

In a freeze-drying method, a specimen in the aqueous phase is quickly frozen and
transferred to a special chamber where the temperature is kept below −80 ◦C. The frozen
substance sublimates to the gas phase and then is absorbed or removed by vacuum. The
process of freeze-drying can take from several hours to several days depending on sample
size, temperature, and pressure. The major advantage of this method is limited shrinkage,
especially when compared with CPD. However, some disadvantages include the need
for a special equipment, problems with rapid freezing and transfer of the sample, long
time needed to dry biological samples, and the presence of a sediment remaining on the
sample surfaces. Additionally, freeze-drying can cause distortions and damage due to the
formation of ice crystals [8,32–34].

The above-mentioned drying techniques, although giving excellent results for certain
biological samples, are not always suitable for examining every microorganism or tissue.
Moreover, they require complex, specialised, and expensive equipment. Therefore, the
easiest and most effective way for drying of biological samples is a simple air-drying [35,36].
Although air-drying carries the risk of an excessive shrinkage, cracking, and collapse of
fragile structures such as cilia and flagella, the use of solvents such as ethanol or HMDS in
the dehydration phase enables to apply air-drying without damaging tested materials [34].



Cells 2021, 10, 3304 5 of 16

2.3. Sputter-Coating

Being non-conductive materials, dehydrated biological samples usually cause charg-
ing problems in SEM. The charge accumulated on the sample disrupts the primary electron
beam leading to image distortion and low contrast. Therefore, it is essential to cover the
sample with a thin layer of a conducting material, thus increasing its surface conductiv-
ity [37]. Consequently, a dried sample is placed in a vacuum sputter-coater. The pressure in
chamber is lowered by means of a vacuum pump, and an inert gas is introduced. Then, gas
molecules are ionised and strike a charged heavy metal target. Thereby, some of the atoms
are knocked out and can coat the sample. The preferred sputtering metals are gold, gold-
palladium, platinum, iridium, and chromium, while the three latter are usually selected for
a high resolution imaging. Iridium, particularly, is preferably chosen as a coating material
for high magnification applications [38], mainly due to its stability, resistance to oxidation,
and the ability to provide a virtually grain-less coating layer [39]. Apart from metals, also a
carbon layer can be used to increase surface conductivity of samples, particularly those
amenable for X-ray microanalysis [38]. This material, however, should be deposited by
either ion-beam sputtering or vacuum evaporation, since in conventional direct current
magnetron sputter coaters it tends to form non-conducting diamond-like carbon films.

2.4. Optimised Protocol for Sample Preparation

Obviously, different research groups have developed their own sample preparation
protocols, suitable for the visualisation of particular biological samples with a resolution
degree matching specific needs. The majority of current SEM protocols [40–42] involves two
fixation steps, one with paraformaldehyde and/or glutaraldehyde, and the other one with
osmium tetroxide. Washing of specimen is followed by ethanol or acetone dehydration,
critical point drying and metal sputter-coating. When adopted, these protocols may allow
for the visualisation of biological objects with a resolution of 5 nm. Undoubtedly, this level
of detail is high enough to thoroughly investigate a cell’s ultrastructure. Still, the majority
of morphometric descriptors, as described later in this review paper, do not require such a
high resolution.

The complexity of aforementioned approach inspired researchers to investigate how
the modification of a sample preparation protocol would influence the quality of imaging.
For instance, Moran et al. [23] studied numerous sample preparation methodologies for
imaging the ultrastructure of porcine retina, representing a delicate biological tissue. It was
shown that the additional fixation with osmium tetroxide did not improve the quality of
imaging, providing that samples were first fixed in a formalin solution. Additionally, a
careful dehydration of specimens with ethanol and HMDS was found to provide similar
results as CPD, with an additional benefit of no specialised equipment required, lower
costs and time commitment [23]. In the light of the above, we decided to further investigate
whether simplifications of a sample preparation protocol could allow for collecting SEM
images with an acceptable image quality.

In our research, we used SEM imaging to visualise the morphology of two types of
biological samples representing prokaryotic and eukaryotic cells: a model Gram-negative
bacterial strain Escherichia coli (DSM 30083, U5/41), and a cultured cell model of central
nervous system neurons, namely rat neuroblastoma cell line B-35 (ATCC® CRL-2754™).
The details of culturing both types of cells can be found in our previous reports [43–45].
According to the optimised sample preparation protocol [43–45], cells were fixed using 3%
glutaraldehyde for 24 h, then washed three times with sterile distilled water. Subsequently,
samples were dehydrated by immersing them for 10 min in the solutions of ethanol with
increasing concentrations (30%, 50%, 70%, 80%, 90%, 95%, 99.8%), then dried for 24 h
at 50 ◦C. To enhance the quality of imaging, dehydrated samples were sputter-coated
with a gold layer to produce a 5 nm thick conducting film. The developed protocol is
depicted in Figure 1. Although this processing method is not recommended for collecting
high resolution SEM images (resolution < 5 nm), it allows for imaging the details of cell
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ultrastructure larger than 50 nm, which is enough to carry on a morphometric analysis as
described further in this paper.

Figure 1. Schematic representation of the optimised protocol for the preparation of Escherichia coli
and B-35 cells for SEM imaging.

3. Morphometric Analysis of Model Prokaryotic Cells: Escherichia coli

As prokaryotic cells, bacteria represent a maximally simplified structure consisting of
cell organelles and DNA loosely embedded in the cytoplasm, surrounded by a cytoplasmic
membrane and a rigid cell wall [30,46]. It has been shown that although various species of
bacteria may differ significantly in shape or size, the variation in cell dimensions (length,
width, aspect ratio, volume, etc.) may carry useful information about their growth phase,
growth rate, and nutritional conditions. Moreover, shape is a selectable feature that helps
cells survive under various conditions. Bacteria react to the surrounding environment to
adopt size and shape that are optimal for current environmental conditions.

SEM is widely used in microbiological analysis to assess the morphology of bacterial
cells, their adhesion to the surface, as well as their tendency to form bacterial biofilms [43–
45]. Moreover, SEM allows to estimate the number and distribution of microorganisms
on the investigated surface [43]. The versatility of results that can be collected by SEM
analysis makes this type of microscopy favourable for the evaluation of antimicrobial
character of medical surfaces [43], effectiveness of new antibiotic agents [47] or bioactive
materials [44,45]. What is more, a high resolving power of SEM allows obtaining reliable
information on the state of microorganisms in their natural environment [47–49].

Cell length and cell width can be easily measured from SEM images by manually
tracing the dimensions of individual cells (Figure 2A,B). Results are usually reported as
the mean value of multiple measurements. Dividing bacterial width by length allows
to determine aspect ratio, which is close to unity for circular cells and decreases when
bacterial cells become elongated. The values of bacterial length (L) and width (W) can be
used to calculate cell volume (V) using the following equation [50]:

V =
πW2

4
(

L − W
3

) (1)
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Figure 2. Morphometric descriptors of bacteria on the example of Escherichia coli cells: (A) length,
(B) width, (C) cell surface area. SEM micrographs were collected by means of a Phenom ProX
scanning electron microscope operating at 15 kV.

By looking at cell morphology, it is possible to distinguish critical elements of the
control of the cell cycle and the viability of microorganisms [51]. For instance, E. coli
mutants lacking in binding proteins are also known from their inability to produce enough
septation proteins to accommodate their increasing diameter. Therefore, instead of dividing,
they continue to grow in length and girth until they lyse [52]. The cell shape of many
rod-shaped bacteria is determined by the cytoskeleton MreB protein, actin homolog, and
ftsZ, tibulin homolog. It has been found that lowering the mreB level results in an increase
in cell width, while decreasing the ftsZ level leads to an increase in cell length [53,54].

It has also been shown that many bacterial species exhibit a surface-to-volume (S/V)
homeostasis. Bacteria tightly control their cell cycles to adjust their size and the proper
time of division. The shape of most bacteria is constant, and their growth is associated
mainly with a change in volume. For example, volume changes in E. coli cells occur at a
different rate, but usually cells keep the same shape—a rod with a constant aspect ratio
(approx. 0.25). Disturbances in a normal bacterial growth including genetic alterations, lack
of nutrition, and the effects of pharmacological agents disrupt homeostasis, and often lead
to a change in cell width or length, and thus also S/V. For instance, increasing the length
of cells reduces the S/V ratio. Although the cells become thinner, they tend to maintain
homeostasis by reducing their width [55,56].

4. Morphometric Analysis of Model Eukaryotic Cells: B35 Neuroblastoma Cells

Imaging of various types of animal cells is increasingly applied in both medical
research and diagnostics, since the shape of a cell is closely related to its biological prop-
erties [57]. The morphological analysis of cells has many applications, including the
elucidation of numerous physiological mechanisms. For instance, SEM imaging is used
to study morphological changes during the cell cycle, to analyse the phenomenon of cell
division, mobility and growth dynamics, as well as the apoptosis and necrosis [58,59].
Microscopic images of cells are extensively analysed in clinical applications, especially in
oncology, due to the fact that the morphology of cancer cells differs significantly from that
of healthy ones [60,61]. The use of a morphometric analysis makes it possible to correlate
the shape of analysed cells with the progression of a disease, identify abnormalities en-
abling early detection of cancer cells, and predict the course of a disease. Therefore, the
use of microscopic techniques is an effective method of assessing the pharmacological
effects of many drugs, including anti-cancer agents. Much information can be obtained
by observing the behaviour of cells under specific stress conditions. Shape analysis can
also assist to identify certain pathologies in many tissues, as well as the transition of
cells towards drug-resistant phenotype [62]. Analysing cell morphology also provides an
opportunity to assess the progress in cell differentiation and correlate cell shape with its
functionality [57]. As a consequence, SEM analysis is commonly employed in cytotoxicity
and biocompatibility studies, enabling the characterisation of new biomaterials [61,63,64].
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Morphometric analysis is particularly useful in neuroscience, since the analysis of
neural cell morphology, branching or formation of complex cell networks is important in
assessing the state and proper functioning of the brain [64,65]. Moreover, SEM imaging
is also used to assess the ability to control regeneration, replacement, and stimulation of
neural cells—features that are extremely important for the diagnostics and treatment of
neurodegenerative diseases, such as Parkinson’s or Alzheimer’s disease. The degeneration
and death of neural cells have enormous health consequences prompting a lot of innovative
research in the field of neural engineering [66,67].

When designing new solutions for cellular applications, it should be borne in mind
that cells are extremely susceptible to many environmental factors. For instance, external
electrical stimulation with direct current has been shown to selectively increase the growth
rate of neurites towards the anode [68]. Aside from electrical and biochemical signals, there
are increasing numbers of studies pointing to equally important physical parameters of the
extracellular environment during the development of the nervous system. These include
physical forces, mechanical factors, substrate flexibility, nanotopography, scaffold geometry
and stiffness. All of these signals act as physical and chemical cues for the formation and
reconstruction of neural tissue, hence may significantly affect cell shape [69,70].

The topography of an extracellular microenvironment has been shown to influence
cell morphology, but also provide guidance and affect cell differentiation. Therefore, a
widely studied trend among biomaterials is the inclusion of topographic cues to control the
behaviour of neural cells and support their regeneration. Until now, cells of the neuronal
type have been grown on isotropic (microfilars) and anisotopic (meshes, microchannels,
electrospun fibres) surfaces, as well as undefined random topographies that may better
reflect natural conditions in tissues [71]. To relate topographic cues to specific cell responses,
surface must be well analysed with respect to width, depth of the grooves and microgrids,
the length or diameter of the fibres, and the shapes of the holes, etc. Moreover, not only
the topography but also the dimensions of individual features play a significant role in
the development of cells, since surface features which are similar in size to neurons can
enhance cell–substrate interactions [66,70,72]. Consequently, SEM imaging of neural cells
on the surface of biomaterials enables to predict and control cell adhesion, spreading,
alignment, and morphological changes.

4.1. Conventional Morphometric Descriptors

A neuronal cell is characterised by the presence of elongated neurites, from which
axons and dendrites can be distinguished as forming branched structures. The morpholog-
ical complexity of the branches largely determines the functional capacity of cells. When
neural cells are connected to each other, they form networks that serve as the basis of
neural function. Shape development is determined both by genetic factors and interactions
with a surrounding tissue. To fully describe the morphology of neural cells, a number
of metric parameters are used, including soma size, neurite diameter, neurite length, cell
area, cell volume, and correlations between them [73]. Another set of parameters is used to
assess the development of neural network (branching descriptors), namely neurite density,
neurite alignment, number of cells forming neurites, etc. [70,72,74,75].

Neurite number is defined as the number of neurites exiting a single cell body [76]
(Figure 3A). In the case of branched cells, a typical descriptor is an average neurite length,
defined as the sum of the lengths of all neurites in a single cell divided by the total number
of neurites [75,77,78]. The measurement of neurite length, which affects networking and
signal transmission, can be made by a manual tracing of the entire neurite from the base to
its edge with the use of an image analysis software, for example ImageJ (NIH) (Figure 3B).
When describing neural length, one can also use a maximum neurite length defined as the
length of the longest neurite in each cell. By determining a radial distance (the minimum
length from the cell to the ends of the neurite), it is also possible to assess the straightness
of the branches by defining the difference between the length of the neurite and the radial
distance [79].
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Figure 3. Morphometric descriptors for neural cells on the example of rat neuroblastoma B35 cells:
(A) number of neuritis, (B) length of neuritis, (C) angle, (D) cell area, (E) perimeter. SEM micrographs
were collected by means of a Phenom ProX scanning electron microscope operating at 10 kV.

Angular measurements are usually used to analyse the alignment of neurites on the
surface of topographically modified material (Figure 3C). The purpose of such materials
is to specifically target neural cells, thereby proposing a therapeutic solution for the re-
generation of damaged cells. To estimate a directionality of the neurons, a straight line
is drawn from one end of the neurite to the other one, and an angle is determined with
respect to the grid axis. When the measured value of the angle is less than 15◦, the neurite
is considered parallel to the designated grids. On the other hand, when it is greater than
75◦, the neurite is scored as perpendicular to the cues. In the case of substrates without a
topographic pattern, a random direction can be selected as the axis [71,80].

SEM visualisation of neural cells is a preliminary indicator of interactions allowing
the assessment of surface adhesion, which is crucial for cell survival and development.
Subsequently, it is possible to assess the number of differentiated cells on tested bioma-
terials. This can be done by visually examining the field and counting cells that have
at least one neurite equal to the diameter of a cell body [73]. The formation of neural
networks, lengthening and branching of neurites is a reliable indicator of the functioning of
neurons, therefore this analysis is widely used in the assessment of biological functionality
of biomaterials. Moreover, it is also possible to evaluate the geometric complexity of the
cells by expressing inter cell area, perimeter, or circularity [60,62,81]. An area of the cell
is calculated as the area defined by the closed curve and presented by counting all pixels
(Figure 3D). A perimeter is measured by the shape of the cell defined by the outline and by
counting pixels (Figure 3E), and a circularity (C) is expressed as a function of cell area (A)
and perimeter (P) with the use of the following formula [61,82]:

C =
4πA

P2 (2)

Circularity of 1 is typical for round cells, and it decreases for cells with irregular
shapes. The analysis of these morphometric descriptors was found to be suitable to
differentiate between different types of microglial cells present in the neocortex of an injured
rat brain [81]. For instance, circularity was useful to discriminate bushy cells from all other
cell groups, including ramified and hypertrophied microglia. Additionally, the analysis
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of circularity allowed for the detection of significant differences between hypertrophied
and ramified cells from injured brains. Interestingly, changes in cell perimeter and cell
area were found to be more informative than circularity. Numerous studies report on the
changes of a microglia perimeter as a result of phagocytosis [83] or pathological situations,
including traumatic brain injury or inflammatory reaction induced by neuraminidase [82].

4.2. Fractal Analysis

Apart from conventional descriptors of cell morphology, fractal analysis has recently
become a recognised technique to characterise neural tissue [84,85]. Introduced by Mandel-
brot in 1977 [86], fractals are characterised by a scale-invariant and self-similar behaviour.
This type of geometry is abundant in nature, with numerous examples in anatomy, in-
cluding cardiovascular, respiratory, and neural systems [84]. Since fractal connectivity
is known to be a basis for brain organisation and complexity, fractal analysis allows to
quantify complex patterns found in neuroscience and to make predictions about clinical
outcomes [85]. The most frequently used fractal descriptors are fractal dimension, D (de-
fined as a statistical index of complexity comparing how a detail in a cell changes with the
scale at which it is measured) and lacunarity, L (defined as a measure of how cells fill the
available space).

Fractal analysis can be performed with the use of different types of images, including
SEM micrographs [84], confocal micrographs [84], fluorescence images [87], magnetic
resonance images [88], etc. The starting point for a typical fractal analysis consists of
thresholding the image to eliminate background noise and is followed by converting the
image to a binary format and outlining the shape of a cellular network. As-formed binary
silhouettes of the neurons, as depicted in Figure 4, are further quantified with the use of
different algorithms. Depending on the magnification, fractal analysis could be performed
either for a single neuron or for a neural network. Even though fractal analysis of a neural
network could be done using optical imaging, this method would not be useful to visualise
features on optically nontransparent materials. The use of SEM allows to perform fractal
analysis of cells on a variety of substrates, regardless of their degree of transparency [34].

Figure 4. Binary images of B35 cells in (A) high magnification (scale bar is 20 µm), and (B) low
magnification (scale bar is 100 µm), with source SEM micrographs (Phenom ProX, 10 kV) as the
insets.

Fractal analysis is particularly suitable for the investigation of dendritic arborisation,
which is defined as a process in which neurons create new synapses by forming new
dendritic trees and branches [89]. In this context, a small value of D should be correlated
with cells exhibiting a simple, uncomplicated structure, for example those in the early
stage of development [90]. On the other hand, cells exhibiting complex structures with
a high level of branching exhibit a large value of D. In a recent work, Smith et al. [84]
analysed three-dimensional SEM images of rat neurons to investigate the degree to which
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neurons resemble fractals, as well as the origins of this fractality and its impact on neuron
functionality. The results showed that different types of neuron were characterised by
different values of D, and, in general, D was higher for neurons with a greater need for
connectivity, for example hyperbranched Purkinje cells [91]. D was also found to be affected
by pathological states of neural tissue, for example those associated with Alzheimer’s
disease [92]. The disturbances in fractal branching decreased the degree of interconnections
between neighbouring neurons and limited transfer of nutrients and energy.

Although D is suitable for detecting the changes in branching structure, it is not
sensitive to some features that are hard to visually recognise, e.g., the relation of soma size
to process length [93]. In this case, L can be used to distinguish similarly looking microglial
morphologies with the same D. In fact, the term lacunarity was introduced to describe the
gaps between various features of fractal objects, allowing to distinguish between different
texture details [94]. Therefore, L is suitable to assess the degree of clustering within a neural
network, as well as to distinguish between dense structures and scattered/non-connected
objects [88]. Different values of L calculated basing on SEM images of two neural cell
populations may indicate that either these cells originate from different parts of the brain,
or one group represents damaged cells. For instance, L was found to be an indicator of
Alzheimer’s disease, as this pathology was manifested through the presence of lacunar
formations in the brain [95]. Additionally, L was found to increase with the development
of a disease, resulting in an anomalous functioning of the brain.

4.3. Textural Descriptors

Recent advances in digital imaging and computing allowed for the development
of imaging processing tools aimed to quantify the perceive texture of an image. In a
general meaning, image texture provides information about spatial arrangement of in-
tensities (grey bands) in an image [96] and can be qualitatively described with the use of
following descriptors: regularity, directionality, fineness, coarseness, smoothness, granu-
lation, randomness, lineation, being mottled, irregular, or hummocky [97,98]. The use of
these descriptors is usually called “perceptual characterisation” and is useful for a coarse
classification of textures [98]. A quantitative description of a texture requires the use of
advanced computational methods, for instance a multiresolution decomposition using
Gabor wavelets [98], artificial neural networks [99], as well as a textural analysis based on
a gray-level co-occurrence matrix (GLCM) [100].

Since SEM enables to capture fine shapes of biological objects, this technique has been
routinely used to collect images suitable for the analysis of textural descriptors [99–102].
Still, it should be borne in mind that the processing method could affect the texture of a
sample. For instance, too harsh dehydration could result in the formation of defects in
the plasma membrane of mammalian cells. The presence of cracks and crinkles has been
previously noted for samples after freeze-drying, particularly those not treated with a
fixing agent [34]. Actually, using glutaraldehyde and ethanol dehydration strengthens the
surface of a cell through cross-linking the collagen present in the extracellular matrix.

To perform a quantitative analysis, however, a high number of SEM micrographs
should be collected and processed point by point [99]. The most popular texture analysis
method, GLCM, allows to present surface details of a sample with a mathematical function
(procedural texture), and to extract the following texture descriptors: angular second
moment, entropy, correlation, contrast, and inverse different moment [99,103]. A set of
texture descriptors can be then applied as a base for a high efficiency classification tool that
will allow to recognise elements of an SEM image on the basis of the texture of image pixel.

So far, there are only few literature studies reporting the application of textural analysis
in biological sciences, including the detection of polysaccharide in raspberry powders [99],
and cervical precancerous [102]. Nevertheless, the presence of different textures in SEM
images of B35 cells, associated with a cell’s body, an extracellular matrix, neurites, etc.
(Figure 5), suggests that the textural analysis should be also suitable for the analysis of
neural cells.
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Figure 5. SEM images showing different textures typical for neural cells on the example of rat
neuroblastoma B35 cells. The defects present on the surface of cells should be related to a dehydration
process. SEM micrographs were collected by means of a Phenom ProX scanning electron microscope
operating at 10 kV.

5. Conclusions

Scanning electron microscopy appears as an extremely useful tool to analyse morphol-
ogy of different types of cells, including prokaryotic and eukaryotic ones. Providing that a
biological sample is prepared with special care, for instance using the optimised protocol
presented in this study, SEM allows to achieve the resolution of 50 nm, which is more
than enough to investigate cell morphology in detail. Therefore, SEM can be efficiently
used to monitor even slight variations in cell dimensions and morphology, which could
be related with the onset of important changes in the state of cells. Due to the versatility
of morphometric descriptors and their relation with molecular processes, it is possible to
apply SEM as a convenient screening method to detect cell pathology.
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77. Repić, T.; Madirazza, K.; Bektur, E.; Sapunar, D. Characterization of dorsal root ganglion neurons cultured on silicon micro-pillar
substrates. Sci. Rep. 2016, 6, 39560. [CrossRef]
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