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1 Einleitung

Knochen kann sich als Organ dauerhaft umbauen und erneuern, weshalb alle 10 Jahre von
einer kompletten Regeneration des menschlichen Skelettes ausgegangen wird [1,2].
Stoérungen in den Knochenumbauprozessen konnen diese Selbstheilungseigenschaft
verringern. Es wird angenommen, dass ca. 1,9 % bis 4,9 % der weltweiten Knochenbriiche nur
schlecht oder gar nicht heilen [3]. Eine verbreitete Krankheit, hervorgerufen durch Stérungen
im Knochenstoffwechsel, ist die Osteoporose. Dabei verringert sich unter anderem die
Knochenmineraldichte, die Knochenfestigkeit ist beeintrachtigt und die
Knochenbeweglichkeit vermindert. Derzeit sind etwa 200 Millionen Menschen weltweit
davon betroffen, wobei durchschnittlich jede zweite Frau und jeder vierte Mann tber 50 Jahre
eine osteoporotische Fraktur erleiden kann [4]. Die Herausforderung besteht darin, die
Knochenregeneration bei Osteoporose und Knochenbriichen zu unterstitzen und die
Einheilung notwendiger Implantate, z. B. kiinstlicher Gelenke, zu verbessern [5,6]. Eine
Moglichkeit, dies zu erreichen, ist die Applikation externer elektrischer Felder [7].

1.1  Knochenumbau

Knochenaufbau und -abbau sind die beiden grundlegenden Prozesse des Knochenumbaus und
somit essenziell fir die Regeneration der Knochenstruktur [8]. Die entscheidenden Zelltypen
sind die Osteoblasten und Osteoklasten (Abb.1). Erstere differenzieren sich aus
mesenchymalen Stammzellen und sind fir die Bildung von Matrixproteinen und
mineralisierter Knochenmatrix verantwortlich [8]. Durch die Sekretion von Kollagen | und
nicht-kollagenen Proteinen wie Bone-Sialoprotein und Osteopontin (OPN) entsteht zunachst
eine nicht mineralisierte extrazellulare Matrix, das Osteoid [1]. Die Mineralisierung dieser
komplexen Struktur ist die Grundlage flir die spateren mechanischen Eigenschaften des
Knochens. Wahrend der Mineralisierung des Osteoids bilden sich Hydroxylapatitkristalle in
Vesikeln der Osteoblastenmembran, die sich nach dem Durchbrechen der Vesikel in die
extrazelluldre Matrix ausbreiten und zwischen den Kollagenfibrillen ablagern [9]. Durch die
Expansion des Gewebes werden Osteoblasten in die Knochenmatrix eingeschlossen und
kénnen weiter in Osteozyten differenzieren [8]. Osteozyten agieren als Mechanosensoren im
Knochen und sind Impulsgeber fiir Knochenumbauprozesse. Mit ihren langen und verzweigten
zelluldren Fortsdtzen bilden sie ein komplexes Netz durch den Knochen, wodurch die
Signaltransduktion zu benachbarten Zellen moglich ist. Durch das Ausschiitten von
Signalstoffen durch die Osteozyten wird die Aktivitdt von Osteoblasten und Osteoklasten
beeinflusst [10]. Letztere sind die Antagonisten der Osteoblasten und resorbieren die
Knochenmatrix, was zur Freisetzung von Knochenproteinen fiihrt. Die Ansduerung der
Knochenmatrix fihrt zur Zersetzung der anorganischen Komponenten, wobei die
Carboanhydrase Il (CA2) eines der wichtigsten Enzyme fiir die Regulierung des sauren pH-
Wertes ist. Durch die Freisetzung von Enzymen wie Cathepsin K (CTSK) und Matrix-
Metallopeptidase 9 (MMP-9) werden die organischen Komponenten des Knochens abgebaut
[11]. Osteoklasten entstehen aus dem Zusammenschluss mononuklearer Zellen der




hamatopoetischen Stammzelllinie zu multinuklearen Zellen. Verschiedene Signalkaskaden
konnen diese Differenzierung aktivieren, wobei zwei Signalwege eine lbergeordnete Rolle
einnehmen: der Receptor activator of NF-kB (RANK)-Receptor activator of NF-kB
ligand (RANKL)-Osteoprotegerin (OPG)-Signalweg und der Macrophage colony-stimulating
factor (M-CFS)-Colony stimulating factor 1 receptor (CSF1R)-Signalweg [1,8] (Abb. 1). Nur
mittels einer erfolgreichen Aktivierung der Osteoklastenvorlauferzellen ist eine Regeneration
des Knochengewebes moglich.
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Abbildung 1: Schematische Darstellung des Knochenumbaus mit Prd-Osteoklasten, Osteoklasten, Osteoblasten und
Osteozyten inklusive Signaltransduktionswegen. Osteoblasten bauen neue Knochenmatrix auf und produzieren Zytokine
sowie weitere Signalstoffe, die unter anderem mit den Osteoklasten und den Pra-Osteoklasten interagieren. Osteoklasten
geben Enzyme fiir die Degradation der extrazellularen Matrix ab. Osteozyten sind in der Knochenstruktur integriert bzw.
werden durch die neu gebildete Matrix der Osteoblasten eingemauert. Die zellularen Fortsatze dienen der Signaltransduktion
unter den Zellen. Einzelne Bilder von Servier Medical Art (http://smart.servier.com/, Zugriff am 08/06/2022) lizensiert mit
Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

1.2  Knochenregeneration mittels elektrischer Stimulation

Das Entstehen endogener elektrischer Felder im Knochen durch mechanische Belastung
wurde von Fukada und Yasuda 1957 als eine Form des piezoelektrischen Effekts beschrieben
[12]. Durch die Einwirkung externer mechanischer Belastungen wird der Knochen elastisch
verformt, wodurch sich die elektrische Polarisation im Knochen verandert und ein elektrisches
Feld entsteht [13] (Abb. 2). Bei der Dehnung des Knochens entstehen positive Ladungen,
wodurch die Knochenresorption angeregt wird. Die Kompression des Knochens, aber auch
Knochenverletzungen und Mikrofrakturen fiihren zu negativen Ladungen und zur
Knochenformation [14-16]. Durch das Anlegen von aulierer elektrischer Ladung kann dieser
Prozess umgekehrt werden, was als inverser piezoelektrischer Effekt bezeichnet wird. Die
Applikation elektrischer Felder kann somit fiir die aktive Knochenheilung genutzt werden [17].
In klinischen Anwendungen der elektrischen Stimulation (ES) wurden positive Effekte in der
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Knochenheilung von  Pseudoarthrosen, Knoéchel- und FuRgelenksverbindungen,
Wirbelsdulenfusionen und Hiiftkopfnekrosen beobachtet [15,17,18].

Ruhezustand Dehnung Kompression

Abbildung 2: Schematische Darstellung des Piezoeffekts im Knochen. Durch Krafteinwirkungen (F) werden Dehnung und
Kompression des Knochens hervorgerufen, wodurch sich positive und negative Ladungen an der Oberflache des
piezoelektrischen Materials ausbilden. Die Polarisation entsteht durch die Verschiebungen der Ladungen, hervorgerufen
durch die mechanische Belastung (nach [19,20]). Die Knochen-Darstellung stammt von Servier Medical Art
(http://smart.servier.com/, Zugriff am 27/01/2022), lizensiert mit Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

Es wird angenommen, dass Knochenzellen externe elektrische Signale wahrnehmen kénnen
[7]. Durch ES kann ein verdndertes Migrations-, Proliferations-, Differenzierungs- und
Aktivitatsverhalten der Knochenzellen beobachtet werden. Osteoblastische Zellen zeigen eine
Erhéhung in der Produktion von Signalproteinen, der extrazellularen Matrix und
Mineralisierungsprozessen [21-24]. Bei osteoklastischen Zellen konnten erhdhte
Apoptoseraten sowie eine verringerte Osteoklastenbildung beobachtet werden [25-28]. Es
wird vermutet, dass durch die ES die Neuanordnung und Diffusion elektrisch geladener
Molekdle, Lipidstrukturen und Membranrezeptoren hervorgerufen wird und somit weitere
intrazellulare Reaktionen ausgeldst werden [24,29,30]. Eine andere Hypothese beschreibt die
mogliche Reorganisation des Zytoskeletts durch ES und die Beeinflussung von
spannungsgesteuerten lonenkanalen, wobei der Calcium-Kanal eine zentrale Rolle bei der
Untersuchung zelluldrer Reaktionen einnimmt [24,31,32].

1.3  Anwendung elektrischer Stimulation

Um die Erzeugung elektrischer Felder und somit den Einfluss der ES auf
Knochenumbauprozesse zu untersuchen, gibt es verschiedene Ansatze. Die ES kann durch
induktive, kapazitive oder direkte Kopplung erfolgen. Bei der induktiven Kopplung werden
gepulste elektromagnetische Felder liber eine oder zwei Magnetspulen abgegeben, die tGber
dem Knochendefekt oder den Knochenzellen platziert werden. Werden die Elektroden auf der
Haut oberhalb des Knochendefekts oder ohne Kontakt zum Zellkulturmedium angebracht,
wird von einer kapazitiven Kopplung gesprochen. Bei der direkten Kopplung werden die
Elektroden invasiv auf den betroffenen Knochen oder in direktem Kontakt zu den Zellen und
dem Zellkulturmedium platziert [15]. Haufig kommen fir die ES von Knochen bzw.
Knochenzellen direkte Stimulationssysteme mit Gleichstrom zur Anwendung [7]. Die
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Verwendung von Gleichstrom kann jedoch zu unerwiinschten Nebeneffekten wie einer
Veranderung des pH-Wertes, der Anhaufung geladener Proteine an der Elektrodenoberflache,
der Bildung schadlicher faradayscher Nebenprodukte wie Wasserstoffperoxid und freien
Metallionen sowie weiteren elektrochemischen Reaktionen fiihren [22,29,33,34]. Durch das
Anlegen eines biphasischen Stroms, wie Wechselstrom, konnen diese unerwiinschten
Nebeneffekte vermindert werden [7].

2 Motivation und Fragestellung

Trotz klinischer Erfolge sind die grundlegenden zelluldren Prozesse der Wirkungsweise von ES
auf Knochenumbauprozesse noch nicht vollstindig verstanden. Ein besseres
Grundlagenverstandnis ist jedoch notwendig, um klinische Anwendungen zu verbessern,
effektiv auf Patienten abzustimmen und Heilungschancen zu erhéhen. In bisherigen In-vitro-
Studien  wurde eine  Vielzahl  unterschiedlicher  Stimulationseinheiten  und
Stimulationsparameter verwendet, was eine Vergleichbarkeit dieser Studien sowohl
untereinander als auch mit klinischen Arbeiten erschwert [35].

Die in dieser Dissertation beschriebenen elektrischen Stimulationseinheiten beruhen auf dem
klinisch eingesetzten ASNIS-IlIl s Schraubensystem, um eine Vergleichbarkeit mit In-vivo-
Versuchen beizubehalten. Das Schraubensystem wurde modifiziert und fiir die In-vitro-
Stimulation angepasst [36—38] [l, Il]. Die erste In-vitro-Studie im Rahmen der vorliegenden
Arbeit diente dem Vergleich verschiedener Eingangsspannungen und Stimulationsintervalle
fir die ES und deren Einfluss auf Osteoblasten. Weiterhin wurden Zellen in direktem Kontakt
mit der Elektrode und in weiterer Entfernung untersucht, um den periprothetischen Spalt
nachzubilden [I]. Der Einfluss der unterschiedlichen Positionierung der Zelle zur
Stimulationseinheit wurde in [Il] weiter vertieft, indem zwei verschiedene Abstidnde zur
Elektrode gewahlt wurden. Zudem lag der Fokus auf einer langfristigen Stimulation, um das
Mineralisierungsverhalten und mogliche Langzeiteffekte von ES zu untersuchen. In-vitro-
Langzeitstimulationen sind von besonderer Bedeutung, um eine bessere Vergleichbarkeit mit
langer laufenden In-vivo-Studien zu erzeugen. Mithilfe einer Transkriptomanalyse sollten
mogliche Signalkaskaden aufgezeigt werden, welche die Grundlage fiir weiterfiihrende,
zuktnftige Studien bilden [ll].

Da Knochenregeneration nicht nur von Osteoblasten, sondern auch von Osteoklasten
abhangig ist, ist eine Untersuchung beider Zelltypen fiir ein besseres Verstandnis der durch ES
beeinflussten Knochenumbauprozesse essenziell. Deshalb wurde in einer dritten Studie der
mogliche Einfluss der sekretierten Proteine der Osteoblasten auf osteoklastdre Zellen und
Vorlauferzellen untersucht [lll]. Somit konnten mogliche Veranderungen im Aktivitats- und
Differenzierungsverhalten der Zellen in Abhangigkeit vom Differenzierungsstatus wahrend der
Osteoklastogenese aufgezeigt werden [lll].

Um eine bessere Vergleichbarkeit zu verschiedenen Studien zur ES zu gewahrleisten, wurden
experimentelle Validierungen der elektrischen Felder durchgefiihrt, und ein automatisiertes
3D-Validierungssystem wurde implementiert. Die somit gewonnenen Daten sind wichtig, um




numerische Simulationen von elektrischen Feldern zu verbessern und eine Vereinheitlichung
von Parametern in Zellkultursystemen zu gewabhrleisten [lI, IV].

Ziel dieser Arbeit ist es, mit den In-vitro-Stimulationssystemen Erkenntnisse tGber die Wirkung
von elektrischen Feldern auf die zellulare Aktivitat und Differenzierung von Knochenzellen zu
erhalten. Daflir wurden direkt gekoppelte, niederfrequente Wechselfelder appliziert. Durch
die Verwendung einer Wechselspannung wurden mégliche Nebeneffekte durch die ES auch
im Hinblick auf spatere klinische Anwendungen vermieden.

3 Material und Methoden
Die verwendeten Verbrauchsmaterialien und Geréate sowie die Protokolle sind im Detail mit
den Herstellerangaben in den Publikationen [I] bis [IV] aufgefiihrt.

3.1 Zellkultur

Alle Zellen und Versuchsreihen wurden unter Standardkulturbedingungen bei 37 °C, 5 % CO>
und 21 % Oy kultiviert.

Humane Pra-Osteoblasten wurden aus Femurkopfen von Patienten isoliert, die einen
Hiftgelenkersatz erhielten [39]. Zuvor wurde die Zustimmung der Patienten nach
Genehmigung durch die lokale Ethikkommission (Registrierungsnummer A 2010-0010)
eingeholt. Die Zellen wurden isoliert, kultiviert und bis zum Beginn der Versuchsreihen
kryokonserviert. Pra-Ostoblasten in der dritten Passage wurden fir die Zellkultivierung
verwendet [I-lll]. Die Kultivierung erfolgte in Dulbecco’s Modified Eagle Medium (DMEM)
ohne CaCl,, um die Proliferation anzuregen, unter Zugabe von 10 % fotalem Kalberserum, 1 %
Amphotericin B, 1 % Penicillin-Streptomycin und 1% HEPES Puffer. Ascorbinsdure (finale
Konzentration: 50 ug/ml), B-Glycerophosphat (finale Konzentration: 10 mM) und
Dexamethason (finale Konzentration: 100 nM) wurden als Differenzierungsfaktoren
hinzugefiigt. Fir die Untersuchung der Mineralisierungsprozesse wurde CaCl, in einer
Konzentration von 1,8 mM hinzugefiigt.

Humane mononukleare Zellen des peripheren Blutes (PBMCs) wurden aus Buffy-Coats von
anonymisierten  Vollblutspenden des Instituts flr  Transfusionsmedizin  der
Universitatsmedizin Rostock gewonnen (Ethikvotum A2011-140). Die Zellen wurden isoliert
und fir 7d im Roswell Park Memorial Institute (RPMI) 1640 Medium mit 2 % fotalem
Kalberserum, 2% Glutamin und 1% Penicillin-Streptomycin kultiviert. Es wurden
100.000 Zellen in jedes Well einer 48-Well-Platte gesat und in PBMCs oder Pra-Osteoklasten
unterteilt [I].

3.2 Elektrische Stimulation

3.2.1 Stimulationssysteme

Fir die Stimulationsexperimente wurden zwei verschiedene Stimulationssysteme verwendet:
ein 1-Well-System und ein 6-Well-System, wobei das 6-Well-Stimulationssystem eine
Weiterentwicklung des 1-Well-Systems darstellt (Abb. 3). Beide Systeme bestehen aus zwei
Ti-6Al-4V Elektroden, die durch einen Isolator aus Polyetheretherketon voneinander getrennt




sind. Im 1-Well-System besitzen die Elektroden eine Prismenform mit einer angerauten
Oberflache (Rz: 21.38 £+ 4.67 um [36]), um die Kultivierung von Zellen auf der Elektrode zu
ermoglichen [36]. Durch die GroRe der Elektrode ist ein speziell angefertigtes
KultivierungsgefaR notwendig. Zellen konnen auf der Elektrode und unter der Elektrode auf
dem GefaBboden kultiviert werden (Abb. 3A) [I]. Um den Durchsatz zu erhéhen, wurde das
System verkleinert, und die GroRe wurde auf eine handelsiibliche 6-Well-Zellkulturplatte
angepasst. Dabei wurde fir die Elektroden eine zylindrische Form gewahlt (Abb. 3B). Durch
die Elektrodenhalterung konnten zwei verschiedene Abstande zum Boden der Zellkulturplatte
eingestellt werden, um zwei verschiedene elektrische Felder zu erzeugen. Eine Kultivierung
auf der Elektrode war im 6-Well-System nicht moglich [I1].

A Kontaktstab B Kontaktstab
[ - -
__ —— Elektrodenhalterung 6-Well Platte
Ti-6Al-4V Elektrode y
Isolierkbrper (PEEK) \ Elektrodenhalterung
i Deckglas B Deckglas
- " N
Ti-6Al-4V Elektroden
mit Isolierkorper (PEEK)
C jeweils 45 min jeweils 45 min
1y T\
‘ Tag 1 Tag 2 Tag 7 Tag 14
: i : b e r b i
Nach Zellaussaat 24 h jeweils Ruhephase jeweils
225 min (855 min) 225 min

Abbildung 3: Darstellung der elektrischen Stimulationssysteme und des Stimulationsprotokolls (A) 1-Well-
Stimulationssystem mit groReren, prismenformigen Ti-6Al-4V Elektroden, Isolierkérper aus Polyetheretherketon (PEEK) und
einer dazu entwickelten Kultivierungskammer [36]. (B) 6-Well-Stimulationssystem mit zylindrischen Ti-6Al-4V Elektroden und
Isolierkorper aus PEEK fir die Verwendung in einer Standard-6-Well-Zellkulturplatte [37] [ll]. (C) Stimulationsprotokoll der
nicht-kontinuierlichen Stimulation. Nach 24 h Adhdsionszeit wird an jedem darauffolgenden Tag 3 x 45 min stimuliert.

3.2.2 Stimulationsprotokolle

Fir die ES im 1-Well-Stimulationssystem wurden humane Osteoblasten auf Kollagen-
beschichtete Deckglaser (Durchmesser: 12 mm) mit einer Dichte von 2,2 x 10* Zellen/cm? und
auf Ti-6Al-4V-Elektroden mit einer Dichte von 3,0 x 10*Zellen/cm? ausgesit. Es wurden eine
Frequenz von 20 Hz und Wechselspannungen von 0,2V, 1,4V und 2,8V verwendet. Alle
Einheiten der verwendeten Spannungen sind als V=V, (Volt Effektivwert) angegeben. Die
Spannung wurde 3 x 45 min/d mit 225 min Pause zwischen den Stimulationen (0,2 V, 1,4V,
2,8V, Abb. 3C) oder kontinuierlich mit 1,4 V (kont. 1,4 V) Gber 1, 3 und 7 d angelegt. Als
Kontrollen dienten Osteoblasten auf Elektroden und Deckglasern, bei denen keine Spannung
angelegt wurde [l].

Im 6-Well-System wurde eine Wechselspannung von 0,7 V und 20 Hz angelegt, und die Zellen
wurden ebenso auf Kollagen-beschichtete Deckglaser gesat. Die Zelldichte betrug




1,7 x 10* Zellen/cm?. Durch das Variieren des Elektrodenhalters von 1 mm und 3 mm Abstand
zwischen den Elektroden und dem Boden der Zellkulturplatte entstanden zwei
unterschiedliche elektrische Felder [Il]. Dadurch wurde der in vivo vorliegende
periprothetische Spalt zwischen Elektrode und umgebendem Gewebe imitiert. Stimuliert
wurde 3 x 45 min/d mit 225 min Pause zwischen den Stimulationen fur 1, 3, 7, 14, 21, 28 und
31 d (Abb. 3C) [ll]. Als Kontrolle dienten Osteoblasten, die fiir denselben Zeitraum mit dem
gleichen System ohne das Anlegen elektrischer Felder kultiviert wurden.

3.3 Indirekte Stimulation

Fir die indirekte Stimulation wurden Zellkulturiiberstande von Osteoblasten gesammelt, die
7, 14 und 21 d mit 0,7 V und 20 Hz mit dem 6-Well-Stimulationssystem stimuliert wurden.
Diese werden als elektrisch stimulierte Osteoblasten (ESO) bezeichnet. Die dazugehérigen
Kontrollen sind die nicht elektrisch stimulierten Osteoblasten (NSO), die fir denselben
Zeitraum mit dem gleichen System ohne das Anlegen elektrischer Felder kultiviert wurden.
Zelliberstande von verschiedenen Spenderzellen wurden gepoolt und 1:1 mit frischem RPMI
1640 Medium gemischt.

Fir die indirekte Stimulation wurden die erhaltenen PBMCs zundchst weitere 72 h kultiviert
und die Pra-Osteoklasten 14 d mit 25 ng/ml M-CSF und 50 ng/ml RANK differenziert. Die
Inkubation mit den Osteoblasten-Uberstidnden erfolgte jeweils iber 48 h [Ill].

34 Biochemische Nachweismethoden

3.4.1 \Viabilitat

Die Viabilitat der Zellen wurde mittels des WST-1 Assays bestimmt und auf die jeweilige
Kontrolle bezogen. Zuvor wurde das WST-1 Reagenz 1:10 mit RPMI vermischt und 30 min bei
37 °C und 5 % CO; inkubiert. Der entstandene Farbumschlag wurde bei 450 nm quantifiziert
(.

3.4.2 Genexpressionsanalysen

Fiir die Genexpressionsanalysen wurde zunachst die RNA stimulierter und unstimulierter
Zellen isoliert. Dies erfolgte zum einen durch Lyse mit TriReagent® und anschlieRende
Isolation mit dem Direct-zol™ RNA MiniPrep Kit gemafls den Anweisungen des Herstellers [l].
Zum anderen wurde das peqGOLD Total RNA Kit fiir die RNA-Isolation verwendet [ll, Ill]. Die
erhaltene RNA wurde mittels des High Capacity cDNA Reverse Transcription Kit in cDNA
umgeschrieben. Die Analyse der Expression verschiedener Gene erfolgte mit dem innuMIX
gPCR MasterMix SyGreen Kit. Die verwendeten Primersequenzen sind den jeweiligen
Veroffentlichungen zu entnehmen [I-ll1].

3.4.3 Transkriptomanalyse

Fiir die Transkriptomanalyse wurde ein RNA-Pool von 3 Osteoblasten-Spendern erstellt, die
7 d oder 28 d unter Verwendung des 1 mm Abstandes stimuliert wurden. Zudem wurde die
jeweilige Kontrolle mitgefiihrt. Die Analyse erfolgte durch ATLAS Biolabs. Die Auswertung
erfolgte wie in [Il] beschrieben in Kooperation mit dem Lehrstuhl fir Modellierung und




Simulation, Universitat Rostock. Fir 55335 RNA-Transkripte wurden die Fold-Change-Werte
bestimmt und die normalisierten, logarithmierten Werte fir die weitere Auswertung
verwendet. MiRNA und Transkripte mit fehlender Genbeschreibung oder GO-Annotation, die
sich auf biologische oder molekulare Funktionen beziehen, wurden fir die
Signalwegsbestimmung nicht berticksichtigt. Die Pathway Enrichment Analysis wurde mit dem
g:profiler und EnrichmentMap-Pipeline durchgefiihrt. Der daraus resultierenden gene
enrichment map wurde mit Cytoscape Version 3.9.1 visualisiert [ll].

3.4.4 Bestimmung von Zytokinen im Zellkulturiiberstand

Die Konzentrationen des Typ | C-terminalen Collagen Propeptide (CICP) und Osteopontin
(OPN) wurden aus dem Uberstand mithilfe von Enzyme-linked Immunosorbent Assay (ELISA)
untersucht. Weitere Analysen von Zytokinen erfolgten mit humanen Biolegend’s
LEGENDplex™ Multiplex Assays [lI].

Die gemessenen Proteinkonzentrationen wurden auf die jeweilige Gesamtprotein-
konzentration bezogen, die mit dem Qubit Protein Assay Kit bestimmt wurde [lll].

3.4.5 Mineralisierungskapazitit

Die Mineralisierungskapazitat von langzeitstimulierten Pra-Osteoblasten wurde auf den Zellen
bestimmt [ll]. Daflir wurde der Zellmonolayer zunachst mit PFA fixiert und mit deoinisiertem
H.0 gewaschen. Die mineralisierte extrazellulare Matrix wurde mit Alizarin-Rot angefarbt und
getrocknet, und es wurden Fotos vom jeweiligen Deckglas erstellt. Die Auswertung erfolgte
durch die Bestimmung des Anteils der angefarbten Matrix mittels Image J Fiji [I1].

3.4.6 Statistik

Fiir die statistische Auswertung der Versuche wurde GraphPad PRISM (GraphPad Software,
San Diego, CA, USA) verwendet. Die genauen statistischen Tests sind den jeweiligen
Veroffentlichungen zu entnehmen. P-Werte kleiner als 0,05 wurden als signifikant eingestuft.
Die Daten wurden in Boxplots und Heatmaps dargestellt. In den Boxplots wurden der Median,
das 25 %- und 75 %-Quartil sowie die Whisker fir das Minimum und Maximum dargestellt.
Die Heatmaps zeigen den Median, wahrend eine Hochregulierung mit einem héheren Median
als entsprechende Kontrolle in blau und eine Herabregulierung mit einem niedrigeren Median
in orange dargestellt ist.

3.5 Experimentelle Validierung und numerische Simulation elektrischer Wechselfelder
Die automatisierte Validierung und Simulation erfolgten in Kooperation mit dem Institut fir
Allgemeine Elektrotechnik, Universitat Rostock. Es wurde das elektrische Feld des 6-Well-
Systems mit 0,7 V, 20 Hz und 1 mm Abstand untersucht. Die manuelle Messung erfolgte mit
einer monopolaren Platin-/Iridium-Elektrode und einem Raster mit Abstdanden von je 2 mm
zwischen den Messpunkten. Die detaillierte Beschreibung der Durchfiihrung ist im Anhang
dargestellt. Die Durchfiihrung der numerischen Simulation ist in Studie [Il] und die Auswertung
der automatischen Messung in [IV] veroffentlicht.




4 Ergebnisse

4.1  Untersuchung der Auswirkungen verschiedener elektrischer Wechselfelder auf die
Differenzierung von Osteoblasten [I]

Um optimale Stimulationsbedingungen fir die Differenzierung von Osteoblasten zu
identifizieren, wurden elektrische Spannungen von 0,2 V, 1,4 V und 2,8 V fiir eine Stimulation
von 3 x 45 min/d verwendet. Zudem wurde fiir 1,4 V eine diskontinuierliche Stimulation von
3 x45 min/d mit einer kontinuierlichen Stimulation verglichen. Fir die Untersuchungen
wurden humane Pra-Osteoblasten auf der Stimulationselektrode sowie unterhalb der
Elektrode auf einem mit Kollagen | beschichteten Deckglas gesat. Die vollstdndigen Ergebnisse
sind der Publikation [I] zu entnehmen.

Es wurden keine signifikanten Unterschiede in der Morphologie und Zellzahl beobachtet [I].
Ein Einfluss der Stimulation zeigte sich jedoch in den Genexpressionsdaten von Kollagen |
(COL1A1) und Alkalischer Phosphatase (ALPL) (Abb. 4). Zellen, die mit 0,2 V auf der Elektrode
stimuliert wurden, wiesen eine Hochregulierung von ALPL nach 1 d und von COL1A1 nach 3 d
Stimulation auf. Eine Spannung von 1,4 V flihrte zu einer signifikanten Erh6hung von COL1A1
und ALPL nach 3d in Zellen, die auf dem Deckglas stimuliert wurden. Die kontinuierliche
Stimulation mit 1,4V zeigte keine erhohten Genexpressionsdaten im Vergleich zur
diskontinuierlichen Stimulation. Im Vergleich zur Kontrolle verringerte sich die ALPL-
Expression der Zellen auf dem Deckglas signifikant nach 7 d. Am auffalligsten war die
Stimulation mit 2,8 V mit einer erhéhten Expression von COL1A1 und ALPL in Zellen auf der
Elektrode nach 1 d Stimulation und einer verminderten Expression nach 3 und 7 d. Ebenso
konnte ein mit der Zeit abnehmender Verlauf in der Genexpression von COL1A1 und ALPL fir
Osteoblasten auf dem Deckglas beobachtet werden (Abb. 4).

Die kontinuierliche Stimulation zeigte gegeniber der diskontinuierlichen Stimulation keine
Vorteile, daher wurden weiterfiihrende Versuche mit einer Stimulation von 3 x 45 min/d
durchgefihrt. Stimulationen mit 1,4 V und 0,2 V erzielten Erh6hungen in der Expression von
Differenzierungsgenen in Osteoblasten und in den dazugehdrigen Proteinkonzentrationen [1].
Fir weiterfliihrende Stimulationsstudien wurde eine gemittelte Eingangsspannung von 0,7 V
gewahlt.
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Abbildung 4: Genexpressionsdaten bezogen auf die unstimulierte Kontrolle. Zellen wurden auf T-i6Al-4V (A, C) oder auf
kollagenbeschichteten Deckglasern (B, D) kultiviert. 2-22Ct Werte wurden fir Kollagen | (COL1A1; A, B), Alkalische Phosphatase
(ALPL; C, D) nach 1, 3 und 7 d erhoben [n > 3]. Die 0,2 V-, 1,4 V- und 2,8 V-Gruppen wurden 3 x 45 min und die kont. 1.4 V-
Gruppe kontinuierlich mit 1,4 V stimuliert. # zeigt signifikante Unterschiede zwischen der stimulierten Gruppe und der
Kontrollgruppe an: # p<0,05 und ## p<0,01 (Wilcoxon-Test), * zeigt signifikante Unterschiede zwischen den
Stimulationsgruppen an: * p < 0,05, ** p < 0,01, *** p < 0,001 (Two-Way ANOVA).

4.2 Langzeitstimulation von Osteoblasten Giber 31 Tage [Il]

Die Langzeitstimulation von Osteoblasten erfolgte mit dem 6-Well-Stimulationssystem mit
den zuvor bestimmten Stimulationsparametern. Die ausfilihrlichen Ergebnisse sind in
Publikation [II] dargestellt.

4.2.1 Zellvitalitat und Mineralisierung

Durch das Einstellen von zwei unterschiedlichen Abstanden zwischen dem
Zellkulturplattenboden und der Elektrode war es moglich, zwei verschiedene elektrische
Feldstarken zu erzeugen. Der kleine Abstand von 1 mm flihrte zu einem groBeren elektrischen
Feld (HEF) mit einem simulierten elektrischen Feld von bis zu 150 V/m. Der gréRere Abstand
von 3 mm fiihrte zu einem kleineren elektrischen Feld (LEF) mit einem simulierten
elektrischen Feld mit bis zu 100 V/m [ll]. Es konnte eine erh6hte Vitalitat der Osteoblasten
nach 1 d fir das HEF und nach 3 d fiir das LEF beobachtet werden. Ab 3—31 d wirkten sich die
Stimulationen nicht auf die Zellvitalitat aus [Il]. Daflir konnte mit fortschreitender Kultivierung
eine zunehmende Mineralisierung auf den Zellen festgestellt werden (Abb. 5). Im Vergleich
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zur unstimulierten Kontrolle wurden vermehrte Calciumablagerungen bei der Verwendung
des LEF gefunden. Erh6hte Mengen konnten nach 7, 14, 21, 28 und 31 d beobachtet werden,
wobei der Unterschied zur Kontrolle nach 14, 28 und 31 d signifikant war. Zellen, die mit dem
HEF stimuliert wurden, zeigten keine signifikant erhohte Mineralisierungskapazitat (Abb. 5).
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Abbildung 5: Mineralisierungsverhalten von humanen Osteoblasten unter ES. Osteoblasten wurden tber 31 d mit zwei
verschiedenen elektrischen Feldern (hoheres elektrisches Feld — HEF, niedrigeres elektrisches Feld — LEF) und ohne ES
(Kontrolle) stimuliert. Die Analysezeitpunkte waren 3, 7, 14, 21, 28 und 31 d, wobei die Untersuchungen 20 h nach Beginn
des letzten Stimulationsintervalls durchgefiihrt wurden. Zur Bestimmung der Menge der Calciumablagerungen wurde diese
mit Alizarin-Rot angefarbt und fotografiert. Der Anteil des gefarbten Bereiches wurde mit Image) bestimmt und auf die
Kontrolle bezogen [n >5]. Die signifikanten Unterschiede zwischen der jeweiligen Stimulationsgruppe und der Kontrolle
wurden mit dem gepaarten t-Test (normalverteilt) oder Wilcoxon-Test (nicht normalverteilt) bestimmt. * zeigt signifikante
Unterschiede zwischen den stimulierten Gruppen und den Kontrollgruppen: * p < 0,05, ** p <0,01.

4.2.2 Proteinbestimmung in den Zelliiberstanden

Um die Bildung des Osteoids zu untersuchen, wurde CICP in den Uberstinden der stimulierten
Osteoblasten nachgewiesen. Eine Hochregulierung von CICP konnte durch die Stimulation mit
dem HEF nach 1 und 3d festgestellt werden. Das LEF fihrte zu einer tendenziellen
Herabregulation von CICP nach 31d. Weiterhin erfolgte die Analyse von OPN,
Osteoprotegerin (OPG), Interleukin-6 (IL-6) und des Dickkopf-verwandten Proteins 1 (DKK-1)
in den Uberstinden (Abb. 6A). Zellen, die mit dem HEF stimuliert wurden, zeigten eine
signifikant erhéhte Konzentration von OPG und IL-6 nach 14 und 21d im Vergleich zur
unstimulierten Kontrolle. Eine signifikant hohere Konzentration von OPN konnte ebenso nach
21 d gemessen werden. Die Stimulation mit dem LEF flhrte zu einer Veranderung in der OPN-
und OPG-Konzentration, die schon nach 3 d Stimulation beobachtet wurde. Nach 7 d war OPG
leicht erhoht, DKK-1 zudem signifikant hochreguliert. OPN wies nach 14 d Stimulation mit LEF
eine signifikant verringerte Konzentration auf. Nach 31d war OPN signifikant und IL-6
tendenziell herunterreguliert (Abb. 6A).

4.2.3 Transkriptomanalyse

Eine Transkriptomanalyse erfolgte nach 7d und 28 d Stimulation, um einen besseren
Uberblick tber regulierte Gene zu erhalten. Die Aktivitit verschiedener Signalwege in
Abhéangigkeit zur Stimulationszeit konnte nachgewiesen werden (Abb. 6B). Die Stimulation
Uber 7 d fihrte unter anderem zu einer Herunterregulierung verschiedener Signal- und G-
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Protein-gekoppelter Rezeptoren (GPCR). Die Stoffwechselprozesse von Prostaglandin,
Eicosanoid, ungesattigten Fettsduren und Prostanoid wurden hochreguliert. Nach einer
Stimulation (iber 28 d konnte eine verstarkte zellulare Reaktion auf Stimuli und Stress
nachgewiesen werden. Zudem nahmen unterschiedliche Lokalisierung- und Lokomotions-
Reaktionen sowie Bewegungsreaktionen von Zell- oder subzellularen Komponenten zu
(Abb. 6B).
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Abbildung 6: Sekretion von Proteinen durch Osteoblasten und Transkriptomanalyse von 7 d und 28 d HEF. Die Osteoblasten
wurden insgesamt tiber 31 d stimuliert (h6heres elektrisches Feld (HEF), niedrigeres elektrisches Feld (LEF), Kontrolle), wobei
die Tests 20 h nach Beginn des letzten Stimulationsintervalls durchgefiihrt und auf die nicht stimulierte Kontrolle bezogen
wurden. (A) Die Proteingehalte wurden aus dem Uberstand ermittelt, auf den Gesamtproteingehalt des Uberstands bezogen
und zur Kontrolle ins Verhaltnis gesetzt. Die Ergebnisse sind als Mediane in Heatmaps dargestellt, wobei die Herabregulierung
in orange [< 1], die Hochregulierung in blau [> 1] und eine dhnliche Proteinkonzentration wie bei der Kontrolle in weiR [= 1]
gekennzeichnet ist [n = 5]. Die signifikanten Unterschiede zwischen der jeweiligen Stimulationsgruppe und der Kontrolle
wurden mit dem gepaarten t-Test (normalverteilt) oder dem Wilcoxon-Test (nicht normalverteilt) bestimmt. * zeigt
signifikante Unterschiede zwischen den stimulierten Gruppen und den Kontrollgruppen: * p<0,05, **p<0,01.
(B) Transkriptomanalyse der isolierten RNA von 7 d und 28 d HEF und Kontrolle, ausgewertet nach den durch ES beeinflussten
Signalwegen. Jeder Kreis steht fiir eine bestimmte molekulare oder biologische Funktion, und die Linien stellen die Anzahl
der sich Gberschneidenden Gene dar. Gelbe und orangefarbene Kreise stehen fiir hochregulierte molekulare oder biologische
Funktionen nach 7 (gelb) bzw. 28 d (orange) HEF-Stimulation. Griine und blaue Kreise stehen fir herunterregulierte
molekulare oder biologische Funktionen nach 7 (griin) bzw. 28 d (blau) HEF-Stimulation.

4.3 Einfluss der indirekten Stimulation auf die Osteoklastogenese [llI]

Die Uberstidnde aus dem Langzeitversuch mit 0,7 V wurden fiir die indirekte Stimulation von
Osteoklasten-Vorlaufern und Pra-Osteoklasten verwendet. Gesammelt wurden die
Uberstiande nach Stimulation mit dem HEF und LEF nach 7, 14 und 21 d. Als Kontrolle dienten
die Uberstinde der unstimulierten Osteoblasten. Hierdurch sollte der Einfluss der elektrisch
stimulierten Osteoblasten auf die Osteoklastogenese untersucht werden. Als Osteoklasten-
Vorlaufer wurden PBMCs untersucht und als Pra-Osteoklasten dienten PBMCs, die zuvor 14 d
mit RANKL und M-CSF stimuliert wurden. Ausfihrliche Ergebnisse mit den HEF-Medien sind
der Publikation [Ill] zu entnehmen. Aufgrund der geringeren Zellantwort wurden die Daten zu
den LEF-Medien nicht veroffentlicht. Teile der Daten sind in Abbildung 7, 8 und 9 dargestellt.
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4.3.1 Zellviabilitat

Die Viabilitat der PBMCs reduzierte sich durch den Einfluss der 7 d HEF- und LEF-Medien
signifikant. Die Kultivierung mit den 14 d Uberstinden fiihrte unter Verwendung der LEF-
Uberstidnde zu einer signifikanten Reduktion der Viabilitat, die Reduktion der Viabilitit von
14 d HEF war nicht signifikant. Uberstinde der 21 d ESO hatten keinen Einfluss auf die
Viabilitdt der PBMCs. Die Caspase-8 (CASP8) Genexpression war unverandert. Pra-
Osteoklasten wiesen keine Veranderung in der Viabilitdat nach der Kultivierung mit
Uberstidnden der 7 d und 14 d ESO auf. Mit den 21 d ESO-Medien konnte eine Erhéhung der

Viabilitat beobachtet werden. Die CASP8 Genexpression war mit 21d HEF signifikant
herunterreguliert (Abb. 7).
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Abbildung 7: Relative Viabilitat und CASP8 Genexpression von PBMCs und Osteoklasten nach 48 h Inkubation mit gepooltem
Uberstand von Osteoblasten, die zuvor liber 7, 14 und 21 d mit einem héheren elektrischen Feld (HEF), einem niedrigeren
elektrischen Feld (LEF) und ohne elektrische Stimulation (Kontrolle) kultiviert wurden. Die Viabilitdt wurde mittels WST-1
Assay analysiert und, wie die CASP8 Genexpression, auf die unstimulierte Kontrollgruppe der Osteoblasten bezogen [n = 8].

Die Signifikanzen wurden anhand der Zwei-Wege-ANOVA mit Tukey ermittelt. # zeigt signifikante Unterschiede zwischen den

stimulierten Gruppen und den Kontrollgruppen an: # p < 0,05, ## p <0,01; * zeigt signifikante Unterschiede zwischen den
Stimulationszeitpunkten an: * p < 0,05, ** p < 0,01.

4.3.2 Expression von Osteoklastenmarkern bei PBMCs

Weiterhin wurden verschiedene Osteoklastenmarker untersucht. PBMCs, die mit 7 und 14 d
HEF-Uberstinden kultiviert wurden, zeigten héhere Genexpressionen der tartratresistenten
sauren Phosphatase Typ 5b (ACP5) im Vergleich zu 21 d. Ebenfalls war MMP-9 nach der
Kultivierung mit 7 d hoher exprimiert als mit 21 d Medium. CTSK war im Vergleich zur
Kontrolle nach 7d signifikant erhoht. Die RANK-Expression wies wie bei ACP5 einen
signifikanten Unterschied zwischen 14 d und 21 d auf. Zudem unterschied sich die RANK-
Expression zwischen den beiden elektrischen Feldern: 14 d HEF fiihrte zu einer Erh6hung von
RANK im Vergleich zu 14 d LEF. Mit dem 21 d Medium wurde dieser Effekt umgekehrt: PBMCs
mit 21 d LEF zeigten eine hohere Expression von RANK im Vergleich zu PBMCs, die mit 21 d
HEF-Uberstidnden kultiviert wurden (Abb.8). Das LEF-Medium begiinstigte mit 7 d die
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Uberexpression von ACP5 mit einem signifikanten Abfall bei 14 d sowie eine Erhéhung von
CTSK mit 7 d im Vergleich zum 14 d Medium.
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Abbildung 8: Genexpressionsdaten bezogen auf die unstimulierte Kontrolle. PBMCs wurden 48 h mit gepoolten Uberstinden
von Osteoblasten inkubiert, die zuvor tUber 7, 14 und 21 d mit einem hoheren elektrischen Feld (HEF), einem niedrigeren
elektrischen Feld (LEF) und ohne elektrische Stimulation (Kontrolle) kultiviert wurden [n = 8]. Die Ergebnisse sind als Mediane
in Heatmaps dargestellt, wobei die Herabregulierung in orange [< 1], die Hochregulierung in blau [> 1] und eine ahnliche
Genexpression wie bei der Kontrolle in weild [= 1] gekennzeichnet ist. Die Signifikanzen wurden mithilfe des Two-Way-ANOVA
mit Tukey ermittelt. # zeigt signifikante Unterschiede zwischen den Stimulationen und der Kontrolle an: # p < 0,05; * zeigt
signifikante Unterschiede zwischen den Stimulationszeitpunkten an: * p < 0,05; ~ zeigt signifikante Unterschiede zwischen
HEF und LEF an: ~ p < 0,05.

4.3.3 Expression von Osteoklastenmarkern bei Pra-Osteoklasten

Wahrend bei den PBMCs vermehrt die Genexpression von Induktions- und
Differenzierungsmarkern reguliert wurde, konnten bei den Pra-Osteoblasten haufiger
Expressionsdnderungen bei Genen der Aktivitit beobachtet werden. Uberstinde mit HEF
flhrten zu einer erhohten Expression von CA2 und MMP-9 mit 7 d im Vergleich zu 14 d und
21 d Medium. 7 d Medium fihrte zudem zu einer signifikant erhéhten Genexpression von
Monocyte chemoattractant protein 1 (MCP1) und MMP-9 im Vergleich zur Kontrolle. Pra-
Osteoklasten, die mit 21 d HEF-Medium kultiviert wurden, zeigten eine Reduktion in der
Genexpression von CASP8 und CA2. Unterschiede zwischen den elektrischen Feldern konnten
in der Expression von MCP1 festgestellt werden. Die MCP1-Expression war bei 7d HEF
signifikant héher als bei 7 d LEF. Die Kultivierung mit 7 d LEF-Medium flihrte zu einer erhéhten
Expression von CA2 und MMP-9 im Vergleich zur Kontrolle und dem 14 d LEF-Medium. Das
21 d Medium reduzierte die Genexpression von RANK im Vergleich zu 14 d und von CTSK im
Vergleich zur Kontrolle (Abb. 9).
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Abbildung 9: Genexpressionsdaten bezogen auf die unstimulierte Kontrolle. Pra-Osteoklasten wurden 48 h mit gepoolten
Uberstanden von Osteoblasten inkubiert, die zuvor iiber 7, 14 und 21 d mit einem hdheren elektrischen Feld (HEF), einem
niedrigeren elektrischen Feld (LEF) und ohne elektrische Stimulation (Kontrolle) kultiviert wurden [n = 8]. Die Ergebnisse sind
als Mediane in Heatmaps dargestellt, wobei die Herabregulierung in orange [< 1], die Hochregulierung in blau [> 1] und eine
ahnliche Genexpression wie bei der Kontrolle in weil8 [= 1] gekennzeichnet ist. Die Signifikanzen wurden mithilfe des Two-
Way-ANOVA mit Tukey ermittelt. # zeigt signifikante Unterschiede zwischen den Stimulationen und der Kontrolle an: # < 0,05;
* zeigt signifikante Unterschiede zwischen den Stimulationszeitpunkten an: * p <0,05, ** p <0,01; ~ zeigt signifikante
Unterschiede zwischen HEF und LEF an: ~ p < 0,05.

4.4
Um genaue Informationen (ber die entstehenden elektrischen Felder zu erhalten, wurden

Bestimmung elektrischer Felder [IV]

Versuche zur numerischen Simulation und experimentellen Validierung durchgefihrt. Zur
Bestimmung der elektrischen Felder wurden elektrische Potenziale an definierten Positionen
innerhalb der Zellkulturplatte gemessen, um weiterfiihrend das elektrische Feld (in V/m) zu
berechnen. Diese Daten wurden mit Simulationsdaten verglichen [lI, IV].

In Vorarbeiten wurde manuell mit einer Messelektrode das elektrische Potenzial auf dem
Wellboden gemessen. Dafiir wurde die Konfiguration von 1 mm Abstand, 0,7 V und 20 Hz
gewahlt. Da davon ausgegangen werden kann, dass das Feld durch den Aufbau der Elektrode
symmetrisch verldauft, wurde zunachst nur die Spannung auf einer Seite gemessen. Es konnte
ein Feld von bis zu 4 V/m bestimmt werden (Abb. 10A). Da eine zugehorige numerische
Simulation jedoch elektrische Felder von bis zu 150 V/m aufzeigte (Abb.10B) [ll] und
Temperaturschwankungen sowie manuelle Fehler beim Abtasten der Positionen auf dem
Zellkulturplattenboden nicht ausgeschlossen werden konnten, wurde ein automatisierter
Prozess zum Messen der Spannung entwickelt. Dafiir wurde zunachst ein 3D-Drucker
modifiziert, sodass anstelle des Extruders eine Messelektrode platziert werden konnte.
Mithilfe des Druckarms war eine dreidimensionale Positionierung der Messelektrode im Well
moglich. Durch die Symmetrie der Elektrode konnte im identischen Abstand oberhalb der
Elektrode die
Zellkulturplattenboden zu ermitteln. Der

gemessen werden, um elektrische  Feldverteilung auf dem

modifizierte 3D-Drucker wurde in einem
Warmeschrank platziert, sodass alle Messungen bei 37 °C vorgenommen werden konnten. Die
Temperatur wurde regelmaRig im Medium des Messwells in der Zellkulturplatte liberpruft.

Somit konnte eine Feldstdrke von bis zu 5,2 V/m bestimmt werden [IV] (Abb. 10B).

15



Elektrische Feldstarke [V/m]
0.0 50.0 100.0 150.0

- _—

=]

8 5.18
8 s @
: - 4.31
4 -
4 :
2 S
24 -
¢ 2 £ = 3.44
Es Eo o
. > 3 2.58
0
4 =4 . 1.71
6 -6 e . . ‘?2_7.
e e ——— .
2 P -8+ - . . - 0.84
10 -6 -4 -2 0 2 a 6

2 4 [] 8 10
X/ mm

Abbildung 10: Validierung und Simulation des elektrischen Feldes bei einer Eingangsspannung von 0,7 V, 20 Hz und einem
Abstand der Feldmessung zur Elektrode von 1 mm. (A) Mittelwert der hdndischen Messungen der Spannung auf dem
Zellkulturplattenboden [n = 9]. Gezeigt werden die Positionierung im Well und das errechnete elektrische Feld in V/m.
(B) Numerische Simulation des elektrischen Feldes auf dem Zellkulturplattenboden in V/m. [II] (C) Automatisierte Messung
der Spannung oberhalb der Elektrode im selben Abstand wie zwischen der Elektrode und dem Wellboden. Die Messung
erfolgte temperiert bei 37 °C mithilfe eines modifizierten 3D-Druckers. Gezeigt werden die Positionierung im Well und das
errechnete elektrische Feld in V/m.

5 Diskussion

Die ES von Knochen bietet die Moglichkeit, Osteoporose sowie schlecht heilende oder groRRe
Knochendefekte zu behandeln [17]. In In-vivo-Studien, in denen die Knochenheilung mittels
ES untersucht wurde, konnte eine Erfolgsrate von 77 % in Tierstudien und 73 % in klinischen
Studien beobachtet werden [17]. Mit dieser Dissertation sollte das Grundlagenwissen zu
zellularen Reaktionen der Knochenzellen auf elektrische Felder erweitert werden. Dabei
standen die veranderte Osteogenese durch direkte ES sowie die Osteoklastogenese durch
eine indirekte Kultivierung mit durch ES konditionierte Osteoblastenmedien im Vordergrund.
Weiterhin sollten die verwendeten elektrischen Feldstarken charakterisiert werden.

5.1 Einfluss elektrischer Wechselfelder auf die Differenzierung von Osteoblasten

Da Osteoblasten fiir die Bildung mineralisierter Knochenmatrix verantwortlich sind, stellen sie
einen der wichtigsten Zelltypen fir die Knochenheilung dar [8]. Ziel ist es, durch die
Stimulierung mit elektrischen Feldern die Aktivitat und Differenzierung der Osteoblasten zu
erhéhen, um eine verbesserte Knochenheilung zu erreichen.

Bei der Untersuchung verschiedener elektrischer Wechselfelder und Stimulationseinheiten
zeigten sich Unterschiede zwischen den verwendeten Spannungen sowie zwischen den
Stimulationszeitrdumen. Stimulationen mit 2,8 V fiihrten nach 1d zu einer Erhéhung von
Differenzierungsmarkern, mit zunehmender Stimulationszeit sank jedoch die Genexpression
unter das Kontrolllevel. Dies konnte bei kleineren angelegten Spannungen nicht beobachtet
werden, womit sich kleine Felder als vorteilhafter flir eine gesteigerte
Osteoblastendifferenzierung herausstellten [lI]. Es wird deutlich, dass optimale
Stimulationsparameter fir eine gezielte Aktivierung der Osteoblasten essenziell sind.
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Chaudhari et al. [40] zeigten in einer Vergleichsstudie zu variierenden Spannungen und
Frequenzen, wie stark die Zellreaktion vom elektrischen Feld abhdngig ist. So kénnen
unterschiedliche Felder fordernde, aber auch hemmende Wirkungen auf die Aktivitat von
Osteoblasten haben [40].

Die Analyse verschiedener Zeitpunkte wahrend der Stimulation zeigte die Abhangigkeit der
Zellreaktion von der Stimulationsdauer [I]. Su et al. sowie de Sousa verdeutlichten in Studien
mit kapazitiven Systemen die Variation der Expression und Freisetzung von
Differenzierungsfaktoren tiber einen Zeitverlauf von bis zu 28 d [41,42]. Da in Studie [I] nur die
Stimulation bis 7 d beobachtet wurde und nur wenige Langzeitstudien mit direkten
Wechselfeldern existieren [7,43], wurde der Versuchszeitraum auf 31d erweitert, und
verschiedene Untersuchungszeitpunkte wahrend der Stimulation wurden hinzugefiigt [Il]. Ein
Fokus lag dabei auf der zeitlichen Aufnahme der mineralisierten Matrix, da
Mineralisierungsprozesse der Osteoblasten erst mit fortgeschrittener Kultivierungszeit zu
beobachten sind [44-46]. Zudem wird in Studien zur ES oft kein Zeitverlauf der
Mineralisierung aufgezeichnet, sondern diese beinhalten nur eine Endpunktbestimmung
[42,43]. Deshalb wurde dies in Veroffentlichung [Il] integriert.

Die zwei unterschiedlichen Abstande zur Elektrode, die in der Langzeitstimulation verwendet
wurden, fiihrten zu einem HEF und einem LEF [ll]. Es traten vereinzelt erste Nodule-Bildungen
nach 3 bzw. 7 d auf, wobei eine signifikante Erhéhung der Mineralisierungskapazitat bei LEF
nach 14, 28 und 31 d beobachtet werden konnte. Parallel zu dem signifikanten Anstieg der
Mineralisierungsmenge konnte eine Verringerung der OPN-Konzentration beobachtet
werden. War OPN hingegen hochreguliert bzw. dhnlich zur Kontrolle, war die
Mineralisierungskapazitat nicht beeinflusst. Dieser kohdrente Trend zwischen Mineralisierung
und OPN und die daraus vermutete regulatorische Wirkung von OPN auf die
Mineralisierungsmenge lassen sich anhand der gemessenen Menge des Alkalischen
Phosphatase Proteins weiter vertiefen. OPN besitzt im phosphorylierten Zustand eine
hemmende Wirkung auf Mineralisierungsprozesse, was mit den Beobachtungen in Studie [ll]
korreliert [47]. Da die Alkalische Phosphatase Menge nicht durch die Stimulation verdandert
wurde [ll], kann von keiner erhéhten Dephosphorylierung des OPN ausgegangen werden.
Somit ldsst sich vermuten, dass phosphoryliertes OPN vorlag, das zur Regulation der
Mineralisierung beitrug.

Das HEF fihrte zu keiner signifikanten Verdanderung der Mineralisierung, jedoch zu einer
langer andauernden erhdhten Freisetzung von Signalproteinen wie OPG und IL-6. Beide
Proteine sind an Knochenumbauprozessen beteiligt [1,48,49]. OPG reguliert das
Knochenwachstum positiv durch das RANKL/RANK/OPG-System, indem es RANKL blockiert. Es
kann durch mechanische und elektrische Einwirkungen aktiviert werden [50-54]. IL-6 nimmt
eine kontroverse Rolle in Knochenumbauprozessen ein, da es Osteoblasten und Osteoklasten
aktivieren oder deaktivieren kann, vermutlich in Abhdngigkeit des Differenzierungsstadiums
der Zellen und des Einflusses anderer Zytokine [55,56]. Es ldsst sich somit vermuten, dass ES
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in Abhangigkeit der Feldstarke die Mineralisierung tber geringere elektrische Felder oder die
Zytokinfreisetzung durch grofRere Felder und damit die Kommunikation zwischen
verschiedenen Zelltypen begiinstigt.

Auch andere Forschungsgruppen konnten unter Verwendung elektrischer Felder verstarkte
Differenzierung und Mineralisierung von Osteoblasten beobachten [57-60]. McCullen et al.
verglichen die Feldstarken 100 V/m, 300 V/m und 500 V/m. Sie zeigten eine starke Zunahme
in der Mineralisierung mit 100 V/m, eine nicht veranderte Mineralisierung mit 300 V/m und
eine Reduzierung im Vergleich zur unstimulierten Kontrolle bei 500 V/m [57]. In anderen
Studien wurde unter Verwendung kapazitiv gekoppelter Felder die Zunahme der
mineralisierten Matrixbildung oder die gesteigerte Differenzierung von Osteoblasten mit sehr
geringen Feldstarken beobachtet [58-60]. Somit ist zu vermuten, dass niedrige elektrische
Felder die Differenzierung und Mineralisierung von Osteoblasten fordern. Die in Studie [II]
verwendeten elektrischen Felder waren, nach experimentellen Uberpriifungen, mit bis zu
5 V/m deutlich niedriger als die Felder von McCullen et al.. Es ist jedoch hervorzuheben, dass
durch die numerische Simulation in der eigenen Studie [ll] zunadchst von einer dhnlichen
Feldstarke mit 150V/m ausgegangen werden konnte. Da bei McCullen etal. keine
messtechnische Uberpriifung der Feldstirken vorliegt, ist eine Abweichung zwischen realen
und simulierten Feldstarken ebenso moglich [57]. Dies verdeutlicht die Notwendigkeit einer
experimentellen Validierung der verwendeten elektrischen Felder, da eine starke Diskrepanz
zwischen Simulation und Messdaten vorliegen kann. In der Literatur wird oft keine
experimentelle Uberpriifung der elektrischen Feldstirken beschrieben, weshalb davon
ausgegangen werden kann, dass die beschrieben Feldstdarken geringer ausfallen als durch
numerische Simulationen berechnet.

Es sind weiterfihrende Studien bezliglich der Zellwahrnehmung der elektrischen Signale und
zur Signalweiterleitung von N6ten, um die Wirkungsweise geringer elektrischer Felder besser
zu verstehen. Eine aktuelle Hypothese stellt die Wahrnehmung der elektrischen Signale durch
Zytoskelett-Strukturen, Mikrofilamente oder das priméare Cilium dar [24,61]. Es ist ebenso
moglich, dass elektrische Felder auf die Zellmembran wirken, z. B. durch eine Reorganisation
der Lipidstrukturen in der Membran, Umverteilungen der Zelloberflachenrezeptoren oder
Strukturveranderungen von Membranproteinen, insbesondere spannungsgesteuerte
lonenkanale wie Calcium-Kanale [24,32,62]. Calcium-lonen nehmen eine zentrale Rolle ein,
denn durch die Freisetzung von intrazelluldrem Ca?* durch ES erhéht sich das freie Ca%* in der
Zelle, aktiviert somit den Calcium/Calmodulin-Signalweg und 16st die Zelldifferenzierung aus
[24]. Mittels einer Transkriptomanalyse war es moglich, durch ES angesprochene Signalwege
nach 7 d und 28 d in den Osteoblasten mit LEF zu untersuchen [ll]. So konnten nach 7 d eine
reduzierte Expression von GPCR und eine erhdhte Expression von Eicosanoiden nachgewiesen
werden. Eicosanoide sind wichtige Signalproteine, die hauptsachlich durch GPCR in der
Zellmembran erkannt werden [63]. Da die Expression der GPCR in den Osteoblasten selbst
herunter reguliert war, ist eine mogliche Aktivierung anderer Zelltypen durch die ESO denkbar.
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Ebenso ist es moglich, dass Kernrezeptoren in den Osteoblasten selbst auf die Eicosanoide
reagieren und somit Proliferations- und Differenzierungsprozesse aktivieren [64]. Dies konnte
im Zusammenhang mit den vermehrt beobachteten Mineralisierungsprozessen stehen. Nach
28 d wurden Gene reguliert, die besonders fiir die Bewegung von Zellen oder subzelluldren
Komponenten verantwortlich sind [IlI]. Dies unterstreicht unter anderem die Annahme, dass
das Zytoskelett eine entscheidende Rolle in der Signalwahrnehmung und -weiterleitung
elektrischer Signale spielt [24].

5.2 Indirekter Einfluss stimulierter Osteoblasten auf die Osteoklastogenese

Durch die ES der Osteoblasten werden Signalmolekiile freigesetzt, die wiederum andere
Zelltypen beeinflussen. Von besonderem Interesse ist die Stimulation osteoklastarer Vorlaufer
und differenzierter Osteoklasten. Als Gegenspieler der Osteoblasten sind Osteoklasten fiir den
Knochenabbau zustandig und somit essenziell fiir Knochenumbauprozesse und eine gesunde
Knochenheilung [8]. Die Uberstinde der elektrisch stimulierten Osteoblasten aus Studie [II]
wurden nach 7, 14 und 21 d gesammelt und fiir die indirekte Stimulation der PBMCs und Pra-
Osteoklasten verwendet.

Auffallig bei der indirekten Kultivierung ist die unterschiedliche Viabilitat der beiden Zelltypen
(Abb. 7). PBMCs zeigten eine verringerte Viabilitdt mit 7 und 14 d Medium, Pra-Osteoklasten
eine erhohte Viabilitat mit 21d Medium. Dies konnte auf den unterschiedlichen
Differenzierungsgrad der Zellen zurlckzufiihren sein. PBMCs bestehen aus multipotenten
Progenitorzellen mit einer hohen Variabilitat bei der Differenzierung in verschiedene
Zelltypen, aber auch mit einer hohen Proliferationsrate [65,66]. Durch eine vermehrte
Differenzierung, die durch die Genexpression von ACP5 nachgewiesen werden kann (Abb. 8),
wurde vermutlich die Proliferation vermindert und somit die Viabilitat verringert, da weniger
Zellen fir den Umsatz des WST-1 Reagenz zur Verfligung standen. Pra-Osteoklasten waren
hingegen vordifferenziert und besaRen somit nicht die Méglichkeit der erhéhten Proliferation
oder Differenzierung [66]. Bei den Pra-Osteoklasten konnte eine erhdhte Aktivitat durch eine
gesteigerte Genexpression von CTSK, CA2 und MMP-9 (Abb. 9) besonders nach 7 d festgestellt
werden. Nach 21d war diese nicht vorhanden, jedoch eine negative Regulierung des
Apoptose-Markers CASP8 bei HEF [67]. Durch die unveranderte Aktivitat der Pra-Osteoklasten
mit dem 21 d Medium und der verringerten CASP8-Expression ldsst sich eine erhohte
Proliferation und somit eine erhohte Viabilitdt vermuten. Zukilinftige Zell-Zyklus-
Untersuchungen konnen gezieltere Aussagen Uber die Proliferationskapazititen und
Differenzierungsstadien der Zellen ermdoglichen [66].

Bei beiden Zelltypen zeigte sich mit den 7 d Medien keine Regulation der RANK-Expression,
jedoch eine Hochregulation der Expression von ACP5 bei den PBMCs oder CTSK, CA2 und
MMP-9 bei den Pra-Osteoklasten. Die indirekt durch die ES hervorgerufene Differenzierung
und Aktivitdt der Zellen scheint somit nicht auf den Differenzierungsfaktor RANKL, dem
Liganden fiir den RANK-Rezeptor, zurickzufihren zu sein [68]. Diese Annahme der RANKL-
RANK-unabhangigen Differenzierung kann durch die Studie von Lei et al. [69] untermauert
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werden, da in direkt elektrisch stimulierten Makrophagen eine Hemmung der RANKL-
induzierten Osteoklastogenese nachgewiesen werden konnte. In Studie [lll]] kann ebenso von
einem RANK-RANKL-unabhédngigen Signalweg ausgegangen werden, wobei vermutlich eine
Regulation iber TNF-a erfolgte. TNF-a ist unter anderem ein moglicher Mediator fiir eine
erhohte Osteoklastogenese [70-72] und konnte in erhohten Konzentrationen in den
Uberstanden der ESO nachgewiesen werden [lIl]. Weiterhin wird diese Hypothese durch die
verringerte IFN-B- und IL-10-Konzentration bestarkt, beides Antagonisten der
Osteoklastogenese. Beide Zytokine konnten vermehrt im 7 d Medium der NSO detektiert
werden, jedoch nicht im ESO-HEF-Medium [lll], was flir eine verminderte Differenzierung und
Aktivierung mit dem Kontrollmedium spricht. Obwohl nach 14 d diese Mediatoren auch im
ESO-Medium nachweisbar waren, konnte weiterhin eine Induktion der osteoklastischen
Differenzierungs- und Aktivitatsmarker nachgewiesen werden. Dies konnte auf die erhdhte
Konzentration von IL-6, aber auch auf die stark erhohte Konzentration des TNF-a-Proteins im
ESO-HEF-Medium zuriickzufiihren sein [lll]. Vermutlich sind jedoch auch andere Mediatoren
von Bedeutung, die in der Studie [llI] nicht berticksichtigt wurden. Eine umfanglichere Analyse
von Signalproteinen, aber auch von extrazellularen Vesikeln konnte Aufschluss iber weitere
Details der Zell-Zellkommunikation geben.

Auffallig war, dass das HEF und LEF zu dhnlichen, aber nicht denselben Zellreaktionen in den
PBMCs und Pra-Osteoklasten flihrten. So zeigten sich signifikante Unterschiede z. B. in der
Expression von MCP1, CASP8 oder RANK. Gleichzeitig konnten mit dem LEF weniger
signifikante Anderungen in den PBMCs und Pri-Osteoklasten erzeugt werden als mit HEF-
Uberstinden. Dies kénnte die anfinglich aufgestellte These unterstiitzen, dass LEF die
Mineralisierung und HEF die Knochenumbauprozesse fordern. Weiterfiihrende
Untersuchungen der Zellmedien, aber auch mit Co-Kulturen von Osteoblasten und
Osteoklasten sind unerlasslich, um diese Vermutung zu stitzen.

5.3 Experimentelle Validierung und Simulation der elektrischen Felder

Sowohl in In-vitro- als auch in In-vivo-Versuchen fehlen haufig genaue Angaben zu den
applizierten elektrischen Feldern. Da die Verwendung unterschiedlicher Stimulationssysteme
und -parameter verschiedene Zellreaktionen hervorrufen kann, ist ein Vergleich zwischen
verschiedenen Studien nur sehr begrenzt moglich [24,73,74]. Ein solcher Vergleich ist jedoch
unerlasslich, um die Zellreaktionen bei ES tibersichtlich darstellen und das daraus entstehende
Wissen nutzen zu kénnen, um die Behandlung von Patienten mit Knochendefekten zu
verbessern [75]. Eine Vergleichbarkeit kann (iber das Ermitteln der applizierten elektrischen
Feldstarken ermoglicht werden [76,77]. Oftmals wird dies in Studien jedoch nicht bestimmt
und experimentell Uberpriift, sondern nur simuliert oder angenommen [41,42,78-80].
Gundersen und Greenebaum veroffentlichten drei Methoden fir die experimentelle
Bestimmung des elektrischen Feldes [81]. In Vorversuchen zur Studie [IV] wurde die Methode
des Messens der lokalen Spannungsverteilung in der Stimulationskammer gewahlt, um die
GrolRe des elektrischen Feldes abschatzen zu kénnen. Dabei dhnelte das elektrische Feld der
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manuellen Messung in der GroRenordnung dem elektrischen Feld, das automatisiert
gemessen wurde. Das in der Simulation berechnete Feld war hingegen ca. 30-fach grofRer als
das experimentelle. Somit ist davon auszugehen, dass in der Berechnung des elektrischen
Feldes durch die numerische Simulation Parameter nicht beriicksichtigt wurden, welche die
reale Feldstarke beeintrachtigen. Ursachen kdnnen z. B. das Entstehen einer Doppelschicht
um die Elektrode wahrend der Stimulation, die Korrosion an der Elektrode oder Ablagerungen
an der Elektrode durch Medienbestandteile wie das Bilden einer Mineralisierungsschicht um
die Elektrode sein. Weiterfilhrende Versuche mit hoéheren Frequenzen wurden
vorgenommen, um die Diskrepanz zwischen der Messung und der Simulation detailliert zu
untersuchen [IV]. Es zeigte sich, dass der Unterschied zwischen Simulation und Messung mit
einer hoheren Frequenz deutlich geringer ist als mit kleineren Frequenzen [IV]. Dies
verdeutlicht die Wichtigkeit einer experimentellen Uberpriifung des elektrischen Feldes, um
prazise Daten (iber dessen Starke zu erlangen. Weiterfiihrende Studien sollten erfolgen, um
mogliche Parameter zu identifizieren, die zu einer Veranderung des elektrischen Feldes
flhren.

5.4  Ausblick

Die in der vorliegenden Arbeit generierten Erkenntnisse zur ES von Knochenzellen bieten eine
Grundlage fir weiterfilhrende Untersuchungen. Direkte Co-Kultivierungsmodelle unter der
Verwendung von Gerlststrukturen (Scaffolds) sind angeraten, um eine knochendhnliche
Matrix zu erhalten, verschiedene Zelltypen gleichzeitig zu stimulieren und die daraus
entstehende Interaktion der Zelltypen zu beobachten. Zudem ware eine Vordifferenzierung
von Osteoblasten zu Osteozyten im Scaffold denkbar, mit anschlielender Besiedelung von
Osteoblasten- und Osteoklasten-Vorlauferzellen. Die damit erhohte Komplexitat des
Zellaustausch wiirde eine bessere Vergleichbarkeit zu In-vivo-Studien bieten.

Neben der Entwicklung einer Co-Kultur sind weiterfiihrende Analysen zur Signalwahrnehmung
von elektrischen Feldern durch Knochenzellen ein relevantes Forschungsziel. Das Verstandnis
zur Wahrnehmung und Weiterleitung der elektrischen Signale durch die Zelle ist notwendig,
um Stimulationsparameter optimal anpassen zu koénnen. Durch ein solches
Grundlagenverstandnis kann die Forschung zur ES von Knochen vorangebracht und
letztendlich die klinische Anwendung am Patienten verbessert werden. Mittels der
Durchflihrung einer Lebendzell-Bildgebung unter ES konnten Aufnahmen von kurz- und
langzeitstimulierten Zellen generiert werden, mit denen z. B. Veranderungen im Calcium-Flux,
im Zytoskelett, in Zellorganellen und in der Membran erfasst werden kénnten. Ebenso
konnten damit relevante Rezeptoren der Signalwahrnehmung, wie Piezo 1 und 2, analysiert
werden [82].

Durch die Versuche zur Validierung und Simulation der elektrischen Felder hat sich die
Relevanz der experimentellen Messung applizierter elektrischer Felder gezeigt. In zuklinftigen
Versuchen sollte eine konstante Stromstarken- und Spannungsmessung wahrend der
Stimulation erfolgen, um Erkenntnisse (iber die Intensitat und eventuelle Schwankungen der
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elektrischen Felder zu erlangen. Zudem sollten mogliche Ablagerungen und
Korrosionsvorgange an den Stimulationselektroden ermittelt werden. Die Bestimmung der
Feldverteilung in stimulierten 3D-Strukturen und -Geweben gewadhrleistet eine bessere
Vergleichbarkeit mit In-vivo-Studien, die fiir eine zukiinftige verbesserte klinische Anwendung
notwendig ist.

6 Zusammenfassung

Die ES von Knochen ist eine Methode, mit der die Knochenregeneration verbessert und
Knochendefekte behandelt werden kénnen. Trotz der erfolgreichen klinischen Anwendung
bestehen offene Fragen beziglich der Wirkungsweise elektrischer Felder auf Knochenzellen.
In der vorliegenden Arbeit wurde daher der Einfluss elektrischer Felder auf humane
Osteoblasten untersucht, und deren indirekte Wirkung auf die Osteoklastogenese analysiert.
Mithilfe spezieller In-vitro-Stimulationssysteme war es moglich, die Differenzierung und
Aktivitat humaner Osteoblasten unter ES zu untersuchen und eine Vergleichbarkeit mit einem
vorliegenden In-vivo-Stimulationssystem herzustellen. Hohere Eingangsspannungen fihrten
zu hoheren elektrischen Feldern und zu einer Herunterregulierung der Genexpression von
osteoblastischen Differenzierungsmarkern tiber die Zeit. Beim Vergleich von kontinuierlicher
und diskontinuierlicher ES konnte kein Vorteil der kontinuierlichen Stimulation beobachtet
werden. Deshalb wurde in dieser Arbeit fiir die Untersuchung von Langzeiteffekten eine
diskontinuierliche Stimulation von 3 x 45 min und einer Eingangsspannung von 0,7 V gewahlt.
Durch das Einstellen zwei unterschiedlicher Abstinde der Elektrode zum Boden der
Zellkulturplatte war es moglich, die Varianz des Abstands der Elektroden zum umgebenden
Knochen nachzubilden. Bei den entstehenden elektrischen Feldern stellte sich das LEF als
fordernd fiir eine erhdhte Mineralisierung heraus. Die Untersuchung von Signalproteinen
zeigte eine erhohte Sekretion mit LEF nach 3 und 7 d, mit dem HEF nach 14 und 21 d. Fir eine
tiefergreifende Analyse moglicher Signalkaskaden wahrend der ES wurde eine
Transkriptomanalyse durchgefiihrt. Es konnte gezeigt werden, dass unterschiedliche
Zeitpunkte der ES die Expression unterschiedlicher Gene anregen. Nach 7 d wurde eine
Regulation von GPCR und Eicosanoiden nachgewiesen, die im Zusammenhang mit
Proliferations- und Differenzierungsprozessen stehen kann. Nach 28 d waren Gene
hochreguliert, die fir die Bewegung der Zellen und subzelluldiren Komponenten
verantwortlich sind.

Die Untersuchung zur Beeinflussung der Osteoklastogenese durch Uberstidnde von elektrisch
stimulierten Osteoblasten zeigte eine variierende Reaktion in der Zellviabilitdt in Abhangigkeit
des Differenzierungsstadiums der Zellen. Uberstidnde bei der Applikation von HEF fiihrten zu
starker ausgepriagten Verianderungen in der Expression osteoklastirer Gene als Uberstinde
bei der Applikation von LEF. Daher ldsst sich vermuten, dass hohere Felder eine stirkere
Regulation der Knochenumbauprozesse anregen, kleinere Felder hingegen eher
Mineralisierungsprozesse unterstiitzen. Weiterhin war eine Erhéhung der Genexpression
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vermehrt nach der Kultivierung mit 7 d Medien feststellbar, was suggeriert, dass die ersten
Tage der ES entscheidend fiir die Interaktion von Osteoblasten und Osteoklasten sind.

Mit der Entwicklung eines Versuchsaufbaus zur experimentellen Validierung elektrischer
Felder war es moglich, die entstehenden Feldstarken zu bestimmen und mit Simulationsdaten
zu vergleichen. Es konnte beobachtet werden, dass bei kleinen elektrischen Feldern die
Varianz zwischen Mess- und Simulationsdaten sehr gro8 war. Weiterfihrende
Untersuchungen zu verschiedenen Stimulationsparametern, die das elektrische Feld
verandern, sind notwendig, um numerische Simulationen zu verbessern. Auch eine
messtechnische Uberpriifung der elektrischen Felder ist essenziell, um verschiedene Studien
miteinander vergleichen zu kdnnen.
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Abstract: Endogenous electric fields created in bone tissue as a response to mechanical loading
are known to influence the activity and differentiation of bone and precursor cells. Thus, electrical
stimulation offers an adjunct therapy option for the promotion of bone regeneration. Understanding
the influence of electric fields on bone cell function and the identification of suitable electrical
stimulation parameters are crucial for the clinical success of stimulation therapy. Therefore, we
investigated the impact of alternating electric fields on human osteoblasts that were seeded on
titanium electrodes, which delivered the electrical stimulation. Moreover, osteoblasts were seeded on
collagen-coated coverslips near the electrodes, representing the bone stock surrounding the implant.
Next, 0.2V,1.4V, or 2.8 Vwere applied to the in vitro system with 20 Hz frequency. After one, three, and
seven days, the osteoblast morphology and expression of osteogenic genes were analysed. The actin
organisation, as well as the proliferation, were not affected by the electrical stimulation. Changes in
the gene expression and protein accumulation after electrical stimulation were voltage-dependent.
After three days, the osteogenic gene expression and alkaline phosphatase activity were up to 2.35-fold
higher following the electrical stimulation with 0.2 Vand 1.4 Von electrodes and coverslips compared
to controls. Furthermore, collagen type I mRNA, as well as the amount of the C-terminal propeptide
of collagen type I were increased after the stimulation with 0.2 Vand 1.4 V, while the higher electrical
stimulation with 2.8 Vled to decreased levels, especially on the electrodes.

Keywords: alternating current; electrical stimulation; electric field; osteoblasts; bone remodelling;
osteoblasts differentiation factors; osteogenesis

1. Introduction

The implantation of a total hip replacement is a common surgery which is being performed
with increasing frequency due to the rising age of the global population [1]. Surgery is indicated
in the case of trauma, osteoarthritis, avascular necrosis of the femoral head, or bone loss resulting
from tumours [2-5]. In a study by Springer et al., it was observed that about 10% of all patients
sustained a loosening of the implant in the 15-year period after the surgery [6]. Notably, 80% of these
cases represent aseptic loosening, although there is strong evidence regarding the high percentage
of false-negative microbiologic results due to the insensitivity of the method [7,8]. To avoid aseptic
loosening, a promising option for the enhancement of early and stable implant fixation is the application
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of electrical stimulation as an adjunct therapy, during the critical phase after surgery. Bone formation
and bone remodelling are known to be triggered by the application of mechanical loads on the bone
tissue [9]. Since Fukada and Yasuda discovered that endogenous electrical fields arise in bone through
the application of mechanical force, a lot of research and clinical applications have been done in the
field of electrical stimulation [10]. The use of the inverse piezoelectric effect to improve bone formation
by electrical stimulation (ES) is already utilised as an adjunct therapy with good levels of evidence
for non-unions, ankle/foot unions, spinal fusions, and necrosis of the femoral head [11-13]. ES can be
applied by direct, capacitive, or inductive coupling. Thereby, electric fields are delivered by direct or
alternating current. Using a direct coupling system, electrodes and power supply are placed invasively
on the affected bone and therefore can lead to the risk of infection, soft tissue irritation, and a second
surgical procedure for electrode removal after bone healing/regeneration. Capacitive coupling, using
electrodes attached to the skin above the bone defect, is non-invasive ES. However, skin irritation
can occur during capacitive coupled electrical stimulation and the application of high voltages is
necessary to induce appropriate electric fields inside the bone tissue. Inductive coupling delivers the
pulsed electromagnetic fields (PEMFs) via one or two magnetic coils placed over the bone defect and
therefore induce an electrical field through PEMFs while connected to an outer current supply [11].
Another option for the application of ES after joint arthroplasty is the integration of devices for electrical
stimulation into the endoprosthetic implant. A possible design of such an implant has been described
previously [14,15]. The advantages of this method are the possibility of direct electrical stimulation at
the desired site of the bone regeneration and the need for low patient compliance.

The effect of direct current (DC) and PEMFs on osteoblasts and mesenchymal stem cells has
been demonstrated in vitro in several studies, showing an increase in proliferation, differentiation
factors like osteocalcin, osteopontin, and Runt-related transcription factor 2 (RunX2), an increased
alkaline phosphatase (ALP) activity, and calcium deposition [16-23]. However, research on electric
fields generated through alternating current (AC) is less common but interesting, since the application
of AC reduces corrosion processes at the electrodes that contribute to particular wear generation and
metal ions release on the implant surface [24]. Besides this advantage of AC, it leads to a reduction
in the pH shifts and gas formation, which would otherwise lead to tissue irritation. In our previous
work, we have established an in vitro system for the alternating current stimulation where bone cells
can be cultivated on top of rough electrodes made of Ti6 Al4V [25]. These represent the surface of an
endoprosthetic implant that delivers ES. Thereby, osteoblasts were cultivated in small distances to the
electrodes on collagen-coated glass coverslips in order to approach physiological growth conditions in
an implant’s surroundings. Hence, the effects of AC stimulation on contact and distant osteogenesis
could be investigated with the in vitro stimulation system. In the present study, the influence of
different voltages resulting in varying electric fields were analysed in order to determine the suitable
voltages for the application in AC stimulation.

2. Results

2.1. Influence of Alternating Electric Fields on Osteoblast Morphology

The viability of human osteoblasts, after their exposure to alternating electric fields for three
and seven days, was ensured by actin staining following the strongest stimulation protocols, which
were 1.4 Vcontinuous and 2.8 Vintermittent electrical stimulations (ES). The cell morphology, intensity,
and orientation of actin fibres were unchanged after ES, compared to the unstimulated controls
on collagen-coated coverslips (Figure 1a) and titanium electrodes (Figure 1b) at both time points.
The dimensions of osteoblasts growing on rough Ti6Al4V electrodes were smaller than those growing
on collagen-coated coverslips due to the rough surface. However, the osteoblasts were able to proliferate
on the electrodes, showing a higher cell density after seven days, compared to the three-day time point,
and formed a confluent cell layer on both the rough surface of the electrode and the smooth surfaces of
the collagen-coated coverslip under control and ES conditions.
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Control 1.4V cont.

Figure 1. Actin staining of human osteoblasts on collagen-coated coverslips (a) and Ti6Al4V electrodes
(b) in unstimulated cells, after electrical stimulation (ES) with 1.4 Vcont. and 2.8 Vafter three and seven
days. The 2.8 Vgroup was stimulated 3 X 45 min per day, while the 1.4 Vcont. group was stimulated
continuously with 1.4 V. The scale measures 50 pm.

2.2. Effects of Alternating Electric Fields on Osteoblastic Proliferation

Electrical stimulation showed no significant influence on the proliferation of human osteoblasts
during seven days of stimulation using different applied electrical fields. Furthermore, the proliferation
was not changed through the intensity of the electrical field acting on the cells. Cells cultivated on the
electrode showed similar proliferation as cells cultured on collagen-coated coverslips on the bottom of
the well (Figure 2).
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Figure 2. Cell number of osteoblasts cultured one, three, and seven days with and without electrical
stimulation counted via Image]J. Cell number is displayed relative to the control for each time point.
For this experiment, 0.2V, 1.4 V, and 2.8 Vgroups were stimulated 3 x 45 min per day while the
cont. 1.4 Vgroup was stimulated continuously with 1.4 V. Cells grown on Ti6Al4V electrodes (a) and
collagen-coated coverslips (b). n = 3.

2.3. Effects of Alternating Electric Fields on Osteogenic Gene Expression

Three genes for osteogenic differentiation, collagen 1 (COL1A1), alkaline phosphatase (ALP), and
osteocalcin (BGLAP) were examined. COL1A1 and ALP were expressed at every time point for each ES.
BGLAP expression could be detected after three and seven days of cultivation.

COL1A1 expression in human osteoblasts on Ti6Al4V electrodes was mainly downregulated
through stimulation with 2.8 Vover time. After one day of cultivation with 2.8 V, the gene expression
was slightly upregulated but dropped significantly after seven days (p = 0.0190). Further, after three
days, the gene expression was significantly downregulated compared to 0.2 Vand 1.4 Vcontinuous
stimulation (p = 0.0044, p = 0.0004, respectively) and compared to the unstimulated control (p = 0.0078).
The same progression could be observed for the cultivation with 2.8 Vover seven days, as the gene
expression for ES with 0.2V, 1.4 V, and continuously 1.4 Vwas significantly higher compared to 2.8 V
(p =0.0089, p = 0.0027, p = 0.0299, respectively) (Figure 3a). The expression of ALP showed similarities
to the COL1A1 gene expression from cells grown on electrodes. Cells stimulated with 2.8 Vexpressed
a higher amount of ALP after one day of stimulation but reduced their expression after three days
(p = 0.0460) and seven days (p = 0.0061) of cultivation. Compared with the data from ES using 1.4V,
cells stimulated with 2.8 Vexpressed significantly less ALP after three days (p = 0.0178) and seven days
(p = 0.0337) (Figure 3c). BGLAP expression of cells growing on electrodes was significantly lower after
ES with 2.8 Vcompared to ES with 0.2 Vafter three days (p = 0.0166) (Figure 3e).

Cells growing on coverslips showed less change in the gene expression of COL1A1, ALP, and
BGLAP after ES compared to cells growing on electrodes. COLIA1 expression was increased after three
days for ES with 0.2V, 1.4 V, and continuous 1.4 V. Thereby, the increase after three days of stimulation
with 1.4 Vwas significant (p = 0.0078). Furthermore, the decrease of the COLIA1 expression from three
to seven days was significant for 0.2 Vand 1.4 V(p = 0.0369, p = 0.0218, respectively). Cells grown under
ES with 2.8 Vfor three days expressed significantly less COL1A1 compared to cells with 0.2 V(p = 0.0319)
and continuous 1.4 V(p = 0.0386) (Figure b). As for the electrodes, cells growing on coverslips showed
a similar expression behaviour of ALP and COL1A1. ES with 1.4 Vled to a significant increase in ALP
expression after three days compared to the unstimulated control (p = 0.0319) and the stimulation
with 2.8 V(p = 0.0155). As for COL1A1, the expression of ALP decreases under ES with 2.8 Vwith
time. Furthermore, a stimulation with continuous 1.4 Vled to decreased ALP expression after seven
days (p = 0.0313) (Figure 3d). No significant change of BGLAP expression could be observed for the
cultivation under electrical stimulation (Figure 3f).
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Figure 3. 2724Ct values for the gene expression of collagen type I (COL1A1; a,b), alkaline phosphatase

(ALP; c,d), and osteocalcin (BGLAP; e,f) after electrical stimulation, compared to the unstimulated

controls for the same time points. Cells were cultured on Ti6Al4V electrodes (a,c,d) and collagen-coated

coverslips (b,d,f) for one, three, and seven days. The 0.2V, 1.4 V, and 2.8 Vgroups were stimulated

3 x 45 min per day, while the cont. 1.4 Vgroup was stimulated continuously with 1.4 V. # indicates

significant differences between the stimulated and control groups: # p < 0.05 and ## p < 0.01 (Wilcoxon

matched pair test), * indicates significant differences between stimulation groups: * p <0.05, ** p < 0.01,
***p < 0.001 (two-way ANOVA). n > 3.

2.4. Effects of Alternating Electric Fields on Osteogenic Mediators

De novo synthesis of collagen type I of the osteoblasts growing on both the electrodes and
coverslips was evaluated by the detection of the propeptide of collagen type I (C1CP) in the cell culture
supernatant. A significant increase in the C1CP synthesis was found after ES with 1.4 V(p = 0.0391),
while 2.8 Vstimulation significantly decreased the C1CP synthesis after three days of ES (p = 0.0059), as
compared to the unstimulated controls (Figure 4). Differences between both stimulation groups were
significant (p = 0.0056). Further, the amount of C1CP differed significantly between the stimulation with
continuous 1.4 Vand 2.8 V(p = 0.0095) after three days. No changes in the C1CP synthesis were detected
after seven days of ES compared to the unstimulated cells or between the different stimulation groups.
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Figure 4. Collagen type 1 propeptide (C1CP) synthesised by human osteoblasts growing on electrodes
and coverslips for one, three, and seven days. Peptide concentrations were determined from cell
culture supernatant with and without electrical stimulation, and values are displayed relative to the
unstimulated control for each time point. For this experiment, 0.2V, 1.4 V, and 2.8 Vgroups were
stimulated 3 X 45 min per day, while the cont. 1.4 Vgroup was stimulated continuously with 1.4 V.
# indicates significant differences between the stimulated and control groups: # p < 0.05 and ## p < 0.01
(Wilcoxon matched pair test), * indicates significant differences between stimulation groups: ** p < 0.01
(two-way ANOVA). n > 6.

The alkaline phosphatase (ALP) activity from cells growing on electrodes was significantly
elevated after their exposure to 0.2 V, 1.4 V, and continuous 1.4 Vcompared to 2.8 V(p = 0.0004,
p = 0.0003, p = 0.0002, respectively) (Figure 5a). After seven days of stimulation, this trend was
continued for 0.2 Vand 1.4 Vcompared to 2.8 V(p = 0.0002, p = 0.0005, respectively). Seven days after
exposure to 1.4 Vcontinuous stimulation, the ALP activity decreased significantly (p = 0.0313). Further,
ES with 2.8 Vreduced the ALP activity on the electrodes significantly after three days (p = 0.0313) and
non-significantly after seven days.
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Figure 5. Alkaline phosphatase activity (ALP) of human osteoblasts growing on electrodes (a) and
coverslips (b) with and without electrical stimulation. Results are displayed relative to the unstimulated
controls after one, three, and seven days. For this experiment, 0.2 V, 1.4 V, and 2.8 Vgroups were
stimulated 3 X 45 min per day, while the cont. 1.4 Vgroup was stimulated continuously with 1.4 V.
# indicates significant differences between the stimulated and control groups: # p < 0.05 and ## p < 0.01
(Wilcoxon matched pair test), * indicates significant differences between stimulation groups: * p < 0.05,
**p <0.01, ** p < 0.001 and **** p < 0.0001 (two-way ANOVA). n > 3.
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Cells cultivated on collagen-coated coverslips with a stimulation of 0.2 Vand 1.4 Vshowed
increasing ALP activity over time (Figure 5b). After seven days, the ALP activity for ES with
1.4 Vincreased significantly compared to the control (p = 0.0313). Furthermore, the ES with 0.2 Vand
1.4 Vled to a significant rise in ALP activity after seven days compared to ES with continuous
1.4 V(p =0.0276, p = 0.0001, respectively) and 2.8 V(p = 0.0044, p < 0.0001). Cells stimulated continuously
with 1.4 Vinitially showed a significant increase in ALP activity after three days (p = 0.0078), though
the ALP activity decreased significantly after seven days compared to three days (p = 0.0001) and the
unstimulated control (p = 0.0313). A similar significant decrease could be observed for cells cultivated
over seven days with 2.8 VES (p = 0.0313).

3. Discussion

In the present in vitro study, we investigated the response of human osteoblasts to alternating
electric fields when seeded directly on the rough surface of Ti6Al4V electrodes, modelling an implant
surface equipped with an AC stimulator for bone cell growth on the implant. In these experiments,
the osteoblasts were also seeded at a short distance to the electrodes on collagen-coated coverslips to
evaluate the effects of electrostimulation on bone cells growing in the tissue surrounding the implant.

Staining the cytoskeleton of the osteoblasts with phalloidin showed no effect of electrical
stimulation with 2.8 Vor continuous stimulation with 1.4 Von actin organisation. The cells were
able to maintain a spread phenotype and proliferate evenly on electrodes, demonstrating that the
osteoblast viability was not deteriorated by the electrical stimulation applied in our study. Quantification
of the stained nuclei of the osteoblasts could equally show that the amount of cells on the electrodes
and coverslips was not reduced by ES.

Effects of ES on osteoblast functions were highly voltage-dependent. While 0.2 Vand 1.4 Vresulted
in enhanced expression of the key mediators involved in bone formation (C1CP, and ALP), 2.8 Vreduced
the osteoblast function. Applying the same voltage, the continuous stimulation was not found to
be superior to an intermittent stimulation (3 x 45 min per day), having even a negative effect on
the expression of the investigated mediators, such as ALP after seven days, as compared to the
unstimulated controls. Considering the required energy supply of the electrically active implants,
shorter stimulation periods are also preferable over continuous stimulation. Compared to the three-day
stimulation period, the positive effects of ES on the osteoblast function were slightly diminished after
seven days of ES, as the C1CP concentration as well as the COL1A1 gene expression dropped from
three to seven days. On the other hand, ALP activity was constant or even rose over time. Su et al.
showed that the gene and mediator expression of differentiation factors can vary over time when using
capacitive ES [26]. Therefore, it would be interesting to cultivate the cells over a longer time period to
survey possible fluctuations of the osteogenic markers under ES. Further, as various differentiation
factors are expressed on different time points throughout osteoblasts differentiation, it is possible that
other factors which were not examined were positive influenced through ES [27].

Although significant effects dependent on the applied AC voltage could be demonstrated in our
study, these effects were relatively small. The sensitivity of human osteoblasts from different patients
to ES was subjected to high variances. Since human osteoblasts were pre-differentiated during the
cultivation before conducting the experiments, cells might have reached a high differentiation state,
thereby further limiting the effects of ES. Therefore, the use of mesenchymal stem cells with a high
differentiation capacity might elicit more pronounced effects from the applied AC voltages, considering
that implant ingrowth is not only realised by the pre-existing osteoblasts but also by the immigrating
precursor cells that undergo differentiation into the osteogenic lineage. The influence of AC on
mesenchymal stem cells has been investigated by Hronik-Tupaj et al. [28]. In this previous study, the
human bone marrow-derived stem cells were exposed to a 2 V/m AC field with a frequency of 60 kHz
for 40 min per day [28]. The researchers found an increase in COLIAI and ALP transcripts on day 15 and
20, which were associated with an increase in heat shock protein 27 transcripts and a higher metabolic
activity as compared to the unstimulated controls. However, collagen fibres and calcium deposition
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were not increased in stimulated samples, compared to the control samples [28]. McCullen et al.
stimulated adipose-derived stem cells with very high AC fields ranging from 1-1000 V/cm at 1 Hz
frequency for four hours per day [29]. The cell viability and attachment were maintained at a maximum
of 10 V/ecm. While 1 V/cm increased the calcium deposition as compared to the controls on day 28, the
rise in intracellular calcium was first seen when 10 or 100 V/cm was applied [29].

Further, the substrate in which the cells are electrically stimulated by ES is important for
the ES effects. In a previous study, human osteoblasts cultured on three-dimensional collagen
scaffolds and stimulated with a magnetic field and an additional alternating electric field strongly
increased the collagen synthesis [30]. The effects could be due to a coupled mechanical stimulation
induced by the piezoelectric properties of the collagen scaffold [31]. However, the osteoblast function
was also increased during the electromagnetic stimulation when cultured in a non-piezoelectric
three-dimensional matrix using a similar test set-up [32]. Jin and Kim exposed the osteoblast-like
MG-63 cells to AC fields (5.5 V/m, 60 Hz, 30 min per day) during culture on a different polycaprolactone
(PCL)-based scaffold [33]. They found elevated ALP activity and calcium deposition after ES on day
14, with the highest effects apparent in MG-63 cells seeded on PCL scaffolds that included B-tricalcium
phosphate [33]. The conductive polypyrrole (PPY)/PCL scaffold used by Zhang et al. led to an increased
cell proliferation compared to pure PCL scaffolds, with both scaffolds under electrical stimulation
(0-250 pA, DC) [34]. In our present study, we stimulated the human osteoblasts on collagen-coated
coverslips to supply a physiologic surface. Three-dimensional conductive scaffolds, such as bioceramic
scaffolds [35,36], conductive hydrogels [37], or biodegradable polymers as polyaniline scaffolds [38],
can be implemented in further studies to approach better physiologic conditions in order to adjust
the electrical field distribution during electrical stimulation. A limitation of our present study is that
the complex in vivo situation, including the interplay of different bone and precursor cells interacting
via cell contacts and various cytokines and growth factors, has not been considered. Therefore,
a co-cultivation of different osteogenic cells, like osteoblasts, osteoclasts, and bone marrow stem cells,
should be applied in future experiments to understand the interplay between different cell types under
ES. Additionally, scaffolds can be used to not only mimic the three-dimensional tissue structure but
also reflect the possible replacement material which can be used in surgery.

4. Materials and Methods

4.1. Isolation and Cultivation of Human Osteoblasts

Human primary osteoblasts were isolated from the femoral heads of patients undergoing primary
total hip replacement under sterile conditions, as previously described [39]. The samples were collected
with the consent of the patients, following an approval by the Local Ethical Committee (Registration
number: A 2010-0010, approval date: 27 January 2017). The donor cells used in the experiments were
obtained from 26 females (age: 69.1 + 11.8 years) and 25 males (age: 66.0 + 9.9 years).

Isolated cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, PAN-Biotech,
Aidenbach, Germany), containing 10% fetal calf serum (FCS, PAN-Biotech, Aidenbach, Germany),
1% amphotericin B, 1% penicillin-streptomycin, and 1% Hepes buffer (all: Sigma-Aldrich, Munich,
Germany) under standard cell culture conditions (5% CO, and 37 °C). Ascorbic acid (final concentration:
50 pug/mL), B-glycerophosphate (final concentration: 10 mM), and dexamethasone (final concentration:
100 nM) (all: Sigma-Aldrich, Munich, Germany) were added to the cell culture medium to promote
osteogenic differentiation. For the cell experiments, osteoblasts in passage three were seeded on rat
tail collagen coated coverslips (diameter: 12 mm, Neuvitro, Vancouver, WA, USA) with a density of
2.2 x 10* cells/cm? and on Ti6AI4V electrodes with a density of 3.0 x 10* cells/cm? due to the roughness
and the enlarged surface of the electrodes. To survey the actin staining in single cells, osteoblasts were
also seeded in a lower density (i.e., 4.4 X 103 cells/cm? on Ti6Al4V electrodes and 1.5 x 10* cells/cm? on
collagen-coated coverslips) to ensure a closer observation of the actin cytoskeleton and a good staining
quality. After adhering for 30 min at room temperature, 30 mL of cell culture medium containing
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osteogenic additives were added, and the stimulation system was incubated under standard cell
culture conditions for 12 h prior to electrical stimulation.

4.2. Electrical Stimulation Protocol

The in vitro stimulation system for the application of the AC voltage was designed according to
the Asnis IIIs screw system used for in vivo electrical stimulation of femoral heads in humans [40].
The structure of the in vitro system and the resulting field distribution in the chamber have been
described previously [25]. The electrical stimulation (ES) was started 12 h after the cell seeding.
Different electrical fields were induced with 0.2, 1.4, or 2.8 Vroot mean square voltages, with a frequency
of 20 Hz as a sinusoidal signal. The resulting electrical fields with a maximum of 1.4 V/m, 17 V/m, and
41 V/m were determined as previously described [25]. The ES was carried out using a Metrix GX 305
and GX310 function generator (Metrix Electronics, Bramley, Hampshire, UK). The AC voltage was
applied three times a day for 45 min with 225 min breaks between stimulations (0.2 V, 1.4V, 2.8 V), or
continuously with 1.4 V(1.4 Vcont.) for a total period of one, three, or seven days. Cells were cultivated
under standard cell culture conditions. For unstimulated controls, chambers were similarly prepared
without a connection to the function generator.

4.3. Actin Staining

Actin cytoskeleton was stained to evaluate the cell morphology, stress fibre formation, and
orientation in order to exclude harmful effects of ES. Osteoblasts were washed with phosphate buffered
saline (PBS, Merck KGaA, Darmstadt, Germany) and fixed in 4% paraformaldehyde for 10 min at
room temperature (RT). Cells were washed in PBS and incubated with 0.5% Triton-X (Merck KGaA,
Darmstadt, Germany) in PBS for five minutes at RT for permeabilisation. Afterwards, the osteoblasts
were rinsed with PBS and incubated with 100 nM Acti-stain 488 fluorescent phalloidin (Cytoskeleton,
Denver, CO, USA) for 30 min at RT, protected from light. The osteoblasts were washed three times
with PBS, and the cell nuclei were stained with diamidino-2-phenylindole dihydrochloride (DAPI,
Merck KGaA, Darmstadt, Germany) for 5 min. The images were captured with a Leica DMI 6000
(Leica Microsystems, Wetzlar, Germany) with 200X magnification.

4.4. Cell Proliferation

The cell numbers were quantified using DAPI, as described above, or Hoechst 33342 reagent
(Thermo Fisher Scientific, Waltham, MA, USA). For the staining with Hoechst 33342, the reagent
was diluted in culture medium in a concentration of 8 mg/L and cells were incubated 15 min in
the dark under standard cell culture conditions. The images were captured with a Leica DMI 6000
(Leica Microsystems, Wetzlar, Germany) with 200x magnification and evaluated with the open source
Image] software.

4.5. Gene Expression Analysis

For the isolation of total RNA, the osteoblasts were lysed in TriReagent® (Zymo Research,
Freiburg, Germany) and the samples were stored at —70 °C. Total RNA was extracted using Direct-zol™
RNA MiniPrep Kit (Zymo Research) according to the manufacturer’s instructions. Next, 50 ng
of RNA from cells stimulated for one day or 100 ng of RNA from cells stimulated three and
seven days were used for the cDNA synthesis with a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Forster City, CA, USA). Semi-quantitative real-time polymerase chain
reaction (PCR) for collagen type 1 (COL1A1, forward primer: 5-ACGAAGACATCCCACCAATC-3,
reverse primer: 5-AGATCACGTCATCGCACAAC-3’), alkaline phosphatase (ALP, forward
primer: 5'-CATTGTGACCACCACGAGAG-3, reverse primer: 5'-CCATGATCACGTCAATGTCC-3'),
and osteocalcin (BGLAP, forward primer: 5'-TCAGCCAACTCGTCACAGTC-3’, reverse
primer: 5-GGTGCAGCCTTTGTGTCC-3’) was performed in triplicates using innuMIX qPCR
MasterMix SyGreen (Analytik Jena AG, Jena, Germany). Ct-values were normalised to the
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house-keeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT, forward primer:
5’-CCCTGGCGTCGTGATTAGTG-3, reverse primer: 5-TCGAGCAAGACGTTCAGTCC-3’) and

Z—AACt

analysed by the 2724 method [41]. The resulting gene expression is presented as the value.

4.6. Collagen Type I Synthesis

The collagen type I (COLI) synthesis was investigated by the detection of the C-terminal propeptide
of collagen type I (C1CP), which is released into the supernatant and directly correlates to the COL I
protein biosynthesis. Supernatants containing propeptides released from osteoblasts while growing on
electrodes and coverslips were collected after the experiments and stored at —20 °C until the analysis by
an enzyme-linked immunosorbent assay (ELISA) (MicroVue™ CICP EIA, QUIDEL, Quidel Corporation,
San Diego, CA, USA). The supernatants were treated according to the manufacturer’s instructions,
and the absorbance was measured at a wavelength of 405 nm using Opsys MR microplate reader
(Dynex Technologies, Denkendorf, Germany).

4.7. ALP Activity

For quantifying the alkaline phosphatase activity (ALP), the cells were washed with tris buffered
saline two times and lysed in distilled water containing 1% Triton-X and 1% phenylmethylsulfonyl
fluoride (PMSF) for 10 min at RT. The cell lysates were incubated with 1 mM p-nitrophenyl phosphate,
100 mM 2-amino-2-methyl-1-propanol, and 5 mM MgCl, in distilled water for one hour at 37 °C, and
the reaction was stopped with 2 M NaOH. Absorbance of the solution was detected at 405 nm in a
microplate reader (Tecan, Maennedorf, Switzerland).

4.8. Data Illustration and Statistical Analysis

Each test was conducted with osteoblasts obtained from at least three and up to twelve patients.
The data are depicted as box plots showing the medians, 25th and 75th percentile, and the minimum
and the maximum. For quantification of the cell proliferation, floating bars depicting the minimum,
median, and the maximum value were used because of the small sample number (n = 3). Data from
the samples exposed to the ES were compared to the unstimulated controls and are depicted as a fold
change. Statistical testing was done with GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).
Differences to the controls were statistically analysed by Wilcoxon matched pairs test using raw data.
For gene expression, delta Ct values were compared using Wilcoxon matched pairs test and two-way
ANOVA. Differences between the different ES groups and time points were analysed by two-way
ANOVA using data normalised to the controls. The level of significance was set to p < 0.05.

5. Conclusions

Our in vitro system exclusively enables the electrical stimulation of bone cells growing on a model
implant surface, thereby delivering electrical stimulation of the electrodes and the surroundings in
one experiment. Suitable and inappropriate AC voltages for low-frequency bone stimulation were
identified, as higher electrical stimulation with 2.8 Vsignificantly reduced osteogenic differentiation
factors. The efficiency of short-term ES, as opposed to continuous stimulation, has been demonstrated,
supporting clinical approaches using temporary ES due to its practicability.
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Biophysical stimulation by electric fields can promote bone formation in bone
defects of critical size. Even though, long-term effects of alternating electric
fields on the differentiation of osteoblasts are not fully understood. Human pre-
osteoblasts were stimulated over 31 days to gain more information about these
cellular processes. An alternating electric field with 0.7 V,,,s and 20 Hz at two
distances was applied and viability, mineralization, gene expression, and protein
release of differentiation factors were analyzed. The viability was enhanced
during the first days of stimulation. A higher electric field resulted in
upregulation of typical osteogenic markers like osteoprotegerin,
osteopontin, and interleukin-6, but no significant changes in mineralization.
Upregulation of the osteogenic markers could be detected with a lower electric
field after the first days of stimulation. As a significant increase in the mineralized
matrix was identified, an enhanced osteogenesis due to low alternating electric
fields can be assumed.

KEYWORDS

pre-osteoblasts, differentiation, electric stimulation, alternating fields, long-term
stimulation, bone remodeling

1 Introduction

Understanding bone remodeling processes becomes more important as the global
population is getting older. The percentage of the world population aged over 65 years is
presumed to rise from 14.3% in 2020 to 25.3% in 2050 to 33% in 2080, more than doubling
within the next 60 years (United Nations, Department of Economic and Social Affairs,
2019). Hence, characteristics of aging will affect the quality of their life. Typical problems

01 frontiersin.org



Sahm et al.

during aging, such as the wear and tear of joints, can lead to
limited physical mobility. The reduction of bone density and
impaired healing capacities result in a higher risk of bone
fractures and hip arthroplasty (Maier et al, 2016; Carvalho
et al, 2021). Thus, unharmed bone healing and remodeling
processes are essential for the successful regeneration and
osseointegration of artificial joints (Gruber et al., 2006).
Currently, severe complications occur while healing in
5-10% of bone fractures and 1-5% of joint replacements with
a revision rate of less than 5% beyond 10 years for total hip
replacements (Crawford and Murray, 1997; Buza and Einhorn,
2016; Khan et al., 2016; Ferguson et al., 2018). One possibility to
enhance osseointegration and to increase the early and stable
of
mechanotransduction processes, particularly the stimulation

fixation bone implants are  biophysical and
with exogenous electric fields (Bhavsar et al., 2020; Hao et al,
2021). After applying mechanical loading, Fukada and Yasuda
discovered endogenous electric fields in bone (Fukada and
Yasuda, 1957). The described piezoelectricity can be reversed.
It is already successfully used in different electrical stimulation
systems for bone non-unions, ankle and foot unions, spinal
fusions, and necrosis of the femoral head (Griffin and Bayat,
2011; Ellenrieder et al., 2013; Bhavsar et al., 2020).

Several studies were conducted in vitro to understand the
underlying processes. At the cellular level, the exogenously
generated electric fields induce various electrocoupling
that

diffusion of electrically charged molecules on the cell

mechanisms cause asymmetric redistribution or
membrane, activating numerous downstream signaling
cascades (Balint et al., 2012; Chen et al., 2019). Another
effector mechanism may be related to cell membrane
depolarization through direct activation of voltage-gated
Ca’" ion channels (Babona-Pilipos et al., 2018; Leppik
et al.,, 2020). In addition, the inverse piezoelectric effect is
widely discussed: an electrical stimulus leads to mechanical
strain, resulting in either direct reorganization of cytoskeletal
filaments or interfering with cellular processes regulated by
the cytoskeleton (Leppik et al., 2020). Recent in vitro studies
on electrical stimulation demonstrate the pro-healing
potential of osseous cells following electrical stimulation. In
general, cell behavior can be influenced with respect to
of

extracellular matrix, and mineralization (Leppik et al,

migration, proliferation, differentiation, formation
2020). For osteoblastic cells, the influence on phenotype
like
phosphatase (ALP), collagen type 1 and calcium deposition,
could be demonstrated (Ercan and Webster, 2010; dos Santos
et al., 2016; Portan et al., 2019). These findings were obtained

using a variety of different test systems, including approaches

expression and differentiation factors, alkaline

for capacitive, inductive, magnetic, or direct coupling of the
electric fields (Thrivikraman et al., 2018; Leppik et al., 2020).
However, most studies focus on pulsed electromagnetic fields,
whereas only a few studies exist on direct coupling (deVet
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et al., 2021). Furthermore, mainly direct current signals are
used, accompanied by significant side effects due to
electrochemical reactions on the electrode (Thrivikraman
et al, 2018). The application of alternating fields can
prevent such chemical reactions and further could act as a
pump to move ions and waste to and from cells in the absence
of vessels. (Balint et al., 2012; deVet et al., 2021).

The stimulation system used for direct coupling of
alternating electric fields is based on the ASNIS IIIs screw
system. The clinically used electrode system served as the basis
for designing an electrode which can be used for in vitro
studies but still has similarities to the in situ used stimulation
device (Hiemer et al., 2018). This should help to improve the
applicability of in vitro gained results. As studies mainly
focused on short-term stimulation up to 7-14 days, current
research focuses on the influence of long-term stimulation on
the differentiation and mineralization behavior of osteoblastic
cells up to 31 days (Sahm et al., 2020; deVet et al., 2021). The
present study aimed to clarify how the initial induction of
osteogenic differentiation can be maintained over a more
extended stimulation period using the direct stimulation
device. As in vivo studies and clinical applications often
last longer than 14 days, the present study extended
investigation of cell effects up to 31 days. In this context,
the study by McCullen et al. (2010) already proves that
14 days the
mineralization capacity and the release of calcium in

prolonged  stimulation over increases
adipogenic stem cells and thus osteogenic differentiation
(McCullen et al., 2010). de Sousa et al. (2021) analyzed the
protein synthesis of osteonectin and collagen type 1 of
osteoblasts under the influence of high frequencies using a
capacitive coupled system over 28days and revealed
significant changes at different time points (de Sousa et al.,
2021). With the following study a broader spectrum of
differentiation factors and signaling molecules should be
analyzed wusing a direct stimulation system with low
alternating electrical fields. A more detailed observation of
the mineralization processes was done to receive further
information about the calcium deposition under electric
stimulation over time. To reveal new signaling cascades
which might be influenced through the electric stimulation,
a transcriptome analyses of cells stimulated over 7 and 28 days

was performed.

2 Materials and methods

2.1 Isolation and cultivation of human
primary pre-osteoblasts

Human primary pre-osteoblasts were isolated from

patients undergoing total hip replacement as described
previously (Lochner et al., 2011). Femoral heads were
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collected under sterile conditions with the patients’ consent,
by the Local Ethical Committee
number: A 2010-0010, date:
27 January 2017). In brief, the spongiosa was isolated and

following approval

(Registration approval
digested with collagenase a and dispase (both: Roche, Basel,
Switzerland). The cell suspension was filtered and centrifuged
for further purification. Afterward, it was transferred in cell
culture flask and cultivated in Dulbecco’s Modified Eagle
Medium (DMEM, PAN-Biotech, Aidenbach, Germany)
without calcium, containing 10% fetal calf serum (FCS,
PAN-Biotech, Aidenbach, Germany), 1% amphotericin B,
1% penicillin-streptomycin, and 1% HEPES buffer (all:
Sigma-Aldrich, Munich, Germany). CaCl, was reduced to
enhance proliferation and to maintain the immature stage
of the osteoblasts. Ascorbic acid (final concentration: 50 ug/
mL), B-glycerophosphate (final concentration: 10 mM), and
dexamethasone (final concentration: 100 nM) (all: Sigma-
Aldrich, Munich, Germany) were added to the cell culture
medium to prevent cells from dedifferentiation and
promoting the osteogenic stage of the cells (Coelho and
Fernandes, 2000). All cultivation steps were performed
under standard cell culture conditions (5% CO, and 37°C).
After two passages, ALP activity was tested on a random basis
to ensure the pre-osteoblastic cell stage. The cells were stored
in liquid nitrogen until usage.

For the stimulation experiments, pre-osteoblasts from a
total of 19 different donors, ten females (age: 72.3 +
8.68 years) and nine males (age: 73.3 + 6.3 years) were thawed
and cultured for another passage using the same medium and
additives

dexamethasone) as described above. 30,000 cells, each from

osteogenic (ascorbic acid, B-glycerophosphate,
a different donor, were seeded on a rat tail collagen-coated

coverslip  (diameter: ~ 15mm, Neuvitro  Corporation,
Vancouver, WA, United States) placed in the center of a 6-
well plate. After adhering for 30 min at room temperature, 5 mL
of cell culture medium was added. The medium contained
the osteogenic additives with the addition of 200 mg/L CaCl,
for activating mineralization processes and promote further
cell differentiation into mature osteoblasts during stimulation
(Coelho and Fernandes, 2000). This medium composition was

used for all experiments.

2.2 Electrical stimulation protocol

An in vitro setup for a 6-well cell culture plate, developed
earlier by our working group, was used to analyze the influence
of electrical stimulation on pre-osteoblasts (Hiemer et al,
2018). The stimulation system is based on the clinically used
ASNIS IIIs screw system, which is a semi-invasive bone
this two
electrodes separated by an insulator are integrated into a

formation stimulating implant. In system,

screw that can be implanted into the femoral head. The
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system can be used to apply electromagnetic fields with an
additional alternating electric field between 5 and 70 V/m,
and its operation is based on the bipolar induction screw
system (BISS) (Mittelmeier et al, 2004). The electric field
delivered with the stimulation parameters is expected to
stimulate the peri-implant bone tissue and thus accelerate
bone regeneration (Grunert et al, 2014; Su et al, 2014).
This electrode arrangement was appropriately adapted for
cell culture to induce the alternating electric fields directly
without the use of a magnetic coil. The miniaturization
further allows a reduction in the volume of medium used,
which can significantly increase the concentration of secreted
proteins for further protein analysis.

Each electrode for the direct electrical stimulation comprises
two Ti6Al4V cylindrical electrodes, separated by a 5 mm long
insulator made of polyetheretherketone (PEEK) (Figure 1). The
electrode holders were made of PEEK and can generate a 1 mm
or 3 mm gap between the electrodes and the coverslips positioned
on the well bottom. Thus, it is possible to generate two different
electric fields: a higher electric field with the 1 mm gap and a
lower one with a 3 mm gap. Voltage was applied over the
Ti6Al4V contact rods using a Metrix GX 305 and GX
310 function generator (Metrix Electronics, Bramley,
Hampshire, United Kingdom). The electrical stimulation
started 24h after cell seeding. A sinusoidal signal with
0.7 Vims and a frequency of 20 Hz was used. The 1 mm and
the 3mm gaps were used to mimic the periprosthetic gap
between the electrode and the surrounding tissue in vivo. The
AC voltage was applied three times a day for 45 min with
225 min breaks between stimulations and a longer 855 min
break. Electrical
different gaps, and unconnected electrodes were used for the

stimulation was done using the two
unstimulated controls. For each time point and assay, the
matching unstimulated control, cultured the same amount of
time as the stimulated cells, served as a control. Gene expression
data were generated from day 1 to day 28 to gather
information about changes in transcription directly after
the stimulation was started. The mineralization was analyzed
from day 3 to day 31 as mineralization processes are
The

activity and the protein release in the medium were

only detectable at later time points. metabolic

observed at each time point. Samples were taken always 20 h
the started.  All
cultivation steps were implemented using standard cell culture

after last stimulation interval was
conditions as mentioned above. The medium was exchanged

every 7 days.

2.3 Electric field simulation
Two distances between the electrode and the well bottom

were used to generate two different electric fields. The small
distance of 1 mm led to a higher electric field (HEF) and the
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Electrical stimulation device without and with culture medium in a 6-well plate consisting of contact rods, electrode holders, and the electrodes

connected over an insulator.

3 mm to a lower electric field (LEF). Numerical simulations
were performed to get a first idea of the magnitudes of the LEF
and HEF. The electric field strength was computed using the
Finite Element Method (FEM). Laplace’s equation was solved
on the cell culture medium domain. The height of the cell
culture medium in the center of the well was estimated by
visual inspection. In this work, we did not consider the
meniscus arising due to capillary effects at the well’s walls
and the electrode holder. The numerical solution was post-
processed to obtain the total current through the medium.
Convergence was ensured by locally refining the mesh and
applying More detailed
explanations of the underlying theoretical and numerical

adaptive mesh refinement.

found in an earlier
(Zimmermann ] et al, 2021). The simulations were
performed using NGSolve (Schoberl et al., 2014) and the
(Schoberl, 1997). COMSOL

Multiphysics was employed to verify the correctness of the

approach can be publication

Netgen mesh generator

results.

2.4 Cell viability

The cell viability was determined after 1, 3, 7, 14, 21, 28,
and 31 days each 20h the last
stimulation interval started. The coverslips with the cells

of stimulation, after
were transferred from the 6-well plate to a 12-well plate.
The water-soluble tetrazolium salt (WST-1) assay (Takara,
Gothenburg, Sweden) was used in a ratio of 1:10 with
DMEM and transfused on the cells. The reagent was
incubated over 45 min at 37°C and 5% CO,. 100 pL of the
solution were transferred as duplicates into a 96-well plate.
The color change was quantified using the multimode
plate reader Infinite 200 pro (Tecan Group Ltd., Maennedorf,
Switzerland) at a wavelength of 450 nm and a reference filter
of 630nm. The WST-1 and DMEM solution blank was
carried along with each series and subtracted from the
measured values.
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2.5 Assessment of alkaline phosphatase
activity

The activity of the intracellularly generated ALP was
analyzed after 1, 3, 7, 14, 21, and 28 days of stimulation, each
20 h after the last stimulation interval started. The cells were
washed twice using TRIS buffer (50 mM, pH = 8.0) lysed with 1%
Triton X and 1% phenylmethylsulfonyl fluoride (both: Merck,
Darmstadt, Germany) for 10 min. A solution containing 10 mM
4-Nitrophenylphosphat (AppliChem, Darmstadt, Germany),
(Sigma-Aldrich,
Munich, Germany), and 5 mM magnesium chloride (Merck,

100 mM  2-amino-2-methyl-1,3-propanediol

Darmstadt, Germany) was added to the lysate and incubated
over 1 h at 37°C and 5% CO,. The reaction was stopped with a
2M sodium hydroxide solution, and the absorption was
measured at 405nm with multimode plate reader Infinite
200 pro (Tecan Group Ltd., Maennedorf, Switzerland). A
blank served as an internal control and was subtracted from
each value.

2.6 Gene expression analysis

Gene expression was analyzed after 1, 3, 7, 14, 21, and 28 days of
stimulation, each 20 h after the last stimulation interval started.
Coverslips with the cells were transferred from a 6-well to a 12-
well plate and lysed with the peqGOLD Total RNA Kit (VWR
International GmbH, Darmstadt, Germany),
manufacturer’s instructions, to analyze the expression of genes

following the

associated with osteogenic differentiation. The purified RNA was
eluted with 25 uL of sterile RNase-free water (Carl Roth GmbH & Co.
KG, Karlsruhe, Germany) and RNA concentration was determined
using the plate reader Infinite 200 pro. The High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA,
United States) was used for the transcription of 100 ng RNA into
complementary DNA (cDNA) following the manufacturer’s
instructions. The program was run at 25°C for 10 min, 37°C for
120 min and 85°C for 15 s. The cDNA was diluted 1:1 with nuclease

frontiersin.org



Sahm et al.

TABLE 1 Primer sequences for the genes of interest.

Gene

Alkaline phosphatase (ALPL)

Alpha-1 type I collagen (COL1A1)

Caspase 8 (CASP8)

Hypoxanthine-guanine phosphoribosyl transferase (HPRT)
Integrin binding sialoprotein (IBSP)

Bone gamma-carboxyglutamate protein—osteocalcin (BGLAP)
Secreted protein acidic and cysteine rich-osteonectin (SPARC)
Secreted phosphoprotein 1—osteopontin (SPP1)

Receptor activator of nuclear factor-kappa-B ligand (RANKL)

Runt-related transcription factor 2 (RUNX2)

free water, and frozen at —20°C until further usage. Samples were
thawed on ice for the semi-quantitative reverse transcription-
polymerase chain reaction (qQPCR). The PCR was done in
duplicates using the innuMIX qPCR MasterMix SyGreen Kit
(Analytik Jena, Jena, Germany). The samples were heated up to
95°C for 2 min, and a cycle of 40 reruns was processed with 95°C for
5 s and 60-65°C for 25 s. Primers for the genes of interest are listed in
Table 1. The delta-delta Ct (AACt) method was used to evaluate the
results (Livak and Schmittgen, 2001). HPRT was used as a
housekeeper gene, and the simulation samples were related to the
matching control.

2.7 Quantification of the secreted proteins

The supernatants used for the quantification of secreted
proteins were collected after 1, 3, 7, 14, 21, 28, and 31 days of
stimulation, each 20 h after the last stimulation interval started.

2.7.1 Quantification of secreted procollagen
type | and osteopontin

The type I C-terminal collagen pro peptide (CICP), and
osteopontin were used as markers for the differentiation capacity
of the pre-osteoblasts. The supernatants containing CICP and
osteopontin were analyzed using enzyme-linked immunosorbent
assays (ELISA). For CICP, the MicroVue CICP ELISA (Quidel,
San Diego, CA, United States), and for osteopontin, the Human
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Sequence

For: 5'-CATTGTGACCACCACGAGAG-3'

. 5'-CCATGATCACGTCAATGTCC-3'

: 5'-ACGAAGACATCCCACCAATC-3'

. 5'-AGATCACGTCATCGCACAAC-3'

: 5-TGTTTTCACAGGTTCTCCTCCTTT-3'
: 5-GAGAATATAATCCGCTCCACCTT-3'
: 5'-CCCTGGCGTCGTGATTAGTG-3'

. 5" TCGAGCAAGACGTTCAGTCC-3'

2 5'- ATTTTGGGAATGGCCTGTGC-3'

1 5'- GTCACTACTGCCCTGAACTGG-3'

: 5'-TCAGCCAACTCGTCACAGTC-3'

: 5-GGTGCAGCCTTTGTGTCC-3'

: 5'- CTGGACTACATCGGGCCTTG-3'

. 5'- ATGGATCTTCTTCACCCGCAG-3'

: 5'-AACGCCGACCAAGGAAAACT-3'

: 5'-GCACAGGTGATGCCTAGGAG-3'

. 5-TCTTCTATTTCAGAGCGCAGATGG-3'
. 5'-CTGATGTGCTGTGATCCAACG-3'

: 5'- CGCCTCACAAACAACCACAG-3'

: 5'- ACTGCTTGCAGCCTTAAATGAC-3'

Osteopontin SimpleStep ELISA Kit (Abcam, Cambridge,
United Kingdom) were used. The analyses were done
the
standards served to determine the concentration of each

following manufacturer’s instructions, and internal
protein. The absorption was measured using a microplate
reader (Tecan Trading AG, Maennedorf, Switzerland) at a
wavelength of 405 nm. The measured protein concentration
was normalized to the total protein content of each
supernatant. For this purpose, the Invitrogen Qubit Protein
Assay Kit and the Qubit fluorometer Q32857 (both: Thermo
Fisher Scientific, Waltham, MA, United States) were used
the Included

standards were used to quantify the total protein content.

according to manufacturer’s  instructions.

2.7.2 Quantification of the secreted interleukin-
6, dickkopf-related protein 1 and
osteoprotegerin

Secreted interleukin-6 (IL-6), dickkopf-related protein 1
(DKK-1), and osteoprotegerin (OPG) were analyzed in the
supernatant of each sample with a customized human
BioLegend’s LEGENDplex™ multiplex assay (Biolegend, San
Diego, CA, United States) containing antibodies for IL-6,
DKK-1, and OPG. Analysis the
manufacturer’s instructions, and internal standards served to

was done following
determine the concentration of each protein. The multiplex assay
was measured with a BD FACSVerse™ (Becton, Dickinson and

Company, Franklin Lakes, NJ, United States) and analyzed with
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the LEGENDplex™ Data Analysis Software. The measured
protein concentration was normalized to each supernatant’s
total protein content (see 2.7.1).

2.8 Quantification of mineralization

The amount of calcium phosphate mineralization was
determined after 1, 3, 7, 14, 21, 28, and 31days of
stimulation, each 20 h after the last stimulation interval
started. The mineralization processes were examined on top
of the cells and the surrounding well bottom. The glass
coverslips were transferred to a 12-well plate to analyze the
amount of calcium nodules on the cell layer. They were washed
with PBS, fixed with PFA for 10 min (Grimm med. Logistik
GmbH, Torgelow, Germany), and washed with deionized water
before staining with 1% alizarin red (Santa Cruz Biotechnology,
Dallas, TX, United States). After an incubation of 10 min, the
coverslips containing the cell monolayer were rewashed with
deionized water to remove the excess dye. The glass coverslips
were dried at room temperature overnight. Pictures of the entire
coverslip were generated using the digital microscope VHX-
6000 (Keyence, Osaka, Japan) with an automatically stitching
process of single pictures taken with a 200x magnification. The
percentage of the colored surface area of the entire coverslip was
determined with the open-source software Image] by three
different researchers, and the mean value was used to
prevent subjective evaluation.

The amount of deposited calcium surrounding the cell-
seeded coverslips was analyzed using the remaining 6-well
plates (Supplementary Figure S1). After removing the
coverslips containing the cells, the well's bottom was
washed with deionized water, and the calcium layer was
dissolved by adding 2ml of 0.5M HCIL After overnight
incubation, the pH was neutralized using 2 M NaOH. The
calcium concentration was measured with the colorimetric
Calcium Assay Kit (Abcam, Cambridge, United Kingdom),
and internal standards served to determine the concentration.
Measurements without human pre-osteoblast served further
as controls for calcium deposition in the LEF or in
unstimulated wells (Supplementary Figure S2). The assay
was carried out following manufactures instructions, and
the measurement was done at a wavelength of 575nm
using a microplate reader (Tecan Trading AG, Maennedorf,
Switzerland).

2.9 Transcriptome analysis

The transcriptome analysis was performed by ATLAS
Biolabs
different donors were stimulated in duplicates 7 and
28 days with the HEF and without electric stimulation

(Berlin, Germany). Pre-osteoblasts from three
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(control). The total RNA of each donor was isolated and
afterward pooled from the three donors. The pooling was
necessary due to the need of a high RNA amount for the
transcriptome analysis and the comparatively low cell number
used in the experiments. In the transcriptome analysis data set
provided by ATLAS Biolabs, the signal intensity of more than
55,335 annotated probe sets, hence RNA transcripts were
determined.

Based on the normalized, logarithmic (basis 2) probe set
intensity measured for each transcript in pooled control and HEF
stimulated cells, fold change values were calculated for each
stimulation time, i.e., for cells stimulated 7 or 28 days.

For pathway analysis the data set was further reduced by
removing all transcripts with missing gene description or any
GO-annotation referring to biological or molecular functions.
Further we concentrated on genes and omitted functional RNA
species, such as miRNA.

The pathway enrichment analysis was done using the g:
profiler and EnrichmentMap pipeline, as described in
Reimand et al. (2019) (Reimand et al., 2019). The version of
g:profiler used in this analysis was e105_eg52_p16_e84549f, with
database update on 03/01/2022. Only annotated genes were used
in the analysis and all queries were issued with the following
parameters. The organism h. sapiens was chosen. As data
sources, molecular function and biological process of gene
ontology (GO) were used as annotations, and KEGG and
Reactome were used as pathway data bases. The resulting data
annotation set and gene enrichment map (gmt and gem files,
respectively) were downloaded and subsequently used for
visualization in cytoscape version 3.9.1. (Shannon et al., 2003).

2.10 Display of the data and statistical
analysis

The data obtained in this study were depicted related to the
unstimulated control (100%) of each time point. Therefore, every
graph shows the changes resulting from the electric stimulations
compared to the related unstimulated control. The data were shown
in heatmaps and individual values with median and the 25%- and
75%-quartile. The heatmaps show the median while an upregulation
with a median higher than the related control is shown in blue, a
downregulation with a lower median is shown in orange.

The data were statistically analyzed using GraphPad Prism
software (GraphPad Software, San Diego, CA, United States). For
all experiments, a minimum of five replicates, each from a
different donor, were used for each time point. The normal
distribution was verified using the Shapiro-Wilk test. The results
of each electrical stimulation and their respective control were
compared with a paired #-test for normal distribution or a
Wilcoxon for not normal distribution to identify significances.
Differences resulting from stimulation time were analyzed using
a one-way ANOVA with Tukey for normal distribution or a
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FIGURE 2

Kruskal-Wallis Test with Dunn’s for not normal distribution.
The results for the two different electric fields were compared
with a two-way ANOVA, but no significant changes (p < 0.05)
could be determined.

3 Results

3.1 Numerical simulation of alternating
electric fields

The electric field strengths were simulated for the 1 mm
distance (Figure 2A) and the 3 mm distance (Figure 2B) from the
electrode to the well’s bottom. The smaller gap results in a HEF
with up to 150 V/m in the cell medium (Figure 2A,) and at the
well’s bottom (Figure 2Ag). The larger distance results in a LEF.
The electric field strength decreased from approx 150 V/m near
the electrode with increasing distance in the medium
(Figure 2B,). According to the simulation, the electric field on
the bottom of the well was a maximum of 100 V/m (Fig. Bg).

The predicted total current through the well was 17.76 mA
for the HEF. The current for the LEF was about 5% smaller. In
preliminary current measurements, we recorded a current of
about 0.77 mA. The measured smaller current can be mainly
explained by the impedance of the electrode-electrolyte interface,
which we did not consider in our model. Regarding the ratio
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between the measured and the predicted current, the prevailing
electric field in the well could be about 20 times smaller than
predicted by the simulations.

3.2 Cell viability

Compared to unstimulated cells, a significant increase in the
cell viability of the pre-osteoblasts could be detected 1 day after
stimulation for the HEF (p = 0.0225) and a slight increase after
3 days for the LEF (p = 0.0632). Further stimulation time did not
influence the viability. Besides, no significant difference between
the electric fields could be detected (Figure 3).

3.3 Gene expression

The gene expression of COLIAI, ALPL, RUNX2, IBSP,
SPARC, BGLAP, SPPI, RANKL, and CASP8 was analyzed
following stimulation with HEF and LEF. The respective gene
expression results are summarized in the heatmaps for HEF
(Figure 4A) and LEF (Figure 4F). Since Ct values for RANKL did
not reach the limit of 29, the results were not included in this
study.

For cells stimulated with HEF, a slight downregulation for
RUNX2 after 7 days (p = 0.0541, Figure 4C) and for ALPL mRNA
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Metabolic activity of human pre-osteoblasts undergoing electrical stimulation. Pre-osteoblasts were stimulated over 31 days with two different
electric fields [(A) higher electric field: HEF and (B) lower electric field: LEF] and without electrical stimulation (control). Analysis time points were 1, 3,
7,14, 21, 28, and 31 days with assays performed 20 h after the last stimulation interval started. Metabolic activity of stimulated pre-osteoblasts related
to the unstimulated control, determined via WST-1 assay. Results are shown as individual values with median and the 25%- and 75%-quartile to
present the distribution of the total results [n > 5]. *p < 0.05: significant differences between the stimulated and control groups.

after 14days (p = 0.0519, Supplementary Figure S3C) was
detectable. After 21 days of stimulation, a slight reduction for
IBSP could be detected (Supplementary Figure S3D) and after
28 days of stimulation, COLIAI (p = 0.0671) was upregulated
(Figure 4B). Pre-osteoblasts stimulated with the HEF showed
decreased CASP8 gene expression (p = 0.0503, Supplementary
Figure S3A) after 3 days of stimulation. No changes in the
expression of SPARC, BGLAP and SPPI were observed due to
the electric stimulation. (Figures 4D,E and Supplementary
Figure S3B).

Stimulation with the LEF led to a downregulation of
COLIAI mRNA on day 3 (p = 0.061), and of RUNX2 on
day 7 (p = 0.0581, Figures 4G,H). A stimulation over 21 days
led to a significant upregulation of COLIAI (p = 0.0285),
RUNX2 (p = 0.034), SPARC (p = 0.0248), BGLAP (p =
0.0433) (Figures 4G-J]), and a non-significant increase of
SPP1 (Supplementary Figure S3F). The upregulation did not
continue until 28 days. Contrary, a significant downregulation
of RUNX2 (p = 0.0475) was detected. For cells stimulated with
LEF, the mRNA transcription of ALPL and IBSP was not
affected (Supplementary Figures S3G,H). Moreover, the
CASP8 gene expression was not influenced through the
electric stimulation during the first days. At day 21 a slight
increase in CASP8 was detectable (p = 0.0607). (Supplementary
Figure S3E).

3.4 Alkaline phosphatase activity and
secretion of proteins

The release of different signaling proteins and the enzyme
activity of ALP were analyzed for the two different distances from
the electrode. The data are summarized in the heatmaps for HEF
(Figure 5A) and LEF (Figure 5H). During the first stimulation
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days, CICP was significantly upregulated (day 1: p = 0.0034, day
3: p = 0.0104) following stimulation with HEF. A higher
concentration could be detected for OPG and IL-6, with a
peak at 14 and 21 and a decline at days 28 and 31. OPG and
IL-6 were significantly upregulated during days 14 (OPG: p =
0.0156, IL-6: p = 0.0391) and 21 (OPG: p = 0.0158, IL-6: p =
0.0117). Moreover, OPN was significantly increased after 21 days
(p = 0.0243) compared to the unstimulated control, and the
concentration of OPG, IL-6, and DKK-1 dropped until 31 days.
The electrical stimulation did not influence the ALP activity.
Only after 28 days a slight decrease could be measured (p =
0.0503) (Figures 5B-G).

For the stimulation with the LEF, the CICP concentration
was not significant influenced during the first days of
stimulation but dropped until it reached its lowest value
after 31 days (p = 0.0879) compared to the unstimulated
control. ALP was not significantly influenced by the
electrical stimulation but showed a similar downward trend
at days 21 and 28 as CICP. The concentration of OPN and
OPG was mainly upregulated 3 days (OPN: p = 0.0427, OPG
p = 0.0156) and 7 days (OPG: p = 0.0781) after stimulation,
and dropped after 14 days (OPN: p = 0.007). After 28 and
31 days a similar downturn as for CICP could be detected for
OPN (p = 0.0368), OPG and IL-6 (p = 0.0565). DKK-1 was
upregulated after 7 days (p = 0.0156) of electrical stimulation
(Figures 5I-N).

3.5 Mineralization capacity

The mineralization capacity of the human pre-osteoblastic
cells under electrical stimulation was determined by the amount
of calcium deposited on the surrounding well (Supplementary
Figure S1) and the calcium nodule formation on the cells
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FIGURE 4

Gene expression analysis of osteogenic differentiation marker following stimulation with two different electric field strengths [(A—E) higher

electric field: HEF, (F=J) lower electric field: LEF] related to the unstimulated control. Human pre-osteoblasts were stimulated over 28 days; the
analysis time points were 1, 3, 7, 14, 21, and 28 days with assays performed 20 h after the last stimulation interval started. Gene expression rates were
acquired via qPCR and related to the control using the 224t method. (A,F) Results within heatmaps are shown as medians whereby the

downregulation is identified in orange [< 1], the upregulation in blue [> 1], and a similar gene expression as the control in white [ = 1]. (B—E,G-J) The

distribution of the total results [n > 5] are depicted as individual values with median and the 25%- and 75%-quartile. *p < 0.05: significant differences
between the stimulated and control groups.

(Figure 6A). Deposition of mineralized matrix increased during
cultivation time, both on the cells and the surrounding (Figures
6A-C). Stimulation without cells did not lead to calcium
deposition (Supplementary Figures S2A,B). Cells cultivated
under HEF showed an upregulation in the calcium nodule
formation on the cells after 21 days (p = 0.0683) compared to
unstimulated controls whereas calcium deposition on the
surrounding well was not influenced (Figure 6B). Stimulation
with the LEF led to higher precipitation of calcium on the
surrounding on days 7 (p = 0.0736) and 31 (p = 0.0743). The
calcium nodule formation was upregulated on day 7 (p = 0.0625)
and significantly upregulated on days 14 (p = 0.0260), 28 (p =
0.005), and 31 (p = 0.0469) (Figure 6C).
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3.6 Transcriptome analysis

Based on the probe intensity in the microarray data, the fold
change of each gene transcript between unstimulated control cells
and cells with HEF stimulation was estimated after 7 and 28 days,
respectively. For the subsequent analysis only, transcripts were
considered that have a higher/lower fold change value than 1/-1
(log2), which corresponds to double/halve expression values when
comparing control and stimulation.

Interestingly, for most transcripts affected by the stimulation,
the expression fold change is clearly distinct for both stimulation
times (see Figure 7A). Only for a small set of genes stimulation
with HEF induced an up- or downregulation at both time points.
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FIGURE 5

Secretion of proteins by pre-osteoblasts stimulated with two different electric field strengths [(A—G) higher electric field: HEF, (H=N) lower

electric field: LEF] related to the unstimulated control. Pre-osteoblasts were stimulated over 31 days. The analysis time points were 1, 3, 7, 14, 21, 28
(for ALP), and 31 days (for CICP, OPN, OPG, IL-6, and DKK-1) with assays performed 20 h after the last stimulation interval started. Protein levels were
acquired for CICP, OPN, OPG, IL-6, and DKK-1 from the supernatant and related to the total protein content of the supernatant. The activity

level of ALP was generated through the lysis of the cells. The unstimulated control of each time point was used for normalization. (A,H) Results within
heatmaps are shown as medians whereby the downregulation is identified in orange [< 1], the upregulation in blue [> 1], and a similar protein secretion
as the controlin white [ = 1]. (B-G, I-N) The distribution of the total results [n > 5] are depicted as individual values with median and the 25%- and 75%-
quartile. *p < 0.05, **p < 0.01: significant differences between the stimulated and control groups.

The remaining transcripts either show an up or down-regulated

expression after 7 or 28 days of stimulation compared to

unstimulated control, but not at both time points. Therefore,

the gene expression at day 7 and 28 was considered separately in

the pathway enrichment analysis.
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The top 10 genes with highest and lowest expression fold

changes are shown in Figure 7B. Among other genes, MMP1 and

CXCLS8 were both upregulated after 7 and 28 days of stimulation.
SPX was one of the genes with the highest fold change for 7 days
and ACKR4 for 28 days. Different G protein-coupled receptors
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FIGURE 6

Mineralization behavior of human pre-osteoblasts undergoing electrical stimulation. Pre-osteoblasts were stimulated over 31 days with two
different electric fields (higher electric field: HEF, lower electric field: LEF) and without electrical stimulation (control). Analysis time points were 3, 7,
14, 21, 28, and 31 days with assays performed 20 h after the last stimulation interval started. (A) Calcium nodule formation on the cells after electrical
stimulation with HEF, LEF, and without electrical stimulation colored with alizarin red. (B,C) Evaluation of the mineralization behavior for HEF (B)

and LEF (C) relative to the mineralization behavior of the unstimulated control. The amount of calcium nodule formation was determined after
alizarin staining of the cells grown on coverslips (c) by proportioning the colored areas to the uncolored areas using ImageJ. The concentration of the
calcium deposition on the surrounding (s) was determined after dissolving the mineralized matrix with HCl with the colorimetric Calcium Assay Kit.
The unstimulated control of each time point was used for normalization. Results within heatmaps are shown as medians whereby the
downregulation is identified in orange [< 1], the upregulation in blue [> 1], and a similar mineralization capacity as the control in white [ = 1]. The
distribution of the total results [n > 5] are depicted as individual values with median and the 25%- and 75%-quartile. *p < 0.05, **p < 0.01: significant

differences between the stimulated and control groups.

were up- or downregulated e.g, OR5H14, OR52I2, OR2T29,
OR1]J1, and ORCS.

To gain an overview over the different cell responses revealed
through the transcriptome analysis, a pathway enrichment
analysis was created with separate lists for day 7 and day
28 containing all genes with distinct expression fold change
(i.e., higher/lower fold change value than 1/-1 (log2)). Both
gene lists were separately used as input for pathway
enrichment analysis and to create gene enrichment maps with
the help of g:profiler web-service. The resulting network shown
in Figure 7C combines both gene enrichment maps of day 7 and
day 28. It depicts all GO terms of molecular and biological
functions that were overrepresented in the provided gene lists
and further provides color-coded information, whether the
associated genes were down- or upregulated. The network
underlines the activation of different pathways by varying
time points. Seven days stimulation led to a regulation of the
binding, signaling pathway and activity of G protein-coupled
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receptors. Further, the metabolic processes of prostaglandin,
eicosanoid, unsaturated fatty acids and prostanoid were
upregulated. The stimulation over 28 days resulted in, among
others, an increased cellular response to stimulus and stress, and
different localization, locomotion reactions as well as an increase

in the movement of cell or subcellular component. (Figure 7C).

4 Discussion

Electrical stimulation is known to influence bone healing
processes and increase bone formation in vivo. Bhavsar et al.
compared animal and clinical studies and revealed a positive
influence of electrical stimulation in 77% of the animal studies
and 73% of the clinical ones (Bhavsar et al., 2020).

Despite this availability of studies, the underlying cellular
processes are not yet fully understood. While there is a
substantial amount of data on short-term electric field
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exposure studies (Supronowicz et al., 2001; Creecy et al., 2013;
Bique et al., 2016), there is a lack of knowledge on the biological
response in long-term in vitro studies using directly coupled
alternating electrical fields. Therefore, the focus of this research
was to stimulate human osteoblasts with alternating electric fields
over a period of 31 days to investigate the differentiation and
mineralization behavior of the cells at different time points. Due
to the chosen setup, we were able to stimulate the cells with two
different electric field strengths. In addition, we used a numerical
simulation to obtain information about the distributions of the
HEF and LEF electric fields used for stimulation. Our main
findings in this study were: 1) High alternating electric fields
(HEF) induced increased secretion of CICP, OPN, OPG, and IL-6
across different time points. 2) Low alternating electric fields
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(LEF) induced gene expression of important osteogenic markers
at day 21. Moreover, LEF increased the amount of mineralized
matrix already after 7 days of stimulation. This increased
mineralization was observed throughout the stimulation
period. Thus, it can be concluded that directly coupled low-
level alternating electric fields promote bone mineralization in
vitro.

During the first days of stimulation, the cell viability of pre-
osteoblasts was slightly increased, and no negative long-term
effect was noticable. Similar outcomes were observed by other
studies using alternating electric fields with a rise in cell number
after 1day’s stimulation or an increase in proliferation after
2 days (Supronowicz et al., 2001; Sahm et al., 2020). Studies with
other stimulation systems revealed an influence on the cell
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number or metabolic activity during the first days of stimulation
and no further change in osteoblast-like cells’ proliferation up to
29 days (Hronik-Tupaj et al., 2011; Zhu et al., 2017, 2019; Leppik
et al., 2018; Bloise et al., 2020; Konstantinou et al., 2020; de Sousa
et al, 2021). Even though these studies used different culture
conditions, various stimulation systems and different cell types, a
similar trend for the viability of pre-osteoblasts could be
observed. As most of the studies analyzed the proliferation or
viability, effects on cell apoptosis were not studied. CASPS8 is a
widely described apoptotic marker for different cell types
(Nicholson, 1999). The downregulation of CASP8 with HEF
after 3 days matches the slightly increased viability during the
first days of stimulation. However, the upregulation of CASPS8 at
day 21 with LEF was not reflected in the viability. In contrary, at
day 21 the gene expression of several differentiation markers was
increased. CASP8 is not only known for its role in the cell death
signaling but also has been shown to be important for the
differentiation of the macrophage lineage (Kang et al., 2004).
Furthermore, in osteoblastic cells, it was found that a reduction of
CASP8 transcripts decreased the expression of the osteogenic
BGLAP and PHEX (phosphate-regulating neutral
endopeptidase, X-linked gene) (Kratochvilova et al., 2020).

genes

Therefore, it can be assumed that an increase in CASP8
mRNA following stimulation with LEF led to an increase to
(BGLAP, SPARC,
COLIAI) in our study. However, further work is required to

the investigated differentiation factors

evaluate a direct correlation between these signal cascades.
Besides CASPS8, stimulation with LEF induced the mRNA
transcription of COL1A1, RUNX2, SPARC, BGLAP, and SPPI
after 21 days. These genes are involved in the induction of bone
matrix formation and differentiation of osteoblasts (Bruderer
et al,, 2014). RUNX2 is one of the initial markers for osteogenic
differentiation and decisive for the progression of pre-osteoblasts
into active osteoblasts. During this differentiation process,
RUNX2 is essential for the expression of bone matrix proteins
like collagen 1, osteopontin, osteocalcin, and osteonectin (Huang
et al., 2007; Rucci, 2008; Bruderer et al., 2014). Accordingly to
Supronowicz et al. (2001) the detectable overexpression after
21 days suggests a promoting effect of electric fields on the
further development of pre-osteoblasts into mature osteoblasts
and for the further formation of mineralized bone matrix
(Supronowicz et al, 2001). Also other studies observed a
similar upregulation of osteogenic gene expression but with
earlier upregulations after 7, 14, or 21days (Hronik-Tupaj
et al, 2011; Creecy et al, 2013; Wechsler et al,, 2016; Zhu
2017). Different
frequencies, voltages, or even the cell type origin or

et al, stimulation  systems, applied
cultivation conditions can trigger different gene expressions at
different time points (Griffin et al,, 2011; Bique et al., 2016;
Leppik et al, 2020). Chaudhari et al. examined the OPG
expression using a variety of frequencies and voltages and
revealed up- and downregulations of OPG depending on the

electric field strength (Chaudhari et al., 2021). This observation
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can be supported with our result obtained for the secretion of
OPG by the pre-osteoblasts stimulated with different electric field
strengths. Besides OPG, the HEF upregulated the protein
synthesis rate of IL-6, OPN and DKK-1 after 14 or 21 days of
stimulation. A similar trend was detected for the LEF at an earlier
stage, as the upregulation started already after the first day of
stimulation. The cells seem to react differently to the varying
electric field strengths underlining the importance of an optimal
electric field used for stimulating bone cells.

Moreover, LEF caused a significant upregulation of the
mineralized matrix after 14, 28, and 31 days of stimulation.
During these days, the amounts of the investigated proteins
were not influenced or even downregulated, suggesting a
promoting effect on the mineralization capacity. In particular,
our data demonstrate the correlation of secreted OPN on the
mineralization capacity of pre-osteoblasts following stimulation
with LEF. OPN in inhibits
mineralization processes (Jono et al., 2000), and as the
of ALP did
phosphorylated OPN can be assumed. When comparing

its phosphorylated state

amount not vary during stimulation,
mineralization and OPN release, a coherent trend becomes
apparent. Is OPN upregulated or similar to the control, the
mineralization capacity is not upregulated. The amount of
mineralized matrix increases significantly when OPN is
downregulated, confirming the regulatory effect of OPN on
mineralization during electric stimulation (Jono et al., 2000).
The increased deposition of mineralized matrix was detectable
not only on the cell-seeded coverslips but also outside of them in
the surrounding wells. It is likely that secreted microvesicles,
which include Ca®* and P; ions (Bourne et al, 2021), are
circulated throughout the well. At those sites where type
1 collagen has been deposited, crystallization of CaP then
occurs (Bourne et al, 2021). We assume that osteoblastic
deposition of a collagen matrix is not only limited to the
coverslips, so that a clear mineralization can also be detected
in the complete well. Moreover, as described before, the
regulation of the mineralization layer seems to be dependent
on the alkaline phosphatase activity and OPN secretion.

HEF, on the contrary, did not affect the mineralization
processes to the same extent as LEF did, but led to a prolonged
and later upregulation of secreted protein levels of OPG, IL-6,
OPN, and DKK-1. These proteins are known to be involved in
bone remodeling processes (Rucci, 2008; Einhorn and
Gerstenfeld, 2015; Si et al., 2020). OPG is known for its
influence on bone growth through the RANKL/RANK/OPG
signaling system (Boyce and Xing, 2008). OPN can influence
progenitor cells like mesenchymal stem cells, hematopoietic
stem cells and osteoclast migration and adhesion (Walker et al.,
2010; Si et al, 2020). A common underlying mechanism
triggered by the electrical stimulation for DKK-1 and IL-6
may be the Wnt signaling pathway, as both are known to be
involved in this pathway (Malysheva et al.,, 2016). DKK-1 is
mainly known for inhibiting osteoblastic function but can also
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play a role in the mineralization processes of mature osteoblasts
(Westendorf et al., 2004; van der Horst et al., 2005). IL-6 has a
controversial role in bone remodeling processes as it can
activate or deactivate osteoblasts and osteoclasts, probably
depending on the presence of other cytokines and the
differentiation stage of the cells (Blanchard et al., 2009; Feng
et al., 2017). Because these proteins were upregulated in HEF
over a longer stimulation time than in LEF, a stronger influence
of HEF on bone remodeling and possibly on bone resorption
processes can be assumed. Further studies are necessary to
prove this assumption. The cultivation of osteoclast-like cells
with the supernatants generated from stimulated osteoblasts or
the simultaneous stimulations in co-cultures may give insights
into the activation and differentiation of osteoclasts through the
released cytokines. The interaction between osteoblast and
the up-

essential

to understand and
which

promoting healing rates in stimulated bone. A 3D printed

osteoclast is important

downregulation of cytokines are for

scaffold can generate a surrounding to study the crosstalk

between different cells like osteoblasts, osteoclast or
endothelial cells (Sieberath et al., 2020; Kanwar and
Vijayavenkataraman,  2021). It  would allow the

differentiation of osteoblasts into osteocytes, as 3D systems
are necessary for generating osteocytes in vitro (Sawa et al,
2019). Further, a 3D system would enable better comparison
between in vitro and in vivo conditions to increase knowledge
about the
remodeling processes. Future in vivo studies are necessary to

influence of electrical stimulation on bone
confirm the assumptions made through this study and to
types. One

conceivable application would be the insertion of an

examine crosstalk between different cell
electrically active stimulation device into an artificial hip
stem or the use in bone defects of critical size (Zimmermann
U et al,, 2021). As in vivo processes are more complex through
the interplay of different cells, the fluid flow and the bone
matrix, it can be that the observed effects are diminished,
unchanged or intensified. In vivo analysis of the healing
process under electrical stimulation using sensors like the
bioMEMS are possible to generate more data about the
optimal stimulation conditions for increasing bone healing
rates under electric stimulation in vivo (McGilvray et al., 2015).

To identify fundamental key factors and signaling
pathways, which are the link between the external field and
the increased differentiation, further studies are needed. The
calcium-sensing receptor and channels like piezo 1 and
2 seems to be key factors which might be involved in the
signal transduction (Lee et al., 2014; Cianferotti et al., 2015). A
first try to reveal the underlying signaling cascades was done
by the transcriptome analysis of cells stimulated 7 and 28 days
with the HEF. The comparison between the early and late time
point emphasizes the importance of a long-time stimulation
in vitro as different gene expression profiles were observed.
Under electric stimulation, the gene expression changed
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depending on the stimulation time. The gene expression
profile of the 7 day stimulation revealed an increase in the
metabolic processes of eicosanoids like prostaglandin and
prostanoid and a reduction of the G protein-coupled
receptor (GPCR) activity. Eicosanoids are known to be
important signaling molecules and are mainly recognized
by cell membrane GPCRs (Calder, 2020). As the GPCR
activity was reduced, the enhanced eicosanoids processes
might suggest an increase in the cell communication with
other cell types triggered through the electric stimulation.
Another possible target could be nuclear receptors in the cells
like the peroxisome proliferator-activated receptors which are
known to be involved in proliferation and differentiation
processes (Chinetti et al., 2000). The 28 days stimulation
led to an increase in cellular responses to stimulus, stress
and to an activation and regulation of locomotion, localization
and movement. The influence of electrical stimulation in the
movement and migration of the cells is mainly known for
direct current and electromagnetic field stimulation (Ferrier
et al., 1986; Mycielska and Djamgoz, 2004; Zhang et al., 2018).
As the influence of alternating electric fields on the migration
was not yet described, further research needs to be done
regarding long-term stimulation with alternating fields and
the observation of the movement of the cell or subcellular
components. In the conjunction with the enhanced migration,
the transcriptome analysis revealed increased chemotaxis and
taxis. It can be assumed that released chemokines influence
the migration behavior not only for the osteoblastic cells but
also for other cells types. The increased gene expression of
osteoblastic differentiation factors at day 21 might be the
possible trigger for further chemotaxis and migration. These
observations underline the importance of co-culture models
to understand the interplay between different cell types. The
implemented transcriptome analysis is, through the pooling of
analyzed samples, just a first insight. Further investigations
regarding the gene expression profiles are necessary. More
time points can give a better understanding on how the
electric stimulation is changing the signaling cascades over
time. Analysis from cells 24 h after the start of the electric
stimulation might reveal cascades which are involved in the
proliferation. Advanced timings are important to understand
cell signaling which is fundamental for the increased
mineralization.

In order to achieve more comprehensive comparability
between studies, the specification of the electric field and
validation of the utilized fields should be sought after. With
information about the applied electric fields, research data can
be put in the proper context, and the optimal electric field for
bone regeneration may be identified. The numerical
simulation of the electric fields used in our study is the first
attempt to estimate the field resulting from the used
parameters. One limitation of the numerical simulations is
the assumption that the electrode-electrolyte interface
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impedance does not affect the current density distribution on
the electrode surface. At low frequencies such as 20 Hz, an
electrochemical double layer may arise on the electrode,
reducing the electric field in the surrounding. Moreover,
the model makes the postulation of an electrochemically
inert and stable system. Due to the cells, the progressive
the field,
electrochemical reactions in the system might occur. These

mineralization  processes, and electric
electrochemical reactions would influence the electric field as
well. Furthermore, electrochemical reactions on the electrode
could lead to corrosion on the surface of the electrode,
resulting in reduced field strengths. The first steps in
addressing these issues have been made and will be refined
in future research (Zimmermann J et al., 2021). Measurements
with
measurements of the induced voltage in the medium, and

electrochemical impedance spectroscopy, local
the constant documentation of the current and the voltage
during stimulation will give more information about the
electric field strength and possible confounding factors.
Investigations about probable corrosion processes or
deposits on the surface of the Ti6Al4V during electrical
stimulation could answer if electrochemical reactions on
the electrode arise and how strongly they influence the
electric field strength. This is also important when thinking
about future in vivo applications. In vivo devices may need to
be controllable as the electric field is reduced by the deposition
of extracellular matrix. With an adjustable device, a desired
electric field can be kept constant over time by increasing
parameters such as frequency or voltage. Despite a presumed
reduction of the simulated field strengths during stimulation
in this study, the percentage difference between the fields will
remain the same. Thus, it can be assumed that the two
electrode configurations with different distances will always

lead to different electric fields with constant ratios.

5 Conclusion

In conclusion, our study demonstrates the importance of
long-term stimulation for a better understanding of the effects
of electric fields on osteoblastic cells. The impact of electrical
stimulation on the cells can change as time progresses, so
experiments on long-term stimulation are essential. The
metabolic activity was promoted during the first days of
stimulation, gene expression and protein release changed
over time. The electrical stimulation with low frequency
fields the
differentiation of pre-osteoblast influenced bone

alternating  electric activated osteogenic
and
remodeling processes. The LEF led to an increase in the
mineralization capacity over time until 31 days. In contrast,
HEF did not influence the mineralization but led to a later but
longer-lasting increase in the bone remodeling markers OPN,

OPG, IL-6, and DKK-1. This could predict a higher efficiency
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in bone formations due to lower electric fields. Further
experiments with immune cells and osteoclasts should be
performed to understand better the influence of the
released cytokines and the crosstalk between different cell
types and the resulting bone remodeling processes under long-
term electrical stimulation. With increased studies of electric
field strengths in vitro and in vivo through validation and
simulation of field distribution, more information on optimal
stimulation parameters can be obtained.
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Abstract: Bone is a highly dynamic tissue characterized mainly by the interactions of osteoblasts
and osteoclasts. When the healing ability of bone regeneration is disturbed, targeted biophysical
stimulations such as electrical stimulation are applied. In this study the indirect effects of electrically
stimulated human osteoblasts on osteoclastogenesis were investigated to better understand detailed
cellular interactions. Therefore, two different cell developmental stages were examined: peripheral
blood mononuclear cells (PBMCs) as precursors and pre-osteoclasts as differentiated cells. Previously,
over a 21-day period, human osteoblasts were stimulated with a low-frequency alternating electric
field. The supernatants were collected and used for an indirect co-culture of PBMCs and pre-
osteoclasts. The cellular viability and the induction of differentiation and activity were analyzed.
Further, the secretion of relevant osteoclastic markers was examined. Supernatants of 7 d and 14 d
stimulated osteoblasts led to a decrease in the viability of PBMCs and an increased number of
cells containing actin ring structures. Supernatants from osteoblasts stimulated over 7 d induced
PBMC differentiation and pre-osteoclastic activation. Furthermore, pre-osteoclasts showed varying
mRNA transcripts of MCP-1, ACP5, CA2, and CASP8 when cultivated with media from osteoblasts.
Supernatants from day 21 did not influence PBMCs at all but increased the viability of pre-osteoclasts.
We could show that different time points of stimulated osteoblasts have varying effects on the cells
and that changes can be observed due to the differentiation stages of the cells. Through the effects of
the indirect stimulation, it was possible to underline the importance of studying not only osteoblastic
differentiation and mineralization behavior under electric stimulation but also analyzing changes in
osteoclastogenesis and the activity of osteoclasts.

Keywords: indirect co-culture; biophysical stimulation; alternating electric fields; PBMCs; pre-osteoclasts;
osteoclastogenesis; bone remodeling

1. Introduction

Electrical stimulation is a frequently used medical application to treat different disor-
ders in nerves, muscles, and cardiac tissue, and it can play an essential role in wound heal-
ing [1]. Since Fukada and Yasuda described the piezoelectric properties of bone, research
has been conducted using externally applied electric fields to improve bone healing [2,3].
Animal studies and even clinical applications of electric stimulation devices revealed posi-
tive effects on bone regeneration; however, the fundamental cellular processes are still not
fully understood [3,4].

There are different possibilities to apply electric fields, such as capacitive coupling,
inductive coupling with pulsed electromagnetic fields (PEMF), and direct coupling. For
the capacitive coupling, electrodes are placed outside of the tissue or the cell culture plate,
avoiding possible side reactions with the environment. Due to the barriers between the
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stimulated cells and the electrodes, electrical signals are reduced, resulting in the need for
high voltages. PEMF are applied by placing a conductive coil over the tissue of interest
or the cell culture. While current flows through the coil, an electromagnetic field arises.
The pulsed signals are used to mimic natural voltage potentials. The third type, often
used in in vitro studies, is direct coupling. During direct stimulation, the electrodes are
placed in contact with the tissue or cell culture medium [5,6]. Due to this direct contact,
the biocompatibility of the materials used is essential. Furthermore, the direct current (DC)
can lead to a rise in temperature, changes in the pH, the accumulation of charged proteins
on the electrode, and harmful faradic by-products such as hydrogen peroxide and free
metal ions from the used electrode [1,7,8]. Biphasic electrical stimulation such as alternating
current (AC) can avoid these effects.

Several studies have already used alternating electric fields to stimulate osteoblasts, but
little is known about the effect on osteoclastogenesis and osteoclast-like cells [7,9-11]. A balance
between bone resorption through the activation of osteoclasts and bone formation through
osteoblast activity is essential for bone regeneration [12,13]. Therefore, studies regarding the
differentiation of macrophages and the activity and formation of osteoclasts under electrical
fields are essential. Among the few studies regarding this issue, most use PEMF or sometimes
direct stimulation with DC [14-19]. Stimulation via PEMF leads to a decrease in cell numbers,
an increased apoptotic rate, and reduced osteoclast formation [14,16,19,20]. Stimulation with
DC revealed different migration behaviors of osteoblasts and osteoclasts as they moved in
opposite directions during stimulation [18]. There are no studies yet on the effects of direct
alternating fields. The situation is similar regarding studies of the influence of electrical
stimulation on macrophages generated out of peripheral blood mononuclear cells (PBMCs)
and possible osteoclast precursors. Electrical stimulation is mainly performed with PEMF, and
in some cases with DC, revealing both anti-inflammatory and pro-inflammatory effects with
low-frequency electromagnetic field stimulation [21,22]. Furthermore, reduced proliferation,
higher apoptosis rates, and altered migration behavior of macrophages were observed under
PEMF and DC [23-25]. Due to the mentioned problem of monophasic stimulation, analyses
with alternating electrical fields are necessary.

Studies regarding human macrophages and osteoclasts are as crucial as studies on os-
teoblasts in understanding fundamental bone remodeling processes under electric stimulation.
Indirect and direct co-culture systems allow the investigation of the interaction and interplay
between these cell types [26]. These cellular interactions could even be shown in an osteoid
model, i.e., non-mineralized bone tissue [27]. In general, secreted cytokines and released
factors modify the cell reaction of each cell type; thus, the crosstalk can change cell behavior
in comparison to mono-cultured cells [28]. Shankar et al. revealed the importance of a co-
culture system between osteoblasts and osteoclasts while observing the influence of PEMF [17].
Changes in differentiation and the bone-resorption capability of osteoclasts were observed
after incubating cells with a medium derived from PEMF-stimulated osteocytes [29].

Therefore, in our present study, the effect of electrically stimulated human osteoblasts
on osteoclast formation processes was investigated. The aim of our study was to gain
a better understanding of the effects of cytokines released by electrically stimulated os-
teoblasts with alternating electric fields on osteoclastogenesis (Figure 1). Consequently,
the indirect influence of electric stimulation on the viability and differentiation of PBMCs
and osteoclast-progenitor cells was investigated. Study data should help to understand
the activation of PBMCs and pre-osteoclasts in the periphery of electrically active bone
implants by releasing cytokines from osteoblasts in direct proximity to the electrical field.



Appl. Sci. 2022,12,11840 30f20

©©©@
[reeuins | @ © @ @

B )
|

| Osteogenesis

Figure 1. Schematic overview of the study aim. Stimulated osteoblasts produce signaling molecules
that influence osteoclastogenesis through recruiting and remodeling processes. Single pictures were
used from Servier Medical Art (http://smart.servier.com/, accessed on 14 June 2022).

2. Materials and Methods

The setup used to analyze the indirect influence of electrically stimulated osteoblasts
on osteoclastogenesis is shown in a graphical overview in Figure 2. A detailed description
of each step can be found in the following sections.
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Figure 2. Schematic overview of the used methods. Single pictures were used from Servier Medi-
cal Art (http://smart.servier.com/, accessed on 23 May 2022) or bioicons (https:/ /bioicons.com/,
23 May 2022).
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2.1. Electrical Stimulation of Human Primary Osteoblasts

Human primary osteoblasts were isolated, cultivated, and electrically stimulated
for the experiments, as previously described by Sahm et al. [30]. In brief, spongiosa was
isolated from femoral heads allocated from patients undergoing total hip replacement
(registration number: A 2010-0010, approval date: 27 January 2017). After digestion with
collagenase a and dispase (both: Roche, Basel; Switzerland), the cell suspension was puri-
fied through filtration and centrifugation steps. The cells were cultivated in a cell culture
flask with Dulbecco’s Modified Eagle Medium without CaCl, to increase proliferation
(DMEM, PAN-Biotech, Aidenbach, Germany), containing 10% fetal calf serum (FCS, PAN-
Biotech, Aidenbach, Germany), 1% amphotericin B, 1% penicillin-streptomycin, and 1%
HEPES buffer (all: Sigma-Aldrich, Munich, Germany). Ascorbic acid (final concentration:
50 nug/mL), -glycerophosphate (final concentration: 10 mM), and dexamethasone (final
concentration: 100 nM) (all: Sigma-Aldrich, Munich, Germany) were added to bring cells
to a similar stage of differentiation. The cells were kept in cell culture under standard
cell culture conditions (5% CO; and 37 °C) until the second passage and stored in liquid
nitrogen until use.

For the electrical stimulation experiment, osteoblasts from seven different human
donors (four females (age: 77.25 & 2.21 years), three males (age: 73 £ 9.54 years)) were
thawed and cultured for another passage at 37°C and 5% CO;. Rat tail collagen-coated
coverslips (diameter: 15 mm, Neuvitro Corporation, Vancouver, WA, USA) were placed
in a 6-well plate, and 30,000 cells were seeded on each coverslip. The cells adhered for
30 min, and 5 mL of cell culture medium (Dulbecco’s Modified Eagle Medium (DMEM w /o
calcium)) was added with 10% fetal calf serum (FCS, both: PAN-Biotech, Aidenbach,
Germany), 1% amphotericin B, 1% penicillin-streptomycin, and 1% HEPES buffer (all:
Sigma-Aldrich, Munich, Germany) containing the osteogenic additives ascorbic acid (final
concentration: 50 ug/mL), 3-glycerophosphate (final concentration: 10 mM), dexametha-
sone (final concentration: 100 nM) (all: Sigma-Aldrich, Munich, Germany) and CaCl,
(final concentration: 1.8 mmol/L) for mineralization. An in vitro stimulation electrode was
used, which was designed similarly to the clinically used ASNIS III s-series stimulation
screw system [31,32]. The electrode consists of two 14 mm Ti6Al4V cylindrical electrodes
separated by a 5 mm long insulator made of polyetheretherketone. The detailed stimulation
protocol can be found as described by Sahm et al. [30]. The stimulation electrodes were
placed in each well. In addition to the electrically stimulated osteoblasts (ESO), uncon-
nected electrodes served as a control (non-stimulated osteoblasts—NSO). A sinusoidal
signal with 0.7 Vs and 20 Hz was applied 24 h after cell seeding using a Metrix GX 305
and GX310 function generator (Metrix Electronics, Bramley, Hampshire, UK). The distance
between the electrode and the well bottom was 1 mm, which leads to an electric field of
approximately 150 V/m in the cell medium and the well bottom under the center of the
electrode [30]. The alternating current was applied 3 x 45 min/d with 225 min breaks
between stimulations and a longer 855 min break between the last and the first new stimula-
tion. This was performed to keep comparability with clinical studies [31]. The supernatant
was collected and refreshed after 7, 14, and 21 days. The supernatant was collected 20 h
after the last stimulation interval had started. It was centrifuged, pooled, and frozen for
indirect stimulation.

2.2. Isolation and Differentiation of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from eight
anonymous donors using SepMate™.-50 mL tubes and Histopaque®-107, following manu-
facturers’ instructions. The approval was obtained by the Local Ethical Committee (registra-
tion number: A2011-140, approval date: 24 November 2021). The generated cells were resus-
pended in Roswell Park Memorial Institute (RPMI) 1640 medium (PAN™-Biotech GmbH,
Aidenbach, Germany) containing 10% fetal calf serum, 2% glutamine, and 1% penicillin-
streptomycin. After seven days of culture in suspension cell culture flasks to increase the
number of mononuclear cells (Greiner bio-one GmbH, Frickenhausen, Germany), the cells
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were harvested [33]. Nonadherent cells were transferred into a 50 mL centrifugation tube;
adherent cells were incubated twice over 10-15 min with cold PBS and then gently scraped
from the bottom of the flask. Cells were pooled, centrifuged at 120x g for 8 min, and
counted with trypan blue. A total of 100,000 viable cells were plated in each well of a
48-well plate to form a monolayer on the bottom of the well. Each donor was divided into
“PBMCs” and “pre-osteoclasts”.

2.3. Indirect Stimulation

For the experiments, PBMCs were cultured for 72 h until further use and osteoclasts
were cultured for 14 d with the above-mentioned medium supplemented with 25 ng/mL
Macrophage Colony-Stimulating Factor (M-CSF) and 50 ng/mL Receptor Activator of
Nuclear Factor-xB Ligand (RANKL) (both: PreproTech EC, London, UK). Medium was
refreshed for the “pre-osteoclasts” after 5 and 10 d.

To analyze the indirect influence of electric stimulation by released mediators, PBMCs
and pre-osteoclasts were cultivated for 48 h with the supernatants of the stimulated os-
teoblasts over 48 h. The media from the ESO and the NSO were used after the stimulation
time points of 7 d, 14 d, and 21 d. The pooled supernatants were mixed 1:1 with fresh RPMI
1640 containing 2% fetal calf serum, 2% glutamine, and 1% penicillin-streptomycin.

2.4. Cell Viability

To determine cell viability after 48 h, the supernatant was removed and replaced with
a suspension of the water-soluble tetrazolium salt (WST-1, Roche GmbH, Grenzach-Wyhlen,
Germany) in the medium. Therefore, the WST-1 reagent was diluted 1:10 with RPMI 1640
and transfused into the cells. Diluted WST-1 reagent without cells served as a blank. After
an incubation time of 30 min at 37 °C and 5% CO,, 100 uL of the solution was transferred
as duplicates into a 96-well plate. The color change was quantified using the Infinite 200 pro
multimode plate reader (Tecan Group Ltd., Maennedorf, Switzerland) at a wavelength of 450 nm
and a reference filter of 630 nm. The blank was subtracted from the values of each sample.

2.5. Actin-DAPI Staining

Fluorescence images were used to visualize the cell morphology and confirm the
osteoclastic differentiation of the pre-osteoclasts via the formation of actin rings. After 48 h
of incubation, cells were fixed with 4% paraformaldehyde (Grimm MED Logistik GmbH,
Torgelow, Germany) for 10 min at room temperature (RT), washed with phosphate-buffered
saline (PBS, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), and permeabilized
with 1:200 diluted Triton X (Merck KGaA, Darmstadt, Germany) for 5 min. After another
rinsing step with PBS, Acti-stain™ 488 (Cytoskeleton, Inc., Denver, CO, USA) was di-
luted 1:140 with PBS to a concentration of 100 nM and transferred onto the cells. The
cells were incubated in the dark for 30 min and washed 3 x with PBS afterward. The
4’ 6-Diamidin-2-phenylin-dol (DAPI, Merck KGaA, Darmstadt, Germany) reagent was
diluted 1:1000 with PBS, and cells were incubated with the solution for 5 min in the dark.
A final rinse with PBS completed the staining process before the plates were stored at 4 °C,
protected from light until further use. The images were captured using FITC (EX480/30,
DM505, BA535/45) and DAPI (EX375/28, DM415, BA460/60) fluorescent filters with the
Nikon Eclipse TS100 microscope and the Nikon digital sight DS-2Mv camera (all: Nikon
GmbH, Duesseldorf, Germany). The superimposition of the images was performed with
Gimp (GNU Image Manipulation Program).

2.6. Gene Expression Analysis

The gene expression of stimulated and unstimulated PBMCs and pre-osteoclasts was
analyzed after 48 h incubation time. The RNA was extracted with the peqGOLD Total
RNA Kit (VWR International GmbH, Darmstadt, Germany) following the manufacturer’s
instructions. Cells were lysed with the lysis buffer, and the lysate of the corresponding
duplicate determinations was placed together in one column. By adding 25 pL of 60 °C
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nuclease-free water (Carl Roth GmbH & Co. KG, Karlsruhe, Germany), the RNA was eluted
by centrifugation for 2 min at the highest possible speed. RNA concentration was measured
using the Tecan Reader Infinite® 200 Pro, and nuclease-free water was used to determine
the blank value. The transcription of 150 ng RNA into complementary DNA (cDNA) was
performed using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instructions. Afterward, all samples were
diluted 1:1 with nuclease-free water and stored at —20 °C for further usage. Semi-quantitative
reverse transcription-polymerase chain reaction (JPCR) was performed in duplicate using
the innuMIX qPCR MasterMix SyGreen Kit (Analytik Jena, Germany). The primers used in
this process are listed in Table 1. The results were evaluated using the delta-delta Ct (AACt)
method [34]. HPRT served as a housekeeper gene, and the stimulated samples were related to
the matching non-stimulated osteoclast control from the same time point.

Table 1. Primer sequences for the genes of interest.

Gene Abbreviation Sequence
c o CASPS For: TGTTTTCACAGGTTCTCCTCCTTT
aspase Rev: GAGAATATAATCCGCTCCACCTT
. For: AGAAAACCACCAAATGAACCCC
Receptor Activator of NFkB RANK Rev: GCCAGAGCCTCATTGATTC
. . For: GGGAGATGTGTGAGCCAGTG
Tartrate Resistant Acid phosphatase 5 ACP5 Rev: GTCCACATGTCCATCCAGGG
. For: TGGGGTTCACTTGATGGACAA
Carbonic anhydrase 2 CA2 Rev: CAGCACTCTTGCCCTTTGTT
. For: GGAAGCAATTAACAACAAGGTGGA
Cathepsin K CTSK Rev: GGGGCCTACCTTCCCATTC
) . For: ACGCAGACATCGTCATCCAG
Matrix Metallopeptidase 9 MMP9 Rev: AACCGAGTTGGAACCACGAC
Hypl‘j’ﬁa“ﬂ}‘:“r‘;(;uafme HPRT For: CCCTGGCGTCGTGATTAGTG
OSpRoribosy Rev: TCGAGCAAGACGTTCAGTCC
Transferase

2.7. Quantification of the Secreted Proteins

Secreted tartrate-resistant acid phosphatase 5 b (TRAP5b), bone morphogenetic pro-
tein 2 (BMP2), cystatin C, interferon-p (IFN-f), interleukin 10 (IL-10), interleukin-17A
(IL-17A), interleukin-1p (IL-1p3), interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-23
(IL-23), osteopontin (OPN), free active transforming growth factor-$ 1 (TGF-f1), and tumor
necrosis factor-o (TNF-«) were analyzed out of the supernatant of each sample with a
customized human BioLegend’s LEGENDplex™ multiplex assay (Biolegend, San Diego,
CA, USA). Analysis was performed following the manufacturer’s instructions, and internal
standards served to determine the concentration of each protein. The volume of used
samples, standards, and kit reagents was adjusted to 15 puL. The samples and standards
were incubated with the beads overnight. The multiplex assay was measured with a BD
FACSVerse™ (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

To identify the initial concentration of the cytokines secreted by electrically stimulated
osteoblasts, the supernatant used for stimulation was diluted 1:1 with RPMI medium,
as explained in 3.3. The multiplex assay was measured directly with a BD FACSVerse™.
Further, the diluted supernatant was incubated under standard cell culture conditions
(5% CO7 and 37 °C) for 48 h and was then handled as the PBMC and pre-osteoclast samples.
This measurement served as an internal control to validate the number of proteins that
would be degraded during the 48 h incubation. The internal control was named “control
incubated without cells” (control;y.)-

The total protein content of each supernatant was determined to normalize the protein
concentration measured with the LEGENDplex™ multiplex assay. Therefore, the supernatant
was analyzed with the Invitrogen Qubit Protein Assay Kit and the Qubit fluorometer Q32857
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(both: Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer instructions.
The quantification of the total protein content was ensured through included standards.

2.8. Display of the Data and Statistical Analysis

The statistical analysis was performed using GraphPad PRISM (GraphPad Software,
San Diego, CA, USA). All experiments were conducted with eight replicates, each from a
different donor. The ROUT method was used to identify any outliers. The analysis of the
released proteins led to non-detectable amounts of protein for some donors for varying
proteins. Therefore, and through the ROUT method, the number of replicates was reduced
to n > 7 for osteoclasts and n > 6 for the PBMCs. The normal distribution was verified
with the Shapiro-Wilk test. The two-way ANOVA with Tukey was used to compare the
results of the electric stimulations among each other and with the control, as well as the
different time points. p-values smaller than 0.05 were included as significant. The data
were shown in boxplots and heat maps. Boxplots represented the median, the 25% and 75%
quartile, and whiskers for indicating minimum and maximum.

3. Results
3.1. Initial Concentration of Cytokines in the Supernatants

The indirect influence of electric stimulation was analyzed using PBMCs and pre-
osteoclasts. The supernatants of electrically stimulated osteoblasts (ESO) and non-stimulated
osteoblasts (NSO) were collected after 7 d, 14 d, and 21 d, pooled, and used for the stimula-
tion. The supernatants were diluted 1:1 with RPMI, as described in Section 2.3.

The concentration of possible mediators released by human osteoblasts that might
affect the PBMCs and pre-osteoclasts was analyzed before incubating the diluted super-
natant with the cells. The protein concentrations of BMP-2, cystatin C, IFN-{3, IL-10, IL-1f3,
IL-6, OPN, TGF-31, and TNF-« were determined via LEGENDplex™ multiplex assay. No
signal was detectable for BMP-2, cystatin C, IL-13, and OPN. The concentrations for TNF-«,
IL-6, IL-10, IFN-, and TGF-31 are shown in Table 2. The highest concentration of TNF-o
was detectable with the ESO for all time points: about twice as high as with the NSO. The
amount of IL-6 rose in the ESO supernatants constant over time. The IL-6 concentration for
the NSO peaked at 14 d. IL-10, IFN-f3, and TGF-[31 were not detectable for all time points.
IL-10 was just determined for 14 d ESO, 7 d NSO, and 21 d NSO. IFN-f3 was determined for
ESO only at 14 d. The IFN-3 concentration in the control varied between the stimulation
times, with the highest amount at 21 d. The TGF-f31 concentration was only measurable in
HEF after 21 d whereas, for the control, it was also measurable at 7 d.

Table 2. Protein concentration of the pooled supernatants of electrically stimulated osteoblasts (ESO)
and non-stimulated osteoblasts (NSO) after 7, 14, and 21 days.

ESO NSO
Time [d] 7 14 21 7 14 21
Pro-osteoclastic
TNF-o [pg/mg] 6.00 6.20 5.70 2.56 3.27 2.55
Anti-osteoclastic
IL-10 [pg/mg] 0.00 0.92 0.00 0.96 0.00 1.47
IFN-B [pg/mg] 0.00 1.48 0.00 1.3 0.76 2.36
Bone remodeling
TGF-31 [pg/mg] 0.00 0.00 0.59 0.69 0.00 0.62

IL-6 [pg/mg] 176.45 213.29 387.33 231.20 318.82 278.55




Appl. Sci. 2022,12,11840

8 of 20

3.2. Influence of Conditioned Osteoblastic Supernatants on Peripheral Blood Mononuclear
Cell (PBMC)

3.2.1. Morphology and Viability

Different cell morphologies were expressed in PBMC cell cultures by treatment with
various supernatants. Smaller and larger cell morphologies were seen in all stimulation
groups, reflecting the different cell types of PBMCs. A few cells with a green actin ring
structure were observed at all stimulation time points with ESO. The NSO showed fewer
actin rings on days 7 and 14; stimulation with the 21 d control medium led to a rise in the
number of cells with ring structures (Figure 3a,b).
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Figure 3. Morphology and viability of PBMCs after 48 h incubation with pooled supernatant of
osteoblast stimulated over 7, 14, and 21 d (ESO) and without electric stimulation (NSO). (a) Mor-
phology of PBMCs. The actin skeleton is visualized in a green color and the nucleus in blue. Cells
with an actin ring structure are highlighted with an orange arrow. The scale bar measures 50 pm.
(b) PBMC with an actin ring. The scale bar measures 20 um. (c) The viability of ESO PBMCs related
to the viability of NSO PBMCs. Significant differences were determined using the two-way ANOVA
with Tukey. # indicates significant differences between the stimulated and control groups: # p < 0.05.
* indicates significant differences between stimulation time points: ** p <0.01 [n = 8]. (d) CASP8 gene
expression data with ESO related to NSO PBMCs using the 222t method. Significant differences
were determined using the two-way ANOVA with Tukey [n = 8].

The viability of PBMCs was influenced by indirect stimulation (Figure 3c). The super-
natant of ESO obtained after 7 and 14 d reduced the viability of PBMCs compared to the
unstimulated control. This reduction was significant after 7 d (p = 0.036) and not significant
after 14 d (p = 0.062). After 21 d of stimulation, the medium had no impact on viability. The
rise in viability from 7 d to 21 d was significant (p = 0.042) as well. No significant changes
were observed in the CASPS gene expression (Figure 3d).
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3.2.2. Gene Expression

The gene expression of PBMCs stimulated with osteoblastic cell culture supernatants
was analyzed for RANK, ACP5, CTSK, CA2, and MMP9. RANK was significantly higher
with the 14 d supernatant compared to the 21 d (p = 0.017). ACP5 was significantly enhanced
while using the 7 d (p = 0.025) and 14 d (p = 0.025) supernatants of the ESO compared to the
21 d supernatant (Figure 4a). A similar trend was observable for CT'SK and MMP9. CTSK
was significantly upregulated with the 7 d ESO supernatant (p = 0.042), slightly upregulated
with 14 d, and unaffected with 21 d. MMP9 gene expression showed an upward trend with
7 d and a downward trend with 21 d. The supernatants did not significantly influence the
gene expression of CA2 for ESO (Figure 4a).
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Figure 4. Gene expression and protein data of PBMCs after 48 h incubation with pooled supernatant
of osteoblast (ESO) stimulated over 7, 14, and 21 d and without electric stimulation (NSO). (a) Gene
expression data were related to the NSO using the 2724t method. Boxplots are used to present
the distribution of the total results with significant changes [n = 8]. Significant differences were
determined using the two-way ANOVA with Tukey. # indicates significant differences between
ESO and NSO cultivation: # p < 0.05. * indicates significant differences between stimulation time
points: * p < 0.05. (b) The protein concentration was related to the total protein concentration of the
supernatant of each sample. Afterward, the respective protein concentration from the control;,,. was
subtracted. Boxplots are used to present the distribution of the total results [n > 6]. Significant differ-
ences were determined using the two-way ANOVA with Tukey. * indicates significant differences:
*p <0.05 *p<0.01.

3.2.3. Released Mediators

The amounts of released TRAP5b, BMP-2, cystatin C, IFN-3, IL-1§3, -4, -6, -10, -17A, -23,
OPN, TGF-p1, and TNF-o were analyzed for PBMCs stimulated with ESO and NSO, and
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the control;,.. The concentration of the control;,,. was subtracted from the concentration
of the cultivated PBMCs.

No proteins could be detected for IL-1§3, -4, -17A-23, and BMP-2. For OPN, cystatin
C, TRAP5D, IL-10, and TGF-f31, no significant changes in the protein concentration could
be determined (Figure S1). The concentration of released TNF-o« was not influenced by
the 7 d and 14 d media (Figure 4b). The 21 d medium led to an increased amount with
the ESO compared to the NSO (p = 0.015). IFN-3 was downregulated for the 7 d medium
(p = 0.0055). Later stimulation times did not influence the IFN-f3 release. New IL-6 was
mainly produced by cells stimulated with the 7 d medium. The 7 d medium led to an
increase in IL-6 compared to the NSO (p = 0.051) and the 14 d ESO (p = 0.023). The additional
stimulation times 14 d and 21 d did not affect the IL-6 concentration (Figure 4b).

3.3. Influence of Conditioned Osteoblastic Supernatants on Pre-Osteoclasts
3.3.1. Morphology and Viability

The morphology of the pre-osteoclasts was visualized through staining of the actin
cytoskeleton (Figure 5a,b). The cells were mainly round-shaped and larger than PBMCs.
Some cells showed a more intense green glowing actin ring structure. Multinuclear cells
with more than three nuclei could not be observed.
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Figure 5. Morphology and viability of pre-osteoclasts after 48 h incubation with pooled supernatant
of osteoblast stimulated over 7, 14, and 21 d (ESO) and without electric stimulation (NSO). (a) The
morphology of PBMCs shows mostly round cell shapes. The actin skeleton is visualized in a green
color and the nucleus in blue. Cells with an actin ring structure are highlighted with an orange
arrow. The scale bar measures 50 um. (b) Pre-osteoclast with an actin ring. The scale bar measures
20 pum. (c) The viability of pre-osteoclasts related to the viability of the control. Significant differences
were determined using the two-way ANOVA with Tukey, * indicates significant differences between
stimulation time points: * p <0.05 [n = 8]. (d) CASP8 gene expression data with ESO related to
NSO PBMCs using the 2~22Ct method. Significant differences were determined using the two-way
ANOVA with Tukey, # indicates significant differences between the stimulated and control groups:
##p<0.01[n=8].
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The 7 d and 14 d media of the stimulated osteoblasts did not influence the viability
of the pre-osteoclasts. With the 21 d supernatant, the viability rose compared to 7 d and
14 d. The rise in viability from 14 d to 21 d was significantly higher (p = 0.012) (Figure 5c).
The CASPS8 expression was reduced with the further stimulation time of the ESO. On
day 21 CASP8 was significantly downregulated compared to NSO (p = 0.006) (Figure 5d).

3.3.2. Gene Expression

The gene expression of RANK, ACP5, CTSK, CA2, and MMP9 was determined to
analyze the influence of released osteoblastic mediators on pre-osteoclastic differentiation
and activity (Figure 6a). The 14 d and 21 d supernatants from ESO led to a downregulation
of ACP5, which was significant for 14 d (p = 0.034). RANK, CA2, CTSK, and MMP9 were
upregulated with the medium of 7 d stimulated osteoblasts and downregulated with 14 d
and 21 d media. RANK and CTSK did not significantly change. The expression of CA2 was
upregulated with 7 d medium and dropped significantly compared to 14 d (p = 0.0012) and
21 d (p = 0.054). CA2 was downregulated compared to the control with 21 d (p = 0.032).
MMP9 was significantly upregulated with 7 d ESO compared to the control (p = 0.0462)
and dropped when compared to 14 d (p = 0.0241) and 21 d (p = 0.0469). In addition, the
gene expression of the recruiting marker monocyte chemoattractant protein (MCP1) was
analyzed (Figure S2). A significant increase in the MCP1 gene expression could be detected
with the 7 d ESO (p = 0.0455).

3.3.3. Released Mediators

The release of TRAP5b, BMP-2, cystatin C, IFN-3, IL-1p3, -4, -6, -10, -17A, -23, OPN,
TGF-B1, and TNF-« were analyzed for the pre-osteoclasts stimulated with ESO and NSO,
and the control;y.. The concentration of the control;,. was subtracted from the concen-
tration of the cultivated pre-osteoclasts. The data for IFN-f3 are not shown as no proteins
could be detected.

The different stimulation conditions did not significantly influence the concentration of
IL-1$3, OPN, cystatin C, TRAP5b, TGF-31, and IL-17A (Figure S3). For TNF-o and IL-6 lower
amounts of proteins were detected after the stimulation with pre-osteoclasts compared
to the incubated medium without any cells (control;y). As the protein concentrations of
the control;,. were subtracted from the protein concentrations of the sample, negative
concentrations are shown (Figure 6¢).

The concentration of IL-4 was downregulated by 7 d, 14 d, and 21 d ESO media
compared to NSO. This downregulation was significant for 7 d (p = 0.0008) and for 14 d
(p = 0.0087). A similar trend was observed for IL-10, IL-23, and BMP-2. The IL-10 concen-
tration was downregulated with 7 d and 14 d ESO media and significantly downregulated
for 21 d compared to the NSO (p = 0.0002). For IL-23, differences between the ESO and the
control were the most pronounced after 7 d (p = 0.008) and slighter at 14 d (p = 0.051) and
21 (p = 0.08). The concentration of BMP-2 was mainly changed through indirect stimulation
with the 21 d medium. BMP-2 was reduced with the ESO supernatant (p = 0.059) compared
to the NSO (Figure 6b).

For TNF-«, the lowest protein amount was detected for the cultivation with 7 d ESO
supernatant compared to the NSO (p < 0.0001). With 14 d and 21 d, no changes between
the ESO and NSO were observed. IL-6 was mainly regulated by the 7 d supernatant;
stimulation with ESO led to a significant upregulation of IL-6 compared to NSO (p = 0.0036).
Media generated after 14 d and 21 d stimulation did not affect the IL-6 release (Figure 6c).
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Figure 6. Gene expression and protein data of pre-osteoclasts after 48 h incubation with pooled
supernatant of osteoblast (ESO) stimulated over 7, 14, and 21 d and without electric stimulation
(NSO). (a) Gene expression data were related to the NSO using the 2-AACt method. Boxplots are used
to present the distribution of the total results with significant changes [n = 8]. Significant differences
were determined using the two-way ANOVA with Tukey. # indicates significant differences between
the ESO and NSO: # p < 0.05. * indicates significant differences between stimulation time points:
*p <0.05. (b, c) Protein concentration related to the total protein concentration of the supernatant.
The respective protein concentration from the control;,,. was subtracted. Boxplots are used to present
the distribution of the total results [n > 6]. Significant differences were determined using the two-
way ANOVA with Tukey. * indicates significant differences: * p < 0.05, ** p < 0.01, *** p < 0.001,
*** p < 0.0001. (b) Proteins that were produced by the pre-osteoclasts (c) proteins that were consumed
by the pre-osteoclasts.
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Electric field

4. Discussion

The tailoring of bone remodeling processes through external stimulation is essential
for the treatment of osteoporosis, critical-size bone defects, and poorly ingrown artificial
joints. Electric stimulation with externally applied electrical fields is one possible treatment
method. Positive results have been observed in clinical use in the past, but open questions
remain regarding the cellular processes [35]. Various in vitro studies focus on the influence
of electric fields on the differentiation of osteoblasts and their bone-forming potential [3].
However, bone healing depends not only on the bone formation capacity of the osteoblast.
Bone resorption processes through osteoclasts play an essential role in bone turnover and
fracture healing.

Co-cultures between osteoblasts and osteoclasts are essential to verify cellular behavior
and interaction, as differences between cells in co-culture and cells in monoculture have
been noted [28,36]. Consequently, they improve the comparability of in vitro studies with
in vivo studies [37]. The system used in this study gives the first insights into how released
cytokines from osteoblasts can influence osteoclastogenesis. With the exchange of the su-
pernatant of stimulated osteoblasts, a study focused on the changes in osteoclast formation,
differentiation, and activity through indirect stimulation was possible. However, this study
can only make assumptions about the impact on osteogenesis through the feedback of the
osteoclasts. Further studies using a trans-well system or 3D scaffolds are important to
include the direct exchange and feedback of the cells. Nevertheless, results obtained in this
study revealed indirect effects of ESO (Figure 7): (I) Electrical stimulation of osteoblasts
resulted in the release of various cytokines that influence osteoclastic differentiation and
activation. They respond with an additional release of pro-and anti-inflammatory cytokines.
(II) The viability of PBMCs is most influenced by the supernatants from the ESO of the
two earlier time points. At the same time, osteoclastogenesis is induced in the cells. (III)
Pre-osteoclasts revealed an increased activity when cultivated with 7 d medium, and ESO
supernatants at day 21 led to higher viability.
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Figure 7. Schematic overview of the aims and results of this study. Stimulated osteoblasts produce
signaling molecules that influence osteoclastogenesis through recruiting and remodeling processes.
The observed changes in gene expression and protein release of the progenitor cells and osteoclasts-
like cells are shown in pink. Single pictures were used from Servier Medical Art (http://smart.servier.
com/, accessed on 14 June 2022).
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4.1. Differentiation of PBMCs

Monocytes as well as macrophages play an important role in inflammation, home-
ostasis, tissue development, and injury repair [38]. They have the potential to differentiate
into osteoclasts. Therefore, understanding their differentiation potential is important for
further information on bone remodeling processes [39]. This study focused on the impact
of indirect stimulation with ESO on the induction of PBMC differentiation into osteo-
clasts. It was possible to initiate osteoclastic differentiation of PBMCs without the external
differentiation factors M-CSF and RANKL [28] by using supernatants from stimulated
osteoblasts. A higher number of osteoclast-like cells were seen with 7 d and 14 d ESO
media, and an increase in ACP5 gene expression could be observed. Further, a significant
upregulation in CTSK gene expression could be observed with the 7 d medium, a gene that
is an important marker for the activity of osteoclastic cells [40]. As no major changes in
the RANK gene expression were noticeable, it can be assumed that RANKL was not the
key factor for the induced osteoclastogenesis. Studies have shown that other mediators
such as TNF-«, TGE-3, and IL-33 have the potential to enhance osteoclast differentiation in
the absence of the RANK-RANKL pathway [41-43]. In this study, TNF-oc was doubled in
the ESO supernatants; thus, the differentiation through TNF-o can be assumed [41,44,45].
Further, Lei et al. revealed the inhibition of RANKL-induced osteoclastogenesis in directly
electrically stimulated macrophages, which would underline the assumption of a RANKL-
independent differentiation observed in this study [20]. Another argument supporting the
hypothesis is the IFN-{3 concentration, as IFN-f3 is an anti-osteoclastogenic cytokine [46].
The highest amount of released IFN-3 was detectable in PBMCs cultivated with the 7 d NSO
medium. Comparing the protein concentration of ESO and NSO proves that, especially
after seven days, the presence of osteoclastic antagonists such as IFN-f3 and IL-10 were
present in the NSO medium, but not in the ESO medium. IL-10, like IFN-{3, is known for
its possible role in inhibiting osteoclast formation [47]. Vice versa, the induction of ACP5
and CTSK mRNA transcripts in PBMCs cultivated with the 7 d ESO medium correlates
with the absence of IFN- and IL-10 proteins. Although the anti-osteoclast mediators
IL-10 and IFN-B were detectable in the ESO medium after 14 days, the induction of the
osteoclastic differentiation and activity markers was still demonstrated. However, besides
the presence of higher IL-6 protein concentrations, the clearly enhanced concentration of the
TNF-« protein in particular seemed to be more inductive for osteoclastogenesis. Although
IFN-B and IL-10 were no longer detectable in the 21 d ESO medium, the composition
of the medium did not affect osteoclastogenesis. This could be due to the presence of
other mediators in the medium, which we did not consider in our setup. However, in
our previous work, we could show that, especially on day 21, the highest mineralization
of osteoblasts was detectable following stimulation with alternating electric fields [30].
Since osteoclastogenesis is particularly inhibited by enhanced calcium ion levels [48] the
accumulation of calcium in the 21 d ESO medium might have a greater inhibitory effect on
osteoclastogenesis than the ESO media of the earlier time points.

4.2. Activation of Pre-Osteoclasts

Osteoclasts are the major antagonists for osteoblasts, and their interplay is essential for
bone turnover and remodeling [36]. On the one hand, excessive activity of osteoclasts can
lead to diseases such as osteoporosis, periprosthetic osteolysis, or bone tumors; on the other
hand, reduced activity can lead to osteopetrosis [49]. Therefore, studying osteoclastic cell
behavior under electric stimulation is important to understand bone remodeling processes.
Before the pre-osteoclast cells were incubated with the specific osteoblast supernatants, they
were first stimulated with RANKL and M-CSEF. Both are essential factors that induce and
promote osteoclastogenesis in vitro [50]. The subsequent change of cell culture conditions
with the osteoblast media was intended to clarify whether the factors secreted by osteoblasts
can maintain osteoclastogenesis.

As for the PBMCs, most of the changes were observed with the 7 d medium. MMP9
and CA2 were upregulated in pre-osteoclasts cultured with the ESO supernatant compared
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to the NSO. MMP9 plays an important role in bone resorption processes and remodeling
by degrading the organic matrix and releasing the extracellular matrix proteins [51]. Olive-
ria et al. reported an upregulation of MMP9 during the improved healing process of an
amputated rat limb through electric stimulation [52]. This highlights the importance of
MMP9 and its role as a marker for osteoclastogenesis through electric stimulation. CA2 is
important for bone resorption as it regulates the pH through H* production, leading to an
acidification of the extracellular environment [53]. The simultaneous upregulation of MMP9
and CA2 indicates an increased induction of osteoclast activity through the cultivation with
7 d ESO supernatants. This increase in activity can be related, as explained before, to the
increased TNF-o concentration in the ESO medium compared to the NSO medium. Further,
the medium of the NSO contained a higher concentration of the osteoclastic antagonists
IFN- and IL-10. This could have led to the higher activity of the pre-osteoclasts which were
cultured with the ESO medium compared to the cells cultured with the NSO medium. In
addition, a higher IL-6 protein release and MCP1 expression were observed. IL-6 is known
to trigger the expression of MCP-1 in cells, and the resulting higher MCP-1 expression may;,
in turn, further increase osteoclastogenesis [54-56], resulting in the enhanced recruitment of
monocytic cells through the 7 d ESO supernatant. It can be postulated that the stimulation
with electric fields alters the osteoblastic secretion of proteins, which in turn influence the
differentiation and activity of osteoclastic cells and therefore affect remodeling processes.
This fact might be more marked at the earlier stimulation time points than the later ones, as
the induction and the maintenance of osteoclastogenesis were more prominent with 7 d
ESO medium.

It was not possible to generate multinuclear osteoclasts through the pre-stimulation
or through the cultivation with the ESO or NSO media. To improve the outcome in the
generation of osteoclasts, the usage of mineralized surfaces or scaffolds can be implemented.
Through the cultivation on apatite-containing materials, osteoclastogenesis is enhanced and
more robust sealing zones are formed compared to the cultivation on plastic [57]. Further,
resorption pits, as results from osteoclast activity, can be used to make assumptions about
the resorption activity [57-59].

4.3. Influence on Cell Viability during Osteoclastogenesis

The ESO supernatants influenced the viability of both PBMCs and pre-osteoclasts.
Thereby, the 7 d and 14 d ESO supernatants led to different changes in viability compared
to the 21 d supernatants. The 7 d and 14 d supernatants reduced the viability of cultivated
PBMCs but did not influence pre-osteoclasts. Supernatants from day 21 did not change
PBMCs’ viability but increased the viability of pre-osteoclasts. This reveals a cell stage-
dependent influence on the viability through the released cytokines and chemokines from
stimulated osteoblasts. PBMCs consist of multipotent progenitor cell populations with a
high capacity to differentiate into different cell types [60]. In addition to this differentiation
potential, PBMCs as precursors have a higher proliferation capacity than already differen-
tiated cells [61]. ESO supernatants of 7 d and 14 d increased the differentiation potential
of PBMCs compared to the fewer-differentiated cells cultivated with NSO. It is possible
that the enhanced differentiation reduced the viability of the cells. This assumption can be
strengthened by the reduced differentiation with 21 d and the simultaneous unchanged
viability. Further investigations are necessary to confirm this assumption.

Compared to the PBMCs, the pre-osteoclasts were further differentiated, as actin
ring structures were observed in all cultivation conditions. The 21 d supernatants did
not enhance the osteoclasts” activation or differentiation but increased the viability of the
cells. Further, the CASP8 gene expression was downregulated by the 21 d supernatant.
As CASP8 is known to be an initiator for apoptosis, reduced apoptosis can be assumed,
leading to higher viability [62]. Cell cycle analysis and live dead assays can provide further
information about cell viability. Especially the cell cycle analysis can reveal the proliferation
possibilities and provide more details on the differentiation state of the cells [61]. Moreover,
other possible cytokines could have influenced the proliferation rate. Therefore, a more
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comprehensive screening of the ESO supernatant can be implemented to increase the
understanding of stimulation factors released from osteoblasts under electric stimulation.

4.4. Feedback Signaling on Osteogenesis and Bone Remodeling

Due to the differentiation and activation of PBMCs and pre-osteoclasts, feedback
signals are assumed. Compared to the NSO media, lower amounts of IL-4, IL-23, and
TNEF-oc were observed in the supernatants of pre-osteoclasts cultivated with ESO media.
These proteins are known for their anti-osteoclastogenic properties, leading to reduced
osteoblastic differentiation and activity [63,64]. As electric stimulation indirectly reduced
the amount of released IL-4, IL-23, and TNF-«, promoting feedback on osteoblasts can be
expected. The increase in IL-6 concentration supports this assumption, as IL-6 is known to
be important for osteogenesis [65-67]. Moreover, a rise in IL-6 can also improve the recruit-
ment of new osteoclastic progenitors, as it can act as a proinflammatory signal [68,69]. The
analyzed BMP-2 concentration is in contrast to the previous hypotheses, as lower amounts
of BMP-2, an inducer of osteoblast differentiation [70], were observed with ESO. Further
studies on osteogenesis are necessary to observe the impact of the released cytokines. It
can be expected that the indirect stimulation of PBMCs and pre-osteoclasts influences bone
remodeling processes.

Therefore, analyses of the interaction between progenitor cells, osteoclasts, and os-
teoblasts are necessary. Co-cultures such as trans-well systems or 3D scaffolds would allow
the observation of feedback signals and the resulting changes in cell differentiation simulta-
neously [71]. Moreover, 3D scaffolds with a matrix that is similar to bone tissue would give
a more physiological environment and allow the study of osteoblastic and osteoclastic cells
together in one culture setup. Further, it has been described that exosomes and apoptotic
bodies as osteoclast-derived extracellular vesicles can carry different miRNAs, which can
influence osteogenesis [72]. Therefore, a protein screening of the supernatant as well as the
determination of extracellular vesicles might give a more detailed insight into the signaling
and interplay between the different cell types.

5. Conclusions

The application of external electric fields is a method that is used to improve bone
healing, but there are still open questions regarding the fundamental cellular mechanisms
and how to improve clinical outcomes. For this reason, we have postulated the following
question: Is there an influence of electrically stimulated osteoblasts on the induction of
osteoclastogenesis? It could be shown that electrically stimulated human osteoblasts release
signaling factors in a time-dependent manner which affects the viability, differentiation,
and activity of PBMCs and pre-osteoclasts. In this context, different stimulation times
of osteoblasts led to different cell responses in both PBMCs and pre-osteoclasts. Further
studies with direct co-culture systems are necessary to understand the effect of electrical
stimulation on osteoblasts and osteoclasts simultaneously and how their interaction affects
cell behavior.
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www.mdpi.com/article/10.3390/app122211840/s1, Figure S1: Released cytokines of PBMCs after
48 h incubation with pooled supernatant of osteoblast stimulated over 7, 14, and 21 d and without
electrical stimulation, Figure S2: MCP1 expression of pre-osteoclasts after 48 h incubation with pooled
supernatant of osteoblast stimulated over 7, 14, and 21 d and without electrical stimulation, Figure S3:
Released cytokines of pre-osteoclasts after 48 h incubation with pooled supernatant of osteoblast
stimulated over 7, 14, and 21 d and without electrical stimulation.
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ARTICLEINFO ABSTRACT

Feywords:
Electrical stimulation

Electrical stimulation has received increasing attention for decades for its application in regenerative medicine.
Applications range from bone growth stimulation over cartilage regeneration to deep brain stimulation. Dezpite
all research efforts, wranslation into clinical use has not vet been achieved in all Aeldz. Recent critical assessments
hawe identified limited documentation and monitoring of preclinical in vitro and in vivo experiments az possible
reazon: hampering clinical translation. In this work, we prezent experimental and numerical methods to
determine the crucial quantities of electrical stimulation such as the electric feld or current density. Enowing the
stimulation quantities contributes to comprehending the biological response to electrical stimulaton and to
fAnally developing a reliable dose-response curve. To demonstrate the methods, we consider a direct contact
electrical stimulation experiment that stands reprezentative for a broad class of stimulation experiments. Elec-
mochemical effects are addressed and methods to integrate them into numerical simulations are evaluated. A
forus is laid on affordable lab equipment amd reproducible open-source zoftware soludons. Finally, clear

guidelines to ensure replicabilicy of electrical stimulation experiments are formulated.

1. Introduction

Electrical stimulation has been investigated for use in different fields
of regenerative medicine. Examples are wound healing [1], bone growth
stimulation [2], cartilage regeneration [3], and deep brain stimulation
[4]. Except for deep brain stimulation with more than 160,000 treated
patients [5], electrical stimulation has not yet been widely implemented
for clinical use. One reason may be that systematic reviews of clinical
studies have not led to clear recommendations, for example, for the
treatment of bone fractures [5,7] or osteoarthritis [2]. MNicksic et al.
[2.9] hawve identified another reason: insufficient deviee specifications
that prevents replication of electrical stimulation experiments. In this
work, we will not consider pulsed electromagnetic fields and instead
focus on direct electrical stimulation (1.2, electric fields evoked by an
applied voltage). Furthermore, we will not consider direct current (DC)

stimulation (i.e., stimulation with constant, zero-frequency voltages or
currents). For a discussion of this case, we refer to [10]. Please note that
challenges for accurate 3D simulation models, which we will present in
this work, lie in the case of DC stimulation in a lack of knowledge of the
electrochemical state of the electrode and multiple seales that must be
bridzed in the modelling approach [11]. Thus, we will restrict ourselves
to alternating current (AC) applications, which include sine wave
stimulation or rectangular pulses as the most popular types.

In general, it has not vet been established which quantities have to be
known to compare different stimulation approaches. Often, the electric
field strength is compared in literature reviews [1,12-14]. In contrast,
Micksie et al. [2,9] suggest to consider, among others, the current den-
sity and the electrode material. We suggested to report the measured
current and veltage [15], which also permite to estimate the prevailing
electrie field and current density upon initial experimental calibration
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[11]. In the aforementioned works, measurements of the electric field or
current density have been suggested but not implemented. Already in
the 1980 s, Gundersen and Greenebaum [16] presented three methods
to measure the electric field in a relatively simple system that generated
a mostly homogeneous field. The field strength of a homogeneous field
can be estimated by an analytical formula. However, in real stimulation
experiments often inhomogeneous fields are applied. These fields usu-
ally require numerical simulations. We consider a stimulation device
that has originally been developed to study the interaction of an elec-
trical stimulation implant with chondrocytes and mesenchymal stem
cells [17]. The electric field strength delivered by the stimulation device
has been estimated using numerical simulations [17]. In previous
research, it has been attempted to validate the numerical simulations by
manually moving a reference electrode to different positions. The
recorded voltages have then been compared to experimental data [18].
A good agreement of the simulated electric potential and the measured
electric potential has only been observed at particular points. The nu-
merical simulations have predicted a higher field strength than actually
measured. Thus, it has only been possible to estimate an upper bound of
the applied field strength by scaling the numerical simulations to match
the measured values [17]. In this work, we will improve on that and
outline how the numerical simulations are related to the different
measurement approaches. With this, we would like to contribute to
bridging the gap between guidelines focused mostly on experiments
[9,19] and works on the numerical simulations [20,21].

We will use two methods described by Gundersen and Greenebaum
[16]. One method requires measurement of the applied voltage,
resulting current and conductivity of the stimulated sample. The other
method scans the local voltage distribution in the stimulation chamber.
Both methods can be used to validate numerical simulations and permit
to estimate the prevailing local electric field and current density.
Frequency-dependent electrochemical effects occur at stimulation
electrodes in direct contact with the sample [19,22]. We compare two
methods that are frequently used to integrate electrochemical effects
into numerical models. Moreover, we present how an initial calibration
of the stimulation electrode over a wide frequency range can be used to
detect electrochemical ageing. Finally, we discuss the general applica-
bility of the suggested workflow to electrical stimulation in vitro and in
vivo.

2. Materials and methods
2.1. Electrical stimulation device

The considered electrical stimulation device (see Fig. 1) is based on
the clinically used ASNIS IlIs screw system, which is used among others
for the treatment of avascular femoral head necrosis [23,24]. It consists
of two titanium pieces separated by an insulator. It has been developed
to work with standard 6-well plates [17]. An earlier version of the
stimulation device had been used to study the effect of electrical stim-
ulation on bone cells and bacteria but had required custom-built
chambers [18]. Different waveforms, frequencies and stimulation volt-
ages, currents or field strengths are of interest in electrical stimulation
[13]. Both devices have been used exclusively with sine waves.
Parameter combinations have been considered that are typically chosen
for applications in bone or cartilage regeneration. Chondrocytes and
mesenchymal stem cells have been stimulated with this device using 1
kHz sine waves [17] with voltages of a root mean square (RMS) value of
0.7 V. With the earlier version of the device, osteoblasts and bacteria
have been exposed to 20 Hz sine waves with RMS values of 0.2 V to 2.8 V
[18,25]. With other devices, a frequency of 60 kHz has been considered
for the stimulation of chondrocytes [3,26] and bone cells [27]. In this
case, the applied voltage had, for example, a fixed root mean square
(RMS) value of less than 1 V [26] or was chosen such that an estimated
field strength of 2 Vm ! was achieved [3]. However, the field strength
has, to the least of our knowledge, never been measured but has been
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estimated using analytical or numerical models. We would like to
mention that varying the applied voltage to achieve a certain field
strength is very similar to current-controlled stimulation. In current-
controlled stimulation, the voltage is varied until a pre-set current is
reached.

In Schematic 1, the general stimulation experiment and the corre-
sponding model are shown. The electrode was connected to a signal
generator (or the output of a power amplifier that stabilises the signal
provided by the signal generator). An oscilloscope was used to record
the stimulation input signal and the voltage drop across a shunt resistor
R, whichisused to estimate the current. Both the input signal and the
current were measured with respect to a common ground (GND). Hence,
the total impedance can be computed from the amplitudes and phase
shift of the signals. An equivalent circuit model can be employed to
account for the interface impedance and integrate experimental data
into numerical simulations [11]. When a reference electrode (depicted
in blue and black in Schematic 1) was used, the local voltage in the cell
culture medium was also recorded with the oscilloscope.

Moreover, a digital representation of the device geometry is shown in
Schematic 1, which is required for numerical models. The 3D geometry
was prepared using SolidWorks' and SALOME”. The electrode can be
placed in two configurations in the culture well: the ‘high configuration
corresponds to a spacing of 3 mm between the well bottom and the
electrode, and the ‘low configuration to a spacing of 1 mm between the
well bottom and the electrode. We prepared a computer model for both
geometries.

Due to capillary forces, there was a meniscus of the cell culture
medium visible (i.e., the medium is more elevated close to the wall of the
well) [28]. However, due to the electrode holder and also the electrode
placement, it appeared to be impossible to estimate the shape of the
meniscus reliably for all volumes used in actual in vitro experiments. For
a low volume of 5 mL, which has been used for in vitro experiments, the
medium barely covered the electrode and did not cover the electrode
holder. Microscope images of the electrode immersed in liquid did not
help to create a better geometry model. Hence, the cell culture medium
was modelled as a cylinder. Only for volumes greater than 10 mL, which
covered the entire electrode and the holder, the meniscus was modelled.
Then, the parameters ¢ 20 and hy 2 0 for the meniscus model of
Schuderer and Kuster [28] were used. The height of the medium in the
centre of the well was measured manually (and later also using a 3D
printer, see Section 2.3.4). For 10 mL, it was about 11 mm to 12 mm. A
volume of about 7 mL marks a special case as the height of the medium is
then approximately equal to the height of the electrode holders. The
final geometry for the individual models was prepared using the OCCT®
kernel in NGSolve for computer-aided design (CAD) modelling.

2.2. Modelling approach

2.2.1. Lumped-element model

The entire stimulation device can be described by an equivalent
circuit comprising lumped elements (see also Fig. 1). The elements
correspond to the properties of the individual parts of the system. The
model can be reduced to three elements.

1. the impedance of external circuitry, which is usually known a priori.
This includes also a shunt resistor, which can be used to measure the
current or to limit the current.

2. the impedance of the cell culture medium or, more general, the
sample to be stimulated. This impedance will be discussed in the next
section.

3. the impedance of the electrode electrolyte interface (EEI).

https://www.solidworks.com/
https://www.salome-platform.org/
https://www.opencascade.com/open-cascade-technology/
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Schemate 1. A schematic of the experimental and
numerical approach is shown. The electrode (owo
titanium bars separated by a polyether ether ketone
(PEEK] inzulator and supported by PEEE electrode
holders) waz placed in a cell culture well filled with
cell culture medium. A geometrical model of the
entire stimulation setup was prepared and used to
compute the electric field in and the resistance of the
cell culture medium Rp. For the fleld computation,
the model was integrated into an equivalent circuit
maodel (zee also [11]).

Uerrent

The EEl can be understood as a thin ienie double laver. Upon elec-
trical stimulation (the application of an external wvoltage signal),
capacitive charging of the double layer and charge transfer through the
double layer cccur at the interface [22]. The charse transfer i1z due to
faradaic processes, Le. oxidation/reduction reactions and can be
described by a charge transfer resistance (e.g., Br in Fiz. 1). The
capacitive charsing manifests itself in a phase shift of the current with
respect to the input voltage.

There exist methods to account for the electrode—electrolyte inter-
face in numerical models [11.21,22]. The EEl impedance is then
described by either a lumped or distributed element. Its value i derived
from experimental data (e.g., from [22]) and rescaled according to the
size of the actual electrode [21,22]. Thus, they are only valid for the
electrode, temperature and weltage range considered in the original
experiment.

222 Finite element model

For low frequencies (ie, DC to MHz range), the electromagnetic
fields due to the applied electrical stimulation can be regarded as slowly
varyving. Thiz means that the magnetic field can be neglected and an
estimate of the electrie field can be obtained from the electrogquasistatic
field equation [20]. When time-harmonic fields are used, all electrie
properties can be deseribed by phasors (L.e., they are complex-valued
with characteriztic amplitude and phase at the given frequency). The
electroquacsistatic field equation reads

V(s V®) =0E = —VO. (1)

Here, @ iz the electric potential, E the electric field and & iz the complex
conductivity. The complex conductivity iz computed from the dielectric
properties, which are the real conductivity  and permittivity £, az ¢ =
o + jwe. The dielectric properties used in this work are summarized in
Table 1.

Henee, it iz required to know the dielectric properties of all compo-
nents to build a meaningful simulation model. Moreover, the applied
voltage amplitude U 15 s=t az a boundary condition. For that, one elee-
trode 1z assigned O V (i.e., ground potential) and the other electrode is
assigned the non-zero input voltage U, Because Eq. (1) is inear, a fixed
voltage of 1 V iz usually applied unless otherwise stated. If any other

Table 1

Assumprions for the dielectric properties of the different materials considered in
this work. The conductivity of the FKCl zolution was changed depending on the
temperamre as specified by the manufacturer.

Damain Conductivity, Sm—? Permittivity
DMEM at 37°C 1.54 50
ECl at room temperature 1.22 5O

Plastic 10714 2
Afr 1 1

voltage iz applied in the experiment or the ground level is not 0 V, the
numerical solution can be scaled and shifted to mateh the experimental

Under certain conditions, a reduced model can be used. When the
conductivity & iz much greater than the capacitive term awge, a
capacitive behaviour of the cell culture medium i= not to be expected.
Thus, cnly the cell culture medium has to be considered. Becauss we
then have only one domain (eell culture medium), the numerical solu-
tions for the potential and electric field are independent of the con-
ductivity and it suffices to solve Laplace’s equation. This means that
A® = 0 iz solved instead of Eq. (1). From a physics point of view, the
reduced model assumes that there occur no dielectric losses in the wall
of the Petri dish, the polyether ether ketone (PEEK] insulator between
the two metal electrodes or the air above the cell culture medium. This
assumption implies that there iz no significant cwrent flow through
these structures.

Az the electrode iz in direct contact with an insulator, electrie field
enhancement is expected at thiz point. Thus, we employed a
Zienkiewicz-Zhu error estimator for adaptive mesh refinement [30]. All
computations were performed using the finite element method (FEM)
library NGSolve [31] with NETGEN as the mesher [32]. Unless otherwise
stated, the FEM systems of equations were solved using a conjuzate
gradient (CG) solver with a balanced-domain decomposition (BDDC)
preconditionsr combined with an alzebraic multigrid (AMG) precondi-
tioner. More details on the modelling approach can also be found in
[11]-

Even though the conductivity does not need to be known to obtain
the numerical solution of Laplace’s equation, it has to be known to es-
timate the current through the medium (and thus the resistance of the
medium) and the current density. In the electroguasistatic regime, the
current density equals the complex conductivity times the electric field,
which can be computed according to Eq. (1.

The EEl impedanes can be included in the FEM model by a Robin
boundary condition [22]. Then, the EEl impedanes is assumed to be
equally distributed on the electrode surface. The specific impeadance of
the electrode surface is 5; = ZA, where Z is the (lumped) EEl impedance
and A iz the electrode surface area. The Robin boundary condition takes
the normal component of the current density J,

_L=$m_m. (2)

Here, U iz the stimulation voltage, which iz usually imposed, and @ the
unknown potential to be computed. The impedance can in principle be
distributed on both electrodes. We considered two options: (1) an
asymmetric distribution with the impedance distributed only on the
high-side electrode and (2) a symmetric distribution where both the
electrodes were assigned half of the impedance. An example of this
choice can alse be found in [11]
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2.2.3. Integrating a reference electrode

When using a reference electrode to measure the local voltage, this
electrode should also be included in the model. The reference electrode
also has a finite surface impedance and is polarised in the external field
[33]. Moreover, the input impedance of the recording device (in our case
an oscilloscope) should be much greater than the sample impedance to
avoid current flow. The treatment of measuring electrodes in an external
field is of great relevance in the field of electrical impedance tomogra-
phy. Somersalo et al. [34] have shown that experimental data is best
matched if the electrode is assigned a boundary condition as described in
Eq. (2). The only difference to the aforementioned boundary condition is
that the fixed value of the voltage on the electrode is not known a priori
but treated as an additional unknown. This value corresponds to the
expected measurement value. In the case of a vanishing surface
impedance, the floating potential problem has to be solved. Mathe-
matical details of this approach can, for example, be found in [35].

To gain an understanding of the system with a measurement elec-
trode, an approximate model of a cannula (a needle) was used. It had
been considered as it is available in every medical laboratory and is easy
to handle. The geometry is standardised. For a typical cannula type 21G,
the diameter is 0.8 mm and it has a sharp tip. To avoid numerical ar-
tefacts, we modelled the cannula by a cylinder of matching diameter
with a semi-sphere of the same diameter as the measurement tip. Then,
different configurations of the cannula-like probe were considered:
straight, tilted in one direction (tilted #1) and tilted in two directions
(tilted #2) as well as a mirror of this configuration (tilted #3, see
Schematic 2).

In a second step, the shaft of the probe was insulated and only the tip
was left floating. Subsequently, a thinner probe with a diameter of 200

m was considered. All these simulations were performed for a medium
height of 5 mL. The measurement points were chosen along a line in x-
direction at the bottom of the well (0.5 mm distance between the tip and
the bottom, see Schematic 2). This setup aimed at resembling the
manual measurement of local voltages during a cell culture experiment.

The floating part of the electrode was also modelled using a surface
impedance. As the exact value of the surface impedance is not known,
we chose two numerical values that represent an intermediate (10°

mmz) and a large surface (106 mmz) impedance.

The arising linear system was solved using the direct solver MUMPS
[36] available in NGSolve and the FieldSplit block preconditioner [37]
together with the flexible GMRES solver, both implemented in PETSc
[38 40] and available in NGSolve through the ngs-petsc interface*. When
considering the surface impedance, CG with an AMG preconditioner was
used as an iterative solver.

2.3. Experimental approach

To characterise the device, an electrolyte solution with known
properties is used. We used KCl solution of known conductivity (Hanna
Inst.) at ambient conditions (22 to 25 C). To predict the in vitro
behaviour, cell culture medium (DMEM, without calcium, containing
10% fetal calf serum (PAN-Biotech, Aidenbach, Germany), 1% ampho-
tericin B, 1% penicillin streptomycin, and 1% HEPES buffer (Sigma-

Aldrich, Munich, Germany)) was used at a temperature of 37 C. The
cell culture medium has a conductivity of about 1.84 Sm ! at 37 C
(measured with a handheld conductivity meter, LF 325-A, Wissen-
schaftlich Technische Werkstatten, Weilheim, Germany). Different vol-
umes according to the experimental specifications were used and will be
stated in the following.

2.3.1. Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) was performed with
the Gamry Reference 600 potentiostat. The impedance was measured

4 https://github.com/NGSolve/ngs-petsc
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over a broad frequency range using small voltage amplitudes (25 mV
and 50 mV). As the Gamry potentiostat is relatively expensive, we also
used field-programmable gate array (FPGA) based frequency response
analysers (Moku:Go and RTB2004 with frequency response analyser
R&S(C) RTB-K36, Rohde&Schwarz, Munich, Germany), which are more
affordable. The measured impedance spectra were fitted against
lumped-element models using the open-source package ImpedanceFitter
[41].

2.3.2. Current and voltage measurements

The current was recorded by measuring the voltage drop across a
shunt resistor (1 or 10 , see also Fig. 1) with an Rigol MSO5104
oscilloscope. The other channels of the oscilloscope were used to record
the applied voltage and the voltage of the reference electrode. The
voltage was supplied by a frequency generator (Metrix GX310, Chauvin
Arnoux, Annecy, France). As the frequency generator has a limited
power output, we used a linear amplifier (F30PV, FLC, Gothenburg,
Sweden) with a gain of 10. The voltage drop across the shunt and the
voltage of the reference electrode were also amplified if necessary (with
F10A, FLC, Gothenburg, Sweden with a gain of 10 or an Agilent 33502a,
Santa Clara, CA, USA with a gain of 5). Importantly, the amplifiers have
a high bandwidth that permits to measure signals up to at least 60 kHz.

2.3.3. Local voltage measurements

To measure the local voltage, a measurement electrode is inserted in
the cell culture medium. We performed preliminary measurements of
the voltage inside KCI solution using a manually positioned cannula
(hollow needle) with and without an insulated shaft. For the final
measurements, a 3D printer (MP Select Mini Pro, Monoprice, Berlin,
Germany) was modified such that a small measurement probe could be
moved along defined grid points. We used a customised unipolar
microelectrode with a diameter of 370 m and a few m of the metal tip
uninsulated (PI2PT33.0B10, Microprobes, Gaithersburg, MD, USA) and
a Ag/AgCl wire of diameter 200 m with only the tip uninsulated.

The measurement probe was manually positioned in the holder such
that the bottom of the well corresponded to the zero level of the tip. This
position served as the calibration point, wherez 0 . It is required
to perform a calibration for each positioning device to be able to repli-
cate the experiments. We give a more detailed description of the
modified 3D printer, measurement electrodes and calibration procedure
in the Supplementary Material (Figs. S1 and S2). Throughout the mea-
surements with the reference electrode we recorded the input voltage
and current to ensure stable conditions and detect possible variations
due to the electrode or temperature changes. The exact data acquisition
and data analysis will be described in the following.

2.3.4. Data acquisition and analysis workflow

The goal of the presented approach is to validate numerical simu-
lations. Thus, experimental and numerical data should be compared in a
well-defined and automated fashion. For that, we developed the
following workflow to automate data acquisition and analysis:

1. Measure the height of the medium in the centre of the well. Switch on
the stimulation voltage and move down the electrode until a sinu-
soidal signal with the stimulation frequency appears on the oscillo-
scope screen.

2. Prepare the geometry model. Load the standard electrode geometry
and add a cylinder with the radius of the well and the measured
height. Reshape the cylinder to account for the meniscus using the
model of Schuderer and Kuster [28].

3. Compute the expected current or impedance and estimate the
voltage drop across the shunt resistor. Choose the dimensions of the
shunt resistor such that the voltage drop is within the measurement
range of the oscilloscope.

4. Choose the measurement grid along which the measurement probe
should be moved.
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5. Apply the stimulation veltage and scan the voltage distribution in-
side the medium. The measurement result at each point iz written to
a YAML-file. Python scripts for synchronising the 3D printer move-
ments and the oscilloscope readings can be found on GitHub .

6. Use automated Python seripts to extract the input amplitude, current
and measured voltage from fits to sine functions.

7. The expected voltage is computed from the benchmark simulation
results by shifting and scaling. Teo account for the shunt resistor, a
voltage divider equation iz used to compute the effective voltage
drop across the chamber. For that, the absolute value of the imped-
anee of the entire system Z 1s computed by dividing the voltage
amplitude by the current. Then, the voltage at the low side of the
chamber 1z computed by Uew = Ua!? The benchmark simulation
result is sealed by the voltage drop across the chamber Uy — Ul and
chifted by adding Uy

8. The expected voltage is evaluated at the measurement points. Both
expected and measured voltage are interpolated on a triangulation of
the zrid using Matplodib [42] amd their interpolated values are
compared (e.g., by computing and wvisualising the absclute and
relative difference).

If the comparison of the expected and measured voltage reveals a
difference, more detailed analysis 1z required, which we will diseuss in
the Rezults section.

3. Results
3.1. Numerical modelling

The numerical modelling can be subdivided into two parts: the initial
modelling to determine phyzically erucial parts of the experiment and to

reduce the complexity of the model and the subsequent productive
modelling process ideally using measured data.

# hrtps:// github.com,/j-zimmermann,/P¥VISAScope, tree, / master,/examples,”
3DPrinter
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Schematie 2. Positioning of the measurement probe
in the cell culture medium (blue, transparent). The
surfaces E1 and E2 belonging to the active electrodes
are shown in grey. Four configurations of the mea-
surement electrode were considered: a straight probe
(named straight, brown), tilted in one directon
(named tilted #1, golden), tlted in two directions
(named tilted #2, light grey) and a mirror of tiled #2
(named tilved #3, dark grey). The measurement probe
was moved along the x-axiz at fixed y- and z-positions.
For comparizon, a photograph with two cannulae
placed roughly at postions #2 and #3 iz sthown To
make the comparizon between the model and realicy
eazier, the photograph was rotated.

3.1.1. Imitial numerical analysis—ganing insight into the experiment

The first step of the numerical analyzis is to formulate hypotheses. To
estimate, if the full electroquasistatics field Eq. (1) has to be solved, the
upper frequency limit of the impedance analyzis, 5 MHz, was consid-
ered. Particularly, it iz of interest if the insulating PEEK piece separating
the metal pieces of the electrode acts similar to a dielectric in a capacitor
and influences the expected impedance.

The analysiz was performed for the high and low electrode confiz-
urations with 5 mL, 7 mL and 10 mL of medium. When using 5 mL, a
spherical domain representing air was added. With this, it was
accounted for the fact that the electrode was not fully covered by me-
dium. The full model for the low configuration after adaptive mesh
refinement had 2,764,910 degrees of freedom. The computed imped-
ance had a magnitude of 56.258 £ and a phase of 0.013°. The reduced
model had 532,348 degrees of freedom and the computed resistance was
56.259 £} For the high confizuration, similar results could be obtained.
The full model vielded an impedance magnitude of 65.637 Q with a
phase of 0.01 3" having 2,913,918 degrees of freedom, while the reduced
model vielded an impedance magnitude of 65.646 £} with a phase of
0.013" having 432,204 degrees of freedom. Evidently, the system be-
haves mainly az a resistor and iz fully characterised by its resistance. A
similar result was obtained for the other volumes. For a volume of 7 mL,
both the low and the high confizuration vielded a resistance of 38.57 £).
This was to be expected as both confizurations are seometrically equal if
the meniseus is neglected. For a volume of 10 mL, the low confizuration
vielded a resistance of 33.35 £). Using the same volume but the high
configuration vielded a resistance of 31.7 £, i.e. about 5% less than for
the low configuration. To put it in a nutshell, the electric field in the cell
culture medium can be modelled using Laplace’s equation instead of the
full electroquasistatics equation. Hence, the number of degress of
freedom can be reduced significantly compared to the full electro-
guasistatic model. Moreover, the fast and reliable preconditioned CG
solver can be used.

The electric field distribution for a wolume of 10 mL 1z shown for
representative cut planes in Fiz. 1. The electric field iz highest in the area
below the insulator, which separates the electrodes, and can reach
values up about 150 Vm™ ! For the low configuration, electric field
strengths of similar order can be reached at the bottom of the well,
where usually the cells are located. In contrast, the field iz only about
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Fig. 1. The electric field strength iz compared at the bottom plane of the well for high (A) and low (B) configuration with a volume of 10 mL. Purthermore, the field iz
shown on the center plane for high (C) and low (D) configuration. In € and D, the electrode is cut out to support the identification of the center plane from Fig. 1.

100 Vm ™! at the bottom in the high configuration. Pleasze note that the
values for the electric field were computed for a veltage drop across the
well of 1 V. Thiz should not be mistaken with the applied voltage
amplitude of 1 V. The applied voltage in the experiment may be divided
due to the different elements in the cireuit (=.g., the shunt resistor) so
that the voltage drop across the well is not equal to the applied voltage
amplitude. Then, the voltage drop across the well has to be adjusted in
the simulations. In this case, the electric field can be sealed linearly with
regard to the adjusted voltage drop. The electric field below the elee-
trode did not significantly depend on the volume, which iz in line with
the results of our previous work [11].

In addition, the resistance of the eell culture medium can be casily
sealed according to the medium econductivity without re-running the
simulations (see detailed explanation in [11]). For ElS measurements,
this rezult means that a real-valued impedance 1z predicted. As it can be
expectad that an EEl impedance will alzo be present for this electrode, a
real-valued impedance iz to be expected at frequencies greater than the
cutoff frequency. A definition of the cutoff frequency can be, for
example, found in [19]. The cutoff frequency can be understood as the
frequency from which the EEl impedance is not dominant anvmore.
Instead, the impedance of the zample begins to dominate from this
frequency on. The cutoff frequency iz to be determined by EIS. More-
over, there chould not be a significant difference between the high and
low configurations if a volume of 10 mL is used. For smaller volumes, .
£. 5 mL, a notable difference should be measured. However, it must be
mentioned that the impedance of the confisurations with a small velume
strongly depends on the height of the medium. Az mentioned before, it
was not possible to accurately measure the height of the medium and
thus no automated uncertainty quantification analysis to quantify the
variation of the impedance was performed. An example of uncertainty
quantification analysis for an electrical stimulation device can be found
in [11]-

3.1.2. Productive simulationz—interacting with the experiment

The productive simulation runs should take into account the exper-
imental reality. As only Laplace’s equation has to be solved, no complex
numbers have to be considered and the simulations will be performed
only for the absolute values of, for example, the current. Potential phaze
shiftz will be neglected. In reality, they correspond to a time shift of the
applied sinusoidal signals, which cshould have no effect on the biclogical
response as they are small compared to the total stimulation time. Py-
thon scripts were prepared to take into account the applied voltage,
shunt resistor and conductivity of the medium. Moreover, scripts were

prepared to consider the EEl impedance in the FEM model by the lum-
ped- and distributed-element appreaches (compare Section 2.2.2).

In a last step, the local voltage measurements should be prepared.
For that, the measurement electrode was integrated as deseribed in
Secticn 2.2.3. The simulations revealed that the positioning of the
measurement electrode is the most crucial parameter if the shaft of the
measurement probe iz not insulated (Fiz. 2). If the probe iz not kept
straight, the measured value can deviate significantly (i.e., up to about
50%) from the expected benchmark value. This means that the numer-
ical simulations could not be validated correctly using this approach.
However, when the probe was kept straight, the relative deviation be-
tween benchmark and measured value were below 1.2% at all mea-
surement points. In our preliminary experiments, we observed exactly
this behaviour: if the cannula was not kept straight, the measurement
value changed.

Based on the simulation results, it can be expected to detect the
deviation introduecsd by the measurement prebe. Introducing a fully
uninsulated metal probe in the system leads to a change in the total
current under the assumption that there iz no surface impedance on the
electrode (Fiz. 3). As this change is position-dependent for confizura-
tions that lead to a perturbed measurement result, recording the current
during experiment can help to detect this unwanted influence of the
measurement probe. Unfortunately, the change did not exceed 1.6%,
which suggests a high-resclution current measurement to be required for
successful detection. Mevertheless, the straight confisuration led to a
small change in the current of not more than 0.2%, which is most likely
not detectable in a real experiment. If a surface impedance was
considered, the current did not deviate significantly (Fiz. 2).

These first results could be improved by insulating the shaft of the
electrode, which led to a deviation of less than 1.5% for all confizura-
tions. The accuracy could be further improved by reducing the diameter
of the electrode.

In sum, the measurement probe should be widely insulated and only
the tip should be left uninsulated to sense the local veoltage. Then, the
pozitioning of the electrode has a neglizible influence and instead of
running multiple simulations for the different probe locations, the ex-
pected measurement value can be extracted from the benchmark
simulation. Nevertheless, a straight positioning 15 expected to yield the
most accurate measurement results. The surface impedance of the
measurement probe is In general unknown but did not appear to influ-
ence the expected measurement value. Thus, it does not have to be
determined a priori for the chosen probe geometry.

The validation of the simulation results shown In Fiz. 1 requires
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Fig. 2. Comparison of the benchmark values derived from a simulation without inserted measurement probe and simulation results for different configurations of a
floating measurement probe. In A, the measured voltage extracted from the simulations is compared. In B, the deviation between measured and expected benchmark
values is shown. For more details regarding the naming, please see Schematic 2.
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scanning the local voltage at many points to successfully resolve the reproduce the benchmark simulation without significant differences.
inhomogeneity of the field. The negative gradient of the recorded local When modelling the probe configurations, the iterative solver failed
voltage serves as an estimate of the electric field. As the area under the for 4 out of the 330 configurations while the direct solver could always
electrode is not easily accessible, a small probe shall be used to scan the solve the problem. It is unclear why it happened only for these config-
area above the electrode using a volume of 10 mL. A grid was con- urations. In future research, it is desirable to use a projection-based
structed using 330 points with a spacing of 1 mm in x- and y-direction at preconditioner such that the indefinite linear system can also be
two planes 1 mm and 3 mm above the electrode. The electrode was solved by conjugate gradient [43].

moved to the grid points in straight configuration. As for the previous
example (Schematic 2), the measurement probe could successfully

Impedance real part Impedance imaginary part Fig. 4. Comparison of two electrodes before and after

o —— #1 - untreated 0 - e e e e e a cleaning treatment with 10% acetic acid for about
#1 - cleaned _5 20 min. The impedance was measured for the low

80 _ :i :I"et;:zed 10 configuration using 7 mL KCl conductivity standard at
g a 19 C with a conductivity of 1.143 Sm !. To highlight
N z -15 the high-frequency behaviour, the impedance is
<70 = _20 —— #1- untreated shown only for frequencies above 10 kHz. The elec-
65 s #1 - cleaned trodes were used in stimulation experiments before
—— #2 - untreated the treatment. Evidently, the untreated electrodes

60 -30 — #2-cleaned show capacitive behaviour, i.e. a non-zero imaginary
10* 10° 10° 10* 10° 10° part, up to very high frequencies. This stands in
Frequency / Hz Frequency / Hz contrast with the simulation result that predicted

Nyquist plot purely resistive behaviour, i.e. an imaginary part

30{ e #1-untreated L tending to zero, at high frequencies. After the cleaning
sl | : ; El:tarZ:Sed L° treatment, both electrodes show resistive behaviour at

v #2 - cleaned . high frequencies. By fitting a constant-phase element

c 20 . .-' in series with a resistor, the resistance at high fre-
; 15 ...'. ..°° quencies could be determined. The resistance of
10 ..." .,." electrode #1 was estimated to be 58.9 , while elec-
P . trode #2 had a resistance of 59.7 . For the setup

5 __/' here, the simulations predicted 62.1 . This is in good

0 agreement with the measured values (deviation not

60 65 70 re 2/705 80 85 significantly greater than 5%) particularly given the

fact that the meniscus was ignored.
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3.2. Experimental results

3.2.1. Electrochemical impedance spectroscopy initial assessment

Initially, the goal was to validate the setup for the volume used in the
in vitro experiments, 5 mL. During these investigations, a fresh electrode
was compared to an electrode that had been in use multiple times. The
impedance measurements revealed significant differences between the
two electrodes (data not shown). The predicted purely resistive
impedance was not observed at high frequencies. Instead, unexpected
capacitive behaviour appeared with the multiply used electrodes in the
MHz-range (Fig. 4). An elemental analysis of the electrode surface using
energy-dispersive X-ray spectroscopy revealed that a layer of calcium
and phosphorus covered the electrode surface. We speculated that a
layer of calcium phosphate must have built on the titanium surface; most
likely due to corrosive processes. It is known that titanium implants in
aqueous environment corrode [44] and that calcium phosphate forms on
titanium in electrolyte solution [45]. This process can potentially be
enhanced by active electrical stimulation as titanium can be coated by
calcium phosphate by electrochemical deposition [46]. However, the
focus did not lie on the determination of the exact mechanism behind
the corrosion. Instead, the removal of the calcium phosphate layer was
paramount to regenerate the electrical properties of the electrode. For
that, 10% acetic acid was employed successfully (Fig. 4). Hence, the
experimental lab protocol could be successfully updated to ensure
reproducible stimulation conditions. Most importantly, the corrosion of
the electrode could not be easily identified by visual inspection as the
calcium phosphate layer is probably only a few hundred nm thick.
Instead of thinking of corrosion, we first assumed that the electrode
surface was scratched. Evidently, the electrode corrosion could not have
been detected without the numerical prediction.

3.2.2. Electrochemical impedance spectroscopy validation measurements

We measured the impedance of the two configurations using liquids
of different conductivity (Table 2). The relative error between the pre-
dicted and fitted resistance was usually below 5%. This indicates a very
good agreement between theory and experiment. The uncertainty of the
numerical prediction due to the assumed conductivity can be estimated
to about 2% (see detailed reasoning in [11]). Two different electrodes
were compared using 7 mL (Fig. 4). The fitted resistance deviated by less
than 1 . This deviation corresponds to a relative error of about 1 4%,
which is close to the accuracy of the potentiostat (1%). Thus, the
manufacturing uncertainty was assumed to be negligibly small.
Furthermore, this result permits to define a reference state for perfor-
mance assurance. Every manufactured electrode can be tested using the
presented experimental approach. If, for example, the fitted resistance
or measured impedance at high frequencies significantly deviates (e.g.,
more than 5%) from the expected value, the electrode should not be
used for stimulation experiments until the reason for the deviation has

Table 2

Comparison of the fitted resistance from EIS measurements (see Fig. 4 for more
details) and the resistance predicted by numerical simulations. To reduce the
fitting error, the impedance was considered at frequencies greater than 1 kHz. In
this range, a constant-phase element in series with a resistor yielded a relative
difference of usually less than 2% between the fitted resistance and the measured
impedance modulus (which at high frequencies is equal to the resistance).
Different configurations were compared. The different conductivities are due to
the different ambient temperatures.

Configuration Conductivity Fitted Predicted Relative
/Sm ! resistance/ resistance/ difference/ %
5 mL, low 1.84 55.20 56.26 1.9
5 mL, low 1.191 88.1 86.99 1.3
5 mL, high 1.264 91.29 95.56 4.5
7 mL, low 1.143 58.90 62.09 5.1
7 mL, low 1.143 59.70 62.09 3.9
10 mL, low 1.84 31.92 33.35 4.3
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been found and eliminated.

Aside of the manufacturing uncertainty the height of the cell culture
medium can be expected to be the main source of uncertainty. Partic-
ularly at low volumes (5 mL and 7 mL) it cannot be extracted accurately
and the meniscus was therefore not included. At a volume of 10 mL, we
could estimate its height using an uncertainty of about 1 mm with a
median height of 11 mm. Moreover, the meniscus was modelled.
Changing the height from the assumed 11 mm to 12 mm, yielded a
resistance of 31.67 , which deviates about 5% from the predicted
value. Furthermore, it yields a value closer to the measured resistance of
31.92 . Insum, this rough estimate of the uncertainty of the numerical
prediction demonstrates the agreement of measured and predicted
values. Hence, the chosen geometrical model appeared to be valid.

Yet, the influence of the EEI has to be considered. In principle, it can
be modelled by an equivalent circuit as, for example, done in the fitting
of the resistance. However, the electrode has been used only for stim-
ulation at a single frequency. Thus, no information on the frequency-
dependent behaviour of the impedance can be extracted from the
stimulation signal. Instead, only the impedance magnitude and phase at
one frequency can be obtained from the stimulation voltage and
resulting current signals. To extract the impedance of the EEI at this
frequency, the cell culture medium resistance is subtracted from the
measured impedance. By monitoring the impedance over time, elec-
trochemical changes and temperature changes can be detected. How-
ever, unlike in the example in [11], the contributions from
electrochemistry and temperature cannot be distinguished. For that, EIS
measurements would have to be conducted regularly as, for example,
done in [47]. An economic possibility to realise such a setup could be
FPGA-based frequency response analysers. The two different frequency
response analysers could reproduce the spectra recorded with the by-far
more expensive potentiostat with reasonable accuracy. As both fre-
quency response analysers can also just provide the stimulation signal,
they might be a viable option for future integrated experimental solu-
tions. Currently, efforts to automate the approach using easy-to-
understand Python scripts are underway. In the following, we want to
explore if the numerical simulations can be validated by local voltage
measurements.

3.3. Local measurements

We chose three frequencies, which have both biological and elec-
trical relevance, to study the voltage distribution in the well:

1. 20 Hz: This frequency has been considered for bone regeneration
[18,21]. Similar frequencies are considered for other applications
[14]. The impedance of the EEI is expected to be very large such that
the electric field is much smaller than predicted from the raw
simulations.

2. 1 kHz: This frequency has been considered for chondrocytes and
mesenchymal stem cells [17], but frequencies in this range have also
found application in, for example, neural stimulation [13]. Here, the
EEI impedance is expected to have only a small influence.

3. 60 kHz: This frequency has been used for the stimulation of chon-
drocytes [26] and bone cells [27]. At this frequency, the EEI
impedance becomes negligible and a good agreement between raw
simulation and measurement is to be expected.

As expected, the measurement results at 60 kHz are in good agree-
ment with the simulation results (Fig. 5). The relative difference is below
10% for most of the measurement points (Fig. 6). However, it is evident
that the positioning by the 3D printer might not be sufficiently accurate
as fluctuations are visible in the recorded values. Sometimes the posi-
tioning failed and shifts occurred in the recorded voltages. Currently, it
is investigated how to make the experimental approach more robust.

The electric field can be estimated from the local voltage distribution
(Fig. 7) by taking the gradient of the voltage. The general field
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Fig. 5. Local voltage recording in cell culture
medium at 60 kHz and 37 C for the high

0.86 configuration and 1 V input voltage amplitude.
The left side shows the measured values at two
different heights relative to the well bottom,

0.74 which correspondstoz 0 . The black dots

indicate the measurement points. The measured
values were interpolated to generate a heatmap.
The right side shows the corresponding ex-
0.63 pected values, which were numerically
computed. The relative difference between

measured and expected values is shown in
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Fig. 6. The relative difference between measured and expected values at two
different heights relative to the well bottom, which corresponds toz 0

The measured and expected values are shown in Fig. 5. The measurements were
performed in cell culture medium at 60 kHz and 37 C for the high configu-
ration and 1 V input voltage amplitude. The corresponding absolute difference
between measured and expected values is in the range of a few mV.

distribution is in agreement with the numerical predictions. Neverthe-
less, the uncertainty of the positioning propagates. Hence, the field
distribution is, for example, not symmetric as predicted and fluctuates.
Nevertheless, the expected and measured field strength agree well.

It takes about 30 min to scan the voltage distribution in the well. In
contrast, global properties such as the current can be measured in a
couple of seconds. At 60 kHz, the measured current has a phase shift of
about 1 ( 1 ) with respect to the stimulation voltage and deviates less
than 5% from the expected current. This result was expected and in-
dicates that it is sufficient to record the current (both amplitude and
phase shift) to validate the numerical simulations. Moreover, current
recordings throughout a stimulation experiment can be used to monitor

0.28

the status of the stimulation electrodes. Hence, for high frequencies such
as 60 kHz, a digital twin was successfully established for the considered
stimulation setup. This means that there is a clear relation between
measurement data (in this case the electric current) and the numerical
simulations. With that it becomes feasible to, for example, estimate the
temperature of the electrolyte or identify electrochemical ageing. More
details are described in [11].

In contrast, the results at 20 Hz and 1 kHz were less promising. At 20
Hz, the voltage drop across the medium was only a few mV, which is
close to the measurement resolution. The measurement results at 20 Hz
can be found in the Supplementary Material (Figs. S3 and S4). Due to the
noise in the recordings and the limited measurement resolution, we will
only show the results at 1 kHz for the high configuration and cell culture
medium to demonstrate the general approach. At 1 kHz, the general
shape of the recorded local voltage looks similar (Fig. 8) to the expected
result (Fig. 5). However, the voltage drop across the medium is smaller
than expected. Moreover, the measured current has a phase shift of
about 22 and is also about 21 5% smaller than expected.

Instead of the expected impedance of about 31.1 , an impedance of
about 42.6  was measured after subtracting the shunt resistor. This
suggests that the EEI impedance is about 11.5 . With this information,
the EEI can be taken into account. In the lumped-element approach, the
benchmark result is scaled to match the voltage drop across the medium
that is estimated using the EEI impedance. In the distributed-element
approach, the EEI impedance is distributed across the electrode sur-
face (see Section 2.2.2 for more details).

It must be noted that the computed current using the distributed-
element approach deviates slightly from the measured value, which
was used to calibrate the simulation model. Instead of the expected
17.87 mA, the computed current was 16.38 mA (symmetrically
distributed impedance) and 16.85 mA (asymmetrically distributed
impedance). A possible reason for these observations could be the
assumption that the surface impedance z equals the global EEI imped-
ance Z multiplied by the surface area A. However, the global impedance
(if considered in ) is in general related to the surface integral of the
local impedance [48]

2 ([ 9) ©

where S is the electrode surface and z x the position-dependent local
impedance. Evidently, the surface impedance z can be computed reli-
ably from the global impedance Z only under the assumption that the
surface impedance is not position-dependent. This assumption is not
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Fig. 7. The electric field strength was estimated from the voltages recorded in cell culture medium at 60 kHz and 37 C (shown in Fig. 5) by computing the gradient.
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justified in general. Indeed, we observed a position-dependent phase
shift between the recorded local voltage and the stimulation voltage
when the EEI impedance had a significant influence (Fig. 9). This result
was also confirmed using a different reference electrode made of Ag/
AgCl (not shown). At 60 kHz, where the EEI impedance has no signifi-
cant effect, a position-dependent phase could not be observed (not
shown). This result suggests that the choice of a fixed surface impedance
is not perfectly reflecting reality. Nevertheless, the predicted and
observed field distributions agree well. By visual inspection, the asym-
metric distributed-element approach yielded the best agreement be-
tween measurement and simulation (Fig. 10). Still, the symmetric
distributed-element approach did not deviate considerably. The lumped-
element approach overestimated the field. Moreover, there was no
constant ratio between the measured and the expected voltage (not
shown). This result suggests that the lumped-element approach based on
a voltage divider is not applicable as it would employ a linear scaling of
the voltage drop across the medium. In comparison to the electric field
strength predicted without the influence of the EEI, the maximal
observed field strength is about 30% smaller.

10

0.28

4. Discussion

In this work, experimental and numerical methods to characterise
electrical stimulation devices were presented. The goal was to establish
reliable estimates of the prevailing electric field and thus also current
density. Furthermore, a clear relation between numerical simulations
and experimental approaches should be outlined. This is required to
remove roadblocks on the way to clinical translation of electrical stim-
ulation approaches [2,9]. Unfortunately, many studies cannot be repli-
cated at the moment due to an insufficient amount of documentation
[2,9,10,12,49] or yield different estimated field strengths than initially
reported [11]. To overcome this limitation, we suggest a workflow that
in our opinion suits the results of the presented methods (Fig. 11).

Initially, the geometry of the electrode, surrounding parts and bio-
logical sample(s) (here only the cell culture medium) have to be known
precisely. For the considered electrode, the height and surface shape of
the cell culture medium are expected to carry the largest uncertainty.
Hence, they should be quantified with the best possible accuracy. The
geometric dimensions are together with the dielectric properties at the
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Fig. 9. Phase shift between the local voltage recorded in cell culture medium at
1 kHz and 37 C for the high configuration (shown in Fig. 8) and the applied
input voltage of 1 V amplitude. The voltage was recorded at two different
heights relative to the well bottom, which corresponds to z 0

desired stimulation frequency and temperature the key ingredient to
developing the initial numerical model. The stimulation voltage does
not necessarily have to be known as the models are initially linear. At
this point, the first challenge of the approach arises with regard to a
translation to an in vivo setting. The dielectric properties of tissue at
relevant frequencies for regenerative medicine applications are not
known unambiguously [50]. Moreover, the dielectric properties of many
materials are to our knowledge not tabulated for a broader temperature
range. Thus, it is recommended to always perform the initial charac-
terisation with an electrolyte solution or phantom of known conduc-
tivity. Nevertheless, the workflow is supposed to work for in vivo
settings once the input information is reliable.
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Using the provided initial information, a detailed initial numerical
model can be developed. The focus of this model should lie on the
reduction of the complexity. Thus, parts that do not contribute to the
measured impedance should be removed. For the device considered
here, this applied to the insulators and the air. A simple measure to
determine these parts is the current density: whenever it is much smaller
than in other parts of the domain, these parts do not contribute to the
total impedance of the device. With this information, it should be
possible to reduce the initially complex-valued system of equations to a
purely real-valued system. The real-valued system can be solved by the
reliable preconditioned conjugate gradient method. In addition to the
detailed model, lumped-element or circuit models should be developed.
However, in contrast to the FEM-based models presented here and in
[11], circuit models cannot resolve the spatial distribution of the electric
field [51]. Detailed numerical simulations based on the real geometry
drastically improve the understanding of the stimulation device.

From the initial numerical models, hypotheses are derived to be
tested in validation experiments. The first method to be considered is
EIS. It yields the cutoff frequency and also the device impedance, which
is predicted by the initial model. In agreement with the results of Zim-
mermann et al. [11], the numerical models are only predictive at fre-
quencies above the cutoff frequency. Once the numerical models are
validated by EIS, they can be extended to include, for example, reference
electrodes for local voltage measurements. We demonstrated that from
the numerical simulations valuable information about the positioning
and dimensions of the reference electrode can be obtained.

Furthermore, corrosive processes can be clearly identified by
changes of the impedance and thus the cutoff frequency. The numerical
models helped to unambiguously identify these processes. With this
result, we extend the guideline of Boehler et al. [19] who in greater
detail explain electrochemical characterisation methods of electrical
stimulation electrodes. At frequencies below the cutoff frequency, the
electrochemical effects have to be considered and integrated into the
numerical model. While an electrode system previously studied by us
has revealed no significant difference between the lumped- and
distributed element approach [11], we identified significant differences
between the approaches in this work. They were revealed by local
voltage recordings, which agreed better with the distributed-element
approach. However, the resolution of the experiments has to be
improved to obtain a general best practice. The focus of this work was on
practical and economic solutions, which are not suitable to measure

Measurement Simulation
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Fig. 10. The electric field strength was estimated from the voltage recorded in cell culture medium at 1 kHz and 37 C for the high configuration (shown in Fig. 8) by

computing the gradient. The measured values are shown on the left for two different heights relative to the well bottom, which correspondstoz 0

. On the

right, the expected electric field is shown computed using the asymmetric distributed-element approach.
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Experimental validation:
electrochemical impedance
spectroscopy, local
voltage measurement

Refresh electrode

—/ Reference state //
Stimulation experiment

ﬁ/ Monitoring: voltage/current, EIS /

‘ Reporting of measured values and estimated electric field and current density ’

Fig. 11. Suggested workflow to obtain a controlled and monitored electrical stimulation experiment with reliable electric field and current density estimates.

electrochemical processes with the required accuracy. Still, it is, in our
opinion, possible to use the presented setup to obtain reliable estimates
of the electric field and current density. The simulations were calibrated
using only the measured current, input voltage and conductivity of the
medium. Nevertheless, the electric field predicted by the simulations
using a distributed-element approach agreed well with the local voltage
recordings (Fig. 10). A limitation of this approach is that the tempera-
ture of the medium and thus its conductivity have to be accurately
known and that the geometry of the electrode must not change during
the experiment. Thus, additional sensors should be used during a stim-
ulation experiment. We speculate that the assumption of a fixed surface
impedance is not realistic as we observed local phase shifts (Fig. 9).
Probably, empirical nonlinear models that use a surface impedance
depending on the overpotential could help to contribute [22]. However,
such models require much more detailed knowledge of the surface
electrochemistry and are thus possibly too detailed for a use in lab
practice. Hence, we recommend to compare the lumped- and
distributed-element approaches using measured values for each stimu-
lation electrode. Attention should be paid to the predicted current in the
distributed-element approach: if it deviates significantly from the
measured current, it indicates that the model is not reliable. For the
electrode specified in this work and at a frequency of 1 kHz, we observed
a deviation of only about 5%, which is acceptable given the experi-
mental accuracy. At lower frequencies, such as 20 Hz, the EEl impedance
was about 10 times the impedance of the medium. Nevertheless, the
computed current did not deviate more than a few percent from the
measured current. This result is however only valid for the considered
electrode geometry and cannot be generalised.

For meaningful local voltage recordings, it is paramount to choose
the measurement points such that effective voltage differences in the
measurement range of the used instrumentation can be expected. For
example, the results in the centre of the well (at x 0 mm) are always

about 0.5 V for the considered stimulation voltage of 1 V (compare
Figs. 5 and 8) irrespective of the frequency and height of the measure-
ment probe. This is mostly for geometrical reasons. If one measured only
along thislineatx 0 mm, one will find very good agreement between
simulation and experiment. Nevertheless, this is not sufficient for vali-
dation as the measurement at different x-positions would reveal
frequency-dependent deviations and also the current would not match
the expectations for certain frequencies. Furthermore, the EEI imped-
ance at 20 Hz was so large that the voltage drop across the medium
became so small that it could not be well resolved with the used oscil-
loscope. Advanced instrumentation has to be considered for this case.
For now, the field strength can only be estimated using the numerical
approach estimated at 1 kHz. This result also poses a problem for the DC
case. In previous research, we found that the resistance of the EEI of a Pt
electrode is about a hundred times larger than the resistance of the
medium [11]. Likewise, the voltage drop across the medium is small.
Moreover, the resistance changes with time due to electrochemical re-
actions unlike in the AC application considered here. This problem must
be addressed in future research. Ideally, electrochemically stable elec-
trodes will be employed.

After the initial experimental and numerical characterisation, a
reference state has been obtained. Whenever a stimulation experiment is
performed, the monitored voltage and current or impedance can be
compared to the reference state to identify changes in the stimulation
device. In this work, we did not consider faradaic reactions during the
stimulation [52]. They manifest themselves in nonlinear properties of
the EEI in the low-frequency region (roughly below 1 kHz) [29,53,54].
In this range, the EEI impedance decreases with increasing voltage
[29,54]. We expect this nonlinear behaviour to be identifiable by com-
parison to the reference state at the respective frequency. For a detailed
investigation, a harmonic analysis of the nonlinear processes has to be
conducted [29,54]. As faradaic reactions indicate corrosive processes, a

12



J. Zimmermann et al.

procedure to refresh the electrode such that it reaches the reference state
again should be considered. Here, we cleaned the electrode for about 20
min with 10% acetic acid to remove possible calciumphosphate layers
from the electrode surface. Ideally, a digital twin of the stimulation
device can be designed to help identify various processes already during
the stimulation experiment.

The presented workflow is deterministic in its nature because the
electric field can be described by Maxwell s equations. No stochastic
processes are expected to influence the physics. Hence, it is sufficient
that we considered only a few electrodes with a few configurations.
Nevertheless, it is desirable to obtain a better overview of the
manufacturing accuracy. For that, every employed electrode should be
characterised and its properties saved in a database. We are working on
the realisation of this idea. Furthermore, the influence of surface
roughness and other manufacturing-related aspects on the EEI imped-
ance are to be investigated. This information can then be used to refine
the accuracy estimates and possibly improve the digital twin.

5. Conclusion

The presented numerical and experimental methods contribute to an
improved documentation of electrical stimulation experiments. We
provide a software that automates the suggested workflow (Fig. 11)
based on open-source software. All in all, a data set is generated that can
be shared, for example, in the supplementary material of a publication.
As the required hardware equipment is relatively affordable (in sum less
than 5000 EUR if FPGA-based frequency response analysers are used), it
should pose no problem to adapt the suggested workflow. The numerical
simulations and data evaluations can be run on a standard PC or laptop
with at least 12 GB memory. Hence, we expect the use of the presented
methods to greatly contribute to a better understanding of the electrical
stimulation experiments and help to overcome the limitations pointed
out in various critical assessments [2,9 11,15,49].
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9 Anhang

Manuelle Messung der Spannung

Um das elektrische Feld manuell zu messen, wurde die Elektrode in der 1 mm Konfiguration
in das Well platziert und eine Spannung von 0,7 Vess und 20 Hz angelegt. 5 ml Medium wurden
in das Well geflllt und unterhalb des Wells ein Raster platziert, welches zur Orientierung bei
der Messung diente (Erganzende Abb. 1A). Die Elektrode wurde mit einem Generator (Metrix
310) sowie einem Oszilloskop (Tektronix, TDS 2012B) verbunden. Der schematische Schaltplan
ist der erganzenden Abb. 1D zu entnehmen.
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Ergdanzende Abbildung 1: Manuelle Messung des Spannungsverteilung auf dem Boden einer Zellkulturplatte. (A)
Elektrode in einem Well einer 6-Well-Platte mit Medium und Messraster, wobei an den Kontaktstaben der
Elektrode Krokodilsklemmen befestigt wurden. (B) Messraster, welches unter ein Well der 6-Well Zellkultuplatte
gelegt wurde. Orange umrahmt ist der Abschnitt, welcher manuell gemessen wurde. (C) Verwendete
Messelektrode mit schematischer Darstellung und Abmessungen der Messelektrode. (D) Schematischer
Messaufbau mit dem Funktionsgenerator, Oszilloskop, Messelektrode und Stimulationselektrode im 6-Well. Das
Oszilloskop ist mit dem blauen Kabel zur Messelektrode und zur zum Erdungskabel (in schwarz) verbunden. Die
Erdung (schwarz) erfolgt zwischen dem Funktionsgenerator, der Stimulationselektrode und der Messelektrode.
Das rote Kabel verbindet die Messelektrode mit dem Funktionsgenerator.

Da die Elektrode symmetrisch aufgebaut ist, wurden die Spannungsmessungen nur auf einer
Seite des Wellbodens durchgefiihrt. Es wurde ein Bereich von 10 mm x 8 mm mit Messpunkten
alle 2 mm neben der Elektrode gemessen (ergdanzende Abb. 1B). Als Messelektrode wurde
eine monopolare, speziell angefertigte Platin/Iridium Elektrode verwendet (Microprobes,
Gaithersburg, MD, Vereinigte Staaten) (erganzende Abb. 1C). Insgesamt wurden 9 Messungen
bei Raumtemperatur durchgefiihrt und dabei wurden die Frequenz, Vss und Ve und die

Vv



Sinuskurve zu jedem Messpunkt aufgenommen. Der Mittelwert der gemessenen Spannungen
an jedem Punkt wurde bestimmt. Durch den Abstand von 2 mm war es moglich, ein
elektrisches Feld zu berechnen.
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