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ABSTRACT

Electrical cell stimulation is a promising technique to manipulate cell functions and
thus to improve osseointegration. In this work, electric fields are applied in the
vicinity of MG-63 osteoblast-like cells to study their morphology, cell alignment
and guided migration mainly via Scanning Ion Conductance Microscopy (SICM)
and optical microscopy. As shown for microcontact printed molecules stripes, rep-
resenting zeta potential landscapes on glass substrates, the cells align along the
structures. We attribute this cell response to double-sided cathodotaxis due to local
electric fields occurring at the glass-molecule transition site. Concerning the apical
membrane morphology, we observe a higher density of membrane protrusions in
relation to cells that are not aligned. In contrast to molecule landscapes an electri-
cal stimulation setup via faradaic currents does not result in a significant preferred
migration direction, nor do the cells align or elongate.

ZUSAMMENFASSUNG

Die elektrische Zellstimulation ist eine vielversprechende Technik zur Beeinflus-
sung der Zellfunktionen und somit zur Verbesserung der Osseointegration. In dieser
Arbeit werden elektrische Felder in der Nähe von MG-63 Osteoblasten-ähnlichen
Zellen genutzt, um deren Morphologie, Ausrichtung und gerichtete Migration haupt-
sächlich mit Hilfe der Rasterionenleitfähigkeitsmikroskopie (SICM) und der optis-
chen Mikroskopie zu untersuchen. Wie für mikrokontaktgedruckte Molekülstreifen,
die Zetapotentiallandschaften auf Glassubstraten darstellen, gezeigt wird, richten
sich die Zellen entlang der Strukturen aus. Das Zellverhalten führen wir auf eine
beidseitige Kathodotaxis aufgrund lokaler elektrischer Felder an der Glas-Molekül-
Übergangsstelle zurück. Bezüglich der Morphologie der apikalen Membran kön-
nen wir eine höhere Dichte von Membranausstülpungen im Vergleich zu den nicht
ausgerichteten Zellen feststellen. Im Gegensatz zu den Moleküllandschaften führt
eine elektrische Stimulierung durch faradaysche Ströme weder zu einer signifikan-
ten bevorzugten Migrationsrichtung noch zu einer Ausrichtung oder gerichteten
Ausdehnung der Zellen.
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1 INTRODUCTION

The phenomenon of an induced electric potential of bone was discovered in 1957 [1].
This was attributed to a piezoelectric effect which is only present during mechani-
cal stress. If stress is absent, the electric field (EF) is almost zero. Over the long term,
this bone deteriorates, which is particularly evident in jaw bone resorption in cases
of missing teeth.
Various diseases such as osteoporosis and osteoarthritis demand new approaches,
especially in an increasingly ageing society (from avg. 39.3 years (1990) to 44.6 years
(2022)) [2] with higher life expectancy (1990: 72 years (m), 79 years (f); 2023: 78 years
(m), 83 years (f)) [3]. Hence, it is hardly surprising that surgeries involving bone im-
plants such as hip and knee arthroplasty are among the most common surgeries and
represent the major reason for inpatient stay in hospitals in Germany in 2023 [4].
Successful implantations (survival rates) exceed 95% for dental implants, approx.
92% for total knee replacements, and range from 62% to 98% for total hip replace-
ments [5–7].
The process of osseointegration, i.e., the formation of a structural and functional
connection between living bone and the implant surface, is critical for success. Os-
seointegration comprises three major phases. Initially, blood surrounds the artifi-
cial implant and thus blood clotting begins. The first phase is characterized by a
non-specific inflammatory response triggered by phagocytic cells that transform
the blood clot within the first few days after surgery (see Figure 1a). Over time the
inflammatory response becomes more specific due to increasing numbers of T cells,
B cells, Killer (K) cells, Natural Killer (NK) cells, and macrophages [8]. During the
second (proliferative or reparative) phase, new blood vessels are formed from pre-
existing capillaries in the surrounding vital tissue (angiogenesis) to provide nutri-
ents and oxygen to cells. Local mesenchymal stem cells differentiate into fibroblasts,
osteoblasts and chondroblasts. These cells form a soft callus, composed of fibrous
and cartilaginous tissue, which replaces the blood clot at the implant-bone inter-

1



1 INTRODUCTION

face. Simultaneously, a layer of woven bone (random and not stress oriented) is
deposited. Eventually, the soft callus develops into harder bone callus (via chondro-
and osteoblasts and -clasts). The final phase (after approximately four weeks) in-
volves bone remodeling of the woven bone and bony callus by osteoblasts and
osteoclasts. The remodeling is a continuous, lifelong process where compact bone
surrounded by lamellar bone is formed.

Figure 1: Schematic illustration of osseointegration. a) represents inflammation phase; b)
and c) proliferation/reparation phase; d) maturation phase. Figure adapted
from [9].

The failure of osseointegration has numerous reasons. For example, the insufficient
recruitment of mesenchymal stem cells (MSCs) at the implant site or an imbalance of
osteoblasts and osteoclasts [10]. Therefore, the targeted recruitment and migration
of MSCs as well as the regulation of their differentiation into osteoblasts and their
migration to the bone-implant interface is crucial. The development of new implant
materials and techniques may help to enhance and support these processes.
Especially electrical stimulation (ES) is a promising technique, which is already suc-
cessfully used clinically for bone healing [11]. Despite its clinical application, the de-
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tailed mechanism underlying ES is poorly understood. Solid fundamental research
is therefore required to develop targeted ES therapies.
To address local effects on the cellular level a microscopic approach is advantageous.
By applying scanning ion conductance microscopy (SICM) to in vitro osteoblast-like
cells, it is possible to observe morphological responses and spatial distributions
of local surface potentials and surface charges, respectively, in liquid environment.
However, in future the SICM could also be used to locally apply a high EF (108 V/m)
to cells. Measurements are accompanied by atomic force microscopy (AFM) and flu-
orescence microscopy to characterize the cell adhesion substrates.
The main concepts and theoretical basics are briefly introduced in Chapter 2. The fol-
lowing Chapter 3 gives an overview of the experimental setups and methods as well
as sample preparations. Chapter 4 deals with the apical membrane morphology and
its dynamics of osteoblast-like cells in the living state. For comparison and evalu-
ation reasons the cells were also measured after being fixed by paraformaldehyde
(PFA). In the following Chapter we report on modified adhesion substrates to achieve
local surface potential landscapes. Due to cells responding to a lot of cues, such as
surface roughness, step edges, contact guidance, and chemical cues, we employed
microcontact printing (µCP) to deposit various molecules in a monolayer fashion. In
the last Chapter we established a planar resistive electrode setup to apply macro-
scopic EFs for cell stimulation. Particular attention was given to cell migration be-
havior and cell orientation upon stimulation. This setup could potentially be used
in the SICM to investigate the microscopic response.
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2 BASICS

2.1 CELL ADHESION

Cell adhesion describes the process by which cells bind to each other, to the ex-
tracellular matrix (ECM) or to an artificial substrate. It plays a crucial role in di-
verse processes including cell communication, proliferation, migration, and differ-
entiation [12–16]. Therefore, understanding cell-material interactions is essential for
gaining insight into these processes and improving tissue maintenance and devel-
opment and in the special case of osteoblasts the osseointegration. In vitro, the
adhesion process of cells can be structured in 3 phases. The first phase describes
the initial contact with the substrate while the second contains cell shape changes
and binding of cell-adhesion molecules (CAMs). The last phase represents the fi-
nal spreading, reorganization of the cytoskeleton and formation of focal adhesions.
During the first phase even before cells settle on the substrate due to sedimenta-
tion, different proteins in physiological medium (e.g. fetal calf serum (FCS)) adsorb
onto the surface. Small proteins adsorb first onto the surface, but over time, they are
replaced by larger proteins like fibrinogen (Vroman effect) [17]. The final composi-
tion of the formed protein layer is determined by the specific substrate properties,
since proteins in solution interact with the substrate by long range van der Waals
and Coulomb interaction. Initial cell binding is accompanied by formation of single
receptor-ligand pairs, whose number increases over time leading to higher adhe-
sion strength. The connection between adsorbed proteins and cell is mediated by
transmembrane proteins, so-called integrins. Once the integrins bind to their lig-
ands they change their conformation, which promotes linking to actin and thus the
cytoskeleton. This is crucial to achieve rigid cell-material connections. Especially for
osteoblasts the presence of vitronectin, fibronectin and collagen I, which are present
in the ECM is crucial for initial adhesion [18]. During the spreading phase, the cell
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2 BASICS

starts to flatten while forming more bonds to the substrate. In the final phase, focal
adhesions are formed and the connections of the respective vinculin-integrin bonds
with the cytoskeleton are established.

2.2 ELECTRICAL DOUBLE LAYER

Exposing solids, particles, proteins, molecules etc. to a liquid environment leads to
the formation of an electrical double layer (EDL) due to an electrochemical potential
difference at the phase boundary. The electric potential of the immersed species
develops in different ways:

1) the species is charged by dissociation or ionization of chemical groups that are
attached (e.g., carboxylic groups (-COOH → -COO− + H+) or amine groups
(-NH2 + H+ → -NH3+))

2) by desorption or adsorption of ions to obtain an electrochemical equilibrium
(e.g. release of Ag+ ions when Ag is immersed in AgNO3 solution)

Helmholtz already in 1879 postulated that an EDL forms which consists of rigid
counter ions that screen the surface charges so that the electric potential drops lin-
early with distance [19]. However, he did not account for the thermal energy of
the ions which leads to a diffusive layer where ions are constantly transferred and
reorganized. This model was developed by Gouy and Chapman [20, 21] and later
complemented by Stern [22]. Closest to the surface a rigid layer consisting of ap-
proximately just an ion (and its hydration shell) monolayer, the Stern or Helmholtz
layer. It is followed by a diffuse layer, which begins at the electric potential ζ. This
layer becomes more important concerning the capacitance at lower ionic concen-
trations, which are present in the physiological medium and phosphate buffered
saline (PBS) [23]. The screening layers are almost instantly formed at timescales of
the order of 10−9 s which is orders faster than that of typical processes in cells like
enzyme turnover (10−6 s), activation of ion channels (10−3 s) or action potential du-
ration (10−3 s) [24]. However, changes of the potential via chemical reactions (e.g.
upon change of the pH value of electrolytes) might be effective on longer timescales.
Taking into account the Poisson equation: △φ = −4πρ

ϵr
, where φ is the electrical po-

tential, ϵr the relative permittivity, and ρ the space charge density. For the space
charge density the Boltzmann equation is valid: ρ = F

∑
i ziciexp(ziFφ/RT) where
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2.3 Electrical Stimulation of Cells

φ is the electrical potential with respect to the bulk of the electrolyte, zi and ci

the charge number and the concentration of the ions i, respectively. F is the fara-
day constant, T temperature, and R the gas constant. Combining the equations
leads to a homogeneous differential equation of second order. For a planar sur-
face the equation only depends on one spacial coordinate (e.g. x) and it is solved
by φ = φ0exp(−κx). The electric potential therefore drops exponentially with dis-
tance x from φ0 (the surface potential) to the potential of the bulk solution. The
parameter κ = (4πF2/ϵrRT

∑
z2i ci)

1/2 defines the double layer thickness.
As mentioned the ζ potential defines the electric potential at the shear plane, which
is present between the stationary layer and the diffuse layer. It is thought to be a
critical biomaterial parameter for cell adhesion. It is dependent on several parame-
ters e.g. the ion concentration or pH-value (which is critical for 1)) of the liquid as
well as the surface potential of the solid material. Commonly the ζ potential of pla-
nar substrates is acquired through a capillary where an applied pressure difference
(∆p) results in a liquid flow (and ion current flow at the shear plane) and thus gen-
erates a streaming potential (for non-conductive surfaces) or a streaming current
(Istr). The ζ potential is derived from the equation: ζ = ∂Istr

∂∆p
η

ϵrϵ0

L
A , where η and ϵr

are the viscosity and the relative permittivity of the liquid, respectively and L and
A the length and cross section area of the capillary channel.

2.3 ELECTRICAL STIMULATION OF CELLS

The communication of cells with their surrounding, as well as intracellular sig-
naling pathways (e.g., Wnt/GSK3β, PI3K/Akt), involve electrochemical processes.
Consequently, the ES of cells to modulate such electrochemical cascades has been a
focus of research in recent years. Studies have demonstrated that ES can influence
cell functions, including enhanced adhesion, directed migration, increased prolif-
eration, and differentiation of stem cells. However, the underlying mechanisms re-
main poorly understood, and the variety of ES setups, along with the cell types
being used in the literature do not provide a clear, straightforward picture. This
section provides a brief overview of commonly used ES setups and suggested or
reported mechanisms of galvanotaxis.
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2 BASICS

2.3.1 ELECTRICAL STIMULATION SETUPS

Generally, ES configurations can be divided into three categories: faradaic current,
capacitive coupling, and inductive coupling.
The faradaic ES setups are characterized by oxidative or reductive processes at the
electrodes. One can distinguish between three commonly used setups in literature.
Either the electrodes, which consist of inert materials to prevent corrosion (e.g., plat-
inum, gold or graphite), are in contact with the physiological medium (applies for
rod/plate electrodes or substrate-mediated setups, see Figure 2a and b) or in a sep-
arate volume (agar salt bridge, see Figure 2c). In substrate mediated setups, the
cells are seeded directly onto an electrically conductive substrate, which serves as
a current-carrying conductor. In rare cases where another electrode is immersed
in the medium, the substrate functions as either an anode or cathode. The major
advantage of the faradaic setups is their versatile applicability, such as in direct cur-
rent (DC) operation for studying galvanotaxis or alternating current (AC) operation
to address signaling pathways ([25]). However, chemical reactions at the electrode-
medium interface can give rise to pH changes and the creation of reactive oxygen
species (ROS) [26] in the cell medium.

+ _

+ _

a) b)

c)

Figure 2: Schematic view of the electric fields in (a) rod/plate-electrodes setup,
(b) substrate-mediated setup, and (c) agar salt bridge setup.
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To circumvent these issues, agar salt bridges are occasionally utilized. The agar
tubes act as an ion-conductive electrical connection between the physiological medi-
um and the bath solution containing the electrodes. As a result, faradaic byproducts
are restricted to the electrode-interface and are unable to diffuse through the salt
bridges into the cell vicinity.

Capacitive setups typically consist of two metal plates which are placed outside
of the culture dishes, either in a horizontal or vertical arrangement (see Figure 3).
Occasionally, one of the electrodes is immersed in the cell medium (known as semi-
capacative). Applying voltage to the plates leads to an electric field between them,
leading to a charge shift inside the cell medium. This setup avoids chemical reac-
tions. However, the charge displacement - and thus an effective screening of the
electric field in the medium - occurs in the order of 10−9 s, neglecting interface ef-
fects. It should be noted that this represents an upper limit approximation based
on the bulk properties of the physiological medium. The actual threshold is highly
dependent on the setup, such as the geometry and the double layer capacitance and
is expected to be in the order of 10−4 s for common configurations. Consequently,
capacitive setups are only applicable in AC mode and may only generate a signif-
icant electric field over time in the vicinity of cells at frequencies beyond 104 Hz.
Nevertheless, effects on cells have also been reported at frequencies in the range of
101 Hz (see Table 1).

Figure 3: Horizontal capacative setup of two metal plates, creating a homogeneous EF in cell
vicinity.

Inductive setups utilize coils - often in Helmholtz configuration - surrounding the
culture dishes (see Figure 4). Usually, a pulsed voltage is applied to the coils, re-
sulting in a time-varying magnetic field and thus in an induced non-conservative
electric field in cell vicinity.

9
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B x x x

x x x

x x x

EB E

a) b)

Figure 4: A common inductive setup, consisting of 2 Helmholtz-coils [27]. (a) Schematic
view of magnetic and electric field during ES, (b) side view

Various ES setups are widely used in the literature to influence cellular behavior.
Since this work focuses on the osteoblast-like cell line MG-63 (see Section 2.4.1),
only experiments related to osteoblasts are summarized.
However, comparisons remain demanding due to the wide variety of setups, cell
lines, and the amount of stimulation variables, such as ES-duration, EF strength,
voltage (V), electric current (I).
Generally, the estimated electric fields applied to cells are mostly in the order of
101 V/cm which corresponds to physiological values [28, 29]. It should be noted
that most reported electric fields are not explicitly simulated but rather estimated
by dividing the applied voltage by the setup dimensions (indicated with *). Thus
the reported values may differ from the effective electric field in cell vicinity. Effects
on adhesion & proliferation performance, metabolic activity, galvanotaxis and the
expression of several genes related to differentiation are reported.
As shown in Table 1, most studies focus on the MC3T3-E1 cell line. Even when sim-
ilar faradaic setups were used, experimental outcomes varied. While most studies
report enhanced proliferation, the metabolic activity and the specific upregulated
genes do not yield a consistent picture. Regarding morphological changes of cells
exposed to EF, elongation and alignment of various cell types (MG-63, SaOS-2, fetal
rat calvaria, bovine osteoblast-like) generally occur perpendicular to the EF direc-
tion. However, only a limited number of studies stated morphological changes. It
remains unclear whether other studies did not confirm these findings or did not
investigate cell morphology.
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ES config. cell type stimulation parameters effective EF cellular effects Ref.

rods/plates

hFOB 1.19 human osteoblasts rect. pulses (0.4 ms), f = 20 Hz
V = 15 V, j = 4.2 A/m2

ES-duration = 1 h/d

- increased proliferation and Ca deposition after 3 weeks [30]

human primary osteoblast-like cells sinusoidal voltage, f = 20 Hz
Vrms = 0.7 V

1 V/cm
1.50 V/cm

increased metabolic activity, mineralization capacity
increased gene expression (Runx2, COL1 at 1.5 V/cm) (OPN, OPG at 1 V/cm)

[31]

human primary osteoblast-like cells pulses (0.4 ms), f = 100 Hz
ES-duration = 5 min/12h

0.5-4 V/cm* increased cell proliferation (0.5-1 V/cm*) [32]

MC3T3-E1 rect. pulses (500 µs), f = 50-100 Hz
Ip = 10-20 µA

- cell viability & collagen production increased [33]

MC3T3-E1 DC, V = 125-500 mV - promotion of proliferation & differentiation [34]
MC3T3-E1 DC, V = 2.2 V

I = 0.07 mA
ES-duration = 1-2 h/d (3 d)

1 V/cm* reduced metabolic activity
upregulation of BMP2 & OPN

no change in expression of Runx2, VEGFA & HMGB1

[35]

MC3T3-E1 sinusoidal voltage, f = 1 kHz
Vp = 500 mV

- increased proliferation & ALP expression
cell alignment parallel to field lines

[36]

MG-63 rect. pulses of ±1 V or ±5 V
pulse duration 10 ms at 7.9 Hz

or 3.6 ms at 20 Hz

0.9 V/cm
4.5 V/cm

enhanced initial adhesion performance
higher intracellular calcium

increased initial ROS production (t < 4 h)

[26]

substrate mediated

MC3T3-E1 DC, I = 200 µA
ES-duration = 4 h/d

- increased metabolic & ALP activity;
upregulation of Runx2, OPN, Osx, OC

[37]

SaOS-2 ES-duration = 2 - 8 h 1 – 4 V/cm* increased ALP (2 V/cm*) & OC production
increased proliferation (2 V/cm*), decreased proliferation (> 2 V/cm*)

[38]

SaOS-2 ES-duration = 3x6 h/6d 2 V/cm* increased phosphate & Ca deposition
higher Gene expression (ALP, BMP2, Runx2, OC)

[39]

SaOS-2 rect. pulses, f = 100 Hz, duty cycle 4%
Vp = 1-10 V

ES-duration = 2x5 min/24h

0.33-3.33 V/cm* increased cell proliferation (at 0.66 V/cm)* [40]

Sprague-Dawley (SD) rat’s osteoblasts I = 10 µA, f = 10 Hz
duty cycle 50 %
ES-time = 6 h/d

- increased Ca production and proliferation
increased gene expression (ON, OC, COL1, OPG)

no effect on gene expression (ALP, BSP, OPN)

[41]

Sprague-Dawley (SD) rat’s osteoblasts j = 1.5 µA/cm2 , f = 3000 Hz
ES-duration = 24 h/d or 6 h/d

- increased proliferation (only if continously stimulated)
no upregulation of gene expression (GE) (ALP, OPN, COL1)

decreased expression of cbfa1;
no upregulation of GF (BMP-2, -4, IGF-2, TGF-β1)

[42]

Rat bone marrow stromal cells DC, V = 0.1-10 V
ES-duration = 2-12 h

0.035-3.5 V/cm* decreased cell viability (for 12 h stim.);
increased calcium deposition (4 h stim., 0.35 V/cm*)

[43]

Agar Salt Bridge

RCJ 1.20 and RCB2.2A from fetal rat calvaria DC, ES-duration = 17.2 h 1-10 V/cm* galvanotaxis toward cathode;
cell orientation perpendicular to EF

[44]

fetal rat calvaria primary osteoblastic cells;
SaOS-2

DC, ES-duration = 5 min-5 h 1-14 V/cm* elongation and orientation perpendicular to EF;
guided migration to anode (SaOS-2) or cathode (calvarial cells);

local Ca2+ gradient is essential for galvanotaxis

[45]

SaOS-2 degenerate wave signal, f = 16 Hz
ES-duration = 8 h (within 28 h)

0.1 V/cm* reduced proliferation; increased expression
of ALP, COL1, OC, OPN, ON

[46]

hFOB 1.19 human osteoblasts DC, ES-duration = 30 min 0.5-5 V/cm* increase in intracellular Ca2+ after 20 min of ES;
time delay decreased with increasing field strength

[47]

bovine osteoblast-like cells;
MG-63

DC, ES-duration = 5 h 0-20 V/cm* alignment and elongation perpendicular to EF (⩾4 V/cm*) [48]
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2.3
ElectricalStim

ulation
ofC

ells

ES config. cell type stimulation parameters effective EF cellular effects Ref.

capacative

bovine osteoblast-like cells asymmetric saw-tooth signal
repet. rate 16 Hz

Vp-p = 100 V
ES-duration = 1-16 days

60 V/cm increased cell proliferation & ALP activity;
enhanced ECM protein synthesis

[49]

bovine osteoblast-like cells asymmetric saw-tooth signal
repet. rate 16 Hz

Vp-p = 100 V
ES-duration = 14 days

60 V/cm increased calcium content (mineralization) [50]

Human osteoblast-like cells sinusoidal voltage, f = 60 kHz
Vrms = 0.1 V or 1 V

< 0.1 V/cm increased metabolic activity (0.1 Vrms)
decreased COL1 (0.1 Vrms) & increased ALP (1 Vrms) levels

upregulation of OPG and TIMP1 (0.1 Vrms)

[51]

MC3T3-E1 sinusoidal voltage, f = 14 Hz
ES-duration = 1-7 days

3 V/cm decreased cell proliferation
no significant change in metabolic activity

unchanged levels of ON & COL1
increased ALP activity

[52]

MC3T3-E1 sinusoidal voltage, f = 60 kHz
ES-duration = 24 h

50% duty cycle

Afield = 0.02 V/cm increased BMP-2 and ALP expression;
increased mRNA expression for BMP-2, -4, -5, -6, and -7

[53]

MC3T3-E1 sinusoidal voltage, f = 60 Hz
ES-duration = 24 h

Afield = 0.02 V/cm increased proliferation,
Ca2+ ion through voltage-gated calcium channel (VGCC)

[54]

MG-63 V = 100-500 mV (DC), ES-duration = 2 h - decreased cell number, lowest at cathode
increased OC & OPG production

[55]

SaOS-2 Degenerate Wave signal, f = 16 Hz; A = 10 mV/mm
ES-duration = 8 h (within 28 h)

- reduced proliferation; increased expression
of ALP, COL1, OC, OPN, ON

[46]

inductive

rat calvarial osteoblasts rect. pulses (300 µs), f = 7.5 Hz
Bmax = 6.75 mT

ES-duration = 2 h/d or 8 h/d

up to 8 mV/cm* increased proliferation (Brms = 0.13 mT)
decreased proliferation (Brms ⩾ 0.32 mT)
increased ALP activity (Brms ⩾ 0.24 mT)

[56]

human osteoblasts H = 400 Oe, f = 100 Hz
magnetoelectric coeff. 50 V/(cm Oe)

ES-duration = 1 h/d

- increased proliferation (after 7 days)
higher expression of COL1, ALP, ON

no change of OC & BSP levels

[57]

MC3T3-E1 f = 10 Hz
B = 0.1 mT or 0.4 mT

0.4 mV/cm* at 0.1 mT no change in ALPase activity
activation of mTOR pathway after 10 min

[58]

MC3T3-E1 bursts (5 ms) of rectangular pulses (0.2 ms)
B = 2 mT, f = 15 Hz

- increased cellular attachment;
better developed cytoskeleton

[59]

MG-63 bursts (5 ms) with 20 pulses
B = 1.8 mT, f = 15 Hz
ES-duration = 8 h/d

- increased ALP, OC, and collagen production
decreased proliferation

[60]

SaOS-2 rect. pulses (1.3 ms), f = 75 Hz
B = 2 mT

ES-duration = 24 h/d for 22 days

- increased levels of DCN, OC, OPN, COL1, COL3 [61]

Table 1: overview of in vitro ES studies related to osteoblasts, * where the effective field was not simulated nor verifiable where the
value was derived from
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2.3.2 GALVANOTAXIS

In literature, a vast majority of cell types (fibroblasts, keratinocytes, chondrocytes,
epithelial cells, osteoblasts and neurons) typically show a directed migration to-
wards the cathode (cathodotaxis) [44, 62–65]. Only few types move to the anode
(e.g. corneal endothelial cells and human vascular endothelial cells). This might be
related to wound healing processes, where a laterally oriented EF develops pointing
towards the wound center [66]. However, independent from the migration direction
they generally align perpendicular to the EF and their migration speed increases
with field strength. Additionally the substrate where the cells are adhered has a sig-
nificant influence in migration performance, which is why comparisons within the
literature have to be critically questioned.
Two main mechanisms are discussed, however their specific effect on galvanotaxis
is unclear and might even change with different cell types. The first one is the in-
flow and outflow of Ca2+ from cells [67]. Due to the EF, cations (Ca2+ among others)
accumulate at the outer side of the cell membrane facing the anodic side. The con-
centration gradient leads to passive Ca2+ influx into the cell and therefore a higher
Ca2+ concentration at the anodic side of the cell. Ca2+ is responsible for actomyosin
contraction and thus higher concentrations could lead to a contraction and therefore
retraction of the anodic cell (rear) side. The concentration of Ca2+ is decreased on
the cathodic side. The free barbed ends of the actin cytoskeleton makes polymer-
ization easier, leading to expansion of the cytoskeleton in direction of the cathode.
This mechanism could explain that migration speed increases with increasing field
strength. However the EF also leads to a local change of the transmembrane po-
tential (TMP), and therefore to depolarization of the membrane potential (making
the potential less negative or even positive) opening voltage-gated calcium chan-
nels (VGCCs), which could lead to an influx of Ca2+ at the cathodic side and thus
reduce or change the sign of the Calcium concentration gradient within the cell. The
process might be the reason for galvanotaxis in one direction at low field strength
and in the other direction with increasing electric field strength (e.g. for peripheral
lens epithelial cells [68]). Overall the theory that calcium concentration gradients
are responsible for galvanotaxis is highly dependent on parameters like the mem-
brane conductance for calcium ions [69], the Ca diffusion coefficient, the specific
TMP and the presence of VGCCs.
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2.4 Bone and Bonemineralizing Cells

It should be noticed that Stretch activated calcium channels (SACCs) and calcium
induced calcium release through the endoplasmic reticulum are also essential pro-
cesses for cathodotaxis of various cells (e.g. lung cancer cells [70]). Li et al. blocked
the SACCs with GdCl3 and noticed a significant decrease in directed migration speed
to the cathode, however VGCCs seemed not to be involved. The second hypoth-
esis includes growth factors (GFs) and their corresponding growth factor recep-
tors (GFRs) that regulate various cellular processes like mitosis, migration and dif-
ferentiation. For example in case of corneal epithelial cells the GFRs accumulated at
the leading edges and thus correlated with the direction of migration under elec-
trostimulation [71]. Nonetheless the directionality did not increase when applying
GFs during electrostimulation, only the migration rate changed. Sometimes the two
mechanisms that are discussed in this section overlap and GFs are even required
during electrostimulation to achieve a directed galvanotaxis of cells e.g. for human
keratinocytes [28, 63].

2.4 BONE AND BONEMINERALIZING CELLS

Human bone, especially the diaphysis (see Figure 5), consists of a hard outer layer,
called compact bone since it represents the densest part of the skeleton. It is mostly
responsible for the mechanical stability as well as for storing and releasing chemi-
cal elements like calcium. Trabecular or spongy bone is found in the axial skeleton
(skull and trunk) as well as in the metaphyses and epiphyses. It is highly porous and
consists of trabeculae structures that surround pores filled with bone marrow. Both
types of bone consist of bone tissue, called lamellar bone [72]. It is arranged in small
columns, so called osteons or haversian systems. In the center of each column is the
haversian canal, which allows blood vessels and nerves to go through the bone to
supply the osteocytes (former osteoblasts and osteoclasts), which are located in mul-
tiple layers around the center, with minerals. Osteoblasts are found on the surface of
osteons. Their function is to form osteoid around themselves, which primarily con-
sists of Type I collagen (98 wt %) and several noncollagenous proteins [73]. Once the
osteoblast encapsulated itself completely the osteoid mineralizes to lamellar bone,
and the osteoblast becomes an osteocyte. Latter are responsible for bone mainte-
nance. Since the bone underlies constant remodeling it also has to be resorbed by
so called osteoclasts before being rebuild.
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Figure 5: Schematic view of human bone. Figure adapted from [74].

In implantology the osseointegration meaning the direct structural and functional
connection between the bone and an implant is of outstanding importance. In case
of insufficient integration fibrous tissue forms and the implant loosens. To circum-
vent these complications the implant surface has to be designed in such way that ad-
hesion and differentiation of osteoblasts are ensured [75]. In this work the osteoblast-
like cell system MG-63 was used to investigate the adhesion and migration perfor-
mance in dependence of different surface properties.

2.4.1 MG-63 CELL SYSTEM

The MG-63 cell line was derived from the osteosarcoma of a 14 year old boy in
1978 [76]. The osteosarcoma cells have been reported to show dose dependent stim-
ulated alkaline phosphatase (ALP) expression upon 1,25(OH)2D3 exposure, which
is characteristic for human osteoblast cells [77]. However the low basal ALP-level
as well as a high synthesis of type III collagen indicates that the MG-63 cells are
not fully differentiated osteoblasts [77, 78]. The fact that also osteocalcin is being
produced when exposed to 1,25(OH)2D3 further supports the close relation of MG-
63 cells to mesenchymal osteoprogenitor or osteoblast-like cells. For cell-material
interaction the predominant factor are the integrins at the cell membrane (see Sec-

16



2.4 Bone and Bonemineralizing Cells

tion 2.1). MG-63 cells express to human osteoblasts partially similar integrin sub-
units (α2, α5, αv, β1 and β3) [77, 79]. As a result the MG-63 are a well established
cell system to investigate initial adhesion in context of osseointegration [80–83]. The
phenotypical stability, that is common for sarcoma cells also leads to a versatile and
widely used cell line [84].
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3 EXPERIMENTAL SETUPS

AND METHODS

3.1 SCANNING ION CONDUCTANCE MICROSCOPY

The SICM which is a type of scanning probe microscopy (SPM) was developed in
1989 by Hansma and coworkers to specifically investigate the topography of soft,
non-conductive specimens in the environment of electrolyte solution [85]. Although
they only demonstrated the capabilities of the microscope on polymer films, they
had in mind that it would be well suited for measuring biological samples in the
future. Only years later, in 1997, the SICM was exploited to image living biological
samples, such as murine and human cells, without damaging them [86]. In 2000
they already mapped single active K+ ion channels of cardiac myocytes by com-
bining the SICM with a patch-clamp system [87]. Another milestone was achieved
in 2002, when Gorelik et al. applied SICM together with confocal microscopy to si-
multaneously achieve topographical and fluorescence information of fibroblast-like
cell surfaces [88]. However, the reliable scanning of surfaces of living cells was still
demanding, because of high slopes and membrane protrusions. The invention of a
novel scanning mode, called backstep mode which is nowadays commonly known
as hopping mode (see Section 3.1.1), solved this issue [89].

3.1.1 PRINCIPLE OF SCANNING ION CONDUCTANCE

MICROSCOPY

The SICM employs a nanopipette as a probe, which is immersed in an electrolyte
(e.g. physiological medium). An electric potential of a few mV is applied between
two electrodes - one situated in the nanopipette the other in bulk solution. As a
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result an ion current in the order of a nA runs through the nanopipette opening,
acting as a feedback signal. The electrodes usually consist of Ag/AgCl to avoid
high polarization at the liquid-electrode interface (see Section 2.2) and therefore a
high voltage drop in the direct vicinity of the electrodes. When the nanopipette
opening approaches a surface, the effective cross-section reduces resulting in an
increasing resistance and a decreasing ion current, which is referred to as current
squeezing [90]. The ion current can therefore be utilized to keep a constant distance
between pipette and specimen to measure the topography. The lateral resolution
of the SICM is approximately the diameter of the nanopipette opening (≈ 50 nm in
this work, see Section A.6). Typical measurement modes are the continuous or non-
modulated mode in which the pipette is driven laterally over the sample by vary-
ing the pipette-sample distance to keep the ion current at a specified value. Due to
the fact that the ion current through the nanopipette is mostly vertically sensitive,
this measurement mode is only suitable for flat or smooth surfaces. In case of cell
topography, which is the main focus point of this work, the hopping mode is es-
sential to avoid collisions of the nanopipette at steep edges of the cell membrane.
Although the latter mode requires higher data acquisition time, it is also less sus-
ceptible to electrical potential drift. This is due to the fact that at each measurement
point the nanopipette retracts from the substrate measuring the reference current
and approaches after that until the current drops down to a value relative to this
reference. Afterwards the pipette is retracted again, moves to the next measurement
spot and repeats the procedure (see Figure 6). Over the years the SICM modes were
further developed to not only measure the topography but also gather locally re-
solved functional information, e.g. the surface charge, pH value, ion concentration
and stiffness [91].

3.1.2 SICM SETUP

The setup used in this work can be seen in Figure 7. It consists of an SICM head under
which the sample stage and an optical microscope are situated. The SICM- (or option-
ally AFM-) head comprises the probe and a sample cover. It is vertically driven by
a step motor for coarse approach of the probe to the sample. For fine approach and
height correction during measurement, the probe is moved by a z-piezoactuator
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3.1 Scanning Ion Conductance Microscopy

Figure 6: Schematic representation of the hopping mode in SICM. The reference current is
measured at the position of the blue arrowheads, far away from the sample. The
red arrow indicates the approach distance of the nanopipette until the relative cur-
rent setpoint is reached. Blue arrow indicates retraction height after the setpoint
was reached and before the lateral movement of the nanopipette to the next loca-
tion.

which has a workspace of 20 µm. The sample is placed on a stage containing an
x-y-piezoactuator with a moving distance of 100 µm in both directions. For living
biological samples, the stage can be heated locally by a resistive heater to keep the
specimen at 37◦C. Between the sample and the sample cover an inlet passes a gas
mixture (95 % air, 5 % CO2) to keep the pH level of physiological medium at 7.4.
An external humidifier keeps a small water reservoir at 37◦C through which a gas
mixture is passed to saturate the humidity inside the chamber. A Faraday cage sur-
rounds the probe head and the sample to minimize the pickup of electronic noise
through unscreened cables.
The inverted optical microscope (Ti-U) consists of several objectives under the sam-
ple stage to precisely position the probe on the sample. The gathered light can either
be projected onto a camera (DS-Qi2, Nikon Corporation, Tokyo, Japan) or passed
through an ocular. A filter cube that can be positioned in the optical path allows
fluorescence microscopy (details in appendix Section A.9). The whole setup is po-
sitioned on an active damping table to decouple the system from external vibra-
tions.

In this work, the focus was on the topography of living and fixed MG-63 osteoblast-
like cells. Unless not otherwise stated, the hopping mode was used for topogra-
phy measurements. In case of living cells, the measurements were performed in
dulbeccos modified eagle medium (DMEM) with 10% FCS at 37◦C and under 5 %
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sample holder 
filled with medium

microscope objective

x-y-stage with heater

nanopipette

Ag/AgCl electrodes
inlet for humidified
CO2-air-mixture

Figure 7: 3d rendered representation of the SICM setup.

CO2 atmosphere. With 4 % PFA fixed cells (see appendix Section A.8) were mea-
sured at room temperature (21◦C) in PBS (ROTI Cell PBS, Carl Roth, Karlsruhe, Ger-
many). The nanopipettes were produced with a CO2 laser-based pipette puller (Sut-
ter P-2000, Sutter Instrument, Novato, CA, USA) from capillary borosilicate-glass
(inner diameter 0.58 mm) with the following parameters: Heat: 260, Filament: 4,
Velocity: 50, Delay: 225, and Pull: 140. Nanopipette openings of approx. 50 nm in
diameter could be achieved.

3.2 AFM

AFM measurements were performed to evaluate the µCP samples in ambient con-
ditions (21◦C, 50 % relative humidity). A commercial AFM (NX-bio, Park Systems,
Suwon, South Korea) was operated in non-contact mode (also referred to as dy-
namic mode) with ACTA cantilevers (nominal spring constant: 37 N/m) (AppNano,
Mountain View, CA, USA).
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3.3 Fluorescence Microscopy

3.3 FLUORESCENCE MICROSCOPY

Fluorescence microscopy (Olympus IX73, Tokyo, Japan) via a UV filter cube (see
attachment for details) was performed under atmospheric conditions to ensure the
successful molecule transfer upon µCP as well as the integrity of the molecule land-
scape on the macroscopic scale. After seeding, the response of the cells to the molec-
ular layers was observed optically in situ (Nikon ECLIPSE Ti-U, Tokio, Japan) via
a GFP (green fluorescent protein) filter cube (for details, see attachment). Due to
low autofluorescence intensity of the molecule layers (bovine serum albumin (BSA)
and polyamidoamine (PAMAM)) the culture medium was replaced by isotonic 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer.

3.4 SAMPLE PREPARATION

3.4.1 MICROCONTACT PRINTING

µCP is a technique that was invented by Whitesides and coworkers originally in
order to create molecular patterns faster than before possible by conventional pho-
tolithography methods [92]. Therefore, patterned elastomeric stamps, which often
consist of polydimethylsiloxane (PDMS), are immersed in an "ink" solution, contain-
ing the molecules to be printed. After that, the stamp is brought into contact with
the substrate such that a self-assembled monolayer (SAM) forms in the pattern of
the stamp. In the beginning octanethiols were printed onto gold, forming cova-
lently bound SAMs. However over the years the process was further improved for
other molecules so even polar solutions could be used on the hydrophobic PDMS

stamps.

In this work PDMS stamps were produced by mixing the Sylgard 184 elastomer
(Dow Chemical, Midland, Michigan, USA) with the respective curing agent at a
weight ratio of 10:1 (see Figure 8). To avoid cavities in the resulting mold the mix-
ture was placed under vacuum for 15 min. After pouring the mixture over the glass
master (Center for Microtechnologies, Technical University of Chemnitz, Chemnitz,
Germany) it was cured in an oven (Universal Oven UF30, Memmert, Schwabach,
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3 EXPERIMENTAL SETUPS AND METHODS

Germany) at 40◦C for 24 h to aid polymerization. Subsequently the elastomer was
peeled off the glass master and finally cut into molds with ≈ 1 x 1 cm2 base area.

PDMS stamp (mold)

microstructured glass master

PDMS stamp (mold)

weakly adsorbed molecule layer

PDMS stamp (mold)

immersion in molecule solution
molecule transfer to substrate surface

PDMS stamp (mold)

transferred molecular monolayer

substrate

1)

2)

3)

4)

5)

Figure 8: Schematic representation of the µCP-process. (1) Micro-structured PDMS stamps
were produced by pouring Sylgard 184 elastomer on glass masters. (2) & (3) The
stamp was immersed in the respective molecule solution for 24 h. Thus, molecules
weakly adsorb onto the PDMS stamp. (4) & (5) Molecular stripe patterned mono-
layers were transfered on the glass surface by pressing the PDMS stamp onto it.

To transfer molecules to the PDMS molds, they were immersed for 24 h in the respec-
tive molecule solutions. The composition of the solutions as well as the molecules
used are listed below this section in Table 2. The PDMS stamps were rinsed with
double-distilled water to remove excessive molecules. The next step included dry-
ing the stamps with nitrogen gas, to avoid formation of a closed liquid film on
the substrate and therefore mobile molecules that would form unpatterned SAMs.
Finally, the mold was brought into contact with the substrate to transfer the respec-
tive molecules. Here, the latter were borosilicate glass coverslips with dimensions
of 22 x 22 mm2 (Menzel cover slips, VWR International, Darmstadt, Germany). Prior
to µCP the glasses were cleaned for 10 min in isopropanol in an ultrasonic bath. To
make the samples more hydrophilic they were subsequently exposed to an ozone-
UV cleaner (PSD-UV, Novascan Technologies, Inc., Boone, Iowa) for 30 min.
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3.4 Sample Preparation

molecule solvent
molecule

concentration
BSA

(Carl Roth, Karlsruhe, Germany)
double distilled

water 0.15 mM

amine dendrimer (PAMAM gen. 1)
(Sigma-Aldrich, St. Louis, MO, USA)

double distilled
water 1.4 mM

carboxyl dendrimer (G1-TMP-COOH)
(Polymer Factory, Stockholm,Sweden)

double distilled
water 1.5 mM

polystyrenesulfonate (PSS)
(Polymer Standard Service, Mainz, Germany) 100 mM NaCl 1 mM

polydiallyldimethylammonium (PDADMA)
(Polymer Standard Service, Mainz, Germany) 100 mM NaCl 1 mM

Table 2: Listing of the molecule solutions used for µCP. The respective chemical structural
formulas are stated in appendix Section A.3

3.4.2 CULTURE OF MG-63 OSTEOBLASTIC CELLS

Human osteoblast-like cells of the cell line MG-63, were cultured in DMEM (DMEM,
31966-021, Life Technologies Limited, Paisley, UK), with 10 % FCS (FCS, Biochrom
FCS Superior, Merck, Darmstadt, Germany) and 1 % antibiotics (gentamicin, Ratio-
pharm, Ulm, Germany) in a humidified atmosphere at 37◦C with 5 % CO2 (incuba-
tor New Brunswick Galaxy 14S, Eppendorf SE, Hamburg, Germany). The cells were
passaged after a confluent layer in T25 cell culture flask was reached (roughly ev-
ery third or fourth day). The cell culture medium was removed, and the cells were
washed twice with 1 ml PBS each time. To suspend the adherent cells from the cul-
ture flask they were tripsinized (0.05 % trypsin-EDTA, ethylenediaminetetraacetic
acid; PAA Laboratories, Pasching, Australia) and incubated for 5 minutes at 37◦C.
Afterwards 1 ml DMEM was added to stop the enzymatic reaction. The cell suspen-
sion was transferred into a centrifuge tube and centrifuged for 5 min at 120 x g. Af-
ter removing the excessive liquid, the cells were resuspended in 1 ml DMEM and the
population was measured with hemocytometers. The respective volume for 3 x 105

cells was seeded into a new T25 cell culture flask with 5 ml DMEM and 1 µl of gen-
tamicin.
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3.5 TOPOGRAPHY IMAGES

If not otherwise stated topography images of cell surface membranes were usu-
ally prepared by a line-wise height offset subtraction by their median of differ-
ences. Also a background plane was calculated and subtracted from the height
data in cases where a plain reference layer (like the substrate) was recorded. Only
for topography data where the cell membrane was exclusively measured, a 2D-
polynomial background was calculated and subtracted to remove the membrane
curvature. This enabled us to better visualize the small features occurring on the
membrane.

3.6 STATISTICS

Student’s t-tests with the software GraphPad Prism version 8.0 for Windows (Graph-
Pad Software, La Jolla, CA, USA) were performed for the two respective groups
(unoriented vs. oriented cells and glass- vs. molecule-monolayer-adhered cells) in
Chapter 5. Differences on p-values < 0.05 were considered significant. The cell pref-
erence results are presented as mean± sem (standard error of the mean).
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4 APICAL MEMBRANE

MORPHOLOGY OF

ADHERED OSTEOBLASTS1

The functionality of living cells is inherently linked to subunits with dimensions
ranging from several micrometers down to the nanometer scale. The cell’s plasma
membrane plays a particularly important role, since it serves as a separation of the
inner cell contents and the extracellular space. Several proteins are situated on and
in the membrane to exchange substances (via integral proteins e.g., carrier or ion
channels), information (via peripheral proteins e.g., signaling proteins) or to aid ad-
hesion and contact of the cell (e.g., integrins).
The membrane surface of cardyomyocytes shows characteristic periodic grooves,
which result from highly organized sarcomere structures close to the cell surface to
facilitate directed contraction. Also t-tubule invaginations are present that aid a fast
calcium-supply for the excitation-contraction mechanism [95, 96].
HeLa cells express specific protrusions at the plasma membrane, called microvilli [97].
They are crucial for nutrient absorption and their number increases when cells are
exposed to serum-free medium.
While the macroscopic morphology of MG-63 osteoblasts is well studied on vary-
ing substrates via light microscopy or scanning electron microscopy [98, 99], exper-
iments focusing on sub-micrometer features are scarce in literature.
Hence, the apical membrane morphology of MG-63 osteoblasts is studied in this
chapter. First, we will focus on living cells to investigate the unaltered morpholog-
ical features and their dynamics. In the second part, the cells are investigated in a
fixed state to evaluate their morphology without dynamics and to identify differ-
ences depending on the substrate to which the cells are adhered to.

1 Parts of this chapter are adopted from the manuscripts [93] and [94].
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4.1 MORPHOLOGY OF LIVING CELLS

Living MG-63 cells were cultured (see Section 3.4.2) and seeded onto borosilicate
glass cover slips (Menzel, VWR International, Darmstadt, Germany). Usually, after
24 h of incubation they were investigated by SICM (see Section 3.1.2).
Figure 9a exemplary shows a typical SICM topography of the border region in the
live state (see the red square in Figure 9b for the corresponding bright-field mi-
croscopy image). The height for each location respective pixel in the image is dis-
played in form of a color, where bright spots represent positions of high- and dark
spots of low height values. The corresponding value for each color can be identified
by the color scale to the left-hand side of the image. The fast scan direction is from
left to right, the slow scan from bottom to top.
The profile (red line, Figure 9c) shows that the border region of the cell is not flat.

The cell surface is tilted 30◦ with respect to the glass substrate, which is represented
by the horizontal segment on the right side of the profile. A sudden height change
(≈500 nm) from the cell to the flat glass surface is visible, which in the following is
referred to as step edge. The apical cell membrane surface exhibits features with lat-
eral dimensions of approximately 1 µm × 0.8 µm protruding 100 – 300 nm from the
surrounding (Figure 9d), at a density of 0.3 – 0.5 features per µm2. These sheet-like
protrusions seem to be oriented to the right side, since there is a smooth transition
in height from left to right (see Figure 9d). In contrast, an abrupt height difference
appears on the right edges of these sheets. Changing the fast scan direction did
not change the orientation of these sheets. However, the dynamic rearrangement of
the membrane features and possibly migration of the cell lead to artifacts which are
visible in the measurements. The streaky appearance corresponds to the fast scan di-
rection. Scanning of the topography took 68 min which only enabled us to perform
measurements where the membrane dynamics are highly relevant. This becomes
particularly evident when the individual scan lines cannot be aligned smoothly,
leading to steps in the height image (see bottom left corner of Figure 9a).

Figure 10a shows a typical topography of membrane surfaces in flatter regions of
the cell. The exact tilting angle cannot be calculated, since the reference glass sur-
face is missing in the topography image. However, since the cell is spread wider in
the scanning region (see Figure 10b) it is most likely a flat region. The sheet-like pro-
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4.1 Morphology of Living Cells

Figure 9: Living osteoblast cell adhered to glass after 24 h of culturing. (a) SICM topography
image. Acquisition time: 68 min. (b) Corresponding bright-field microscopy image
of the living cell taken prior to the SICM measurement. The cell has been digitally
stained in orange for better visibility. The area marked in red was measured by
SICM. (a) Sheet-like protrusions that mostly orient to the cell edge (right side in the
image) are visible. (c) Line profile at the cell rim, as indicated in (a). A sudden jump
from the cell surface to the flat glass surface is visible (≈ 500 nm). (d) Height profile
along the blue line indicated in (a). Typical feature heights are several hundred
nanometers.

trusions observed earlier are absent. Instead, blurred, bright, almost circular spots
are visible in the colored image. They appear in different diameters of up to 1 µm
with elevations of 100 - 200 nm. In contrast to the sheet-like protrusions, these spots
exhibit no sharp height transition. However, the density is similar. The dark spot on
the right edge of the image shows an invagination that we encountered occasion-
ally when measuring live membrane surfaces. The diameter of this depression is
roughly 1.5 - 2 µm and the depth was determined to be 800 nm.
Similar to the previously discussed topography, temporal undersampling leads to
artifacts like the steps due to the scan line misalignment. Also, there is a slight wavi-
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ness present in the image, it seems like the features are moving over time to the left
and right, respectively.

Figure 10: Living osteoblast cell adhered to glass after 24 h of culturing. (a) SICM topogra-
phy image. The acquisition time was 68 min. Cell membrane protrusions can be
seen as bright blurred spots. (b) Corresponding bright-field microscopy image of
the living cell taken prior to the SICM measurement. The cell has been digitally
stained in orange for better visibility. The area marked in red was measured.

To better assess the dynamics on the cell surfaces smaller frames were subsequently
measured at the same position. This enables us to reduce the retraction height of the
tip in the hopping mode (see Section 3.1.1), which dramatically enhances the scan-
ning speed. Figure 11 shows SICM topography images, where the acquisition time
could be reduced to 60 seconds each. The features remind more of the sheet-like
protrusions in Figure 9a than the circular spots discussed before. The lateral dimen-
sions are similar with 0.5 µm x 0.8 µm while the maximum elevation is in range of
100 - 200 nm. Striking are the fine filaments that seem to protrude from the sheet-like
structures (see red marker in top right or bottom left image, Figure 11). The upper
limit of their width is 62.5 nm, which corresponds to the pixel width of the images.
The filaments are several 100 nm up to micrometers long and seem to be anchored
only on one end of the sheets, which is why they change appearance between mea-
surements (see Figure 11).
Taking a closer look at the dynamics of sheet-like protrusions, one can see that most
of them are not migrating over the surface. They seem to be laterally fixed within
a moving radius of a few 100 nm. However, their shape changes over time, either
because they change orientation or they get absorbed. Over the course of the mea-

30



4.1 Morphology of Living Cells

surement one can observe the appearance and disappearance (from Figure 11a ff.)
of such a protrusion (marked blue). The shape is fully developed after ≈ 4 min and
by ≈ 7 min the protrusion disappears.

Figure 11: Subsequent images taken of the topography of a MG-63 cell adhered on glass.
Data for each image was acquired within 60 s. A 2nd degree 2D polynomial layer
was substracted to pronounce the features of the cell surface better. The white
scale bar in figure j represents 500 nm.

The dynamics of circular structures (Figure 10a) are shown in Figure 12. The diam-
eter of the structures ranges from ≈ 120 nm to ≈ 400 nm. Their maximum height is
about 250 nm. The graph in Figure 12 shows the maximum height of the feature
marked in red over time. The shown values are means of the maximum height mea-
sured by forward scan and corresponding backward scan. The structure seems to
retract linearly with a speed of (9± 3) nm/min.
Similar to the dynamics of the sheetlike protrusions, the circular ones seem laterally
fixed and only move a few 100 nm in the presented time frame of 9 min. However,
the dynamics are still too fast. We sometimes cannot distinguish whether a feature
migrates or it retracts and another feature forms next to it.
Frequently we observe that structures associate together (see yellow marker) if they
are within a moving radius of a few 100 nm or they dissociate (see blue marker).
These processes appear to be faster than the acquisition time of 60 s.

Figure 13 shows subsequently taken SICM topographies of a living MG-63 cell at
the rim. Most likely the rim is a lamellipodium, since the step edge height is only
100 - 200 nm. The contour of the rim is dynamic, while some areas expand laterally
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Figure 12: Subsequent images taken of the topography of a MG-63 cell adhered on glass.
Data for each image was acquired within 60 s. A 2nd degree 2D polynomial layer
was substracted to pronounce the features of the cell surface better. The white
scale bar represents 500 nm. The graph shows the maximum height of the fea-
ture marked in red over time. The plotted heights are mean values of the SICM
forward- and corresponding backward scan.

a few 100 nm, others shrink within the scanning time of a frame. However, the cell
doesn’t seem to migrate or expand, since the cell’s rim kept staying in the small mea-
surement frame for 24 min. During this, elongated features develop at the cell rim.
Interestingly they arise from broader micrometer wide and hundreds of nanome-
ters long protrusions at the cell rim upon partial retraction of these protrusions. The
resulting structures measure 100 nm in height and initially a few 100 nm in width
but over time they get narrower (only 100 nm, see Figure 13). We observed similar
growth and retraction speeds (regarding the length of the protrusion) of 1 µm/min
(not shown). It should be noted that this is a lower limit since the temporal resolu-
tion is one minute.
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Figure 13: Subsequent images taken of the topography of a MG-63 cell adhered on glass.
Data for each image was acquired within 80 s. The white scale bar in figure r
represents 500 nm.

4.2 MORPHOLOGY OF FIXED CELLS

In order to suppress the live-cell dynamics, adhered osteoblasts were fixed with
4 % PFA (see appendix Section A.8) and subsequently investigated by SICM. A corre-
sponding SICM topography is shown in Figure 14a. Here, the sheet-like protrusions
resemble those in the living state (Figure 11) during fast scans. Their lateral and
vertical dimensions are similar. However, their shape is more pronounced and the
features are stable over hours of measurements. The protrusions frequently show
twisting, even in the fixed state. Similarly to the living state, we did not observe
flapping when reversing the scan direction.
Usually the error current, that is, the deviation between setpoint and actual current
at the time the approach is stopped is higher on hard than on soft materials (see, e.g.,
the white area on the right side of Figure 14b, corresponding to glass). The reason
is the different slope of the current–distance curves [100]. Because of this, the de-
lay between current sensing and motion termination results in a larger error signal
on hard materials than on soft ones. The fixed ruffles exhibit an extremely low ion
current error (Figure 14b), lower than that of the surrounding membrane. In case of
living cells such a contrast is absent as can be seen in Figure 14c and Figure 14d.
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Figure 14: Comparison of living and fixed MG-63 cells by SICM. (a) Osteoblast adhered to
glass after fixation (3 h). SICM topography image of the edge of the cell. The ruf-
fles are clearly visible. (b) The corresponding current error image. Note that the
ruffles appear to lead to smaller error values, resulting in a contrast in the error
map. (c) SICM topography of a living osteoblast adhered to glass (24 h). (d) The
corresponding current error map shows that there is no error contrast in the live
state.

Interestingly, the sheet-like protrusions occur even directly at the cell rim (see Fig-
ure 14a). We observed such protrusions more pronounced and to a high extent. The
location at the cellular periphery seemed arbitrary. Figure 15a shows typical protru-
sions. Frequently we observed that they are present numerously, so one cannot dis-
tinguish between separate sheets. They overlap, are twisted, and show maximum
elevations of more than 1 µm. The upper limit of the width is 180 nm, assuming that
it forms an angle of 90◦ with respect to the glass surface (Figure 15c).

Though the sheet-like protrusions are the most prominent feature we observe on
the osteoblastic cells, further membrane features, such as holes and circular pro-
trusions, have been encountered. Circular tail-like protrusions were sometimes ob-

34



4.2 Morphology of Fixed Cells

Figure 15: SICM analysis of a fixed cell adhered for 24 h to a 10 nm Au layer. (a) SICM topog-
raphy of the peripheral protrusions of the cell. Such sheets can exhibit extensions
of more than 1 µm as shown by the blue line in (a), the height profile of which is
shown in (b). (c) Expansion of the section highlighted by the dashed box in (b).

served along with the sheets (Figure 16a), especially in the vicinity of the cell nu-
cleus. They measure around 100 nm in length and their lateral scale is ca. 1 µm. They
are similar to the structures that were measured in the living state (see Figure 10a).

Occasionally, we also observed depression or hole features in the membrane
when cells were fixed (Figure 16b). They are between a few hundred of nanometers
and one micrometer deep and mostly occur in close vicinity to extensive protru-
sions. Since these holes show lateral dimensions of several hundred nanometers,
we can expect the measured depths to be close to the actual value. This is due to the
fact that the used nanopipettes have a very high aspect ratio (the cone half angle is
ca. 4◦) with a small opening diameter (below 80 nm). Rarely, pancake-shaped struc-
tures with diameters of 0.5 - 1 µm are seen on the membrane, such as those shown
in Figure 16c. They are characterized by their plateau-like shape that is elevated by
approximately 200 nm.

Membrane topography in SEM
Since SICM only enables us to see projections of the topography in the xy-plane, we
investigated the topography also by scanning electron microscopy (SEM). Therefore
the cells were fixed with glutardialdehyde and subsequently critical point dried. To
reduce the invasiveness, we omitted the typical Au coating of the specimen.
Similar to SICM, we could recognize the sheet-like protrusions, especially at the cell
edge (Figure 17). However, the features at the top right of the image look more dis-
torted. They seem to point vertically with respect to the cell membrane and remind

35



4 APICAL MEMBRANE MORPHOLOGY OF ADHERED OSTEOBLASTS

Figure 16: Other membrane features observed by SICM on fixed osteoblastic cells on glass
(24 h). (a) Circular tail-like protrusions in the vicinity of the cell nucleus. These
tail-like features are characterized by heights of less than 100 nm and seem to
show no flapping, which results in almost orthogonal orientation with respect to
the cell membrane. (b) Depressions or holes in the cell membrane of ca. 500 nm
depth. (c) Pancake-like structures, which were rarely observed, show plateau-like
characteristics. The heights observed are similar to those of dorsal ruffles. (d–f)
The corresponding line profiles

more of the circular protrusions observed with SICM.
A few elongated protrusions, several micrometers long and connected to the cell
rim, are visible. The observations are in agreement with those by SICM (Figure 13).

Excess membrane
To quantify the excess membrane of the cells, which results from the previously
observed protrusions, we fixed the cells just 3 h after adhesion. The reason is that
most of the spreading happens in the early phase after initial adhesion. In order to
quantify the excess membrane associated with sheet-like protrusions, we focused
on local frames in the vicinity of the cell rim, not on the large-scale cell morphology.
Overall, four different cell passages were investigated. The cells were seeded on
pristine glass substrates and plasma-polymerized allylamine (PPAAm) coated glass.
On each cell, three edge locations were chosen randomly and the corresponding
excess surface was determined. We define the excess surface Aexc as the difference
between the effective and projected surface area (Aeff–Aproj). The effective surface is
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4.2 Morphology of Fixed Cells

Figure 17: SEM of an MG-63 osteoblast after 3 h of adhesion to titanium. The ruffles on the
cell membrane are visible. (FE-SEM SUPRA25, 1 kV, 30 ° angle, 100 nm Ti on Si
wafer, fixation by 2.5 % glutardialdehyde (GA), acetone series, critical point dry-
ing).

the undulated surface area of the three-dimensional function z(x,y) as determined
from SICM topography images,

Aeff =

∫ ∫ [(
∂z(x,y)

∂x

)2

+

(
∂z(x,y)

∂y

)2

+ 1

]
dxdy ,

and the projected area is the frame or base area Aproj =
∫ ∫

dxdy (Figure 18a).
The relative excess surface is then

Arel,exc =
Aeff −Aproj

Aproj
.

Figure 18b shows the relative excess surface as a function of the adhesion area of the
whole cell, Arel,exc(Aadh). The total adhesion area Aadh was determined via bright-
field microscopy images. Relative excess surfaces between 5 % and 60 % were found
assessing ca. 40 cells. Although the data is substantially scattered, we can observe a
clear anticorrelation, namely Arel,exc ∝ Aα

adh with α = -1.13± 0.25, obtained by least-
square fit and indicated by the red curve in Figure 18b. This means that a larger
adhesion interface area is associated with a smaller excess surface (i.e., a lower num-
ber of protrusions or less extended ones).
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Looking at the substrate-specific data, cells with extremely large adhesion inter-
face areas (more than 2600 µm2) are only found on PPAAm layers. Nevertheless, the
span of measured adhesion areas is large. On average (analyzing 44 cells and taking
three samples on each cell) the excess surface on glass (0.25± 0.03) is larger than on
PPAAm (0.17± 0.04).

Figure 18: (a) Illustration of the effective surface area (orange) and the corresponding pro-
jected surface area (blue). The white dots represent height data points. (b) Corre-
lation plot of the relative excess surface (ordinate) and the total adhesion inter-
face area (abscissa) 3 h after seeding. The values depicted in the graph are the
arithmetic mean of the corresponding relative excess areas determined for each
cell. An anticorrelation becomes evident (red graph).

Rim edge heights
In Figure 19a, we show a typical example of the rim step edge height of an osteoblas-
tic cell. Other MG-63 cells exhibit similar edge heights, though the weighting of the
different height regimes measured varies with the overall shape of the cell. The step
edge heights were systematically measured at the rim of the lamellipodia as well as
at ordinary edges of the cells. Note that the step edge height not only incorporates
the gap between the cell and the surface of the material but also the local height
of the cell itself (Figure 19b). Both parameters may vary independently, and from
the three-dimensional cell morphology we can only determine the sum of gap and
cell height. At the higher edges (above 1 µm) the step edge slope is greater than
89◦ and there is hardly any curvature detectable on the cell before its height falls
to the substrate level. This could mean that the cell has a pronounced undermined
configuration, compatible with the gap distance increasing at the rim of cells (see
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discussion below). The flatter cell edges show slight curvatures on top and at the
ledge side, and slope angles measure down to 45◦. The smallest heights at homo-
geneous regions measured about 100 nm (Figure 19a), which is in agreement with
the step edge height measured on living cells (Figure 13). Sometimes we observe
rugged traces with only 60 nm in height or less. Apart from that, we find relatively
high step edges of approximately 1 µm and above, which we attribute to ordinary
or trailing edges of osteoblastic cells (Figure 19a).

Figure 19: Edge height analysis. (a) Topography of a fixed osteoblast on a 10 nm Au layer on
glass with indicated results (in nm) of step edge height analyses in the rim region.
Cells show vastly differing edge heights, depending on the macroscopic location.
However, the transition from regions of large edge heights to smaller ones is
rather smooth. (b) Scheme of the measuring principle of the step edge heights.
We determine the overall height of the edges (black arrow), which contains the
cell thickness at the rim (purple arrow) as well as the gap between substrate and
basal cell membrane (red arrow).

The edge height at the border of cells can be helpful to judge adhesion perfor-
mance. At the edge of the cell, the height inheres in strongly curved or folded
membrane regions and adjustment of the cleft distance between the basal mem-
brane and the material’s surface. An interesting parameter is the cell edge height,
which is directly accessible by SICM. As pointed out earlier, the cell edge height is
a strongly varying quantity (between 100 nm and a few micrometers) when mea-
suring around the whole perimeter of the cell. Therefore, 3 topography images
(10 × 10 µm2, 128 × 128 pixels) at randomly chosen spots at the cell edges for each
cell (n = 6 cells per surface after 1 h, n = 18 cells per surface after 3 h) were taken. Cell
edge heights were measured exemplarily at 5 representative locations for each to-
pography image and the respective values for each cell averaged. For osteoblastic
cells after only 1 h culturing on the substrate, the average cell edge heights were
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227 nm± 18 nm on glass and 164 nm± 7 nm on PPAAm, i.e., the cell edge is signif-
icantly ≈30 % smaller on PPAAm, indicating a higher cell–substrate contact (Fig-
ure 20). After culturing for 3 h on the surfaces, this difference has already van-
ished (on glass 171 nm± 11 nm, on PPAAm 150 nm± 8 nm). However, if we con-
sider regions of peripheral ruffles, we find again a significant difference between
246 nm± 17 nm on glass and 174 nm± 10 nm on PPAAm. Note: This type of sheet-
like protrusion is a loosened and folded-back membrane and it can originate from
membrane excess, which was more pronounced on glass (see Figure 20 and Fig-
ure 18b). The protrusions need to be excluded for this analysis, because they would
lead to an overestimation of the edge height in the case of glass.

Figure 20: SICM topography images (10 × 10 µm2) of fixed MG-63 osteoblast peripheries af-
ter 1 h adhesion on glass (left) and plasma polymer PPAAm (right). The color scale
represents the height information. Note that the cells exhibit more and higher
peripheral ruffles (bright, leaf-like structures on the cell rim) when cultured on
glass compared with flat cell edges on PPAAm.

4.3 DISCUSSION

Circular protrusions
Circular protrusions were found on the apical membrane of MG-63 osteoblastic
cells, not only in the living state but also in the fixed state (see Figure 12 and Fig-
ure 16a). We can therefore expect that the shape and dimensions of these protru-
sions are not an artifact due to cellular dynamics or the fixation process.

The features’ shape (circular pillars, standing out perpendicular to the surface)
are similar to those of microvilli reported in literature [101]. Microvilli have been
found on a wide variety of cell types including epithelial cells, dendritic cells, and
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neurons. They are known to consist of a core of bundled F-actin filaments [102].
However, we observed that our pillar-like protrusions are up to 250 nm in height,

while Gorelik et al. described microvilli heights (in case of living A6 cells) of up to
≈ 500 nm. Those of lymphocytes show mean heights of 0.3 -0.4 µm and maximum
heights well beyond 500 nm in SEM [103]. Even though our (chosen) lateral reso-
lution might not have been sufficient enough to resolve single microvilli, it is un-
likely that we missed those high structures, especially when scanning in forward
and backward direction over a timeframe of 9 min (see Figure 12).

The width or diameter of microvilli is extensively studied on lymphocytes. Jung
et al. describe 70 - 100 nm [104], while Polliack et al. observed 70 - 230 nm (and rarely
up to 350 nm) [105]. In contrast, the smallest diameters on MG-63 found in this work
are 400 nm. This could be explained by the fact that we did not observe single mi-
crovilli. However, Gorelik et al. observed no clumps, meaning that microvilli only
attached along specific axis, forming ridges. If this was the case in our observations,
we would measure the widths of single microvilli. Since SICM only measures the
surface from the top, it is not excluded that we did observe angled, associated mi-
crovilli (like those of lymphocytes [103]) and thus did not observe widths of 200 nm
and below.

The retraction speed of a circular feature (9± 3) nm/min is not compatible with
that of single microvilli (1.2 nm/s) [101]. Since we expect to observe associated mi-
crovilli this might falsify the retraction speed, microvilli ridges have been reported
to be more stable than single microvilli [101].

Elongated features at the cell rim
The elongated structures at the lamellipodial rim (see Figure 13) that were also ob-
served by SEM (Figure 17) are suggested to be filopodia. Figure 13g shows a lamel-
lipodial extension (advanced in < 60 sec) prior to the development of the filopodium.
We expect that during this phase the Λ-shaped precursor is built within the lamel-
lipodial actin network as reported e.g. for B16-F1 fibroblast-like cells [106]. In agree-
ment with their observations, we could see that this extension, after building the
precursor, retracted in less than 60 s leaving behind a filopodium. Filopodia fusion
was also observed (not shown), which is a frequent process. For that, the filopo-
dia moved sideways to each other, while the lamellipodia expanded around and
between the fused filopodia just to retract again after fusion. The process takes no
longer than 120 s.
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We observe retraction speeds of 1 µm/min (or 17 nm/s) which is in agreement
with those measured for growth cones (17 nm - 170 nm) [107] or HeLa cells
(10 nm/s) [108]. This retraction speed is faster than the depolymerization speed of
F-actin (≈ 2 nm/s) [109, 110], which is the main constituent of filopodia. Therefore,
we suspect a significant share of the filopodial retraction to result from the actin net-
work retrograde flow in the lamellipodium, which is connected to the filopodium. It
is driven mainly by actin polymerization (which is, with hundreds of nm/s, signif-
icantly faster than depolymerization) which pushes against the lamellipodial edge
and contractile forces in the cell [107].
Even though, in general, the growth of filopodia was reported to be faster than the
retraction (e.g. 100 nm/s for HeLa) there are filopodia that grow with a speed of our
measured 17 nm/s, e.g. growth cones and NG108-15 neuroblastoma cells
(1 - 2 µm/min) [111].

Sheet-like protrusions
Similar sheet-like structures that we observed (see Figure 9a, Figure 11, Figure 14a)
have been reported for dendritic cells. It has been shown that these structures, called
ruffles, serve as catchers for T cells [112]. They have also been described on os-
teoblasts upon exposure to parathyroid extract [113] and after internalization of
polymer or metal particles [114], on fibroblastoid cells [115, 116], on breast cancer
cells [117], and on keratinocytes [118]. They appear in various sizes (laterally and
vertically) and shapes. In general, these features are associated with migration, re-
ceptor internalization, and macropinocytosis [117, 119, 120]. Membrane ruffling is
regulated by a distinct signaling pathway [121] and the supporting actin is denser
and more cross-linked [118] compared to flat membrane regions. Three types of
ruffles can be distinguished, namely (linear) dorsal, peripheral, and circular dorsal
ruffles [119]. Colocalization with hyaluronan synthase has been found in a breast
cancer cell line (MCF-7) [117].

Figure 15a shows an example of a peripheral ruffle. Peripheral ruffles are some-
times attributed to loosened lamellipodia. Such loosening and the subsequent re-
traction of lamellipodia towards the cell body has been shown for keratinocytes [118].
Either the attachment of the lamellipodium via integrin was not successful or such
processes may serve the cell to attain structural flexibility and thereby responsive-
ness. Dynamic remodeling of structures, which requires a continuous balance be-
tween assembly and disassembly, is well known for cytoskeletal fibers.
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The comparison between ion current error images of living and fixed cells can pro-
vide insight into the protein content in the ruffle volume, because fixation leads to
cross-linking of proteins resulting in a higher Young’s modulus. The fixed ruffles
exhibit an extremely low ion current error (Figure 14b), lower than that of the sur-
rounding membrane. PFA usually increases the Young’s modulus of cell surfaces,
for instance, from 3.5 to 18 kPa on fibroblasts [122]. Therefore, the lower ion current
error appears counterintuitive regarding the material properties. However, consid-
ering the fin or springboard morphology of ruffles, the elasticity may not result
from changes in material properties only, but also from the flexible shape. Thus, the
extremely low error probably points towards lower stiffness of the ruffle structure,
even when a harder (fixed) protein content is present.

Comparison with SEM
Osteoblastic cells have been studied extensively by scanning electron microscopy
(SEM) [113, 114, 123]. Electron microscopy can yield nanoscopic resolution but re-
quires invasive preparation, such as critical point drying and deposition of thin Au
layers. This enables the observation of cell surfaces containing membrane protru-
sion features; however, apart from [113], no clear ruffles, as observed by SICM, are
recognizable. When no Au coating was applied on the cells of the same osteoblastic
cell line (MG-63) that were fixed after 3 h of adhesion on titanium and afterwards
critical point dried, the ruffles remain clearer to see (Figure 17).

There are two issues regarding the contrast discrepancy between SEM and SICM

that cannot be fully excluded to play a role. By means of critical point drying, vol-
ume changes of the cell throughout the preparation procedure for SEM are believed
to be largely avoided. This might not fully hold at the nanoscale and some mem-
brane protrusion features could get altered during cell death and the drying pro-
cedure. Thus, an option to explain the difference between SEM and SICM images
is that the ruffles might be too fragile and are retracted or collapse upon critical
point drying. However, especially attractive van der Waals forces might lead to
the attachment of ruffles to the membrane surface and, hence, their deformation
under vacuum conditions. In contrast, the attractive surface forces are screened in
physiological medium by ions, leading to undistorted ruffles. Indeed, numerous
of worm-like structures are typically observed on osteoblastic cells in SEM images,
which could be bent microvilli or residual ruffles. In summary, plasma membranes
in the rim region tend to appear slightly smoother (less ruffled) on cells that have
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formed large adhesion interface areas. This may indicate that membrane supply is
an issue during faster spreading.

Excess membrane
We observed that the relative excess membrane decreased with increasing adhe-
sion area of the cells, independent of the substrate (Figure 18b). This could mean
that excess membrane was “consumed” in more anisotropic or spread cell shapes
to compensate for the increased surface-to-volume ratio in the course of spreading.
Ruffles could serve as a membrane reserve prior to formation of large adhesion in-
terfaces. This would be compatible with the observation that there are fewer ruffles
found on lamellipodia or rim regions than in more central regions of the cell. For
keratinocytes an anticorrelation between ruffling and lamellipodia persistence has
been reported [118], supporting this scenario. Another option is that ruffles and
excess membrane are signs of former unsuccessful spreading or deliberate lamel-
lipodia loosening, for instance, for the purpose of resuming migration [124].

A slightly positive zeta potential, such as measured for PPAAm on titanium, has
been shown to increase the spreading speed [125, 126]; our tentative observation of
larger maximum adhesion areas on PPAAm than on glass substrates is compatible
with these earlier findings.
The fact that the span of measured adhesion areas for cells on PPAAm is quite large
(1100 - 4200 µm2) may indicate that either the PPAAm layers on our glass surfaces
are heterogeneous or that cells do not always respond to it. Another origin of the
large spreading may be that, depending on the stage in the cell cycle, the adhesion
program may get more or less priority. It has been shown that isolated cells do not
synchronize their cell cycle in contrast to cells in groups [127] or in tissues [128, 129].
Hence, each cell may be in a different stage. This may contribute to different spread-
ing speeds as observed on PPAAm. According to Pu et al. [130], MG-63 osteoblast-
like cells are to 62 %, 18.6 %, and 19.4 % in the G1, S, and G2 phases, respectively.
Our results are not compatible with [123], where ruffles have been predominantly
observed on primary rat osteoblasts cultured on bioglass, which has a less negative
zeta potential compared to quartz glass.

Rim edge height
The smallest heights at homogeneous regions measured about 100 nm (Figure 19
and Figure 12). Taking into account that the ECM already takes up about 60 nm [131],
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the curvature radius of the membrane would correspond to 20 nm. Values in this
regime are in line with protein-aided cellular membrane curvatures. For example,
intracellular membrane tubes exhibit diameters of a few tens of nanometers, a maxi-
mum curvature is assumed to be generated by the Bin/ampiphysin/Rvs (BAR) pro-
tein and corresponds to less than 1/(10 nm) [132, 133]. Sometimes we find rugged
traces with only 60 nm height. We suspect that those may originate from protein se-
cretions that the extracellular matrix left behind, material that was formerly present
within the gap between cell and substrate. Either this protein becomes exposed be-
cause the lamellipodium has folded away from the surface (to become a peripheral
ruffle) or parts of the cell have been retracted from that region in the course of mi-
gration.

We observed that the cell edge height is lower on moderately positively charged
PPAAm compared with negatively charged borosilicate glass after 1 h. Since we mea-
sured the sum of both cleft and cell height at the cell edge, we cannot directly com-
pare with work addressing the cleft only. However, our results are compatible with
reported cleft thicknesses of about 60 nm, as measured by metal-induced energy
transfer [134] and about 40 nm by interferometric photo-activated localization mi-
croscopy [135].
Interestingly, after 3 h, there is no significant difference in cell edge height on PPAAm

and glass. However, taking into account regions of peripheral ruffles, we observe
a higher average cell edge height on glass. This indicates that either the region of
peripheral ruffles is higher on glass i.e., specifically at the edges, the cell is not well
attached to the substrate, or that, if the edges fold back, they fold back further, lead-
ing to longer peripheral ruffles and therefore higher edge heights.

Invaginations
We occasionally observed invaginations with SICM (see Figure 10a). We expect those
features neither to be artifacts nor caused by poration due to nanopipette crashes.
Otherwise, the invagination would appear suddenly from one scanned line to the
next. In addition, the diameter of 1.5 - 2 µm does not match the width of our nano-
pipettes with ≈ 350 nm at the height of 800 nm (see Appendix Section A.6).
Therefore we expect the invaginations to be part of a macropinocytosis mechanism,
where the cell takes up extracellular fluid [136].
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4.4 CONCLUSION AND OUTLOOK

SICM is a suitable method to resolve apical membrane features of living cells. It is
largely non-invasive and thus cell responses due to the method can be neglected.
Our high-resolution SICM topographies of living and fixed MG-63 osteoblast cells
reveal the three-dimensional morphology and dynamics of their cell membranes.
The most striking feature observed is the large amount of sheet-like plasma mem-
brane protrusions, that is, dorsal and peripheral ruffles. Dorsal ruffles vanish to a
large extent at cell rim regions when spreading is promoted and the cells exhibit
large adhesion areas (above 2500 µm2). This was the case on amine-covered sub-
strates, leading to smoother regions towards the lamellipodia. This suggests that
ruffles act as membrane storage. However, we cannot discriminate between the sce-
nario in which the cell anticipates rapid adhesion and thus ruffled membrane is
brought toward the cell rim in order to establish lamellipodia and the scenario in
which the ruffles remain behind after unsuccessful lamellipodia formation. Yet, the
former scenario is rather unlikely since cells in the early stages of adhesion (low
adhesion area) on PPAAm coating did not show a higher ruffle density than those
on glass. Heights at the rim edges of the osteoblastic cells vary between 100 nm and
more than 2 µm along the circumference. The smallest heights of around 60 nm may
be due to ECM material left behind after the cell has retracted from such positions.
Small heights of a few hundreds of nanometers may refer to lamellipodia regions,
while the larger heights of a few micrometers and less curvature are typical for an
ordinary configuration at cell rims.
During initial adhesion (1 h), the cells show significantly lower cell edge heights on
PPAAm than on glass. This might indicate a higher adhesion performance of PPAAm.
The speed of scanning with the hopping mode is sufficient to enable time-lapses of
dynamics in membrane protrusions, like ruffles, which frequently change the shape
but are laterally immobile. Smaller circular protrusions with diameters of 400 nm
and heights up to 250 nm (unlikely microvilli), that might be subunits of ruffles,
show similar immobility. Filopodia were measured at lamellipodia with widths of
≈ 100 nm and several µm in length. We observed growth and retraction speeds of
1 µm/s (lower limit).
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However, in the future the scanning speed would still need to be increased to prop-
erly resolve processes of membrane protrusions with high dynamics on the cell sur-
face. The limiting factor are oscillations (560 Hz), which occur at higher scanning
speeds in the current signal. They probably stem from vibrations of the nanopipette
tip. They are induced by higher accelerations upon rapid upward and downward
movement of the nanopipette during scanning (see appendix Figure 43). Therefore a
reduction in tip length by adapting the pulling parameters (see Section 3.1.2) could
increase the resonance frequency and thus avoid inducing oscillations as quickly.

Another option would be the modification of the scan mode. Currently, move-
ment of the nanopipette is abrupt, which leads to high acceleration peaks at points
of reversal. Once the ion current setpoint is reached, the pipette gets pulled back
instantaneously which can be seen by the zig-zag signal of the capacitive z-distance
sensor over time (see Figure 43). The abrupt change in movement direction or stop-
ping of the nanopipette after retraction induces the previously described oscilla-
tions. By changing the movement pattern to a smoother shape, e.g. close to si-
nusoidal, the peak acceleration could be reduced, and thus oscillations may be
avoided, enabling higher scan speeds. However, the parameters have to be adjusted
carefully since the tip may be more susceptible to crashes.

To further investigate the circular protrusions and to evaluate whether those are
microvilli, simultaneous fluorescence microscopy and SICM are suitable methods.
However, since the inner structure of microvilli and thus the proteins involved are
very similar to the cell’s cytosceleton, it may be difficult to just stain and identify
microvilli. Villin e.g., is an actin-bundling protein which seems to specifically occur
in microvilli of epithelial cell brush borders [137]. However, proteomics of microvilli
of SaOS-2 osteoblast-like cells did not show the presence of villin [138]. In literature
we did not find a method to specifically target microvilli of MG-63.
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5 CELLULAR RESPONSE TO

MOLECULAR LANDSCAPES1

In the previous chapter we studied the apical membrane morphology of cells, its dy-
namics, and changes in dependence of the substrate. In the following, we further in-
vestigate cellular behavior on the macroscopic scale. For this, molecular landscapes
were printed on glass substrates via µCP which were characterized by fluorescence
microscopy, AFM and SICM. Furthermore, the cell adhesion sites were evaluated op-
tically.

Regarding osteoblasts, during the initial phase upon insertion of joint prostheses,
the speed of covering the material surface is a critical factor in avoiding inflamma-
tion. This is a complex process which comprehends directed migration towards the
prosthesis interface, adhesion performance, differentiation and proliferation. There
are a variety of factors that modify each of these aspects. While cell adhesion is
largely affected by surface properties, which include surface roughness (on differ-
ent scales), anisotropy, stiffness and chemical composition [140], the migration di-
rection depends on gradients of e.g. chemical, electrical and magnetic nature.

Especially electric fields are known to influence numerous of the previously
mentioned cellular processes. To understand how fields act on cell adhesion be-
havior, in vitro experiments are conducted using electrostimulation chambers (see
Chapter 6). To check the effect of DC electric fields, it is also possible to use intrin-
sic surface potentials, directly. Due to advances in lithography, even localized sur-
face potential landscapes can be created reliably and cost-efficiently. Since surfaces
in vivo and in vitro are located in a liquid environment (often blood or culture
medium, respectively) the relevant parameter is the ζ potential (see Section 2.2). It
is defined as the residual unscreened surface potential at the hydrodynamic dis-

1 Parts of this chapter are adopted from the manuscript [139].
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5 CELLULAR RESPONSE TO MOLECULAR LANDSCAPES

tance or shear plane. The ζ potentials of surfaces are usually determined in a fluid
channel via the streaming current or potential, depending on whether the substrate
is electrically conductive or not [141, 142].
Most material surfaces, due to electron spill-out, exhibit more or less negative ζ po-
tentials. The surface charge can be rendered towards the positive direction by attach-
ment of molecular groups, which bind protons or by cationic dissociable groups.
More difficult is the shift of the charge to more negative values than typical materi-
als surfaces. In an aqueous medium, such a proton-binding molecular group is an
amine. Amine groups will increase the ζ potential, i.e., the residual surface potential
at the hydrodynamic distance. At the relevant pH of 7, the ζ potential is raised by
more than ≈ 50 mV upon application of a polyallylamine layer [126, 143]. Laterally,
a ζ potential difference of 30 mV at the transition between a molecular monolayer
and glass, adapting over a distance of two protein diameters (≈ 10 nm) will already
give rise to local electric fields of more than 106 V/m. This field is quite localized,
but at least three orders of magnitude higher than the fields typically applied or op-
erative in electrotaxis or electrostimulation chambers [48]. It should be noted that
in the literature, the externally applied field is most often given, while the field ac-
tually operative in the chamber may be more than 10 times weaker, depending on
geometry, ion current, electrode material and medium permittivity [144]. Since the
ζ potentials on surfaces are already obtained at the shear plane the respective fields
do indeed represent the actual fields.

We used molecular species such as amine- and carboxyl-terminated dendrimers
(PAMAM, generation 1 and trimethylolpropane, generation 1, respectively), BSA and
polyelectrolytes (PSS and PDADMA) to create surface potential landscapes. Even
though we tried to utilize "innocent" molecules, it cannot be fully excluded that
these molecular species provide biochemical cues. Albumin mainly occurs in the
blood where it has the task of aiding thromboresistance by passivating blood ves-
sel surfaces and suppressing platelet adhesion and fibrinogen adsorption. In non-
native environments, it can also promote cell adhesion or be innocent [145–148].
For osteoblast-like cells, enhanced adhesion on BSA is observed compared to heat-
denatured BSA [149], which can be further increased if it is treated with calcium. The
dendrimers are synthetic, and in principle, they can damage the cell membrane or
even enter the cell. However, this is unlikely at dendrimer diameters as small as cho-
sen here [150]. Studies with MG-63 osteoblasts on homogeneous amine-terminated
molecular layers revealed superior adhesion performance, i.e., the largest adhesion
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areas and the most vital intracellular Ca2+ mobilization on plasma-polymerized
polyallylamine and (3-Aminopropyl)triethoxysilane (APTES), in comparison to na-
tively oxidized Ti surfaces [126].

Most studies use ECM species for stripe patterns, where the cell adhesion be-
havior is governed by the strong chemical affinity to bind (e.g. fibronectin), even at
large topographic heights. Though the situation is distinct from our study, where
we aim to explore other types of mechanisms and use “innocent molecular species”
for stripe patterns, we provide a brief summary of findings on stripe patterns with
ECM species [151–158]: Spindle shapes and alignment of fibroblasts in between fi-
bronectin island rows have been observed [153]. The islands appear to be quite
high, since only the template underneath has been prepared by µCP. Similarly, 2 µm
fibronectin stripes with varying spacing gave rise to elongation and directional
migration of fibroblasts in terms of contact guidance [155]. REF52 fibroblasts pre-
fer adhesion on fibronectin stripes, in between non-adhesive polyethylene glycol
(PEG) stripes, particularly if the PEG stripe width exceeds 8 µm [159]. Since the
fibronectin is adsorbed to photolithographically prepared Au structures, these re-
gions may protrude. Extremely high structures (pillars) lead to reduced adhesion
area, in terms of formation of bridges and traction forces [157]. Muscle cells and
murine myoblasts adhered to microprinted, assumingly flat, stripes of fibronectin
or laminin took the characteristic spindle shape and aligned [152, 158]. Human vena
saphena cells, at large stripe spacings, also adhere to fibronectin stripes and adopt
a spindle shape [151]. Non-adhesive (hydrophobic) and adhesive stripes have been
constituted by methyl termination and untreated regions of fused quartz, respec-
tively, fabricated photolithographically [154]. The height differences should be in
the region of the dimension of one methyl group, thus below one nanometer. Be-
yond a 24 µm stripe period a spindle shape and orientation have been observed
with hamster (BHK) and canine (MDCK) kidney cells [154]. An interesting option
is backfilling in between ECM stripes by other materials such as poly-L-lysine (PLL)
or PLL-polyethyleneglycol [156]. PLL has positive charges, and the observation is
that cells adhere to ECM stripes with the typical spindle shape and orientation. ECM

protein species, such as collagen or fibronectin allow biochemical adhesion, i.e., ex-
pression of focal adhesion points, so that one may expect, that with these species,
any electric field effects or other physical cues are overruled. In electric DC fields
live cells, with their negative ζ potential, often migrate toward the cathode, thus
in the direction of the electric field [160, 161]. Dead systems, such as lipid vesicles
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5 CELLULAR RESPONSE TO MOLECULAR LANDSCAPES

with negative ζ potential, will drift opposite to the electric field E⃗ (thus towards
the anode). The speed of electrophoresis [162] is v⃗ = ϵ0ϵζE⃗/η with ϵ0 denoting the
permittivity of vacuum, ϵ the relative permittivity of the medium, and η its viscos-
ity. Thus, live cells most often move opposite to electrophoresis. Electrophoresis is
a passive process, while cell migration is active. The directions of electrotaxis may
be related to the wound potential, which is negative. In the case of bone tissue, the
migration behavior of osteoblasts and osteoclasts appears compatible with the aim
of driving bone remodeling at wounds toward excess mineralization [161].

5.1 CHARACTERIZATION OF MOLECULAR STRIPE

PATTERNS

Molecular stripe patterns were printed on glass cover slips by µCP and subsequently
rinsed with distilled water (see Section 3.4.1). The mesoscopic characterization was
performed by fluorescence microscopy (using UV filter cube, see appendix Sec-
tion A.9) since we noticed a rather faint luminescence of the various molecules.
We attribute this effect to aggregation-induced emission [163]. An example of the
amine-dendrimer can be seen in Figure 21a. For these amine-terminated dendrimers
as well as the other molecule types we noticed a homogeneous fluorescence inten-
sity that only occasionally showed defects.

The topography of the various µCP samples on cover slips was characterized
by AFM. The height of these stripes is particularly important because high struc-
tures influence cell alignment, known as contact guidance [164]. A representative
AFM image of amine-dendrimer stripes is shown in Figure 21c. The topographic
height of the stripes was found to be 2 nm from the averaged line profile (see Fig-
ure 21e). Compared to the apparent root mean square roughness of the topograph-
ically lower stripe areas (Rrms ≈ 10 nm, which we attribute to the glass substrate)
the roughness of the molecular stripes is lower (≈ 9 nm). This, in addition to the ho-
mogeneous distribution of the high (white) spots in Figure 21c, indicates that these
result from the bare glass substrate and that we achieved homogeneous monolayer
stripe patterns of amine dendrimers by µCP.
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5.1 Characterization of Molecular Stripe Patterns

Figure 21: Characterization of molecular landscapes (in this case NH2-terminated (PAMAM)
dendrimer monolayers) on glass upon µCP. (a) Fluorescence image, obtained with
an UV filter cube in ambient. The molecule stripe patterns, which are bright, are
macroscopically intact and only occasionally show defects. (b) SICM-topography
image of an NH2 dendrimer/glass sample in PBS. Bright colors show higher ar-
eas. The molecule stripes (high areas) remain intact in liquid environment. (c)
AFM-topography image of 20 µm-wide molecule stripes with 20 µm spacing be-
tween them under ambient conditions (air). Bright colors indicate topographi-
cally high locations. The white spots partly originate from oscillations. (d) Cor-
responding phase image. One can see that topographically higher areas show
lower absolute phase values than the lower areas. This indicates different me-
chanical properties between those areas and, therefore, points to different materi-
als being present, namely NH2-terminated dendrimers and glass. (e) Horizontal
line profile of the AFM-topography image (c) averaged over the whole area. The
height of the molecular layer (2 nm) is clearly visible.
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5 CELLULAR RESPONSE TO MOLECULAR LANDSCAPES

The corresponding AFM phase image (Figure 21d) shows a lower absolute phase
value at topographically high positions, revealing that the molecules indeed cover
only 20 µm-wide stripes, and that in between these stripes the bare glass substrate
is still visible. To validate the integrity of the molecular layers in liquid (PBS) we
performed SICM measurements. The stripe-patterned molecular layers stayed intact
and, in case of the amine dendrimer, heights of 2 nm (see Figure 21b) were mea-
sured which is similar in ambient conditions. It should be noted that the sample
appears to have a lower roughness (Rrms ≈ 2 nm) in liquid. This is due to the lower
lateral resolution of the SICM (≈ 50 nm) compared to AFM (a few nanometers) [165,
166]. Height analysis was conducted for the various molecule types. The results are
shown in Table 3.

molecule species AFM [nm] SICM [nm]

BSA 4 2
NH2-terminated dendrimer

(PAMAM gen. 1) 2 2

COOH-terminated dendrimer
(G1-TMP-COOH) 1 2 - 3

PDADMA 1 - 3 0.5 - 1

PSS 1 2

Table 3: In ambient conditions (AFM) and in liquid (SICM) measured molecule layer thick-
nesses.

5.2 CELL RESPONSE TO MOLECULAR LANDSCAPES

MG-63 osteoblastic cells were seeded on BSA and NH2-terminated dendrimer-print-
ed glass samples and incubated for 24 h, allowing them to adhere and migrate to
preferred locations. Subsequently, the cell culture medium was exchanged by HEPES

buffer to localize the molecular stripes by luminescence (GFP filter cube). In areas
where molecular stripe patterns were present, a significant amount of single cells
((89± 3)% for BSA and (78± 6)% for NH2 dendrimer samples) adopted a distinct
spindle shape and aligned parallel to the stripes (Figure 22). This observation re-
mained true only when the cells were separated from each other. In case of con-
nected cells (e.g., via filopodia) the response to the molecular patterns seemed to be
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5.2 Cell Response to Molecular Landscapes

largely absent (see blue marker in Figure 22d). They were often randomly oriented
and did not necessarily maintain a spindle shape.

Figure 22: Optical microscopy images of MG-63 cells after 24 h adhesion time on glass
with molecule stripe landscapes. The scale bars in the bottom right corner show
100 µm or 50 µm for images (a,b) and (c,d), respectively. (a) Brightfield image of
adhered cells. Most cells orient diagonally and adopt a spindle shape. (b) Cor-
responding auto-fluorescence image (GFP-filtercube). The bright stripes (indicat-
ing NH2-terminated dendrimer layers) are oriented in the same direction as the
cells. At spots where the stripe pattern is absent (top right) the cells orient ran-
domly and do not necessarily take on a spindle shape. (c) Brightfield image of ad-
hered MG-63 cells on BSA µCP glass. The cell clusters (marked in blue) are oriented
in the same way as the separated cells (marked in red). However, it is visible that
the adhesion area is not so well defined for the cell-clusters. (d) Corresponding
auto-fluorescence image. The separated cells orient along the bright BSA stripes,
but adhere on the dark glass-stripes. In case of the cell clusters (marked in blue),
orientation and confinement onto the glass site is largely absent.

Taking only separated cells into account, we noticed a significant adhesion prefer-
ence onto glass sites (see Figure 23). While for the BSA-samples (87± 5)% of single
cells residing on glass, the preference seemed to be slightly lower in case of PAMAM

55



5 CELLULAR RESPONSE TO MOLECULAR LANDSCAPES

samples with (70± 5)%. We can exclude that this observation is due to different ad-
hesion probabilities on glass or flat molecule layers. When we offered a flat unstruc-
tured layer of BSA or NH2-terminated dendrimer, the preference for glass vanished.
A similar amount of cells were then found on the glass and molecule sites after 24 h
incubation (see Figure 24). This may also serve to dispel doubts regarding the fact
that albumin is not fully innocent in terms of adhesion [145–148].

Figure 23: Percentage of separated cells on glass samples with structured molecular land-
scapes after 24 h adhesion time. Cells either oriented along the structures (ad-
hered on molecule layer or glass) or they did not respond to the landscape and
remained unoriented. At least 4 independent experiments were performed, all
graphs show significance (mean ± sem) between oriented (glass and molecule
layer) vs. unoriented cells and molecule layer vs. glass (Student’s t-test, p < 0.05).
(a) Cell-distribution on BSA µCP structured glass. (b) Cell-distribution on NH2-
terminated dendrimer µCP structured glass.

The luminescence intensity of the polyelectrolytes (PSS and PDADMA) and COOH-
terminated dendrimers was not sufficient enough when exposed to HEPES buffer
to discriminate between the glass and molecule sites. Thus, we decided to check
random samples using SICM. Three cells for each molecule type were chosen and
their topography as well as location were investigated. The cell topography at the
poles featured membrane protrusions, so-called ruffles (as described in the previous
chapter, see Figure 25). Strikingly, the amount of ruffles is higher than at the rim of
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5.2 Cell Response to Molecular Landscapes

Figure 24: MG-63 cells 24 h after seeding onto a BSA µCP glass surface. The scale bars indicate
100 µm. (a) Brightfield image of a representative spot at the transition from glass
to BSA-surface. A homogeneous cell distribution is present. (b) Corresponding
auto-fluorescence image. The bright area (bottom half) shows the presence of a
BSA-layer. A total of 36 cells are adhered on glass while 43 reside on the BSA-layer.
Considering the area of the molecule layer vs. glass (0.74 mm2 and 0.65 mm2,
respectively) the cell density is similar.

cells which did not adopt the spindle shape. In all cases, the cell alignment was
along the stripe-patterns and the cells chose to adhere at the glass site.
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5 CELLULAR RESPONSE TO MOLECULAR LANDSCAPES

Figure 25: Fixed MG-63 cell after 24 h adhesion time on BSA µCP glass in PBS. (a) Bright-
field image of a spindle-shaped cell oriented parallel to the molecule stripes.
The blue square at the cell pole shows the area of investigation by SICM. (b)
SICM-topography image of the cell pole. Bright colors mark high spots. Exten-
sive membrane ruffling is visible. The ruffles (peripheral) at the edges are several
µm higher compared to the surrounding cell membrane, indicating that the cell
either folded back its membrane or that the cell attempted to spread further and,
therefore, provided membrane at the pole.

5.3 DISCUSSION

Stripe characterization
The AFM data correspond well to the respective molecule monolayer heights [167–
169]. All measured heights fall in the regime between 0.5 and 4 nm. In general, un-
der ambient conditions (air), which were present for AFM measurements it is well
known that a thin film of water adsorbs onto the surface. The film is usually not
measured by AFM but might lead to a swelling behavior of the molecular films. In
contrast, SICM is performed in liquid (PBS) containing various dissolved salt species.

In case of BSA we expect a laying configuration with the long molecule axis
(≈ 14 nm) parallel and the short axis (≈ 4.2 nm) perpendicular to the surface [167].
The protein structure (tertiary and quaternary) of BSA may be the reason why e.g.,
the Stokes radius is only 3.48 nm [170]. This would imply a high ion-conductivity
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and could explain why an artificially low height of 2 nm was measured by SICM. The
NH2-dendrimers exhibit a higher mass density than BSA (50 %) taking into account
the stokes volume and the molecular weight. Therefore the ion-conductivity may
be negligible which results in similar heights measured with AFM and SICM (2 nm).
Even though, no data on the Stokes radius is available in literature, we expect a sim-
ilar mass density of the COOH-terminated dendrimer. However, in contrast to the
NH2-dendrimer the height in SICM was measured up to a 3-fold higher than in AFM.
Taking into account the ζ-potential, which is negative for both the glass surface and
the COOH-dendrimer, we can expect a repulsive effect. However, this effect should
be lower in a high ionic environment due to the screening and thus should lead to
an opposite effect of what has been measured.

The swelling in liquid environment is especially known for polyelectrolytes and
results in height changes of a few nanometers in case of a few multilayers [171].
However, the swelling is usually ≈ 30 % and the effect observed here is larger. More
likely there are only weak binding sites formed between the negatively charged
PSS and glass, so polymer fragments protrude into the liquid (loops and tails). This
would explain the increase in layer thickness in liquid. In contrast, layers of posi-
tively charged molecules (e.g., PDADMA) are equally thin or thinner in liquid com-
pared to ambient atmosphere because the positive monomers are electrostatically
attracted to the glass.

The rectifying behavior of the ion current through a nanopipette due to the dif-
ferent ζ potentials of the molecular layer and glass can be neglected here, since the
Debye length is ≈ 0.7 nm in PBS [91]. The edge sharpness of the stripes is in the
regime of 25 nm according to AFM measurements at the transition between glass
and stripe.

Adhesion site preference
The apparent glass preference when molecular layers are offered in the direct vicin-
ity of cells is not explainable by means of ζ potentials of the different species: the po-
tential of glass is strongly negative (≈ - 80 mV), BSA films on glass raise its potential
by a few 10 mV. The amine groups of the dendrimer exposed to aqueous medium
tend to bind a proton and become positively charged, resulting in a positive ζ po-
tential of 22 mV [172]. This would give rise to a preference to the molecular layers
since ζ potentials in the regime around 0 mV are favorable for MG-63 activity [126].
Especially on larger, covalent bound NH2-terminated dendrimers (gen. 5) the os-
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teoblasts exhibited tight cell attachment with well-organized actin stress fibers and
well-spread morphology [172].

However, if a chemical gradient would be operative, the cells could sense and
mistake or regard the amine as the presence of cells or extracellular matrix. In terms
of (pseudo-)tissue formation priority, i.e., swiftly covering a surface, it would make
sense, that cells fill voids, i.e., the space in between the molecule stripes. The obser-
vation of mini-tissue, i.e., the accumulation of two or more cells that did not reside
on the glass site supports this scenario. The UV-ozone pre-treatment of the glass
slides as a reason for the cell response could be excluded since experiments with-
out treatment yielded similar results. Contact guidance occurs beyond a threshold
of ≈ 33 nm deep grooves for osteoblasts [173, 174]. For fibroblasts, the threshold for
contact guidance was reported to be 35 nm with groove structures with a 1:1 pitch
ratio [173]. Therefore, we regard contact guidance as an extremely unlikely process
in our experiment since our structures are less than 4 nm in height.

Instead, we suggest that the different ζ potentials between glass and the respec-
tive molecular layer give rise to a horizontal electric field localized at the molecule-
glass transition lines. Considering the low distance over which the electric poten-
tial drops (e.g., roughly assuming twice the molecular diameter), the electric field
already amounts to the order of 106 V/m. Such high field strengths are usually not
present in conventional electric chambers [44, 48]. In case of the BSA and NH2-
terminated dendrimer landscapes, the electric field vectors would point in-plane,
perpendicularly from the stripe edges toward the glass site, which is the retraction
(or deformation) direction of osteoblastic cells in our experiments (see Figure 26).

Often, mammalian cells appear to show cathodic taxis [160, 161], including ker-
atinocytes [175], neuronal growth cones [176], meniscus cells [177], and SaOS-2
osteoblast-like cells [44, 45]. Some cell types show anodic taxis, e.g., osteoclasts [44]
and dermal fibroblasts [175]. Furthermore, primary patient-derived osteoblasts [178]
and calvarial osteosarcoma osteoblasts [45] show anodic taxis. A paucity of litera-
ture exists on the behavior of the osteosarcoma cell line MG-63 [48, 144]. This type of
osteoblastic cell appears not to migrate to one or the other electrode, however, MG-
63 adopts a crescent shape with the convex side toward the cathode [48], as has
also been observed for migrating RCJ.1.20 osteoblastic cells [44]. This may possibly
represent an attempt to minimize electric potential differences along the cell body.
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Figure 26: Depicted is the cross section of an NH2-terminated dendrimer printed on a glass
sample where MG-63 osteoblastic cells are adhered. The difference in ζ potential
between the molecules and glass (illustrated in green) lead to an alternating lat-
eral electric field (red) at the glass–molecule interface. We put forward a double-
sided cathodic taxis ansatz to explain the apparent cell preference on glass.

This is in agreement with our observation, since the cells adhered along the glass
and thus avoided the horizontal electric field at the glass–molecule interface. To
corroborate that the glass preference is due to electro-deformation, we assessed the
cell response to COOH-terminated dendrimers, PDADMA, and PSS landscapes. PSS

shows a slightly lower ζ potential (- 88 mV) than glass (assuming - 80 mV for glass),
which may allow us to alter the electric field vectors in comparison to BSA and NH2-
terminated dendrimer-printed glass samples [126]. COOH-terminated dendrimers
and PDADMA were chosen to vary the electric field strength due to their ζ poten-
tial (- 47 mV and 51 mV, respectively) [126, 172]. Through bright-field microscopy,
we noticed an alignment and orientation of single cells, similar to previous obser-
vations with positively charged stripes. Unfortunately, the autofluorescence of the
three molecule types was too faint to observe under liquid conditions, which is why
we could only conduct spot checks to investigate the cell’s preference with SICM. Of
the three cells chosen on each molecular species sample (COOH-dendrimer, PSS,
and PDADMA), none of them were located on the molecule stripe. Thus, the orien-
tation of the electric field vector at the glass–molecule interface (COOH and PSS)
either might not be the dominating factor that controls the adhesion preference or
the lowering of the ζ potential was not successful. Since the ζ potentials of glass and
PSS are very similar, reversal of the electric field vector at the transition lines might
not have taken place.
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In general, the error of ζ potentials with molecule coating is ≈±10 mV. It is
much more difficult to increase the negativity of already negative surfaces com-
pared to the charging of negative surfaces toward the positive direction. This is due
to the electron spill-out, i.e., the fact that electrons are less localized in atoms than
the positive nuclei.

SICM-topography at the cell poles
Significant amounts of ruffles were present at the cell poles (see Figure 25). Since
ruffles act, among other functions, as membrane storage, the spindle-shaped cells
apparently provide additional membrane at the poles. This shows that the apical
membrane morphology indicates the spreading direction (along the poles).
If we were to assume cathodic taxis of the osteoblasts, the movement could be ex-
plained by the push–pull model [67] or the directional sensing model [179]. Both
suggest the Ca2+-flow being essential for the mechanism. A transcellular Ca2+ cur-
rent may pass from the rear to the leading edge, resulting in a Ca2+ concentration
gradient along the cell. The low Ca2+ concentration toward the anode leads to de-
polymerization of actin while an increased Ca2+ level at the cathodic side leads to
a promotion of polymerization. The concentration gradient also comes along with
actomyosin exertion and thus to a migration towards the cathode [67]. Since, in our
experiment, there is no uniform cathodic side due to alternating electric field direc-
tions, we suggest a double-sided local galvanotaxis of cells in the direction of the
electric field vectors being responsible for the observed behavior.

5.4 CONCLUSION AND OUTLOOK

Monolayer-striped patterns with 40 µm periodicity and 20 µm stripe width have
been prepared by µCP and characterized by AFM and SICM. The heights were found
to range between 0.5 and 4 nm with the largest apparent height observed with BSA

stripes in ambient (air) and the smallest with COOH-terminated dendrimers G1 in
physiological medium. Taking into account the sharpness of the molecular stripe
pattern edges and the ζ potential difference between molecules and glass, the elec-
tric field lines at the interface should amount to 106 V/m. Indeed, osteoblasts prefer-
entially adhere to the glass (with an abundance of 87± 5 % and 70± 5 %) and orient
along the molecular stripes, adopting a spindle shape. The spindle poles exhibit
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excessive ruffling, pointing towards a membrane reservoir for the purpose of longi-
tudinal spreading. The deformation is compatible with a cathodic taxis mechanism,
where Ca2+ ions flow into the cell at the anodic side, leading to retraction.

Since we could not discriminate whether we achieved an alternation of the direction
of the EF (by applying molecules with a lower ζ potential than glass) it would be
helpful to change the substrate (in this case, glass). However, as stated previously
the ζ potential of most substrates is highly negative. Therefore, we advise creating
alternating molecular stripe patterns with 2 molecule species that cover the whole
glass surface. A variety of different lithographic methods are common, but they are
often operable at too low lateral scales for cell applications (e.g., nanografting via
AFM or dip-pen nanolithography [180]) or require chemical agents (e.g. photolithog-
raphy) which often conflicts with biocompatibility.

We consider µCP to be the most efficient and "non-invasive" method to achieve
alternating molecule stripe patterns. The ordinary µCP, which we have performed,
has already been further developed by other workgroups [181, 182].
One approach is subsequent µCP of different molecule species [181]. However, sub-
stantial effort has to be made aligning substrate and PDMS stamp during the second
printing step (e.g. via micrometer drive stages). Misalignment as well as the case
that the two molecular species share the same solvent, could lead to the transition
between the stripes being soft and thus to a diffuse EF distribution.

Microdisplacement printing could solve this issue, but the method is highly de-
pendent on the specific molecules being used [183]. It requires a "labile" SAM that
is adhered to the substrate (e.g., by immersing the substrate). The second molecule
species is printed (via µCP) on the SAM, which results in displacement of the SAM at
the printed locations via competitive adsorption.

Another possibility is the combination of µCP and degas-driven flow-guided pat-
terning [182]. In contrast to the previously mentioned techniques, it is easily applica-
ble and not reliant on specific molecules. The working principle was demonstrated
by Lee and coworkers with FITS-BSA that was applied to the µCP stamp in the or-
dinary way (see Figure 27). The molecule was stamped onto glass under vacuum
condition, which leads to air-release in the highly air-soluble PDMS. After restoring
the atmospheric pressure, the PDMS reabsorbed air over time. During this phase the
second ink (in this case, PEG-silane in ethanol) is introduced, which is pulled into
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the stamp cavities due to reduced local air pressure.

Figure 27: Illustration of µCP with degas-driven flow guided patterning. Figure adapted
from [182].

The concept of ζ potential of monolayers on surfaces has always been addressed
by means of a surface averaged value. In the future it may be eligible to resolve
the ζ potential locally to achieve a better understanding of the transition between
the molecule stripes. SICM is a suitable method to evaluate surface charge densities
due to the electric double layer formed in liquid environment [91]. Although the ζ

potential can only be accessed at the shear plane, we can draw conclusions about
its relative value by SICM (see Section A.7).

Figure 28 shows ion current (I) - distance (d) curves on glass, measured with
SICM. The measurement medium was a mixture of PBS and double distilled water
(ratio 1 : 2). The effective reduction of the salt ions leads to an extension of the De-
bye length such that the SICM sensitivity is sufficient to detect the EDL. The EDL

leads to an effective increase in ion current when approaching the sample with the
nanopipette, before decreasing again due to current squeezing (reduction in cross-
section of the current paths). Depending on the charge species of the EDL this cur-
rent increase occurs either when the nanopipette is at positive or negative potential
(relative to bath electrode).

We performed similar I-d curves along a line roughly perpendicular to PAMAM

stripes printed on glass (stripe width: 6 µm, periodicity: 12 µm). The process was
repeated 3 times at the same location. Averaged values of the maximum ion current
measured at negative bias are plotted in Figure 29. All measured current values are
higher than the reference current (0.95 nA, far away from the sample). Thus we can

64



5.4 Conclusion and Outlook

1.08

1.06

1.04

1.02

1.00

0.98

0.96

io
n 

cu
rr

en
t i

n 
nA

-80 -60 -40 -20 0
z-position in nm

 bias -242 mV
 bias  170 mV

Figure 28: Ion current as a function of nanopipette-height at different electric potentials of
the nanopipette electrode (relative to the bath electrode). Lower height-values
mean a closer distance between glass surface and nanopipette.

conclude that the ζ potential along the measured position is always negative. How-
ever, a slight difference is noticeable. The highest values (around 1.1 nA) are found
at a plateau with a distance of 5 µm (blue background), which is in close agreement
with the stripe width. We expect those values to result from the pristine glass sur-
face.
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Figure 29: Maximum ion current as a function of the position along a straight line perpen-
dicular to molecular stripes.

65



5 CELLULAR RESPONSE TO MOLECULAR LANDSCAPES

Where we expect the PAMAM stripes to be (red background), lower maximum ion
currents are measured (around 0.9 - 0.8 nA). Therefore, the PAMAM molecules in-
deed shift the ζ potential towards the positive, but do not reverse the ζ potential to
positive values. It should be noted that these measurements were only spot checks
and may not represent the actual ζ potential at the location of PAMAM stripes.
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6 SURFACE-MEDIATED

ELECTRICAL STIMULATION OF

ADHERED OSTEOBLASTS

In the previous chapter we established localized EFs via molecular landscapes to in-
vestigate the cellular response. The cells aligned parallel to the molecule stripes and
thus avoided the glass-molecule interface, which we attribute to a localized form of
the directed migration of cells due to the EF. However, to further investigate the cel-
lular response to EFs we need to vary the setup, since DC EFs resulting from varying
surface potentials are almost instantly screened by the ions in liquid environment.
As an alternative approach to the classical capacitor-like electrode configuration,
we employed conductive substrates, acting as planar resistive electrodes to achieve
a homogeneous EF in cell vicinity. The aim is to achieve a more predictable field dis-
tribution, especially at the cell-substrate interface, and to minimize electrochemical
reactions in the liquid container.

6.1 INTRODUCTION

Endogenous EFs occur in various biological systems and across different scales.
Starting from the embryonic morphogenesis of various species where EFs are sus-
pected to lead to the development of extremities [184, 185]. Even on a single-cell
scale, endogenous EFs are responsible for guidance of the axis of cellular division [186].
EFs occur at cell membranes where the TMP, which usually ranges from - 40 mV to
- 90 mV, is kept constant by an active ion transport via molecular pumps [187]. Neu-
ronal communication through axons would not be possible without endogenous
dynamic EFs, which are also known to play a crucial role in wound healing. The
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disrupted epithelial barrier is more negative than the underlying intact epidermis,
which results in an EF that acts as a guiding cue for cells [188, 189].

Therefore, the ES of cells to influence such electrochemical cascades has been of great
interest in research in recent years. Indeed, researchers have been able to influence
cell function such as improved adhesion, directed migration, increased prolifera-
tion, and differentiation of stem cells. However, the underlying mechanisms are not
yet well understood and the variety of ES setups, as well as the specific cell types be-
ing used in literature, don’t provide a clear, straightforward picture. Generally, the
ES configurations can be divided into three groups: faradaic current, capacitively
coupled, and inductively coupled chambers (see Section 2.3.1).
In capacitive setups, mostly capacitor plates outside the culture dish are being used.
Since dissolved ions in physiological medium lead to an effective screening of the
EF, it is not possible to establish a constant electric potential gradient in cell vicin-
ity. However, if a time-dependent voltage is applied, the electrochemical layer of
the physiological medium is charged and discharged, causing an ion current flow.
In this case an AC EF in cell periphery is accomplished. In contrast, chambers with
Faradaic currents being present can provide constant EFs. Usually two electrodes
are immersed in the medium and placed next to cells. Similar setups, often referred
to as (conductive) substrate-mediated, consist of a single electrode on which the
cells are directly seeded [190–192]. Materials being used for such electrodes are met-
als, metal oxides, polymers and graphite. Due to a constant EF (in DC operation) the
directional migration of cells (known as electrotaxis or galvanotaxis) can be investi-
gated with adhered cells.

Moreover, DC setups imply electrochemical reactions at the liquid-electrode in-
terface, known as electrolysis. It has been suggested that the reactions lead to a pH
shift in the physiological medium (particularly in the vicinity of electrode surfaces)
or even result in more or less toxic species such as hydrogen peroxide or free rad-
icals [26], and therefore in unintentional cell responses to stress. To prevent these
issues, agar salt bridges were introduced in some studies to physically separate the
physiological medium including the cells, and the one containing the electrodes,
where the reactions are taking place [193].
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6.2 CONCEPT OF THE PLANAR RESISTIVE ELEC-
TRODE

The planar resistive electrode configuration consists of a substrate which is elec-
trically conductive and contacted at the edges. Between those contacts, a silicone
reservoir filled with physiological medium and the respective cells is positioned.
A 3D representation and the cross-section of the setup as well as the correspond-
ing simplified model of an equivalent circuit can be seen in Figure 30. Applying
a voltage at the substrate leads to an electric current through it. The liquid which
consists of various types of ions acts as a resistor connected in parallel. At the liquid-
electrode interface redox reactions result in transfer of charges into and out of the
substrate. However, since an EDL forms at the liquid-electrode interface a significant

REDL REDL

RSol

CEDL CEDL

RSub1 RSub2 RSub3

22

6

13.61.7

nanopipette
Ag/AgCl 
electrodes

gold coated
coverslip

silicone insert filled
with medium

waveform 
generator

a) b)

conductive
silver lacquer

Figure 30: (a) 3D representation of the ES chamber within the SICM-stage (not to scale). (b)
Cross section of the stimulation chamber (dimensions are given in mm) and
the corresponding simplified equivalent circuit. The substrate (with resistance
RSub = RSub1 +RSub2 +RSub3) is connected to a voltage supply. Parallel to the
substrate is the medium (DMEM) which has a certain resistance Rsol. The liquid-
electrode interface leads to a formation of an electric double layer, that can be
further charged or discharged (capacitance: CEDL). If the potential drop at the
electrode-liquid interface is high enough (depending on the reacting ion species)
due to a charged EDL a faradaic current will flow. This threshold behavior is ac-
counted for by diodes in forward-direction.

portion of the electric potential already drops within a few nanometers. The EDL can
be simulated by a capacitance that can be charged and discharged, depending on
the voltage applied to the electrode. For the reduction or oxidation of ions at the
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liquid-electrode interface, which is required to achieve a Faradaic current through
the medium and thus an EF, a minimal potential difference across the EDL is needed.
The specific value is dependent on the reacting species. This is accounted for by
diodes in forward direction in the equivalent circuit that only pass current when a
threshold voltage is reached. The required minimal potential drop at the interface
causes the origin of ion current through the medium being mainly at the edges of
the silicone cylinder.

Simulations were performed by Julius Zimmermann in his time in the research
group "Electromagnetic Field Theory" (U. van Rienen) that are based on the finite
element method. For every element Maxwell’s equations in the electroquasistatic
limit were computed via COMSOL Multiphysics. The respective material proper-
ties used can be found in the Appendix Section A.4. The simulation shows indeed
a homogeneous EF in the center of the silicone ring. The EF penetrates the medium
only in cell vicinity, close to the electrode (see Figure 31). However, it should be
noted that the EDL is not included in the simulation, which potentially leads to an
overestimation of the magnitude of the EF. With DC stimulation there are the typ-
ical disadvantages such as electrolysis (mainly water splitting becoming effective
at about 1.8 V) and electron-transfer reactions at the electrode. Since an ion current
passes the inter-cellular medium and charges are being transferred by ions, mate-
rial will be deposited at the liquid-electrode interface and thus a local concentration
gradient of ionic species and potentially a pH gradient will develop which could
be stressful or cytotoxic [194]. The issue could be potentially avoided by AC stimu-
lation in combination with charge compensation, which means that the ion current
should equal zero on average over time. Depending on the specific configuration
one needs to consider ohmic heat due to the electric current passing through the
substrate.

For our setup the resistive electrode sample is required to be partially transparent
due to an inverted microscope (see Figure 30a). Since in vitro cell experiments are
performed the electrode should be biocompatible and non-degradable over time.
Gold exhibits all these properties, it is widely used in the field of nanomedicine e.g.,
in form of nanoparticles [195, 196] or multi-electrode arrays in field potential mea-
surements of neurons. Among the typical inert metals (e.g. silver, gold, platinum)
gold is most suitable because it is not cytotoxic in the form of an ion (in contrast
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Figure 31: EF distribution calculated for a planar resistive electrode under a cylindrical
polystyrene ring. Note that the dimensions of the setup as well as the electrode
and cylinder material used in our experiments differs slightly from the simula-
tion. The EF is homogeneous in the center and mostly affecting medium in close
vicinity of the electrode. For further information about the simulation, which
is kindly provided by Julius Zimmermann, see text above and appendix Sec-
tion A.4.

to silver, which leads to the production of reactive oxygen species and thus oxida-
tive stress in cells, which damages membranes and organelles [197]) and the electric
double layer formed is smaller than that of Pt regarding the capacitance at low fre-
quencies in NaCl aqueous solutions [198]. One disadvantage is the high electrical
conductivity, which leads to significant ohmic heating during stimulation. This is
why we had to check the resistance of the sputtered gold layer at a given voltage in
dependence of layer thickness and the ohmic heat development during electrostim-
ulation.

6.3 RESULTS

6.3.1 CHARACTERIZATION OF THE RESISTIVE ELECTRODE

LAYERS

The gold layers were deposited with a sputter coater (Cressington 108auto/SE, TES-
CAN GmbH, Dortmund, Germany) and their corresponding resistances were mea-
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sured. Afterwards the layer thickness was measured by partially scratching off the
gold layer and measuring the resulting steps by AFM. The maximum resistance
that could be achieved was around 190 Ohm (see Figure 32) at a layer thickness of
10 nm. The upper limit of the resistance is due to the requirement for a closed or
percolated gold layer.

Figure 32: Resistance of sputtered gold layers on glass cover slips (22 x 22 mm2) in depen-
dence of layer thickness, according to AFM measurements. Maximum resistances
of 190Ω could be achieved while maintaining a closed gold layer at thicknesses
of ≈ 10 nm. For layers of 20 nm and more values of ≈ 15Ω could be obtained reli-
ably. Measured by Regina Lange.

To evaluate the temperature development of the setup due to ohmic heating the
planar resistive electrode configuration (see Figure 30) was placed in an incubator
which was set to 37°C. A silicone ring was placed on the substrate and filled with
DMEM. A constant voltage was applied to the gold electrode while the correspond-
ing electric current was monitored. The temperature was measured by using an en-
capsulated miniature thermistor, which was placed inside the medium. Therefore
the thermistor’s resistance was read out once a constant value, and thus thermal
equilibrium, was established. The temperature and the electric power in depen-
dence of the applied voltage can be seen in Figure 33. The diagram shows that a
power of 30 mW already leads to ≈ 38°C. This ohmic power was chosen as an up-
per limit, since cell viability is assumed not to be affected and only minor effects on
cellular physiology, like alkaline phosphatase, proliferation and mineralization are
to be expected [199, 200].

72



6.3 Results

Figure 33: Temperature of the physiological medium and power of heating within the
substrate-mediated ES chamber in dependence of applied voltage at a ≈20 nm
thick gold layer.

This leads to the need of other substrates when the EF in the liquid should be in
the physiological window of several volts/cm. In the ideal case where the full
electric potential drops linearly across the liquid we would need substrates with
a resistance of 4 kΩ to achieve 5 V/cm. This is regarded as the physiological win-
dow for beneficial electrostimulation of bone. Such fields lead to galvanotaxis of
human osteosarcoma cells (SaOS-2) [45]. Correspondingly, at the substrate 11 V
would need to be applied taking into account the lateral dimensions of the gold
layer (22 x 22 mm2). This is a lower limit due to formation of an EDL where a signifi-
cant voltage drop occurs. Since for an 100Ω gold layer, only ≈ 1,7 V can be applied
until the limit of 30 mW is reached we decided to use polymers mixed with carbon
nanotubes (CNT), which were kindly provided by the group "Soft Matter and Bio-
physics" (C. Helm, University of Greifswald) [201]. The specific sequence of layers
used is: PEI/PSS/PDADMA/(CNT/PDADMA)n(CNT/PEI) (further information in
Appendix Section A.2). The number of bilayers (CNT & Polymer) can be varied. In
the scope of this work, 6 bilayers were sufficient (i.e., n = 5). The polymers poly-
ethylenimine (PEI), PSS, and PDADMA are polyelectrolytes, which become charged in
a liquid environment. Polymers in combination with single wall carbon nanotubes
are already commonly used in literature for ES purposes [202–204]. The advantage
of such a configuration is the variable resistance that can easily be tuned by varying
the number of layers adsorbed onto the surface (see Figure 34) [201].
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Figure 34: Average sheet resis-
tances of substrates
(& the correspond-
ing standard error
of mean) with dif-
ferent numbers of
polyelectrolyte-CNT
bilayers.

6.3.2 CELL MIGRATION DURING DC ELECTRICAL STIMULA-
TION

The cell culture was performed as previously described in Section 3.4.2. MG-63
osteoblastic cells were seeded on the respective electrode material at a density of
3500 cm-2. 24 h after cell seeding, the setup was put under an optical microscope
and cells were stimulated by applying a constant voltage to the conductive sub-
strate. The temperature of the medium was measured by a Pt-100 resistor to ensure
that 38°C was not exceeded. Optical images were acquired and analyzed before
and after stimulation. To overcome drift during stimulation, inhomogeneities in the
substrate were used as fixed reference markers.

Gold Electrodes
During the first experiment the cells on the sputtered gold layer were continuously
stimulated for 2 h at 1 V. The distance the centroid of the respective cells moved is
plotted in a polar coordinate system (Figure 35a). The cathode (negative potential
or ground) and the anode are positioned at 270◦ and 90◦ direction, respectively. On
average the 12 cells investigated migrated (0.6± 0.3) µm in x- and (-0.3± 0.3) µm in
y-direction. Disregarding the migration direction, i.e. only considering the average
migration distance from the respective starting point, the average migration speed
is (0.7± 0.2) µm/h. The cells’ movement is randomly oriented, i.e. no galvanotaxis
could be discerned.
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Figure 35: ES of MG-63 cells for 2 h with 1 V applied to a resistive gold layer on glass. (a) Cen-
troid movement of single cells in polar coordinate system. Radial units: µm, 90◦

and 270◦ refers to the anode and cathode direction, respectively. (b) Brightfield
image of a cell before (orange area) and after stimulation. The cell’s movement is
marked blue in (a). (c) Relative orientation of selected cells over stimulation time.
(d) Average orientation of the cells’ long axis over time. The light red shading
shows the standard error of the mean. See the text above for details.

To evaluate changes in the orientation of the cells, ellipses were fitted and the an-
gle between the primary axis and the horizontal axis calculated (ImageJ). Cells in
which a distinct orientation could be recognized, meaning that the length of the
primary axis of the ellipse is at least 1.5 times the length of the minor axis were
selected and their orientation change over time presented in Figure 35c. The aver-
age absolute change of orientation of (2.6± 0.7)◦ is not significant. The orientation
of the cells does not seem to converge to a specific angle regarding the standard
error of the mean (Figure 35d). Therefore, the EF seems to have no effect on cellu-
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lar orientation. Since it is not clear whether, and if so, to which parameters of ES

the cells could respond, the second experiment was performed by stimulating for
1 h at 1 V, followed by 2.5 h of resting, meaning the stimulation was turned off. The
cells responded in a similar way (see Figure 36). Migration was not directed since
the 12 cells were displaced on average (0.4± 0.5) µm in x- and (0.2± 0.6) µm in y-
direction. However the mean migration speed of (0.7± 0.09) µm/h was similar to
the experiment where the stimulation duration was longer. Note that a compari-
son of the mean migration speed between experiments with different observation
times is only valid if the cells perform a uniform rectilinear motion. In the other
limiting case of non-directed migration of cells (i.e., random walk) analyzing the
mean-squared displacement would be beneficial.
A directed reorientation of cells could also not be observed.

Figure 36: Centroid movement of MG-63
cells within a timeframe of
3,5 h. In this experiment the
cells rested 2.5 h (no stimula-
tion) after 1 h of stimulation at
1 V. Cells were seeded on sput-
tered gold layer on glass.

Polyelectrolyte-CNT Layers
Since no directionality of migration or of the shape of the cells could be observed the
substrate was changed to layers of polyelectrolytes and CNTs, where higher voltages
could be applied without extensively heating the medium.
In experiments similar to those of gold layers the cells were stimulated two times
at 2 V for 15 minutes and a 1 h break after each stimulation (see Figure 37a). The
cells’ movement is represented by red crosses. The cells’ migration directions seems
uniformly distributed. The mean net migration distance in x is (-1.3± 2.9) µm and
in y (0.7± 1.2) µm. The average migration speed (3.5± 0.9) µm/h is substantially
increased in comparison to the previous gold layer experiments.
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Figure 37: Centroid movement of MG-63 cells. Cells were seeded on Polymer-CNT-bilayers
(6) on glass. (a) Blue crosses represent single cells where the stimulation was
turned off, red crosses where the stimulation was turned on at 2 V (for 2 x 15 min
and 1 h break after each). (b) The cells were stimulated with a voltage starting at
1 V for 15 min afterwards a 1 h stimulation break and subsequently repeated the
procedure with increments of 1 V. Timeframe: 3.75 h

The control experiment on the same kind of substrate without stimulation shows
similar isotropic migration of the cells (blue crosses in Figure 37a). The mean mi-
gration in x-direction was (-0.6± 1.3) µm and in y-direction (-0.8± 1.0) µm. The av-
erage migration speed was (2.6± 0.4) µm/h. Concerning even higher voltages and
therefore higher EFs in cell vicinity the MG-63 osteoblasts seem not to change their
isotropic migration. Stimulation for 15 minutes each at 1 - 3 V with increments of
1 V and stimulation break for 1 h in between shows migration of (-3.1± 3.9) µm and
(-1.2± 4.2) µm in x- and y-direction, respectively within an overall timeframe of
3.75 h (see Figure 37b). Applying 5 V for 15 minutes led to blebbing which started
already a few minutes after the stimulation was turned off (see Figure 38). Blebbing
occurred on several cells. The blebs stayed intact for the hour observed after stim-
ulation with 5 V. They had dimensions of several µm in diameter and occurred on
the cells directionally independent (isotropic appearance of blebs).

To ensure that the substrate-mediated electrostimulation setup is a valuable
approach, we used two simple rod-shaped Ag/AgCl electrodes in the reservoir to
stimulate cells. This setup has the advantage that no additional heating due to a
current flow through the substrate occurs and all of the electric current flowing re-
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Figure 38: Two selected MG-63 cells seeded on
Polymer-CNT layers before (left) and
after (right) 3.75 h of ES (see text for
details). Blebs of several µm diam-
eter on the cellular edges are visi-
ble after stimulation. Scale bars cor-
respond to 20 µm.

sults from ion movement inside the medium, which is the only effective way to
establish an EF in cell vicinity. 3 V was applied continuously between them for 15 h
in total. Despite having a large voltage compared with earlier experiments, only
after ≈ 13 h, blebbing started. However, after giving the cells several hours to mi-
grate and rearrange their cytoskeleton accordingly, the locomotion was isotropic
with an average movement of (0.2± 1.1) µm in x- and (-0.4± 1.3) µm in y-direction.
The cells also were quite immobile considering the average migration speed was
(0.32± 0.06) µm/h. The change in orientation of cells is negligible, the mean change
in orientation angle (not considering the rotation direction) is (3.3± 1.2)◦. Regard-
ing single cell orientations over time, there is no change of the direction of the cell
orientation visible. The angle of orientation seems stationary with minor deviations
over time (see Figure 39b).The time evolution of the average orientation angle of
the observed cells can be seen in Figure 39c. The different orientation angles seem
not to converge to a direction parallel or perpendicular to the EF, as indicated by the
high standard error of the mean shown as the light red shading.
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Figure 39: ES of MG-63 cells for 12 h with 3 V applied to rod-shaped Ag/AgCl electrodes.
(a) Centroid movement of single cells in polar coordinates. Radial Unit: µm, 270◦

points to cathode, 90◦ to anode (b) Relative orientation of selected cells over stim-
ulation time. (c) Average orientation of the cells long axis over time. The light
red shading shows the standard error of mean.

6.4 DISCUSSION

Galvanotactic Behavior
Modulation of spatial and temporal Ca2+ concentration is thought to be one of the
main driving forces of galvanotaxis [45]. In DC-EFs Ca2+ ions move to the cathode. At
the membrane towards the anode, Ca2+ ions pass Calcium permeable ion channels
due to diffusion. This leads to a higher Ca concentration at the anodal side. Cal-
cium ions in combination with the protein calmodulin are responsible for phospho-
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rylating the myosin light-chain kinase (MLCK). This stimulates the myosin ATPase
causing cell contraction. Also actin depolymerization is promoted by increased Ca
concentration. In contrast to that the calcium concentration decreases at the catho-
dal side, leading to higher actin polymerization and thus a net movement of the cell
in the cathodal direction. Although most cell types show galvanotaxis in the direc-
tion of the cathode, a few move in opposite direction. One reason for the difference
could be the cell-dependent ion channel density. Active ion channels e.g., VGCCs,
that are voltage-sensitive Ca-permeable channels located at the plasma membrane
of cells, need to be considered. They get activated and thus open up when the TMP

depolarizes. One generally differentiates between two main types of VGCCs - the
low-voltage-activated (LVA) and high-voltage-activated (HVA) channels. Since rel-
atively small TMP changes (e.g., at 2 V applied, we expect a potential difference of
2 mV over the whole cell) are to be expected during the ES we focus in the following
on LVA (also called t-type) channels. T-type channels consist of a primary protein
unit called alpha1. It constitutes the pore and the voltage sensitive part. Three differ-
ent groups of t-type channels are known containing alpha1G, alpha1H, or alpha1I
(Cav3.1, Cav3.2, and Cav3.3 , respectively). The cell line MG-63 expresses all these
channels [205]. They seem to have an activation threshold of ≈ -70 mV [206], which
is why the membrane of MG-63 should be partly Ca2+ permeable at their resting
TMP of -60 mV [207]. During the DC ES, the TMP changes. The part facing the cath-
ode should depolarize, which could lead to further opening of the T-type channels.
The resulting Ca2+ influx into the cell could depolarize the membrane further un-
til HVA channels open which increases the ion current further. Thus the Ca influx
from VGCCs increases the Ca concentration at the cathodal side, which counteracts
the previously described Ca gradient resulting from passive ion channels. However
it has been reported that the Ca conductance increases by further depolarization un-
til it converges around -20 mV [208]. Since no galvanotactic behavior on the MG-63
cells was observed in our experiments, it is conceivable that the passive as well as
stimulated influx of Ca2+ lead to an insufficient Ca2+ concentration gradient within
the cells. In human osteoblasts it was also shown that a high endogenous Ca2+ con-
centration led to a reduction in directional migration speed [178]. It is therefore also
possible, that a high concentration of ion channels of MG-63 cells resulted in a high
Ca2+ concentration, inhibiting migration in our ES experiments. Another widely
discussed mechanism refers to GFRs being responsible for galvanotaxis. The recep-
tors are expected to be uniformly distributed over the cell’s plasma membrane. If an
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EF is applied, electrophoresis will act onto the mostly charged receptors. Therefore
positively charged receptors will accumulate at the cathodal membrane site and
vice versa. However, since the TMP will lead to an accumulation of cations at the in-
terface of membrane and medium, electroosmosis will occur. The ion flow along the
membrane will therefore create a shear force onto the receptors. Since the ions accu-
mulated at the membrane are mostly positive, the electroosmosis will support the
movement of positively charged receptors and inhibit the movement of negatively
charged receptors toward the anode, or even lead to a movement in the direction
of the cathode. The zeta potential of the receptors and the zeta potential of the cell
surface is crucial to estimate the moving direction [209].
The observation that the MG-63 cells do not perform galvanotaxis is in agreement
with literature [48]. However, Curtze et al. recognized significant reorientation and
elongation perpendicular to the EF within a timeframe of 2 - 3 h. The reason could be
that they claim to have an EF of 10 V/m, which is quite high compared to other gal-
vanotactic experiments. The threshold of galvanotactic behavior is e.g. 1.5 V/cm for
keratinocytes, 2 V/cm for fibroblasts and 1 V/cm in case of neural crest cells [210–
212]. Regarding elongation perpendicular to the EF, thresholds of, e.g., 1.5 V/cm for
embryonic fibroblasts, 6 V/cm for retinal pigment epithelial cells or 1.5 V/cm for
corneal epithelial cells were determined [213–215]. For osteosarcoma cells (SaOS-2)
2 V/cm seem to be sufficient to induce a significant reorientation [45]. However,
those EF strengths have to be questioned. We expect that a lower EF is present, since
they did not mention simulations of their stimulation chambers. In the study of MG-
63 osteoblasts platinum wires were used which are physically separated from the
cells’ medium by agar bridges. Already in the agar bridges a significant part of the
voltage should drop and thus is not available in cell vicinity [178]. Depending on
the specific setup that was used by Curtze et al., it is possible that the EF strength in
their experiments was close to that in our experiments. In this case we should have
observed a reorientation of the MG-63 cells as well.
However, we did not observe such a reorientation of cells. One reason could be the
different medium the cells were cultured in. Curtze et al. used RPMI 1640 instead
of DMEM, and the experiment was not performed in cell culture medium due to
fluorescence measurements [48]. The stimulation was performed in 10 mM HEPES
solution, without FCS. In similar studies the abscence of FCS had significant impact
on galvanotaxis [215].
The discrepancy between our results and the ones of Curtze et al. could also be
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caused by a lower EF being present in our experiments. If we consider the ideal case
of a linear voltage drop across the length of the stimulation chamber the upper limit
of 1.5 V/cm can be expected. However raising it by increasing the voltage further
led to blebbing, thereby limiting the applicable field strength.

Blebbing
Blebbing is a mechanism that is associated with various cellular functions like e.g.,
motility [216], mitosis [217] and apoptosis [218]. Blebs are protrusions of the cell’s
plasma membrane. Usually the membrane is bound to the cell cortex. However, due
to pressure, this binding can break or the cortex ruptures, enabling the membrane
to form blebs.
Not every cell type is capable of utilizing blebs for motility. While some cells exclu-
sively form blebs for migration purposes (e.g. zebrafish primordial germ cells [219]),
others use protrusions like lamellipodia. It is known that some cells have the abil-
ity to switch between those types of migration. However, motility-related blebbing
occurs at the leading edge [220] and in our experiments the blebs did not appear di-
rectional. There is also no evidence in literature that MG-63 form blebs for motility
purposes. The dynamics are also different. During our ES the blebs stayed intact for
hours, while bleb formation and retraction during migration occurs within a few
seconds [221]. Bleb formation is performed by cytosol that flows between the cortex
and the membrane due to a pressure difference. This means that the volume of the
cell stays constant [222]. When the MG-63 expressed blebs it seemed like the cell’s
volume changed which would mean that extracellular medium entered the cell.
A reason for the influx could be the build-up of osmotic pressure. Since there is
an ion current passing through the extracellular medium, ions undergo oxidation
or reduction at the electrodes. This reduces the ion concentration inside the liq-
uid and thus increases the concentration gradient between the intra- and extra-
cellular media. The osteoblastic cells could reduce this gradient with their pas-
sive ion pumps, which can transport roughly 107 ions per second [223] and active
sodium-potassium-pumps that are significantly slower with only 400 - 500 ions per
second [224]. However this will probably not be sufficient to completely counterbal-
ance the ions that transition into the solid state. That’s why water could enter the
cell, reducing the osmotic pressure and thus leading to swelling or blebbing of the
cells. Such behavior has already been observed when HeLa cells were exposed to
hypoosmotic condition by only using a 10 % PBS-solution [225].
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6.4 Discussion

The physiological medium used in our experiments (DMEM, see appendix Section A.1)
has an ion concentration of roughly 2 x 150 mM if all molecular constituents are
completely dissociated. Regarding the electric current measured (e.g. 200 µA) and
the volume of liquid, no ions would be available anymore after 60 h (in case all ions
are monovalent). It should be noted that the 200 µA result partly from the electric
current through the planar resistive substrate and the ions present are not exclu-
sively monovalent. Besides that, the possibility of ions provided by the electrode is
disregarded to contribute to the electrical current. Thus, 60 h is a lower limit. There-
fore the osmotic pressure would probably lead to a negligible inflow of liquid into
the cells. What also points towards a different reason is that blebbing occurred im-
mediately after the stimulation with 5 V was turned off. The build-up of an osmotic
pressure would take several hours. The same argumentation applies for changes in
the pH value of the medium that could have led to blebbing [226].
Another reason for blebbing could be the activation of voltage-gated ion channels
by ES. Changes in the TMP lead to conformational changes of ion channels. Voltage-
gated sodium channels open upon membrane depolarization (on the cathodal side),
while voltage-gated potassium channels will open at the anodal side (hyperpolar-
ization). This gives rise to an action potential firing in MG-63 cells [207]. However
it means that there is a self-regulatory mechanism which would inhibit the uncon-
trolled influx of sodium and potassium. This way ions would effectively diffuse
from locations of high concentration to those of low concentration. Since the blebs
occurred at random spots on the cells the hyperpolarization and depolarization of
the membrane seems not to be the reason.
The bleb formation could also be a necrotic behavior of MG-63 cells, which could be
caused by local heating of the cells. Our temperature measurements only regarded
the temperature in the bulk physiological medium. If one assumes a homogeneous,
isotropic specific electrical resistance of the electrode, which should be the case for
the gold layers, the Joule heat during stimulation dissipates over the whole elec-
trode surface area. The heat transfer to the liquid via heat conduction and convec-
tion is sufficient to not let the electrode heat up compared to the bulk liquid. This
can be estimated as follows: It is assumed that the power limit of 30 mW (see Sec-
tion 6.3.1) dissipates only via the upper surface area of the electrode (i.e. the glass
substrate beneath the gold electrode does not act as a heat sink). This way in equilib-
rium the heat transferred per unit time and surface area is: 30 mW / 22 x 22 mm2 ≈
22.6 W/m2. Generally one can approximate the heat being transferred at the gold-
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liquid interface by: Q
A = c∆T , where Q is the heat transfer per unit time, A is the in-

terface area, c is the heat transfer coefficient and ∆T temperature difference between
the liquid and the gold electrode [227, p. 5]. The temperature difference is approxi-
mately 0.019 - 0.226 K in case the liquid is water (c = 100-1200 W/(m2K)) [228]. This
indicates that the temperature difference between the gold layer (electrode) and the
bulk physiological medium is negligible. However, this approximation might not
hold for the polymer/CNT electrodes. In this case, only the CNTs are responsible for
the electrical conductivity. If we assume only discrete current paths, local heating
would occur beneath the cells, where the current density is high due to local accu-
mulation of CNT at the interface. This results in a smaller localized heat transfer (due
to the surface area A for heat dissipation is orders of magnitude smaller) and thus
the electrode surface might heat up significantly (locally). Such heating is capable
of causing cell necrosis or apoptosis [229]. In contrast to apoptosis necrosis results
in an increased cell volume [230].

6.5 CONCLUSION AND OUTLOOK

We established a stimulation chamber that applies homogeneous EFs in cell vicinity
and is applicable within the SICM setup, where the access from top with a nano-
pipette and the presence of a bath electrode are crucial. Optical investigations with
an inverted microscope are also possible due to the electrode being partially trans-
parent. Due to the construction of the ES chamber, the EF is established quite effec-
tively, meaning that the highest current density (and thus EF) occurs in cell vicinity
at the electrode-liquid interface. In contrast to vertically inserted plate electrodes,
which lead to field lines parallel to the substrate even in areas where no cells are
present, the electrolysis is expected to be reduced while maintaining the same ef-
fect on cells. However the magnitude of the EF is hard to quantify and due to the
mechanisms acting on largely different geometric scales (e.g. the development of
an electric double layer at the electrode-liquid interface, and the electric current
pathways being on the mm-lengthscale) the numerical simulation is demanding.
Therefore, an experimental way of determining the local EF is highly desirable. One
possibility is the SICM with its nanopipette. By introducing two electrodes into the
system the location dependent electric potential can be measured. One of these elec-
trodes should be the reference electrode and thus stationary. The second electrode
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(in the nanopipette) would be scanned over the planar resistive electrode and thus
the potential with respect to the reference electrode could be mapped.
However, even in case the EF is fully known, it remains open how the TMP of the
cells is affected, since they can vary their intracellular electric potential through ion
channels. The TMP change upon ES could be investigated by voltage-sensitive dyes.
These dyes bind to the cellular membrane and change their fluorescence intensity
depending on the local TMP. However the voltage resolution is critical. Most dyes
show a 2 - 6 % change in intensity at a potential difference of 100 mV. They are of-
ten used for action potential monitoring of e.g., cardiomyocytes or axons [231, 232].
During ES, we expect a change of only a few mV. Since the voltage-sensitive dyes
have a short response time upon potential change it might be advantageous to stim-
ulate the cells with AC and record the fluorescence intensity over time, to increase
the signal to noise ratio.

Noteworthy galvanotactic behavior of MG-63 cells could not be observed with the
setup. At various voltages, the cells showed neither directed migration nor reori-
entation. As stated previously the exact mechanism of galvanotaxis is unknown
and might differ between specific cell types. Therefore, the discussed mechanisms
should be examined to determine whether they are applicable to the MG-63 cell
type. Ca2+ imaging with specifically binding dyes (e.g., fluo-3) offers the opportu-
nity to investigate the hypothesized calcium influx from extracellular space as well
as the calcium release from the endoplasmic reticulum [126]. This might provide in-
sight into whether a calcium gradient can be achieved across the cells. Another op-
tion would be to stimulate the cells while the T-type VGCCs are selectively blocked
using Nickel ions or other substances [233–235]. Therefore Ca influx takes only
place at the anodal side by passive, Ca permeable ion channels which could lead to
a calcium gradient and thus galvanotaxis. To avoid the possibility of hypothetical
electrolysis and pH changes being responsible for inhibiting galvanotaxis of MG-
63 cells, the physiological medium could either be continuously exchanged during
stimulation or agar bridges could be introduced to separate electrolytic byproducts
from the cellular medium.
In the future, not only the galvanotactic behavior could be observed, but also other
crucial cellular parameters such as cell stiffness, which is closely related to cell
motility and gives insight in differentation. SICM enables local cell-mechanical mea-
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surements, but the number of analyzable cells is highly limited. In contrast, cell
cytometry offers high throughput and thus allows for statistical analysis of cell stiff-
ness [236].

The occurrence of blebs during ES points towards an uncontrolled influx of extra-
cellular medium into the cells. To exclude osmotic pressure as the cause of bleb
formation, the volume of physiological medium inside the chamber could be var-
ied. This should not influence the EF but the osmotic pressure when stimulating
with the same parameters.
Another approach is the continuous exchange of the medium via pumps, which
would exclude osmotic pressure effects and allow for longer stimulations without
risking pH changes.

Regarding the clinical application of the substrate-mediated DC setup, it has the ad-
vantage of locally stimulating cells and is therefore more efficient. Yonemori and
colleagues observed a significantly higher bone formation in the bone marrow of
rabbits when stimulating with a DC-EF instead of pulsed electromagnetic fields [237].
Concerning osseointegration, which is the process of permanently attaching the
implant to the bone, the planar resistive electrode could be applied locally at the
implant-bone interface. This would ensure the ES of cells over the whole implant
surface and thus lead to potentially higher proliferation and migration speeds of
osteoblasts resulting in an improved osteoconduction [238]. In case of small, sin-
gle electrodes in the vicinity of the implant, an insulating tissue layer that might
form around the electrodes due to inflammation could lead to an insufficient EF at
the interface. A conductive layer that contacts the liquid environment also leads to
"pinning" of the electric potential inside the liquid to some extent. If a sufficiently
high potential gradient exists locally between the liquid and the electrode, charge
transfer and thus an electric current would flow from the liquid to the electrode or
substrate, and vice versa.
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A.1 CONTENTS OF DMEM

DMEM is available in various formulations. For clarity, the specific inorganic salts
contained in DMEM (used for cell culture in Section 3.4.2) are listed in the following
table.

inorganic salts molecular weight concentration (mM)

Calcium Chloride (CaCl2) (anhyd.) 111.0 1.8

Ferric Nitrate (Fe(NO3)3·9H2O) 404.0 2.5 x 10−4

Magnesium Sulfate (MgSO4) (anhyd.) 120.0 0.8

Potassium Chloride (KCl) 75.0 5.3

Sodium Bicarbonate (NaHCO3) 84.0 44.0

Sodium Chloride (NaCl) 58.0 110.3
Sodium Phosphate monobasic

(NaH2PO4-H2O) 138.0 0.9

Table 4: For further contents see [239].

A.2 PREPARATION OF CNT-POLYELECTROLYTES-
MULTIFILMS

The multilayers consisting of CNT and polyelectrolytes enabled us to tune the sheet
resistance of the substrates used for ES (see Section 6.3.1) and thus higher voltages
could be applied for ES. The samples were kindly provided by the group "Soft Mat-
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ter and Biophysics" (C. Helm, University of Greifswald).
The following protocol was largely taken verbatim from [201].

CNTs (512 mg, single-walled/double-walled mixture; CNT ratio > 90%, diameter 1 to
2 nm, length 5 to 30µm, abcr GmbH, Karlsruhe, Germany) were treated with 50 ml
of a 1:3 volume ratio of a HNO3 (60-68%)/H2SO4 (98%) acid mixture at 80◦C for
3.5 h according to López-Oyama [240]. The obtained dispersion was filtered under
vacuum and washed with deionized water until the pH of the rinsing water became
neutral. The solvent was removed with the use of a liquid nitrogen rotary evapora-
tor and modified CNTs were dried overnight via lyophilization. After the chemical
treatment, 65 mg of dry CNTs were obtained (at ambient conditions), due to addi-
tion of some negative charges. This allowed the CNTs to be used as polyanions. For
a fine dispersion in water, raw CNTs were put in a solution containing 2 wt% sodium
dodecyl sulfate (SDS), purchased from Carl Roth GmbH+Co. KG, Karlsruhe, Ger-
many.
The glass slides (22 x 22 cm2) were cleaned according to a RCA treatment protocol
[241] and used as substrate. The polyelectrolyte multilayers in combination with
freshly modified CNTs were prepared by the Layer by Layer-method [242], sequen-
tial adsorption of oppositely charged PEs and CNTs from solution with the help
of a dipping robot (Riegler & Kirstein GmbH, Potsdam, Germany) and a refriger-
ated circulation thermostat (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) at
20◦C. As polycations poly(ethylenimine) (PEI, branched, Mw = 750 kDa, PDI = 12.5)
and PDADMA (Mw = 44.3kDa and 322kDa, PDI = 2.19) were used. As polyanions
we used PSS (Mw = 666kDa, PDI < 1.2) and modified CNTs. PEI was purchased from
Sigma Aldrich Chemie GmbH (Steinheim, Germany), PDADMA and PSS from Poly-
mer Standards Service (Mainz, Germany). For the polyelectrolyte solutions, the
composition of the adsorption solution was 1 mM PE with respect to the monomer
concentration solved in 100 mM NaCl (Merck KGaA, Darmstadt, Germany). The
modified CNT concentration was 0.15 mg/ml and 0.25 mg/ml suspended in ultra-
pure water. The adsorption time for each deposition step was 30 min with three
subsequent washing steps (each step 1 min) with ultrapure water (nominal conduc-
tivity of 0.054µS/cm, Sartorius arium advance, Göttingen, Germany, followed by
Millipore purification system, Molsheim, France) to remove the loosely bond poly-
cations or polyanions. For all films the first adsorbed layer was PEI followed by
a PSS layer. Then the PDADMA and the CNTs were absorbed in an alternating se-
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A.3 Chemical Structural Formulas

quence. The final layers where CNT followed by PSS. Therefore, the overall film
structure is PEI/PSS/PDADMA/(CNT/PDADMA)N/(CNT/PSS).

A.3 CHEMICAL STRUCTURAL FORMULAS

The following figures illustrate the structural formulas of the specific molecules
used for µCP in Section 3.4.1.

Figure 40: Structural formula of PAMAM (gen. 1) with ethylenediamine core. Adapted
from [243].

Figure 41: Structural formula of G1-TMP-COOH. Adapted from [244].
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Figure 42: Structural formulas of PDADMA (left) and PSS (right). Adapted from [245, 246].

A.4 SIMULATION PARAMETERS

The specific simulation parameters significantly influence the observables (in this
case the electric field strength, in Section 6.2). They are listed in the following table.

material conductivity σ [S/m] rel. permittivity ϵr

Titanium (Substrate) 2.6 x 106 1

Polystyrene Cylinder 10−14 2.5

DMEM (medium) 1.5 80

Table 5: Used material properties for simulation in Section 6.2.

A.5 ION CURRENT OSCILLATIONS DURING SICM

SCAN

The graph depicts the ion current oscillations that arise due to the high accelerations
of the nanopipette in the hopping-mode. These oscillations significantly limit the
scan speed of the SICM making it challenging to observe dynamic processes such as
changes in the membrane morphology of living cells (see Section 4.4).
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A.6 Nanopipette Dimensions
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Figure 43: Z-detector and ion current signal vs. time during a SICM topography measure-
ment on glass in hopping mode. The ion current signal starts oscillating at
a frequency of ≈ 560 Hz when the approach as well as the retraction of the
nanopipette is stopped.

A.6 NANOPIPETTE DIMENSIONS

The nanopipette dimensions, particularly the opening diameter, are critical param-
eters that determine the lateral resolution of the SICM. The high aspect ratio of the
measured nanopipette ensured that the observed deep invaginations are not caused
by a collision of the pipette (see Section 4.1).

Figure 44: SEM-image of a typical borosilicate glass nanopipette used for SICM. The width
was measured to be ≈ 350 nm at a distance of 800 nm from the opening.
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A.7 RECTIFYING BEHAVIOR OF NANOPIPETTES

In this section, the mechanism behind the surface charge sensitivity (see Section 5.4)
of a SICM is elucidated.
If the nanopipette orifice is sufficiently small, or the ion concentration of the medium
is low such that the orifice and the (cationic) EDL at the glass-medium interface
are of similar dimension, the ion current through the nanopipette becomes recti-
fied. This occurs because the orifice is preferentially permeable to cations due to the
cationic EDL. As a result, the transference number of cations at the nanopipette tip
is very high, while the that of anions is low [247]. Further away from the tip, the
difference in transference numbers vanishes, since the EDL is small compared to the
cross-section of the nanopipette. When the applied voltage is such that a negative
potential is present in the pipette, the cations flow from the tip region of high trans-
ference number into a region of lower transference numbers. This gradient leads to
an accumulation of ions in the tip region of the nanopipette and, consequently, to
an increased conductivity. If the polarity is reversed, the cation flux moves from a
region of low to the region of high transference numbers, resulting in ion depletion
in the nanopipette and thus decreased conductivity.
When a charged surface is in close proximnity to the nanopipette orifice, the rectify-
ing behavior is either enhanced (in case of negative surface charges) or diminished.
This is because the ion flux must pass the region between the nanopipette orifice
and the surface, which can further increase ion-selective permeability (if the po-
larity of the EDL matches that of the nanopipette) or reduce it (see Figure 45) [91].

Neg. Surface Charge Pos. Surface Charge

Figure 45: Schematic view of a nanopipette orifice in proximity to a charged surface. The
ion concentration inside the nanopipette changes significantly depending on the
surface charge. Adapted from [91].
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A.8 CELL FIXATION PROTOCOL

Cell fixation is a widely used procedure to preserve the cell structure and morphol-
ogy at a specific point in time. It allows for the measurement of the apical morphol-
ogy of MG-63 cells without artifacts resulting from the membrane dynamics of liv-
ing cells. Additionally, it enables the comparable assessment of membrane morphol-
ogy in dependence of parameters such as cell adhesion area. (see Section 4.2).

1. Wash cells briefly with PBS (2 x)

2. Fix cells with 4 % PFA in PBS for 10 min at room temperature.

3. Remove the fixation buffer.

4. Wash cells 3 x with PBS

5. Leave fixed cells in PBS

A.9 FLUORESCENCE FILTERCUBE SPECTRA

The specific spectra of the fluorescence filtercubes used (see Chapter 5) are provided
below.
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Figure 46: Transmission spectrum of the GFP-Filterset. Figure adapted from [248].
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Figure 47: Transmission spectrum of the UV-Filterset.
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