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A B S T R A C T

In vitro models with isolated cells play an essential role in biological studies, acting as a bridge between complex 
in vivo research and acellular biomolecular studies. Moving beyond conventional cell-based research methods, 
which typically require fluorescence labeling of specific biological cues, Electric Cell-substrate Impedance 
Sensing (ECIS) enables the monitoring of cell adhesion, proliferation, and migration without the need for labels. 
This work goes beyond the classical ECIS technique utilizing ultra-flat field-effect transistors (UF-FETs) for cell- 
substrate adhesion experiments at single-cell and even sub-cellular level. Planar surfaces of UF-FETs were ach
ieved by local oxidation of silicon. We monitored the adhesion of cells to the open gates of the UF-FETs using the 
transistor-transfer function method. This enables non-invasive, real-time monitoring of cells, including cell 
adhesion, migration and apoptosis- and necrosis-like behavior. To demonstrate single cell resolution, we used 
fibroblasts from the umbilical cord of rats and induced them to migrate. With our technique we were also able to 
detect the movement of small lipid vesicles at the gates of UF-FETs demonstrating their ability to monitor the 
dynamics of soft and fluidic artificial membranes in real-time. Finally, we validated the label-free concept with a 
less complex and smaller cell model - erythrocyte ghost cells. Our experiments demonstrate that UF-FETs can be 
used in single-cell tracking and advanced studies for real-time monitoring of artificial membranes on solid 
surfaces, bridging the gap between biological evaluation and bioelectronic readout.

1. Introduction

Over the past decades, Electric Cell-Substrate Impedance Sensing 
(ECIS) established a solid foundation for monitoring cell cultures in a 
label-free and non-invasive manner (Giaever and Keese, 1984, 1991, 
1993). ECIS has been extensively used in various bioassays (Shoute 
et al., 2023; Stolwijk and Wegener, 2019; Vora et al., 2023). However, 
single cell studies with this technique are difficult, since for reliable 
recordings, the minimum sizes of the recording microelectrodes vary 
from 25 μm to 250 μm in diameter. Therefore, many cellular assays in 
ECIS are done with cell lines forming dense layers. In this case, ECIS is 
even capable to record changes in cell-cell junctions, membrane 
capacitance and sealing resistance of the cell-substrate contact. The 
limitation of ECIS in terms of lateral dimensions have been explored 
(Pradhan et al., 2012; Susloparova et al., 2015) and different approaches 

to optimize electrode designs were described (Price et al., 2009; Rahman 
et al., 2007). It was concluded that the lower size limit for metal elec
trodes for reliable bioimpedance assays of cell cultures is 50 μm in 
diameter (Rahman et al., 2007). In this respect, field-effect transistors 
(FETs) have shown great potential to advance the lateral detection limits 
to the single-cell level (Hempel et al., 2015; Schäfer et al., 2009; Sus
loparova et al. 2013, 2015). Beyond cell-chip interactions, FETs have 
also demonstrated their capabilities in DNA detection (Ingebrandt et al., 
2007; Uslu et al., 2004), protein detection (GhoshMoulick et al., 2009), 
biomarker detection (Schoning and Poghossian, 2002) and as immu
nosensors (de Moraes and Kubota, 2016) through specific surface 
functionalization.

To enhance sensitivity in cellular monitoring and analysis while 
downsizing bioelectronic chips, the transistor-transfer function (TTF) 
readout method was developed and applied with micro-scale resolution 
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in our previous research (Hempel et al., 2019; Ingebrandt et al., 2007; 
Schäfer et al., 2009; Koppenhöfer et al., 2013; Susloparova et al., 2015). 
By applying a sinusoidal signal with a specific voltage amplitude and 
varying frequency from 1 Hz to 1 MHz via the reference electrode, which 
is also used to apply the DC bias voltage to the electrolyte gate, changes 
in bandwidth caused by biological sample interactions with the gate 
oxide of the FETs were identified (GhoshMoulick et al., 2009; Inge
brandt et al., 2007). This novel approach demonstrated the detection of 
cell-substrate adhesion at the single-cell level in real-time, highlighting 
the capability to further study cell-chip interfacing dynamics.

One of the main challenges to move the TTF technology forward 
arises from the highly customized transistor designs, where cell-chip 
interactions lack standardization. Chip topography and surface rough
ness have emerged as critical factors for biointerfacing, as they can 
trigger mechanosensitive responses and result in topography-specific 
features in the cytoskeleton (Hou et al., 2020). Changes in cell func
tions may also occur due to alterations in the mechano-biological 
environment (Abagnale et al., 2015; Blaschke et al., 2020). As a result, 
sensing intermediate cellular changes such as adhesion, detachment, 
and migration - closely related to membrane stiffness, viscoelasticity, 
and fluidity - becomes possible (Humphrey et al., 2014; Hurst et al., 
2021). Planar substrates have been commonly used as standard surfaces 
in common in vitro models to minimize the topographical influence on 
cell interfacing (Solowiej-Wedderburn and Dunlop, 2022). To further 
advance specific cell mechanistic recognition with biosensors, efforts 
have been made to flatten the transistor surface to achieve a seamless 
cell-chip contact, providing a direct bio-signaling path between the cell 
membrane and the transistor chips (Koppenhöfer et al., 2015b; Suslo
parova et al., 2014).

To understand the recorded TTF spectra, a reliable electrical and 
analytical model is required to quantitatively decipher the complex 
biological environment (Leung et al., 2022), where numerous factors are 
involved in cell adhesion, apoptosis and migration processes (Hurst 
et al., 2021). In 2015 we published an analytical model to describe the 
cell-transistor adhesion on a single cell level and to differentiate be
tween cellular detachment and morphological changes. Other, advanced 
optical technologies to quantify real-time membrane-substrate in
teractions have also been described (Braun and Fromherz, 2004; 
Fromherz et al., 1999; Zeck and Fromherz, 2003). Lipid membranes, 
widely used as artificial cell membranes, are promising candidates to 
investigate membrane-chip interactions as a bottom-up model 
(Atanasov et al., 2005). For example, the association rate of ligand 
proteins incorporated into lipid membranes could potentially be utilized 
to understand protein complexation and cell recognition (Bihr et al., 
2014). Understanding membrane-chip interaction appears to be a 
promising approach to unveil cell-chip interfacing dynamics.

This work reports our progress in fabricating and utilizing ultra-flat 
field-effect transistors (UF-FETs) to reveal cell-substrate adhesion me
chanics with so far unreachable resolution. We demonstrate real-time 
and non-invasive single-cell monitoring, including cell adhesion, ne
crosis, apoptosis, and migration on a single-cell and even sub-cellular 
level. In the presented assays, however, proof-of-concept experiments 
are provided, since the number of transistors per chips was very low (16 
transistors channels in a 4x4 array). This limited number did not permit 
dose-response dependent biological assays with the analyzed cells.

To expand the possibilities of biomaterial-transistor interfacing 
experimentally, another biophysical interface model is demonstrated by 
attaching lipid membrane vesicles to the UF-FETs. Even the attachment 
of lipid vesicles was observed with significant sensitivity, providing 
valuable insights into the real-time monitoring of the dynamics of soft 
and fluidic artificial membranes. The concept was further validated 
using a simpler and more natural membrane vesicle model - erythrocyte 
ghost cells (anucleated cells). By providing solid evidence of the use of 
UF-FETs for single-cell tracking and advanced functions for artificial 
membrane monitoring in real-time, this work highlights its potential in 
bridging the gap between biological evaluation and biophysical 

fundamentals, offering novel perspectives on understanding both native 
and artificial membrane-chip interactions.

2. Materials and methods

2.1. FET chip design

FETs were fabricated according to our previously optimized design 
parameters (Offenhausser et al., 1997; Schäfer et al., 2009; Susloparova 
et al. 2013, 2014; Uslu et al., 2004) with respect to transistor pitches, 
dimensions of contact lines (drains and common source), bond pads and 
chip sizes. To realize very robust devices, we used implanted contact 
lines in the silicon chip, since in contrast to metal tracks these can be 
very reliably passivated by oxidation processes. Sixteen transistors in a 
4 × 4 array with a distance of 200 μm were placed in the middle of 5 × 5 
mm2 chips, as illustrated in Fig. S1. In the design of this study, we 
optimized the areas of all contact lines such, that each transistor has the 
same contact line resistance and capacitance. This is very important 
when the 16-channel devices are utilized in TTF readout mode, since the 
contact line parasitic parameters primarily define the low pass charac
teristics of the recorded spectra. Different gate geometries with 3, 4 or 5 
μm in length and 6, 12 or 25 μm in width, respectively, were processed. 
These microscale sizes enable single cell studies, since the sensitive gate 
areas are significantly smaller than the typical diameters of ECIS elec
trodes as discussed above.

2.2. FET chip fabrication

The planar FET chips were fabricated in a process flow similar as 
previously reported (Offenhausser et al., 1997; Schäfer et al., 2009; 
Susloparova et al. 2013, 2014; Uslu et al., 2004). We added specific 
fabrication steps to achieve almost perfectly flat surfaces. In our former 
processes, the implantation and contact line passivation process steps 
with grown silicon oxide and deposited silicon nitride usually resulted in 
a significant topography of the open-gate areas of several hundred 
nanometers. In an earlier work, we described a simpler method to 
achieve almost flat chip surfaces for the contact line regions, but not for 
the gate regions, which had a remaining topography of 220 nm 
(Koppenhöfer et al., 2015b). In this former process, we omitted the 
contact line passivation almost completely with the drawback of very 
high contact line parasitic values. In this earlier work we already showed 
that the migration of cells over the contact line edges was unhindered 
compared to cell cultures on FET arrays having a topography. However, 
in this much simpler fabrication process, the gate areas, as the sensitive 
regions of the FETs, had a remaining topography and the bandwidth of 
the devices was strongly limited. The fabrication challenge to realize a 
completely flat topography is that the contact lines, typically tracks of 
implanted silicon, need to be passivated at best with a sandwich layer of 
silicon oxide-silicon nitride-silicon oxide (ONO-stack), while the gate 
areas use only a very thin silicon oxide layer (10 nm) typically grown in 
a dry oxidation process at 820 ◦C to achieve a high-quality gate oxide 
with a low density of interface states for low noise transistors. Usually, at 
later stages in the process, the ONO passivation layer is opened and the 
gate oxide is grown.

In this work, to achieve almost perfectly planar open-gate UF-FET 
arrays, local oxidation of silicon (LOCOS) and precise end-point etching 
of silicon oxide to the contact line levels were utilized. In LOCOS pro
cesses it is well known that the silicon oxide growth rate underneath a 
dense silicon nitride layer is significantly diminished. In the fabrication 
process in this work, 100 mm silicon wafers with low n-type doping were 
used as substrates. Firstly, 30 nm of dry silicon oxide were thermally 
grown and 100 nm of silicon nitride were deposited by low pressure 
chemical vapor deposition (LPCVD). The drain and source regions were 
defined by structuring the nitride and oxide layers by a first lithography. 
The contact line regions were doped by a double implantation of boron 
ions (Boron 120 keV at 8•1015 1/cm2 dose and 80 keV at 5•1015 1/cm2 
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dose) to create a combination of Gaussian shaped profiles beneath the 
wafer surface (Sze, 2012). The gate plateau area was defined by a second 
lithography. A layer of dry silicon oxide was grown as a protection layer 
by LOCOS of silicon oxide after a standard RCA (Radio Corporation of 
America) cleaning procedure. The planarization was realized by selec
tive silicon oxide etching with hydrofluoric acid (HF 1 %) to the same 
height as the nitride layer on the protected gate areas by precise timing. 
Afterwards a selective wet etching step with boiling phosphoric acid 
(H3PO4 at 155 ◦C) was applied for the silicon nitride gate protection 
leading to the same height and ensuring ultra-flat gate areas. This was 
ensured by several test wafers and by using atomic force microscopy 
(AFM) characterization.

The third lithography was applied to define the drain, source, and the 
position of the gate areas. A second boron implantation was used (80 
keV at 5•1015 1/cm2 dose) to contact the feed line to the source and 
drain contact areas and to define the gate length. Following a reactive 
ion etching process (O2) to remove the resist and another RCA cleaning 
step, the wafers were annealed at 900 ◦C and the grown silicon oxide 
(~13 nm) was etched away with HF 1 %. Subsequently, dry oxidation of 
the gate oxide was applied at 820 ◦C.

A fourth lithography was used to define the metal contact windows 
between the implanted source and drain regions by opening the silicon 
oxide passivation. Metal feedlines were defined by a fifth lithography in 
an image reversal process. The metal leads were structured by a triple- 
layer metal deposition (150 nm Aluminum/10 nm Titanium/150 nm 
Gold) followed by a lift-off step. Compared to our previous designs, the 
metal contact lines were longer for the outer FETs inside the array 
(Fig. S1) to achieve the same contact line parasitic values (capacitance 
and resistance) for all channels. The wafers were thermally annealed at 
325 ◦C to ensure Ohmic contacts between the metal and the implanted 
silicon contact lines. Finally, the wafers were diced into single chips 
using a resist protection layer. Chips for further measurements were 
assembled by integration into dual in line sockets and wire bonding 
(Offenhausser et al., 1997; Schäfer et al., 2009; Uslu et al., 2004) or by 
the flip-chip method (Koppenhöfer et al., 2015a; Miller, 2000) as pre
viously described. To enable cell cultures on the chip surfaces, a glass 
ring and usage of polydimethylsiloxane (PDMS) (Sylgard 96-083, Dow 
Corning, Germany) formed small petri-dish like culture chambers, 
respectively.

2.3. Transistor-transfer characteristics of the UF-FET chips

Typically, the response of ion-sensitive field-effect transistors 
(ISFETs) is recorded by monitoring the change in drain-source current, 
which is caused by a change of the effective potential applied at the gate 
oxide. This readout mode is the classical potentiometric method, where 
the change in drain-source current can be described by an effective 
change of the potential at the gate. It is well-known that in this poten
tiometric readout mode one can utilize ISFETs for the detection of pH 
changes in the solution, for the detection of charged molecules such as 
DNA or in enzymatic bioassays, where a biomolecular conversion of an 
analyte leads to changes in the pH value. In contrast to this, impedance 
spectroscopy of ISFETs can be used to monitor changes at the transistor 
gate causing a difference in the device’s input impedance. For this 
purpose, the FET devices need to be operated at a constant working 
point. To find this working point, the transfer characteristics of UF-FETs 
were measured before and after encapsulation with two different setups. 
Before encapsulation, the output IDS (VDS) and transfer IDS (VGS) char
acteristics of chips were measured with a wafer probe station. The 
transconductance values (gm) were calculated by the numerical deri
vation of IDS (VGS).

After encapsulation, the chips were characterized with a 16-channel 
TTF amplifier system (Han et al., 2006; Ingebrandt et al., 2007; Law 
et al., 2015; Schäfer et al., 2009) as shown in Fig. S2, which was 
developed by our team and built in house. As earlier described, this 
amplifier system can record all 16 transistor channels in parallel in 

either dc- or ac-readout mode. For the impedimetric ac-readout mode, it 
uses 16 individual channels of phase-selective amplification, which re
cords the real part of the transistor-transfer function. To contact the 
open-gate transistors, the chips were filled with electrolyte solution 
(extracellular patch-clamp solution: NaCl (140 mM), KCl (5 mM), 
glucose (5 mM) and HEPES (10 mM) in double distilled H2O (pH 7.4)), 
which was contacted with an Ag/AgCl electrode. The usage of such 
defined electrolyte solutions ensured the reproducibility of all cell-based 
assays. All 16 transistors in each chip were initially characterized and 
their transconductance values gm were calculated. This procedure was 
repeated each time before cell measurements and the transistors were 
set to a working point with a high transconductance value. For 
impedimetric readout, the individual TTF spectra for each channel were 
taken by sweeping a small sinusoidal stimulation voltage of 20 mV over 
a frequency range from 1 Hz to 1 MHz.

2.4. Cell culture and maintenance

Human embryonic kidney (HEK) 293 cells were chosen in this work 
for cell adhesion, detachment, apoptosis and necrosis measurements due 
to their low endogenous ionic current densities (Zhu et al., 1998) and 
their strong adhesion with minimum distance from the oxide surfaces 
(Sommerhage et al., 2008; Wrobel et al., 2008). M10 all culture medium 
supplemented with glutamine (2 mM), non-essential amino acids (1 % 
v/v), fetal calf serum (FCS, 10 % v/v), penicillin (100 units/mL) and 
streptomycin (0.1 ng/mL) were used for cell maintenance (all VWR In
ternational GmbH, Germany). Cells were cultured in 50 mm petri dishes 
and split at around 70 % confluence by trypsin. Cultures were main
tained in a 5 % CO2 incubator at 37 ◦C until usage in experiments.

Fibroblasts cells were taken from rat umbilical cords harvested from 
Sprague-Dawley rat embryos (Charles River, Sulzbach, Germany) at 
embryonic day 15–18. Fibroblasts were chosen for cellular migration 
studies due to their sensitive motility and their role as a preferred model 
in migration research. Endothelial cell growth medium containing basic 
fibroblast growth factor (human, recombinant, 1.0 ng/mL medium), 
endothelial cell growth supplement/Heparin (4 μL/mL medium), 
epidermal growth factor (human, recombinant, 1.0 ng/mL medium), 
hydrocortisone (1 μg/mL medium), phenol red (0.62 ng/mL medium) 
and FCS (20 μL/mL medium) were used for the fibroblast culture (all 
VWR International GmbH, Germany). Cells were maintained in a 5 % 
CO2 incubator at 37 ◦C until usage in experiments.

2.5. HEK 293 cell adhesion and detachment monitoring with UF-FETs

For the HEK 293 cell adhesion measurements using the UF-FETs, 
1.5–2.5 × 103 HEK 293 cells (in 25 μL M10 medium) were plated onto 
the encapsulated transistor chips, reaching a final density between 240 
and 410 cells/mm2 on the open chip area for cell cultures (funnel 
diameter 2.8 mm). Chips were filled with 475 μL M10 medium after 3-h 
settling time. Cells were cultured for 2–3 days to reach a total cell 
density of around 8 × 103/chip. Before the measurements, the culture 
medium was replaced with calcium-free extracellular patch-clamp so
lution at 37 ◦C to ensure reproducible conditions for all experiments. For 
the cell adhesion measurements, the chips were mounted to the TTF- 
amplifier system and its temperature control was set to 37 ◦C. The 
transistors were biased by applying respective drain-source and gate- 
source voltages (typically VDS = − 2.5 V, VGS = − 2 V) to their working 
points of highest transconductance values. An alternating voltage of 20 
mV was applied to the reference electrode forming the electrolyte gate 
contact. To correlate changes in the spectra with cell attachment or 
detachment, the position of the cells on the transistor area was checked 
by an upright light microscope (Zeiss Axiotech Vario with a 10× long- 
distance objective, differential interference contrast microscopy, Carl 
Zeiss Microscopy GmbH, Germany) in parallel. Unfortunately, we had 
no chance to align the cells onto the transistors to increase the yield of 
our experiments as described for neuronal cells in some of our earlier 
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experiments (Lauer et al., 2001). Cells were seeded, the adhesion situ
ation was optically checked and cell-adherent transistors were analyzed. 
In the cell adhesion measurements, the TTF spectra were measured first 
with cells and then without cells after mechanically removing the 
adherent cells from the chip with a Q-tip soaked with ethanol.

To monitor the cell detachment in a time-dependent mode, a first 
transfer-function characterization was done to determine the significant 
frequency range. Then, time-dependent measurements were applied at a 
constant frequency, where the largest differences were expected (typi
cally 100–200 kHz). Trypsin (VWR International GmbH, Germany) was 
used to induce the cell detachment without mechanical force. 200 μL 
trypsin was applied to each chip and the detachment of the cells from the 
gate was monitored both electronically and optically. After the complete 
cellular detachment, a frequency-dependent measurement was repeated 
with all gates to enable a fit of the recorded TTF spectra to the equivalent 
electrical circuit model.

2.6. HEK 293 cell necrosis and apoptosis monitoring with UF-FETs

To simulate a cell necrosis assay as a proof-of-concept, the ionophore 
Amphotericin B (AmB, PAN-Biotech GmbH, Germany) was chosen to 
bind sterins at the cell membrane and to permeabilize it for potassium 
ions (K+). This artificial process induces similar effects like a natural 
necrosis process, while with higher concentrations a signaling pathway 
leading to nephrotoxicity is triggered (Cheng et al., 1982; França et al., 
2014; Varlam et al., 2001). 200 μL AmB (0.1 mg/mL) were applied to 
each chip to induce this artificial necrosis process, which is a concen
tration clearly above the critical concentration to favor necrotic over 
apoptotic pathways (Varlam et al., 2001). Same frequency- and 
time-dependent measurement were applied with the TTF-amplifier 
system as already stated above, together with optical monitoring.

To monitor the apoptosis dynamics, the anti-cancer agent irinotecan 
hydrocholoride (CPT-11) was used to permeabilize the cell membranes 
(Wall et al., 1966). This was previously described to trigger a natural 
apoptosis process in HEK 293 cultures (Conti et al., 1996; Wu et al., 
2016). 200 μL CPT-11 containing solution (with the apoptosis markers 
annexin-V and propidium iodide (all VWR International GmbH, Ger
many)) was applied to each chip, following with 60–110 min incuba
tion. Both frequency- and time-dependent measurements were done 
with the TTF-amplifier system as stated above, together with parallel 
fluorescence microscopy using the upright Zeiss microscope. Electrical 
measurements were continued while the UV-light was off during the 
incubation period. After apoptosis induction, transfer-function mea
surements were repeated.

2.7. Fibroblast migration on UF-FETs

For the migration measurements, 2-15 × 103/chip fibroblast cells 
were plated onto the fibronectin-coated UF-FET chips and maintained in 
culture for 1–2 days in a 5 % CO2 incubator at 37 ◦C. To stimulate cell 
migration, 50 nM epidermal growth factor (EGF) was added 1 h before 
the measurements. Then the chips were mounted to the TTF-amplifier 
system and maintained at 37 ◦C. Fibroblast cell culture medium was 
directly used as the electrolyte in these experiments, which was con
tacted by a Ag/AgCl wire as the electrolyte-gate contact. The transistors 
were set to their working point and TTF measurements were done as 
described above. The position of the cells on the transistor area was 
checked optically with a high-resolution upright microscope to distin
guish gates with adherent cells from cell-free transistor gates, and the 
TTF spectra were measured before starting the time-dependent mea
surements. These time-dependent measurements were then done by 
applying a constant frequency of the stimulation voltage (100 kHz), 
while monitoring the signal amplitude. In parallel, a time series of im
ages were taken with one photo per minute to correlate cell motion and 
electrical adhesion signal. In the supplementary material a video can be 
seen, which was generated out of these microscopy images.

2.8. Lipid vesicle preparation and vesicle-UF-FET interaction monitoring

Lipid vesicles were prepared by the liposome electroformation method 
(Angelova and Dimitrov, 1986; Dimitrov and Angelova, 1988). We pre
pared vesicles by the electroswelling technique from planar electrode 
surfaces (Angelova and Dimitrov, 1987; Estes and Mayer, 2005). Lipids 
from Avanti Polar Lipids Inc., 1-Stearoyl-2-Oleoyl-sn-Glycero-3-Phospho
choline (SOPC), 1-Stearoyl-2-Oleoyl-sn-Glycero-3-[Phospho-L-Serine] 
(SOPS) and 1,2-Dimyristoyl-sn-Glycero-3-Phosphoethanolamine-N-Lissa
mineRhodamine-B-Sylfonyl (DMPE-LisRhod) were used. 2 μL of lipid 
mixture (SOPC:SOPS:DMPE-LisRhod = 500:2:1) were carefully deposited 
on indium tin oxide (ITO) coated glass. The lipid-chloroform film was 
dried under vacuum for 1 h. After dehydration, the glasses were arranged 
in a chamber containing 2 mL sucrose solution (300 mM). The glasses were 
separated with a 1 mm Teflon spacer and connected to copper electrodes. 
For electroswelling, an AC field (2 V) was applied at 10 Hz for 3 h. Driven 
by osmotic and electrostatic forces, the lipid molecules formed liposomes. 
After preparation, we transferred these lipid vesicles carefully into a 
glucose buffer (300 mM) supplemented with PBS (pH 7.4) and measure
ments were done within a few hours. For TTF-measurements, the surfaces 
of the UF-FETs were coated with positively charged poly-L-lysine (PLL, 
MW: 150–300 Da, Sigma-Aldrich, Germany) to ensure an electrostatic 
interaction with the negatively charged lipid vesicles. Osmolarities of the 
intra- and extra-vesicular solutions were set to 300 mOsm and 310 mOsm, 
respectively, to allow membrane elasticity and to ensure that the vesicles 
adapt to the UF-FET surfaces smoothly.

For the TTF measurements, UF-FET chips were firstly characterized 
with glucose solution as a measurement electrolyte, and frequency- 
dependent measurements were taken as reference. Then vesicles were 
carefully added by a bovine serum albumin (BSA, Sigma-Aldrich, Ger
many) coated pipette to avoid vesicle membrane rupture. After 30 min 
settling time, the chip surfaces were photographed and a second 
frequency-dependent measurement was performed.

2.9. Erythrocyte ghosts’ preparation and erythrocyte-UF-FET interaction 
monitoring

Erythrocyte ghosts were prepared by direct hypotonic lysis of red 
blood cells (Lisin et al., 1996; Steck and Kant, 1974). Briefly, the 
erythrocyte-membrane was collected by ultracentrifugation in a lysis 
buffer and subsequently transferred to an isotonic buffer, which leads to 
the resealing of the membrane and is resulting in the resealed ghosts.

For the preparation, 25 mL of fresh human blood was used, supple
mented with heparin (Sigma-Aldrich, Germany) to prevent coagulation. 
A first centrifugation step (4 ◦C, 2300×g, 10 min) was applied to sepa
rate the blood serum from all cellular components. The pellet was 
collected and dissolved in PBS buffer (12 mL, pH 8.0) for the next 
centrifugation (repeated three times until the supernatant was clear). 
The pellet was then dissolved in ice-cold hypotonic buffer (5P8, Na3PO4, 
5 mM, pH 8.0) to initiate hemolysis of the cells. The erythrocyte ghosts 
were transferred to sterile ultracentrifuge tubes and pelleted at 4 ◦C, 
22000×g for 15 min, following with two times washing in ice-cold 5p8- 
Mg solution (5P8 with MgSO4, 1 mM, pH 8.0) at 4 ◦C, 22000×g for 15 
min to induce immediate sealing. The sealed ghosts were washed twice 
in ISP solution (5P8 supplemented with sucrose: 9g per 100g 5P8, pH 
7.4) and re-suspended in 4 mL of the same solution. Antibiotic was 
added (1.5 μL/mL solution (G-418, Sigma-Aldrich, Germany)) and the 
ghost density was controlled optically. The erythrocyte ghost solution 
was stored at 4 ◦C until measurements.

For TTF-measurements, the erythrocyte ghosts were plated on the 
UF-FET chips and stored at 4 ◦C while sinking to the surface. After 
30–45 min, TTF-measurements were conducted at room temperature. 
The ISP buffer was used as the electrolyte solution in this case. Optical 
monitoring of erythrocyte ghost-UF-FET chip interaction was carefully 
carried out with a water immersion objective (UMPlanFl 20× Water 
Immersion Microscope Objective, Olympus Europa SE & Co. KG, 
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Germany) to avoid erythrocyte ghost detachment caused by shear 
forces.

2.10. Modeling the TTF spectra

To understand and explain the UF-FET TTF spectra in this work, 
additional factors including reference electrode impedance, buffer so
lution resistance, FET parasitic parameters and the transfer character
istics of the amplifier stage need to be taken into account. When 
including the influences of all these side-parameters into a model, the 
cell-related parameters such as seal resistance to the surface and the 
projected cell membrane capacitance can be extracted. We earlier pre
sented an electrically equivalent circuit model (EEC) to describe the 
complete experimental configuration (Hempel et al., 2015; Morgan 
et al., 2007; Schäfer et al., 2009; Susloparova et al., 2015).

For a precise cell-transistor contact model, the cellular membrane 
needs to be divided into free membrane area and membrane area 
attached to the surface. The electrolyte-filled cleft between the attached 
part of the cellular membrane and the transistor gate surface forms a 
resistive path in form of a planar plate resistor (Rseal). For a first 
approximation in single cell experiments, the part of the EEC related to 
cell-related parameters can be simplified into only two major elements 
the projected membrane area CPM and the total resistance of the mem
brane Rmem. Together with the sealing resistance Rseal, which describes 
the adhesion strength, these parameters are related to cell morphology 
and membrane integrity, respectively. As described before, this model 
enables to extract the adhesion strength of cells to the transistor gates 
and even reveals the morphology of the cell on top of the transistor 
(Susloparova et al., 2015).

Fig. 1. Design, fabrication and characterization of UF-FETS chips: (a) Fabrication process flow of UF-FETS. We used implanted contact lines to realize robust chips 
for repeated usage in cell cultures. Two implantations were done to define contact lines and transistor gates. Ultra-flat surfaces were realized by the use of LOCOS 
oxidation and a series of wet etching of silicon oxide and silicon nitride. (b) Selected presentation of FETs design and optical image illustration during processing: (b- 
1) conducting lines definition by 1st lithography and gate plateau definition by 2nd lithography. Scale bar: 50 μm. (c) Morphological characterization of gate opening 
after planarization by AFM. (c-1) AFM image of a gate surface, (c-2) quantification of the gate profile showing only ~30 nm feature heights. (d) Transfer charac
teristics of exemplary UF-FETs with various gate geometries or 6x5, 6x4 and 6 × 3 μm (width x length), (e) transconductance calculated by derivation of IDS (VGS) for 
the 6 × 4 μm transistor. In this case, a working point of VDS = - 3V and VGS = -2.2V would be selected for TTF measurements.
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3. Results and discussion

3.1. Ultra-flat FET chip fabrication and characterization

The UF-FET fabrication process was successfully conducted as illus
trated in Fig. 1a. In this process, transistors with a gate length of 3, 4 or 5 
μm, and varying gate widths of 6 μm, 12 μm and 25 μm were successfully 
fabricated (Fig. 1b). It should be noted that the electronically effective 

gate lengths are determined by under-diffusion of dopants in the gate 
area and can be estimated between 1 and 3 μm, respectively. Moderate 
gate lengths were chosen and gate dimensions were optimized to 
guarantee sufficiently high gm values for successful cell adhesion 
detection, while enabling experiments on the single cell level.

The surface topography of silicon nitride and oxide layers was 
minimized by HF and H3PO4 wet etching. The etching times were 
balanced according to the thickness of the silicon oxide and silicon 

Fig. 2. Electrical equivalent circuit (EEC) modelling and characterization: (a) EEC illustration, when a cell is attached on the FET (all gate sizes 4 × 12 μm2) in 
various cell dynamic conditions such as: single cell attachment (a-1), multi-cell attachment (a-2), cell detachment (a-3) and cell apoptosis (a-4). (b–e) Influence of the 
time constants on the TTF spectra, characterized and analyzed with cell-free gates when τ4 > τ2 (b), τ4 = τ2 (c), and τ2 > τ4 (d). Four different time constants are 
visible, when a cell is strongly attached to the transistor gates (e). HEK 293 cells were used to evaluate the transfer-function spectra. Displayed results represent 
typical recordings. Experiments were done with multiple chips (>10 devices) in multiple biological repeats (>3). All measurements were taken with parallel optical 
control as shown in the microscopy images inside the insets.
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nitride layers. A series of silicon oxide and silicon nitride wet etching 
achieved quasi planar surfaces. After optimization and repeated controls 
via AFM measurements, planar surfaces in the gate areas of the UF-FET 
devices with step heights below 30 nm were achieved (Fig. 1c).

All transistors demonstrated typical electronic characteristics with 

distinct threshold voltages in the range of − 1.1 to − 1.9 V and moderate 
subthreshold slopes between 100 and 130 mV/dec. In our process, the 
threshold voltages of the FETs are predominately determined by the 
annealing process after the second implantation, the gate dimensions 
and the thickness of the gate oxide. As the most important parameter, 

Fig. 3. Dynamic monitoring of adherent cells (HEK 293) by the transistor-transfer function utilizing the UF-FETs developed in this work. Cell adhesion can be 
monitored with the 16-channel ISFET array on individual cells revealing their adhesion status (a–c), Cell detachment triggered by trypsin (gate sizes 4 × 12 μm2) 
(d–f), cell necrosis triggered by AmB (gate sizes 5 × 12 μm2) (g–i) and cell apoptosis triggered by CPT-11 (gate sizes 4 × 12 μm2) (j–k). Both frequency-dependent (d, 
g, j) and time-dependent (e, h, k) measurements were applied, together with optical controls (f, I, l). The microscope is equipped with red and green fluorescence and 
changes in apoptosis state can be monitored (l).
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the maximum transconductances gm of the fabricated FETs were 
extracted (presented in Fig. 1d–e, Fig. S3 and Table S1). In Fig. 1d some 
exemplary transistor characteristics are shown.

3.2. Modeling of the TTF spectra and cell-adhesion examination

To quantitatively understand the cellular adhesion mechanics, we 
earlier proposed a theoretical EEC model as presented in Fig. 2a 
(Susloparova et al., 2015). Cell-transistor coupling dynamics was 
detected upon various cellular stimulations, which can be monitored 
with the TTF-method due to cell adhesion changes (Figs. 2a, 1–4). Po
tential influences of the cell-cell junction can also be considered in the 
case when multiple cells interact with larger transistor gates, while 
applying an extended EEC model to account for cell-cell junctions 
(Hempel et al., 2021). In this work, the adhesion of single cells on 
UF-FETs was successfully monitored by frequency-dependent 
TTF-measurements with both HEK 293 and fibroblast cells. Most 
importantly, the sealing resistance Rseal is the main parameter, which 
describes the adhesion strength of the cell on top of the transistor gate. 
This resistor is formed by the electrolyte-filled contact area between the 
attached part of the cell membrane and the transistor surface. In an 
earlier publication of our group, we derived an analytical equation Rseal 
from experimental data of cell-transistor coupling experiments using 
parallel patch-clamp and transistor recordings (Wrobel et al., 2005; 
Pabst et al., 2007). The equation was the result from an analytical so
lution of the Poisson-Nernst-Planck equations in the cell-substrate 
interface: 

Rseal =
kBT

4πe2
0nB

totDK+h

[

1+ 4
L2

D
r2

(
1

I0(r/LD)
− 1

)]

[1] 

, where kB is the Boltzmann constant, T is the absolute temperature, e0 is 
the elementary charge, nB

tot is a particle density of the surrounding bath 
solution, DK+ is the diffusion coefficient of potassium in this particular 
case, h is the average height of the electrolyte-filled cleft between the 
cellular membrane and the chip surface, I0 is the modified Bessel func
tion, r is the cell radius, and LD is the Debye screening length.

As described before, the TTF-spectra can also reveal the morphology 
of the cells, since the projected capacitive signal part for the stimulation 
voltage through the cell represented by CPM is the serial combination of 
the free membrane part CFM and the surface-attached membrane part in 
the junction CJM with: 

CPM =
CFM⋅CJM

CFM + CJM
[2] 

It needs to be noted that this projected membrane capacitance CPM is 
distinctly different from the total membrane capacitance CM typically 
measured by patch-clamp pipettes from inside to outside of a whole cell. 
Due to the serial combination of the free and the attached membrane 
parts this projected membrane capacitance CPM is generally much 
smaller than the typical whole-cell membrane capacitances of cells and 
depend on the particular cell morphology (for further explanation, 
please refer to the supplementary material file Fig. S4).

In the TTF-measurements with the UF-FET devices in this study, 
several shapes of the TTF spectra were observed, which can be described 
by four different time constants governing the cell-transistor contact 
(Equations (3)–(7)). (Schäfer et al., 2009) 

H(iω)=Vout⋅gm⋅
(1 + iωτ1)⋅(1 + iωτ2)

(1 + iωτ3)⋅(1 + iωτ4)
[3] 

τ1 =CPM⋅Rseal [4] 

τ2 = −
CCL⋅(CPM + Cox)

CPM⋅gm
[5] 

τ3 =Rseal⋅(CPM +Cox) [6] 

τ4 =2⋅Rel⋅CCL [7] 

For a cell-free gate, the system is dominated by the time constants τ2 
and τ4, and their proportions. If τ4 > τ2, the TTF spectrum shows a 
distinct cut-off at higher frequencies, while τ2 has little effect to the TTF 
spectrum within the recorded frequency band (1 Hz - 1 MHz), as shown 
in Fig. 2b. In special cases, when both time constants are equal, the TTF 
spectrum decreases after a short increase in a frequency range from 20k 
– 200k Hz (Fig. 2c). When τ2 ≫ τ4, the normalized voltage increases 
dramatically for higher frequencies (>200 kHz) and the effect of τ4 
becomes invisible (Fig. 2d–e). Hence, τ4 > τ2 is requested for effective 
cell-adhesion measurements, requiring a sufficiently high trans
conductance of the transistor by a given parasitic capacitance of the 
contact lines.

However, the influence of these four different time constants (τ1, τ2, 
τ3, τ4) on the relevant cell-related parameters Rseal and CPM is complex as 
1) two or even three time constants need to be taken into account, 2) 
only τ4 is given by the conducting line capacitance (CCL) depending on 
the respective chip design and the electrode and electrolyte resistance 
(Rel). Most generally, a strong cell-transistor coverage with a large Rseal 
value causes a large change in the TTF spectra, while the cell shape also 
influences the TTF spectra significantly by the projected membrane 
capacitance CPM. Homogenously adhered cells with a flat morphology 
result in higher signal changes compared to spindle shaped cells, small 
cells and round cells (Sommerhage et al., 2008). Generally higher seal 
resistances Rseal are formed by flat and uniformly adherent cells (Pabst 
et al., 2007; Wrobel et al., 2008). A smaller cell-chip cleft height by 
planarized transistor gate topography with better distributed adhesion 
proteins at the cell-chip edge leads to the largest changes in the TTF 
spectra (Fromherz et al., 1991; Gleixner and Fromherz, 2006).

Under the assumption that CPM is constant for roughly similarly sized 
cells and CPM > Cox, the time constants τ1 and τ3 fuse to one time con
stant. The time constant τ3 causes a cut-off frequency at lower value in 
dependency on the seal resistance Rseal. The observed intermediate and 
inclined TTF spectra are due to the interaction of τ1 and τ3 (Fig. 2e). In 
the case of τ3 > τ1, the TTF spectrum shows a saddle point or decrease in 
inclination before final decrease at higher frequencies that is caused by 
τ4. For increasing Rseal, the TTF spectrum drops at lower frequencies and 
τ2 is responsible for the subsequent increase (Fig. 2e). Qualitative 
analysis for the four different time constants that vary with Rseal, CPM, Rel 
and gm was further done by modeling and respective values are pre
sented in Table S2, with additional experimental cases shown in Fig. S5. 
In all our experiments, we utilized multiple UF-FET devices (>10 chips) 
and multiple biological repeats (>3). Presented results are typical ex
amples. Generally, the low numbers of transistor channels on our chips 
permits a statistical analysis of the presented cell assays. However, for 
all measurements, the TTF results were consistent with optical micro
scopy controls, suggesting that the TTF method can be used as a reliable 
tool to monitor cell-chip coupling, electronically.

3.3. Cell detachment, necrosis and apoptosis examined with TTF 
measurements

To extract clear and quantitative information for the cell-related 
parameters Rseal and CPM, trypsin, AmB and CPT-11 were applied to 
study the dynamics of cell-chip interaction (Fig. 3). After two days of 
culture, cell attachment on transistor gates was monitored by frequency- 
dependent TTF measurements with clear minima visible at ~200 kHz, 
compared to a cell-free reference gate (Fig. 3a–c). Notably, in experi
ments with conventional FET chips the cell growth and migration are 
significantly influenced by the topographic structures (Fig. S6). In 
contrast to this, the UF-FET demonstrated no influence on cell attach
ment and migration behavior (Fig. 3b).

Upon trypsinization, the voltage minima shifted to higher fre
quencies with higher transfer-function values over time, however, did 
not fully reach the cell-free state due to persisting cell-transistor 
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Fig. 4. Advanced applications of the TTF method using UF-FET devices (all gate sizes 4 × 12 μm2): (a–c) Subcellular fibroblast cell migration monitoring in real time 
with simultaneous time-dependent TTF measurements and optical tracking using an upright microscope; (d, e, g) Lipid vesicles and (f, h) erythrocyte ghost cells 
attached to the surface of UF-FETs chips. In both cases, the attached case could be clearly detected by a change in the TTF spectra and confirmed by optical tracking. 
The differences in TTF spectra from transistor gate to transistor gate can even quantify the adhesion strength and surface coverage in the individual case. Scale bars 
are labelled in the images (otherwise 20 μm).
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attachment (Fig. 3d). In general, the shape of the TTF spectra did not 
change strongly during detachment and morphological changes, which 
implied that 1) the Rseal was significantly decreased by the trypsin ac
tivity and thereby decreasing τ3; 2) CPM did not decrease far enough to 
reveal the time constants τ1 and τ3, 3) the increase in the transfer- 
function value was again caused by τ2, which relates to the change in 
cellular morphology.

A time-dependent increase in the voltage amplitude of the TTF 
spectra at 100 kHz was also recorded upon trypsinization, where the 
highest change occurred in the strongly adhered cells with flat 
morphology (Fig. 3e–f, Fig. S7). The absolute change in the transfer 
function at a specific frequency could therefore contribute as an indi
cator for the adhesion strength of a cell. A time delay was observed in the 
well-attached cases eventually caused by the limited trypsin diffusion 
into the cell-chip clefts.

The effect of AmB on adherent cells was successfully monitored with 
the TTF method in both frequency and time-dependent readout modes. 
However, in this assay completely opposite behavior was found 
compared to trypsin (Fig. 3g–i). The minima were shifted to lower fre
quencies, along with decreased normalized voltages (~30 %), implying 
an increased time constant τ3 that forced the TTF spectrum to drop 
during ongoing AmB action. The time constant τ1 was not revealed, 
indicating that the projected capacitance CPM was not lowered, which 
hints to an almost unchanged morphology of the cells. The time constant 
τ2 again determined the subsequent increase of the transfer function at 
higher frequencies. Continuous decrease was measured over time with 
time-dependent TTF readout after addition of AmB (Fig. 3h). Such dy
namic changes suggested an enhancing Rseal upon AmB treatment, 
although the cell membranes could be perforated according to optical 
images (Fig. 3i, Fig. S8). The collapse of the cell membrane due to me
chanical instability could probably form a wider coverage on the chip 
surface, with a larger area of the cell-chips cleft, and therefore provide 
higher intermediate Rseal values and time constants τ3. Despite perme
ability issues, we cannot completely exclude possible changes in cell 
adhesion in these experiments. As discussed before, both effects are 
combined and cannot be evaluated independently.

In a final experimental series with the HEK 293 cells, the apoptosis 
process of adherent cells on UF-FETs was induced by CPT-11. As a proof- 
of-principle, simultaneous TTF measurements were conducted to 
monitor changes in the TTF spectra caused by the apoptosis process. The 
minimum frequencies of the band block effect were shifted to higher 
frequencies (from 100 to 200 kHz), however, the amplitude values of the 
transfer function remained similar (Fig. 3j). We recorded a significant 
increase in the transfer function values during time-dependent impedi
metric measurements after CPT-11 administration, suggesting the loss of 
cell adhesion during apoptosis (Fig. 3k). As described in the material and 
methods section, the ISFET devices can be read out either in potentio
metric or in impedimetric mode. We speculated that eventually during 
membrane perforation, local pH changes could occur at the gate leading 
to changes in the potentiometric signal. Such signals should be evident 
in the low frequency regime of the TTF spectrum. However, the quasi- 
potentiometric measurements at 1 Hz showed no difference over an 
extended recording period of almost 2 h (Fig. S9). It should be noted that 
by applying proper readout electronics and frequency filtering, the 
ISFET devices could reveal potentiometric and impedimetric changes at 
the transistor gate in parallel. To proof that indeed an apoptosis cascade 
was triggered in the cells, we utilized fluorescence microscopy after 
staining with annexin-V and propidium iodide, in order to distinguish an 
early from a late apoptosis status, respectively (Fig. 3l, Fig. S10).

3.4. Single cell migration monitored with UF-FETs

Different from cellular adhesion, the migration behavior of cells can 
be divided in processes at the cell front, underneath the cell body, and at 
the cell rear. In our experiments, we monitored cellular migration with 
time-dependent TTF measurements. In parallel, we recorded microscopy 

images with the upright microscope and related these to the electronic 
recordings. Due to the high signal-to-noise-ratio of the TTF method and 
the ultra-flat surfaces and the small size of the transistor gates of the UF- 
FETs, even subcellular processes like filopodia or lamellipodia expan
sion and retraction were successfully recorded. We describe in the 
following a typical measurement of a fibroblast cell migration on the 
gate of an UF-FET (Fig. 4a–c).

The highly unsteady change in the transfer function amplitude at 
200 kHz was observed for dynamic cell membrane movement over the 
gate, compared to a cell-free gate as a control (Fig. 4b). The fibroblasts 
activity at the cell front was recorded when approaching and reacting 
from the gate (0–20 min). Only small signal changes were caused by 
filopodia and lamellipodia movements with similar duration, indicating 
their minor size and adhesive strength. Even these tiny effects could be 
tracked by out method using the UF-FETs. When the fibroblasts were 
stabilizing and completely covering the transistor gate, a significant 
decrease in the transfer function amplitude was observed (20–40 min). 
As a result of the dynamic cell migration, a subsequent increase to a cell- 
free level was observed when the cell body was leaving the gate (40–60 
min). When the cell migrated back onto the gate afterwards, a contin
uous decrease in normalized voltage was again observed along with cell- 
gate coverage, gradually stabilizing after 90 min. The whole migration 
process at different time points was visible and in line with optical mi
croscope images (Fig. 4b–c), providing reliable evidence for real-time 
subcellular monitoring of the cellular dynamic during migration.

3.5. Vesicles and erythrocyte ghosts’ attachment on FETs

We further utilized the TTF readout method with UF-FETs to record 
the cell-substrate adhesion of lipid vesicles and erythrocyte ghost cells 
(Fig. 4d–h). In vesicle attachment experiments (Fig. 4d, e, g), due to the 
low conductivity of the glucose buffer large time constants τ4 were 
observed with a significant drop in the transfer function amplitudes at 
low frequencies.

The minima of the TTF spectra shifted to lower frequencies with 
lower transfer function values during attachment, indicating the influ
ence of τ3, which corresponds to a strong cell adhesion state. From the 
theory, we should be able to detect different CPM values between smaller 
and larger vesicles. However, in our experiments the differences could 
not be detected in the time constant τ1. A reason could be the too large 
value for the time constant τ4 caused by the large electrolyte resistance 
Rel of the glucose buffer. To reveal larger differences in the TTF spectra 
for these measurements, we would need to design chips with much 
smaller contact line capacitances CCL to suppress the influence of the 
time constant τ4.

Similar constellation was found in the adhesion measurements using 
erythrocyte ghosts (Fig. 4f–h). Due to the larger conductivity of the ISP 
buffer much higher than the one of the glucose buffer, the TTF spectra 
exhibited an intermediated saddle shape. Hence, τ4 affected the TTF 
spectrum at higher frequencies and revealed influences of the time 
constant τ1. All four different time constants were visible in these TTF 
spectra, with the following relation: τ2 < τ4 < τ1 < τ3. However, small 
changes in the different parameters influencing these time constants 
could lead to a suppression of a single time constant - particularly in very 
sensitive measurements such as the adhesion of the tiny erythrocyte 
ghosts. Therefore, the TTF method and the design of the UF-FETs need to 
be carefully tuned for optimized assays of either one of the above ap
plications presented here.

4. Conclusion

In this work, the method of transistor-transfer function measure
ments was successfully applied to qualitatively characterize the contact 
between cells and ultra-flat FETs, as well as other artificial and cellular 
membrane-based systems attached to the transistor surfaces. Both fre
quency- and time-dependent measurements were conducted to reveal 
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various properties of the TTF method in combination with the designed 
UF-FET devices. Multiple shapes of the TTF spectra were identified and 
interpreted concerning four different time constants of the spectra. 
These time constants are critically dependent on passive, chip-related 
factors such FET transconductance, transistor gate capacitance and the 
corresponding contact line capacitance at source and drain contacts. The 
resistance of the electrolyte solution utilized during measurements plays 
a significant role as well. Once these parameters are optimized, TTF 
measurements can reveal cell-related parameters such as the sealing 
resistance between the cell membrane and the transistor surface, which 
relates to the adhesion strength, and the projected membrane capaci
tance, which reveals the morphology of the individual cell. However, 
both effects are not completely de-coupled in the time constants. When 
larger transistors are utilized, the influence of cell-cell contacts can be 
seen as well just like in standard ECIS measurements using larger metal 
electrodes.

From our measurements using the UF-FET devices developed in this 
work, the adhesive strength of HEK 293 cells was qualitatively deter
mined and found to correlate with cell morphology. The dynamics of cell 
detachment and changes in membrane permeability were monitored 
following stimulation with trypsin and AmB, respectively. All mea
surements at the single-cell level were highly consistent with parallel 
microscopy controls. Drawback was, however, that we had no procedure 
to align cells onto the transistor gates for the analysis. Cells were arbi
trarily seeded and only those attached to the transistor gates of the chip 
could be analyzed. Nevertheless, a fluorescence staining method was 
introduced to detect cell apoptosis, with simultaneous impedimetric and 
potentiometric changes of the transistor signals in normalized voltages 
observed following CPT-11 treatment. For such pharmacological assays, 
however, the current chip design of the UF-FETs is not suitable, since 
they only offer 16 transistor channels. For a statistical evaluation of the 
drug effects of colonies of cells, many more transistors would be needed 
for a meaningful statistical analysis.

In our current experimental design, quantitative biological or phar
macological assays on single cells are not possible. For such aim we 
would need to chemically address a small area on chip with a precise 
dosing of a chemical or drug, which would need a sophisticated 
microfluidic addressing concept. Therefore, in contrast to the classical 
patch-clamp technique with single cell perfusion, we cannot provide 
pharmacokinetics data in single cell studies. Nevertheless, the concept of 
utilizing ultra-flat field-effect transistors for impedance sensing com
plements the classical ECIS method with a single cell resolution for 
adhesion monitoring leaving room for many complementary 
applications.

Compared to an earlier publication of our group with quasi-planar 
field-effect transistors, the UF-FETs realized in this work have also flat 
topography with less than 30 nm high features in their gate areas, where 
the actual adhesion detection takes place. This property enabled cell- 
substrate adhesion monitoring in so far not reachable sub-cellular res
olution. In the single-cell experiments presented in this work, fibroblast 
cell migration was monitored time-dependently at the sub-cellular level 
using the TTF spectra analysis, revealing sub-cellular adhesion patterns 
of individual filopodia and groups of lamellipodia. Different adhesion 
behaviors were observed at the cell front, cell body, and cell rear. 
However, significant values for Rseal and CPM could not be determined 
from the experimental results due to the complexity of the interactions 
within system. A file of a time lapse video is provided in the supple
mentary material, which shows the sub-cellular resolution of the single- 
cell experiment.

In additional proof-of-concept experiments, lipid membrane vesicles 
and erythrocyte ghosts were successfully prepared and their attachment 
to the gates of UF-FET devices was detected. The resulting TTF spectra 
were analyzed concerning the corresponding time constants, providing 
strong experimental evidence supporting membrane-transistor interac
tion models.

This work has effectively demonstrated that the TTF method using 

ultra-flat FET devices can dynamically monitor cell and lipid membrane 
adhesion to the oxide surfaces of the transistor gates. However, future 
experiments should focus on advancing the analytical approaches and 
deepening our understanding of the interplay of the involved time 
constants. A definite reference system would be necessary to calibrate 
the system and to determine the exact cell-related values for membrane 
adhesion. The TTF method with FET devices described in this work, 
however, offers very promising future potential as complementary 
method to the classical ECIS assays. With our devices it is possible to 
electronically monitor the cell-substrate adhesion for different cell bio
logical questions over extended periods with so far unmatched spatial 
resolution.
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