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Microelectrochemical visualization of oxygen
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The detection of cellular respiration activity is important for the assessment of the status
of a biological cell. Due to its non-invasive character and high spatial resolution scanning
electrochemical microscopy (SECM) is a powerful tool for single cell measurements.
Common limitations of respiration studies performed by SECM are discussed and
strategies provided to further adapt SECM detection schemes to the specific requirements
for the investigation of single cell respiration. In particular the combination of a potential
pulse technique in the redox competition mode of SECM with a shearforce-based
constant-distance positioning of the SECM tip is proposed for characterising the impact of
the tip reaction during SECM imaging. The adjustment of the driving force of the tip
reaction and the selection of the time for data acquisition after applying the potential
pulse allowed a successful visualization of cell respiration activity.

Introduction

Single cells, as the smallest independent unit of a living organism, facilitate the
study of complex biochemical processes in a simplified manner. According to the
principle of reductionism this simplification enables elucidating implications of
the role of individual cells inside the whole organism, a better understanding of
selected reaction pathways and the species involved therein." A specific advantage
of electrochemical methods in biological studies is that some of the most
important species involved in biological processes like NO, catecholamine
neurotransmitters, oxygen, and reactive nitrogen (RNS) or reactive oxygen species
(ROS) are directly detectable under physiological and non-invasive conditions.
Furthermore, microelectrodes facilitate local electrochemical investigations in
the vicinity of an inspected cell and a first application was already described in
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1976.% The flexibility of electrochemical detection schemes in combination with the
broad range of traceable species led to an increasing number of different applica-
tions of stationary microelectrodes as reviewed e.g. in ref. 3. Scanning electro-
chemical microscopy (SECM)* as a spatially resolving microelectrochemical
technique enables accurate positioning of a microelectrode accompanied by visu-
alization of local electrochemical activity distributions. Beside the investigation of
fluxes through the cellular membrane during exocytosis events™>® and the mapping
of intracellular activity,” the detection of the respiration activity of individual cells
is of high importance. The respiratory chain is directly connected with the
metabolism of a cell and therefore the consumed oxygen is an essential measure of
the cell status.

Due to a comparatively simple experimental setup and a fast detection
procedure, a large number of single cell SECM investigations have been per-
formed in the constant-height mode in which the SECM tip approaches the
sample surface at x,y-coordinates far away from the specimen under investigation
and scanned laterally keeping the z-position fixed.'”" In order to prove that the
obtained constant-height SECM images were caused by the respiration activity of
the cell, several studies utilized KCN to block mitochondrial respiration by
inhibition of cytochrome ¢ oxidase in complex IV of the respiratory chain.'®*> A
subsequent diminution or absence of a current decrease above the cell body is
used as evidence for a successful visualization of cell respiration. These experi-
ments are based on the assumption that the cell morphology is not changed due
to respiration inhibition. However, it is known that morphology fluctuations
occur during cell death, like e.g. swelling or shrinking. These variations are not
considered but might influence the tip current.

Further refinements of the SECM detection scheme for single cell analysis were
dedicated to strategies minimizing limitations of constant-height mode experi-
ments. Beside the use of specially designed double barrel electrodes for the
simultaneous detection of the tip-to-sample distance and the biological activity,'*"*
the embedding of cells into cavities," the evaluation of SECM approach curves on
top and at the side of the investigated cell,"**” and time-lapse SECM" have been
reported. However, studies utilizing different redox mediators are based on the
assumption that oxygen and the added mediator behave in a comparable way, e.g.
showing similar diffusion coefficients. Furthermore, these strategies lack a true
topography-free investigation of the structure-activity-relationships necessary for
an in-depth understanding of cellular processes. Therefore, constant-distance
mode (cd-mode) SECM experiments in which the tip follows the contour of the
investigated cell in a continuously controlled and constant working distance are
considered to be superior to constant-height mode investigations.

The easiest constant-distance mode is the constant-current mode in which the
tip current is used for maintaining the working distance during the experiment
and the stored z-position of the tip generates a visualization of the cell topog-
raphy."?® However, a basic requirement for a precise constant-current mode
experiment is a uniform electrochemical activity of the investigated surface. Since
the examination of variations in reaction rates at the sample surface is the
intrinsic aim of SECM investigations, the constant-current mode is strongly
limited in that respect. Alternatively, current-independent distance control
mechanisms include the adjustment of the tip-to-sample distance by impedance-
based signals,> through shearforce interactions,” and via merging other
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scanning probe techniques like atomic force microscopy (AFM)* or scanning ion
conductance microscopy (SICM).>* Recently, these strategies have been success-
fully applied for cell investigations.>*>*>>7

An additional aspect often neglected in SECM respiration studies is the high
permeability of the cell membrane for certain molecules and the consequent
possibility of diffusional exchange across the lipid bilayer due to the formed
concentration gradients. Therefore, we focus in this contribution on the eluci-
dation of the complex interaction of different reaction rates involved in the SECM
detection scheme for the investigation of the respiration activity of single living
cells. Particularly, the influence of the driving force of the tip reaction on the
overall result of the SECM experiment is investigated. In order to further study
and control the role of the scanned tip, a potential pulse profile applied at the
SECM tip in combination with a time dependent data acquisition is utilized.

Experimental
Cell cultures and solutions

Retzius cells were from medicinal leeches and cultured according to a procedure
described in ref. 28. PC12 cells were grown on poly(ornithine)-covered glass slides
as described in ref. 29, and transformed human umbilical vein endothelial cells
(HUVEC cells) were cultured as reported previously.”* Samples of PC12 and
HUVEC were kindly provided by Dr A. Blochl and Prof. Dr 1. D. Dietzel-Meyer
(Lehrstuhl fiir Molekulare Neurobiochemie, Ruhr-Universitit Bochum, Germany).
Human embryonic kidney cells (HEK293) were cultured as described in ref. 30 and
were kindly supplied by Dr C. H. Wetzel (Lehrstuhl fiir Zellphysiologie, Ruhr-
Universitit Bochum, Germany). Measuring solutions contained 125 mM Nacl,
5 mM KCl, 1.2 mM NaH,PO,, 1 mM CaCl,, 1.2 mM MgCl,, 10 mM glucose and
25 mM 4-(2-hydroxyethyl)-1-piperazine-1-ethanesulfonic acid (HEPES), pH 7.4 for
PC12 and for HUVEC. An extracellular solution with 140 mM NaCl, 5 mM KClI,
2 mM CaCl,, 1 mM MgCl, and 10 mM HEPES, pH 7.3 were used for HEK293 cells.
K4[Fe(CN)s] for the determination of the tip-to-sample separation in the feedback
mode was from Merck (Darmstadt, Germany) and used as received.

SECM experiments

SECM measurements have been performed with a Bio-SECM setup based on the
instrument described in.® The positioning system of the SECM is mounted on an
inverted microscope (Axiovert 25 C, Carl Zeiss, Jena, Germany with an integrated
digital CCD camera from IDS Imaging Development Systems, Obersulm, Germany)
allowing easy positioning of the tip next to the desired cells and continuous
optical inspection of the cell status. The SECM positioning system consists of
three orthogonal stepper motors (SPI Robot Systems, Oppenheim, Germany)
with a nominal resolution of 10 nm per microstep and an additional piezo
element (NanoCube P-611.ZS with an E-665 controller from Physik Instrumente,
Waldbronn, Germany) for the z-direction. Furthermore, the SECM includes
components necessary for the optical shearforce-based constant-distance mode
with a laser (CDM 145/S70/1, Atos, Pfungstadt, Germany), a split photodiode
(Spot 4D, Laser2000, Wessling, Germany), a lock-in amplifier (model 5210,
Ametek, Meerbusch, Germany), and an agitation piezo element (PSt 500/5/15,
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Piezomechanik Pickelmann, Miinchen, Germany) for vibrating the tip in its
characteristic resonance frequency. For constant-distance mode SECM experi-
ments the laser is positioned at the end of the vibratory tip electrode. The
resulting Fresnel diffraction pattern impinges on the split photodiode and the
difference signal of the photodiode is used for the readout of the tip vibration.
This signal is phase-sensitively amplified with respect to the sinus shaped
agitation signal applied at the agitation piezo element via a lock-in amplifier
and used for the current-independent distance control procedure. For electro-
chemical measurements a potentiostat model VA-10 (Npi Electronics, Tamm,
Germany) was used together with an ADDA board (CIO-DAS 802/16, Plug-In
Electronics, Eichenau, Germany) for potential control and data acquisition. All
potentials were measured versus a miniaturized Ag/AgCl (3 M KCl) reference
electrode in a two electrode configuration. The whole setup is controlled by
software programmed in Visual Basic and placed on a vibration damped base
inside a faraday cage.

SECM tips were vibratory 10 pm Pt electrodes fabricated according to ref. 31 for
the PC12 cell experiments or otherwise highly flexible polymer-insulated and
platinized carbon fibre electrodes with diameters of 7 to 9 pm fabricated following
a procedure described in ref. 5, 6 & 32. Either a cathodic electrodeposition paint
(ClearClad HSR401 from LVH coatings, UK) or alternatively an anodic paint
(Canguard, BASF Coatings, Miinster, Germany) were used for the insulation of the
carbon fibres (type Grafil E/XA-S, Courtaulds Limited Carbon Fibres Division,
Coventry, UK). The precipitation of the soluble polymer was repeated twice by
means of a two-step procedure of subsequent precipitation invoked by an elec-
trochemically induced pH shift and heat curing at 180 °C for 20 min in order to
crosslink the precipitated polymer. After insulation and cutting to expose a fresh
carbon surface, the carbon fibre electrodes were electrochemically characterised
by means of cyclic voltammetry in a solution containing 5 mM [Ru(NH;)e]|Cl;
(ABCR, Karlsruhe, Germany) and 100 mM KCIl (VWR International, Darmstadt,
Germany). To enable oxygen detection, a thin layer of platinum was deposited on
the fibre electrodes using a solution of 2 mM H,PtClg (Merck, Darmstadt,
Germany) and potentiodynamic cycling (300 mV to —500 mV, scanrate: 100 mV
s, 3 cycles). The resonance frequency of the vibratory SECM tips was typically in
the range of 0.5-5 kHz. A set point of 2-5% change from the shearforce signal in
bulk was defined as the condition of the distance control procedure and used for
the adjustment of the tip-to-sample separation. The corresponding magnitude
value was kept constant during continuous shearforce-based constant-distance
mode. For this purpose the z-position of the tip was adjusted after each lateral
displacement via the z-piezo element until this set point was reached again.
Alternatively, for 4D SF/CD-SECM* a magnitude change of 5% was defined as the
stop criterion of the shearforce-based tip approach. At each grid point the tip was
moved towards the sample surface under shearforce control until this change in
the tip vibration was reached. After current detection at the point of closest
approach, a retraction of the tip was accomplished in defined z-increments and
the corresponding signal was measured at each of the different but constant tip-
to-sample separations. Performing this sequence of shearforce-based positioning
and subsequent retraction steps leads to a 4D dataset that includes complete
current images in various constant working distances towards the topography
contour of the sample surface.
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Results and discussion
Limitations of constant-height mode SECM for single cell experiments

The most frequently used experimental approach for studying the respiration
activity by means of SECM is a variation of the substrate-generation/tip-collection
(SG/TC) mode. In this competitive SG/TC arrangement the tip is continuously
polarized to the oxygen reduction potential in order to detect the amount of
oxygen present in the gap between the tip and sample. Due to the competition
between the tip and sample for the same amount of oxygen, a decrease of the
reduction current of the scanned tip represents a locally higher respiratory activity
of the investigated cell. An exemplary constant-height mode SECM experiment of
adherently growing Retzius cells using this competition type SG/TC mode is
displayed in Fig. 1.

The image shows clearly the expected current decrease above the pair of
individual Retzius cells that correspond in size and shape with the optical
appearance of the investigated cells. Although this image shows a clear contrast
and good signal-to-noise ratio, the interpretation of this type of experiments
might be more difficult than it initially seems to be. The delicate situation for the
interpretation of oxygen measurements at living cells in constant-height mode
SECM is explained in more detail in Fig. 2. A breathing cell decreases the oxygen
concentration in its proximity and hence a smaller tip current is expected.
However, the tip current is distance dependent. A decreased tip-to-sample
distance leads likewise to a reduced tip current due to the hindered diffusion of
oxygen from the bulk solution into the gap between the tip and sample. Due to the
comparatively large dimensions of a cell body, which is comparable with the
positioning distance of a conventional 10 pm diameter SECM tip, the topography
contribution is not negligible. In order to demonstrate this superposition of both
effects, a control experiment was performed, adding a freely diffusing redox
mediator to determine the tip-to-sample separation (scheme in Fig. 2a) similar to
an approach described by Gonsalves et al'” for array scan experiments.
[Fe(CN)g]*~ was chosen as a hydrophilic mediator that does not cross the cell
membrane and is therefore suitable to investigate the topography in the negative
feedback mode.”® The current signal of the competition arrangement in Fig. 2b
shows a current decrease at the positions of the cells. Taking the tip current for
the additionally added redox mediator into account (grey line in Fig. 2b) it
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Fig. 1 Constant-height SG/TC mode SECM image of a pair of adherently growing Retzius cells from the
medicinal leech in a competition mode arrangement.
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Fig. 2 (a) Scheme of the current signal in a constant-height mode SECM line scan across an adherently
growing single cell. At each x,y-grid point the tip potential was changed between oxygen detection in a
competition arrangement and the feedback mode detection of an additionally added free diffusing
redox mediator for the investigation of the tip-to-sample distance. (b) SECM line scan across a HEK293
cell in a solution containing 0.5 mM [Fe(CN)g]*~. Tip: platinized carbon fibre electrode (diameter 7 pm),
Etip,02 = —600 MV, Eyip res = +500 mV. (black line: O, reduction; grey line: [Fe(CN)g]*~ oxidation). Insert:
Optical micrograph taken with the camera of the inverted microscope of the SECM setup showing the
direction and position of the line scan.

becomes obvious that the topography expectedly affects the tip signal. Conse-
quently, the particular challenge for respiration studies in constant-height mode
at single cells is in fact seen; that a current decrease is caused on the one hand by
the oxygen consumed by the living cell and on the other hand by a smaller tip-to-
sample distance. As a matter of fact, a deconvolution of both contributions is
difficult. This is even more important because oxygen consumption due to
respiration is slow while the current decrease due to the negative feedback effect
is substantial.

Beside this superposition of topographic and activity effects, the steep elevated
structure of the cells leads to a high risk of contact between tip and cell body
causing a mechanical stimulation or a destruction of the fragile cell membrane.
Furthermore, the utilization of an additional redox mediator might influence the
metabolism of the investigated cell. On the basis of these results it is obvious that
a current-independent distance control mechanism is required for a reliable
investigation of living cells.

Distance controlled SECM investigation in the competitive SG/TC mode

In order to overcome the above-mentioned drawbacks, shearforce-based
constant-distance mode SECM experiments have been applied in a further step
for SECM respiration studies. A line scan in the shearforce-based constant-
distance mode utilizing the competitive SG/TC mode across a PC12 cell is shown
in Fig. 3. The topographic line scan is represented by the z-position of the tip
when the set point of the shearforce-based distance control is reached. The tip
followed the contour of the PC12 cell in a working distance of about 100 to 200
nm, starting at a position above the Petri dish and moving in the direction of the
PC12 cell body. The topography scan shows clearly the elevated structure of the
cell body with a height of about 11 um. Contrary to the expected current decrease,
a current increase was detected above the cell body at the tip.
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Fig.3 Shearforce-based constant-distance mode SECM line scan above a PC12 cell. Investigation of the
respiration activity in the competitive SG/TC mode beginning from a position above the Petri dish in the
direction of the cell body.

Due to the semipermeability of the cell membrane, single cells exhibit simi-
larities to a liquid/liquid interface in a SECM experiment.** At high oxygen
reduction rates at the tip, a depletion of oxygen in the vicinity of the cell occurs.
Oxygen is known to easily cross the cellular membrane.? As a result, a diffusional
flux from the intracellular medium occurs along the concentration gradient,
unintentionally leading to a situation similar to the previously described SECM-
induced transfer (SECM-IT) mode.* Evidently, the living cell has to be considered
like a sponge filled with oxygen and hence as an additional source for oxygen. The
tip reaction actively intervenes and dominantly determines the oxygen concen-
tration inside the gap between tip and cell which is even more pronounced due to
the extremely short working distance established by shearforce positioning. As a
matter of fact, this additional flux of oxygen interferes with the detection of
respiration activity. Thus, the tip cannot be considered any longer as a passive
spectator, which implies that the properties of the tip itself will largely alter the
obtained SECM image. It is clear that under these conditions an error-free
detection of cell respiration is impossible. Although this effect has been described
in literature®'7*%>73¢ it was not considered in cell respiration studies by means of
SECM. Most studies try to circumvent this effect by using smaller electrodes;
however, in order to achieve measurable currents even small electrodes may
compete substantially with the slow impact of cell respiration on the oxygen
concentration in the gap between tip and cell.

To verify this observation in more detail and to prove that the current increase
is caused by the proposed transmembrane flux of oxygen into the gap, a control
experiment was performed at another PC12 cell (Fig. 4). In contrast to the first
experiment, [Fe(CN)q]*~ was added and used as redox mediator for an additional
determination of the tip-to-sample distance in a negative feedback mode
configuration. In a reliable constant-distance mode experiment no change in the
oxidation current of [Fe(CN)s]*~ is expected.

In order to enable a simultaneous evaluation of two different redox species, the
potential at the tip was changed at each point of the x,y-grid between —600 mV and
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Fig.4 Constant-distance mode SECM line scan above a PC12 cell in a cell buffer solution containing 30
UM K4[Fe(CN)g] for the independent determination of the working distance in the feedback mode. The
potential was changed between —600 mV for oxygen detection and +500 mV for the diffusion-limited
oxidation of the [Fe(CN)g]*~ species. A current increase during oxygen detection was observed above the
investigated cell. The oxidation current of [Fe(CN)s]*~ is not changed by passing the cell body, proving
the accuracy of the shearforce distance control.

+500 mV, respectively. Again, the topography of the investigated cell body is clearly
visualized using the shearforce-based z-positioning and a height of about 9 pm can
be derived for the specific cell. As in the previous experiment an increase of the
oxygen current was detected above the PC12 cell. However, no current change was
observed for [Fe(CN)¢]'~ oxidation proving the reliability of the shearforce-based
constant-distance positioning. Hence, any possible impact of an error in the distance
control can be excluded as the source for the unexpected increase in the oxygen
reduction current above the cells. Furthermore, the observed behaviour is clearly due
to the chosen experimental design and not an effect detected at a specific cell type
that is demonstrated by Fig. 5 with the results of a 4D SF/CD-SECM experiment at a
HEK293 cell. The detection procedure of the 4D SF/CD mode facilitates constant-
distance mode experiments in various tip-to-sample separations. Therefore, this
mode is able to visualize complete diffusion fields in front of a sample surface.** The
topography image (Fig. 5a) clearly reflects the orientation and shape of the investi-
gated cell agglomeration as shown in the optical micrograph (Fig. 5b). The tip
current response is displayed in Fig. 5c. A current increase was detected above the
investigated cells and confirms the results achieved with the PC12 cells.

In order to analyse further the distance dependence of the tip current, an
electrochemical tomogram (Fig. 5d) was extracted from the 4D dataset at the line
marked in Fig. 5c. The observed current increase reaches far into the solution and
it is detectable even at a distance of 15 um above the point of shearforce contact.
Control experiments at glass beads and polymer spheres with comparable sizes to
the cell bodies as model systems were performed to further evaluate the extraction
of oxygen out of the cell body. As expected, no increase of the oxygen reduction
current was observed during similar experiments to those shown in Fig. 5 using
glass beads with a 10 pm diameter instead of the cells. However, if polystyrene
beads of similar size were used to replace the cells, a small current increase was at
least detected, most likely due to the soft outer layer of the beads which is soaked
with electrolyte solution (results not shown).
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Fig. 5 Investigation of a HEK293 cell sample by means of 4D SF/CD-SECM in the competition mode
arrangement. (a) Topography image displayed as the z-position of the tip after reacting the pre-set stop
criterion (the point of closest approach) during the shearforce-based z-approach curve, (b) optical
micrograph of the cell sample marking the investigated area and the scan directions. (c) Tip current in
the plane of closest approach at £y, = —600 mV. A significant current increase is observed above
the inspected cell. (d) Electrochemical tomogram (x,z,i-image) extracted at the line marked in (c). The
position of shearforce contact is defined as 0 um.

Based on these observations three sources of oxygen can be supposed affecting
the tip current: (1) Oxygen consumed by respiration activity of the investigated cell
(O,,r). The amount of oxygen consumed by a single cell during the timescale of a
SECM experiment is supposed to be small compared to the overall oxygen dis-
solved in the measuring solution. The consumption of oxygen by a breathing cell
causes only small current variations as compared with the high background
current. (2) Oxygen that is transported from the bulk solution to the tip by
diffusion (O, ). The diffusion of oxygen inside the gap depends on the working
distance and on the geometrical size of the tip, thus a similar contribution is
assumed for each tip-to-sample separation of the constant-distance mode
experiment. (3) Oxygen reaching the tip due to permeation through the cell
membrane (O, p). This flux is induced by a tip that consumes a large amount of
oxygen in the surroundings of the inspected cell and evokes therefore a concen-
tration gradient between the intracellular and extracellular medium. This
contribution is not related to the cell activity and superimposes the current signal
significantly.

Characterisation and adjustment of the influence of the tip reaction onto the
overall imaging result

In order to visualize respiration activity successfully, a variation of the SECM
detection scheme is required. The central parameter initiating a disturbance in
the established detection procedure is the driving force of the oxygen reduction at
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the tip electrode. A simple method to reduce the driving force is a decrease of the
applied potential. However, even at a weak reduction potential of —200 mV
visualization of cell respiration was not successful (data not shown). Further
decreasing the electrode size or limiting the diffusion field in front of the tip
through fast scan cyclic voltammetry (FSCV) or potential pulses are additional
strategies to diminish the oxygen reduction rate. While FSCV enables the polar-
isation of the tip for short timescales and a detection of different redox species,*” a
time-resolved current detection during short timeframes is possible via the redox
competition mode of scanning electrochemical microscopy (RC-SECM).* Origi-
nally designed for the investigation of heterogeneous oxygen reduction catalysts,
the RC-SECM mode includes the competition between tip and catalyst sample for
the oxygen inside the gap. Furthermore, oxygen depletion is avoided by a
potential pulse profile applied at the tip comprising injection of oxygen by means
of oxidative water splitting and a following oxygen competition pulse. During the
competition pulse a time dependent current decay curve is recorded enabling a
time-resolved analysis of the tip current response. Combining the detection
scheme of the RC-SECM with the shearforce-based constant-distance mode leads
to a SECM mode (SF/CD-RC-SECM, Fig. 6) that is able to limit the tip reaction by
short potential pulses in a constant working distance.

The application of the SF/CD-RC-SECM to HUVEC cells is shown in Fig. 7. A
crucial experimental detail is the choice of the potential applied during elec-
trode movement. In order to minimize the overall amount of oxygen consumed
by the tip, a potential of +500 mV was applied during the z-positioning and
lateral motion of the tip to the next x,y-grid point. At this potential no oxygen
reduction occurs in a buffer solution of pH 7.4. Immediately before the
competition experiment, oxygen is injected by a short potential pulse to 1.4 V.
The topography image of the investigated cell is shown in Fig. 7a and the cor-
responding optical micrograph of the cells with an indication of the scan area
and scan direction is displayed in Fig. 7b. Due to the time-resolved data
acquisition of the RC-SECM detection scheme, a dataset of 100 current images is
achieved during one single array scan. A selection of current images at times of

n

Fig. 6 Scheme of the redox competition mode (RC SECM) implemented in the shearforce-based
constant-distance SECM. A flexible potential pulse profile is applied at the tip at each point of the
x,y-grid. In a first pulse oxygen is injected in the gap through oxidative water splitting. During the
following competition pulse, the tip and cell compete for the oxygen present inside the gap and a time-
dependent data acquisition is realized leading to a transient detection scheme.
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Fig. 7 Constant-distance mode SECM experiment in the RC mode at HUVEC cells. (a) Topography
image of the investigated cells displayed as the tip z-position after establishing a constant working
distance. (b) Optical micrograph of the investigated cells with a mark of the scanned area and the scan
directions, (c) current signal at t = 20 ms and d) currentimage at t = 490 ms after the competition pulse
was applied at the SECM tip. In both current images a lighter colour represents a current decrease while
a current increase appears in a darker colour. (e) Line scans extracted from the array scans at the position
marked in (a). Potential pulse profile: base potential: 0.5V, pulse 1 (oxygen injection pulse): 0.2 sat 1.4V,
and pulse 2 (competition pulse): 0.5 s at —0.65 V.

20 ms and 490 ms after the competition pulse was applied are shown in Fig. 7c
and figure 7d, respectively. For a direct comparison of both tip responses at the
chosen acquisition times, line scans (Fig. 7e) have been extracted at the position
marked in Fig. 7a.

At short pulse times a current decrease was observed directly above the
inspected cell bodies. Obviously, the influence of the positioned tip was
successfully diminished enabling a visualization of the locally reduced amount of
oxygen due to cell respiration. However, during the course of the potential pulse a
change of the tip signal was detected. At 490 ms after applying the competition
pulse at the tip a current increase was measured at the x,y-positions where the
topography image confirmed the presence of the cell body. At this time the
expansion of the diffusion field in front of the tip electrode was sufficient to cause
a depletion of oxygen inside the gap, thus disturbing the respiration detection. By
means of the SF/CD-RC-SECM a visualization of the transition from a situation in
which the tip acts as a passive observer to a tip that actively sucks out oxygen from
the cell body was achieved. Furthermore, the time-dependent data acquisition of
this detection scheme provides a tool to adapt the tip reaction to the unique
requirements of the performed investigation of the cell activity.
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Conclusions

The respiration activity of single cultured cells was investigated by means of
constant-distance mode SECM and existing limitations of established detection
procedures were presented. Furthermore, the influence of the reaction rate at the
scanned tip was identified as the key element for a successful respiration study. In
order to overcome restrictions arising from a high driving force of the electro-
chemical reaction at the SECM tip, a flexible potential pulse profile in combina-
tion with a time-dependent data acquisition was integrated in the detection
scheme of the shearforce-based constant-distance mode. The proposed SF/CD-
RC-SECM enabled a detailed study of the interaction of the involved reaction rates
through the time-resolved detection procedure. At short pulse times a successful
visualization of the respiration activity was achieved due to the minimized
interference from the tip reaction. Additionally, the expanding diffusion field in
front of the tip electrode within the duration of the applied competition pulse
caused the formation of a concentration gradient that was compensated by a
transmembrane diffusion of oxygen. At the end of the competition pulse the flux
of oxygen from the intracellular medium to the outer side of the cell wall was
superimposed over the contribution of the cell respiration. The SF/CD-RC-SECM
detection scheme enabled the direct observation of the change from a passive
observer that is able to detect the tiny changes in the local oxygen concentration
caused by the breathing cell to an electrode that provokes actively a depletion of
oxygen inside the gap between the tip and cell body and thus disturbing the
respiration detection. Due to the detection of a series of individual current images
at different pulse lengths during one single SF/CD-RC-SECM experiment, a
detailed knowledge of the optimal time for the data acquisition is not required
and the image with the best contrast can be chosen after the experiment was
completed. For future work an additional reduction of the tip electrode size is
proposed as a supplementary strategy to further decrease the amount of oxygen
consumed by the scanned tip concomitantly increasing the lateral resolution.
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