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sensitivity for the detection of redox-active substances, rapid response

times, and total tip diameters in the lower micrometer range. These
characteristics make them ideal for analyzing the chemical environ-
ment and the activity of isolated living cells, which in their various
forms are the microscopic building blocks of human, animal, and
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stress-free, and accurate placement of the tip at the cell, exact knowl-

edge of the tip-to-cell distance, and appropriate selectivity of the
ultramicroelectrode tip for species that may change in concentration as
a result of cellular actions such as growth, respiration, or transmitter
and metabolite uptake or release. The concepts of single-cell micro-
electrochemistry are considered and an overview is given of recent
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results on the fundamental mechanisms of cell functions.

1. Introduction

Vast technological improvements in the areas of inte-
grated electronic circuits, microprocessors, and software in
the past few decades have brought about major advances in
electrochemical instrumentation. This progress allowed elec-
trochemistry, already a well-established scientific field, to
make remarkable steps forward in almost all its fields of
application. Easy-to-use, high-precision computerized poten-
tiostats appeared on the market and allowed the measure-
ment of very small currents with superb noise levels and
accuracy. In parallel, the routine fabrication and positioning
of ultrasmall voltammetric electrodes in many laboratories
enabled their use as miniaturized electroanalytical tools for
the determination of redox-active compounds with high
spatiotemporal resolution, excellent sensitivity, and low
detection limits.

In voltammetry, a constant or systematically changing
potential is applied to the working electrode and its current
response is monitored as a function of time and/or potential.
Unlike conventional electrodes, voltammetric ultramicro-
electrodes (UMEs) have their characteristic geometric
dimension (e.g. the diameter/radius for disk or the width for
band electrodes) significantly decreased from the macro-
scopic to the microscopic scale.l'! The resulting extremely
small active electrode surfaces, however, are intrinsically
associated with very tiny measurable currents, and it was in
fact the access to highly sensitive electrochemical amplifiers
and the ability to precisely monitor current levels down to
several 100 fA that paved the way for more broadly exploring
the range of applications of voltammetric UMEs in trace
analysis, kinetics measurements, as well as surface and
biomedical sciences.

Voltammetric UMEs are now available with various
geometries (cylinder, hemisphere, disk, band, ring, and
combinations thereof), dimensions (um to nm), and materials
(C, Pt, Au, Ag). Their theory, fabrication, and performance
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have been presented in a monograph!” and in several review

articles.’! Briefly, the advantages of UMEs for voltammetric

and chronoamperometric experiments include:

1) improved signal-to-noise ratio primarily because the
analytically relevant Faraday currents are greatly
enhanced; this enhancement results from the hemispher-
ical or spherical (rather than planar) diffusion towards
UMESs, which produces higher mass transfer rates of the
electroactive species;

2) less distortion of measurement by the iR drop, because the
total currents (i) typically measured at UME working
electrodes are smaller than those at conventional elec-
trodes. Thus, measurements can be performed in highly
resistive solutions (e.g., solutions without added support-
ing electrolyte);

3) a fast response time owing to the small double-layer
capacitances (C) and thus low RC time constants (7). This
property allows rapid changes in the concentration of
redox-active species to be monitored at nanosecond time
scales;

4) the small overall size enables electrochemical experiments
in limited volumes and at microscopically small objects.

With their outstanding electroanalytical and geometrical
properties, needle-type UMEs with micrometer-sized total tip
dimensions are superior for spatially and temporally resolved
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voltammetric measurements in biological systems and hence
intensely utilized in the life and medical sciences. The most
active disciplines are neurochemistry and cell physiology, in
which miniaturized voltammetric sensors are frequently
employed for observing the dynamics of a variety of cellular
processes and tracking changes in the chemical composition
of the intra- and extracellular fluid. These changes are either
attributable to cell activities such as growth, reproduction,
respiration, and cell-to-cell communication, or they reveal
metabolic reactions that result from strains and stresses such
as food shortage, physical exercise, or drug uptake. In general,
in vivo applications in which the active tips of UMEs are
implanted with as little impact as possible into selected tissue
of laboratory rodents must be distinguished from in vitro
applications on isolated biological cells or acute tissue slices.

Invivo voltammetry in the central nervous system of
living animals with the aim of elucidating the neurochemistry
of cells involved in complex behavior is certainly one of the
exciting applications of this type of electroanalysis. The field
was actually established by Adams and co-workers at the
beginning of the 1970s with their efforts to observe fluctua-
tions in the levels of catecholamine neurotransmitters in
various regions of the rat brain subsequent to stimulated
synaptic release.!! Since this pioneering work, the progress of
in vivo voltammetry has been remarkable, which is reflected
in the number of published review articles.”! Two recent
achievements are the wireless voltammetry in the brains of
freely moving rats by implementation of telemetric systems!®!
and the real-time monitoring of naturally occurring tonic or
phased dopamine signals in the extracellular fluid of different
regions of the brain of alert (not anesthetized) rats, which
were correlated to behavior as diverse as sexual arousal,
reward, food and novelty seeking, or drug-taking.[:*!

This review article focuses on single-cell microelectro-
chemistry, or to be more exact electrochemical measurements
that are performed with voltammetric UMESs on the smallest
sustainable units of life—isolated biological cells in cell
cultures. Although estranged from their indigenous surround-
ings, individual isolated or cultured cells can sustain their
characteristic metabolic and (neuro)physiological processes,
thus resembling to a certain extent cells in the body.
Accordingly, single cells are good experimental model
systems for examining complex biological processes and
functions in a controlled and straightforward manner. In
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general, these experiments are not influenced by interfer-
ences that often cause problems in the highly heterogeneous
intact tissue. However, living cells have microscopic dimen-
sions, and responses attributable to their distinct activity are
therefore small and often occur on a very fast timescale.
Screening and visualizing of single cells hence require
sophisticated analytical techniques with adequate sensitivity
and high spatiotemporal resolution. Examples include
advanced optical” and electrophysiology techniques,'” and
the use of voltammetric UMEs.

Figure 1 shows some cellular systems that can be studied
by single-cell electrochemistry. The individual cultured living
cells can be derived from (commercially) available cell lines
or from primary cell cultures that are established from a fresh
preparation of animal tissue. Genetically modified cells with
specific defects can be obtained by well-established proce-
dures of cell transfection applied to cultured mother cells or
by using cell preparations from genetically engineered animal
mutants (e.g. knockout mice or rats). Through comparison
with their “wild-type” analogues, transfected and transgenic
cells provide models for studying gene functions or complex
actions such as vesicular transmitter or hormone release. The
role of a (knocked-out) gene or of the associated proteins in
particular processes can thus be evaluated.

In general, voltammetric detection can be performed with
either positionable, needle-like UMEs (Figure 2) or with
UME arrays consisting of many individually addressable
voltammetric sensing entities. The arrays can be produced by
nano- and microdevice manufacturing technology,'" in par-
ticular, adapted silicon fabrication processes, and, in contrast
to tapered sensor tips, do not require highly accurate
positioning techniques. Instead, the cells to be studied are
cultured (seeded) on top of the microelectrode assembly,
where cellular processes such as the release or consumption of
electroactive substances are then assessable by various
voltammetric detection methods. Depending on the size of
the individual active elements of UME arrays relative to the
size of single cells and the space between discrete micro-
electrode surfaces, information can be acquired either from
various spots on one cell or from multiple cells. The detection
of catecholamine exocytosis from secretory cells,'” as well as
neuronal transmitter!"” and nitric oxide (NO) release!" on
chiplike devices are examples of studies of the activity of
single cells with UME arrays. The multiple test sites available
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Figure 1. Representative systems that have been studied by single-cell
microelectrochemistry. Top: Individual living cells can be obtained
either through enzymatic dissociation of explanted tissue of laboratory
rodents or farm animals or from the many commercially available cell
lines and may be genetically modified for specific cell activity measure-
ments. Bottom: Single cultured cells may be studied with the tips of
pointed micro- or nanoelectrodes positioned close to their plasma
membranes or while resting on the active microscopic surfaces of
microelectrode arrays. For the detection of electroactive species in the
vicinity of active cells, the chosen microsensors may be operated in a
voltammetric mode by continuously changing the working electrode
potential E as a linear function of time ¢ between two user-defined
values with AE/At referred to as the scan rate or in an amperometric
mode by keeping E at a constant value that is appropriate to oxidize or
reduce the redox species of interest.
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Figure 2. Schematic of an electrophysiological workstation for electro-
chemical single-cell experiments with needle-type voltammetric micro-
electrodes. An inverted microscope is used to operate an application
or patch pipette for cell stimulation and the voltammetric ultramicro-
electrode (UME) for electrochemical detection of cellular responses.
Both tools must be attached to precise micropositioning devices for
careful placement of their tips next to (extracellular voltammetry) or
inside (intracellular voltammetry) a single living cell. The utilization of
low-noise electrochemical amplifiers with the ability to monitor cur-
rents in the fA to pA range guarantees the sensitivity needed for
tracing tiny changes in concentration of redox-active species resulting
from cellular activities such as secretion or respiration. p-CE: needle-
type micro-counter electrode.
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on striplike sensor devices and the suitability for automated
loading and analysis make UME arrays suitable for high-
throughput screening of cellular activity. Several analytes can
be detected simultaneously and interconnected networks of
neuronal or other cells can be chemically probed. However,
the possible applications of UME arrays in voltammetric
detection at the single-cell level have not yet been fully
explored.

The first section of this review gives a general overview of
methods for the fabrication of voltammetric UMEs with tips
that are appropriate for in vitro voltammetric measurements
inside the cytoplasm (intracellular voltammetry) or in close
proximity of single biological cells (extracellular voltamme-
try). Selected examples of reports on intracellular voltamme-
try and on conventional “extracellular” voltammetric detec-
tion of chemical messengers such as catecholamines, nitric
oxide (NO), and glutamate, monitored with stationary UME
tips placed next to the outer membrane of a secretory cell are
briefly discussed. Scanning electrochemical microscopy
(SECM), a scanning probe microscopy technique that uses
precisely movable voltammetric or potentiometric UMEs as
high-resolution imaging tools, has been established!" and
applied for single-cell studies in which cell morphology and
cellular (redox) activity are imaged simultaneously.'’ Theo-
retical and practical aspects that are relevant for SECM
measurements on living cells are provided. This section
includes a discussion of the drawbacks of the constant-height
mode and the advantages of the constant-distance mode of
SECM for imaging soft three-dimensional biological objects.
Important developments in SECM instrumentation are
reviewed and illustrations of single-cell SECM studies are
used to highlight the impact that single-cell SECM may have
as a modern electrochemical tool in different disciplines of
life science and medicine. Finally, potential future aspects and
challenges of single-cell electrochemistry are discussed.

2. Voltammetric UMEs for Detection at and in
Single Living Cells

Quite a few papers over the past years have described
procedures for the fabrication of tiny voltammetric probes
that are, in addition to other microelectrochemical applica-
tions, suitable for spatially confined measurements very close
to or even inside living cells. The optimum type of electrode is
very much dependent on the particular cell and the cellular
process under investigation. In any case, voltammetric UMEs
for single-cell electrochemistry should offer not only an
appropriate tip size but also excellent sensitivity towards the
analyte, low background current, and good stability in
physiological buffer solutions. Furthermore, they should be
easy to fabricate and handle. The materials used predom-
inantly for the fabrication of UMEs are carbon and platinum.
Carbon is ideal for detecting the release of catecholamine
neurotransmitters in physiological saline solutions, as carbon
electrode surfaces are less susceptible to electrode fouling.
Platinum is favored for measuring, for example, extra- or
intracellular concentrations of oxygen thanks to its electro-
catalytical properties.
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For single-cell measurements in the extracellular space
very close to single living cells, the preferable sensor geometry
is a disk or disklike active electrode surface, a nonbulky
insulation in the apex region, and dimensions not bigger than
that of the investigated cells themselves. The electrodes can
be fabricated by sealing carbon fibers with graphite-like
conductivity or Pt microwires with diameters down to about
5 pwm in glass or polymer coatings, thus exposing electroactive
microdisks surrounded by an insulating sheath after careful
polishing (glass) or scalpel transection (polymer). Three types
of low-noise carbon-fiber ultramicroelectrodes (CF-UME:5)
with typical diameters of the carbon disks of about 5-10 um
are routinely used for neurotransmitter release measurements
on secretory cells and individual cultured neurons:

1) “Wightman-type” glass-insulated CF-UMEs with ellipti-
cal geometry,!”

(2)“Chow-type” polyethylene (PE) or -propylene (PP)

insulated disk-shaped CF-UMEs,["®! and
3) “Schulte-type” electropainted disk-shaped CF-UMEs."’!

Glass-insulated CF-UMEs are fabricated by sealing single
carbon fibers with epoxy glue tightly into fine tips of pulled
glass capillaries and then cautiously polishing the tip at a 45°
angle on a micropipette beveller to produce an oval surface.
The electroactive area of the polished carbon microellipse is
more than twice that of a disk electrode from the same
material. At the same time, the background current is not
significantly increased,” so the sensitivity is improved. PE-
or PP-insulated CF-UMEs are obtained by loading short
pieces of thin PE or PP tubes with single carbon fibers and
then locally melting and pulling them. In this way, the carbon
fiber is trapped within the tip of a tapered plastic pipette and
covered with an almost invisible thin polymer film. Cutting
the plastic tip under a microscope with sharp razor blades
finally reveals the required carbon microdisk. The production
of PE- or PP-insulated CF-UME:s is, however, fiddly.

Comparatively simple is the fabrication of disk-shaped
CF-UME:s that are insulated by means of electrodeposition of
paint. This procedure is used in the canning and automobile
industry for effectively providing chemically stable anticor-
rosion coatings. Water-based electrodeposition paints (EDPs)
are commercially available as anodic and cathodic systems.
Their electrochemically induced deposition onto conducting
surfaces is based on the pH-dependent solubility of the
applied polymers. For example, an anodic EDP is made up of
an aqueous dispersion of “water-soluble”, negatively charged
micelles of a poly(acryliccarboxylic acid) resin. The target to
be electropainted forms the anode in an electrochemical cell,
which contains the EDP suspension as electrolyte and is kept
at a potential that is suitable for vigorously splitting water by
anodic oxidation to generate protons at the anode/electrolyte
interface. Negatively charged EDP micelles migrate towards
the oppositely charged anode, where the acidification of the
electrolyte near the electrode surface protonates the carbox-
ylate side groups of the polymer and lowers their solubility.
This well-controlled process results in the deposition of a film
of EDP paint on the entire immersed electroactive surface.
The precipitation of an EDP leads to even, thin, and defect-
free layers on carbon fibers that bind tightly to the carbon
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surface. To transform the water-containing polymer film into
a well-insulating dielectric that resists decomposition even at
high voltages and insulates the cylindrical face of the fiber, the
freshly electropainted carbon fiber must be cured at elevated
temperature. Immediately before use, the tip is cut with a
scalpel to give a thinly insulated carbon microdisk (Figure 3).

Figure 3. Scanning electron microscope (SEM) images of the endings
of 10-um-diameter carbon fibers covered without (A) and with (B) a
thin layer of an electrodeposition paint (EDP paint) covering the
cylindrical but not the disk face of the carbon filament. The disk-
shaped face of the carbon filament has been exposed by careful
transection with a sharp scalpel blade to form the active tip of the
carbon-fiber ultramicroelectrode (CF-UME), as typically used for neuro-
transmitter and hormone release measurements on single secretory
cells.

Carbon disk UMEs with even smaller diameters are
required for improved spatial resolution in the local detection
of cellular catecholamine transmitter release. However, the
precursors for disk-shaped CF-UMEs, high-performance
carbon fibers, are normally used as structural components in
fiber-reinforced plastics and are commercially available only
with diameters down to about 5 um. Thinner carbon fibers for
ultrasmall (disk-shaped) CF-UMEs could be obtained by
electrochemical,® electrical,”" flame,”*??! or ion beam!!
etching procedures for tapering carbon fibers. CF-UMEs
with effective radii of less than 1 um could be prepared by
further subjecting conically or cylindrically etched carbon
fiber tips to an applicable insulating strategy, such as electro-
chemically induced polymer deposition.”*?**?/ In another
approach, very small carbon disk UMEs were fabricated by
pyrolysis of short-chain alkanes on the inside walls of the tips
of heated quartz micropipettes. The pipette openings were
completely filled with carboneous material. The obtained
deposit showed sufficient conductivity to be used as mini-
aturized electrode surface.!

The detection of chemical messengers other than cat-
echolamines at the single-cell level relies on the use of
chemically modified UMEs with catalytic activity towards
redox reactions of the analyte of interest. Information on
modification strategies used to optimize the detection of
physiologically important molecules such as NO, glucose, or
insulin in biological samples can be found in recent review
articles.” Surface modification with porphyrin complexes
was shown to be optimal to produce UME:s for the detection
of NO release from single cells. Miniaturized enzyme-based
microbiosensors incorporating glucose (GOx) or glutamate
(GluOx) oxidase have become tools for single-cell glucose
and glutamate monitoring. Single-cell insulin secretion could
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be detected at disk-shaped UMEs covered with mixed-valent
ruthenium oxide/cyanoruthenate films.

Bare, disk-shaped Pt UMEs are predominantly used for
local measurements of O, in the extracellular milieu adjacent
to “breathing” living cells. Typically, they are made by sealing
Pt microwires in thin tapers of pulled glass capillaries and
then polishing to produce glass-sealed Pt tips. Various
miniaturized, membrane-covered Clark-type O, electrodes
for single-cell studies are commercially available. Nanometer-
sized Pt UMEs"” have recently been described by several
groups. These UMEs could be suitable for improving the
spatial resolution of the detection of cellular O, consumption.
However, the potential for this application has not yet been
explored because of the difficulties in their accurate position-
ing at the cell membrane. A self-referencing, polarographic,
O,-selective microelectrode was developed for measuring O,
fluxes from single cells with a good sensitivity and spatial
resolution in real time.*"

Disk-shaped electrodes are well-suited for extracellular
measurements, but intracellular voltammetric detection
requires much sharper UMEs. The tips must be able to
smoothly penetrate cell membranes to reach the cytoplasm
without serious cell damage. Already in 1967, the design of a
voltammetric microelectrode for measuring intracellular
partial pressure of O, was reported.” Much later, Ewing’s
group constructed ultrasmall carbon ring UMEs,*! which
could be used for intracellular voltammetry of dopaminel®'l
and, upon surface modification with layers of Pt/nafion or Pt/
GOx/nafion, of O, or glucose,*! respectively. Meulemans
et al. developed methods for the construction of needle-type,
glass-insulated Pt and C™*! microelectrodes for intracellular
voltammetric measurements of redox-active species. Taha
and co-workers reported already in the early 1990s that
chemically modified tips of flame-etched and polymer-
insulated carbon fibers can be effectively pushed through
cell membranes and used in the cytoplasm for quantifying
trace levels of NOP®! (CF-UME coated with thin polymeric
films of TMHPP-Ni/nafion; TMHPP-Ni = nickel(II) tetra-
kis(3-methoxy-4-hydroxyphenyl)porphyrin) and metal ions®”
(CF-UME coated with TMHPP-Ni/nafion or mercury).

3. Examples of Intracellular Voltammetry

The meta- and catabolic pathways that are responsible for
an ongoing biochemical processing and signaling within the
cell cytosol naturally engage a vast number of (bio)chemical
compounds, some of which carry redox-active functionalities
and hence are voltammetrically detectable. The development
of intracellular voltammetry was thus motivated by the desire
to track in real time the dynamics of cytosolic metabolites and
chemical transmitter molecules, including time-dependent
changes in their concentration as result of membrane
trafficking. Such knowledge is important for a better under-
standing of the behavior of individual cells in terms of their
metabolism, function, and regulation. Additionally, the inves-
tigations may help to reveal the signaling mechanisms that are
employed by large networks of cells for intercellular commu-
nication. Furthermore, quantitative detection of the transport
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of electroactive drugs and toxins across cell membranes may
provide helpful information for developments in pharmacol-
ogy and toxicology.

In the 1980s, a number of laboratories developed voltam-
metric probe tips that were sharp enough to pierce cell
membranes with minimal damage and negligible loss of
sensitivity. The first reports explored the potential of micro-
electrode voltammetry in the interior of cells for monitoring
intracellular concentrations of O,, glucose, NO, and a number
of biologically relevant trace metals and drugs. Meulemans
et al., for example, exposed individual cultured neurons from
the dissected buccal ganglions of the marine mollusk Aplysia
Californica to physiological buffer solutions with or without
antipyrine and metronidazole. They then followed the time
course of the cellular uptake and clearance of these redox-
active drugs by means of intracellular differential pulse
voltammetry (DPV).”"! They could also determine the intra-
neuronal concentration of serotonin (5-HT) in live seroto-
nergic metacerebral cells of the same animal. Changes in
intracellular 5-HT concentrations were measured in real time
with DPV at needle-type, glass-insulated Pt UMEs for several
hours after neuronal stimulation, intracellular injection of 5-
HT, or extracellular application of L-tryptophan, reserpine, or
p-chlorophenylalanine.! Tips of carbon-ring UMEs were
placed inside the giant dopamine neuron of the snail P,
Corneus and operated in amperometric mode at constant
anodic potential to monitor cytosolic concentrations of
dopamine and to quantify its membrane transport and
metabolic clearance.’**! These investigations proved that
the refilling of freshly formed but still empty intracellular
storage vesicles with locally available messenger molecules is
an important process at the early stage of exocytosis but has to
compete efficiently with the escape of the transmitter through
the cell membrane.

Respiration is an additional activity that is of critical
importance for the proper physiological function of single
cells. Efficient O, uptake is strongly related to sufficient
provision of energy for the various biochemical processes in
the cytoplasm. Ewing et al. used intracellular quantitative O,
monitoring at nafion-coated platinized carbon-ring UMEs for
accessing the relative cytosolic O, concentrations of giant
dopamine neurons of P. Corneus (another preparation
routinely used in single-cell neuroscience experiments).
Comparison of the values obtained from resting neurons
and neurons stimulated by high potassium concentration
suggested that increased intracellular O, consumption took
place upon evoked vesicular dopamine release. This effect
was related to an increase in internal energy consumption of
the cells for vesicle transport and exocytosis.*”!

Gaseous NO may act in biological systems as a cytotoxic
agent or as a fast-diffusing molecular messenger. NO is able
to quickly mediate a variety of signaling pathways in the
target cells and as such is known to be involved in processes
such as neuronal signaling, immune response, modulation of
ion channels, cellular defense mechanisms, and vasodilata-
tion. NO is synthesized within particular cells through the
Ca*'/calmodulin-dependent enzymatic reaction of NO syn-
thase (NOS) with conversion of L-arginine to citrulline. Thus,
a detailed investigation of the complex mechanisms behind an
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NO-regulated cellular function involves the elucidation of the
dynamics of intracellular NO production. Malinski and Taha
were the first to attempt this task electrochemically by placing
the tips of NO-sensitive CF-UME:s inside individual cultured
endothelial cells. The sensors were applied in real time for
voltammetric monitoring of the increase in cytosolic NO
levels that occurs following bradykinin-stimulated onset of
NOS activity.”® If poly-TMHPP-Ni films on CF-UMEs were
subjected to demetalation in acidic solutions, the sensor was
able to reincorporate Ni*" ions very selectively by means of an
ion-exchange process in which protons from the porphyrin
rings are exchanged for Ni*" ions. The current from the Ni**/
Ni** oxidation in the polymeric film generated the analytical
signal for Ni*" ion quantification. This strategy, employed in
the cytosol of individual myocytes and hepatoma cells, was
sensitive enough to detect low concentrations of Ni*" ions in
cells and follow the time course of Ni*'ion uptake in the
cytoplasm when the cells were incubated in buffer solutions
containing higher concentrations of this ion.F’!

The above-mentioned examples show that intracellular
voltammetry can provide insights into physiologically rele-
vant cellular activities. However, in contrast to investigations
by extracellular voltammetry at disk-shaped UMEs near the
outer of cells, the initial phase of enthusiasm was followed by
a significant drop in research activity, which may reflect at
least to a certain extent the difficulty in fabricating good-
functioning probe tips for intracellular electrochemical meas-
urements and placing and operating them at the right place
without too much harm to the living objects of study.

4. Examples of “Conventional” Extracellular Voltam-
metry

“Conventional” extracellular voltammetry is defined
herein as voltammetric detection carried out with disk-
shaped UMEs that are brought into extreme proximity to
the outer cell membrane with the aid of an inverted micro-
scope and user-controlled motorized, piezoelectric or
hydraulic micropositioning devices but not supported by
any topographic information about the investigated cell.

The most prominent example of this type of biological
voltammetry is the highly sensitive electrochemical detection
of Ca?"-dependent regulated exocytosis, a well-synchronized
cascade of intracellular events (Figure 4A) executed by
secretory and neuronal cells for the release of hormones
and neurotransmitters from membrane-bound cytosolic stor-
age vesicles into the extracellular space or synaptic cleft. In
steps that precede exocytosis, secretory vesicles are formed
and loaded with a particular chemical transmitter. The packed
vesicles are initially kept in a reserve pool and, when needed
for cell signaling, transported towards the plasma membrane,
with which they tether and dock upon arrival by complex
interactions between their membrane proteins. A newly
docked vesicle has to go through a series of molecular
rearrangements of the established protein bonds before it is
ready for instantaneous release. A suitable external stimulus
able to trigger the opening of Ca*" ion channels will at this
stage almost instantaneously induce exocytosis through the
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Figure 4. A) The steps involved in Ca’"-triggered secretory vesicle
exocytosis leading to quantal release of secretory products. Ampero-
metric current spikes resulting from oxidation of discharged trans-
mitter molecules at a close CF-UME reveal the late steps of the fusion
pore opening as a smaller preceding “foot signal” and full release as a
more pronounced boost. B) The three main analytical approaches for
following intracellular movements of secretory granules and monitor-
ing exocytotic release of neurotransmitters and hormones in real time
and on the level of single fusing and releasing secretory vesicles:
Fluorescence microscopy in its various configurations can visualize the
entire life cycle of a secretory vesicle when its content and/or
membrane are labeled with powerful fluorescent dyes. Patch-clamp
capacitance measurements are able to monitor changes in total capaci-
tance of the cell membrane and thus detect the processes of fusion of
vesicles and opening of fusion pores. Amperometry at suitably placed,
polarized carbon-fiber ultramicroelectrodes can detect with excellent
sensitivity the oxidation of chemical messenger molecules at the
sensor tip and provides information about the time course of the
release event.

sudden increase in intracellular Ca*' ion concentration.
Fusion of the vesicular and plasma membranes will occur
and be followed by the opening of a tiny fusion pore and
complete discharge of transmitter molecules from the lumen
of the collapsing vesicle.

A well-ordered dynamic interaction of the many vesicle
and plasma membrane proteins was found to be of key
importance not only for vesicle docking and maturation but
also for the later timing of membrane fusion and release of
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secretory products.® The exact function of the identified

proteins and their impact on the dynamics of vesicle
exocytosis thus became a very active area of research with
the goal of unraveling the molecular mechanisms behind this
common mode of chemical cell-to-cell signaling in the human
brain and the mammalian nervous system.

Figure 4B depicts three modern bioanalytical detection
schemes that are frequently used for studying the distinct
phases of vesicular release of chemical messengers at the level
of single cells. Sophisticated variants of high-resolution
fluorescence microscopy have been developed into routine
optical tools for the detailed investigation of practically every
step throughout the life cycle of secretory vesicles. The
success of the method relies strongly on the choice of a
suitable fluorescent label for the reactants and the quality of
sensitive optical imaging techniques, such as confocal and
total internal reflection microscopy.””’ The progress of
membrane fusion and fusion pore opening at the beginning
of single-vesicle exocytosis has also been revealed by means
of high-resolution patch-clamp cell-membrane capacitance
measurements.*!] The technique is actually sensitive enough
for visualizing in real time the tiny increases in cell surface
area resulting from the incorporation of the membrane of
fusing granules as noticeable differences in the total mem-
brane capacitance. Finally, spatially confined voltammetry at
CF-UMEs positioned close to the cell membrane is a
complementary indicator of fusion events. It provides a
highly sensitive, direct, and quantitative measure of both the
early leakage of transmitter molecules out of premature
fusion pores and the complete release from the finally fully
collapsed secretory vesicles. The advantages and limitations
of constant-potential carbon-fiber amperometry and carbon-
fiber fast-scan cyclic voltammetry as well as applications of
these methods for the detection of exocytosis from single cells
and a description of the analysis of data from such measure-
ments are covered in several review articles.!*”

The adrenal glands of cows and rats provided the first
model secretory cells at which direct electrochemical detec-
tion of distinct exocytotic events was achieved.”! In the
pioneering trials, the tip of an anodically polarized disk-
shaped CF-UME was placed as close as possible to the cell
membrane of an individual adrenaline-releasing chromaffin
cell and the low-noise amperometric current response of the
microelectrode was monitored over time. Under these con-
ditions, chemical cell stimulation led reproducibly to the
appearance of bursts of current spikes, which could be related
to the release of discrete packets (“quantums”) of neuro-
transmitter molecules from single fusing and collapsing
vesicles. The released neurotransmitter molecules were
detected by electrochemically induced oxidation of the
secreted species at the ultramicroelectrode surface. After
the initial experimental breakthrough, amperometric detec-
tion of secretion was further improved and soon demon-
strated to be capable of detecting even the small pedestal or
“foot” signals that occasionally occur at the onset of unitary
exocytotic current spikes. These pedestal signals correspond
to slow leakage of catecholamine molecules out of just-
opened narrow fusion pores prior to complete vesicle collapse
and exocytosis.!*!
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It was recognized quickly that quantitative analysis of the
characteristic features of the current transients in ampero-
metric recordings of exocytosis events could offer valuable
information about the mechanism and kinetics of exocytotic
neurotransmission. The obligatory secretory spike analysis
and interpretation has to be a thorough statistical treatment
of key parameters such as the spike frequency, rise time,
amplitude, charge, and half-width as well as the number and
contours of the foot signals. As amperometric recordings of
single-vesicle exocytosis usually involve huge data files, user-
written acquisition/analysis software in different program-
ming languages has been developed for manual or automatic
spike analysis.***) On average, a certain number of trans-
mitter molecules are released from each vesicle. Thus, the
presence of a population of vesicles varying in size or
concentration of their content can be derived from histograms
of the charge transferred during individual spikes. The time
course of the fusion pore opening and the late period of the
release may be assessed by interpreting the distribution of the
rise times and half widths of the spikes. If the chemical nature
of the released transmitter is unknown, it can be determined
by fast-scan cyclic voltammetry at the positioned CF-UME ;[*!
the background-subtracted voltammograms act as finger-
prints for identification of the secretory products. Voltam-
metric detection of exocytosis can normally be performed
only on cells that secrete readily oxidizable neurotransmitters
or hormones. To circumvent this limitation, cell culture
protocols have been developed for loading secretory cells
with exogenous neurotransmitters that are readily oxidized
on a suitably polarized CF-UME.""!

On its own or in conjunction with patch-clamp and
fluorescence measurements, single-cell carbon-fiber amper-
ometry is today a standard microelectrochemical assay for
investigating the molecular events that mediate the exocytotic
release of chemical messengers. Isolated bovine, rat, or mouse
chromaffin cells have been systematically studied and are still
under thorough investigation as native or genetically modi-
fied preparations.”® Other cells used in exocytosis research
include pheochromocytoma (PC12) cells,*! mast cells,**>
pancreatic beta cells,**! human carcinoid BON cells,”” rat
basophilic leukemia (RBL-2H3) cells,” rat hippocampal
astrocytes,™ various cultured neurons,” chromaffin cells
(for example, in slices of mouse adrenal glands),” glomus
cells in slices of the rat carotid body,I57I and neurons in acute
brain slices.™!

The results of the many published studies—from which
only a representative sample is cited in references [48-58]—
have led to an improved understanding of how secretory cells
from the endocrine systems and neurons from the brain
release their chemical messengers. As reviewed recently in a
number of publications, at least three different types of
vesicular exocytosis have been identified.””’ According to an
“all-or-nothing” mechanism, secretory vesicles fuse with the
cell membrane, form a fusion pore, collapse, and distribute
their entire contents straight into the extracellular milieu.
However, after formation the narrow fusion pore sometimes
fluctuates around a small mean pore diameter (“fusion pore
flickering”) or even closes again transiently, before finally
expanding irreversibly and releasing its load. This flickering
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mechanism is typical for the small synaptic vesicles of
neuronal cells and may provide them with an option for
controlling the level of release. A “kiss-and-run” mechanism
was observed as a third type of exocytosis, whereby the vesicle
briefly fuses with the plasma membrane, ejects a little of
stored transmitter molecules, and then moves back into the
cell, where it either may be used again for another run or first
be refilled.

The fine details of fusion pore formation and dynamics are
still poorly understood at the molecular level. Also, it is not
yet known why neuronal cells and vesicles trigger a particular
type of exocytosis under certain conditions. Achieving these
goals requires continuation of systematic studies on genet-
ically modified secretory cells that lack one of the many
highly specialized secretory plasma and vesicle membrane
proteins. Ideal experiments are multidimensional in terms of
assessing the exocytotic response of targeted cells simulta-
neously with carbon-fiber amperometry and the complemen-
tary optical and electrophysiological detection schemes
mentioned above. This level of detailed analysis of single-
vesicle exocytosis should eventually allow the influence of
individual proteins on pore formation and dilation as well as
the time course of release to be resolved and help unravel how
vesicular chemical release is orchestrated.

Some promising new electrochemistry strategies at the
level of single secretory cells are worth being mentioned even
though they are beyond our earlier definition of conventional
extracellular voltammetry. For example, glass slides were
patterned with optically transparent and electrically conduc-
tive indium tin oxide (ITO) to fabricate well-defined ITO
microelectrodes onto which secretory cells can be seeded at a
desired density for secretion experiments.”” The suitability of
the miniaturized ITO structures for combined optical and
electrochemical studies on the single cell level has been
demonstrated by Amatore et al., who were in fact able to
apply the methodology for both imaging stained chromaffin
cells with fluorescence microscopy and detecting their
chemical release with the ITO microelectrodes operated as
amperometric sensors.’™ After further miniaturization and
optimization, ITO-based microdevices could soon become
tools for high-throughput optoelectrochemical screening of
exocytosis. A microfluidic device for on-chip cell transport,
cell location, and amperometric detection of single-cell
secretion® and disk-shaped Pt-UMEs microfabricated at
the bottom of an array of picoliter wells into which single
chromaffin cells can be captured® have also been proposed
for rapid and automated analysis of single-cell exocytosis.
Hafez et al. microfabricated an arrangement of four closely
spaced Pt microelectrodes on glass coverslips and used the
device for the spatially defined detection of fusion pore
openings at different release sites of a single secretory cell
that was resting on top of the detector array and stimulated to
release its transmitter.'”! Finally, cell-attached patch amper-
ometry combining patch-clamp measurements of cell mem-
brane capacitance changes (indicating vesicle size) with
amperometry at a CF-UME that is placed inside of the
patch pipette (quantifying transmitter release) was intro-
duced in particular for studying the exocytosis of the smallest
secretory organelle, the small synaptic vesicles.”) These
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vesicles have diameters of only a few tens of nanometers,
which is a lot smaller than the dense-core vesicles of
chromaffin or mast cells; however, patch amperometry was
sensitive enough to resolve in real time the modest capaci-
tance changes induced by the fusion of synaptic vesicles and
display them together with the corresponding amperometric
spikes resulting from the actual release of the tiny amounts of
vesicular transmitter.

The majority of current work on microelectrode voltam-
metry with UMESs positioned at the outer surface of single
cells involves detection of the release of neurotransmitters
and hormones (exocytosis) from secretory cells. This type of
measurement was thus given the main emphasis herein;
however, other important physiological processes can also be
approached in a similar fashion. Good examples are: 1) the
detection of transmembrane fluxes of oxygen with self-
referencing oxygen-sensitive Pt microelectrodes,”! 2) the
electrochemical visualization of oxygen production in single
algal protoplasts upon exposure to light,'” 3) monitoring the
cellular release of reactive oxygen species (e.g. the superoxide
ion O, , H,0,, or NO) in real time at microelectrodes placed
next to the specific cells,[" 4) the electrochemical detection of
drug efflux from preloaded single cells with disk-shaped CF-
UMESs,® and 5) the detection of cholesterol contained in the
plasma membrane of single cells with Pt-UMEs modified with
lipid membranes containing cholesterol oxidase./*!

5. Single-Cell Scanning Electrochemical Microscopy
(SECM)

The invention of scanning electrochemical microscopy
(SECM) in the late 1980s marked a crucial event in interfacial
science. SECM is based on the experimental observation of a
remarkable phenomenon: the dependence of the small
current through a disk-shaped UME induced by the con-
version of a dissolved redox species at constant tip potential
on the tip-to-sample separation L and the chemical nature of
the solid/liquid interface.™ The methodology of SECM and
the state of the art of SECM instrumentation together with a
wide range of biological and nonbiological applications have
been summarized in a monograph’®” and a number of review
articles.[”! The following section provides a brief description
of the basic principles of the technique and reviews applica-
tions of SECM for measurements on the level of single cells.

5.1. Principles of SECM Imaging

When disk-shaped UMEs are positioned in the bulk of a
solution containing a reversible redox species, they display a
typical sigmoidal cyclic voltammogram and diffusion-con-
trolled steady-state currents I, at least at potentials that
significantly exceed the redox potential of the mediator
(Figure 5A). From the microelectrode diameter d, the
diffusion coefficient D, and concentration ¢ of the involved
mediator, as well as the number of electrons n transferred in
the redox reaction at the tip, I, can be calculated as 2nFDcd.
If the UME is attached to a precise micropositioning device
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Figure 5. Principles of scanning electrochemical microscopy (SECM). A) In solu-
tions containing a supporting electrolyte and, for example, a reducible redox-active
compound, cyclic voltammetry at a disk-shaped ultramicroelectrode (UME, SECM
tip) gives sigmoidal current/voltage curves with a steady-state, diffusion-limited
current |, measured at electrode potentials more cathodic than the redox potential
of the dissolved redox mediator under the given experimental conditions. B,C) In z-
approach curves, the amperometric tip current I, normalized with I, is plotted as a
function of the tip-to-sample distance L, normalized with the diameter of the UME
d. The plots show the development of the tip current with decreasing distance to an
electrochemically passive (insulating) or active (conducting) surface. B) In close
proximity to an insulator, diffusion of redox-active species toward the electrode tip
is physically hindered, which leads to a significant drop in the tip current | (negative
feedback). C) Close to a conducting surface, redox species consumed at the tip can
be recycled to their original oxidation state. With decreasing tip-to-sample distance
L, recycling becomes more effective and the tip-current | increases (positive
feedback).

and gently brought as an electrochemical scanning probe
(“SECM tip”) into close vicinity of an insulating specimen,
the hemispherical diffusion of mediator molecules towards
the active microelectrode disk is physically hindered and a
drop in the tip current is observed (negative feedback,
Figure 5B). In contrast, mediator molecules that were
initially reduced (or oxidized) at the tip can be reconverted
into their original state when the SECM tip is positioned
above an electrochemically active surface. This redox recy-
cling in turn leads to increased tip currents relative to those
seen in the bulk solution (positive feedback, Figure 5C).
SECM imaging in the amperometric feedback modus
takes advantage of surface-dependent modulation of the
current signal and involves 1) operation of the SECM tip at a
constant potential to obtain a steady-state current in the bulk
solution, 2) approach of the SECM tip towards the sample
surface and placement of the tip into the regime of either
positive or negative feedback, and 3) a rastering movement of
the probe tip at constant height z (“working distance”) across
the surface and measurement of the tip current as a function

Angewandte

indicators of the local changes in interfacial
conductivity. However, no clear correlation can
be obtained for rough samples that also exhibit a
varying conductivity profile. The current at the
SECM tip is a combination of the individual
contributions of distance and local electrochem-
ical activity of the surface, and hence additional
information on the sample morphology is needed
for a meaningful interpretation of the data.

The feedback mode of SECM imaging relies
on the presence of a redox-active mediator (e.g.,
[Ru(NH;)]Cl;, K;[Fe(CN),], dissolved O,) in the
electrolyte and the modulation of the ampero-
metric tip current by properties of the sample
surface. In the substrate-generator/tip-collector
(SG/TC) mode of SECM, the addition of a
mediator is intentionally avoided; instead, an
appropriately polarized probe tip is used to
actively monitor the release or consumption of
reducible or oxidizable species at microscopic
spots of the sample surface (Figure 7). Metal ion
release from sites of localized corrosion, diffusion
of electroactive species through narrow pores of
semi permeable membranes, O, consumption, and
release of chemical messengers by single cells are
just a few of the many processes that can be
assessed in the SG/TC mode of SECM.

Lid

Figure 6. Imaging of the topography of homogeneously insulating

of lateral position (x,y). The optimal working distance for a
given SECM tip can be determined by z-approach curves,
which are plots of normalized tip currents (I/[,) versus
normalized tip-to-sample separations (L/d). Changes in
SECM tip currents obtained in constant-height (x,y) scans
over homogeneously insulating or conducting surfaces reveal
the surface topography (Figure 6). Current variations in
feedback-mode SECM images of reasonable flat surfaces
with neighboring conductive and insulating regions are
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samples by means of negative feedback mode SECM. First, an
approach curve (normalized tip current vs. normalized tip-to-sample
distance) is recorded and used to determine a suitable working
distance (WD) for the SECM tip. Usually, distances are chosen at
which the amperometric SECM tip current is about 60-80% of its
value in bulk solution. The SECM tip is then scanned at the
predetermined WD (constant height) in an x,y plane across the sample
surface, and the current is monitored as function of tip position. On
homogenously insulating interfaces, variations in the tip current
directly reflect variations in the sample topography (top).
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Figure 7. SG/TC mode SECM: An electroactive species may be produced or present at
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microscopically small active sites on a sample surface. When a suitably polarized

SECM tip is scanned over such a “release” site, an increase in the tip current will be
observed from the electrochemically induced conversion of the redox species that is
delivered locally to the scanned amperometric probe. Examples of processes that can
be studied in the SG/TC mode are A) the release of metal ions from locally corroding

metals or alloys, B) the diffusion of redox species through the tiny pores of semi-

permeable membranes and their emergence in the vicinity of the pore opening, and
C) the release of readily oxidizable or reducible chemical messenger molecules such as

hormones and neurotransmitters from single secretory cells upon stimulation.
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5.2. Constant-Height SECM Studies on Single Living Cells

The general setup for single-cell SECM experiments is
similar to that shown in Figure 2. The micropositioning device
needed to move the SECM tip accurately in the x, y, and z
directions is mounted on an inverted microscope to allow
optical inspection of the cells and the probe tip. Living cells
are typically nonconducting, and for measurements in phys-
iological buffer solutions cells are usually cultured on
insulating glass coverslips. Under these conditions, SECM
can be applied in negative feedback mode in constant-height
scanning experiments to visualize the locations and three-
dimensional structures of individual cells. Suitable nontoxic
redox mediators or dissolved O, may be used to establish the
amperometric tip current, which can reflect cellular top-
ography and redox activity.

Figure 8 shows schematically how adherently growing
cells can be topographically imaged. After the positions of a
target cell and the SECM tip are identified optically, they are
aligned near but not on top of each other, and approach
curves are recorded with the tip moving slowly towards the
surface of the coverslip. If the total diameter of the SECM tip
including the insulating sheath is known, approach curves
provide a good measure of the absolute tip-to-sample
separation distance. The tip can thus be placed just above
the glass surface (I <1.) and then pulled up to a little higher
than the predicted diameter of the cell (/=]_, depending on
the size of the UME). Lateral scanning is performed at this
preadjusted tip height (fixed z position), and lower ampero-
metric tip currents will be observed above the cell as a result
of the increased negative feedback. Plotting the current
response as a function of x,y position of the SECM tip offers
grayscale or colored SECM images of the examined cells that
primarily display topographical information. Further infor-
mation about cellular redox or secretory activity or the
transmembrane fluxes of redox species involved in intra-
cellular processes can usually be obtained from subsequent
measurements in SG/TC mode.
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SECM studies based on the above strategy have been
applied to various cellular processes. Imaging of the
topography of single living cells along with O, concen-
trations profiles in their surrounding is one of the earlier
examples.” Another early study examined the mor-
phology and photosynthetic electron transport of single
guard cells.””) More recent publications include the
investigation of the interaction of Ag'ions with the
respiratory chain of certain bacterial cells and an
evaluation of the related antimicrobial effect of um
concentrations of Ag"ions!”"! measurements of the
cytotoxicity of menadione on hepatoblastoma cells,”
the detection of the uptake of menadione by yeast cells
and its expulsion from them as a glutathione complex,””!
and the characterization of the local respiratory activity
of PC12 cells.™ Liebetrau et al. tested a whole set of
redox mediators with respect to their suitability for
biological SECM experiments and employed the best
ones in constant-height imaging experiments for visual-
izing the neuronal development of PC12 cells treated
with nerve growth factor and detecting changes in cell
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Figure 8. Imaging cell topography using the negative feedback/con-
stant height mode of SECM. An approach curve is recorded in the
vicinity of cells with the SECM tip brought carefully from the bulk of
solution (position a) towards the surface of the glass coverslip
(position b). When the electrode diameter and the ratio between the
diameter of the electrode and the insulating glass sheath are known,
the approach curve offers an actual measure of the absolute tip-to-
surface separation. Imaging the morphology of a cell is then a two-
step process: First, the SECM tip is retracted to a distance that is
slightly larger than the expected height of the cells to be imaged. This
movement may almost reestablish the bulk current (position c). Then,
the SECM tip is scanned towards a selected cell, which leads to a
current decrease above the living cell as a result of blocking of the
diffusion of redox mediator to the electroactive disk (position d). The
decrease in the current (Al) as seen in plots of I vs. x,y position
represents the cell topography.
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height induced by exposure to hypotonic or hypertonic buffer
solutions in real time.”!

The work of Mirkin’s group on imaging normal and
metastatic human breast cells is another example of the
potential of single-cell SECM as a modern tool for biomedical
analysis and the monitoring of physiologically and patholog-
ically relevant cellular function.”® Individual breast cells were
exposed in physiological saline solution to a chemical
mediator (e.g., quinone) that was able to rapidly cross the
cell membrane and take part in intracellular redox reactions
in the cytoplasm. Changes in extracellular concentrations of
the mediator resulting from cytosolic turnovers were moni-
tored on a microsecond timescale by the SECM tip, which was
placed close to the cell membrane. Variations in rate
constants were observed for cells with different health
status and it was shown that they can be used as an indicator
for the onset of cell metastasis and identification of single
cancerous cells in a field of nontransformed neighbors.

Dual SECM tips with a bare Pt-UME (diameter 10 um)
and a porphyrin-based NO microsensor (diameter 50 pum)
located next to each other at the end of pulled and then
beveled ©-shaped glass pipettes have recently been devel-
oped for precisely controlling the position of the NO sensor
above layers of NO-releasing endothelian cells.””! With
dissolved O, as redox mediator, the bare Pt-UME was
operated in negative feedback mode, providing a good
measure about the distance of the dual-electrode “bifunc-
tional” SECM tip with respect to the surface of the coverslip
and the cells. The NO microsensor thus could be carefully
guided towards the target cells and placed at an exactly
known distance before stimulation and detection of local NO
release. With this strategy, it was demonstrated that the
acquired NO signals were strongly dependent on the position
of the NO sensor relative to the cells (Figure 9). Owing to
their relatively large overall tip size, dual-electrode NO-
sensitive SECM tips could so far not be applied for lateral
scanning on individual cells in the x,y plane. However, further
miniaturization and optimization of the porphyrin-based
sensing chemistry”®! may ultimately help to achieve the goal
of high-resolution spatial mapping of NO release from
specific cells.

The spatial resolution of SECM imaging in the ampero-
metric feedback and the generator/collector mode depends to
a large extent on the diameter of the electroactive disk of the
SECM tip. Most work is currently performed with SECM tips
that have a characteristic diameter and hence suitable work-
ing distances between 5 and 10 pm. Because of the relatively
wide working range of the feedback mode (relative to the cell
height), the methodology for tip positioning shown in Figure 8
works reasonably well with “large” SECM tips, even when the
height of the studied cells is not precisely known. However,
with decreasing SECM tip diameters, this approach-curve-
assisted tip positioning becomes more impractical. Inexact tip
placement, however, may lead to a collision into the soft
target cells or to the situation whereby negative feedback is
not achieved above the cell and thus SECM imaging is
obstructed. In the next section, the recent efforts to circum-
vent the problem are discussed and strategies for current-
independent tip positioning are described.
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Figure 9. Employment of dual-disk, bifunctional SECM probes for the
reproducible and accurate positioning of NO-specific sensors at
known distances from NO-releasing cells. Top: One of the two
electrodes, a bare Pt disk electrode (diameter 10 um), is operated as a
conventional amperometric SECM tip and thus can be used with
feedback-mode z-approach curves as a guide for the slightly larger
second electrode, a metal-porphyrin- or metal-phthalocyanine-modified
Pt disk (diameter 50 um). Bottom: A set of stimulated NO-release
measurements made at various distances between the disk surface of
the NO microsensor and the endothelial cells. The magnitude of the
acquired NO signals is strongly dependent on the position of the NO
sensor relative to the release sites. Reproduced with permission from
reference [77a].

5.3. Constant-Distance Mode SECM on Single Living Cells

SECM has the potential for imaging the topography of
single cells along with their chemical activity, and, if the
current trend of technical improvements continues, should in
the future become the tool of choice for elucidating the
relations between local structural and chemical properties as
well as functional performances such as cell growth and
degeneration. PC12 cells, for example, differentiate and start
to form neurites, varicosities, and complex connections to
neighboring cells when they are treated in the culture medium
with a stimulating nerve growth factor. SECM in that case
could monitor the process of cell development over time and
track the morphological changes at different stages of differ-
entiation along with the local chemical profiles of species in
the surrounding of gradually appearing cellular substructures.
However, an essential prerequisite for optimal spatial reso-
lution is the use of the smallest possible UMEs as the scanning
probes. Ideally, the miniaturized SECM tips should be guided
smoothly in close and constant distance over the generally
irregular surface of the cells (Figure 10). This approach was
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Figure 10. The study of living cells in the constant-distance mode
SECM. In line scans, the SECM tip is guided at constant distance over
an individual cell. The readings of the z-positioning device, which
responds to local variations in the landscape of the scanned surface by
either retracting or extending the tip, provide an accurate measure of
the sample topography (dotted line). The topographic information
contained in constant-distance line scans may be used to position the
SECM tip at distinct locations above (substructures of) a cell where
electrochemical detection of cellular processes can then be performed.

proposed not only for nondestructive tip positioning at soft
and microscopically small objects, but also for the acquisition
of topographic information through the settings of the z-
micropositioning device. In the proposed constant-distance
mode of SECM, the recorded z position during the x,y line
scans reflects the topography of the sample. Electrochemical
data may be either recorded continuously during scanning or
taken with a stationary tip that was precisely placed at an
interesting location at the cell surface through the repetition
of an acquired line scan.

Constant-distance mode SECM imaging requires com-
puter-controlled feedback circuitry that continuously com-
pares a distance-dependent signal from the SECM tip with a
user-defined value and repositions the tip when deviations are
detected. Several schemes have been proposed for obtaining
the distance-dependent input signal to be applied to the
feedback loop of the distance-control unit of an SECM
instrument. One is the use of a shear-force-based feedback
mechanism with optical,”” piezoelectric,™ or tuning-fork-
based®! detection of the short-range hydrodynamic shear
forces that suddenly occur between an in resonance vibrating
SECM tip and the sample surface at distances below 100-
300 nm. Other approaches are based on the maintenance of a
constant amperometric SECM tip current during scan-
ning™**! or employ the tip impedance™**! as a feedback
signal.

A technically very different approach for simultaneous
electrochemical and topographical imaging with constant-
distance scanning is the implementation of SECM in atomic
force microscopes by using specially designed AFM canti-
levers with partially insulated metal tips as microelectrodes.*!
The bifunctional AFM tips are designed to act as both the
force sensor for topographical imaging and as the UME for
microelectrochemical measurements.

The various SECM distance-control units have their
advantages and disadvantages and, with the exception of
the piezoelectric detection of shear forces and combined
AFM/SECM, have been demonstrated to be feasible for
topographic imaging of individual living cells. An advantage
of using shear forces or the tip impedance instead of an
amperometric tip current as the feedback signal is that the
presence of possibly toxic exogenous redox mediators in the
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Figure 11. Schematic diagram of a biological scanning electrochemical
microscope for high-resolution constant-distance mode SECM topo-
graphical and chemical imaging of single living cells. The instrument
consists of the SECM tip, a micropositioning device for precise SECM
tip movement, an inverted optical microscope with optional video
output for visualizing the probe tip and cells, a distance-control unit
with a computer-controlled feedback loop, a low-noise potentiostat,
and a PC connected to a DA-AD board. A micropipette-based injection
system, needed for local application of stimulatory agents, is not
shown.

physiological buffer solution can be avoided. Figure 11
displays a schematic representation of a typical biological
constant-distance SECM (“Bio-SECM”). The setups pro-
posed so far are basically similar in their design and are
composed of a distance-control unit, the micropositioning
devices, the tip holder, and an electrochemical cell, all of
which are arranged on the stage of a high-quality inverted
microscope to satisfy the requirements of physiological-
electrochemical experiments.

In the first published applications of constant-distance
Bio-SECM, the instrument was used for combined topogra-
phy and secretion measurements on individual PC12 and
chromaffin cells. Conventionally sized CF-UMEs with a tip
diameter of about 5 um™*®! and electrochemically etched
and electropainted CF-UMESs with significantly reduced tip
diameters of 1-2 um™ were operated in constant-distance
mode to reveal first the details of the topography of an
individual secretory cell and then use this information for
placing the SECM tip directly above the center of the cell.
Figure 12 shows a typical recording. The precise positioning
of the SECM tip at a distance of 100-300 nm from the cell
membrane subsequently allowed the local detection of
vesicular chemical release, initiated by the addition of a
stimulant and known from conventional carbon-fiber amper-
ometry.

More recently, conical electrodes were made from optical
fiber and glass capillaries by coating the outside of pulled
glass tips with metal and then insulating the conducting
surface tips by means of vapor deposition with an insulating
polymer. These electrodes were operated in constant-distance
mode SECM for simultaneous topographical, optical, and
electrochemical imaging of stained PC12 cells and allowed
visualization of the respiratory activity in the electrochemical

Angew. Chem. Int. Ed. 2007, 46, 87608777

e T3 e advantage of blue reference links memmmmmmmmmmmem—————



http://www.angewandte.org

Microelectrochemistry

Angewandte

architectural and functional
complexity. Many cell types
are heavily involved in harmo-
niously  orchestrating the
molecular machinery of life,
such as the large number of
different neurons in the cen-
tral and peripheral nervous
system, including the brain
and the many secretory cells
of the endocrine system. As
highlighted in this article, tiny
but powerful accurately mov-
able voltammetric UMEs have
been developed into highly
sophisticated analytical tools
for the analysis of the multi-
faceted chemistry in the close
surrounding of single cells.
This progress in single-cell
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Figure 12. A) Application of constant-distance mode biological scanning electrochemical microscopy (Bio-
SECM) for the local amperometric detection of single-vesicle adrenaline release from an individual bovine
chromaffin cell. With the topography known from shear-force-based constant-distance mode line scans,
the SECM tip, in this case a carbon-fiber disk electrode (diameter 5 um, polarized to +800 mV vs. Ag/
AgCl), was placed at a distance less than 1 um directly above the center of a single bovine chromaffin cell.
B) When the selected cell was stimulated with 100 mm KCl solution, exocytosis was initiated and detected
with excellent sensitivity by the appearance of a large number of pA current spikes in the amperometric
SECM tip current, each representing chemical release from an individual secretory granule. C,D) Expanded
sections of (B) with higher temporal resolution. Reproduced with permission from reference [86].

images.*'l Also, very sensitive Ni—phthalocyanine-modified
CF-UME:s were constructed for the local detection of NO and
implemented in constant-distance SECM.1#¥ Again, constant-
distance positioning of the tip was employed to position the
NO microsensor directly above an adherently growing human
umbilical vein endothelian cell (HUVEC cell). NO release
was then stimulated by the application of bradykinin, leading
to a current increase at the NO microsensor, which was kept
at a constant potential of 750 mV versus Ag/AgCl (Figure 13).

The development of the constant-distance mode of SECM
and the outcome of the above-mentioned experiments on
catecholamine- and NO-secreting cells should be seen as the
early steps towards the ambitious goal of spatial and chemical
SECM mapping of (networks of) living cells. The miniatur-
ization of the electrochemical scanning probes and optimiza-
tion of the performance of the distance control must be the
next steps for Bio-SECM to allow an assessment of the
structure—function relationship in cellular microenvironments
with superior spatial resolution.

6. Conclusion and Future Aspects
Individual cells are the microscopically small operational
subunits of living beings. Throughout the mammalian body,

for example, these objects form a network of gigantic
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voltammetry in little more
than two decades became pos-
sible thanks to the joint efforts
of researchers in the areas of
electrochemistry, medicine,
and biology.

The evaluation of quantal
neurotransmitter release from
isolated neuronal and endo-
crine cells with a temporal
and spatial resolution suffi-
cient for visualizing the secre-
tory activity of single intracel-
lular storage vesicles of nanometer dimension, as well as the
success of biological scanning electrochemical microscopy for
the simultaneous imaging of topography and chemical
(redox) activity of adherent cells are prominent milestones
in cellular microelectroanalysis. Nonetheless, even when all
the achievements up to the present time are taken into
account, single-cell microelectrochemistry has not yet
reached the zenith of its potential for exploring mechanisms
behind cell development and degeneration or for studying
processes such as cell-to-cell communication and synapto-
genesis. Until now, most of the works on cultured cells and
cells in tissue slices has involved micrometer-sized voltam-
metric sensors. The next goal will be the routine fabrication of
highly sensitive nanometer-sized electrochemical probe tips
and their high precision position not only around single cells
but also along more complicated networks of cells. Other
challenges include the further optimization of the soft- and
hardware that controls and synchronizes tip movement and
the electrochemical data acquisition, as well as the develop-
ment of selective nanoelectrode tips for relevant target
analytes other than those that can be easily detected through
their direct oxidation or reduction. It will be exciting to see
which results in another two decades, after the above-
mentioned technical and methodical improvements are (to
some extent) in place, might then be reviewed as “single-cell
nanoelectrochemistry” and with which techniques the chem-
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Figure 13. A) Shear-force-based constant-distance line scan used for
positioning the NO microsensor exactly above a single human
umbilical vein endothelian (HUVEC) cell. The inset shows the shadow
of the microsensor above the selected single cell in a simultaneously
acquired video microscope image. B) Amperometric detection of NO
released from a single HUVEC cell upon stimulation with bradykinin.
Reproduced with permission from reference [87].

ical communication of and between individual cells in
response to physiological, pathological, or pharmacological
stimulation may be routinely monitored in life science
laboratories.
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