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There is a significant current interest in development of new
techniques for direct characterization of the intracellular redox state
and high-resolution imaging of living cells. We used nanometer-
sized amperometric probes in combination with the scanning
electrochemical microscope (SECM) to carry out spatially resolved
electrochemical experiments in cultured human breast cells. With
the tip radius �1,000 times smaller than that of a cell, an electro-
chemical probe can penetrate a cell and travel inside it without
apparent damage to the membrane. The data demonstrate the
possibility of measuring the rate of transmembrane charge trans-
port and membrane potential and probing redox properties at the
subcellular level. The same experimental setup was used for
nanoscale electrochemical imaging of the cell surface.

charge transfer � membrane potential � scanning electrochemical
microscopy � voltammetry

The changes in intracellular redox state can be related to
various pathological conditions such as oxidative stress (1),

diabetes (2), and cancer (3). Electrochemical measurements can
provide comprehensive information about intracellular redox
states, including concentrations of redox species, kinetics of
redox reactions, and charge transport rates. Microelectrodes
positioned near the cell surface (4, 5) and the scanning electro-
chemical microscope (SECM) (6–8) have been used for such
measurements. The applications ranged from dopamine (4) and
cholesterol (9) analysis to studies of menadione metabolism in
yeast (10) and hepatoblastoma cells (11) to detection of reactive
oxygen species (12) and monitoring the drug efflux from cancer
cells (13). The SECM was also used for micrometer-scale
topographic and reaction rate imaging of various types of
biological cells (14–17).

We have shown that intracellular redox activity can be probed
noninvasively by measuring the rate of transmembrane charge
transfer (CT) by using the feedback mode of the SECM oper-
ation (17). In such experiments, the tip electrode is placed in
solution containing the oxidized (or reduced) form of a redox
mediator. A mediator species is then reduced (or oxidized) at the
tip electrode. A piezo-positioner is used to move the tip toward
the surface of an immobilized cell. If the mediator species is
hydrophobic, the product of the tip reaction can cross the cell
membrane and be reoxidized (or rereduced) by intracellular
redox reaction (Fig. 1A). This process can produce an enhance-
ment in the faradaic current at the tip electrode (positive
feedback) depending on the mediator regeneration rate and the
tip/membrane separation distance (d). If the mediator is hydro-
philic, it cannot cross the cell membrane, which blocks the
diffusion of species O to the tip (Fig. 1B), so the tip current (iT)
decreases with d (negative feedback). Some useful information
about intracellular redox state was extracted from the analysis of
iT vs. d curves (17). However, the mechanism of mediator
regeneration by the cell is rather complicated, and the need to
include transmembrane CT processes makes the data analysis
even more difficult (18).

More informative and easier to interpret data could be
obtained by making electrochemical measurements inside an
immobilized cell or by using ‘‘artificial cells’’ (19, 20). Only a few
examples of intracellular electrochemical measurements have
been reported to date (21–23). One of the main obstacles here

is the electrode size and geometry; even a sharp, conical
electrode puncturing a lipid membrane may cause a solution
leakage (20). Also, one would need nanometer-sized electrodes
for spatially resolved intracellular measurements, and the charac-
terization of conical nanoelectrode geometry is challenging (24).

Here, we report the use of the SECM equipped with well
characterized polished nanotips (radius, a � 10 nm) for spatially
resolved quantitative experiments inside living cells (Fig. 1C). In
this way, one can determine the mass/charge transfer rate across
the cell membrane (Fig. 1D), evaluate the membrane potential,
and measure the redox properties with a nanoscale resolution.
Very sharp tips (Fig. 1E) with the radius of insulating glass, rg �
3a were used to minimize the mechanical damage to the cell.

Because the thickness of the diffusion layer is equal to a few
nanoelectrode radii, a nanoprobe ‘‘sees’’ only local electrochem-
ical properties of a nanometer- or a submicrometer-sized do-
main. In a system as complicated as a living cell, the ability to
probe the local redox environment instead of analyzing compli-
cated response originating from different subcellular compart-
ments is an important advantage. The high spatial resolution
offered by nanotips can also be used for nanoscale imaging of
cellular topography and surface reactivity that could be com-
plementary to atomic force microscopy (AFM) (25), scanning
ion-conductance microscopy (26), and ‘‘superresolution’’ optical
methods (27).

Results
SECM Measurements and Intracellular Voltammetry. The current vs.
distance (iT � d) curve in Fig. 2A was obtained with a hydrophilic
redox mediator, 1 mM Ru(NH3)6

3�, which could not permeate
the cell membrane acting as an insulator. A 42-nm polished Pt
tip approached and penetrated an immobilized MCF-10A cell
(positive d corresponds to the tip approaching the membrane;
negative distances—within the cell volume). The experimental
approach curve (symbols) fits the SECM theory (28) (solid line)
for d � 0.5a at which the tip began to push the cell membrane.
One should notice that the tip/membrane separation distance at
the point of the closest approach is �20 nm. This indicates that
the SECM equipped with a nanometer-sized tip can potentially
be used for topographic imaging of cell surfaces with a �20-nm
scale resolution.

At d � �1.2a, the tip gets inside the cell, and the current
vanishes. Accordingly, the wave of Ru(NH3)6

3� reduction was
observed in the outer buffer solution (Fig. 2B, curve 1) but not
inside the cell (curve 2). This indicates that the membrane
immediately forms a tight seal around the penetrating nanotip
that prevents the external solution from leaking inside the cell.
The use of a small and very sharp tip (Fig. 1E) is essential here:
the maximum radius of the electrode portion inserted into the
cell is ��1 �m even when the length of that part is �5 �m. (One
should notice that the tip of the nanoelectrode is not visible in
Fig. 1E.)
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In contrast to Ru(NH3)6
3�, the oxygen reduction wave inside

the cell (Fig. 2B Inset, pink curve) is very similar to that
measured outside (Fig. 2B Inset, blue curve at E � �400 mV)
because of rapid oxygen transport across the membrane. This

wave disappeared when the solution was purged with nitrogen to
remove O2 (Fig. 2B, curve 2). From curve 2, one also can see that
the concentration of mobile redox species in the cell is very low.
Our previous experiments (17, 18) showed that the effective

Fig. 1. Schematic diagrams of the SECM experiments with single cells (A–D) and an optical micrograph of a typical nanotip used in such experiments (E). (A)
The tip is positioned in the solution close to the cell surface. Positive feedback is due to bimolecular electron transfer between hydrophobic redox mediator (O/R)
and cell-bound redox moieties (O2/R2). (B) The lipid cell membrane is impermeable for a hydrophilic redox mediator. Negative feedback is due to the hindered
diffusion of redox species to the tip electrode. (C) Nanoelectrode voltammetry inside the cell. (D) Positive feedback is produced by mediator regeneration by way
of electron transfer at the underlying Au surface.

Fig. 2. Current vs. distance curve obtained with a Pt tip approaching and penetrating an MCF-10A cell (A) and voltammograms obtained at nanoelectrodes
inside living cells and in solution (B–D). (A) Solid line is the theoretical curve for an insulating substrate (28). The tip current is normalized by the value measured
in the bulk solution. The approach speed was 20 nm/s. (B) Voltammograms obtained in the bulk solution outside of the cell (curve 1), inside the cell (curve 2),
and in external solution after the tip was withdrawn from the cell (curve 3). (Inset) Voltammograms obtained in PBS (blue) and inside the cell (pink) without
purging the solution with nitrogen. (C) Intracellular voltammograms obtained by scanning the electrode potential between 0 and �0.8 V (Left) and 0 and �0.8
V (Right). The scan rate was (in mV/s): 50 (blue), 20 (red), and 10 (black). The concentration of Ru(NH3)6Cl3 in PBS was 1 mM (A–C) and 0.1 mM (B Inset). (D)
Dependence of the steady-state diffusion limiting current vs. concentration of Ru(NH3)6Cl3. The tip radius (in nm) was: 42 (A), 39 (B), 54 (C), and 73 (D).
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concentration of redox centers in the cell, which can be reduced
(or oxidized) within the potential window in Fig. 2B, is �1 mM.
Thus, most (if not all) of those redox moieties are immobilized
and cannot freely diffuse in the cytoplasm. We used a home-built
ultrasensitive potentiostat to check whether micromolar con-
centrations of any mobile redox species can be detected inside
the cell. The voltammograms in Fig. 2C were obtained by
scanning the tip potential in either positive (Left) or negative
(Right) direction. No voltammetric waves were detected in the
curves obtained at different scan rates. The sensitivity of these
measurements can be evaluated from Fig. 2D, which presents a
calibration curve for a 73-nm tip obtained with a concentration
of Ru(NH3)6

3� ranging from 5 to 50 �M. Clearly, the oxidation-
reduction of �1 �M species should be detectable in our exper-
iments.

The approach curves and intracellular voltammograms in Fig.
3 obtained with a hydrophobic mediator, ferrocenemethanol
(FcCH2OH) that can cross the lipid membrane are very differ-
ent. In this case, iT decreased and then stabilized at a nonzero
value after the tip penetrated the cell (Fig. 3A). The well shaped
voltammograms of FcCH2OH were obtained both in the outer
solution (Fig. 3B, curve 1) and inside the cell (curve 2). Four
distinct regions can be seen in the approach curve in Fig. 3A. The
essentially f lat initial part (tip displacement, l � 7 �m) corre-
sponds to the tip/cell distances much longer than a. Negative
feedback is observed when the tip moves closer to the cell, pushes
the membrane, and finally penetrates it at l � 9 �m. Because
FcCH2OH is present inside the cell, the exact penetration
moment is harder to detect than in the case of a hydrophilic
redox mediator (Fig. 2 A). When the tip is inside the cell but close
to the membrane, the measured current is �30–40% lower than
that in the outer solution. This difference can be attributed to the
lower diffusion coefficient of FcCH2OH, and it is consistent with
the relative viscosity (cytoplasm vs. water) of 1.5 (29). A slight
decrease in the tip current occurring in the next part of the

approach curve (9 �m � l � 14.5 �m) corresponds to the
concentration profile of FcCH2OH inside the cell.

A much steeper current decay in Fig. 3A occurs when the tip
approaches the bottom of the cell that is attached to the
insulating plastic surface (15 �m � l). An excellent fit between
the experimental data and theory in Fig. 3A (Inset) suggests the
possibility of spatially resolved, quantitative intracellular mea-
surements. This result is in accordance with the high quality of
voltammograms of hydrophobic mediators obtained inside the
cell (e.g., Fig. 3B, curve 2). A number of reproducible intracel-
lular voltammograms were recorded during a period of several
minutes. Furthermore, the voltammograms of Ru(NH3)6

3� and
FcCH2OH measured after withdrawing the tip from the cell
were similar to those obtained before the cell penetration (Fig.
2B, curves 1 and 3). A usual concern in bioelectrochemistry is
that the electrode response may be affected by protein adsorp-
tion and fouling of its surface. Apparently, surface fouling was
not an issue in our nanoelectrode experiments.

Cell viability was verified by trypan blue exclusion experi-
ments. Because live cells pump out this dye, but dead cells do not,
dead cells appear blue, but live cells appear uncolored. After the
tip was withdrawn from the cell (which was not possible in a few
cases when the cell adhesion to the dish surface was not
sufficiently strong), �5 �M solution of trypan blue was added to
the cell medium. In this way, MCF-10A cells were confirmed to
be viable 1–2 h after intracellular electrochemical experiments.

Evaluation of the Membrane Potential. The tip potential in both
curves in Fig. 3B was measured with respect to the same Ag/AgCl
reference electrode located in PBS outside the cell. The 36-mV
difference between the half-wave potentials (�E1/2) in curves 2
and 1 can be attributed to the potential drop across the cell
membrane. This experiment was repeated with 18 different
MCF-10A cells and different nanoelectrodes (19 nm � a � 182
nm) yielding �E1/2 � 46 � 4 mV (the uncertainty is expressed
as a 95% confidence interval). �E1/2 was also measured for three
MCF-10A cells bathed in PBS that contained a different hydro-
phobic redox species (TMPD). Although the quality of intracel-
lular voltammograms of TMPD was not as high as for FcCH2OH,
a similar mean value, �E1/2 � 39 mV, was obtained for this
system.

�E1/2 was also measured after 600 nM valinomycin was added
to PBS without removing the tip from the cell. Valinomycin,
which depolarizes the membrane by acting as a potassium
carrier, was expected to diminish the membrane potential. In
each of these experiments, which were done for seven MCF-10A
cells, the �E1/2 decreased markedly, and the mean value was 16.7
mV for FcCH2OH mediator.

Although there is some variability in the membrane potential
values reported in the literature, our �E1/2 values are somewhat
more positive than most numbers obtained for mammalian cells
by different techniques (e.g., �58.6 mV to �2.7 mV reported for
MCF-7 human mammary tumor cells in ref. 30). To determine
whether this difference results from membrane polarization that
may be induced by current flowing between the intracellular
nanoprobe and the external reference electrode, we measured
the dependence of �E1/2 on concentration (cFcCH2OH). The ohmic
potential drop across the membrane (iR, where R is the mem-
brane resistance) is proportional to current flowing at the tip
electrode inserted in the cell. Five voltammograms in Fig. 4A
were obtained with the same 112-nm tip in the bulk solution
(curve 1) and inside the same cell (curves 2–5). By changing
cFcCH2OH in solution, we measured the linear concentration
dependence of the tip current corresponding to the half-wave
potential [i(E1/2); Fig. 4B]. The �E1/2 value decreased on dilution
of FcCH2OH, and the �E1/2 vs. i(E1/2) plot was also linear (Fig.
4C). The membrane resistance extracted from the slope of this
line is �4 G�. The extrapolation of the �E1/2 vs. i(E1/2)

Fig. 3. Approach and penetration of an MCF-10A cell by a 144-nm tip in PBS
solution containing 1 mM FcCH2OH (A) and steady-state voltammograms
obtained at the same tip outside (curve 1) and inside (curve 2) the cell (B). (A
Inset) Shown is the fit between the experiment (symbols) and the theory (solid
line) for the final part of the curve, where the tip approaches the bottom of
the Petri dish.
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dependence to zero current shows that the membrane potential
corrected for the polarization effect is somewhat more negative
(e.g., � �10 mV in Fig. 4C).

Measuring the Mass/Charge Transfer Rate Across the Cell Membrane.
In these experiments, the cells were immobilized on a conductive
surface, that is, a glass slide coated with an evaporated Au film.
Menadione, which can readily cross the MCF-10A cell mem-
brane (17), was used as a redox mediator. Its reduced form
(menadiol) was generated at the tip and reoxidized at the Au
surface (Fig. 1D). SECM approach curves (Fig. 5) were obtained
by moving the tip downward inside the cell until its insulator
sheath began to push against the membrane and the underlying
surface. Because the mediator regeneration at the Au surface is
rapid, it was possible to evaluate the mass transfer rate of
mediator species across the membrane from the tip current vs.
distance curve. When the feedback current is controlled by the
rate of membrane transport, the shape of iT vs. d curve can be
described by an equation derived for the finite heterogeneous
kinetics of the mediator regeneration at the substrate (18).
Fitting an experimental current vs. distance curve to the theory

(31) yields the dimensionless heterogeneous rate constant, � �
Pa/2D, where P � KDm/lm is the permeability coefficient; D and
Dm are the diffusion coefficients of redox species in the cyto-
plasm and in the membrane, respectively; K is the solution-to-
membrane partition coefficient of the redox species; and lm is the
membrane thickness.

Curves 1 and 2 in Fig. 5 were obtained with 790-nm and
280-nm tips and yielded the � values of 1.01 and 0.42, respec-
tively. The difference between the corresponding P values (with
D � 4.7 	 10�6 cm2/s, the menadione diffusion coefficient in
cytoplasm), that is, 0.13 cm/s and 0.15 cm/s, is within the range
of our experimental error. Curve 3 in Fig. 5 was obtained with
a smaller, 146-nm tip, for which the expected � was �0.2. This
value is close to the lower limit for the rate constant measurable
by SECM. Therefore, curve 3 could be fit to the SECM theory
for an insulating substrate, and no reliable P value could be
extracted from it.

Nanoscale Electrochemical Imaging of Cell Membranes. Two SECM
images of MCF-10A cells are shown in Fig. 6. A 11.8 �m 	 11.2
�m constant-current image (Fig. 6A), representing most of the
cell surface, was obtained with a 123-nm tip in PBS containing
1 mM Ru(NH3)6

3�. Although some topographic features visible
in the SECM image can also be found in the optical micrograph
of the same cell (Fig. 6B), no close similarity can be expected
because Fig. 6B is a transmitted light picture obtained by using
the inverted microscope. The spatial resolution of the SECM
image is �200 nm.

Because the spatial resolution of SECM is determined by the
tip radius (31), one can ‘‘zoom in’’ on a small area of the cell
membrane by using a smaller tip. In Fig. 6C, a 0.6 �m 	 1.5 �m
area was imaged in a constant-height mode by using a 47-nm
probe. The tip was moved vertically toward the cell, and the
resulting current vs. distance curve (similar to that in Fig. 2; data
not shown) was recorded. The approach was stopped before the
tip current deviated from the theory, that is, before the insulating
sheath began to push the membrane. To obtain the image, the
tip was scanned laterally in the x-y plane above the cell. The
lateral resolution of such an image is better than 100 nm, and it
can be further improved by decreasing the tip/membrane sepa-
ration distance.

Discussion
Quantitative electrochemical measurements inside a living cell
can be done to evaluate potentials, concentration profiles, and
charge transfer kinetics. The very small size of the used nano-
probes allows one to minimize the damage to the cell and to
achieve high spatial resolution. However, intracellular redox
moieties are apparently localized and cannot diffuse freely
within the cell (Fig. 2 B and C). This necessitates the use of a
redox mediator in intracellular voltammetry. To probe enzy-
matic redox reactions, the mediator concentration must be on
the micromolar scale (18), and very low (fA-range) currents have
to be measured. Another difficult problem is to precisely posi-
tion a nanoelectrode at a specific location within the cell (e.g.,
in proximity to a mitochondrion). In the future, it may be
possible to address this issue by using redox-sensitive fluorescent
labels.

Previously developed approaches to evaluation of the mem-
brane potential [e.g., those based on cell-attached patches (32),
ion-selective probes (33), and fluorescent dyes (34)] have nu-
merous shortcomings from the relatively large size of a poten-
tiometric probe to ambiguity of data analysis (32). Intracellular
voltammetry is a relatively straightforward method, in which the
membrane potential is evaluated with no additional assumptions
or complicated data analysis. The measurements should be made
with the mediator concentration as low as feasible to minimize
the ohmic potential drop across the membrane. �E1/2 varies

Fig. 4. Voltammograms of FcCH2OH at a 112-nm Pt tip obtained in the bulk
solution (curve 1) and inside the same cell (curves 2–5) (A), and corresponding
dependences of i(E1/2) vs. cFcCH2OH (B) and �E1/2 vs. i(E1/2) (C). (A) cFcCH2OH (in mM)
was: 1 (curves 1 and 2), 0.5 (curve 3), 0.25 (curve 4), and 0.125 (curve 5).

Fig. 5. Evaluating the rate of charge/mass transport across the cell mem-
brane from SECM approach curves. The tip radius (in nm) was: 790 (curve 1),
280 (curve 2), and 146 (curve 3). Experimental data (symbols) was fitted to the
theory (solid lines) for finite charge transport kinetics (31) (curves 1 and 2) and
pure negative feedback (28) (curve 3).
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slightly when the tip is moved inside the cell. Such variation may
occur when additional membranes appear between the extra-
cellular reference electrode and the tip as the latter enters a
subcellular compartment (e.g., Golgi apparatus). To avoid this
complication, one should extract �E1/2 from voltammograms
obtained at the tip soon after it has penetrated the cell.

Measurements of transport rates across biomembranes are
challenging even for model systems, for example, lipid bilayers
(35). We have tried to evaluate the rate of the cross-membrane
charge transport from extracellular SECM experiments by anal-
ysis of a model involving two additional steps. The P values
measured in ref. 18 for the same mediator (menadione) and the
same cell line (MCF-10A) were approximately one order of
magnitude lower. Most likely, the results in ref. 18 were affected
by a slow intracellular redox reaction. The intracellular SECM
experiments are free from this problem. One should notice that
a solution film always exists between the bottom of the cell and
the surface to which it adheres. Although the film thickness of

�10 nm (36) is too small to affect our measurements, a possible
effect of the underlying gold surface on membrane permeability
has yet to be investigated.

To our knowledge, the only reported nanoscale SECM images
of biological samples are those of mouse monoclonal IgG, DNA,
and other biomolecules obtained on a mica substrate in humid
air (37). The main difficulty in feedback mode SECM imaging of
living cells on the nanoscale is that the separation distance
between the tip and the membrane has to be of the order of the
tip radius. In the constant current mode (Fig. 6A), the constant
distance between the tip surface and the cell is maintained, and
the tip follows the cell contour (38). In this way, the entire cell
or a major portion of it can be imaged with a high spatial
resolution by using a tip radius much smaller that the cell
dimensions. By using this approach, high-quality topographic
images of neuron cells were obtained with a spatial resolution of
�1 �m (14). Here, we used a small and very sharp tip with rg �
3a to increase the resolution to �200 nm.

The constant-height image (Fig. 6C) was obtained by scanning
a 47-nm tip laterally above the cell in the x-y plane. If the tip
radius is significantly smaller than the variations in height
between different parts of a cell, either the higher parts get
scratched in the process of imaging, or the lower parts are not
imaged clearly. However, a small and relatively flat portion of
the cell surface (e.g., 0.6 �m 	 1.5 �m in Fig. 6C) can be imaged
with the spatial resolution much higher than that in any reported
SECM image of living cells.

A hydrophilic mediator used to obtain images in Fig. 6 could
not permeate the cell membrane. Thus, both images represent
only cell topography. In ref. 17, we mapped redox reactivity of
mammalian cells with micrometer spatial resolution by using a
hydrophobic mediator. A current-distance curve (Fig. 3) sug-
gests that reactivity mapping can also be done at the nanoscale
because some feedback from the cell could be seen when the tip
approached its surface. The combination of SECM with fluo-
rescence microscopy (39) should help one interpret such images
and extract spatially resolved information on cellular redox
reactivity.

Materials and Methods
Electrodes. A two-electrode setup was used for voltammetry and SECM ex-
periments with a nanometer-sized Pt working electrode and a commercial
Ag/AgCl reference. Evaporated Au films on glass were obtained as a gift from
Alexander Vaskevich (Weizmann Institute of Science, Rehovot, Israel) and
used as a conductive SECM substrate for CT rate measurements across the cell
membrane. The preparation of polished, needle-like, disk-shaped nanotips
was similar to the procedures described (40). In brief, 25-�m annealed Pt wires
were pulled into borosilicate glass capillaries (1.0 mm o.d., 0.58 mm i.d.) under
vacuum with the help of a P-2000 laser pipet puller (Sutter Instruments). The
pulling program was modified by increasing the heat and velocity parameters
to obtain a long and sharp tip with a thin glass sheath required for easier
membrane penetration. The effective radius was evaluated from steady-state
voltammetry and SECM (40).

Cell Culture. Midpassage MCF-10A cells, a human breast epithelial cell line,
were cultured as described in ref. 17. Cells were plated at 5–20% confluence
(2–8 	 103 cells per 60-mm plate) on the day before the experiment. For
experiments requiring an underlying conductive surface, cells were cultured
on a glass slide covered with an evaporated Au film, which was fixed in a
culture dish. Before each experiment, adherent cells were rinsed with pH 7.4
PBS without calcium or magnesium (Cambrex), which was used as electrolyte
in all electrochemical experiments.

Instrumentation and Procedures. All measurements were performed at ambi-
ent temperature in a plastic culture dish mounted on the horizontal stage of
an Axiovert-100 inverted fluorescence microscope (Zeiss) that was set on an
optical table. The cells were immersed in PBS containing the redox mediator.
A home-built SECM instrument (40) was set on the same optical table as the
microscope, so that the SECM tip could be positioned above the cell culture
plate. Three types of experiments were performed: (i) iT vs. d curves [approach

Fig. 6. Human breast epithelial (MCF-10A) cells imaged by the SECM. (A) 11.8
�m 	 11.2 �m constant-current image of a cell obtained with a Pt tip (a � 123
nm, rg � 3a). (B) Optical image of the same cell. The rectangular frame shows
the area of the cell imaged in A. (C) Constant-height image of a 0.6 �m 	 1.5
�m portion of cell surface obtained with a 47-nm tip. PBS contained 1 mM
Ru(NH3)6Cl3 as redox mediator.
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curves (31)] were obtained by positioning the tip above the cell and slowly
moving it vertically down toward the cell surface, penetrating the cell, and
continuing to move toward the underlying plastic or Au surface; (ii) topo-
graphic images of the cell were obtained by recording variations in tip current
[constant-height mode (31)] or z-coordinate [constant-current mode (31)]
while the probe was scanned laterally above the cell surface; and (iii) steady-
state voltammograms were obtained by positioning the tip either above the
cell or inside it and sweeping the tip potential.

In penetration experiments, when Ru(NH3)6Cl3 was used as a redox medi-

ator, solutions were deaerated. To prevent damage to the cells, oxygen was
removed from the medium for a brief period that immediately preceded the
actual measurements. The nearly complete removal of O2 was evident from
cyclic voltammetry (Fig. 2B, curve 2).
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