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Abstract

The measurement of key molecules in individual cells with minimal disruption to the
biological milieu is the next frontier in single-cell analyses. Nanoscale devices are ideal
analytical tools because of their small size and their potential for high spatial and temporal
resolution recordings. Here, we report the fabrication of disk-shaped carbon nanoelectrodes
whose radius can be precisely tuned within the range 5-200 nm. The functionalization of the
nanoelectrode with platinum allowed the monitoring of oxygen consumption outside and inside a
brain slice. Furthermore, we show that nanoelectrodes of this type can be used to impale
individual cells to perform electrochemical measurements within the cell with minimal
disruption to cell function. These nanoelectrodes can be fabricated combined with scanning ion
conductance microcopy probes which should allow high resolution electrochemical mapping of

species on or in living cells.
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The ability to dynamically probe individual cells within their natural environment is the next
frontier in biomedicine. In particular, manipulation and analysis of individual cells with
nanoscale probes should greatly enhance our understanding of processes that control the function
and fate of cells. As new tools emerge, it has become apparent that the ability to assess
phenotypes dynamically (i.e. gene expression, protein activities, ion fluctuations, signaling) at
the single cell level is key to understanding cellular behavior in a complex environment.'™

Nanoscale devices are ideal single-cell surgical tools because of their potential for high
spatial and temporal resolution recordings with minimal disturbance to cell functions.> °
Recently, two groups independently developed cellular nanoendoscopes for single cell analysis.
Singhal ef al attached a carbon nanotube to the tip of a glass micropipette and showed its
potential for interrogating cells down to the single organelle level.” Similarly, Yan et al
developed a nanowire waveguide attached to the tip of an optical fiber, to transmit visible light
into the intracellular compartments of a living mammalian cell and detect optical signals from
sub-cellular regions.® However, in general, intracellular measurements with nanoprobes are
often limited to the monitoring of membrane potential. Lieber’s group, for instance, developed a
nanoscale field effect transistor (nanoFET) based on a kinked nanowire that was able to penetrate
living cells and record intracellular potentials.® Similarly, Angle et al. starting from conventional
tungsten microelectrodes’ and Yoon et al from a pure carbon nanotube'® developed
nanoelectrodes capable of intracellular recordings.

Historically, micro and nanoelectrodes fabricated from carbon fibers have found vast
applications in the quantitative study of exocytosis. In neuroscience research, microelectrode
have been used extensively for the determination of oxygen consumption, reactive oxygen and
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nitrogen species, and for the analytical detection of electrochemically active



neurotransmitters both in vivo and in vitro.'” '*'® Mirkin’s group pioneered the application of
electrochemical probes for the measurement of redox properties of living cells'’. Recently, a joint
effort between Amatore and Mirkin’s groups demonstrated the application of platinized
nanoelectrodes for the intra-cellular detection of ROS species inside murine macrophages.'®
However, despite the nanometer dimension of the electro-active area, the outer glass coating was
of several hundreds of nanometers.

Our group has been at the forefront of the integration of nanopipettes into Scanning Ion
Conductance Microscopy (SICM) for high resolution topographical imaging of living cells." *
Among many different applications, we recently showed the application of SICM for the
quantitative delivery of molecules to the surface of living cells*' and for nanoscale targeted patch
clamp measurements in neuronal cultures.”” Additionally, nanopipette probes still hold great

»2 and as tools for cell manipulation.”**® We recently

promise as intracellular biosensors
developed a method to fabricate multifunctional nanoprobes starting from double-barrel quartz
nanopipettes. Pyrolytic carbon is selectively deposited on one barrel while leaving the other one
unchanged. We employed these nanoprobes for simultaneous SICM-SECM imaging” and for the
measurement of the electrochemical activity of the surface of living cells.*

Here we describe the fabrication, characterization, and tailoring of carbon nanoelectrodes for
intracellular electrochemical recordings. We demonstrate the fabrication of disk-shaped
nanoelectrodes whose radius can be precisely tuned within the range 5-200 nm. The
functionalization of the nanoelectrode with platinum allowed the monitoring of oxygen
consumption outside and inside a brain slice. Furthermore, we show that nanoelectrodes of this

type can be used to penetrate a single cell and perform electrochemical measurements within the

cell with minimal disruption to cell function.



Results and Discussion

Carbon nanoelectrodes were fabricated using a top-down approach, as detailed in the methods
section and in the supporting information (SI, Figure S1). Briefly, a quartz capillary was pulled
into a sharp nanopipette tip, and carbon was pyrolitically deposited within the nanopipette shaft.
This procedure generated a disk-shaped carbon nanoelectrode (Figure 1) whose radius depends
on the size of the nanopipette opening.

The carbon layer consisted of a graphitic network with considerable disorder, as
suggested by Raman spectroscopic analysis. Raman spectroscopy is a powerful tool for
analyzing carbon materials, including graphite-based systems’. A representative Raman
spectrum with clearly resolved D and G bands at 1367 cm™ and 1576 cm™ is shown in Figure 1.
There is no evidence from the extended spectrum areas (not shown) of the G’ (or 2D) band in the
region ~2500-2800 cm™ which is observed for highly ordered graphite. This, combined with the
relatively high D:G band ratio, indicates that the graphitic material produced is disordered in
nature. Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX)
confirmed the presence of a carbon layer that extended from the tip into the internal body of the
probe, for a distance of several mm, homogenously covering the nanopipette interior with a
thickness of ~300 nm (Supporting Information, Figures S2 and S3).

It has proven challenging to image nanoelectrodes smaller than ~50 nm by SEM, and
alternative methods of characterization have been developed.” ** ** In this work, the size and
geometry of the carbon nanoelectrodes were estimated using electrochemical measurements and
compared to simulated electrochemical data of nanoelectrodes with known geometry, an
approach which gives good insight into characteristic geometry if care is taken with the

measurements (vide infra). The parameter R is defined as the ratio between the overall radius of



the nanoelectrode tip divided by the radius of the electrochemically active area and it can be an
important parameter in interpreting the electrochemical measurements. For example, R has some
influence on the lateral resolution when such a nanoelectrode is used for scanning
electrochemical microscopy (SECM).” Assuming an R, of 1.5, the apparent radius r of the
nanoelectrode can be calculated from the steady-state current (/) of a cyclic voltammogram by
employing the expression for disk microelectrodes:

ISS

r=——" 1
4.64nFCD eq (1)

where 7 is the number of electrons transferred in the tip reaction, F is the Faraday constant, D is
the diffusion coefficient of Ru(NH:z)s*" used as the redox probe (one electron reduction), C is its
concentration in solution (Figure 2a). This equation estimates the nanoelectrode active area, with
the assumption that the nanoelectrode active element and insulating sheath a co-planar. This has
to be verified by comparing simulated and experimental approach curves of the nanoelectrode to
a surface of known activity, e.g. for an inert polystyrene surface (Figure 2b, supporting
information Figure S4).*> ** The experimental data fit well to a simulated curve for a co-planar
disk electrode with a radius of 64 nm and an Rg of 1.5, in agreement with that estimated from
the steady-state limiting current with the probe away from the surface. We performed a
systematic study to investigate the reproducibility of the nanoelectrode fabrication, by preparing
several nanopipettes (N = 7) with identical pulling parameters, deposited carbon, and averaged
their steady state current extrapolated from cyclic voltammograms. We obtained an average Iss of
104£14 pA which corresponds to an apparent radius of 30 + 4 nm (Figure 2a).

The first step in the nanoelectrode fabrication is the laser pulling of the quartz nanopipette,

which generates a pair of virtually identical nanopipettes. The CVs of the nanoelectrodes



prepared from such a pair of nanopipettes overlap, and again give a limiting current consistent
with 28 nm radius (Figure 2C, and Supporting Information Fig S5), highlighting that the
pyrolytic deposition of carbon introduces minimal variability. Furthermore, the nanoelectrodes
show a well defined steady state current up to a scan rate of 5S00V/s (Figure S6). All these data
from different measurements confirm that this simple fabrication procedure reproducibly
generates disk-shaped nanoelectrodes of tunable size.

The nanoelectrode radius can be precisely controlled by adjusting the heat delivered by the
laser during the fabrication of nanopipettes. Laser pullers have five parameters that can be
changed to obtain nanopipettes of desired shape and size (heat, filament, velocity, delay, and
pull). Increasing the heat delivered by the laser during the pulling process generates sharper
nanopipettes and thus, after carbon deposition, smaller nanoelectrodes. In fact, there is a linear
correlation between the laser heat and the final nanoelectrode size. This allows fine tuning of the
nanoelectrode radius within the range 10-150 nm (Figure 2D).

Carbon itself is a fairly inert material and to detect some redox-active species further
functionalization is needed. For example, as we consider herein, an electrodeposited platinum
layer enhances the electrocatalytic activity by drastically reducing the over-potential of the
reduction of oxygen and the oxidation/reduction of hydrogen peroxide. Platinum deposition was
carried out by sweeping the potential from 0 to -800 mV vs Ag/AgCl three times in a solution
containing 2 mM PtCls”. The deposition of Pt only slightly increased the effective geometric
surface area of the nanoelectrode (as evidenced by the voltammogram for the oxidation of 1 mM
FcMeOH), but dramatically enhanced its catalytic activity toward oxygen reduction (Figure
3b).** We noticed that increasing the number of cycles to 10 did not cause increase the catalytic

properties of the nanoelectrode toward oxygen reduction. These findings are consistent with the



ones reported by Yasin ef al. They showed that the nucleation of Pt on carbon is a very slow
process with a large overpotential, which leads to surfaces with dispersed nuclei and that the
nuclei grow only to a limiting volume before the growth stops.”” Nanoelectrodes as small as 5 nm
in apparent radius (Figure 3b) can be rapidly functionalized with Pt, and used as analytical
sensors for oxygen and hydrogen peroxide in solution.*®® Hydrogen peroxide (H20:) is a product
of cellular respiration and it plays a crucial role in biological systems as a signaling molecule in
regulating diverse biological processes.’” Upon addition of H202 the cyclic voltammogram shows
an increase both in cathodic and anodic current due to reduction and oxidation of H20:. The
anodic current at the nanoelectrode responds linearly to increasing concentration of hydrogen
peroxide in solution (Figure 3c,d) within the biologically relevant range of 2 pM - 2 mM™ and
can be detected by both oxidation and reduction (Figure 3c). The response in the cathodic current
obviously could also involve the reduction of oxygen as well from the aerated solution.
However, the cathodic current in the CV amounts to -13 pA at 2 mM H>0O-, much larger than for
O2 (vide supra), which indicates that the cathodic current is not solely carried by the reduction of
oxygen. Moreover, Figure 3b shows that the plateau for oxygen reduction is only reached at
potentials as cathodic as -600 mV whereas the plateau in Figure 3¢ already sets in at -200 mV. In
the literature, reduction of hydrogen peroxide at platinized electrodes is observed at similar
potentials.* The anodic response is free from complications due to oxygen and the limiting
response (at 500 mV) can be seen to be linear with concentration.

Having demonstrated the ability of functionalized carbon nanoelectrodes to be used as
nanosensors in solution, we next used them to monitor the oxygen consumption in acute brain

slices.



Several groups reported the use of microelectrodes for mapping of oxygen consumption in
isolated cells* and in living tissue,” but here we present the first use of a nanoprobe for
monitoring oxygen concentration inside and outside a brain slice (three-week-old, transverse
300 um hippocampal slices, prepared and maintained in accord with standard protocols for
patch-clamp electrophysiology.* A platinized nanoelectrode was integrated into a home-build
micromanipulator placed on an upright microscope. The nanoelectrode was polarized at -600 mV
vs Ag/AgCl (for the diffusion-limited detection of O2) and manually approached to the surface of
the brain slice (Figure 4a). Figure 4b and 4c show the decrease of the cathodic current upon
approaching to the brain slice. This is due to the local depletion of oxygen caused by the
respiratory activity of living neurons in the brain slice. Note that the nanoelectrode was
approached and retracted (several times) over a predefined distance from a brain slice and the
cathodic current — distance approach curve was found to be consistent (Figure 4b). The cathodic
current dropped even further from —40 pA to -9 pA after insertion of the nanoelectrode into the
brain slice. This decrease 1s not just due to hindered diffusion of O within the tissue, as seen in
other tissue®”. We measured the response of a platinized nanoelectrode to the same solution (cell
growth medium) with different degree of oxygenation. We measured a current of -90 pA (at -
600 mV) when the nanoelectrode was immersed in the growth medium with no oxygenation. The
bath solution was then constantly perfused with a solution saturated in molecular oxygen and the
cathodic current increased to -365pA, which is roughly 4 times the value measured before. We
then switched off the perfusion system and, after 10 minutes, the cathodic current decreased to -
210pA. The current reached the initial value of -90 pA only when a non-oxygenated solution was
perfused. With the same nanoelectrode, we measured the dependence of the cathodic current to

the distance from a live (figure 4e) and oxygen-deprived ("dead", figure 4f) brain slice. The



cathodic current decreases from -365 pA (in the bulk solution) to -135 pA in proximity of the
surface of the live brain slice, while no difference was detected close to a dead brain slice. The
electrode current decreases even further when placed inside the slice, with a clear difference
between the live and oxygen-deprived tissue (Figures 4g). Because the decrease in the Oz current
in the tissue is consequent to metabolic activity, these findings suggest the utility of these
functional nanoprobes to monitor oxygen-dependent activity in brain slices. Also, the nanometer
size of the nanoelectrode allows measurement of oxygen consumption deep inside the brain slice
with minimal damage and perturbation to the biological milieu. Platinized nanoelectrodes were
recently used for the intra-cellular detection of Reactive Oxygen and Nitrogen species
(ROS/RNS) species inside murine macrophages.'® In that work, despite the nanometer dimension
of the electro-active area, the outer glass coating was of several hundreds of nanometers. The
small outer diameter of our nanoelectrodes allowed us to perform electrochemical measurement
both in tissue and in cultured cells at the single-cell level. The nanoelectrode can be precisely
inserted into an individual neuron within the brain slice to monitor intracellular molecules.
Cyclic voltammograms were measured continuously at 400 mV/s as the nanoelectrode was
manually approach to the neuron of interest. Figure 5a is a background subtracted 3D plot that
shows the anodic scan as a function of time. At the moment of penetration (at around 50s) a
sudden increase in the anodic current is elicited at potentials in the range 500 to 850 mV.
Amatore and coworkers explained such increase as enhanced production of ROS/RNS caused by
the mechanical damage to the cell membrane."

Interestingly, chronoamperometry measurements (with the nanoelectrode poised at a
potential of 850 mV) during the penetration of individual neurons within the brain slice always

elicited a similar signal: a quick (0.1 s) increase in current followed by a relatively slow decrease
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and equilibration (5 s) to a current value well above the one measured outside the neuron (Figure
5b). The current quickly goes back to baseline upon retraction of the nanoprobe from the cell
cytoplasm (Figure 5b). The penetration of 5 different neurons with the same nanoelectrode
generated a reproducible intracellular anodic current 100 fA above the baseline (Figure S7).
None of these signals are related to the value of the cell membrane potential.** ¥ Even after
depolarization of the cell membrane we detected the same signals (data not shown). We interpret
this value as the measurement of flux of endogenous intracellular molecules to the
nanoelectrode.

Furthermore, we applied this type of nanoelectrode to intracellular measurement in
cultured melanoma cells (Figure 6a). Melanoma is a very aggressive skin cancer which causes
significant structural modification of melanosomes, organelles containing light-absorbing
pigments responsible for the scavenging of free radicals. Melanosomes found in melanomas,
instead of protecting the cell from oxidative stress, produce free radicals.”® Figure 6b shows that
upon penetration of the melanoma cells the anodic current quickly increases followed by
equilibration to a level above the one measured in the cell media (Figure 6c). A cell can
withstand multiple penetrations and the value of anodic current measured inside the cell is
consistent even after repeated penetrations/retractions. Interestingly, we observed a relatively
large spike in current only for the very first cell penetration while for successive penetrations the
spike was either diminished or not present at all. This may suggest a correlation between the
initial current spike and the mechanical damage caused to the cell by penetration with the
nanoelectrode. We believe these results show the potential of functional nanoelectrodes to probe
endogenous species in melanoma cells and they may allow the study of oxidative stress in

melanomas.
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We briefly mention that the nanoelectrodes we have described have the potential to be
integrated into multifunctional nanoprobes. Starting from double barrel nanopipettes, one can
selectively deposit carbon on either one® or both barrels.” The nanoelectrodes formed in this
way can be independently functionalized with platinum (Figure S8). Unmodified barrels, filled
with electrolyte solution, can be used for SICM distance control. This channel allows the
positioning of nanoprobes with sub-cellular resolution and would allow the mapping of oxygen

1 or the functional study of mitochondrial respiration.*

consumption outside living cel
Conclusions

Here, we have demonstrated a method to fabricate carbon nanoelectrodes whose radius
can be precisely tuned within 5-200 nm. Nanoelectrodes can be functionalized using established
electrochemical methods and we showed for the first time their application for functional
measurement of metabolic activity inside brain slices. The use of nanoelectrodes minimizes the
perturbation to the tissue because oxygen depletion is reduced by their small area. Furthermore,
the nanoelectrodes can be precisely inserted into individual cells both in tissue and in isolated
cells to perform intracellular electrochemical measurements. The application of these
nanoelectrodes is by no mean limited to biological measurements and we envision their

application in the emerging field of nanoscale interfacial science.’"

12



Materials and Methods

Chemicals
Hexaammineruthenium (III) chloride (Ru(NH3)sCls; Sigma-Aldrich) and ferrocene methanol
(Sigma-Aldrich) were used as the redox species for electrode characterization. Phosphate
buffered saline (PBS) solution was prepared from 7.2 mM Na:HPOs, 2.8 mM KH2POs4, and 150
mM NaCl (pH 7.4).
Nanoelectrode Fabrication
The fabrication comprised two steps: the laser pulling of a quartz capillary into a nanopipette,
and the filling of the nanopipette tip with pyrolitic carbon (Figure S1).

1. Nanopipette fabrication
Nanopipettes were fabricated using a P-2000 laser puller (Sutter Instrument) from quartz
capillaries with an outer diameter of 1.2 mm and an inner diameter of 0.90 mm (Q120-90-7.5;
Intracel). Parameters used mainly (for 30 nm radius nanoelectrodes) were: Heat 790, Filament 3,
Velocity 45, Delay 130, and Pull 90 although the ‘Heat’ parameter was varied to assess the effect
on nanoelectrode size.

2. Deposition of pyrolytic carbon
The nanopipette was filled with butane gas via tygon tubing. A butane jet flame torch lighter was
used to deposit pyrolytic carbon inside the nanopipette taper. The reaction has to be performed
within an inert atmosphere to prevent etching of the deposited carbon layer. Photographs of all
the different steps in nanoelectrode fabrication can be found in the supporting information. The
entire fabrication process takes on average less than a minute per nanoelectrode.”” The
fabrication process is similar to the one described by Kim et al, but it produces disk shaped

nanoelectrodes instead of carbon-ring electrodes.” Amemiya’s group showed that
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nanoelectrodes can be damaged by electrostatic discharge.®® In this work we never observed any
apparent damage during the fabrication and handling of the nanoelectrodes.

Platinization of carbon nanoelectrodes

Carbon nanoelectrodes are platinized in a solution of chloroplatinic acid H2PtCls (2mM ) in 0.1
hydrochloric acid. The reduction of Pt at the carbon nanoelectrode was induced via cyclic
voltammetry from 0 to -800 mV with a scan rate of 200 mV/s.

Cyclic Voltammetry

The nanoelectrode was back contacted with a silver wire and immersed into a solution of 10 mM
hexaammineruthenium (III) chloride or ImM ferrocene methanol in PBS. An Ag/AgCl electrode
was placed in a 2 mL bulk solution acting as an auxiliary/reference electrode. All potentials are
quoted against this electrode. Both electrodes were connected to an Axopatch 700B amplifier
with the DigiData 1322A digitizer (Molecular Devices), and a PC equipped with pClamp 10
software (Molecular Devices). All measurements were performed at room temperature.

SECM setup

The SECM instrument was similar to that previously described and operated in hopping mode.
The Faradaic current was measured with a MultiClamp700B patch-clamp amplifier (Axon
Instruments). The electrochemical signal was filtered using low-pass filter at 1000 Hz and
digitized with an Axon Digidata 1322A (Axon Instruments). To record approach curves the set-
point was maintained at 80% of the the steady-state current measured in bulk solution (Iss). The
scan head of the SECM instrument consisted of a PIHera P-621.2 XY Nanopositioning Stage
(Physik Instrumente (PI), Germany) with 100 x 100 um travel range that moved the sample and a
LISA piezo actuator P-753.21C (PI, Germany) with travel range 25 pum for pipette positioning

along the Z-axis. Coarse positioning was achieved with translation stages M-111.2DG (XY
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directions) and M-112.1DG (Z-axis) (PI, Germany). Piezo actuators were powered by high
voltage amplifiers E-503 and E-505 (PI, Germany) and servo module E-509 (PI, Germany)
operating in closed-loop. The setup was controlled using software written in Delphi (Borland)
and Code Composer Studio (Texas Instruments) for a ScanlC controller (Ionscope).

SEM imaging

SEM imaging was performed with a Zeiss Auriga equipped with a field emission gun.
Accelerating voltage was set to 5 kV. Samples were coated with a ~5 nm layer of Cr before
imaging using a sputter coater.

Raman spectroscopy

Raman spectra were collected from microelectrodes, prepared in the same fashion as the
nanoelectrodes. The carbon microelectrodes were fixed, horizontally, on a coverslip with the
laser carefully focused at the end of the tip from where the Raman spectra were acquired.
Raman measurements were performed using a Renishaw 1000 confocal Raman micro-
spectrometer using an Ar-ion laser, 514 nm, via a 50 X objective (NA = 0.75) and Peltier-cooled
CCD detector. The spectra were acquired with 1 s X 100 accumulations with a maximum output
laser power of 20 mW.

Brain slices preparation

Hippocampus slices were isolated from 28 days old rats using standard, long established
techniques.” After decapitation the rat brain was isolated and placed in to ice cold ringer
solution, where the hippocampus isolation was performed. The hippocampus was sliced in to
350-um-thick transverse slices, using a Leica VT1200S blade microtome. After cut, the slices

were stored in the same solution at 34 °C for 15 min. Then they were stored for at least 1 hour at
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room temperature. During and after isolation the solution was constantly bubbled with a 95% O:
5% CO2 gas mixture.

Melanoma cells preparation

Human melanoma line, A375P, was grown in RPMI 1640 medium (Invitrogen, Paisley,
Renfrewshire, UK) supplemented with fetal calf serum (10%, Invitrogen), L-glutamine (2 mM,
Invitrogen), penicillin/streptomycin (100 U/ml and 100 pg/ml, respectively, Sigma, Gillingham,
Dorset, UK) and phenol red (7.5 pg/ml, Sigma) at 37°C with 10% CO:. Normal human
melanocyte line, was grown as above with the addition of 200 nM 12-O-tetradecanoyl phorbol
13—acetate (Sigma), 200 pM cholera toxin (Sigma), 10 ng/ml human stem cell factor (Invitrogen)
and 10 nM endothelin 1 (Bachem, Weil and Rhein, Germany). The cells were obtained from the

Functional Genomics Cell Bank at St George’s. *°
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Figure 1. Physical characterization of carbon nanoelectrodes. a) SEM micrograph of a
nanoelectrode tip coated with a thin (~10nm) layer of Cr and b) representative Raman spectrum

of the nanoelectrode tip.
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Figure 2. Electrochemical characterization of carbon nanoelectrodes. a) Reproducibility of
nanoelectrode fabrication. Average steady state current (104 £ 14) pA from measurements on 7
different electrodes, prepared using the same protocol, corresponding to an apparent radius of
(30 = 4) nm. b) Approach curve of a representative nanoelectrode (64 nm radius) toward a
polystyrene substrate. Black line experimental data, red line theoretical approach curve for a disk
shaped electrode with Rg=1.5. L is the dimensionless distance (distance divided by the

nanoelectrode radius). For all experiments, the solution was 10 mM Ru(NH3)sCls in PBS.
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c¢) Representative CVs of nanoelectrodes fabricated from twin nanopipettes (i.e. the two ‘mirror’
nanopipettes produced in the pulling process). The overlap of the cyclic voltammograms (red and
black curves) indicates minimal variability introduced by the carbon deposition, and the high
level of precision achievable from the fabrication process. d) Nanoelectrode apparent radius as a
function of nanopipette pulling parameters. Black dots are experimental data extrapolated from
the steady-state diffusion-limited current following equation 1, red line represents the linear fit to

experimental data (R*=0.986).
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Figure 3. Functionalization of carbon nanoelectrode with platinum and analytical detection of

hydrogen peroxide. a) Cartoon showing a carbon nanoelectrode fabricated in a single barrel

23



nanopipette and its functionalization with platinum. b) Cyclic voltammograms in 1 mM
ferrocene methanol in PBS of a carbon nanoelectrodes (apparent radius ~5 nm) before (black
curve) and after (red curve) platinization. The platinized nanoelectrode shows increased catalytic
activity toward oxygen reduction. c¢) Detection of the oxidation of hydrogen peroxide by the

platinized carbon nanoelectrode and d) its dose response curve.
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Figure 4. Oxygen measurements outside and inside a brain slice. a) Optical micrograph of the
brain slice surface (hippocampal area CA1), with cell body profiles and the carbon nanoelectrode
depicted. b) Current value at -600mV vs Ag/AgCl as a function of the nanoelectrode position
inside and outside the slice. Inset: voltammograms of the platinized nanoelectrode inside (black
curve) and outside (red curve) the brain slice ¢) Voltammograms of the platinized nanoelectrode
recorded at different distance from the brain slice: 1 (inside), 2 (surface), 3 (400um away). d)
Voltammograms of the platinized nanoelectrode immersed in physiological solution in ambient

conditions (top trace), after 10 minutes perfusion with oxygen-saturated solution (bottom trace)
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and 10 minutes after switching off the perfusion system (middle trace) e) Further example
voltammograms of a platinized nanoelectrode at different distance from a live brain slice f)
Voltammograms of the same platinized nanoelectrode in e) at different distance from an oxygen-
deprived brain slice g) Decrease of cathodic current of a platinized carbon nanoelectrode (at -
600mV vs Ag/AgCl) upon penetration of a healthy and oxygen-deprived brain slice. Error bars

reflect the average of three measurements performed with the same nanoelectrode.
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Figure 5. Intracellular measurements in individual neurons in a brain slice. a) Background
subtracted voltammograms before and after penetration of a neuron with the nanoelectrode.
Voltage is applied vs Ag/AgCl. b) Representative current traces of a nanoelectrode polarized at
+850 vs Ag/AgCl inside and outside a neuron. Red and blue arrows indicated respectively the
moment of penetration and retraction. The four traces were obtained from four different cells

using the same nanoelectrode.
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Figure 6. Intracellular measurements in melanoma cells. a) Optical micrograph of a
nanoelectrode about to penetrate a melanoma cell b) Background subtracted voltammograms
before and after penetration of a melanoma cell with the nanoelectrode. Voltage is applied vs
Ag/AgCl. C) Representative current traces of a nanoelectrode polarized at +850 mV vs Ag/AgCl
inside and outside a melanoma cell in culture. Red and blue arrows indicated respectively the
moment of penetration and retraction. The four traces were obtained from four different cells

using the same nanoelectrode.
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