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Abstract

Carbon nanoelectrodes with tip diameters ranging from tens to hundreds of nm are fabricated by
pyrolitic deposition of carbon films along the entire inner surfaces of pulled-glass pipettes. The
pulled end of each glass pipette is then etched to expose a desired length (typically, a few um) of
carbon pipe. The carbon film provides an electrically conductive path from the nanoscopic carbon
tip to the distal, macroscopic end of the pipette, bridging between the nanoscale tip and the
macroscale handle, without a need for assembly. We used our nanoelectrodes to penetrate into
individual cells and cell nuclei and measured the variations in the electrode impedance upon cell
and nucleus penetration as well as the electrode impedance as a function of cell penetration depth.
Theoretical predictions based on a simple circuit model were in good agreement with experimental
data.
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Introduction

In recent years, there has been a growing interest in studying single cells to better understand
cellular and sub-cellular processes that otherwise may be obscured by cells’ heterogeneity.
Micro- and nano-electrodes are effective tools for such studies since they are minimally
invasive, causing small system perturbation, and provide fast time response, high spatial
resolution, small ohmic potential drop compared to sharp electrodes (micropipettes
containing electrolyte solution), and improved signal to noise ratio.!) Micro and nano
electrodes can be used to detect various electrochemically-active, biologically-important
species, such as catecholamines (neurotransmitters), oxygen, nitric oxide, reactive oxygen
species (ROS), and reactive nitrogen species (RNS), under physiological conditions.(?)
Advancements in micro/nanoelectrode fabrication methods(>=7), improvements in
measurement techniques,®-12) and novel surface functionalizations(®: 13. 14) are providing
opportunities to study various single-cell characteristics(>: 16),
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Until recently, most electrochemical measurements of single-cells have been carried out with
sensors positioned in the extracellular solution to monitor, among other things, cellular
respiration and exocytosis of neurotransmitters, carry out scanning electrochemical
microscopy (SECM), and form patch-clamps to probe ionic channels.(17-27) Sharp-like
electrodes with ohmic conductivity that can carry out electrochemical measurements inside
the cell and in organelles provide new opportunities. (1)

Carbon nanopipettes (CNPs) are one example of an intracellular probe. The CNPs consist of
a pulled-quartz micropipette with a thin film of amorphous carbon selectively deposited
along the pipette’s entire interior surface via chemical vapor deposition.(3-3) The tip of the
glass is then etched to expose a carbon pipe with a diameter that can be controllably made in
the range from tens to hundreds of nm (Fig. 1). The thin carbon film provides an electrically
conductive path from the nanoscale tip to the macroscopic distal end of the CNP. See Fig.
1A for a schematic depiction and Figs. 1B and 1C for SEM micrographs. One significant
advantage of the CNP is that it provides a means of interfacing a nanoscopic structure (the
carbon nanopipe) with a macroscopic handle without a need for any assembly. The CNP can
be made either hollow (Fig. 1A-i) to enable injection of reagents or completely sealed (Fig.
1A-ii) with carbon to provide a solid nanoelectrode. The CNP tip’s diameter, exposed
length, and taper are controllable and determined by process conditions. To date,
unfunctionalized CNPs have been used for cell(@8. 29) and nematode(3%) microinjection, cell
electrophysiology®Y), fast-scan cyclic voltammetry to monitor neurotransmitter release and
uptake in the brain of the fruit fly(32), and scanning electrochemical microscopy.(®3) The
surface of the tip of the CNP has also been functionalized with gold nanoparticles( to
enable the binding of various ligands and enhance surface Raman emission(®),

Previously, we used a digital lock-in amplifier to measure variations in the liquid-filled
CNP’s interfacial impedance during penetration and microinjection into adherent
mammalian cells.(2%) Cell penetration detection is useful, among other things, to trigger cell
injection in automated injection systems. In the above application, the CNP was filled with
the liquid to be injected. As a result, there was a large interfacial area between the pipette’s
inner, carbon-coated, conductive surface and the electrolyte confined inside the CNP. Since
upon cell penetration, the liquid confined in the pipette was completely isolated from the
extracellular solution, a relatively large change in impedance was measured when the CNP
traversed from the extracellular solution into the cytoplasm. In the above application, the
CNP operated as a hybrid between a sharp and an ohmic electrode. The use of a lock-in
amplifier allowed us to filter out noise and achieve high resolution on the order of femto-
Farads (1071%). In contrast, in this paper, we explore the feasibility of employing the lock-in
amplifier to carry out measurements with a completely ohmic nanoelectrode. Although we
can make the CNPs solid (Fig. 1A-ii) by running the carbon deposition process for a
sufficiently long time to seal the carbon tip, the electrodes used in this paper were hollow
(Fig. 1A-i). We prevented liquid imbibitions into the hollow of the CNP by applying
backpressure. By varying the backpressure, we also explored the effects of partial liquid
filling on probe’s response.

The use of ohmic nanoelectrodes for single cell studies has attracted a considerable interest
in recent years. SECM probes have been used to map cells’ surface topography with
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submicron resolution. (& 11, 12,20, 21, 33) Electrochemical impedance spectroscopy has been
utilized to detect the binding of target analytes to selectively functionalized surfaces.(® 13.14)
Capacitive measurements are especially useful for biodetection in the absence of Faradaic
currents. Oxygen, a natural redox species, is present in our system, but does not contribute
significantly to the Faradaic current at the potentials used in our experiments(6) and does
not provide significant contrast between intra/extracellular environments due to its free
diffusion across the cellular membrane. Carbon microelectrodes have been used in
neuroscience for amperometric detection of neurotransmitter exocytosis and for fast scan
cyclic voltammetry (FSCV) to monitor specific neurotransmitter concentrations with high
temporal and spatial resolutions.(® 7. 23-27. 32, 37) CNPs hold much promise for the above
listed applications due to their small size, high spatial resolution, tunable dimensions, easy
fabrication, and amenability to interfacing with standard electrophysiology and cell injection
equipment.(3-5. 28,29, 31)

Here, using lock-in amplifier, we measured variations of the interfacial impedance of the dry
CNP as it penetrates into adherent mammalian cells and into cell nuclei. We also measured
the CNP impedance as a function of the cell penetration depth and compared the
experimental data with theoretical predictions based on a simple circuit model. Furthermore,
we explored the effects of partial liquid filling on the CNP’s impedance. This technique may
be useful for positioning nanoelectrodes at desired positions for intracellular probing.

Experimental Section

Cell Culture and Imaging

The experiments were carried out with adherent human osteosarcoma cells (U20S, ~40 um
diameter) plated on either Poly-L-Lysine treated glass coverslips or cell culture dishes.
Imaging and recording were carried out, respectively, with an inverted Olympus 1X-71
microscope with a long working distance, phase contrast objectives and a Hammamatsu
ORCA-ER charge-coupled device (CCD) camera. The microscope was enclosed in a custom
made copper-mesh Faraday cage and located on a TMC vibration-isolating table.

CNP Fabrication

The CNPs were fabricated according to protocols previously described.(3-5) Briefly, the
dimensions of the CNP’s tip were determined by process conditions. The outer carbon tip
dimensions were dictated by the dimensions of the pulled glass pipette that served as a
template. The glass pipette shape and dimensions were determined by the puller’s program
(Sutter Inc.). The carbon film thickness was determined by the duration of the CVD
deposition time, the type and concentration of the precursor gas, and the process
temperature. Typically, we selected temperatures that resulted in selective deposition inside
the pipette and no deposition on the pipette’s outer surface.(4: 5 Subsequent to the CVD
process, the tip of the glass capillary was etched with Buffer HF Improved (Transene Inc.).
The duration of the etching dictated the length of the exposed carbon pipe. For the work
presented here, CNPs were fabricated with a tip outer diameters ranging from 200 to 400
nm, inner diameters ranging from 50 to 200 nm, and exposed carbon tip length ranging from
4 to 20 um. The tip had a conical shape with a cone angle of 1.6 degrees on average. Fig. 1B
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is a SEM image of a hollow CNP’s tip with an outer diameter of 500nm. Witness the
interface between the exposed carbon tip and the quartz pipette (highlighted with a dashed
line). Fig. 1C is SEM image of a long exposed carbon tip with a 50nm tip diameter. The
electrical resistance of the CNPs was on the order of tens of k2, which is negligible
compared to the junction impedance of the electrode/electrolyte interface. When in solution,
the DC junction impedance was on the order of 5G(2, as measured by impedance
spectroscopy. At 1 kHz in a typical cell medium, the interfacial impedance dropped to 10—
100 MQ.

Capacitance and Impedance Measurements

The CNPs were connected to a HEKA EPC 10 patch clamp amplifier and Eppendorf
Femtojet pressure-injection pump with a standard 1.0mm HEKA pipette fitting. The pump
has a dynamic range of 0-6000hPa (0-600kPa) with a resolution of 1hPa. The impedance
was monitored in real time with the digital Lockin module of HEKA’s PATCHMASTER
software. The Lockin module recorded the current response to 10mV amplitude (20mV
peak-peak), 1kHz sinusoidal potential perturbation. The current response was used to
compute the complex impedance and the equivalent capacitance of the system. A silver/
silver-chloride wire was inserted in the extracellular solution and used as a reference and
counter electrode. The surface area of the reference/counterelectrode was sufficiently large
(>1000x the CNP working electrode’s area) to have a negligible contribution to the system’s
impedance, enabling a two-electrode measurements (since the currents were not sufficiently
large to significantly alter the reference potential of the counterelectrode). The patch clamp
amplifier headstage had a 0.5G£2 input impedance (for the gain setting used in our
experiments).

Micromanipulation and Cell Experiments

The headstage of the amplifier was mounted on a piezoelectric micromanipulator
(Eppendorf Transferman NK2). The CNP tip was brought into focus when ~50 um above the
cell. The pipette was then slowly lowered, and the scope was refocused until the CNP was
visible several microns above the cell of interest. The background pressure in the pipette was
adjusted to 3000-4000 hPa to minimize capillary imbibition. The signal stabilized within a
few minutes of the application of the background pressure. This time constant is associated
with the time required to eject any fluid that was uptaken by capillary rise in the hollow of
the CNP. At pressures above 3000 hPa, the capacitance and impedance were pressure-
independent, indicating complete expulsion of liquid from the inside of the pipette.

The CNP was manually lowered into the cell using the joystick on the piezomanipulator at
<5um/s and then halted upon cell or nucleus penetration. The impedance and capacitance
were measured as functions of time. Cell penetration was confirmed visually. Upon contact
with the cell, a cleft in the cell membrane created a contrast difference at the tip of the CNP,
enhanced by the phase-contrast filters (Figs. 2A and 2B). Microinjection experiments of
fluorescent dye verified that this visual clue does, indeed, indicate cell penetration.(2%) The
measured impedance change occurred simultaneously with the imaged penetration into the
cell cytoplasm or the cell nucleus. Nuclei were clearly visible under the microscope. The
instances of CNP penetration into and removal from the cell were recorded for each data
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series. Data was exported to Matlab software (Mathworks Inc.) for analysis. Because the
CNPs penetrated the cell rapidly and were typically held stationary after penetration, the
signals often resembled step-changes. The data during the penetration was averaged and
extracellular values were subtracted. The extracellular values before and after penetration
were averaged to account for any drift.

To measure the impedance as a function of cell penetration depth, the CNP was brought into
position above a cell and the micromanipulator was programmed to traverse at a constant
speed of 400nm/s downwards with the pipette normal to the cell membrane. The resistance
and capacitance were measured as functions of time. The time axis was then translated to the
CNP tip’s position. The data was exported to Matlab and was offset by the extracellular
value to obtain the signal change as a function of depth. The manufacturer’s specified step
size is 40nm, and the manipulator traversed at 10 steps/s.

To study the effect of capillary rise inside the CNP, the extracellular capacitance value was
measured as a function of CNP pressure.

Results and Discussion

In our experiments, we monitored the CNP’s impedance as it penetrated into the cell. We
start by describing a simple theoretical model that enables us to predict the CNP’s
impedance as a function of its tip position. Then, we compare the model predictions with
experimental measurements.

A Simplified Circuit Model

To gain insights into our system’s behavior, we use the equivalent circuit depicted in Fig.
1D. In contrast to our prior work,(9 the inner surface of the CNP is dry and not in contact
with liquid. The symbols R and C denote, respectively, resistance and capacitance. The
significance of the various subscripts and superscripts is delineated in the figure’s caption.
Briefly, the electrode-liquid interface is modeled as a Stern capacitor (CS) in series with a
Debye (diffuse) layer capacitor (C%). These capacitors are connected in parallel with a
Faradaic charge transfer resistor (RY). Since, in our experiment, Rt is large, we can
approximate the electrode as blocking (perfectly polarizable). Likewise, the membranes are
approximated as capacitors with parallel resistances, corresponding to the ion channel
conductance. Since the ion channel resistance is large compared to the capacitive
impedance, we can approximate, to the first order, the entire circuit with capacitors alone.
Figs. 1E and 1F depict, respectively the capacitance-based circuits for a CNP tip submerged
in the extracellular solution and a CNP tip in the cytoplasm. Although the circuit still
contains resistance components, the imaginary part of the impedance can be decoupled, with
the measured capacitance of the whole system approximately equal to the equivalent
capacitance of the capacitive elements, consisting of the double-layer and membrane
capacitances alone. We calculated the probe capacitance when in the extracellular solution
(Fig. 1E) and in the cytoplasm (Fig. 1F) using circuit theory.(38)

The capacitance change upon cell penetration
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is the difference between the intracellular equivalent capacitance (Fig. 1F) and the
extracellular equivalent capacitance (Fig. 1E). In the above, the double quotes denote
capacitance per unit area. C;”, C,”, and Cy, are, respectively, the specific surface capacitance
when in contact with the cytoplasm, the specific surface capacitance when in contact with
the extracellular solution, and the cell membrane capacitance. The change in capacitance is
proportional to the area of the CNP’s tip submerged inside the cell (A). Interestingly,
depending on the relative magnitudes of C,” and Cj”, AC¢q can be either positive or

negative. When the intracellular and extracellular solutions are nearly isotonic (C;'NC;'),

. ﬂA2<O . . o
equation (5) reduces to ClAA+C, This equation suggests that by monitoring the
capacitance of an empty CNP, in addition to detecting cell penetration, we should be able to
estimate the portion of the CNP’s tip submerged in the cytoplasm and deduce from the
known tip geometry, the penetration depth. This simplified, capacitance-based theory
provides insights into many of our experimental observations. In our more complete
numerical calculations, we included all circuit elements. The Matlab code to compute ACgq
that includes the contributions of the various resistances is available online.(39)

Cell Penetration Detection

When carrying out electrochemical measurements within cells, it is desirable to be able to
determine when the probe crosses the cell membrane. In this section, we examine whether a
capacitance measurement can serve as a robust indicator of cell penetration.

An empty CNP with an external tip diameter of 250 nm and an exposed tip length of 4 um
was mounted on the micromanipulator and connected to the patch-clamp amplifier and the
microinjection pump. The pump pressure was maintained at 3000hPa (0.3 MPa) to exclude
liquid penetration into the bore of the pipette. The backpressure is not needed when a solid
probe is used.(32) Adherent Osteosarcoma cells (U20S, ~40um diameter) were plated on a
glass slide and immersed in cell media (Dulbecco’s Modified Eagle’s Medium,
supplemented with 10% Fetal Bovine Serum and 1% Penicillin/Streptomycin antibiotics).
The micromanipulator was manually controlled and the tip position was imaged under the
microscope. Each CNP’s impedance was continuously monitored as the CNP was lowered
into the cell.

Fig. 2 depicts typical experimental results during cell probing. Figures 2A and 2B depict
micrographs of the sequences of CNP penetration into the cytoplasm (A) and nucleus (B).
For better visibility, the CNP’s tip is identified with an arrow and the cell nucleus is outlined
in red in the first panel. Figure 2C depicts schematically the CNP tip’s position in the
extracellular solution (EC, corresponding to micrographs 2A(i) and 2B(i)), cell cytoplasm
(C, corresponding to micrograph 2A(iii)), and nucleus (N, corresponding to micrograph
2B(iii)). Fig. 2D depicts the measured equivalent capacitance Ceq as a function of time (and,
indirectly, probe position) for penetration from the extracellular solution into the cytoplasm
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and into the cell nucleus. Initially, the probe’s tip traversed the extracellular solution and the
equivalent capacitance remained nearly fixed. The low-pass filtered signal exhibited RMS
(root mean square) fluctuations of about 2.0 fF. When the CNP’s tip first touched the cell
membrane, a dimple was observed in the membrane. At time t~5s, the CNP’s tip penetrated
through the cell membrane and Cgq dropped sharply by 23 fF. Ceq remained at this lower
level as long as the CNP tip remained inside the cytoplasm. Once the tip was withdrawn
from the cytoplasm (t~10s), the probe nearly regained its extracellular capacitance. At time
t~20s, the probe was inserted into the cell’s nucleus and the measured capacitance dropped
by 49 fF from its extracellular value. Upon withdrawal to the extracellular medium (t~26s),
the probe regained its extracellular capacitance. Witness the large difference between the
capacitance changes (a factor of ~2) upon penetration into the cytoplasm and into the
nucleus. The measured changes in capacitance are consistent with the predictions of our
theoretical model. In the model, we used the characteristic values of cell membrane
capacitance typical to U20S cell. A CNP with 4um exposed length, 1.6 degree cone angle,
and 250 nm tip diameter is predicted to experience 23fF drop in capacitance when
penetrating 2.6um into the cytoplasm and 46fF drop in capacitance when penetrating 1.1um
into the model’s cell nucleus. We assume that the entire 1.1um of the CNP tip is within the
cell nucleus and neglect any intermediary electrode interface between the nuclear and cell
membranes. The nuclear membrane is conformal with the cell membrane in an adherent cell,
and so this approximation is reasonable for modeling nuclear penetration.

Figure 2E (Top panel) depicts eight sequential probing events with the same CNP into the
cytoplasm (C) and the nucleus (N) of different cells over a time interval of 120s. The
penetration into the nucleus consistently resulted in a greater capacitance change than did
the penetration into the cytoplasm, with average values ( one standard deviation) of ACeq =
-43.8+17.7fF (nucleus, N=133), compared to —30.6+17.4fF (cytoplasm, N=138). This
difference was statistically significant using a large sample test for the difference between
means, P<0.0001.(40)

Upon nucleus penetration and withdrawal, the capacitance signal occasionally featured sharp
transient troughs (Figs. 2D and 2E). Although the cause of these troughs is not known with
certainty, the relaxation time of these troughs of 0.3+0.04s (N=6) is consistent with the
documented relaxation time associated with mechanical deformations of typical cells.(41) We
hypothesize that during cell penetration, the CNP deformed the cytoskeleton and membrane.
The transient peaks are likely associated with the time that it takes the cytoskeleton to
recover its original state prior to cell penetration.

Figure 2F (Top panel) depicts the real part of the impedance, Re{Z}, as a function of time
for the same penetration events shown in Fig. 2E. ACgq Was accompanied by a concurrent
increase in the real part of the impedance, ARe{Z}. The ARe{Z} measurements had mean
values (+ one standard deviation) of 85.0+46.7kS2 (cytoplasm, N=138) and 86.9+87.1k2
(nucleus, N=133), demonstrating relatively small difference between cytoplasm and nuclear
probing and a large spread in the nuclear probing data. The difference between cytoplasmic
and nuclear ARe{Z} was not statistically significant (P=0.59).
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The lower panels of Figs. 2E and 2F are normalized time-derivatives of the data presented in
the corresponding upper panels. The time derivatives were calculated by taking the
difference between adjacent data points, using a 500 point (0.5s) moving average, and
normalizing the difference with its maximum value. The spikes in the derivatives provide a
convenient way to identify cell and nucleus penetration and retraction of the CNP from the
nucleus and the cytoplasm. From the perspective of automation, a spike exceeding a pre-set
threshold (i.e., the dashed lines in Figs. 2E and 2F) may be used to indicate cell or nucleus
penetration and halt the manipulator’s motion.

To discriminate between the signal changes due to contact with the substrate and cell
penetration, we contacted the substrate lightly with the CNP tip in a region free of cells and
measured the corresponding effect on the CNP’s impedance (data not shown). In all cases,
Ceq increased and Re{Z} decreased compared to their corresponding values in the
extracellular solution. The reasons for these particular trends are not obvious and likely
resulted from the CNP tip’s bending when pushed against the substrate. The control
experiments indicate, however, that the sign of the capacitance and resistance variations
readily distinguishes between cell penetration and unintended contact with the substrate.

Slight drift and fluctuations both in the extracellular and intracellular measurements may
have resulted from equipment vibrations, induction noise, capillary rise inside the CNP,
physiological variations in the cell, and modifications in the electrode’s surface due to
fouling, and clogging. Indeed, the high sensitivity of the capacitance measurement to
changes in the electrode interface’s conditions can be used to detect CNP breakage and
clogging as previously suggested.(2%)

Despite having an electrode surface area much smaller than traditional microelectrodes, on
the order of 10pm?2, compared to microelectrodes’ 102-103um?, a signal change was
detected in all of the cell probing events, demonstrating that the CNPs can robustly and
reliably detect cell penetration through capacitance measurement. The empty CNPs behave
like ultra-micro electrodes (UME), albeit with the benefit of much greater spatial resolution
and smaller intrusion.

Cytoplasm vs. Nucleus Penetration

When measuring CNP’s equivalent capacitance during cell and nucleus penetration, we
found a significant difference between the signal associated with cytoplasm penetration,
ACeq,cp (—30.6+17.4fF, N=138), and the signal associated with nuclear penetration, ACeq N
(—43.8+£17.7fF, N=133), P<0.0001. For the real part of the impedance,
ARe{Z}cp=85.0+46.7k2 (N=138) and ARe{Z}\=86.9+£87.1k2 (N=133) the difference was
not significant. In the above, subscripts ‘CP” and ‘N’ refer, respectively, to cytoplasm and
nucleus. The ratio ACeq N/ACeq,cp ~ 1.4 While ARe{Z}n/ARe{Z}cp ~1. The nuclear
membrane does not significantly increase the real part of the impedance at the frequency
used in our experiments.

Figs. 3A and 3B depict, respectively, the distributions of ACeql’2 associated with the
penetration into the cytoplasm and into the nucleus. We selected to analyze the data in terms
of ACeql’2 instead of AC¢q because the former could be better fitted with a Gaussian
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distribution. We fit these probability distributions with Gaussian distributions (solid lines)
with R2 values of 0.93 (Cyto.) and 0.98 (Nuc.). Fig. 3C compares the probability
distributions associated with cytoplasm and nucleus penetrations and shows them to be
distinct (P<0.0001). The differences in ACeq,cp and ACeq,n are due to the nuclear
membrane’s impedance. Variations in the biological state of different cells, penetration
depth of the CNP, and tolerances of the CNPs make it difficult to determine whether the tip
is in the cytoplasm or nucleus based on a single impedance measurement, as is evident from
the overlap of the distributions in Fig. 3C. When using a well-calibrated pipette and
penetrating to a consistent depth, the signal magnitude can, however, be used to distinguish
between cytoplasm and nuclear penetration.

Effect of Penetration Depth

To examine the change in the equivalent capacitance as a function of the CNP tip’s
penetration depth into the cell, we programmed the piezoelectric micromanipulator to
traverse downwards at a uniform speed (400 nm/s) until after the cell was penetrated. The
CNP impedance was continuously monitored during these experiments. Knowledge of the
rate of descent allowed us to infer the distance travelled.

Fig. 4 depicts ACeq (fF) of an empty CNP (hollow squares, backpressure of 4000hPa)
contrasted with a CNP filled with extracellular solution (stars, x0.1) as well as ARe{Z} of an
empty CNP (k2, upright triangles, 4000hPa backpressure) as functions of the CNP
penetration depth (d pm) into the cytoplasm of a cell. The symbols and solid curves
represent, respectively, experimental data and theoretical predictions. The error bars
correspond to one standard deviation (N=10). To accommodate the data for the liquid-filled
(stars) and empty (hollow squares) CNPs in the same graph, we multiplied the values of
ACyq associated with the liquid-filled CNP by the factor 0.1. At zero depth, the CNP’s tip is
fully in the extracellular solution. As d increases, the fraction of the exposed tip embedded
in the cell, |ACeq, and ARe{Z} increase as well.

|ACeq| and ARe{Z} increased monotonically with the penetration depth (Fig. 4). We used the
full network-based model(®9 that includes the various resistances (Fig. 1D) to predict ACeq
and ARe{Z} as functions of the penetration depth (solid lines). In the model, we used
reported values of cell membrane capacitance(?) and resistance(3) and theoretical values for
the diffuse layer capacitance based on Gouy-Chapmann-Stern (GCS) theory.() We modeled
the CNP geometry as a simple truncated cone. The model for the empty CNP required just
one fitting parameter: the CNP’s Stern layer capacitance, which we estimated as 30puF/cm?.
This estimate is on the same order of magnitude as the documented4) Stern layer
capacitance of 40pF/cm? for a spherical microelectrode submerged in a KCl solution, and
roughly half that predicted by GCS theory (~65 pF/cm?). In the case of the liquid-filled
CNP, a second fitting parameter was needed to approximate the effective inner surface of the
CNP in contact with the liquid. The theoretical predictions agree well with the experimental
data (symbols). Consistent with our previous observations, the liquid-filled CNPs exhibited
much greater |ACeq| than the empty ones. The ability to estimate the CNP tip’s penetration
depth may be useful to minimize cell damage as well as to control the position of the
electrode tip for intracellular sensing.
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The simplified model for the capacitance variations (equation 1) approximates well the
predictions of the full circuit model for Im{Z}. Although the increase in Re{Z} with
penetration depth is consistent with intuition, we were not been able to come up with a
simple model to predict Re{Z} as a function of d. Instead, we have to rely on the predictions
of our full circuit model (Fig. 1D).

The spatial resolution of this technique depends on electrode geometry, amplifier
characteristics, and the micromanipulator’s resolution. Our micromanipulator step size limits
our maximum resolution to 40nm and our amplifier noise level was measured to be 2.0fF.
Once the probe is in the cytoplasm, we anticipate being able to detect penetration depth
within 130nm. This estimate does not account for membrane indentation and possible cell
remodeling during penetration. It is also important to appreciate the inherent variability of
biological samples. Careful optimization and calibration would be necessary to use this
technique in a quantitative (measuring penetration depth) rather than qualitative (detecting
and minimizing penetration depth) manner.

Effect of Pressure on CNP Capillary Uptake

Since the carbon film inside the CNP is typically uninsulated from the liquid inside the CNP,
the presence of liquid inside the CNP increases the electrode’s effective area and affects the
characteristics of the electrode. The hollow of the CNP may be completely or partially filled
with solution. When an unpressurized, empty CNP is introduced into a solution, liquid will
fill the hollow of the CNP by capillary imbibition. The electrode’s increased interfacial area
due to the presence of liquid in the CNP’s hollow increases the EDL capacitance. Thus,
when a liquid-filled CNP penetrates a cell, a much larger change in the equivalent
capacitance is detected than when an empty CNP is used. The extent of the liquid imbibition
into the CNP can be modified by adjusting the control pressure.

When control pressure is applied, this pressure counteracts the Laplace pressure at the
fluid/air interface(4°)
2
AP:—7, )

Ty

where AP is the pressure difference across the interface (meniscus), vy is the surface tension,
and ry, is the radius of the CNP’s bore at the location of the interface. Since the capacitance
change is proportional to the wetted area and the CNP’s tip is conical, we expect C9q~.Z/P2,
where Pis the control pressure. Below, we assume that only a part of the conical section of
the CNP’s bore is filled with solution. Fig. 5 depicts the measured Ceq as a function of 1/P2
for a characteristic CNP submerged in PBS buffer 1x (Hyclone). As expected, Cgq varies
nearly linearly with 1/P2. Linear behavior with 1/P2 was consistent among all CNPs tested
(N=5), with an average R? value of 0.96. When we extrapolate the data of Fig. 6 to Pa— oo,
we find less than a 2% difference, on average (5 CNPs), between the extrapolated value of
Ceq at Pa—o0, and the value at the working pressure. We consider the pressure sufficiently
high to render capillary effects insignificant. This characterization could be useful in
applications that require uptake of liquids by capillary action, for example in

Nanotechnology. Author manuscript; available in PMC 2016 May 08.
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electrochemical nanosamplers®) or to characterize the internal geometry near the CNP’s
tip.

Conclusions

We have demonstrated the applicability of ohmic CNP nanoelectrodes for sub-micron
cellular probing using AC potential and digital lock in methods without a need for redox
mediators for signal enhancement and with millisecond time resolution. The CNPs can be
readily mass produced and are compatible with standard cell electrophysiology and cell
injection equipment, allowing easy adaptation. We measured variations in electrode
capacitance upon penetration into the cytoplasm and the nucleus without reliance on the
presence of a liquid in the CNP bore to increase the effective area of the electrode.

There were significant differences in signal magnitudes between nuclear and cytoplasmic
penetration. The capacitance decreased and the resistance increased monotonically as
functions of the cell penetration depth. Thus, one may be able to infer the CNP tip’s position
from the impedance measurement. The experimental data agreed well with theoretical
predictions obtained with a simple equivalent circuit model. Appropriately functionalized
nanoelectrodes can potentially be used for various intracellular biosensing applications.

Our work suggests yet another application of the CNPs, controllable sampling of sub-
femtoliter liquid volumes. The liquid uptake can be controlled with back pressure and the
liquid volume estimated with a capacitance measurement.
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Figurel.
Carbon Nanopipettes (CNPs) for cell probing. (A) A schematic depiction of the CNP’s

cross-section. (i) Open-tipped (hollow) CNP. (ii) Solid CNP. (B) A SEM side micrograph of
a CNP’s tip (500nm diameter, inclined at 10° off-axis). The quartz-carbon interface is
delineated with dotted lines. (C) A SEM side view of a solid CNP with 50nm tip diameter.
(D-F) A schematic depiction of a CNP penetrating an adherent cell with the equivalent
circuit model overlaid. C and R denote, respectively, capacitors and resistors. Subscripts o,
and i designate, respectively, extracellular and intracellular circuit components. Superscripts
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designate the following: S - Stern layer (capacitance), s- series (resistance), d — diffuse layer,
n — nuclear membrane, m — cellular membrane, t — charge transfer. When modeling
cytoplasm probing, the nuclear circuit elements (Ci" and R;") are omitted. (D) Complete
circuit model. (E) Extracellular circuit approximation, only capacitors are included. (F)
Intracellular (cytoplasm) circuit approximation, only capacitors are included.
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Figure 2.
Cell penetration impedance detection with an empty (pressurized to 3000hPa) CNP. (A)

Micrographs of probing the cell cytoplasm. i) The CNP is outside of the cell, (the nucleus
outlined with a red line). ii) The CNP has just contacted the cell membarne. iii) The CNP
lowered into the cell. (B) Probing the cell nucleus. i) The CNP is outside of the cell, (the
nucleus outlined with a red line). ii) The CNP has just contacted the cell. iii) The CNP has
been lowered into the nucleus. Membrane contact/penetration is indicated by the bright spot
at the pipette’s tip due to the phase contrast filter, enhancing the contrast at the deformed
membrane cleft. The CNP tip is identified with red arrows. Scale bar 10um. (C) Schematics
showing the CNP’s tip positions: in the extracellular solution (EC, left), in the cell
cytoplasm (C, middle), in the cell nucleus (N, right). (D) The measured capacitance as a
function of time before, during, and after penetration into the cell cytoplasm and the nucleus.
(E) The capacitance (Top) and the normalized capacitance time derivative (Bottom) as
functions of time for cytoplasmic (C) and nuclear (N) probing events in different cells with
the same CNP. (F) Re{Z} (Top) and its normalized time-derivative (Bottom) as functions of
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time for the same probing events in panel C. The dashed lines in (E) and (F) represent
possible threshold values for identifying cytoplasmic and nuclear penetration.
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Figure 3.

Distribution histograms of cellular probing data (bars) for cytoplasm (N=138) (A) and
nucleus (N=133) (B) with Gaussian fits (solid lines). (C) Comparison between the Gaussian
fits from (A) and (B). The y-axis data is normalized to produce a probability density
function and the x-axis is the square root of the capacitance change.
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Figure 4.
The real part of the change in the impedance ARe{Z} (blue triangles, empty CNP, n=10),

ACeq (red hollow squares, empty CNP, N=10), and AC¢q (red stars, liquid-filled CNP, N=1)
are depicted as functions of the cell penetration depth (d um) into the cytoplasm. The
symbols and lines represent, respectively, experimental data and theoretical predictions.
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Figure5.
The equivalent CNP’s capacitance Cegq as a function of P~2, where P is the control pressure.

The symbols and the line represent, respectively, experimental data and the best linear fit.

Nanotechnology. Author manuscript; available in PMC 2016 May 08.



	Abstract
	Introduction
	Experimental Section
	Cell Culture and Imaging
	CNP Fabrication
	Capacitance and Impedance Measurements
	Micromanipulation and Cell Experiments

	Results and Discussion
	A Simplified Circuit Model
	Cell Penetration Detection
	Cytoplasm vs. Nucleus Penetration
	Effect of Penetration Depth

	Effect of Pressure on CNP Capillary Uptake
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

