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ABSTRACT  

Carbon fiber micro- and nanoelectrodes have been extensively used to measure dopamine and 

other neurotransmitters in biological systems.  While the radius of some reported probes was  

<<1 µm, the length of the exposed carbon was typically on the micrometer scale, thus, limiting 

the spatial resolution of electroanalytical measurements.  Recent attempts to determine 

neurotransmitters in single cells and vesicles provided additional impetus for decreasing the 

probe dimensions.  Here we report two types of dopamine sensors based on carbon nanopipettes 

(CNP) prepared by chemical vapor deposition of carbon into the pre-pulled quartz capillary.  

These include 10 - 200 nm radius CNPs with a cavity near the orifice and CNPs with an open 

path in the middle, in which the volume of sampled solution can be controlled by the applied 

pressure.  Because of the relatively large surface area of carbon exposed to solution inside the 

pipette, both types of sensors yielded well-shaped voltammograms of dopamine down to ca. 1 

nM concentrations, and the unprecedented voltammetric response to 100 pM dopamine was 

obtained with open CNPs.  TEM tomography and numerical simulations were used to model 

CNP responses.  The effect of dopamine adsorption on the CNP detection limit is discussed 

along with the possibilities of measuring other physiologically important analytes (e.g., 

serotonin) and eliminating anionic and electrochemically irreversible interferences (e.g., ascorbic 

acid). 
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Dopamine (DA) is an important neurotransmitter released by neurons to send signals to other 

nerve cells.1  It is stored in sub-micrometer-sized vesicles and eventually ejected into the synaptic 

cleft (exocytosis).2,3  The electrochemical detection of DA in vitro and in vivo is essential for 

understanding its pathways and functions in nervous system.  Wightman and his former students 

have pioneered the use of carbon ultramicroelectrodes to monitor DA exocytosis.4-9  Several 

types of carbon nanotube-based microelectrodes have been fabricated and employed as 

neurochemical sensors.10-12  

Smaller (i.e. nm-sized) electrodes are required for intracellular experiments and DA 

analysis on the level of single vesicles.13  Carbon nanofibers13,14 and carbon-coated 

nanopipettes15 with a small tip radius have been used to satisfy both requirements; however, the 

micrometer-scale length of such an electrode limits the spatial resolution and prevents it from 

being completely inserted into biological vesicles and other small structures.  Conical carbon 

fiber nanoelectrodes prepared by flame-etching micrometer sized carbon fibers were recently 

applied to neurotransmitter measurements in individual synapses.16,17 The length of the exposed 

carbon in these electrodes was also on the micrometer scale.  Carbon nanoelectrodes with other 

geometries, such as sub-micron conical carbon pipes, double‐barrel nanoprobes, and carbon ring 

electrodes, have been prepared by chemical vapor deposition (CVD).18-22 

Here we discuss two types of carbon nanopipette (CNP) based sensors that combine the 

small physical size (the tip radius can be <20 nm) with the relatively large surface area of carbon 

exposed to solution and fast mass transport allowing rapid analysis of the sampled redox 

species.23  Prepared by CVD of carbon into the pre-pulled quartz capillaries, they include an 

"electrochemical nanosampler"24 with a fixed volume nanocavity near the pipette orifice and 

open CNPs with an open path in the middle25 in which the volume of sampled solution can be 
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controlled by applying pressure.  In both cases, the sampling site (i.e. the pipette orifice) is well 

defined, and cyclic voltammograms (CV) of the redox species sampled in the nanocavity consist 

of two essentially symmetric peaks produced by their complete oxidation/reduction.  The 

sampled amount of redox species can be quantified by integrating the current under the 

voltammetric peak.   

Even with a simple nanoprobe geometry (e.g., a flat, disk-type nanoelectrode), 

voltammetric experiments performed without independent characterization of the electrode 

size/shape and surface morphology are likely to be marred by artifacts and misinterpretations.26-

28  Since CNP geometry is significantly more complicated, thorough characterization is required 

to enable meaningful experiments with these probes.  Additional challenges stem from high 

complexity of the carbon electrochemistry in general29,30 and the mechanism of dopamine 

oxidation in particular.31 The CNP behavior can be influenced by nature of the CVD carbon 

(amorphous vs. graphitic), the sp3/sp2 ratio and the density of surface oxygen functional 

groups.32,33  A recent study employing CNPs for DA sensing34 focused on fast-scan voltammetry 

that is more suitable for practical in vivo measurements of neurotransmitters than for mechanistic 

analysis because of a very large contribution of charging current to the measured responses.  

Here we discuss CNP experiments on a long experimental timescale not suitable for dynamic 

measurements in living cells.  The combination of TEM-based approaches with voltammetry and 

finite-element simulations is used to analyze the experimental results and elucidate the 

fundamentals of CNP response to dopamine.  

EXPERIMENTAL 

Chemicals and Materials. Ferrocenemethanol (FcMeOH; 99%, Alfa Aesar, 

Haverhill, MA) was sublimed before use.  Hexaammineruthenium (Ru(NH3)6Cl3) from 
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Strem Chemicals (Newburyport, MA), dopamine hydrochloride, potassium chloride (≥99 

%), potassium ferricyanide, potassium ferrocyanide and phosphate buffered saline (PBS) 

from Sigma-Aldrich (St. Louis, MO) were used as received.  All aqueous solutions were 

prepared using deionized water from the Milli-Q Advantage A10 system equipped with 

Q-Gard T2 Pak, a Quantum TEX cartridge and a VOC pak; total organic carbon (TOC) 

<1 ppb.  For all dopamine measurements, pH 7.4 phosphate buffered saline (PBS; 0.137 

M NaCl, 0.01 M Na2HPO4, and 0.003 M KCl) was prepared by dissolving tablets in 

deionized water and used as the supporting electrolyte.  Dopamine solutions were 

prepared by diluting stock solution from 2 mM to the desired concentration stepwise with 

PBS solution.  For other measurements, the supporting electrolyte was 0.1 M potassium 

chloride.  5.0 ultrahigh purity argon and 3.7 ultrahigh purity methane gases (PRAXAIR, 

Inc.) were used as precursors for CVD. 

Fabrication of Carbon Nanopipettes.  Quartz capillaries (1.0 mm o.d., 0.5 mm i.d.) 

were purchased from Sutter Instrument Co.  The nanopipettes with the tip radius from 5 

to 200 nm were pulled by a laser pipette puller (P-2000; Sutter Instruments) from these 

quartz capillaries.25  Different types of carbon nanopipettes were fabricated by controlling 

the CVD time and the composition of the gas mixture, as described previously.24,35-37 

Briefly, shorter CVD time and smaller ratio of methane to argon produced open CNPs, 

while longer CVD time and higher methane-to-argon ratio produced either completely 

filled pipettes or cavity (“nanosampler”) CNPs.  Other factors, including pipette inside 

geometry, the furnace temperature, and gas flow rate, can also affect the deposition of the 

carbon layer. 
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Characterization of Nanopipettes by TEM.  TEM images and tomography of CNPs 

were acquired using field emission transmission electron microscope (JEOL 2100F) 

operated at 200 keV.  Pipette tip (~3 mm long) was cut off and attached to the grid 

(PELCO Hole Grids, Copper).  The three-dimensional internal structure of the nanopipette tip 

was reconstructed using electron tomography, a technique that rebuilds 3D structures using a 

series of projection images from different projection angles.  The projection tilt series were 

recorded from -70 degree to +70 with 2-degree intervals.  The 3D reconstructions were rendered 

using Avizo by isovalue surfaces. 

Electrochemical experiments.  Voltammetric experiments were performed using a 

CHI model 760 potentiostat (CH Instruments, Austin, TX).  The two-electrode setup was 

employed with either a commercial Ag/AgCl reference (CHI 111, 1 M KCl) or a 0.25 mm 

diameter Ag wire coated with AgCl serving as reference electrode.  All experiments were 

carried out at room temperature (22−25 °C) inside a Faraday cage. 

Control and calculation of solution volume in a CNP.  The integration of the current 

under the anodic or cathodic peak yields the charge associated with the 

oxidation/reduction of all redox molecules sampled inside the CNP.24  The solution 

volume in the CNP was calculated as the ratio of the charge to bulk concentration of 

redox species when the adsorption contribution was not significant (see below).  In some 

experiments, the volume of solution inside an open CNPs was controlled by applying 

positive or negative pressure with a NE-1000 single syringe pump (New Era Pump 

Systems, Inc. Farmingdale, NY).  The pressure value was directly read from the 

Fisherbrand™ Traceable™ pressure/vacuum gauge (Fisher Scientific) connected between 

the pump and CNP.  After applying pressure, multiple voltammetric cycles were recorded 
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to monitor the changes in background current.  The stabilized charging current indicated 

that the solution volume inside the pipette reached a stationary value.  The quantitative 

relationship between the solution volume inside the CNP and the charging current is not 

straightforward. 

Finite-element simulations. The electrochemical response of CNPs was modelled 

diffusion-controlled mass-transport (excess supporting electrolyte) with and without 

adsorption.  The time-dependent and steady-state voltammetric responses were simulated 

using COMSOL Multiphysics v5.3a (Comsol, Inc.).  The axisymmetric diffusion problem 

for the nanosampler geometry and the COMSOL model report can be found in the 

Supporting Information. 

RESULTS AND DISCUSSION 

Voltammetry of dopamine with carbon nanopipettes.  When a CNP is immersed 

in aqueous solution, water gets driven into the pipette by capillary forces.  While the 

nanosampler cavity may get completely filled with solution, the volume inside an open CNP 

increases with time until it reaches some steady-state value.24,25  Similar to the previously 

reported CVs of the outer-sphere redox mediators, exhaustive oxidation of dopamine inside the 

pipette occurs when the CNP potential (E) is scanned in the anodic direction and its regeneration 

– during the subsequent cathodic scan (Fig. 1).  Both the anodic peak current (ip; Fig. 1C) and the 

charge obtained by integrating the oxidation current under the peak (Fig. 1D) are linear functions 

of dopamine concentration (cDA), and the ip dependence of on scan rate (v; Figs. 1B,E) is also 

linear.  Linear calibration curves were obtained for cDA values ranging from ~100 nM to a few 

mM.  As long as the solution volume inside the pipette is constant, the charge is proportional to 

cDA in the external solution.  The charge corresponding to the total amount of DA inside the CNP 
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can be more useful than the ip value for determining the amount of DA in a single biological 

vesicle or other single entity analysis. 

 
Figure 1. CVs of DA obtained with (A) a nanosampler and (B) an open CNP.  The peak current 

(C) and charge (D) vs. DA concentration calibration curves are from CVs shown in panel A. (E) 

Scan rate dependence of the peak current for CVs shown in panel B.  (A) a = 150 nm, v =0.1 V/s, 

cDA, µM = 0.1 (blue curve), 1 (red), 10 (black) and 100 (green).  (B) a =120 nm, cDA = 1 nM, 

v, V/s = 0.1 (red),1 (black) and 10 (green).  The insets in (C) and (D) show log-log plots of the 

same data. 

Different sampling strategies have to be employed for a nanosampler and an open CNP.  

Because the cavity of the nanosampler is relatively shallow, the mass-transfer rate is sufficiently 

fast to sample DA from solution by diffusion.  For the cavity depth, h ~1-5 µm, the expected 

diffusion time is of the order of 0.01 s.  Because the solution volume in an open CNP is 

significantly larger and the mass-transfer in and out of the pipette is relatively slow, the way to 

quickly sample DA is to draw the solution into the CNP by capillary force or applied pressure.  

The solution volume inside an open CNP can be controlled by applying the external pressure to it 

using a syringe pump (Fig. 2).  The nine CV cycles in Fig. 2A (v = 0.5 V/s) show the changes in 
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the voltammetric response of 2 mM ferrocyanide induced by gradually increasing outward 

pressure applied to the open CNP with the orifice radius, a = 125nm.  As the pressure increased, 

the solution was pushed out of the pipette, and the height of both anodic and cathodic peaks 

decreased.  For each potential cycle, the solution volume can be found from the charge value 

obtained by integrating the current to produce the volume vs. pressure calibration curve (Fig. 

2B).  Using such a calibration, the desired solution volume in the pipette can be obtained by 

applying the corresponding pressure to it.   

 

Figure 2. Electrochemical calibration of the open CNP response as a function of the applied 

pressure. (A) Nine voltammetric cycles of 2 mM ferrocyanide in 0.3 M KCl recorded at an open 

CNP by gradually increasing the applied outward pressure from 1.05 bar (top) to 2.93 bar 

(bottom).  a = 125 nm. (B) Volume vs. pressure calibration curve obtained from (A).  (C) 

Charging current vs. pressure calibration curve obtained at E = -0.12 V. 

When no electrochemical reaction occurs at the CNP (or no redox mediator is added to 

the solution), the double layer charging current (ic) can be calibrated vs. the applied pressure 
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(Fig. 2C) and used to evaluate the area of the carbon film exposed to solution since it is directly 

proportional to ic at a given scan rate.  However, the interpretation of this dependence is not 

straightforward because of the microporous structure of the carbon layer.  To establish the 

relationship between the true and geometric surface area of carbon, one needs detailed 

information about the film thickness and porosity (both quantities presumably vary along the 

pipette axis), which not currently available.  The possibility of significant accumulation of 

cations inside nanopores and anion exclusion caused by the negative surface charge can also 

greatly influence CNP electrochemistry.38 

TEM characterization of CNPs.  The information about CNP geometry can be 

obtained from TEM images and used to quantitatively model the CNPs response.  Fig. 3A 

and Fig. 3B shows TEM images of an open CNP and a nanosampler, respectively.  The 

contrast difference in the open CNP indicates a hollow channel with the ~150 nm 

diameter at the tip. The rough internal surface and the smooth outer surface suggest that 

carbon was only deposited on the inner pipette wall (this is important because the external 

carbon film could contribute to the measured current).  The nanosampler CNP in Fig. 3B 

shows a shallow cavity with h ≈ 300 nm and a ≈ 30 nm.  Although conventional TEM 

images provide some information about the CNP depth and diameter, it is limited to a 

specific two-dimensional projection that may not accurately represent the complicated 

geometry of the nanocavity.   

Electron tomography (see Supplementary Movies) can provide a more detailed and 

reliable three-dimensional picture of the CNP inside geometry.  The two frames from 3D 

reconstructions along vertical and horizontal axes (Figs. 3C and 3D) of the nanosampler 

imaged in Fig. 3B clearly show that the narrow shaft of the quartz pipette was compactly 
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filled with carbon except several nanoscale voids along its axis.  These cavities are not 

connected, and only one of them adjacent to the tip is exposed to solution.  The carbon 

surface is rough and porous.  The CNP orifice is essentially circular with ~62 nm 

diameter, and the thickness of the pipette wall at the tip is ~10 nm.  

 

Figure 3. TEM images of (A) open CNP and (B) nanosampler; and (C,D) two frames from 

tomography movies of the same nanosampler.  a, nm = 75 (A) and 31 (B). 

Detecting ultra-low concentrations of dopamine.  CNP CVs obtained with 

relatively high concentrations of DA (e.g., > ~50 nM) could be quantitatively fit to the 

diffusion-based simulated curves (Fig. 4A).  This observation is accord with the recent 

findings that surface charge and double-layer effects in CNPs are small when the 

supporting electrolyte concentration is relatively high (e.g., ~0.1 M), and the 

accumulation/depletion of single-charged ionic redox species is insignificant.38  However, 

A B

C D
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for DA concentrations lower than ~50 nM, the concentration dependence of the ip 

becomes nonlinear (Fig. S1), and the CNP voltammetric current and charge became 

significantly higher than the values predicted by simple diffusion-based simulations.   

 

Figure 4.  Experimental (solid lines) and simulated (symbols) CNP CVs of 10 µM DA (A) and 

100 pM DA + 1 µM Ru(NH3)6Cl3 (B) in pH 7.4 PBS.  a, nm = 200 (A) and 230 (B), h, µm = 130 

(A) and 345 (B); v = 1 V/s.  The pipette angle is ~5°. 

The voltammogram in Fig. 5A was recorded with an open CNP in solution 

containing 100 pM DA, i.e. about three orders of magnitude lower than those measured 

previously by electrochemical techniques.  The peak potentials in Fig. 5A correspond to 

oxidation/reduction of dopamine, while no peaks appear within a broad potential window 

in the background curve (Fig. 5B) recorded with the same CNP but with no DA in 

solution.  Similar voltammograms have been obtained with other CNPs.  Although the 

faradaic current must be due to dopamine, the amount of charge is much larger than one 

can expect from 100 pM DA in the solution volume contained inside the pipette shaft.   

 

Figure 5. CVs recorded with the same open CNP in PBS solution containing (A) 100 pM DA 

and (B) no DA.  v, V/s = 0.1 (A) and 0.5 (B).  a = 150 nm. 
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We hypothesize that the adsorption of dopamine on the large surface of nanoporous 

carbon film may be responsible for this unexpectedly high signal.   

The voltammograms in sub-nM DA solutions were obtained using open CNPs that 

typically exhibit higher sensitivity than nanosamplers due to larger solution volume and 

carbon surface area.  The solution volume needs to be known to elucidate the origins of 

voltammetric response.  Because the solution volume inside an open CNP cannot be 

validated by TEM, we measured and simulated CVs of the mixture of sub-nM DA and a 

much higher concentration of Ru(NH3)6Cl3  (e.g., 100 pM DA and 1 μM Ru(NH3)6Cl3 in 

Fig. 4B).  The pair of cathodic and anodic peaks near -0.3 V correspond to the reduction 

and oxidation of Ru(NH3)6
3/2+, while the DA peaks appear at ~ +0.2 V.  (The origin of the 

irreversible peak at ca. -0.1 V is not known.  This peak was observed with different CNPs 

in solutions simultaneously containing DA and Ru(NH3)6Cl3).  The total charge found 

from hexaammineruthenium peaks after background subtraction is 12 pC, corresponding 

to the solution volume in the CNP ca. 120 pL.  This volume and other independently 

determined geometric parameters were used to simulate a CV (blue symbols in Fig. 4B) 

with a reasonably good agreement between experimental and theoretical peaks of 

Ru(NH3)6
3/2+.  The charge of the complete oxidation of 100 pM DA calculated based on 

the determined volume is only 2.4 fC, and the corresponding peak current, 0.014 pA, 

would be immeasurably small.   

Since no significant cation preconcentration inside a CNP can be expected in PBS 

solution (ionic strength >0.1 M), and the electrostatic accumulation of DA+/0 ions must be 

even less significant than that of multi-charged Ru(NH3)6
3/2+,38 the  ~70 pA DA peak 

current in Fig. 4B is likely due to dopamine adsorption on the large surface of porous 
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carbon.  DA adsorption on various carbon surfaces is well documented.39-43  The 

simulated dopamine peaks (red dots) fit the experimental CV in Fig. 4B with the DA 

surface concentration of 5000 pmol/cm2.  This number is significantly larger than the DA 

saturation coverage reported earlier, i.e., ~100-1000 pmol/cm2.39-43  The difference is 

consistent with the true surface area of the porous carbon film being much larger than the 

geometric area of the CNP segment filled with solution.  Unlike relatively slow diffusion 

of dissolved species, oxidation/reduction of adsorbed molecules is not limited by mass-

transfer rate. 

Further evidence of significant dopamine accumulation within the porous carbon 

phase comes from comparing CVs obtained before and after immersing a CNP in 10 nM 

DA solution (Fig. 6).  The voltammogram recorded with a 90-nm-radius nanosampler in 

pH 7.4 PBS (Fig. 6A) is essentially featureless, but well defined anodic and cathodic 

peaks of dopamine were obtained with the same electrode immersed in 10 nM DA 

solution (Fig.6B).  Then, the same CNP was rinsed with water and spent 30 min in PBS 

containing no redox mediator to make sure that all DA is removed from the filling 

solution, and another CV was recorded in blank PBS solution (Fig. 6C) showing both 

anodic and cathodic DA peaks.  The comparable magnitudes of the voltammetric peaks in 

Figs. 6B and 6C suggest that at the 10 nM concentration, DA molecules adsorbed on the 

surface of carbon nanopores make a significant contribution to the measured current.  The 

contribution of DA accumulated inside the carbon porous structure becomes more 

significant as its concentration in solution decreases – it is apparently negligible at 

micromolar (and submicromolar) concentrations, but largely determines the response 

when cDA is <1 nM. 
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Figure 6. Voltammograms obtained sequentially in pH 7.4 PBS (A), 10 nM DA (B) and pH 7.4 

PBS (C) at the same carbon nanosampler. v = 1V/s; a = 90 nm.  

 A potential issue in detecting low DA concentrations is that some CNP 

voltammograms obtained in a blank solution exhibited a pair of peaks with the potentials 

close to those of dopamine peaks (Fig. S2).  These peaks are apparently related to 

oxidation/reduction of carbon–oxygen functionalities.  Various voltammetric features due 

to carbon surface functional groups (e.g., quinone-type species) have been reported in the 

literature.44  In our experiments, these peaks were observed with a relatively small 

number of CNPs.  The possibility of this artifact can be eliminated by obtaining a CV in a  

blank solution before DA voltammetry with the same CNP, as shown in Fig. 5.  

Permselectivity, interferences, and other analytes.  Two approaches to 

improving selectivity of DA analysis in the presence of interferences are illustrated by the 

CNP CVs of DA mixed with ascorbic acid (Fig. 7).  Ascorbic acid that is often present in 

biological samples can interfere with DA analysis because their voltammetric waves 

significantly overlap.45  However, the adsorption of DA and  significant negative charge 

density on the carbon surface, resulting in depletion of anionic species and large shifts of 

peak potentials,38 can enable quantitative analysis of DA in the presence of a much higher 

concentration of ascorbic acid (negatively charged at pH 7; pKa1 = 4.04).  In Fig. 7A 

obtained with a 28-nm-radius CNP, the anodic peak at -0.05 V produced by irreversible 

oxidation of 0.1 mM ascorbic acid (curve 1) is only ~7 times higher the reversible peak 

A
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produced by 50 nM DA.  Moreover, the peaks are well separated, so that ascorbic acid does not 

significantly interfere with the determination of DA.   

 
Figure 7.  CVs obtained with 28 nm (A) and 260 nm (B) radius CNPs in PBS solution 

containing 0.1 mM ascorbic acid and 50 nM DA (A), and 0.5 mM ascorbic acid and 5 nM DA 

(B). v = 0.5 V/s.  Curves 1 and 2 in (A) represent the first and the second potential cycles of the 

same CV.  

The irreversibility of the ascorbic acid oxidation can also improve the selectivity of 

DA analysis using CNPs.  The anodic peak of ascorbic acid prominent in the first 

voltammetric cycle (curve 1 in Fig. 7A) almost completely disappeared in the next cycle 

(curve 2) because the oxidation is irreversible and the mass transport from the outer 

solution into the CNP is relatively slow.  With the concentration ratio as large as 105 (i.e. 0.5 

mM ascorbic acid and 5 nM DA) and a larger CNP radius (a = 260 nm), the higher ascorbic 

acid peak still does not obliterate the DA peaks in the second potential cycle of the CV 

shown in Fig. 7B.  This level of selectivity against ascorbic acid is essential for biomedical 

applications since the concentrations of DA in human serum are within the nM range,46 while the 

corresponding ascorbic acid concentrations can be ca. 0.2– 0.5 mM.47  By contrast, the ten-fold 

higher concentration of ascorbic acid completely obscured the voltammetric wave of DA at a 

conventional carbon microdisk electrode either under steady-state conditions (Fig. S3A) or in 

fast-scan CV (v = 500 V/s; Fig. S3B) and made DA detection problematic even by differential 

pulse voltammetry (Fig. S3C).   

A B
1

2
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The above approaches should be useful for eliminating charged and/or irreversible 

interferences and improving selectivity of CNP sensors for different analytes.  Similarly, 

the adsorption and/or cation accumulation inside the nanocavity can enable ultra-sensitive 

detection of physiologically important species other than dopamine.  For instance, Fig. 8A 

shows a well-shaped voltammogram of 10 nM serotonin – another neurotransmitter 

whose in vivo electroanalysis is known to be challenging.48  The background curve 

obtained with the same CNP under the same experimental conditions but with no 

serotonin in solution is shown for comparison in Fig. 8B. 

 
Figure 8.  Voltammogram of 10 nM serotonin in pH 7.4 PBS (A) and corresponding background 

CV obtained with the same open CNP (B).  a =150 nm, v = 1 V/s. 

CONCLUSIONS  

The small physical size, relatively large conductive surface area, and well-defined 

sampling location make open CNPs and carbon nanocavity electrodes useful for 

dopamine electroanalysis.  We used the combination of voltammetry, TEM and finite-

element simulations to investigate CNP response to DA and elucidate the origins of its 

high sensitivity and selectivity.  Two distinct regimes have been identified: diffusion-

controlled, complete oxidation/reduction of dopamine molecules contained in the pipette 

shaft with the peak current and total charge proportional to cDA in the bulk solution at 

relatively high (e.g., >50 nM) concentrations, and the non-linear response occurring at 

lower concentrations.  Unlike recent experiments in which significant accumulation of 

cations and depletion of anions inside CNPs were observed only in weakly supported 
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media (i.e. with 0.1 - 1 mM supporting electrolyte), the response to low concentrations of 

DA is greatly enhanced by its adsorption on the surface of porous carbon layer at high 

electrolyte concentrations (e.g., 0.1 M).  This effect enabled the detection of 100 pM DA 

that would have produced immeasurably low current if the mass-transfer of DA was 

diffusion limited.  Additionally, the greatly improved selectivity of CNP voltammetric 

analysis can be attained by suppressing electrochemically irreversible intermediates; for 

example, DA could be measured in the presence of 105 times higher concentration of 

ascorbic acid.  Similarly high sensitivity and selectivity can be expected for serotonin and 

other analytes adsorbed on carbon.  
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