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A B S T R A C T   

Microscopic interactions between electrochemical sensors and biomolecules critically influence the sensitivity. 
Here, we report an unexpected dependence of the sensitivity on the upper potential limit (UPL) in voltammetry 
experiments. In particular, we find that the sensitivity of substrate-supported nano-graphitic micro-sensors in 
response to dopamine increases almost linearly with the inverse of UPL in voltammetry experiments with rapid 
potential sweeps. Our experiments and multi-physics simulations reveal that the main cause behind this phe
nomenon is the UPL-induced electrostatic force that influences the steady-state number of dopamine molecules 
on the sensor surface. Our findings illustrate a new strategy for enhancing the performance of planar electro
chemical micro-sensors.   

1. Introduction 

Over thirty years of continuous progress has established carbon- 
based electrochemical micro-sensors as a useful tool for monitoring 
fast neurotransmission activities in the brain (Huffman and Venton 
2009; Millar et al., 1985; Rodeberg et al., 2017; Venton and Cao 2020). 
The small geometric dimension (micron size) of existing sensors has 
been the key to spatially-resolved monitoring of chemical signaling in 
the nervous system. It has also been a critical factor for increasing the 
temporal resolution by allowing the application of rapid potential sweep 
(RPS) waveforms in electrochemical voltammetry measurements (Bard 
and Faulkner 2001; Wightman 1981). However, existing carbon 
micro-sensors have limited sensitivity (i.e., the amount of current 
generated due to the redox reactions in the presence of unit concen
tration of the molecule), which is adequate mostly for the detection of 
large modulations of dopamine release in deep brain structures (Day 
et al., 2007; Hart et al., 2014; Rodeberg et al., 2017; Sugam et al., 2012). 
Enhancing the sensitivity of carbon micro-sensors is essential for 
detecting smaller releases. 

Therefore, a significant research focus has been on exploring various 

carbon nanomaterials for building highly sensitive micro-sensors (Cao 
et al., 2019; Cuniberto et al., 2020; Demuru et al., 2018; Puthongkham 
and Venton 2019; Schmidt et al., 2013). A common research theme on 
this topic has been to incorporate a substantial amount of structural 
defects in candidate carbon nanomaterials. The rationale for this ma
terial optimization strategy is the favorable effect of defects on 
increasing the electron transfer (Bowling et al., 1989; Rice and McCreery 
1989; Zhong et al., 2014), which is a fundamental physical process that 
controls the sensitivity (Cuniberto et al., 2020; Wu et al., 2019; Zhu 
2017). Due to their nanoscale dimensions, it is possible to incorporate 
many defects in a given area within the sensor surface, where the 
electrochemical reactions occur. However, this approach has an upper 
physical limit. For example, the electron transfer rate, hence the sensi
tivity, in graphitic materials degrades when the spatial density of defects 
exceeds a threshold, coinciding with the transition of the graphitic 
material into a fully disordered carbon (Wu et al., 2019; Zhong et al., 
2014). Therefore, defect engineering approaches must be complemented 
with additional means for further enhancement of the sensitivity. 

In voltammetry with an RPS waveform, the sensitivity is propor
tional to the number of adsorbed molecules on the sensor surface (Bard 
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and Faulkner 2001). Hence, increasing the number of adsorbed mole
cules has been used as another means for enhancing the sensitivity. One 
way to achieve this has been to incorporate a hold time between the 
measurement cycles of the RPS waveform (Bath et al., 2000; Venton and 
Cao 2020). While increasing the hold time increases the sensitivity, it 
diminishes the temporal resolution of the sensing measurements—
which is an undesirable outcome. Past research has also found that using 
a more negative potential during the hold time can enhance the 
adsorption of positively charged molecules, such as dopamine, through 
electrostatic attraction (Heien et al., 2003; Venton and Cao 2020). The 
use of negatively charged polymeric coatings (e.g., Nafion) has been 
another way of boosting the electrostatic attraction of positively charged 
molecules to the sensor surface (Gerhardt et al., 1984; Vreeland et al., 
2015). These findings of the past studies indicate the significance of 
discovering new ways for boosting the sensitivity by increasing the 
number of surface molecules. 

Here, we report an anomalous increase in the sensitivity of substrate- 
supported micro-sensors made of nano-graphitic (NG) carbon by 
decreasing the positive upper potential limit (UPL) of the RPS waveform. 
In contrast, we observe that the amplitude of the charging current of the 
sensors is insensitive to UPL. We find that these observations are uni
versal among our NG micro-sensors containing different amounts of 
structural defects. We use these advantageous features of NG micro- 
sensors for in vitro measurements of dopamine with concentrations as 
low as 10 nM. Lastly, we establish, through experiments and multi- 
physics simulations, that the UPL-induced electrostatic interactions be
tween the NG micro-sensor and dopamine molecules play a significant 
role in enhancing the sensitivity. 

2. Material and methods 

2.1. Fabrication of substrate-supported NG micro-sensors 

We have reported the details of the fabrication process in a previous 
study (Cuniberto et al., 2020). In brief, NG carbon islands were formed 
directly on silicon substrates covered with SiO2 through a 
nickel-induced graphitization process (see Supplementary Information 
for details). The NG carbon islands were then made into functional de
vices by making high-quality Cr/Au metal contacts using a combination 
of electron-beam lithography (EBL), metal deposition in an 
electron-beam evaporator, and metal lift-off. Lastly, a protection layer 
was formed through EBL patterning of an SU8 film. 

2.2. NG carbon characterization 

We characterized the NG carbon using atomic force microscopy 
(AFM; Bruker Dimension FastScan), x-ray photoelectron spectroscopy 
(XPS; Physical Electronics Versaprobe II), and transmission electron 
microscopy (TEM; FEI Titan Themis 200). 

2.3. Electrochemical measurements 

Cyclic voltammetry measurements were performed using both N- 
shaped and triangular potential waveforms with a potential sweep rate 
(ν) of 200 V/s and a repetition rate of 10 Hz. A custom-made Y-shaped 
microfluidic chamber, combined with two syringe pumps (World Pre
cision Instruments) were used to deliver 1× phosphate buffered saline 
(PBS) solution (Sambrook et al., 1989) and dopamine in PBS solution 
during the measurements. A chlorinated silver wire (Ag/AgCl) was used 
as the reference electrode. 

For measurements of low-concentration dopamine, we used a 
custom-made integrated circuit (IC) (You et al., 2020). The data acqui
sition and analysis for this read-out system were performed with a 
custom-made user interface program developed in MATLAB. We also 
show that the low-concentration detection of dopamine using NG 
micro-sensors is feasible using electronic boards made of commercial 

off-the-shelf (COTS) components (Supplementary Fig. S4). 
For the voltage-dependent measurements and the time-evolution 

measurements, the current was recorded using a low-noise current 
amplifier (SR570, Stanford Research Systems) together with a data 
acquisition instrument (NI USB-6363 series, National Instruments). This 
readout setup was controlled with a custom-made LabVIEW control 
interface. 

2.4. Chemicals 

Dopamine hydrochloride powder was first dissolved in 1× PBS to a 
stock concentration of 2 mM. Dopamine solutions with the desired 
known concentrations were then prepared by diluting the stock solution 
in 1× PBS. The 1× PBS (pH of 7.4) was prepared by dissolving 8 g of 
sodium chloride, 1.44 g of sodium phosphate dibasic, 240 mg of po
tassium phosphate monobasic, and 200 mg potassium chloride in 1 L of 
de-ionized water. All chemicals were purchased from Sigma Aldrich. 

3. Results and discussions 

3.1. Observation of UPL dependence of dopamine sensitivity 

In cyclic voltammetry with an RPS waveform, the resulting redox 
current is typically plotted against the waveform potential. This plot, 
known as the cyclic voltammogram, allows the identification of an an
alyte from the location of the redox peak potentials and the determi
nation of the analyte concentration from the amplitude of the redox 
currents. Therefore, the lower and upper potential limits (i.e., LPL and 
UPL) of the waveform should be chosen such that the voltammogram 
displays the full shapes of the oxidation and reduction current peaks due 
to a target analyte. To fulfill this condition, as we show later, the min
imum required potential range can be relatively small. Therefore, an 
important question arises when adjusting the RPS waveform for a 
sensing experiment: Is there a benefit in pushing the potential beyond 
the minimum range required for constructing the cyclic voltammogram? 

We studied the above question using substrate-supported micro- 
sensors made of NG carbon in RPS measurements of dopamine. Fig. 1a–c 
shows the side-view illustration and representative top-view optical 
images of NG micro-sensors. We made these sensors directly on SiO2- 
covered silicon substrates using standard nano-fabrication techniques 
(Cuniberto et al., 2020). The NG micro-sensors have a relatively smooth 
surface topography (generally a root mean square, RMS, surface 
roughness of 10 nm or less), as shown in Fig. 1d. We have also quanti
tatively analyzed the atomic composition and chemistry of the sensor 
surface using the XPS (see Supplementary Information for details). We 
made two main observations from the representative XPS data in Fig. 1e. 
First, the sensor surface consists of sp2-hybridized C–C bonds, evident 
from both the position and the asymmetry of the C 1s peak (Berman 
et al., 2016, Biesinger). This observation is consistent with the fully 
capacitive nature of the background current (shown later). Second, there 
is no observable evidence of Ni catalyst on the sensor surface. Our TEM 
studies, shown in Fig. 1f, indicate the preferential (but not perfect) 
directionality of the graphitic planes within the film. Further, we found 
that Ni catalyst accumulates near the bottom of the NG carbon film, 
consistent with the absence of Ni from the XPS data. 

After the device fabrication, the sensor sample was placed inside a 
custom-made microfluidic chamber, as shown in Fig. 1b. This setup al
lows a sequential flow of PBS and dopamine solutions while applying the 
RPS waveform and recording the current output of the micro-sensors. 

We started the experiments by studying how the change of UPL in
fluences the amplitude of the background charging current (Ibg) and the 
sensitivity to dopamine. We used two triangular waveforms with UPL of 
1.15 V and 0.6 V, while keeping the LPL (− 0.4 V) and the potential 
sweep rate (ν = 200 V/s) fixed, as shown in Fig. 2a. Fig. 2b shows that 
varying UPL has no observable influence on the background character
istics of the micro-sensor in terms of both the shape and amplitude. 
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A dopamine solution with a known concentration of 500 nM was 
introduced after the PBS flow, while continuously recording the output 
current of the micro-sensor. The cyclic voltammogram, shown in Fig. 2c, 
was then constructed by subtracting the output current measured in the 
dopamine solution from the background current recorded in PBS. The 
data indicate that a UPL as low as 0.6 V is adequate for resolving the full 
shape of the dopamine oxidation current. However, and surprisingly, we 
observed about a factor of two increase in the peak of the oxidation 
current (Iox,peak) by decreasing the UPL from 1.15 V to 0.6 V. From this 
plot, we also found that the other key characteristics of the oxidation 
and reduction current peaks, including the full-width at half-maximum 
(FWHM) and the location of the peaks, were almost unchanged. We note 
that this observation is independent of the geometry of the micro-fluidic 
chamber (see Supplementary Information Fig. S3). Also, as we show 
later, these effects of UPL are generalizable to our NG micro-sensors. The 
noticeable increase of Iox,peak by decreasing UPL contrasts with the 
characteristics of free-standing carbon micro-sensors, for which the 
sensitivity has no apparent dependence on UPL (Heien et al., 2003; 
Venton and Cao 2020). 

Having observed the significant effect of UPL, we then studied how 
varying LPL (i.e., the potential during the hold time in a triangular 
waveform) influences the response of the NG micro-sensor to dopamine. 
We did so by applying triangular waveforms with varying LPL values of 
− 0.2 V and − 0.4 V, while fixing UPL at 0.6 V and ν at 200 V/s. Inter
estingly, we observed that decreasing the LPL has a negligible effect on 
Iox,peak, as shown in Fig. 2d. The effect of LPL on the peak amplitude of 
the reduction current (Ired,peak) was also small (only about 15%). The 
LPL-dependence characteristic of the substrate-supported NG micro- 
sensors contrasts with the free-standing carbon micro-sensors (Venton 
and Cao 2020), for which the use of a more negative potential during the 

hold time is beneficial for increasing the sensitivity. 
Enhancing the sensitivity is beneficial for improving the lowest 

detectable dopamine concentration. However, confounding factors (i.e., 
interferents) could prevent the reliable detection of dopamine at low 
concentrations. Among the various sources of interference are the var
iations of the current generated by the quinone-like species (marked in 
Fig. 2b with blue shading and labeled as Iquinone). An example of the 
interference by Iquinone is the general observation of a small feature 
(typically < 1 nA) as a shoulder in the oxidation current peak of dopa
mine when using a triangular waveform in our in vitro experiments. We 
have marked this feature with an arrow in Fig. 2d. This feature is also 
commonly observed in RPS measurements of dopamine with a trian
gular waveform using other types of carbon micro-sensors (e.g., see Refs 
(Dengler and McCarty 2013; Schmidt et al., 2013)). More broadly, the 
variations of Iquinone could be significant when there is a noticeable 
change in the local pH levels (Runnels et al., 1999; Takmakov et al., 
2010). The removal of features due to the Iquinone variation from the 
voltammogram is critical for a reliable detection of dopamine at low 
concentrations. 

An optimal solution for minimizing the interference by Iquinone is to 
reduce its amplitude significantly. We did so by engineering an N-sha
ped waveform with a small hold potential of − 50 mV, as shown in 
Fig. 2e. Fig. 2f shows the background characteristics of the NG micro- 
sensor in response to the N-shaped waveform, indicating a significant 
reduction of Iquinone. Further, the background current characteristics 
remain nearly unchanged with varying UPL, similar to the experiments 
using the triangular waveform. 

We then performed in vitro sensing experiments using the N-shaped 
waveform with a varying UPL of 1.15 V and 0.6 V. Fig. 2g shows the 
cyclic voltammograms, which we obtained for dopamine with a known 

Fig. 1. Experimental set-up and NG carbon characterization. a) Cross-sectional schematic of the experimental set up used for the RPS measurements of dopamine 
(DA). b) Picture of the custom-made micro-fluidic chamber used in the experiment together with a representative optical image of a sensor sample, consisting of 
multiple planar NG micro-sensors. The scale bar is 1 cm. c) A close-up optical image of an individual NG micro-sensor. The scale bar is 25 μm. d). An example of a 
topographic AFM image of an NG micro-sensor (RMS roughness: ~8 nm). The inset shows a line scan. The scale bar is 1 μm. e). XPS analysis indicates the graphitic 
nature of the sensor surface, evident from the C–C bond peak highlighted in red. The Blue curve is the collected XPS data and the yellow is the background. The inset 
shows the detailed scan for the primary XPS region of Ni, indicating no detectable Ni catalyst on the sensor surface. f) Cross-sectional TEM image of NG carbon grown 
on SiO2. The Ni clusters are marked with dashed red lines. The scale bar is 50 nm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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concentration of 500 nM. Like the experiments using the triangular 
waveform, we observed about a factor of two increase in Iox,peak by 
decreasing UPL from 1.15 V to 0.6 V. Further, Iox,peak of the N-shaped 
and triangular waveforms with an identical UPL are nearly the same due 
to the negligible effect of the hold potential on Iox,peak. However, the 
small shoulder due to Iquinone interference is no longer visible in the 
cyclic voltammogram of dopamine. These characteristics of the N-sha
ped waveform allowed us to reliably resolve the cyclic voltammogram of 
low-concentration dopamine using the standard procedure for con
structing the cyclic voltammogram (i.e., performing only background 
subtraction). In Fig. 2h, we show examples of voltammograms measured 
for several known concentrations of dopamine as low as 10 nM (see 
additional examples for another NG sensor in Supplementary Fig. S4). 
Fig. 2i shows the corresponding calibration curve of dopamine, which 

we measured for the physiological range of interest. The linear fit to the 
data confirms the well-behaved characteristics (i.e., linearity; see Sup
plementary Fig. S5) of the NG micro-sensor. 

The above N-shaped waveform engineering for the detection of 
dopamine is a direct consequence of the disparate voltage dependence 
characteristics of our NG micro-sensors. This waveform engineering is, 
however, inaccessible to the existing carbon micro-sensors because they 
require a triangular waveform for achieving an optimal sensitivity 
performance. 

3.2. Experimental understanding of the UPL effect 

Our experiments established the strong dependence of the sensitivity 
of NG micro-sensors on UPL in voltammetry measurements using an RPS 

Fig. 2. Effect of LPL and UPL on sensor characteristics. a) A single-cycle schematic of a triangular RPS waveform used commonly in dopamine sensing experiments. 
b) Background charging current measured at two different UPL values of 0.6 V and 1.15 V. Iquinone indicates the interfering current from quinone-like species in the 
solution. c) The corresponding dopamine cyclic voltammograms, indicating about two times increase in sensitivity with decreasing UPL. d) Varying LPL from − 0.4 V 
to − 0.2 V had no observable effect on Iox,peak. Notice the shoulder, marked with an arrow. e) Schematic of the N-shape RPS waveform with LPL = − 0.2 V, UPL =
+0.6 V, and a hold potential of − 50 mV. f) The background charging current measured using the N-shape waveform with UPLs of 0.6 V and 1.15 V. Notice the 
significant reduction of Iquinone. g) The corresponding dopamine cyclic voltammogram shows an increase of Iox,peak with reducing UPL, similar to the measurement in 
panel (c). h) The measured cyclic voltammogram of dopamine with concentrations as low as 10 nM. i) The calibration curve showing the linearity of the NG micro- 
sensor sensitivity. The linear fit to the data gives a sensitivity of 29.9 nA/μM. 
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waveform. We also demonstrated the immediate benefit of this phe
nomenon by measuring low concentrations of dopamine. However, 
revealing the physics behind this phenomenon is a critical next step, 
which could guide the development of new strategies for further 
enhancement of the sensitivity. 

Two factors are the major contributors to the RPS sensitivity of the 
NG micro-sensors: the structural defects in NG carbon and the number of 
dopamine molecules on the sensor surface. We ruled out the effect of 
structural defects in the NG carbon as a cause for the observed increase 
of the sensitivity with decreasing UPL. Two observations provide strong 

evidence for this conclusion. The background current amplitude is 
proportional with the electrical double-layer capacitance, which de
pends strongly on the structural properties of the graphitic material 
(Chen et al., 2016; Hirunsit et al., 2016; Ji et al., 2014; Pak et al., 2014). 
However, the background current remained unchanged with varying 
UPL (e.g., see Fig. 2b). Moreover, the structural defects influence the 
electron transfer (Bowling et al., 1989; Rice and McCreery 1989; Zhong 
et al., 2014). The change in the electron transfer can be assessed qual
itatively from the separation between the location of the peak oxidation 
and reduction currents (i.e., the potentials at which Iox,peak and Ired,peak 

Fig. 3. Effect of UPL-induced electrostatic force on sensitivity. a) Conceptual representation of the two-step experiment that we used to study the time evolution 
of the peak oxidation current. b) Two example curves for measurements with UPL = 0.9 V, showing the total currents after 1 and 10 s. “A” and “B” indicate the 
potentials at which we obtained the current for calculating ΔI. c) The plot showing the time evolution of ΔI for four different UPL. The dashed lines are the 
exponential fits to the measured data points. d) Schematic of the structure used for the multi-physics simulations. e) Two-dimensional electric field map for UPL =
0.6 V, obtained from COMSOL simulations. f) Electric field profiles along the X distance for different UPLs. g) Normalized electrostatic force plotted against UPL at 
points “P1” and “P2”. α and β are the slopes of the linear fits. h) Normalized Iox,peak plotted against UPL for multiple NG micro-sensors. The slope of the linear fit (γ) is 
consistent with the simulation results in panel (g). 
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occur) as well as the amplitude ratio of these two peak currents (Bard 
and Faulkner 2001; Schmidt et al., 2013). From the data in Fig. 2c, it is 
evident that these characteristics are nearly the same for different UPLs. 

Therefore, we attribute the UPL-induced increase of the sensitivity to 
the increase in the steady-state number of dopamine molecules on the 
sensor surface. We hypothesized that, since dopamine molecules are 
positively charged at the physiological pH, due to the protonation of the 
amine side chain (Berfield et al., 1999; Jodko-Piorecka and Litwinienko 
2013), the electrostatic force induced by the positive UPL has a signif
icant role in establishing the steady-state equilibrium number of mole
cules on the NG micro-sensors. 

We tested our hypothesis first by performing a new experiment that 
gives information on how the number of dopamine molecules partici
pating in the redox reaction evolves in time by varying UPL. Fig. 3a il
lustrates the details of the experiment, which we repeated for four 
different UPL values while keeping the other parameters the same. Each 
experiment had two main steps. The first step (marked with purple 
shading in Fig. 3a) was designed to establish an initial equilibrium 
surface concentration of dopamine that is nearly the same for all mea
surements. We did so by filling the microfluidic chamber with a 1 μM 
dopamine solution and then holding the bias at 0 V on the NG micro- 
sensor for an additional 1 min. This design ensures that dopamine 
molecules have enough time to reach the sensor surface through free 
diffusion. This step was followed immediately by recording the sensor 
output in response to a triangular waveform. Each cycle of the waveform 
had two parts: (1) the potential ramps during which the redox reactions 
occur (marked with light blue shading in Fig. 3a), and (2) the hold time 
during which the dopamine surface concentration is replenished 
(marked with dark blue shading in Fig. 3a). Each cycle was repeated 
every 100 ms and the output current of the micro-sensor was recorded 
for 10 s. 

Fig. 3b shows two example curves from the experiment with UPL =
0.9 V, which were recorded at times 1 s and 10 s. Interestingly, the data 
show the reduction of the peak of the oxidation current with time. To 
gain insight into how Iox,peak evolves in time, we analyzed the dataset for 
each UPL. For this analysis, we defined a new parameter, ΔI, which is the 
difference between the maximum of the apparent oxidation current peak 
(i.e., point “A” in Fig. 3b) and the current at the end of the apparent peak 
(i.e., point “B” in Fig. 3b). Tracking the changes of ΔI in time provides a 
good proxy for the time evolution of Iox,peak because the background 
characteristics of the NG micro-sensor is unchanged with UPL. 

Fig. 3c shows the summary plot for the time evolution of ΔI for the 
measurements with UPLs of 0.6 V–1.1 V. We made three main obser
vations from this plot. First, ΔI is decreasing over time for a given 
waveform. This observation indicates that prolonged and continued 
exposure to a waveform decreases the number of adsorbed molecules 
until a steady-state equilibrium is reached. 

The decay of ΔI for each waveform is exponential with time. We 
verified this by making an exponential fit to each dataset in Fig. 3c using: 

ΔI(t)= αe− t
τ + β 

Table 1 gives the summary of the fitting parameters and the quality 
of the fit for each dataset. Interestingly, the time constant of the decay 
(τ) decreases with increasing UPL, suggesting that the effect of the 
mechanism behind the ΔI decay becomes stronger with higher UPL. 

The second observation, confirmed by our curve fitting, is that the 
initial ΔI (i.e., at t = 0 s) is nearly the same for all measurements. This 

result confirms that the initial equilibrium concentration of dopamine 
for all measurements was nearly the same. Lastly, the steady-state 
equilibrium of ΔI shows an apparent dependence on UPL. The nearly 
equal spacing between the adjacent curves at t = 10 s indicates that the 
rate of change in the steady-state number of molecules is almost linear 
with the rate of UPL change. This observation agrees with our hypoth
esis, in that applying a larger UPL induces a larger repulsion force, hence 
pushing away more molecules at every measuring cycle until the equi
librium condition is reached. This experiment established the significant 
effect of UPL on the steady-state equilibrium number of molecules on the 
sensor surface during the RPS measurements. 

3.3. Multi-physics simulations of UPL-induced electrostatic force 

Next, we used multi-physics numerical simulations to test our hy
pothesis on whether the UPL-induced electrostatic force can predict the 
observed dependence of Iox,peak on UPL. Fig. 3d shows the illustration of 
the structure that we used for our numerical simulations in COMSOL. 
The structure includes a 10 nm thick multi-layer graphene, a 0.75 nm 
thick Helmholtz layer, and a bulk ionic solution emulating the 1× PBS. 
We estimated the thickness of the Helmholtz layer by calculating the 
Debye length of the ionic solution (Section S3 in Supplementary Infor
mation), which agrees well with the previously calculated Debye length 
in 1× PBS (Chu et al., 2017; Mu et al., 2015; Narang et al., 2017; Vil
lanueva et al., 2018). We simplified our simulations further by applying 
a constant UPL to multi-layer graphene. This setting represents a snap
shot in time during the RPS measurements, when the sensor-molecule 
system has reached its steady-state equilibrium (see Fig. 3c). From the 
simulations, we obtained the two-dimensional distribution of the elec
trostatic field within the structure for a given UPL, as shown in Fig. 3e. 
We repeated these simulations for four different UPL values and plotted 
their corresponding electric field distributions along the length of the 
structure (Fig. 3f). 

The next step is to estimate the electrostatic force acting on the 
dopamine molecules, which can be obtained from the product of the 
molecule charge and the electric field. Past research has established that 
the redox reactions of dopamine occur through a self-catalysis process, 
that is, dopamine molecules are adsorbed on the sensor surface and act 
as electro-catalyst for the electrochemical reaction (Bath et al., 2000; 
DuVall Stacy Hunt and McCreery 1999; DuVall Stacy H and McCreery 
2000). Therefore, in our calculations we assumed that the dopamine 
molecules are on the NG carbon surface. The dopamine molecules (even 
in the solvated form) have a small dimension. As a result, it is reasonable 
to expect that the positive charge of the dopamine molecule will be 
located within the Helmholtz layer. Since the electric field within the 
Helmholtz layer is constant (Dubey and Guruviah 2019), we evaluated 
the normalized electrostatic force acting on the dopamine molecules 
from the electric field at the boundaries of the Helmholtz layer (i.e., 
points “P1” and “P2” in Fig. 3e). Fig. 3g shows the summary of the 
normalized force plotted against UPL at “P1” and “P2”. The normali
zation was done relative to the force at UPL = 1.15 V. Interestingly, but 
not surprisingly, the repulsive force acting on dopamine molecules in
creases with UPL. The slopes of the linear fits to the data (denoted as α 
and β in the plot) quantify the rate of change in electrostatic force due to 
UPL. 

Next, we examined whether the above simulation results can predict 
the experimental observations. Hence, we plotted the normalized Iox,peak 
against UPL, which we obtained experimentally for multiple NG micro- 
sensors, as shown in Fig. 3h (see Supplementary Fig. S2 for the back
ground characteristics and voltammogram of each sensor device). The 
normalization for each micro-sensor was done relative to its Iox,peak at 
UPL = 0.6 V. The data indicate that the UPL-induced enhancement of 
sensitivity is universal to the NG micro-sensors, particularly since the 
sensors in this plot are from different samples that were produced at 
different fabrication runs. Moreover, a linear fit to the normalized Iox, 

peak data gives a slope (γ in Fig. 3h) that is consistent with the slope of the 

Table 1 
Exponential fit parameters of ΔI.  

UPL (V) α (nA) β (nA) τ (s) ΔI(t = 0) (nA) R2 

0.6 10.1 ± 0.13 30.5 ± 0.14 3.21 ± 0.11 40.6 ± 0.27 0.998 
0.75 13.7 ± 0.2 27.6 ± 0.19 2.53 ± 0.09 41.3 ± 0.39 0.997 
0.9 17.3 ± 0.2 24.1 ± 0.16 1.82 ± 0.05 41.4 ± 0.36 0.998 
1.1 21.1 ± 0.22 21.1 ± 0.32 1.24 ± 0.05 42.2 ± 0.54 0.997  
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linear fits to the normalized electrostatic force (i.e., α and β). These 
findings establish that the UPL-induced electrostatic interactions be
tween the NG micro-sensor and dopamine molecules is the primary 
cause in changing the number of molecules participating in the redox 
reaction during RPS measurements. 

4. Conclusions 

We reported a new observation that reducing UPL in RPS measure
ments of dopamine using NG micro-sensors increases the sensitivity 
without changing the amplitude of the charging current. Our experi
ments and simulations establish that this phenomenon is due to the 
change in the number of surface molecules by the UPL-induced elec
trostatic force. Since this technique deals with the number of surface 
molecules, it is complementary to approaches that boost the electro
chemical performance of the sensor through engineering its material 
structure (Cuniberto et al., 2020; Schmidt et al., 2013; Wu et al., 2019; 
Yang et al., 2016; Zhu 2017). By combining these two approaches, our 
NG micro-sensors achieve a sensitivity to background charging current 
(S–B) ratio as high as 0.35 nA .μM− 1.nA− 1 (see Supplementary Fig. S2o 
and S2p). This S–B ratio is up to 9 times larger than the state-of-the-art 
free-standing micro-sensors made of carbon fibers (see Supplementary 
Information Table S2) (Heien et al., 2003; Schmidt et al., 2013; 
Schwerdt et al., 2018). This remarkable characteristic of NG 
micro-sensors opens doors for realizing compact and power-efficient 
detection ICs that are capable of recording the total current (both the 
background and the redox current) with high precision. 

NG micro-sensors are excellent candidates for building lab-on-a-chip 
systems for imaging chemical activities in complex biological environ
ments (e.g., the brain) with high spatiotemporal resolution. However, a 
practical difficulty for any electrochemical sensor is the rapid loss of 
sensitivity in complex biological fluids (such as human serum) due to 
biofouling. Biofouling has been reported for different sensor materials 
such as gold and carbon (e.g., see (Nicolai et al., 2017; Puthongkham 
and Venton 2019; Singh et al., 2011; Vreeland et al., 2015; Weese et al., 
2019)). The development of antifouling coatings that work based on size 
exclusion has become an important and growing field (e.g, see (del Río 
et al., 2019; Vreeland et al., 2015)). Following similar principles, an 
important future research direction for deploying NG micro-sensors in 
complex biological samples is to develop an appropriate antifouling 
coating. 
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S1. Synthesis of nano-graphitic carbon material 

The synthesis of nano-graphitic (NG) carbon followed the same steps described in our previous 

study [1]. Specifically, the synthesis started with patterning micron-size SU8 islands directly on 

SiO2 substrates using electron-beam lithography (EBL). The SU8 islands were then converted 

into a fully sp2 carbon through a carbonization step by annealing the samples at 450 °C in a 

non-oxidizing ambient (80/20 mixture of Ar/H2). Lastly, the solid-state transformation of the 

amorphous carbon island into NG carbon involved the deposition of an ultra-thin nickel layer (<1 

nm) in ultra-high vacuum (base pressure of ∼1×10-10 mbar) followed by annealing at 1100 °C in 

a Ar/H2 (80/20 mixture).  

 

S2. Atomic composition and chemistry of NG micro-sensor surface 

We used x-ray photo-electron spectroscopy (XPS) to study the atomic and chemical 

composition of the sensor surface. Fig. S1a shows the x-ray induced secondary 

electron image (SXI) of a micro-sensor. We used this image to adjust the location of the 

x-ray beam for XPS measurements (the red cross). We note that the x-ray spot size in 

these experiments was comparable to the size of the micro-sensor. As a result, the x-

ray beam in our experiments was impinging both on the micro-sensor and on the SiO2 

mailto:davood@nyu.edu
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substrate. This is obvious from the full-survey XPS scan in Fig. S1b, where there exists 

noticeable carbon (C 1s) and silicon (Si 2s and Si 2p) peaks. 

Next, we analyzed the detailed XPS peaks of each element that are observable in the 

full-survey scan. The analysis of the carbon C 1s peak (Fig. S1c) indicates that the NG 

micro-sensor surface consists of sp2-hybridized C-C bonds. This is evident from both 

the position and the asymmetry of the C 1s peak. This observation is consistent with the 

fully capacitive nature of the background current of the NG micro-sensors.  

The detailed scan for the primary XPS region of Ni (Fig. S1d) showed no detectable Ni 

on the sensor surface. The analysis of the oxygen O 1s peak (Fig. S1e) indicates that 

the primary origin of this peak is SiO2. For this analysis, we considered two Gaussian 

peaks: one oxygen peak for SiO2, located at 532.9 eV, and another oxygen peak for the 

carbonates, located at around 531.3 eV [2]. As shown in Fig. S1e, the single oxygen 

peak of SiO2 provides an excellent fit to the collected O 1s data, indicating no 

detectable carbonates on the surface of the NG micro-sensor. Finally, the detailed scan 

of the silicon Si 2p peak confirms that the x-ray beam extends beyond the micro-sensor 

and over the SiO2 substrate in our XPS measurements.   
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Figure S1: a) X-ray induced secondary-electron image of a NG micro-sensor used for XPS studies. b) 
The full-survey XPS scan showing noticeable Si 2p, Si 2s, C 1s, O 1s and O KLL peaks. c) Detailed 
carbon C 1s peak. d) Detailed scan of primary XPS region of Ni. e) Detailed oxygen O 1s peak. f) 

Detailed silicon Si 2p peak. 

  

S3. Multi-physics numerical simulation 

The simulations were carried out in COMSOL Multiphysics. In our simulations, we used a multi-

physics model including electrostatic and ionic transport. To model the distribution of ions at the 

electrode/electrolyte solution, we used the Stern model. This model is a combination of two 

classical theories proposed by Helmholtz and Gouy-Chapman. Briefly, the Stern model states 

that the charge density on the electrode is balanced by a Helmholtz layer as well as a diffusive 

layer extending into the bulk. Therefore, in our simulation, we divided the electrolyte in two 

parts: a Helmholtz layer and a diffusive layer. 
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We approximated the thickness of the Helmholtz layer by calculating the Debye length of the 

electrolyte, where the Debye length is given by 

𝑘−1 = √
ɛ𝑟ɛ0 𝑘𝐵𝑇

2𝑐0 𝑧
2𝑒2

 

In this equation, ε0 is the permittivity of free space, εr is the dielectric constant of 1X PBS (we 

assumed it to be 80), kB is the Boltzmann constant, T is the absolute temperature (300 K in our 

case), c0 is the bulk electrolyte concentration (around 160 mM in 1X PBS), z2 is the ionic charge 

(we assumed it to be 1) and e is the elementary charge. By plugging these values into the 

above equation, we obtained a Debye length (k-1) of ≈0.75 nm. 

 

S4. UPL dependence measurement results of our NG micro-sensors 

We tested the generalizability of the UPL dependence phenomenon on NG micro-sensors, 

which were fabricated in different runs and under different processing conditions. Specifically, 

those sensors were produced by only varying the nickel thickness between 0.5 nm to 1 nm 

during the NG carbon synthesis. Fig. S2 shows the background current and the cyclic 

voltammogram of eight micro-sensors. Notice that the shape and the amplitude of the 

background current of these sensors do not change by varying UPL. In contrast, Iox,peak of all 

sensors shows strong dependence on UPL—that is, it increases with decreasing UPL. These 

observations indicate that the UPL-induced enhancement of the sensitivity is universal to the 

NG micro-sensors.  

The above characteristics of the NG micro-sensors result in the increase of the sensitivity 

relative to the background charging current (Ibg) by decreasing UPL. Specifically, we refer to the 

ratio of Iox,peak at 1 µM of dopamine to Ibg as the S-B ratio. Table S1 summarizes the S-B ratio of 

the eight NG micro-sensors, which are shown in Fig. S2. 
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Figure S2: The UPL dependence characteristics of the background currents as well as the cyclic 

voltammograms of eight NG micro-sensors.   
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Table S1. NG micro-sensors characteristics.  

Sensor ID Ibg (nA) 
Iox,peak  (nA)         

UPL=0.6 V, [DA]=1 μM 
S-B ratio (nA.µM-1.nA-1) 

S-1 60 12.5 0.21 

S-2 106 29.6 0.28 

S-3 79 24.9 0.31 

S-4 68 21.8 0.32 

S-5 67 21.6 0.32 

S-6 80 26.8 0.33 

S-7 85 28.7 0.34 

S-8 80 28.2 0.35 

 

S5. Effect of the reaction chamber geometry  

We investigated whether the geometry of the reaction chamber influences the UPL dependence 

of the oxidation current by substituting the Y-shaped chamber with a cylindrical one. Fig. S3a 

shows the experimental setup with the cylindrical chamber. In these experiments, we performed 

the voltammetry measurements using the RPS waveform identical to those used for the 

experiments carried out with the Y-shaped chamber (i.e., N-shaped waveform, =200 V/s, 

LPL=-0.2 V, varying UPL ranging from 0.6 V to 1.15 V). The concentration of dopamine solution 

in these experiments was 500 nM. 

Fig. S3b shows the corresponding cyclic voltammograms obtained from these measurements. 

The results show that the amplitude of the redox current is a strong function of UPL. In Fig. S3c, 

we show the summary plot of the normalized peak oxidation current (Iox,peak) against UPL. The 

data points labeled “Cylindrical” were obtained from the voltammograms in Fig. S3b. The new 

data obtained using the cylindrical chamber follow the same linear trend as those obtained 

using the Y-shaped microfluidic chamber. This result shows that the geometry of the reaction 

chamber does not have a noticeable effect on the observed UPL dependence of the oxidation 

current.  

 

Figure S3: a) Photo of the experimental setup, showing the cylindrical reaction chamber. b) Dopamine 
cyclic voltammograms obtained from the experiments using the cylindrical reaction chamber. The data 
indicate that the sensitivity increases by decreasing UPL. c) Normalized Iox,peak plotted against UPL for 
multiple NG micro-sensors. The UPL dependence for the measurements using the cylindrical reaction 
chamber is consistent with those performed using the Y-shaped chamber.  
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S6. Low-concentration measurements of dopamine  

Fig. S4 shows additional measurements for the detection of dopamine at low concentrations.  

These measurements were performed using a read-out circuit made of commercial off-the-shelf 

(COTS) components. Figs. S4a-b show the cyclic voltammograms of dopamine for 

concentrations ranging from 500 nM to 10 nM. The measurements were performed using an N-

shaped waveform with a sweep rate of 400 V/s. The LPL and UPL of the N-shaped waveform 

were -0.3 V and 0.75 V. Fig. S4c shows the corresponding calibration curve, confirming the 

well-behaved characteristics of our NG sensors. Fig. S4d shows the redox currents of dopamine 

measured at 10 and 20 nM plotted against time. The ability to measure low concentrations of 

dopamine is a direct consequence of the high S-B ratio of our sensors.   

 

Figure S4: a) Measured cyclic voltammograms of dopamine for concentrations ranging from 50 nM to 

500 nM. b) Measured cyclic voltammograms of dopamine for 10 nM and 20 nM. c) Calibration curve 

showing the linearity of the NG micro-sensor. The linear fit to the data gives a sensitivity of 70 nA/µM. d) 

Redox current of low-concentration dopamine plotted against time. 
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S7. The quality of calibration curves  

Fig. S5a-b show the calibration curves for two NG carbon micro-sensors along with the 95% 

confidence bands of the linear fits (the red bands). Notice that all data points are well within the 

confidence bands, indicating the excellent linear behavior of our micro-sensors for the 

measured range of dopamine in the calibration curve. Further, the calibration curves have a 

negligible offset (i.e., the intercept with the y-axis). This characteristic is critical for a reliable 

interpretation of sensing measurement data using the calibration curves.   

 

 

Figure S5: Calibration curves for two NG micro-sensors. The curve fitting results confirm the well-

behaved characteristics of the NG micro-sensors. The DA concentration ([DA]) is in units of M. 

 

S8. S-B ratio comparison with other carbon micro-sensors 

Table S2 shows the summary of the sensitivity-to-background (S-B) ratio for a few 

representative state-of-the-art carbon micro-sensors.  

Table S2. S-B ratio comparison of NG micro-sensors with other carbon micro-sensors. For references 
[3,4,6,7], we estimated the S-B ratio by taking the ratio of the oxidation current measured at 1 µM 
dopamine to the background current. 

Material S-B ratio (nA.µM-1.nA-1) Reference 

NG micro-sensor 0.35 This work 

Carbon fiber (P-55) ~0.01 [3] 

Carbon fiber (T-650) ~0.04 [4] 

µIP carbon fiber ~0.04-0.08 [5] 

Carbon nanotube yarn ~0.1 [4] 

Carbon nanospikes ~0.03 [6] 

Nanodiamond coating ~0.07 [7] 
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