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Abstract

Direct laser writing, a nano 3D-printing approach, has enabled fabrication of customized carbon 

microelectrode sensors for neurochemical detection. However, to detect neurotransmitters in tiny 

biological organisms or synapses, sub-micron nanoelectrodes are required. In this work, we used 

3D-printing to fabricate carbon nanoelectrode sensors. Customized structures were 3D-printed and 

then pyrolyzed, resulting in free-standing carbon electrodes with nanotips. The nanoelectrodes 

were insulated with atomic layer deposition of Al2O3 and the nanotips were polished by focused 

ion beam to form 600 nm disks. Using fast-scan cyclic voltammetry, the electrodes successfully 

detected stimulated dopamine in adult fly brain, demonstrating they are robust and sensitive to use 

in tiny biological systems. This work is the first demonstration of 3D-printing to fabricate free-

standing carbon nanoelectrode sensors, and will enable batch-fabrication of customized 

nanoelectrode sensors with precise control and excellent reproducibility.

Graphical Abstract

*Corresponding Author: jventon@virginia.edu. 

Supporting Information
Methods: CAD model of the electrode designs (Figure S1), Detailed fabrication method of 3D-Printed Nanoelectrodes, Pyrolysis, 
SEM, FIB, EDS, Raman Spectroscopy, Atomic Layer Deposition, Parylene Coating, Cyclic Voltammetry and Fast-scan Cyclic 
Voltammetry and Fruit Fly Experiments. Raman Spectra (Figure S2), size and shrinkage measurements of the base of the electrodes 
(Table S1), SEM image of ALD coating (Figure S3) and data of parylene coating (Figure S4), and detection of exogenous dopamine in 
adult fruit fly brain (Figure S5).

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Nano Lett. Author manuscript; available in PMC 2021 September 09.

Published in final edited form as:
Nano Lett. 2020 September 09; 20(9): 6831–6836. doi:10.1021/acs.nanolett.0c02844.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

3D-printing; Carbon; Nanoelectrode; Neurotransmitter; Sensors; Two-photon lithography

Carbon-based electrodes are favored as electrochemical sensors for neurotransmitter 

detection because of their conductivity, biocompatibility, and surface structures, which 

adsorb many electroactive neurotransmitters.1–3 For implantable sensors, a small overall size 

is necessary to reduce tissue damage and nanometer-scale electrodes are required to measure 

neurotransmitters at single vesicles or in synapses.4,5 In addition, many smaller organism are 

now being studied, such as Drosophila, which have brain structures on the scale on microns.
6,7 However, it is challenging to fabricate these extremely tiny electrochemical probes with 

high reproducibility.

In recent years, several approaches have been developed to fabricate carbon nanoelectrode 

sensors for real-time monitoring of neurochemicals. Carbon fibers, with 7–10 μm diameters, 

are the conventional electrode material for real-time monitoring of neurotransmission,8,9 and 

they can be etched to sub-micron scale.10–15 For example, the Huang group developed a 

flame-etched, carbon-fiber nanoelectrode, and used amperometry to monitor vesicular 

exocytosis inside individual synapses.11 The Ewing group used similar methods to fabricate 

carbon-fiber nanotip electrodes, and measured the catecholamine content of single vesicles 

in PC12 cells.12 However, manual etching, either flame or electrochemical,10–13 lacks 

precise control of the size and shape of the nanotip. In addition, insulation is difficult and 

often increases the tip size 2-fold, as they used thicker capillaries or wax.11,13 A different 

design is to make carbon nanopipettes from quartz capillaries as templates, and selectively 

deposit carbon on the inner wall by chemical vapor deposition.16–19 Our group used carbon 

nanopipette electrodes to characterize dopamine in Drosophila.16 To expose the carbon 

nanotip, the end of quartz capillary was wet-etched by hydrofluoric acid, but this method 

also lacks precise control of the length of the carbon nanotip. Thus, better methods are 

needed for high precision and reproducible batch manufacturing of nanoelectrodes, and a 

precise insulation method is required to insulate while maintaining the overall size in 

nanoscale.
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The development of nano 3D-printing, or direct laser writing, enables a completely new 

approach to fabricate tiny structures. Customized patterns are printed in polymerized 

photoresist by a focused, ultrashort, pulsed laser that directly writes by causing 

polymerization within a small volume (a voxel) of the photopolymer due to two-photon 

absorption.20–22 Then the volume not exposed to laser is removed by a developer bath, 

leaving the designed, polymerized structure.23 Pyrolysis turns the polymerized photoresist to 

carbon, providing a glassy-carbon-like surface, which is beneficial for electrochemical 

applications.24,25 During pyrolysis, the polymer shrinks while retaining the geometry. The 

shrinkage is up to 80% in size, which further improves the resolution of 3D direct-laser-

written structures.25,26 Direct laser writing usually requires a large substrate to write on, and 

adaptation to printing free-standing nanostructures remains difficult because you must create 

a connection between the printed structure and free-standing substrate, and also because of 

the deformation during pyrolysis.25,26

In this work, we used direct laser writing for the first time to 3D-print free-standing carbon 

nanoelectrodes and used them as implantable sensors for neurotransmitter detection. The 

free-standing nanotip was directly 3D-printed onto metal wires, and carbonized by pyrolysis. 

The carbon nanostructures were further insulated by atomic layer deposition of Al2O3, and 

polished to disk-shape by focused ion beam. The carbon nanoelectrodes exhibited promising 

electrochemical activity, and were used for the detection of dopamine in adult fruit fly 

brains. The novel fabrication method enables fabrication of carbon nanoelectrodes in a 

precisely controlled, highly reproducible manner, and it has promising potential for rational 

design of nanoelectrodes for different applications.

Figure 1 shows the procedure for fabricating the carbon nanoelectrodes. The workflow was 

adapted from our previous work to fabricate 3D-printed microelectrode sensors.24 Metal 

wires were immobilized on a silicon chip, and a droplet of the IP-S photoresist added to 

cover the wires. Two-photon lithography was performed by Photonic Professional GT 

(Nanoscribe, Gmbh.) direct laser writing system, and SU-8 developer was used to remove 

the volume not cross-linked. The printed structure is micron-scale at the base, to attach to 

the wire, and sub-micron at the end of the long tip (Figure 1a and Figure S1).24 The polymer 

structures are pyrolyzed by rapid thermal processing (Figure 1b), resulting in a glassy-

carbon-like surface. The structure shrinks about 3-fold in size during pyrolysis, while the 

geometry is retained. Then a 100 nm layer of Al2O3 is coated using atomic layer deposition 

(ALD) to insulate the electrodes (Figure 1c). The very end of the nanotip is milled away by 

focused ion beam (FIB) under scanning electron spectroscopy (SEM), creating disk-shaped 

carbon nanoelectrodes (Figure 1d).

The 3D-printed electrodes were characterized by SEM (Figure 2). We designed a conical 

structure to form the nanotip with a larger cylindrical base to connect to the metal wire. Two 

types of structures, a conical geometry (Geometry 1, Figure 2a) and sharper, more tapered 

cone (Geometry 2, Figure 2b) were fabricated to prove the feasibility of tunable geometry. 

Table S1 lists the parameters at the base, which show they the printed structures are very 

close to the design. After pyrolysis, the structures shrank about 3-fold (Table S1), while 

maintaining the geometries (Figure 2c,d), similar to previous work with the same 

photoresist.24,27

Cao et al. Page 3

Nano Lett. Author manuscript; available in PMC 2021 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Table 1 gives the tip properties for the two geometries, including the angle of the tip and the 

tip width. Geometry 1 is less tapered than geometry 2, thus those electrodes have a larger 

apex angle. After pyrolysis, the apex angle was not significantly different (unpaired t-test, p 

< 0.001), indicating the geometry was not changed. The size of the tip is approximately 500 

nm as printed, which matches the resolution we used to print it (500 nm between printing 

layers). The tip shrank about 2-fold during pyrolysis, so the carbon tip size (260 nm) is 

smaller than the printing size.

One limitation to fabricate more tapered nanoelectrodes is the structural stability during 

pyrolysis. When the 3D-printed polymerized structure reaches the nanometer-scale, curling 

happens due to asymmetric strains caused by nonuniform laser exposure.28,29 Here, the 

tapers were optimized to prevent curling, and in the future it could be prevented by mounting 

the structures with spatial restrictions.30

Raman spectra were collected to prove the structures were fully carbonized (Figure S2). The 

existence of both D band (~1340 cm−1) and G band (~1580 cm−1) indicates the surface is 

amorphous carbon.31 The high D/G ratio reveals an edge-plane rich surface, which is 

beneficial to neurochemical detection.32,33 The two different geometries of carbon 

electrodes show similar D/G ratios, indicating the surface structure of the pyrolyzed carbon 

is not dependent on the geometry designed.

To insulate the carbon structures to form nanoelectrodes, we used ALD to coat the 

electrodes, and then used FIB to remove the tip to make a disk-shaped nanoelectrode. 

Plasma-assisted ALD was performed using trimethylaluminum (TMA) as precursor,34 and a 

100 nm thick Al2O3 layer was uniformly coated onto the entire structure (Figure S3). Then 

the very end of the nanotip was milled by FIB to expose a carbon nanodisk. Figure 3 shows 

the SEM images during the polishing process. Two electron detectors, a normal SEM 

detector and a detector to conduct FIB, were aligned at 52° (Figure 3a) and both of them 

were used to acquire SEM images. Figure 3b and Figure 3c show the SEM images using FIB 

detector, which was vertical to the nanotip samples. The tip was milled away where the 

diameter was measured at 600 nm (Figure 3a,b), removing the carbon and aluminum coating 

(Figure 3c). Figure 3d and Figure 3e show the images taken by SEM detector, revealing the 

carbon nanodisk after milling. For each sample, the average FIB milling time is less than a 

minute. The average diameter of the carbon disk was 590 ± 70 nm (n = 4), which matches 

with our pre-set value of 600 nm. The tip size can be customized by choosing the milling 

position.

To prove the effectiveness of the ALD coating and FIB polishing, we collected element 

mappings of the nanoelectrodes using energy dispersive spectroscopy (EDS). We mapped 

the element distribution around the electrode nanotip (Figure 3f), including aluminum 

(Figure 3g), oxygen (Figure 3h), and carbon (Figure 3i). Aluminum and oxygen were 

located on the side, indicating the Al2O3 coating was effective and uniform. Carbon was 

located mostly on the nanodisk, where carbon was exposed after FIB polishing. There was 

also a trace of carbon on the side coating, probably due to the carbon residue in the 

trimethylaluminum precursor during the ALD coating step.35 We also performed cyclic 

voltammetry to examine the coating, using the typical surface-insensitive compound 

Cao et al. Page 4

Nano Lett. Author manuscript; available in PMC 2021 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ru(NH3)6Cl3.2 There was no faradaic current response before FIB polishing, indicating the 

Al2O3 insulation layer was effective. After FIB polishing, the cathodic current was about 

200 pA for 10 mM Ru(NH3)6Cl3, comparable to results from previous research on carbon-

fiber nanotip electrodes.11,36

While we used Al2O3 as the primary insulation strategy, we also explored insulation by 

parylene.37 Parylene was coated with vacuum deposition to a thickness of 130 nm. The 

parylene coated electrodes showed similar results as Al2O3 coated electrodes (Figure S4), so 

parylene can be used as alternative. Parylene is also biocompatible.38

The carbon nanoelectrodes were characterized by fast-scan cyclic voltammetry (FSCV), 

which is a standard technique for real-time measurement of neurotransmitters. Figure 4a 

shows a typical background charging current,9 which is smaller than 1 nA. Carbon-fiber 

microelectrodes typically have background currents in the hundreds of nA, indicating that 

the surface area of this electrode is much smaller than typical electrodes. Similarly, the 

background-subtracted current for 10 μM dopamine is also much smaller than CFMEs 

(Figure 4b). Dopamine is oxidized to dopamine-o-quinone around 0.6 V and the reduction 

occurs around −0.1 V,9 and the CV shape is characteristic of dopamine at carbon electrodes. 

The limit of detection (LOD) for dopamine was 177 ± 21 nM (n = 5). Current is proportional 

to surface area, so the LOD for the 3D printed nanoelectrode is larger than LOD of a carbon 

fiber (20 ± 4 nM) or 3D-printed microelectrode (11 ± 1 nM).24 Also, the dopamine current is 

so small that the normal FSCV potentiostat is not optimized to detect it, as the lowest current 

detectable is 1 pA. Future improvements in electronics might also reduce the LOD. 

However, this LOD is acceptable to detect stimulated dopamine in animal brains,39,40 

especially since smaller electrodes can get closer to the release site such as synapses, where 

concentrations are higher.41

Figure 4c shows dopamine current increases linearly with scan rate, indicating the kinetics 

are controlled by adsorption.9 Figure 4d–e shows dopamine anodic current is linear with 

concentration up to 50 μM. At concentrations above 50 μM, the electrode surface is 

saturated with adsorbed dopamine, so the kinetics are controlled by diffusion.32 To test the 

stability of the nanoelectrodes, 10 μM dopamine was detected every half an hour over a 5 h 

time period, while the FSCV waveform was continually applied (Figure 4f). Anodic peak 

current did not significantly change during the time period, so electrodes are stable for the 

length of typical biological experiments.

To prove the 3D-printed nanoelectrodes can be used for measurements of neurotransmitters 

in tiny biological systems, we used nanoelectrodes to detect dopamine in mushroom body of 

adult Drosophila. One neuropil of the mushroom body is about 10 μm wide so the typical 7 

μm carbon fiber electrodes could destroy or displace the tissue.6 The electrode was 

positioned at the corner of the mushroom body of a dissected out adult brain, and a 

micropipette was inserted at the same depth but approximately 10−15 μm away from the tip 

of the electrode (Figure 5a).42 Figure S5 shows the detection of exogenously-applied 

dopamine from the pipette. At 5 seconds, exogenous dopamine was applied and the peak 

current increased dramatically, then slowly decayed due to diffusion and uptake. Figure 5 

shows stimulation of endogenous dopamine release by acetylcholine, with a false color plot 
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that shows all the data (Fig. 5b). Time is on the x-axis, potential is on the y-axis and current 

is shown in false color. The green color represents oxidative current while the blue color 

represents reduction current. Figure 5c shows a concentration versus time trace, collected by 

taking a horizontal trace on the false color plot at oxidation peak. At 10 seconds, 2 pmol 

acetylcholine was applied and dopamine current rose immediately after the stimulation. 

Figure 5d shows a characteristic cyclic voltammogram for dopamine. The detection of 

dopamine in adult fly brain demonstrates the 3D-printed nanoelectrodes are implantable in a 

tiny biological environment in vivo, and they are sensitive enough to detect endogenous 

dopamine release.

This is the first time 3D-printing was used to fabricate implantable carbon nanoelectrodes. 

3D-printing enables fully customizable electrode geometry with precise control, allowing 

rational design of nanosensors to adapt to complex biological environment. In contrast, 

current methods for making nanoelectrodes such as electrochemical and flame etching are 

not precise,11,14 and cannot achieve customizable, reproducible geometries. The aluminum 

oxide insulation method is also novel because it facilitates nanoscale insulation, so total tip 

size is still small. The nanoscale electrode tip allows the measurement of neurotransmitters 

in small organisms, such as Drosophila, which has brain structures that are only 10 μm wide. 

In the future, 3D-printed nanoelectrodes would be useful to detect neurochemicals at single 

cells or near synapses. The design can be optimized to decrease the nanotip size or the apex 

angle, and nanostructures could be mounted with spatial restrictions to solve some problems 

with deformation during pyrolysis.30 In addition to fabrication neurochemical 

electrochemical sensors, 3D printing fully-customized nanoelectrodes is an innovative 

platform, leading to broad applications.43,44 For example, 3D printed nanoelectrodes would 

be useful as scanning electrochemical microscopy (SECM) tips in electrochemical 

imaging45 or for investigating catalytic responses of atom clusters.46

In summary, we have successfully fabricated free-standing 3D-printed carbon 

nanoelectrodes, and characterized them for dopamine detection. The electrodes were fully-

customizable in size and geometry, and batch-manufacturing was highly reproducible. We 

demonstrated an insulation strategy of ALD of Al2O3, followed by FIB to polish the 

electrode into a nanodisk. The pyrolyzed tips of the carbon nanoelectrodes were about 260 

nm at the nanotip, and they were polished to disk nanoelectrodes with a diameter of 600 nm. 

Pyrolyzed carbon from cross-linked photoresist is electroactive for neurotransmitter 

detection, and the 3D-printed nanoelectrodes are robust for implantation into tissue. We 

successfully used the nanoelectrode to detect dopamine in adult fruit fly brain. Overall, 3D-

printing is a promising strategy to fabricate nanoelectrodes sensors as implantable neural 

devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration for the fabrication of 3D-printed carbon nanoelectrodes.
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Figure 2. 
SEM images of 3D-printed structures. Before pyrolysis: a) 3D-printed normal conical 

geometry (G1), b) 3D-printed sharper conical geometry (G2). After pyrolysis: c) Carbonized 

G1 and d) Carbonized G2. Inset: zoomed in SEM images around the nanotips.
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Figure 3. 
FIB polishing. a) Illustration of sample setup. FIB detector is vertical to the nanotip sample, 

and SEM detector has an angle of 52 degree with FIB detector. FIB detector view: b) before 

FIB polish, c) after FIB polish; SEM detector view: d) before FIB polish, e) after FIB polish. 

f) Zoomed in SEM image of electrode nanotip, g-i) EDS element mapping of g) Aluminum, 

h) Oxygen and i) Carbon. j) Cyclic voltammogram of the nanoelectrodes before and after 

FIB polishing in 10 mM Ru(NH3)6Cl3. Scan rate =100 mV s−1.
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Figure 4. 
FSCV study of 3D-printed nanoelectrodes. a) Background current. b) Background-

subtracted current of 10 μM dopamine. c) Dopamine current is linear with scan rate (R2 = 

0.9952, n = 3). d) Dopamine current when concentration is varied from 10 μM to 150 μM (n 

= 3). e) Dopamine current is linear with concentration up to 50 μM (R2 = 0.9947), f) 

Stability test. 10 μM dopamine was injected every 0.5 h for 5 h (n = 3).
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Figure 5. 
Detection of endogenous dopamine in adult fruit fly brain. a) Microscopy image of adult 

brain with the 3D-printed nanoelectrode and a micropipette loaded with acetylcholine. b) 

False color plot of dopamine detected after acetylcholine (2 pmol) stimulation. c) Current 

response over time for dopamine during stimulation. d) Cyclic voltammogram of the 

stimulated dopamine.
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Table 1.

Size and shrinkage measurement of the electrode tip.

Apex angle, printed (°) Apex angle, pyrolyzed (°) Tip size, printed (nm) Tip size, pyrolyzed (nm)

G1 27.4 ± 0.4 29.2 ± 1.7 505 ± 22 288 ± 17

G2 19.8 ± 0.5 20.2 ± 1.6 500 ± 35 261 ± 29

Values are mean ± standard error of the mean, n = 6.
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