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Abstract

Carbon fiber microelectrodes (CFMEs), with fast-scan cyclic voltammetry (FSCV), are
commonly used for the real-time tracking of neurotransmitters in vivo. CFs can detect multiple
electroactive analytes, such as dopamine, but they are limited in the trapping of analytes and
the prevention of fouling and biofouling. This dissertation aims to overcome the limitations of
CFs by investigating different carbon-based electrode sensors, including the growth of carbon
nanomaterials and graphitization of polymer via rapid thermal processor (RTP) and laser, and
their applications for in vivo recording of neurochemicals.

Chapter 1 covers the fundamental theories and recent developments of
electrochemically neurochemical detection, nanofabrication methods, and laser-induced
graphene with MEMs. Chapter 2 studies the surfaces of carbon nanospike-modified electrodes
(CNSMEs). Rich surface defect sites and oxygen functional groups promote neurochemical
adsorption and prevent fouling and biofouling. Chapter 3 explores the fabricated nanolayers of
graphite from a commercial polymer, parylene. Induced graphite from parylene via rapid thermal
processor (RTP) possesses good electrical conductivity and enables electrochemical detection
of neurochemicals and in vivo tracking of dopamine and adenosine. Chapter 4 describes the
method to graphitize parylene with the Nanoscribe laser, which is commonly used for the
fabrication of 3D-printed structures. A single-channel Microelectromechanical systems (MEMs)
chip was developed and combined with laser-induced graphene from parylene for dopamine
detection. Finally, challenges and future directions using multiple-channel MEMs chips and
nanofabrication techniques for electrode sensor fabrication are addressed in Chapter 5.

Overall, my dissertation focuses on various fabrication methods of carbon sensors and
MEMs development for neurotransmitter detection. The fundamental studies indicate that rich
defect sites and oxygen functional groups benefit the prevention of fouling and biofouling. This
work may benefit the further investigation of multiple-channel MEMs, with various electrode

nanomaterials, for the co-detection of neurotransmitters.
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1.1 Neurochemical Detection with Fast-Scan Cyclic Voltammetry

1.1.1 Neurochemical Detection

Information is transferred between neurons through a process known as
neurotransmission. Neurotransmitters are generated by neurons and then released via
exocytosis.! However, when the neurons are degraded, a lack of neurotransmitters could lead to
cognitive dysfunctions, such as Parkinson’s disease and Alzheimer’s disease.?*® Released
neurotransmitter concentrations in the brain are about 0.1 — 1 yM and neurochemicals are
rapidly clearly through cell reuptake.*® Therefore, it is an extreme challenge to monitor
neurochemicals. It is necessary to have techniques that can fast, sensitively, and selectively
monitor the released neurotransmitters in the extracellular space.

Two categories of neurochemicals can be electrochemically detected, low- and high-
potential analytes. Low-potential analytes can be oxidized within a potential range, of -0.4 V to
1.3V, such as dopamine (DA) and serotonin (5-HT).5-® Dopamine, a catecholamine, serves as a
neurotransmitter involved in the regulation of human body movement and cognitive behavior.
The formal dopamine potential is + 0.2 V vs. Ag/AgCIl. When the applied voltage exceeds
dopamine formal potential, two-electron and two-proton transfers will happen to dopamine and
oxidize to dopamine-o-quinone, which can be reduced back to dopamine when applying
negative potential. Typically, the switching potential of the triangular waveform is much higher
than the dopamine formal potential, but no polymerization usually takes place for dopamine. A
higher potential range, -0.4 V to 1.45 V, is needed to induce the oxidation of high-potential
analytes, such as adenosine (AD) and histamine (HA).®'° Adenosine is a derivative of
adenosine triphosphate (ATP), which provides energy for body movement. Adenosine is
involved in the regulation of vasodilation and sleep and the synthesis of AMP, ADP, and ATP.""-

'3 Adenosine undergoes three oxidation processes although the tertiary oxidation peak is



usually not visible during electrochemical detection. The primary and secondary oxidation
potentials are about 1.40 V and 1.0 V."

Serotonin and histamine are involved in mood and depression regulation and brain and
immune system regulations. Serotonin undergoes a single oxidation step, with an oxidation
potential similar to dopamine. Histamine undergoes two oxidation processes, located at 0.8 V
and 1.4V, taking place on histamine molecules.'®'5'® Both of these two neurochemicals are
polymerized during electrochemical detection. Polymerized molecules can attach to the
electrode surface and block active sites. Therefore, detection sensitivity will correspondingly
decrease.?'*'" In long-term animal model testing, biofouling originates from protein covering
and can dramatically reduce the electrochemical performance.'®

Rapid adenosine release occurs in the prefrontal cortex, striatum, caudate-putamen, and
hippocampus and can regulate neurotransmission or blood flow.' There are two types of rapid
adenosine release observed in mice, spontaneous release and mechanical stimulation. A4
receptors modulate transient adenosine release, which is more frequent in the caudate
putamen, than in the prefrontal cortex.'> When adenosine is spontaneously released in the
brain, the event frequencies in the striatum and hippocampus are higher than the ones in the
prefrontal cortex. However, the magnitude of released adenosine concentration per event is
greater in the striatum compared to the prefrontal cortex.' In general, the concentration induced
by mechanical stimulation and the frequency of spontaneous release in the hippocampus is high
and the cortex behaves adversely to the hippocampus. Mechanically stimulated adenosine
release is typically higher than spontaneous release, and additional adenosine receptors can be
activated to provide neuroprotection.'®

Carbon electrodes are commonly used for in vivo neurotransmitter detection. On the
electrode surface, neurochemicals will undergo realignment and adsorb to the electrode
surface.?® To enhance the detection sensitivity, promoting analyte adsorption is essential. Also,

carbon sensors should be designed to minimize fouling and biofouling issues, ensuring long-
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term and sensitive in vivo tracking. Fig.1.1 illustrates methods to fabricate carbon sensors,
including plasma-enhanced chemical vapor deposition (PECVD), pyrolysis through rapid
thermal processing (RTP), and laser-induced-graphitization.?'22

Carbon Fiber Microelectrode (CFME)

Carbon Fiber (CF)

Chemical Vapor Deposition (CVD)

Plasma Enhanced Chemical Chemical Vapor Deposition (CVD)
Vapor Deposition (PECVD) Rapid Thermal Processor (RTP)
Nanoscribe Laser (~ 390 nm)

Carbon Nanospikes (CNSs) Pyrolyzed Parylen-N (PPN) Laser-Induced-Graphene (LIG)

Figure 1.1 Fabrication methods for carbon electrode sensors.?'22 - Published by Analytical and

Bioanalytical Chemistry and ACS Electrochemistry.
1.1.2 Fast-scan cyclic voltammetry fundamentals

Fast-scan cyclic voltammetry (FSCV) is an electrochemical method that originates from
traditional cyclic voltammetry (CV) and provides a high temporal resolution.'?*?* FSCV
commonly uses a scan rate of 400 V/s to monitor the real-time release of neurotransmitters. A
key feature distinguishing FSCV from traditional CV is background current subtraction, due to its
higher scan rate.?® On the electrode surface, positively and negatively charged ions are
separately aligned, forming an electric double-layer. Background current magnitude is
proportional to the active surface area. In phosphate-buffered saline (PBS) buffer, commonly

used for FSCV detection, there is a solution resistance (Rs) caused by the resistance to ion
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movement. The potential applied on the electrode surface increases with the application of scan
rate (v) according to E = vt. The solution resistance (Rs) and electrode surface capacitance (Cq)
make up an RsCq circuit, where the potential follows the change equation, vt = Rg(dqg/dt) + q/Cq,
with the time. The equation, i = vCq [1 — exp(-/RsCq)] when g = 0, t = 0, is used to calculate the
current change.?° The involvement of two factors, large scan rate, and surface area, contributes
to the large magnitude of background current, which originates from the electrical double
layer.?® The induced Faradaic current from neurochemical oxidation is much less than the
background current, meaning the Faradaic current is often difficult to detect when combined
with the background current. To obtain a CV graph of neurotransmitters, background-current
subtraction is usually performed.

There are some differences between traditional CV and FSCV. Firstly, the analyte
oxidation potential detected in FSCV is usually higher than in CV, as FSCV uses a higher scan
rate. Therefore, within the same period, FSCV provides a higher potential to oxidize all
accumulated neurotransmitters on the electrode surface and generate a Gaussian oxidation
peak. FSCV possesses a higher AEp, the difference between oxidation and reduction
potentials, than CV.?® In traditional CV, neurotransmitters are not fully consumed after switching
potential, as diffusion brings more analyte to the surface of the electrode. Therefore,
neurochemical oxidation and reduction peaks are duck-shaped.?° Thirdly, the ratio of reduction
and oxidation peaks is 1.0 in traditional CV as there is enough time for oxidized and reduced
neurotransmitters to be detected on the electrode surface. In FSCV, for neurochemicals that
can be oxidized and reduced, the ratio of reduction and oxidation peaks is less than 1.0 as the
affinity of oxidized analytes is usually lower than reduced neurotransmitters as much less time is

allowed for them to be adsorbed on the electrode surface.
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Figure 1.2 FSCV detection of DA (A) Dopamine waveform at 10 Hz. Potential ranges from -0.4
V to 1.30 V. (B) CV graph of background and 1 yM DA and CV graph of 1 yM background-

subtracted DA (C) DA oxidation mechanism
Two common types of triangular waveforms are used in electrochemical detection: (1)

the dopamine waveform (-0.4 V to 1.3 V) and (2) the adenosine (AD) waveform (-0.4 V to 1.45
V). The dopamine waveform, at 10 Hz, is shown in Fig. 1.2. When holding the potential at -0.4
V, analytes start accumulating on the electrode surface via adsorption in 91.5 ms as most of
them are positively charged at physiological pH, 7.40. Each electrochemical scan takes 8.50 ms
to induce the oxidation and reduction of neurochemicals. Since the scan rate of FSCV is much
higher than CV, the background current, which originates from double-layer charging, is
significantly larger than the Faradaic current when oxidizing analytes. Consequently, dopamine
Faradaic current is hard to distinguish when combined with the background current. To get a
visible adenosine CV graph, background subtraction is necessary, as shown in Fig. 1.2. The
dopamine waveform can continuously activate the electrode surface by breaking chemical

bonds and provide a more reactive surface, which helps resist fouling and biofouling. '826:27
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1.1.3 Neurochemical detection with carbon fiber microelectrodes

Carbon fibers (CFs) are made from polyacrylonitrile (PAN) by spinning the polymer into
a fiber.62%2° CFs are usually shaped into needle electrodes with a vertical puller and the length
of CF is controlled around 10-50 um for electrochemical detection. CFs exhibit good
electrochemical performance and are used for neurochemical tracking in animal testing, such as
mice, rats, and fruit flies (Drosophila). The diameter of CFs, approximately about 7 um, allows
them to prevent major damage to the brain tissue.3*32 There are rich defect sites on the CF
surface, and they help partially trap the analytes. Additionally, CFs also possess more oxygen
functional groups compared to glassy carbon. These functional groups promote the adsorption
of neurotransmitters- particularly catecholamines, which are positively charged at a
physiological pH, of 7.40.2533-35 Due to the electrostatic force between oxygen functional groups
and catecholamines, the detection sensitivities can be enhanced.?”*¢ However, a limitation of
CFs is that their smooth surface does not favor the trapping of analytes.®” Besides, the CF
surface cannot resist the polymer and protein attachments due to -1 stacking.'*'®

CFs can be modified by physically depositing various types of carbon nanomaterial onto
the surface via dip-coating and drop-casting. One example of such a modification is the
deposition of nanodiamonds (NDs). ND-modified CFMEs present anti-fouling properties and
enhanced detection sensitivities.3*3® However, these methods cannot guarantee uniform and
complete deposition of ND, limiting the improvement in electrochemical performance. Other
carbon nanomaterials have also been explored for electrochemical applications to figure out
their unique properties. For example, carbon nanotubes (CNTs) with higher surface roughness
are particularly effective in trapping neurochemicals, leading to a 1:1 ratio of oxidation and
reduction currents — a phenomenon known as the thin-layer effect.3*-*' Carbon nanomaterials,

such as carbon nanospikes (CNSs), can be deposited on etched metal wires via chemical vapor
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deposition (CVD) to reduce the electrode size substantially and guarantee a uniformly and

completely coated surface, making them more suitable for animal studies.
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Figu‘re 1\3 (A) Basal and edge planes of graphitic materials (B) Carbon nanotube (CNT) (C)
Carbon nanospike (CNS)
1.2 Fabrication and Characterization of Carbon-Based Electrodes
1.2.1 Plasma-enhanced chemical vapor deposition

PECVD technique can be used for coating development, such as the temperature-
sensitive substrates, as it allows for deposition at temperatures ranging from 400-2000 °C down
to room temperature.*?=** Electric fields are commonly used to generate plasma — reactive
species are created by breaking the bonds in organic gaseous molecules with direct current
between two electrodes. Unlike thermal CVD, PECVD operates at lower temperatures for
nanomaterial fabrication, such as carbon nanodiamonds and carbon nanotubes (CNTs).
PECVD also offers a catalyst-free method for carbon nanomaterial growth, such as carbon
nanospikes, which are sp2-hybridized and defect-rich.25*3 In the synthesis of carbon nanospikes,

metal wires aligned on a stainless-steel stage are used as cathodes. 100 sccm ammonia and 80

sccm acetylene at 6 Toor pressure and 650 °C are injected for 6 min into a custom-built DC
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PECVD chamber. 500 mA, 0.23 kW, and 480-550 V are set as the DC plasma discharge
parameters.
1.2.2 Chemical vapor deposition

Chemical vapor deposition (CVD) encompasses many types, including low-pressure,
ultra-high vacuum, and microwave-assisted CVD.*45-47 CVD is widely used for carbon material
synthesis and utilizes gaseous or vapor precursors that react at the substrate interface form a
deposited layer. CVD employs bottom-up or top-down approaches to synthesize nanomaterials,
like CNTs.%8-%0 This method is known for its ability to produce uniform and high-purity products.
Polymer coating, such as parylene, can be deposited on various substrates with the CVD
technique. The parylene coating occurs in a parylene coater. Under vacuum conditions, the
coater heats [2, 2] paracyclophane powder, the precursor, to 150 °C for obtaining gaseous
dimer. The temperature is then increased to 650 °C to break dimers into a monomer state, para-
xylene. Gaseous monomers will deposit on the substrate when the temperature is reduced to
room temperature, 25 °C. The application of gaseous monomer can guarantee the uniformity of
parylene coating.®'->3 Various amounts of precursor can be loaded in the parylene chamber to
achieve coating ranges from nanoscale to microscale. Niobium wires can be used as the
substrate for parylene coating and further annealed with RTP for carbonization and fabrication
of carbon sensors.

Poly(p-xylene), which is known as parylene, is a benzene-rich polymer and possesses
chemical inertness, flexibility, and transparency. Parylene is frequently used to coat electronics
to insulate their surfaces.?*® Previously, parylene was also applied to 3D-printed structures for
nanoelectrode fabrication. Parylene coating has been compared to PDMS, glass, and optically
clear virgin polystyrene for the analysis of protein adsorption and cell adhesion.*® Generally,
parylene resists cell adhesion, but after the treatment of oxygen plasma, microscale features
and patterns can be created on the thin film. The modified parylene is suitable for cellular co-

culture and tissue barrier models with its biocompatibility.>” Parylene’s flexibility also makes it a
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promising material for the microfabrication of flexible devices. There are several parylene
derivatives — N, C, D, VT4, HT, and AF4.58 Among these, parylene-N and C are the most

commonly used for microelectronic and medical coating applications.

Parylene Mass (g) Deposited Thickness after Thickness after
Type Thickness (nm) Hot plate (nm) Pyrolysis p(nm)
N 1 286 117 86
N 6 1800 650 191
N 12 3500 750 489

Table 1. Parylene-N coating thicknesses with different loaded amounts.

RTP is used to anneal parylene coatings and induce pyrolysis through various
temperature profiles. Different annealing recipes can be applied, such as (1) 350 °C in an air
atmosphere for 10 min (2) 600 °C in an argon atmosphere at 9 Torr for 15 min (3) 950 °C in an
argon atmosphere at 1 Torr for 15 min.%® Heating parylene at 350 °C in an air atmosphere
results in the coating shrinkage and the incorporation of oxygen into the parylene structure while
breaking polymer bonds in the meantime. The subsequent RTP steps will continuously shrink
parylene thicknesses, as shown in Table 1, and ultimately pyrolyze polymer coating step.%%¢°
Pyrolyzed parylene on Nb wires can then be fabricated into microelectrodes for electrochemical

detection.

1.2.3 Photolithography

Photolithography (optical lithography) is a microfabrication technique that creates a
pattern, designed on an optical mask, onto a substrate coated with a photoresist. There are two
main types of photoresists — positive- and negative-photoresist. They react differently when
reacting with light: (1) positive photoresist does not crosslink with the contact of light (2)
negative photoresist will get crosslinked when light covers the coating.%"52 One commonly used
negative photoresist is SU-8, and the process of C-MEMs patterning is illustrated in Fig. 1.4.

SU-8 can be uniformly spin-coated on the substrate, usually Si chips. When the optical mask is
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aligned with the coated substrate, UV light is applied to crosslink exposed photoresist.
Unexposed photoresist remains soluble and the developer will rinse the residue away.%%-%4
Crosslinked photoresist will be kept on the substrate and can be used for further processing,
including pyrolysis. Therefore, the fabrication of integrated chips and microfluidic chips can be
finished with photolithography. However, the diffraction limit of light is the controlling factor for
photolithography. Another limitation of photolithography is the shadow effect when utilizing a

curved surface.6263

A) Photoresist Coating

B) UV Exposure

0

C) Developing

D) Pyrolysis

Figure 1.4. lllustration of C-MEMs for 3D carbon array structure fabrication

1.2.4 Direct Laser Writing
Different complicated structures, which are designed with COMSOL software, can be

fabricated with 3D printing techniques. Traditional 3D printing is not suited for the tracking of

17



neurotransmitters released in the brain as the resolution is too large (usually in the tens of
microns to millimeters). Oversized structures can cause significant damage to the brain tissue.
In contrast, the 3D nanoprinting technique of direct laser writing can achieve a much higher
resolution, down to 100 nm.®° Another advantage of 3D nanoprinting is that metal wires can be
utilized as substrates to develop implantable sensors.5¢

This technique allows precise polymerization of IP-DIP or IP-S photoresist.®”%° When
the photoresist is crosslinked using a focused laser, the printed structure remains intact on the
substrate. The residual, unpolymerized photoresist is then removed by rinsing with the SU-8
developer. Following the printing process, 3D structures are subjected to pyrolysis through rapid

thermal processing (RTP), resulting in a glassy-carbon-like surface.”® The development of
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microelectrodes and nanoelectrodes using 3D nanoprinting has been successful, with most
structures maintaining their original form. However, the limitation of these electrodes is that the
electrode tip is usually blunt and short. Further designs and optimizations, which are shown in
Figure 1.5, are needed for the fabrication of nanoelectrodes with long and thin tips for
neurochemical detection in small organisms, like Drosophila (fruit fly). Figure 1.5 shows
designed structures with the application of pulling force generated on the bridge between two
printed blocks when annealing with RTP. This optimization test provides a set of parameters for
the generation of carbon nanoelectrodes that possess long and thin tips in the nanoscale and
successfully induce dopamine detection in the ventral nerve cord (VNC) of fruit flies.”
Figure 1.5 Block and bridge structures printed on a silicon wafer with varying bridge diameters,
bridge lengths, and block sizes.”® — Published by Angewandte Chemie
1.2.5 Oxygen-plasma treatment

Oxygen plasma treatment achieves the introduction of oxygen functional groups onto the
surface of carbon-based materials when exposing them to a charged oxygen as flow.”"72 These
functional groups, particularly oxygen-related defect sites, promote the adsorption of
neurotransmitters, thereby enhancing detection sensitivities. Additionally, increasing the density
of states (DOS) can facilitate electron transfer on the electrode surface, which is observed as a
reduction in the oxidation-reduction potential difference, AEp.2573 Various carbon nanomaterials
have been treated with oxygen plasma to enhance neurochemical detection. The oxygen
functional groups also prevent the attachment of analyte polymer and protein in the brain tissue,
which are known as fouling and biofouling, respectively. Instead of adding oxygen functional
groups, oxygen plasma can also be applied for etching oxygen functional groups away from the
material surface. For example, carbon nanodiamond is a sp3-rich carbon material that is usually
utilized for neutron acceleration.?*3® However, the application of carbon nanodiamonds in

electrochemical detection is not appropriate as the conductivity of this nanomaterial is not as
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great as glassy carbon, which is sp2-rich. To recover the conductivity, carbon nanodiamond is
etched by oxygen plasma to remove a layer of oxygen functional groups to expose sp? carbon.
Furthermore, oxygen plasma treatment is effective for cleaning contamination from
material surfaces. For example, oxygen plasma can clean Nb wires for the construction of 3D-
printed structures with surface etching. Therefore, this etching technique can be applied to
shrink the size of carbon materials. Previously, we designed a method for the generation of 3D-
printed nanoelectrodes with the application of pulling force.”® However, this method requires a
complicated structure is time-consuming, and the overall electrode size is still about 800 nm. To
reach the nano size for neurochemical recording in the cell or synapse, oxygen plasma can be
used to etch 3D printed structures to guarantee nanoelectrode generation while retaining long

and thin tips.

1.2.6 Surface functional groups and surface structures

Graphitic materials consist of basal and edge planes, where sp2-carbon and sp3-carbon
atoms are respectively located. The basal planes are known for their good electrical
conductivity, which is beneficial during FSCV detection. Multiple layers of graphene are included
in the carbon materials. This structural information can be characterized by Raman spectra,
which is shown as D (~1340 cm™) and G (~1580 cm™) bands.” With peak calculations of 2D
peak (~2800 cm™') area, graphene layers can be quantified as well. Defect sites on the
electrode surface are important for improving electrochemical detection by facilitating
neurochemical adsorption and increasing surface roughness. The roughness can be visualized
by atomic force microscopy (AFM) with a nanoneedle to scan the surface.” The surface
elemental composition of carbon materials can be quantified by X-ray photoelectron
spectroscopy (XPS) and energy dispersive spectroscopy (EDS).”"” XPS is especially useful for
identifying the functional groups to which carbon atoms are bonded and can provide quantitative

data on the abundance of each group.
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Carbon nanomaterials, such as carbon nanospikes, carbon nanotubes, and carbon
nanodiamonds, possess higher roughness and oxygen functional groups on the surface. These
characteristics benefit the prevention of fouling and biofouling. Furthermore, the reduced
number of basal planes decreases the available sites for neurotransmitter polymers, limiting n-n
stacking.'#2% The rich defect sites on nanomaterials also enhance their hydrophilicity, minimizing

protein attachment due to the hydrophobic effect, which is commonly present on basal planes.

1.3 Laser-induced-graphene for MEMs development
1.3.1 Laser-induced-graphene originated from polyimide

The synthesis of graphene-based nanomaterials typically requires high temperatures.
However, polyimide (PI), a commercially available polymer, can be converted into graphene
using laser treatment, a process known as laser-induced graphene (LIG).”®-8! There are two
primary forms of LIG produced from PI: (1) Pl sheet for flexible sensor or supercapacitor and (2)
spin coating of Kapton Pl on the substrate. Carbonization of Pl using a CO; infrared laser with
pulsed laser irradiation, results in the transformation of sp3-carbon to sp?-carbon atoms via
photothermal conversion.82# LIG has excellent electrical conductivity and can be used for in-
plane supercapacitors and energy-storage devices. The Tour Group has explored various CO>
infrared laser powers and their corresponding Raman spectra to optimize the graphene
properties.84% To guarantee the best conductivity, a laser power of 4.8 W, which yields the

highest G/D ratio has been selected for microsupercapacitor development.

1.3.2 MEMs development with laser-induced-graphene with parylene-N

LIG from PN possesses good electric conductivity and electrochemical performance.
LIG-PN is expected to be coupled with MEMs devices to perform neurochemical tracking.
Silicon-based materials, like single-crystal silicon, silicon dioxide, and silicon nitride, are
commonly used for the fabrication of MEMs devices and systems.®*® The development of
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MEMs with silicon-based materials is usually time-consuming and costly. To reduce these costs,
paper-based MEMSs, such as piezoresistive force sensors, have been developed.® -8 Micro-
electromechanical systems (MEMs) have been widely used for supercapacitors, where LIG
enhances performance 5”991

A well-established processing sequence combines wafer-level photolithographic
patterning and thin film deposition and is utilized to fabricate LIG-MEMs sensors. On 4”
diameter fused silica wafers; metal electrode patterns are created. At 250 °C, the first
processing step is to dehydrate silica wafers on the hotplate for 30 min and this step is followed
by 2 min oxygen plasma treatment. Dehydrated silica wafers are coated with a double layer of
resistor by using spin coating at 3000 RMP. Then 180 °C is applied on the coated silica wafers
for 2 min when placed on the hotplate. Using 3000 RMP, the second layer of resistor, SPR
955CM-0.5 will be coated on the silica wafers by spin coating and then baked at 90 °C for 90 s.
The contact aligner with the mask containing metal electrode patterns is used to treat wafers
coated with double-layer resistors. The wafers are developed in CD26 developer for 60 s, rinsed
with deionized water, and then dried with filtered nitrogen. The chamber of a DC sputter
deposition tool is used to achieve the coating of 100 nm Nb on the wafers. Finally, deposited
wafers are metal lift-off in acetone and soaked in N-methylpyrrolidone for removing remained
LORB3A resistor. After rinsing and drying the wafers, they are diced into chips for further
treatment. Diced MEMs chips are chemically vapor deposited with parylene-N. Coated MEMs
chips are heated with microhotplate at 350 °C for 10 min to change the light adsorption property
for successful adsorption of the Nanoscribe laser for carbonization. The scanning pattern can be
various and designed with COMSOL software. For the successful development of LIG-MEMs
and dopamine recording, shown in Fig. 1.6, Raman spectra of LIG originating from PN should
also present the highest D/G ratio to ensure the electrical conductivity of LIG-PN is appropriate
for FSCV detection of neurotransmitters. LIG-PN is applied to the carbon detection area of dual-

channel biosensor design to achieve co-detection of dopamine and glutamate.
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1.4 Overview of Dissertation

Carbon electrodes, which are pivotal for neurotransmitter recording, can be customized
with different designs. These techniques include the deposition of carbon nanomaterials,
pyrolyzed nanoscale polymer, and laser-induced nanoscale pyrolyzed polymer. This dissertation
explores techniques to fabricate carbon micro/nano electrode sensors, focusing on their
behavior in electrochemical detection and potential for in vivo tracking. This research also
examines their impact on sensing neurotransmitters, with a specific focus on preventing
neurochemical fouling and biofouling from brain tissue or protein attachment. Beyond traditional
carbon-fiber (CF) sensors, customizable electrode fabrication methods are considered for their
potential to enhance sensor performance.

Chapter 2 presents studies of the surfaces of electrodes that promote the adsorption of
high-potential analytes, adenosine (AD), histamine (HA), and hydrogen peroxide (H20z), while
also resisting fouling and biofouling. Carbon nanospike modified electrodes (CNSMEs) and
carbon fiber microelectrodes (CFMEs) were systemically compared. CNS electrodes, with
higher surface roughness and richer defect sites, exhibited enhanced electrostatic interactions
and surface trapping, which increased the adsorption of analytes. Additionally, the oxygen
functional groups and reduced basal planes contribute to a more hydrophilic surface, minimizing
fouling from polymerized neurochemicals and brain tissue or protein attachment. Therefore,
CNSMEs are useful for preventing fouling and biofouling and are appropriately applied for stable
and long-term in vivo neurochemical tracking in the future.

Chapter 3 examines the feasibility of using pyrolyzed parylene-N, a polymer commonly
used for insulating electronics, in conjunction with fast-scan cyclic voltammetry (FSCV) for
neurotransmitter sensing. Various PN coating thicknesses are explored, with shrinkage induced

by a microhotplate at 350 °C and further enhanced by a rapid thermal processor (RTP) at 600-

950 °C in an argon atmosphere. The RTP process pyrolyzed PN, which possesses good electric
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conductivity. The resulting pyrolyzed parylene-N modified electrodes have a nanolayer of
pyrolyzed graphite, 194 nm. PPNMEs were applied for dopamine (DA), serotonin (5-HT), and
adenosine (AD) characterizations with FSCV and presented superior sensitivity compared to
CFMEs. PPNMEs can resist fouling because of their rich defect sites and oxygen functional
groups. Modified electrodes successfully sensed stimulated DA and spontaneous AD. This new
type of fabricated electrodes can be further tested for other neurochemicals or neuropeptides.

Chapter 4 explores the synthesis of laser-induced graphene (LIG) from parylene-N using
a commercially available Nanoscribe laser, which is typically employed in 3D printing. In
addition, microelectromechanical systems (MEMs) devices were developed to integrate with
LIG. In Chapter 4, the Nanoscribe laser successfully graphitized PN, creating LIG that exhibited
extremely high surface roughness, which induced significant trapping of analytes. This trapping
effect led to a frequency-independent reduction-to-oxidation current ratio of 1 for dopamine
detection. The biocompatibility of LIG-PN enables its use in vivo, where it successfully tracked
dopamine release. The LIG-PN was incorporated into a single-channel MEMs chip and
achieved dopamine sensing. There could be a multiple-channel MEMs chip developed and then
utilizing LIG to induce co-detection of neurotransmitters. Chapter 5 illustrates the contribution to
the field and the remaining challenges for electrochemical synaptic recording with 3D-printed
nanoelectrodes.

In summary, the dissertation utilizes multiple nanofabrication approaches to generate
customizable sensors that enhance the electrochemical detection of neurochemicals. It also
addresses the challenges and future directions in the application of carbon-based sensors for

neurotransmitter detection and co-detection.
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Chapter 2

Carbon nanospikes have improved sensitivity and anti-fouling

properties for adenosine, hydrogen peroxide, and histamine



Abstract

Carbon nanospikes (CNSs) are a new nanomaterial that have enhanced surface
roughness and surface oxide concentration, increasing the sensitivity for dopamine detection.
However, CNS-modified electrodes (CNSMEs) have not been characterized for other
neurochemicals, particularly those with higher oxidation potentials. The purpose of this study
was to evaluate CNSMEs for the detection of adenosine, hydrogen peroxide (H20-), and
histamine. The sensitivity increased with CNSs, and signals at CNSMEs were about 3.3 times
higher than CFMEs. Normalizing for surface area differences using background currents,
CNSMEs show an increased signal of 4.8 times for adenosine, 1.5 times for H.O,, and 2 times
for histamine. CNSMEs promoted the formation of secondary products for adenosine and
histamine, which enables differentiation from other analytes with similar oxidation potentials.
CNSs also selectively enhance the sensitivity for adenosine and histamine compared to H20,. A
scan-rate test reveals that adenosine is more adsorption-controlled at CNS electrodes than
CFMEs. CNSMEs are anti-fouling for histamine, with less fouling because the polymers formed
after histamine electrooxidation do not adsorb due to an elevated number of edge planes.
CNSMEs were useful for detecting each analyte applied in brain slices. Because of the
hydrophilic surface compared to CFMEs, CNSMEs also have reduced biofouling when used in
tissue. Therefore, CNSMEs are useful for tissue measurements of adenosine, histamine, and

hydrogen peroxide with high selectivity and low fouling.

35



2.1 Introduction

Carbon-fiber microelectrodes (CFMEs) are traditionally used for the detection of
neurotransmitters with fast-scan cyclic voltammetry (FSCV) because carbon is good at
adsorbing monoamine neurotransmitters [1-4]. Carbon nanomaterials have been added to
electrodes to enhance the neurotransmitter detection, increasing electron transfer and
enhancing sensitivity. For example, carbon nanotubes (CNTs) can be coated onto electrodes or
made into fibers, like CNT yarns (CNTY), that are made into electrodes [7-10]. However, the
synthesis of CNTs requires a metal catalyst for growth and they are hard to grow on cylindrical
electrodes [11-13]. Carbon nanospikes (CNSs) are another type of carbon nanomaterial with
many edge planes that are easier to coat on cylindrical electrodes, as they are grown using
plasma-enhanced chemical vapor deposition (PE-CVD) without a catalyst [14, 15]. CNSs are
sp2 hybridized and spike-like, so they increase surface roughness [15-17]. CNSs enhanced the
sensitivity for dopamine and had better electrochemical performance than CNTs and carbon
fibers (CFs) due to both increased surface roughness and oxide groups [17, 18]. The oxide
groups accelerate the electron transfer rate by increasing the density of states (DOS) and
enhance the signal by promoting adsorption of neurotransmitters [8, 18-21]. However, dopamine
is relatively easy to oxidize, and CNS-modified electrodes have not been used to examine
analytes that have higher oxidation potentials.

Electrochemical studies of neurotransmitters traditionally concentrate on monoamines
such dopamine or serotonin [22]. However, electrochemical detection is expanding into other
compounds with higher oxidation potentials, including adenosine, hydrogen peroxide, and
histamine [23-26]. Adenosine is a neuromodulator involved in vasodilation and sleep regulation
and an essential precursor for generation of AMP, ADP, and ATP [27-29]. Adenosine is
identified by its primary and secondary oxidation potentials, located around 1.45V and 1.15 V,
respectively [23, 30-32]. Detection of the secondary oxidation peak for adenosine aids in

selectivity of its detection from other analytes [30, 33]. Hydrogen peroxide, a strong oxidant,
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functions as an important signaling agent between neuronal and glial cells, but intermediate
hydroxyl radicals formed by the interaction with iron and copper also damage the structures of
lipids, nucleic acid, and proteins [34]. Additionally, H2O- is also involved in the regulation of
dopamine release [35, 36]. Excessive amounts of H.O» can be extremely harmful to the brain.
While hydrogen peroxide is traditionally detected at platinum coated electrodes [37-39], the
Sombers group showed that CFMEs oxidize H202 because of defect sites and the oxidation
potential occurs at 1.2 V with FSCV [39]. Since CNSs possess a higher level of oxide groups,
H.0- should adsorb to the surface more compared to CFMEs. Histamine is a neuromodulator
in the brain and immune system and a molecule that is released during stress [40, 41].
Histamine has a primary oxidation potential around 1.4 V and a secondary peak at 0.8 V [26].
Histamine forms a polymer during electrooxidation that covers the electrode surface by -1
stacking, decreasing electrode sensitivity through fouling [25, 26, 42]. The increased number of
oxide groups of CNSs should promote adsorption by electrostatic forces but the decrease in
basal planes due to the surface roughness may decrease the polymer attachment and lead to
less fouling [14, 18, 43, 44]. CNS electrodes have potential advantages for adenosine,
histamine, and hydrogen peroxide, but their electrochemistry has not been detected at
CNSMEs.

The goal of this study was to explore the electrochemistry of adenosine, hydrogen
peroxide (H2032), and histamine at CNSMEs. CNSMEs had a good performance for adenosine
with increased adsorption and sensitivity compared to CFMEs. Surface oxide groups favor the
strong attraction of adenosine and promote the detection of the secondary oxidation peak.
Currents for hydrogen peroxide were also enhanced at CNSMEs and detection was a hybrid of
diffusion- and adsorption-controlled process. Histamine currents increased at CNSMEs, and
histamine fouling decreased because there are more edge planes on CNSs that prevent fouling.

Therefore, CNS modified electrodes are useful for precise measurements of neuromodulators

37



with high oxidation potentials and will contribute to understanding of rapid neuromodulation in
the brain.
2.2 Methods and Materials
2.2.1 Chemicals and materials

Adenosine and histamine were purchased from ThermoFisher Scientific (Waltham, WA)
and hydrogen peroxide (H202) was from Thomas Scientific (Swedesboro, NJ). Stock solutions
(10 mM) were made in perchloric acid (0.1 M). Phosphate-buffered saline (PBS) buffer (131.5
mM NacCl, 3.25 mM KCI, 1.2 mM CacClz, 1.25 mM NaH2PO., 1.2 mM MgCl,) was used to dilute
stock solutions to 1.0 uM. De-ionized water (EMD Millipore, Billerica, MA) was used to prepare
all aqueous solutions.
2.2.3 Construction of CNSMEs

Plasma-enhanced chemical vapor deposition (PECVD) was used to grow CNSs directly
on Nb wires (diameter 25 ym, ESPI Metals, Ashland, OR). A stainless-steel stage was used to
hold niobium wires, which are treated as cathodes. CNSs are grown in a custom-built DC
PECVD chamber which is flowing with 100 sccm ammonia and 80 sccm acetylene at 6
Torr pressure, 650°C for 6 min. The DC plasma discharge parameters were: 500 mA, 0.230
kW, and 480-550 V. Glass capillaries were utilized to contain Nb wires coated with CNSs and
sealed by using 5-min epoxy (J-B weld, Sulphur Springs, TX).
2.2.4 Construction of CF microelectrodes

Glass capillaries were used to contain carbon fibers with a diameter of 7 ym (T650-35,
Cytec, Woodland Park, NJ). PE-21 pipette puller (Setagaya-ku, Tokyo, Japan) was used to
pull glass capillaries that contained CF into two identical needle-shaped microelectrodes by
applying heat to the center of the glass capillary. CFs in needle-shaped microelectrodes were
cut to 50-100 um. Microelectrodes were sealed by dipping the tips in a solution of Epon Resin
828 (Danbury, CT) with 14% (w/w) m-phenylenediamine (Acros Organics, Morris Plains, NJ) for

30 s. Acetone was used to rinse the electrodes for 5 s. Sealed electrodes were placed at room
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temperature overnight and then the oven at 100°C for was utilized to harden epoxy in the
electrodes for 2 h and at 150°C overnight.
2.2.5 Instrumentation

Scanning electron microscopy images were collected by Merlin field emission SEM
(Zeiss, Thronwood, NY) and FEI Quanta 650 SEM (ThermoFisher Scientific, Waltham, MA). 5.0
kV was performed on secondary electron detector as the accelerating voltage. An X-ray
photoelectron spectrometer (Physical Electronics, Chanhassen, MN) was utilized to
characterize the surface functional groups of CNSs.

FSCV data was collected with a ChemCam potentiostat (Dagan, Minneapolis, MN) with
a headstage with 1 MQ resistance. The triangular waveform was applied from -0.4 Vto 1.45V,
at a scan rate of 400 V*s™ and a frequency of 10 Hz. Data analysis was performed using HDCV
Analysis Software (Department of Chemistry, University of North Carolina at Chapel Hill). The
reference electrode was a silver/silver chloride wire. A six-port, stainless steel HPLC loop
injector with an air actuator (VICI Valco Instruments, Houston, TX) was used to inject samples
through a flow cell at 2 mL/min. Four M KCI was filled in the glass capillary to connect with a
silver wire in the electrode holder (Warner Instruments, Holliston, MA).
2.2.6 Brain Slice Preparation

All animal experiments were performed following the approved protocols by the Animal
Care and Use Committee (ACUC) of the University of Virginia. 5-8 weeks old wild-type C57BL/6
mice (Jackson Lab) were anesthetized using isoflurane and decapitation quickly. Gently the
brain was removed and transferred rapidly into 0-5 °C oxygenated aCSF (95% O2, 5% CO,) for
recovery. After 2 minutes, the brain was mounted on the slicing stage and coronal section slices
(400 pum) prepared via a vibratome (Leica VT1000S, Bannockburn, IL, USA). Slices with
caudate putamen were transferred and equilibrated for 30-45 minutes into oxygenated aCSF
(34°C) in a water bath. Once the slice was moved to the recording chamber, the CNSME was

inserted approximately 75 um deep into the caudate tissue and equilibrated for 10-15 minutes.
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Oxygenated aCSF was continuously perfused over the slice at a flow rate of 2 mL/min. A glass
capillary holding the respective analyte was placed close to the working electrode. A precise
amount of adenosine was microinjected into the tissue using a nanoliter injector (Nanoliter2020,
World Precision Instrument, FL) and recorded using HDCV software. A similar approach was

used to analyze histamine and H2O: in the brain slice.
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2.3 Results
2.3.1 Scanning electron microscopy (SEM)

First, we characterized the surface of CNSs and CF with scanning electron microscopy.
Fig.1A and B show the morphology of the CF microelectrode, both overall and close up. The
surface of CFMEs is relatively smooth, with some striations. Fig. 1C and D show CNS modified
Nb wire and the CNSs have a dense nanostructure with features less than 100 nm. The
thickness of the coating is around 1 ym. CNS electrodes have a larger surface roughness than

CF electrodes which increases sensitivity.

W

30 pm '_, 300 nm

Figure 1.Scanning electron microscopy images of (A) CFME (B) zoomed in surface of CFME
(C) CNSME and (D) zoomed in surface of CNSs.
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Figure 2. Background currents of CFMEs and CNSMEs. (A) CV graphs of background currents
(B) Bar graphs of background currents on multiple electrodes (unpaired t-test, n=6, **p<0.01, ***
p<0.001, **** p<0.0001)
Next, we compared the relative size of CFs and CNSs backgrounds to examine
differences in surface area. In Fig. 2A, background charging currents were plotted for CFs and
CNSs. Because the diameter of the CNS-coated Nb wires (25 ym) is larger than CFs (7 ym),

surface area and background currents are also larger, about 2.5 times. The bar graphs in Fig.
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2B compare the average background currents of CFs and CNSs, and CNSs have significantly
higher currents than CFs (unpaired t-test, p<0.0001, n=17). The larger surface area provides
more active sites for neurochemicals to be detected.

2.3.2 CNSs Increase Sensitivity for Adenosine
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Figure 3. Adenosine detection on CFMEs and CNSMEs. (A) CVs of 1 uM adenosine (B) Bar
graph of 1 yM adenosine currents (unpaired t-test, n=6) (C) Bar graphs of background-
normalized currents of 1uM adenosine, where the Faradaic current was divided by the
background current with multiple electrodes (unpaired t-test, n=6) (D) Bar graph of
secondary/primary oxidation current ratio (unpaired t-test, n=6, **** p<0.0001).

FSCV was used for real-time electrochemical detection of adenosine by applying the
adenosine waveform, which scans from -0.4V to 1.45 V and at 400 V/s at 10 Hz. Fig. 3A
compares CVs of CFMEs and CNSMEs in 1 uM adenosine. Adenosine has two oxidation
peaks, a primary peak, whose oxidation potential is about 1.35 V on the back scan of the
adenosine waveform, and a secondary peak, which has an oxidation potential of 1.15V, is on
the forward scan [22-25]. Both oxidation peaks are larger at CNS electrodes, with the secondary
peak becoming particularly prominent. The average oxidation potential, 1.34 V, for adenosine at
CNSMEs is slightly lower than 1.39 V for CFMEs (Fig. 4A). As they are located on the back

scan of the waveform, the lower value means slower electron transfer kinetics. Therefore,

CNSMEs show increased signals but not accelerated electron transfer for adenosine [18].
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Figure 4. Oxidation potentials of adenosine, H202,and histamine on CFMEs and CNSMEs (A)
Bar graphs of adenosine primary oxidation potentials (unpaired t-test, n=6) B) Bar graphs of
adenosine secondary oxidation potentials (unpaired t-test, n=6) (C) Bar graphs of H2O,
oxidation potentials (unpaired t-test, n=6) (D) Bar graphs of histamine primary oxidation
potentials (**p<0.01, *** p<0.001, **** p<0.0001, by unpaired t-test, n=6)

Fig. 3B compares the primary currents and shows that CNS modified electrode have
about 5.3 times higher primary oxidation currents than CFMEs (unpaired t-test, p<0.0001, n=6).
CNSMEs have larger surface areas and therefore will have larger Faradaic currents, but in
order to see if CNSMEs were more electroactive, the Faradaic currents were normalized for the
area by taking the ratio of oxidation currents to background currents (Fig. 4C). CNS electrodes
had higher increases in the oxidation current than backgrounds, so their normalized currents are
4.8 times higher than CFMEs, a significant difference (unpaired t-test, p<0.0001, n=6). Because
the normalized currents are larger, this implies that the increased Faradaic currents are not just
due to surface area. X-ray photoelectron (XPS) spectra in Fig. 5 showed that CNSs possess
more oxygen functional groups than CFMEs, particularly carboxylic acids. Surface oxide groups
are likely driving adenosine detection by electrostatic forces or hydrogen bonds formed between

surface oxide groups and lone pairs of electrons in the nitrogen atom of adenosine [45, 46]. In

Fig. 3D, the ratio of the secondary oxidation peak to primary oxidation peak is plotted. The CNS
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electrodes have a significantly larger ratio of secondary current (unpaired t-test, p<0.0001, n=6),
which suggests that CNSs adsorb or trap the adenosine oxidation product strongly, facilitating
the secondary oxidation process. Although CNSMEs did not have enhanced electron transfer
than CFMEs, more adsorption of the secondary product likely contributed to a higher secondary

oxidation peak.
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Figure 5. X-ray photoelectron (XPS) spectra of CNSs (A) survey scan (B) XPS C 1s peak composed of
sp? C (285.82 eV), sp® C (282.77 eV), O-C=0 (288.17 eV), and T-1r* bonds (289.97 eV)

A) B) C)
300 —
e CNS ‘ 201 ens g 00
—_— -+ L] — -
3 e CFMEs 3 Loz -+ CFMEs T y=0.72x +2.04 CNS
= . £ y = 16.62x + 19.31 N I = CN
= = © - CF
g @ E :
= . = S y=0.89x - 267
~ - z
IS5} . 3 s s IS} 2 y = 5x + 5.669 =
o @ 2 -15
O T T T T 1 0 T 1 T 1
0 10 20 30 40 50 0 5 10 15 3.0
Concentration (uM) Concentration (uM) log(Scan Rate)

Figure 6. Electrochemical performance of adenosine on CFMEs and CNSMEs. (A) Adenosine
concentration tests (1 — 50 uM) (B) Adenosine sensitivity in linear range (1 — 10 yM) and (C)
Adenosine scan rate tests (50 — 1000 V/s) (n = 3 electrodes).

Next, we tested CNS electrodes for detecting adenosine with different concentrations
and scan rates to study adsorption. In Figure 6A, the variation of adenosine primary oxidation
peak currents is plotted against concentration. The magnitude of oxidation current for CNSMEs
is larger than CFMEs. The linear relationship between current and concentration is lost over 10
MM because the surface is saturated with analyte and adsorption sites are limited. Therefore,
the linear range was plotted from 1-10 pM (Fig. 6B). The slope of the line for CNSMEs is 3.3
times higher than for CFMEs, showing they have higher sensitivity. In Fig. 6C, a scan rate

experiment was performed to examine the extent to which the detection of adenosine is

diffusion or adsorption controlled. When the slope of log normalized peak current vs. log scan
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rate is 0.5, the primary current is diffusion controlled. If the slope is equal to 1, the detection is
adsorption controlled. Both slopes of CFMEs and CNSMEs are between 0.5 and 1.0, which
means that the detections are hybrids of diffusion and adsorption. CNSMEs have a higher

slope, 0.89, than CFMEs, 0.72, meaning the surface of CNSs promotes adsorption of adenosine

and increases the sensitivity.

2.3.3 CNSs Increase Sensitivity for Hydrogen Peroxide
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Figure 7. Electrochemical performance of H202 on at CFMEs and CNSMEs. A) CVs of 50 uM
H2O, B) Bar graphs of average current for detection of 50 uM H20O;, (unpaired t-test, n=6) (C)
H.0O, sensitivity tests (50 — 500uM) (D) Bar graphs of background-normalized currents of 50 uM
H20O- (unpaired t-test, n=6) (E) Hydrogen peroxide scan-rate tests (50-1000 V/s) (n=3) (*p<0.05,

**** p<0.0001)

Detection of H20; is difficult at CFMEs because of electrochemical impedance and
surface chemistry [47-49]. CNSMEs were compared with CFMEs to examine sensitivity and
electron transfer. Fig. 7A shows the detection of 50 yM H20, at a CFME and CNSME using the
adenosine waveform. H.O» undergoes one oxidation, and the peak is located on the back-scan.

The oxidation potentials are 1.365 V for CFMEs and 1.366 V for CNSMEs, so there is not a

significant electrocatalytic effect (Fig. 4). CNSMEs have significantly higher currents for H,O-

45



than CFMEs (Fig. 7B, unpaired t-test, p=0.0095, n=6). Fig. 7C shows the response to increasing
H.O, concentrations, 50-500 uM. Fig. 7C plots primary currents vs concentration and the slope
of CNSs (0.36) is about 3.3 times higher than CFMEs (0.11). Fig. 7D shows the background
normalized currents are 1.5 times higher for CNSMEs than for CFMEs (unpaired t-test,
p<0.0001, n=6), implying that the surface is more active for hydrogen peroxide detection and
the enhancement is not all due to area. Hydrogen peroxide forms hydrogen bonds with small
molecules, such as urea and sodium carbonate, to promote the interaction with oxygen-
containing groups [47-49]. Rich surface oxide groups, like carboxylic acids, would benefit the
adsorption of H>.O» during detection [50-52]. The scan rate test in Fig. 7E for H.O» shows
CNSMEs have a higher slope, 1.003 than CFMEs, 0.707, which means that CNSMEs are more
adsorption-controlled for H,O, detection.

2.3.4 CNSMEs have high sensitivity and antifouling properties for histamine detection
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Figure 8. Electrochemical performance of histamine on CFMEs and CNSMEs. (A) CVs of 1 uM
histamine. (B) Performance Currents for of 1 uM histamine detection on multiple electrodes
(unpaired t-test, n=6). (C) Sensitivity test (1—-10 uM). (D) Bar graphs of background-normalized
currents of 1 uM histamine, (unpaired t-test, n=6). (E) Histamine scan-rate tests (50-1000 V/s)
(n=3) (**p<0.01, *** p<0.001)
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Histamine was detected using the adenosine waveform and primary oxidation and
secondary potentials are about 1.4 V and 0.8 V on CFMEs (Fig 8A). The magnitude of the
secondary oxidation peak for 1 yM histamine at CNSMEs is slightly higher than CFMEs (Fig.
8A). The oxidation potential is located on the forward scan of adenosine waveform, at 1.344 V,
which is lower than CFMEs, 1.382 V (Fig. 4D). Therefore, the oxidization of histamine has faster
electron transfer at the CNS surface than CFMEs. Primary oxidation currents for histamine are
significantly higher for CNSMEs than CFMEs (Fig. 8B, unpaired t-test, p=0.0053, n=6). For
sensitivity, the slope for CNS electrodes is 8.4 nA/uM and for CFMEs is 2.6 nA/uM (Fig. 8C).
Therefore, CNSMEs are about 3.2 times more sensitive than CFMEs without background-
current normalization. With more adsorbed analyte on the electrode surface, the formation of
secondary products was enhanced, shown as higher secondary oxidation peak. Fig. 8D
compares background-normalized currents for CFMEs and CNSMEs and CNSMEs have a
significantly higher normalized current (unpaired t-test, p=0.0005, n=6). The scan rate graphs in
Fig. 8E show a higher slope of CNSMEs, 0.94, than CFMEs, 0.75, which indicates more
adsorption-controlled detection of histamine on CNS. X-ray photoelectron (XPS) spectra in Fig.
5 showed that CNSs possess a more oxygen surface than CFMEs, especially for carboxylic

groups, which benefit the attraction of positively charged analytes. All scan-rate tests show that
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CNSs promote the adsorption of neurochemicals, likely because the increased oxygen groups
strengthen electrostatic force onto the surface.

Figure 9. Multi-injections and long-term histamine fouling tests on CFMEs and CNSMEs. (A)
CV graphs of 15t and 30™ injection on CFMEs. (B) CV graphs of 15t and 30" injection of 1 uM
histamine on CNSMEs. (C) Peak currents of CFMEs before soaking in PBS buffer, after soaking
PBS buffer, after soaking in 1 uM histamine (One-way ANOVA, Main effect p<0.0001,
Bonferroni post-test *** p<0.001, n = 4). Error bars are SEM. (D) Peak currents of CNSMEs
before soaking in PBS buffer and after soaking in 1 uM histamine separately with the adenosine
waveform applied (One-way ANOVA p<0.001, n=4, with Bonferroni post-test). Error bars are
SEM: Histamine polymerizes after being oxidized, and then sticks to the electrode, reducing
sensitivity [32, 33]. We hypothesized that fouling would decrease at CNS electrodes because
there is less basal plane for 1T-11 interactions with polymers. Multiple injections of histamine were
performed to test for fouling (Fig. 9), with 1 uM histamine injected 30 times. In Fig. 9A, the
current for histamine at the CFME dropped about 20% after 30 injections of histamine, which
means that a polymer covers some of the CF surface. The oxidation potential for histamine at
the CFME shifted from 1.36 V to 1.44 V, showing electron transfer slows. For CNSMEs, there
was no difference between CVs of 1t and 30" injection of histamine (Fig. 9B). There also is no
shift of the histamine oxidation potential. Thus, there is less fouling at CNSMEs and therefore
likely less histamine polymer attachment to CNS surface.

To further test for long-term antifouling properties, electrodes were soaked in 1 uM
histamine (or PBS buffer for control) with the electrochemical waveform applied for an hour. In
Fig. 9C, for CFMEs, the histamine dramatically fouled the CFMEs, with a drop from 15 nAto 5
nA, a decrease of about 67%. There is a significant difference between oxidation currents
before and after cycling in histamine (one-way ANOVA, Bonferroni post-test, p=0.0003, n=4).
Fig. 9D shows histamine fouling at CNS electrodes, and the peak for histamine drops only 7%
after 1 hour of the waveform being applied, which is not significant (one-way ANOVA,

Bonferroni post-test, p=0.9696, n=3). Consequently, both fouling tests demonstrate that CNSs

have antifouling properties. CNSMEs have been used up to 4 hours and their performance
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stayed the same, which shows stability. CNSMEs have been tested for 10 days previously and

currents were consistent [14].
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Figure 10. Detection of microinjected adenosine, H>O>, and histamine in the brain slice using
CNSME. (A) CV graph of 100 pmol of adenosine, (B) i vs t curve for adenosine detection, (C)
CV graph of 100 pmol H20;, (D) i vs t curve for H2O; detection (E) CV of 100 pmol of histamine
(F) i vs t curve for histamine detection

CNSMEs were tested in the mouse brain slice (caudate-putamen) to test if different

analytes can be measured in biological tissue. The electrode was inserted approximately 75 ym
deep into the tissue, and analytes were microinjected close to the working electrode via a
nanoliter injector. The background-subtracted CVs were used to identify analytes with oxidation
peaks representing the corresponding analytes and the i vs t curve shows the electrode
response towards these analytes. Adenosine (100 pmol) was puffed via a nanoliter injector near
the working electrode. The background-subtracted CV has a characteristic primary peak (+1.3)
and secondary peak for the adenosine at the CNSME (Fig. 10A). The secondary peak for
adenosine is enhanced, a trend observed also at carbon fibers, likely because tissue traps the
secondary product near the surface of the electrode, where it can be detected rather than
diffuse away [53]. The i vs t curve (Fig. 10B) shows CNSME has a good response toward
adenosine. Fig. 10C and D show the detection of 100 pmol of H»0, and the response is similar
in vivo to in vitro. Figure 10E and F show the detection of 100 pmol histamine. The primary and
secondary oxidation peaks at 1.3V and 0.70V were observed for histamine. Slight changes in

CV shape are observed in vivo and this is typically due to protein adsorption in the brain, which
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may slightly slow electron transfer. These observations show that CNSEs can detect adenosine,

histamine, and H20: in tissue.
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Figure 11. Biofouling experiments with rat brain tissue. (A) Bar graphs of normalized 1 yM
dopamine currents for CFMEs and CNSMEs. Data are normalized by dividing the signal after
one hour by the signal before biofouling in each slice before and after being placed in the brain
for 1 hour (unpaired t-test, n=4 slices) (B) Bar graphs of normalized 1 yM adenosine currents of
CFMEs and CNSMEs before and after being placed in the brain (unpaired t-test, n=4) (C) Bar
graphs of normalized 20 uM H2O; currents of CFMEs and CNSMEs before and after being
placed in the brain (unpaired t-test, n=4) (D) Bar graphs of normalized 1 yM histamine currents
of CFMEs and CNSMEs before and after being placed in the brain (unpaired t-test, (n=4)
*p<0.05, **p<0.01, *** p<0.001, **** p<0.0001) Error bars are SEM.

To study CNSMEs biofouling, sensitivity was tested with flow injection analysis before
and after insertion in a piece of fresh brain tissue, with the adenosine waveform applied for 1
hour. CNSMEs have larger currents after biofouling, as the current was 87 % of the pre-tissue
current for dopamine (Fig. 11A), 97 % for adenosine (Fig. 11B), 96 % for H.O, (Fig. 11C), and
82 % for histamine (Fig. 11D). CFMEs, on the other hand, had over 50% signal reduction due to
biofouling. Thus, CNSMEs have better performance for neurotransmitters in the brain, both for
sensitivity and for anti-fouling properties. Defect sites on CNSMEs likely prevented proteins and
polymers from being absorbed to the electrode surface and reducing sensitivity. This

characteristic also makes them suitable for future in vivo experiments without being severely

affected by biofouling.
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2.4 Discussion

Previous studies found CNSs were a better material than CFs for electrochemical
detection of dopamine [13]. Here, CNS microelectrodes increase the sensitivity for adenosine,
hydrogen peroxide, and histamine about 3-fold. After normalizing currents for surface area,
there is still better electrochemical performance for CNSMEs than CFMEs, indicating the
surface changes are not only due to surface area [13, 36]. There are two factors that increase
sensitivity. The first is increased surface roughness, and increased edge planes. Compared to
the smooth texture of CFs, increased surface roughness of CNSs provides more sites for
surface binding and favors the adsorption, particularly of cationic analytes, to the surface. The
second factor that increases sensitivity is an increase in surface oxide groups, as evidenced by
XPS, and particularly carboxylic acid groups. These groups also promote adsorption,
particularly of adenosine and histamine, which are more adsorption controlled to the CNS
surface than CFME surfaces [39-43]. CNSMEs also promote the detection of secondary
products for adenosine, and thus the ratio for the secondary oxidation peaks is larger at
CNSMEs. Interestingly, histamine detection is also more sensitive at CNSMEs, but the
secondary peak is not as enhanced, so the adsorption strength may not be increased for its
secondary products.

Antifouling properties are also important for biological experiments. Previous studies
have shown that nanoscale surface engineering can prevent biofouling, particularly by bacteria
and cells that adhere to smooth surfaces [54]. Ross’ group showed that rough surfaces, such as
CNT yarns, have less serotonin fouling than smoother surfaces, such as CFMEs, and defect
sites lead to less biofouling [44]. Histamine fouls electrode surfaces by forming dimers and then
polymers through a free radical polymerization, which will attach to the electrode via -1r
stacking between benzene rings in the neurochemicals and basal planes of graphene [26].

CNSs have less basal planes than CFs [18], as shown by Raman spectroscopy, which would
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reduce the basal plane area for histamine polymers to attach to the surface by -1 stacking [25,
26, 42, 55]. In addition, the application of the adenosine waveform breaks carbon bonds,
reduces fouling of polymers by breaking their bonds, and makes a more reactive surface [1, 4,
44, 56]. Wightman’s group showed that breaking carbon bonds by scanning to higher potentials
increased adsorption of cation neurotransmitters while reducing polymer fouling by renewing the
surface [57]. While polymers would have less basal planes to stack on, individual cationic
neurochemical adsorption is favored at edge planes and oxygen defect sites, and so edge
planes increase the sensitivity for the small molecules while reducing polymer fouling [44].

CNSMEs are also resistant to biofouling. The more hydrophilic nature of the CNSs
interferes with the hydrophobic effect, which contributes to the biofouling from protein [44]. Here
we demonstrate less biofouling by tissue proteins at CNS electrodes scanned to high potentials,
consistent with other studies that found that treatments that increase surface roughness or
increase surface oxygen groups of carbon nanomaterials also reduce tissue fouling [58]. While
we used 25 uym diameter electrodes here, wires can be etched to a micron and coated with
CNSs [17], and so CNS electrodes could be good for measurements in small organisms with
limited tissue damage. CNSs could also be grown on smaller diameter carbon-fiber
microelectrodes for in vivo applications. Thus, these studies prove CNS electrodes are useful
for more analytes than just dopamine and catecholamines and should be used to reduce

biofouling and increase selectivity in monitoring of high oxidation potential analytes.

2.5 Conclusions

CNS electrodes are beneficial for detection of high oxidation potential analytes, including
adenosine, hydrogen peroxide, and histamine. The surface characteristics of CNSs are
beneficial for the electrochemical performance, as increased surface roughness and abundant
oxide groups on defect sites improve adsorption. CNSMEs showed promising enhancement of

detection sensitivities for cationic analytes such as adenosine and histamine, and even an
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improvement for the small molecule hydrogen peroxide. CNSMEs are also useful because they
had less fouling for histamine and less biofouling after being implanted in tissue. Thus, future
studies could use CNSMEs in vivo to track neuromodulator changes during potential

neurodegenerative diseases.
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Chapter 3

Pyrolyzed Parylene-N for In Vivo Electrochemical Detection of

Neurotransmitters



Abstract

Carbon electrodes are typically used for in vivo dopamine detection, and new types of
electrodes and customized fabrication methods will facilitate new applications. Parylene is an
insulator that can be deposited in a thin layer on a substrate, and then pyrolyzed to carbon to
enable its use as an electrode. However, pyrolyzed parylene has not been used for the real-time
detection of neurochemicals with fast-scan cyclic voltammetry. In this work, we deposited thin
layers of parylene-N (PN) on metal wires, and then pyrolyzed them to carbon with high
temperatures in a rapid thermal processor (RTP). Different masses of PN, 1 g, 6 g, and 12 g,
were deposited to vary the thickness. RTP-PN (6 g) produced 194 nm layer carbon thickness
and had optimal electrochemical stability. Pyrolyzed parylene-N modified electrodes (PPNMEs)
were characterized for electrochemical detection of dopamine, serotonin, and adenosine.
Background-normalized currents at PPNMEs were about 2 times larger than carbon-fiber
microelectrodes (CFMEs). Rich defect sites and oxygen functional groups promoted
neurochemical adsorption for cationic neurotransmitters. PPNMEs resisted fouling from
serotonin polymer formation. PPNMEs were used in vivo to detect stimulated dopamine release
and monitor spontaneous adenosine release. Pyrolyzed parylene is a sensitive and fouling-
resistant thin-film carbon electrode that could be used in the future for making customized

electrodes and devices.
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3.1 Introduction

Carbon-fiber microelectrodes (CFMEs) are commonly used for electrochemical detection
of monoamine neurotransmitters with fast-scan cyclic voltammetry (FSCV). CFMEs are applied
for in vivo or in vitro tracking of neurochemicals because of the biocompatibility and relatively
small diameter (~7 um). However, different types of carbon electrodes have been developed to
enhance electrochemical properties for many applications. For example, carbon nanotubes
(CNTs) in CNT yarn microelectrodes efficiently trap neurochemicals because of thin-layer
effects.’® Carbon nanospikes (CNSs) are deposited on niobium (Nb) wires and utilized to
promote analyte adsorption and resist fouling.*® Pyrolyzed photoresist electrodes were
developed to take advantage of thin polymer films deposited on wires or other substrates to
make arrays.” Tour's group demonstrated laser pyrolysis of polymers to make electrode
materials.®° Many pyrolyzed carbon electrodes are made from polyimide, a commercially
available polymer, which is usually coated on silicon (Si) wafer via spin coating.'*-'> However, it
is difficult to make a uniform coating using spin coating on a cylinder electrode.'* Here, we
developed pyrolyzed carbon electrodes from thin films of parylene, a biocompatible, insulating
polymer, and showed they can be used with FSCV for neurotransmitter detection

Parylene, poly(p-xylene), is a benzene-rich polymer with chemical inertness, flexibility,
and transparency and is usually used to insulate electronics.'®~'7 Parylene can be coated on
different substrates via chemical vapor deposition (CVD), which guarantees uniform coating and
thin deposition thickness.'®2° Many micro-electromechanical systems (MEMS) are insulated
with parylene to form a thin film for cell co-culture and tissue barrier models. 2?2 Parylene-C,
which contains chlorine, and parylene-N, which does not, are the common forms of parylene,
and other derivatives include parylene-D, VT4, and AF4.2-2° The Baker group previously
fabricated pyrolyzed parylene-C electrodes for electrochemical detection with cyclic voltammetry
(CV).28 However, pyrolyzed parylene has not been used with fast-scan cyclic voltammetry

(FSCV) or to make electrodes for in vivo testing. We deposited parylene-N (PN) on etched Nb
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wires via CVD and used rapid thermal processing (RTP) to pyrolyze the parylene into uniformly
coated thin film of carbon.

Many monoamine neurochemicals are electroactive, including dopamine (DA),
serotonin, and adenosine (AD). Dopamine is a neurotransmitter that regulates movement and is
involved in reward pathways.?”-?® Serotonin is an important neurotransmitter regulating mood
and depression, but is difficult to detect electrochemically because it undergoes polymerization
after electrooxidation, which can foul the electrode surface via - 1 stacking.?®*° Adenosine
(AD) is a neuromodulator involved in regulating vasodilation and sleep, and spontaneous
transients have been measured which are important in diseases such as ischemia.®*'-3 Thus,
developing new electrodes for neurotransmitters involves optimizing sensitivity for different
molecules and reducing fouling to enable sensitive, long-term in vivo monitoring.

In this work, we developed a protocol to deposit PN on Nb wires and then pyrolyze it to
carbon with RTP for use as an electrode to detect neurotransmitters. Surface characterization
shows that defect rich carbon is produced, with a high amount of oxygen functional groups.
Pyrolyzed parylene-N modified electrodes (PPNMEs) were characterized for electrochemical
detection of neurochemicals DA, serotonin, and AD with FSCV. Oxygen functional groups
promote analyte adsorption to electrode surface and prevent serotonin fouling. The pyrolyzed
parylene-N electrodes are useful for in vivo detection of dopamine and adenosine, showing it is
a good carbon material for general detection of neurotransmitters in vivo. Thus, pyrolyzed
parylene is an excellent method to make a thin-film carbon electrode that is compatible with
FSCV and could be used in the future to make customized electrodes and microdevices.

3.2 Experimental Methods
3.2.1 Chemicals and materials
Stock solutions (10 mM) were made for dopamine, serotonin, and adenosine

(ThermoFisher Scientific, Waltham, WA) in perchloric acid (0.1 M). Dilute solutions for testing
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(1-100 uM) were made in phosphate-buffered saline (PBS) buffer pH 7.4 (131.25 mM NaCl,
3.25 mM KCl, 1.2 mM CaCly, 1.25 mM NaH;PO4, 1.2 mM MgCly).
3.2.2 Parylene deposition and pyrolysis

Niobium wires (diameter 50 uym, Advent Research Materials, Eynsham, Oxford) were
etched to 600 nm in 4 M NaOH by applying with DC voltage, 2 V for 10 min. After coating, the
wires were rinsed with water and isopropanol. PN was coated on etched wires using an SCS
parylene coater (PDS 2010, IN). Di-para-xylene powder, as precursor, was vaporized in the
parylene coater chamber at 150 °C under vacuum. Pyrolysis of the dimer was achieved with the
application of high temperature, 650 °C, to form para-xylene, the monomer state, and those
monomers then form the poly(para-xylene) structure, called parylene. Parylene coating
thickness can be adjusted by loading with different masses, 1 g, 6 g, and 12 g, during vapor
deposition. Silicon (Si) wafers, platinum (Pt) circuit chips, and Nb wires were parylene coated in
an SCS parylene coater (PDS 2010, IN). After parylene coating, wires and silicon wafers were
treated for pre-annealing on a microhotplate at 350 °C for 10 min in air atmosphere. To
carbonize the PN coating, a rapid thermal processor (RTP) (First nano, NY) was used with
these steps: (1) 600 °C in argon atmosphere at 9 Torr for 10 min, (2) 950 °C in argon
atmosphere at 1 Torr for 10 min. RTP-PN Si wafers were used for Raman and XPS
characterizations because they are flat. The conductivity test was conducted on RTP-PN Pt
circuit chips. RTP-PN Nb wires were inserted into glass capillaries for insulation for a final
exposed length of 50 um for dopamine and serotonin and 100 pm for flow cell and in vivo
adenosine and 5-min epoxy was used to seal the gap (J-B weld, Sulphur Springs, TX).
3.2.3 Construction of CFMEs

7 um-diameter carbon fibers (CFs) (T650-35, Cytec, Woodland Park, NJ) were inserted
into glass capillaries. The capillaries were pulled in a PE-21 pipette puller (Setagaya-ku, Tokyo,
Japan) and two needle-shaped microelectrodes were made. Electrodes were cut to an exposed

CF length around 50-100 ym. CFs were dipped for 30 s in a mixture of Epon Resin 828
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(Danbury, CT) with 14% (w/w) m-phenylenediamine hardener (Acros Organics, Morris Plains,
NJ) to seal the gap between glass capillaries. Microelectrodes were rinsed in acetone for 5 s to
remove excessive epoxy. CF microelectrodes (CFMEs) were left on the benchtop overnight to
air dry the epoxy at room temperature and then cured in an oven at 100 °C for 2 h and 150 °C
overnight.

3.2.4 Instrumentation

CVD of PN on Nb wires was accomplished with a parylene coater (SCS, Indianapolis, IN).
Collection of scanning electron microscopy images was achieved with Merlin field emission SEM
(Zeiss, Thronwood, NY) and FEI Quanta 650 SEM (ThermoFisher Scientific, Waltham, MA) with
applied accelerating voltage, 2V, on secondary electron detector. Analysis of graphitic features
was performed by InVia Confocal Raman microscopy (Renishaw, Gloucestershire, United
Kingdom). Surface characterization of elemental and functional group compositions was
performed with an X-ray photoelectron spectrometer (Physical Electronics, Chanhassen, MN).
Parylene thickness quantification was performed with a profilometer (KLA Tencor P-17, Milpitas,
CA).

A ChemClamp potentiostat (Dagan, Minneapolis, MN) with a 1 MQ-resistance
headstage was used to collect FSCV data with a silver/silver chloride reference electrode
(Pomona Electronics, Everett, WA). Silver wire was chlorized in concentrated HCI solution with
the application of 4 V. Electrochemical data was collected by applying a triangular dopamine
waveform, from -0.4 V to 1.3 V, a scan rate of 400 V/s and a frequency of 10 Hz. FSCV data
analysis was performed on HDCV software (Department of Chemistry, University of North
Carolina at Chapel Hill). Neurochemical solutions were flowed through a flow cell at 2 mL/min
with the use of a six-port, stainless steel HPLC loop injector with an air actuator (VICI Valco
Instruments, Houston, TX). 1 M KCI was injected into glass capillaries to provide an electrical
connection between the potentiostat headstage and the electrodes.

3.2.5 Background-current subtraction
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Due to the high scan rate of FSCV, 400 V/s, background currents are usually high, which
makes the Faradaic current not visible. Therefore, background-current subtraction was
performed while detecting neurochemicals to get final current response. Because of analyte
adsorption on the electrode surface, there could be a small background-subtraction error
present when obtaining final CV graphs.

3.2.6 In vivo Measurements

All animal experiments were performed as approved by the Animal Care and Use
Committee (ACUC) of the University of Virginia. Rats (Charles River) were anesthetized with
urethane (5% saline solution, 0.3 ml/100 g i.p.) before each experiment. The rectal and core body
temperature was maintained at 37 °C using an isothermal pad (Delta Phase Pad; Braintree
Scientific, Braintree, MA, USA). Hourly checks (paw pinch) were made of respiration and depth
of anesthesia. During surgery, a local anesthetic (bupivacaine) was used on exposed skin and
muscle tissue.

The rat was placed in a stereotaxic frame, and holes were drilled precisely in the skull to
place the stimulating electrodes, working electrodes, reference electrodes, and according to the
atlas of Paxinos and Watson.3* Specifically, the carbon-fiber working electrode was lowered into
the NAc core (+1.3 mm anterior-posterior [AP], +2.0 mm medial-lateral [ML], =7.1 mm dorsal-
ventral [DV]), and the bipolar stimulating electrode (Plastics One, Roanoke, VA, USA) was
lowered to the VTA (-4.7 mm AP, +0.9 mm ML, -8.5 mm DV). The dorsoventral coordinate of the
electrodes was adjusted to detect the maximum amount of stimulated dopamine release. An
Ag/AgCl wire reference electrode was inserted on the contralateral side of the brain. To electrically
stimulate dopamine, a constant biphasic current stimulus at +300 YA, 2 ms, 24 pulses was
delivered to the VTA by a bipolar stimulating electrode (Plastics One, Inc., Roanoke, VA, USA).
Spontaneous adenosine release was measured by applying the waveform with no electrical
stimulation. After each experiment, animals were euthanized using guillotine (World Precision

Instruments, Sarasota, Florida, USA).
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3.2.7 Brain Slice Preparation

All animal experiments were performed following the approved protocols by the Animal Care and
Use Committee (ACUC) of the University of Virginia. Isoflurane was used to anesthetize 5-8
weeks old wide-type C57BL/6 mouse that was decapitated quickly (Jackson Lab). aCSF was
oxygenated (95% 02, 5% CO2) and held at 0-5 °C to recover the brain after being removed. The
slicing stage held the brain and a vibratome (Leica VT1000S, Bannockburn, IL, USA) was used
to prepare coronal section slices (400 um). Oxygenated aCSF (34 °C) in a water bath was utilized
to equilibrate slices with caudate putamen. After transferring slices to the recording chamber,
PPNMEs were inserted into approximately 75 ym deep into the tissue and then equilibrated for
10-15 min. 2 mL/min was set as the flow rate to continuously perfuse oxygenated aCSF over the
slice. Serotonin was stored in a glass capillary, which is close to the working electrode. A nanoliter
injector (Nanoliter2020, World Precision Instrument, FL) was used to microinject a precise amount

of serotonin and CV was recorded by HDCV software.
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3.3 Results

Nb wire
Tip diameter: 600 nm

e )k

Parylene-N Coating

v PN layer: 1876 nm
Nb wire

Microhotplate Treatment

v HP-PN layer: 570 nm

Nb wire

RTP Pyrolysis Tip diameter: 1 ym
Exposed length: 50 pm
Graphite layer: 194 nm a

T ——

Figure 1. Overview of electrode fabrication. First parylene N is deposited on a wire, then the
parylene is treated on a microhotplate, and finally pyrolysis is performed in a rapid thermal
processor. The result is a thin film of graphite on the Nb wire. Thicknesses are given for 6 g of
precursor.

The overall process of electrode fabrication is shown in Figure 1. PN was deposited on

¥

the etched Niobium (Nb) wire (with a tip diameter about 600 nm), by CVD and the coating
thickness is about 1876 nm for 6 g of precursor. The PN-coated Nb wire was then heated on a
microhotplate at 350°C (HP-PN), which shrinks the coating to 570 nm. Pyrolysis was performed
using RTP at 600°C for 10 min and then 950°C for 10 min, parameters that were optimized for
pyrolysis of 3D printed electrodes made of photoresist.®® Future studies could examine the
effect of pyrolysis parameters on electrochemical performance. The coating after RTP is

conductive graphite and the final thickness is about 194 nm. Thus, a thin-film carbon electrode

is achieved.
Precursor Deposited Thickness after Thickness after
Mass (g) Thickness (nm) Hot plate (nm) Pyrolysis (nm)
1 327 + 21 122 £ 16 81+10
6 1876 + 96 570 £ 43 194 + 20
12 3408 + 158 867 £ 73 476 + 35
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Table 1. Parylene coating thickness with various masses at different stages of treatment. (Error
is SEM, n=3).

We tested using different masses of parylene precursor, 1 g, 6 g, and 12 g, to
understand the coating thickness and conductivity at various steps. The deposited parylene
thickness on flat silicon wafers was consistent and ranged from 327 nm to 3.4 uym (Table 1) and
are linear with the precursor mass (Fig. 2). Thicknesses should be similar on Nb wires, but it is
difficult to measure on a wire. After heating on the microhotplate, the thickness of PN shrunk
due to weight loss and varies from 122 nm to 867 nm. After pyrolysis of parylene with RTP, the
thickness decreased even more and varied from 81 to 476 nm. Thus, this method leads to
nanoscale films of carbon on the surface.
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Figure 2. Thicknesses of PN and PPN plotted against PN precursor weight.
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Figure 3. Electrical conductivity tests of (A) PN (yellow line) (B) HP-PN (brown line) (C) RTP-PN
(19) (D) RTP-PN (6 g), and (E) RTP-PN (12 g) on Pt electric circuits (F) Resistances of RTP-
PN (1 g), (6 g), and (12 g) (n=4, Error bars are SEM).

PN was deposited on a printed platinum (Pt) circuit with gaps between the electrodes
and conductivity was measured by applying a voltage and measuring current. The slope was
used to determine the electrical resistance of different polymers. PN is an insulating polymer
that has no electrical conductivity because of the high resistance, and the plot in Fig. 3A
confirms this. There is also no conductivity for HP-PN (Fig. 3B), so the polymer was not yet
graphitized after hot plate treatment. The RTP-PN samples were conductive because the plots
have a slope that corresponds to the resistance (slope=1/R, Fig. 3C, D, E). Thus, it takes a high
temperature to carbonize the parylene and make it conductive. Conductivity at RTP-PN samples
were measured multiple times (Fig. 4), and their resistances were calculated and shown in Fig.
3F. We simulated the circuit, with an RTP-PN (6 g) thickness, 194 nm, and resistance, 320 Q,
on COMSOL software. The estimated conductivity is about 3000 S/m, which is within the

conductivity range of glassy carbon wires, 477-18100 S/m.3¢ Glassy carbon generated when

annealing at 850 °C for 4 hr possesses a conductivity of 3200 S/m, which is similar to RTP-PN

(6 g).%
A) Pt D) RTP-PN (1 g)

B) PN Pt E) RTP-PN (6 g)

C) HP-PN Pt F) RTP-PN (12 g)
1] [ ) &




Figure. 4 (A) Pt circuits (B) Pt circuits with PN (C) Pt circuits with HP-PN (D) Pt circuits with
RTP-PN (1 g) (E) Pt circuits with RTP-PN (6 g) (F) Pt circuits with RTP-PN (12 g)

PN underwent volumetric shrinkage, which is about 89.7 % for PN-coated Nb wires (6
g), and structural reformation into graphite after high temperature annealing.?6383° The
mechanism is likely high temperature breaking of carbon bonds and reaction of benzene rings
to form graphite.*? Tai's group saw similar changes in parylene-C (PC) coating thickness and
resistivity when different temperatures were applied, 0 °C to 900 °C.38 PC’s resistivity
dramatically decreased with raising temperature, especially above 500 °C, similar to what we
observed in the conductivity test where conductivity increased after pyrolysis with RTP-
annealing steps, at 600 °C and 950 °C. All RTP-PN with different amounts of precursor have
similar conductivities, so we selected the RTP-PN (6 g) for further investigation. FSCV
waveforms with switching potentials over 1.3 V are known to break down carbon material, so a
slightly thicker film might be more stable over time (Fig. 5).%'
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Figure 5. Stability test of PPNMEs.

Figure 6. SEM images of (A) surface of CF and (B) surface of RTP-PN (6 g).
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We characterized the surfaces by SEM (Fig. 6A and B, respectively). The CF structure
is mainly smooth with some grooves. CFs are about 7 ym, and the overall diameter of PPNME
on the etched Nb wire is about 1 ym (6 g deposited), which is smaller than CF. Therefore, the
PPNME could be localized better in specific brain regions and cause less inflammation in tissue.
The nanopores of PPNME are larger and deeper than the grooves on the CFME, which help
restrict diffusion of neurochemicals that enter the nanopores.*? However, the pores are smaller
than those on carbon nanotube yarn microelectrodes (CNTYMES), and thus the effects of thin
layer diffusion in nanopores at PPNMEs are expected to be more limited compared to carbon

nanotube yarn microelectrodes (CNTYMEs).*?
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Figure 7. Raman spectra of (A) PN (B) HP-PN (C) CF and (D) RTP-PN (6 g) on Si wafer. The
D, G, and 2D peaks are located at 1360 cm™ 1580 cm™, and 2860 cm™" respectively (E) Bar
graphs of D/G ratios of CF and RTP-PN (6 g) (n=6, t test, ****p<0.0001, Error bars are SEM).
Raman spectra were analyzed to study the graphitic features of all materials. The defect
sites at the boundaries, such as sp? carbon, oxygen functional groups, or doping, generate a D
band (~1360 cm™). Sp? graphitic carbons generate a G band (~1580 cm™"), which is formed from

basal planes.**~*® The 2D peak (2860 cm™) helps identify the material as graphene.*5*8 Fig. 7A
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and B show PN before and after heating at 350 °C on the microhotplate for 10 min. Heating on
the hotplate does not cause graphitization as there is no obvious difference between Fig. 7A
and B, which have only Si peaks from the wafer (522 cm™ and 961 cm™) originated from Si
wafer.*® There are no graphitic features on either Raman spectra, which indicates that PN, a
polymer, possesses no graphitic structure before RTP. RTP treatment induces full carbonization
of PN, with the presence of D, G, and 2D peaks. The high temperature provides energy to
change the polymer structure into multilayer graphene, which is confirmed by the presence of
the 2D peak. The disorder level of carbon materials was determined by calculating the ratios of
D peak and G peak areas, and they were 1.9 for CF and 2.6 for RTP-PN. A higher D/G ratio

means that there are more defect sites on RTP-PN, and a decreased number of basal planes
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might decrease pi stacking with molecules, which could improve anti-fouling behavior

D/G ratios of CF and RTP-PN (6 g) were plotted in a bar graph Fig. 7E.
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Figure 8. XPS analysis of elemental compositions (A) PN (C) HP-PN (E) RTP-PN (6 g) (G) CF

and functional groups (B) PN (D) HP-PN (F) RTP-PN (6 g) (H) CF on Si wafers.

Raman spectroscopy shows that RTP-PN is a defect-rich graphitic material. XPS was

utilized to characterize the specific surface elemental compositions and functional gro
pyrolyzed PN. PN is a benzene-rich polymer with no oxygen functional groups and -

originates from the polymer overlapping (Fig. 8A and B). After pre-annealing PN with
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microhotplate in air atmosphere, sp? carbon bonds were broken and C-O and C=0 bonds were
formed, and oxygen was introduced into the PN polymer structure (Fig. 8C and D). However,
the insertion of oxygen atoms in PN does not induce conductivity as no graphitic carbon was
formed during microhotplate treatment. -1 stacking is absent after pre-annealing as the peak
at 292 eV is not present. After RTP-annealing, all carbon-oxygen functional groups are still
present (Fig. 8E and F). Scan rate tests confirm adsorption-controlled behavior and surface

oxygen groups can contribute to adsorption of dopamine and other neurochemicals on carbon

electrodes (Fig. 9).81°
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Figure 9. Scan-rate testing (50-1000 V/s) of (A) DA (B) serotonin (C) AD on CFMEs and
PPNMEs.

Functional Binding PN HP-PN RTP-PN (6 g) CF
Group Energy (eV) (Area %) (Area %) (Area %) (Area %)
C=C 284.80 96.7 65.1 57.7 66.9
C-O 286.08 0 28.8 35.3 29.9
C=0 288.95 0 6.0 71 3.2
-1r* 291.80 3.3 0 0 0

Table 2. Functional group percentages of PN, HP-PN, RTP-PN, and CF.
Table 2 shows the atomic percentages of carbon and oxygen on the surfaces of PN, HP-
PN, RTP-PN (6 g), and CF. There was no oxygen present on PN surface, which only contains

carbon. After pre-annealing on the hotplate, oxygen was involved in PN. After pyrolysis with
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RTP, carbon bonds were broken and surface atomic percentage dropped down

correspondingly. Compared to RTP-PN (6 g), CF possesses less oxygen content.

Element PN HP-PN RTP-PN (6 g) CF
(Atomic %)  (Atomic %) (Atomic %) (Atomic %)

C 100 85.8 79.1 86.6

0] 0 14.2 20.9 134

Table 3. Functional group analysis of PN, HP-PN, RTP-PN, and CF.

Table 3 displays the area percentages of each functional group on XPS spectra in Fig.
8C, E, G by curve fitting. Carboxyl groups promote neurochemical adsorption.* PN is a
benzene-rich polymer with C=C present in the polymer structure.’*5" Because of the
overlapping of the polymer layers, 1-11 stacking is shown in the XPS spectra. However, after HP
pre-annealing, the stacking structure on PN surface was broken and oxygen-containing
functional groups were formed, which resulted in the disappearance of -1t stacking.*®%° After
application of high temperature with RTP, the m-11 stacking decreased while the oxygen-
containing groups increased. The XPS analysis, coupled with Raman spectra, shows that the
pyrolyzed parylene has increased functional group formation during HP pre-annealing and RTP
annealing. Oxygen content and functional groups of RTP-PN (6 g) are more than CF, which

should benefit electrochemical detection of more neurotransmitters.
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Figure 10. Electrochemical detection (CVs) of dopamine (DA), serotonin, and adenosine (AD)

at CFMEs (blue) and PPNMEs (6 g) (red) for (A) 1 uM DA (B) 1 uM serotonin (C) 1 yM AD.
CFMEs and PPNMEs were used to test the electrochemical detection of various

neurotransmitters, including 1 uM DA, serotonin, and AD (Fig. 10). The magnitudes of

neurochemical oxidation currents on PPNMEs are higher than CFMEs. The PPNMEs have

enhanced oxygen functional groups, which increase the electrostatic force between the
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positively-charged analytes and the surface, and thus there is good sensitivity.*%52 The shapes
of the CVs for dopamine and serotonin on PPNMEs were similar to those of CFMEs. The
primary peak for adenosine is located on the back scan due to the high scan rate in FSCV.%?
The secondary peaks for AD oxidation currents were further enhanced from 20% of the primary

current at CFMEs to 33% at PPNMEs.

A) BG CVs B) BG Currents
*% %
—
1000 8007 crMES
_ =3 PPNMEs o
z
£ bt
= 2
g _Dl4l TT T T T T T T II3 %
o
o — PPNME :
1000 — CFME
E vs. Ag/AgCI (V) CFMEs PPNMEs
C) DA D) DA
200 *
- PPNMEs ® 0.08 —
1504 ~® CFMEs - .
=3 ) £ ooe
c y = 12.6x +7.20 1t 3 T
£ 100 . o e E
£ 7=0.9999_ - 2 004 .
< 50 Ty=386x+7424 &
- - £ 002
§ e " 2=00999 5!
o ©
0 5 10 000
Concentration (M) CFMEs PPNMEs
E) Serotonin F) Serotonin
250
. g 015
§2°° ¥ =16.2x +33.2 43
- N
o 150 2=0.9999 T 010
g § — =
3" =525+ 151 :
r = + pt
° sof &+ TR 20 §oos
. e—— " 7=09999 E
a T T 1 %
0 5 10 0.00
Concentration (M)
G)AD H) AD
250
; 5004
2009 y=16.4x+29.9 - =
S _ _— 5003
£ 150 r2=0.9999_ - =
£ A §=725x+540 E
E - S
H 104 - ©-00000 5 2 0.02
s04 ¢ _— - &
4 5 0.01
«— o
0 T 0
0 5 10  © 000

CFMEs PPNMEs

Concentration (M)
Figure 11. Background currents of electrodes and background-normalized currents and
sensitivity tests of DA, serotonin, and AD on CFMEs and PPNMEs. (A) background CVs of
CFME and PPNME. (B) Bar graphs comparing background currents. (C) Sensitivity for 1-10 yM
DA. (D) Background normalized current comparison for 1 uM DA. (E) Sensitivity for 1-10 uM
serotonin (F) Background normalized current comparison for 1 yM Serotonin. (G) Sensitivity for
1-10 uM AD. (G) Background normalized AD currents for 1 uM adenosine (all bar graphs n=4, t
tests, *p<0.1, ***p<0.001, Error bars are SEM).
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Fig. 11A shows CVs of CFME and PPNME background currents. In Fig. 11B, PPNME
surface area is generally about 1.4 times higher than CF background signal, which shows a
larger surface area for neurochemical detection. In Fig. 11C, E, and G, Faradaic currents for
each analyte were plotted against concentration and the slope in the linear range used to
quantify sensitivity (higher concentrations shown in Fig. 12). DA, serotonin, and AD are analytes
that are positively charged at physiological pH, 7.4, and can be adsorbed to the electrode
surface with the applied potential, -0.4 V. Generally, PPNMEs have higher slopes and higher
sensitivities than CFMEs, about 2-3 times, which is larger than the difference in background
currents. As PPNMEs have larger surface areas, Faradaic currents were divided by background
currents to normalize for surface area. PPNMEs are compared to CFMEs in Fig. 11D, F, and H.
Even correcting for background current, which is proportional to surface area, the signal for all 3

neurochemicals is higher for PPNMEs.
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Figure 12. Concentration tests of DA, serotonin, and AD. (A) 1-100 uM DA (B) 1-100 uM
serotonin (C) 10-500 uM AD.

=}

Figure 13. Serotonin fouling test on CFMEs and PPNMEs. (A) CVs of 15t and 30™ injections of 1
UM Serotonin on CFMEs. (B) CVs of 1%t and 30" injections of 1 uM Serotonin on PPNMEs. (C)
Bar graph 15t and 30" injections of 1 uM normalized serotonin currents on CFMEs (D) Bar graph
15t and 30" injections of 1 uM normalized serotonin currents on PPNMEs. (E) Bar graph of 1 uM
normalized serotonin oxidation signals on CFMEs and PPNMEs after soaking in PBS buffer for
1 hr. (F) Bar graph of 1 yM normalized serotonin oxidation signals on CFMEs and PPNMEs
after soaking in 1 uM serotonin for 1 hr. (n=3, t test, *p<0.1, **p<0.01, Error bars are SEM).
Fouling is a serious problem during electrochemical detection of some molecules,

particularly serotonin.®*®5 Serotonin molecules are polymerized with the application of the
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dopamine waveform, and the polymer attachment on the electrode surface blocks the active
sites for neurochemical adsorption, which will decrease detection sensitivity.?%3%54 With a rich
amount of defect sites, we hypothesize that less fouling should be present on PPNMEs because
of the decreased basal planes which will allow less 11-11 stacking between serotonin polymer
and the electrode surface. One uM serotonin was injected at both electrodes 30 times every 15
s and serotonin currents at CFMEs and PPNMEs dropped about 50% and 5%, respectively (Fig.
13).

To further test if PPNMEs could resist serotonin fouling, longer-term fouling experiments
were performed on both electrodes. As a control, electrodes were tested with serotonin before
and after the waveform was applied in PBS buffer for 1 hr, and the current does not change
(Fig. 13E). However, after applying the dopamine waveform for one hour in 1 yM serotonin, the
oxidation currents for CFMEs dropped significantly, about 50%. In contrast, at PPNMEs the

current dropped only about 20%, meaning 80% sensitivity was retained (Fig. 13F). The high
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density of nanopores and rich defect sites on the PPNME surface will promote anti-fouling
properties because there would be reduce 1T-11 stacking between electrode surface and
serotonin polymer.##©:30:56
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Figure 14. In vivo dopamine, adenosiné, and serotonin testing with PPNMEs. (A) Stimulated DA
CV (B) DA IT curve (C) Transient (unstimulated) AD CV (D) AD IT curve (E) Applied serotonin
CV (F) Serotonin IT curve.

PPNMEs were employed in vivo to demonstrate their efficacy in detecting
neurochemicals. For dopamine testing, stimulated dopamine release was evaluated in the
mesolimbic circuit by applying electrical stimulation to the ventral tegmental area (VTA) and
measuring dopamine in the nucleus accumbens (NAc) of rats. Fig. 14A illustrates the cyclic
voltammogram of dopamine released, about 800 nM, upon electrical stimulation. As shown in
the i versus t curve in Fig. 14B, the peak current increases with electrical stimulation, indicating
dopamine release. Peaks in the CV are a bit wider in vivo, likely due to biofouling or possible

background subtraction errors due to ionic changes that occur, changing the background

current. As the testing was performed short-term, about 2 hr, no dramatic fouling happens on
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the reference electrode, Ag/AgClI (Fig. 15), which would disturb the neurotransmitter detection.
Therefore, no Nafion coating needs to be applied to the reference electrode.5”:58

Additionally, we continuously collected data and observed spontaneous adenosine
transients with the PPNMEs.33°90 A representative transient, about 858 nM, is depicted in Fig.
9C (cyclic voltammogram showing adenosine-dopamine co-release) and Fig. 14D (l-versus t
curve showing primary oxidation peak). These transients occurred without electrical stimulation
and lasted approximately 1-2 seconds. As indicated by the cyclic voltammograms, the PPNMEs
successfully measured both dopamine and adenosine, demonstrating their utility for detecting
neurochemicals in vivo. As the tested region that releases serotonin is too small to perform
electrical stimulation, we tested PPNMEs in the mouse brain slice (caudate putamen). The
tissue was inserted by PPNMEs, and the depth is about 75 pm. A nanoliter injector was used to
microinject serotonin close to the working electrode. Fig. 14E and F present exogenously
applied serotonin CV and I-verse T curve and 832 nM serotonin were detected. While much of
this data is similar to detection at CFMEs, the future possibility is to use PPN to make different
geometries, and so this PPN will prove useful for in vivo measurements. For example, since PN
is an insulator, if part of it can be masked and then pyrolyzed, perhaps using a laser or focused-
ion beam milling, you could fabricate arrays and other geometries that are not possible to

fabricate with carbon fibers.
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Figure 15. CVs of normalized DA currents before and after Ag/AgClI wire insertion into the brain
slice.
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3.4 Conclusions

RTP treatment of parylene N provides a method to fabricate microelectrodes with a thin
film of carbon to sensitively track neurochemicals. Enhanced defect sites increased detection
sensitivity for dopamine, serotonin, and adenosine. PPNMEs possess antifouling property,
which make modified electrodes suitable for sensitive and long-term in vivo testing. Nb wires
deposited with PN were etched to nanoscale, which makes them an attractive option for tissue
applications. These electrodes can detect in vivo dopamine and adenosine release and thus
are suitable for monitoring real-time release of neurotransmitters in tissue. Future work can
examine other uses of this thin film electrode technology to customize different electrodes and

microdevices.
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Chapter 4

Laser-Induced-Graphene Electrodes from Parylene-N: Use of
Nanoscribe 3D Printer to Fabricate Carbon Electrodes for

Neurotransmitters



Abstract

Laser-induced graphene (LIG) uses the energy of a laser to turn a non-conducting
polymer into a graphitic conductor, and LIG is useful for the fabrication of supercapacitors and
biosensors. Laser-induced-graphene (LIG) typically usually utilizes polyimide (PI), which is
deposited on the substrate via spin coating, but spin coating cannot be used for cylindrical
structures such as microelectrodes. Here, we used parylene as a substrate for LIG because it
can be deposited in a thin layer on cylindrical microwires via chemical vapor deposition (CVD).
Heating to 350 °C increases the light adsorption, and then the laser of Nanoscribe 3D printer
was used to carbonize the surface of parylene (PN) to create laser-induced-graphene (LIG-PN).
A higher roughness and more oxygen functional groups were present on LIG-PN compared to
carbon fiber (CF). Dopamine and serotonin oxidation currents at LIG-PN modified electrodes
(LIG-PNMESs) were about 1.50 and 1.30 times higher than carbon fiber (CF). Responses were
more reversible due to the surface roughness leading to trapping effects. In addition, LIG-
PNMEs possess antifouling and anti-biofouling properties, which enabled stable dopamine
detection in the rat brain and serotonin tracking in Drosophila. LIG-PN was also combined with
microelectromechanical systems (MEMs) to make electrodes on a microdevice for
neurochemical detection. The Nanoscribe is an easy way to design shapes from COMSOL for
printing carbon electrodes, with micron resolution, enabling the design of electrodes or arrays
from a biocompatible parylene structure.

Keywords: Laser-induced-graphene, Parylene-N, Adsorption, /n vivo, MEMs
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4.1 Introduction

Polyimide (PI) is a commercially-available polymer that can withstand high temperature
and insulate electronics.' Spin-coated or chemically vapor deposited polyimide (PI) or PI
sheets are used for the synthesis of laser-induced-graphene (LIG), which was initially developed
by Tour Group.*® LIG possesses good biocompatibility and electrical conductivity. LIG
originated from PI (LIG-PI) is applied for the fabrication of microfluidic devices, supercapacitors,
as well as different types of sensors, such as temperature, airflow, and humidity.®'° LIG has
also been implemented to develop microelectromechanical systems (MEMs).'"'2 An alternative
insulator for MEMs devices is parylene, as it fully covers surfaces, is impermeable to moisture,
has a high dielectric constant, protects from corrosion, and is a good insulator.." Recently,
parylene has attracted attention as an alternative polymer for the fabrication of LIG, but
microelectrodes for neurotransmitters have not been made with LIG from parylene. 4

Medical devices are often insulated with parylene because of its biocompatibility. "8
Parylene, which has many types of derivatives — C, N, D, VT4, and AF4, is a benzene-rich
polymer that possesses chemical inertness, flexibility, and optical transparency. 2! Thin-film
parylene is deposited on a variety of substrates by chemical vapor deposition (CVD).??? as
Applications of parylene include photooxidation for coating microelectronic and medical devices,
cellular co-culture and tissue barrier models, and encapsulation material.'*24-2" Pyrolysis of
parylene leads to graphitic materials that can be made into electrodes. The Baker group used
cyclic voltammetry (CV) to perform electrochemical detection with pyrolyzed parylene-C
electrodes.? Our group developed pyrolyzed parylene-N electrodes, pyrolyzed by rapid thermal
processing (RTP), for neurochemical detection with fast-scan cyclic voltammetry (FSCV).
Parylene has also been utilized for the formation of LIG and applied for the generation of
microsupercapacitors.' However, LIG of parylene has not been used to make electrodes for

FSCV detection.
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Laser-induced graphene is commonly induced using CO; infrared (IR) and ultraviolet
(UV) lasers, for both polyimide and parylene.®”?-3!' The Nanoscribe 3D printer laser, ~390 nm
wavelength, can provide the energy, which should be enough to pyrolyze polymer.3? The
Nanoscribe printer is generally utilized for direct laser writing to construct COMSOL -designed
3D-printing structures, with a liquid photoresist that absorbs the laser energy. Our lab has used
this method to print micron sized structures that are pyrolyzed to glassy carbon electrodes with
rapid thermal processing.®**® The advantages of the Nanoscribe printer is that you use
commercial software to make a 3D design, and then the instrument automatically prints it, with
resolution of 1 ym. Thus, there is no need for a custom laser set-up. Here, we use the
Nanoscribe printer to selectively pyrolyze parylene to make 50-100 um, while the rest of the
PN-coated surface acts as a biocompatible insulator.®

In this work, we used a Nanoscribe 3D printer to fabricate laser-induced graphite from
parylene N, for detection of dopamine and serotonin. Dopamine (DA) regulates nerve function
crucial for movement and reward processing,*”*8 while serotonin (5-HT) is important for mood
and is dysregulated in depression. LIG-PN modified electrodes (LIG-PNMEs) have good
electrochemical performance for detecting DA, with increased reversibility because the surface
roughness helps trap molecules on the electrode surface. Because of the increased level of
defect sites, LIG-PNMEs promoted 5-HT adsorption and resists 5-HT polymer fouling and
biofouling, originating from the attachment of brain tissue. 3°4%4! LIG-PN on Nb wires were used
to detect dopamine in vivo in rats and serotonin in Drosophila. We also developed MEMs
devices with LIG-PN electrodes to detect DA. Using the Nanoscribe printer to fabricate LIG
electrodes in parylene with a resolution, 0.75 um to 1.50 pym, will enable customized electrode
geometries and array designs for MEMs devices and other electrodes in the future.
4.2 Methods and Materials

4.2.1 Chemicals and materials
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Dopamine was purchased from ThermoFisher Scientific (Waltham, WA) and serotonin
was purchased from Sigma-Aldrich (St. Louis, Missouri). Perchloric acid (0.1M) was used to
make stock solutions (10 mM). Stock solutions were diluted by using phosphate-buffered saline
(PBS) buffer (1131.5 mM NacCl, 3.25 mM KCI, 1.2 mM CaClz, 1.25 mM NaH2PO4, 1.2 mM
MgClz).

4.2.2 Construction of LIG-PNMEs

Nb wires (diameter 50 um, ESPI Metals, Ashland, OR) were electrically etched to 1 um
in 4 M NaOH with the application of DC voltage 2V. Etched Nb wires were coated with parylene-
N by using SCS parylene coater (PDS 2010, IN). The chamber of parylene coater initially
vaporizes [2, 2] Paracyclophane, the powdered precursor, at 150°C under vacuum. Then, the
temperature is ramped to a high temperature, 650 °C, to cause the pyrolysis of dimer to form
the monomer, para-xylene. When the temperature drops back to 25 °C, monomers will be
polymerized and deposited on the substrate. The coating rate and thickness is controlled during
vapor deposition process by parylene coater. Parylene-coated Nb wires were pre-annealed on
the hotplate for shrinkage, by heating from 25°C to 350 °C at 40 °C/min and then holding at
350 °C for 10 min in air atmosphere. Parylene-N-coated Nb wires were further treated with 2-
photon laser in Nanoscribe instrument for direct laser writing and air projective (laser
wavelength = 390 nm, laser power = 40 mW, scanning speed = 5000 um/s, hatching distance =
1.0 ym, and slicing distance = 1.0 um). Nb wires coated with parylene-N, transformed into laser-
induced-graphite, were inserted into glass capillaries, and then sealed with 5-min epoxy (J-B
weld, Sulphur Springs, TX).

4.2.3 Construction of MEMs

The chips for LIG-MEMSs sensors were fabricated using a well-established processing
sequence that is based on a combination of wafer-level photolithographic patterning and thin
film deposition."'2 More specifically, a liftoff process was used to create metal electrode

patterns on 4” diameter fused silica wafers. The processing sequence started with dehydration
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of silica wafers on a hot plate at 250°C for at least 30 minutes followed by oxygen plasma
treatment for 2 minutes. A double layer resist was deposited on the dehydrated silica wafers by
first spin coating liftoff resist (LOR3A, XX Inc.) at 3000 RMP and bake it on a hot plate at 180 °C
for 2 min. The second resist layer was a positive tone photoresist SPR 955CM-0.7 (DuPont Inc.)
deposited by spin coating at 3000 RPM with a subsequent bake on a hot plate at 90°C for 90
seconds. Wafers with the double-layer resist were exposed on MAG (spin coating liftoff resist
SUSS MicroTec) contact aligner with a mask containing metal electrode patterns. After
development in CD26 developer for 60 seconds, rinsing with deionized water, and drying with
filtered nitrogen, the wafers were transferred into the chamber of a DC sputter deposition tool
and coated with 100 nm Nb. The final steps of the processing sequence were metal lift-off in
acetone, followed by soaking in N-methylpyrrolidone (to remove remaining LOR3A resist),
rinsing, drying and dicing of the processed wafers into chips.
4.2.4 Construction of CFMEs

Carbon fibers with a diameter of 7 ym (T650-35, Cytec, Woodland Park, NJ) were
inserted into glass capillaries. Glass capillaries with CFs were heated by using PE-21 pipette
puller (Setagaya-ku, Tokyo, Japan) and then pulled into two needle-shaped microelectrodes.
The length of exposed CFs was cut to around 50-100 ym. Epon Resin 828 (Danbury, CT) mixed
with 14% (w/w) m-phenylenediamine (Acros Organics, Morris Plains, NJ) was used to seal the
tips of microelectrodes with dipping for 30 s. Electrodes were rinsed with acetone for 5 s. CF
microelectrodes were cured at room temperature on the benchtop overnight. The electrodes
were cured in an oven and set at 100°C for 2 hours and then 150°C overnight.
4.2.5 Instrumentation

FEI Quanta 650 SEM (ThermoFisher Scientific, Waltham, MA) was used to collect
images. The accelerating voltage was 2 kV, applied on secondary electron detector. InVia

Confocal Raman microscope (Renishaw, Gloucestershire, United Kingdom) was used to obtain
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Raman spectra of PN, HP-PN, and LIG-PN. Oxygen and carbon allotropes were characterized
with an X-ray photoelectron spectrometer (Physical Electronics, Chanhassen, MN)

ChemClamp potentiostat (Dagan, Minneapolis, MN) with a headstage of 1 MQ
resistance was used to collect FSCV data. The triangular waveform, scanning from -0.4 V to 1.3
V, was used to obtain electrochemical data at a scan rate of 400 V/s and a frequency of 10 Hz.
HDCV Analysis Software (Department of Chemistry, University of North Carolina at Chapel Hill)
was used to perform data analysis. Silver/silver chloride was used as a reference electrode.
Samples were injected through a flow cell at 2 mL/min by using a six-port, stainless steel HPLC
loop injector with an air actuator (VICI Valco Instruments, Houston, TX). Electrode capillaries
were filled with 1 M KCI to provide electrical connection between the electrode and the silver
wire in the electrode holder (Warner Instruments, Holliston, MA).
4.2.6 Background-current subtraction

The scan rate for FSCV is 400 V/s background currents are higher than Faradaic
currents. Thus, CVs are background-current subtracted by averaging the background current
right before the flow cell injection or stimulus, to remove the background and better visualize the
Faradaic current.
4.2.7 In Vivo Measurements

All animal experiments were performed as approved by the Animal Care and Use
Committee (ACUC) of the University of Virginia. Urethane (5% saline solution, 0.3 mL/100 g
i.p.) was used to anesthetize rats (Charles River). Isothermal pad (Delta Phase Pad; Braintree
Scientific, Braintree, MA, USA) was used to maintain the temperature of the rectal and core
body at 37 °C. Hourly checks (paw pinch) were made of respiration and depth of anesthesia. A
local anesthetic (bupivacaine) was applied on exposed skin and muscle tissue during surgery.

A stereotaxic frame was used to hold the rat, and the stimulating electrode, working
electrode, and reference electrode were placed into the holes, which were drilled precisely in

the skull, according to the atlas of Paxinos and Watson.*? The working electrode was lowered
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into the NAc core (+1.3 mm anterior-posterior [AP], +2.0 mm medial-lateral [ML], =7.1 mm
dorsal-ventral [DV]), The dorsoventral coordinate of the electrodes was adjusted to maximize
stimulated dopamine release. . The Ag/AgCI reference electrode was inserted in the
contralateral side of the brain. The bipolar metal stimulating electrode was placed in the VTA
(-4.7 mm AP, +0.9 mm ML, -8.5 mm DV) (Plastics One, Roanoke, VA, USA). The bipolar
stimulating electrode delivered a constant biphasic current stimulus at +300 pA, 2 ms, 24 pulses
to electrically stimulate dopamine. Spontaneous adenosine was recorded with no electrical
stimulation applied. Guillotine was used to euthanize animals after each experiment (World

Precision Instruments, Sarasota, Florida, USA)
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4.3 Results
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Figure 1. Overview of the fabrication of LIG-PN modified electrode

An overview of the fabrication processes of LIG modified electrode is shown in Figure 1.
First, etched Nb wires are coated with parylene-N (PN) coating using vapor deposition. Then,
PN-coated Nb wires are pre-annealed on a microhotplate, by raising temperature from 25 °C to
350 °C, to induce coating shrinkage and promote UV light absorption, shown in Table. 1 and
Fig. S1 respectively. 12 g was selected as the deposited amount for further graphitization of PN
as about the thickness of 1.30 um remained after pre-annealing. It is expected that, after laser
scanning, the thickness of pyrolyzed LIG-PN is enough to transfer electrons and induce
electrochemical detection. After microhotplate heating, the light absorbance of PN is increased
from 0 % to 80 %, as shown in Fig. 2. Then, the Nanoscribe laser (laser power = 40 mW) is
used to selectively scan the surface of PN coating on Nb wires to synthesize laser-induced-
graphene (LIG). The Nanoscribe has two lasers at 780 nm, which generate a wavelength of 390
nm when combined, and the energy for carbonization is only high enough where the two lasers

meet to carbonize the PN. Thus, the spatial resolution for laser-induced graphitization is high
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(the resolution of the printer is 1 um). Because the lasers can only graphitize the top of the PN,
the wires are then flipped 180° and the same scanning process repeated to treat the whole

cylindrical surface.

Parylene Mass Deposited Thickness after Thickness after
Type (9) Thickness (nm) hot plate (nm) laser scanning
(nm)
N 2 400 108 N/A
N 4 917 350 N/A
N 8 2095 671 N/A
N 12 3560 1010 300

Table 1. PN coating thicknesses with 2g, 4g, 8 g, and 12 g loaded into the parylene coater,
before and after microhotplate heating.
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Figure 2. Light absorbance percentage of PN and HP-PN at 390 nm
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Figure 3. Scanning electron microscopy images of (A) zoomed in surface of CFME (B) zoomed
in surface of LIG-PN

The surfaces of LIG from PN (LIG-PN) and CF were characterized by SEM. A smooth
surface is observed on CF with some grooves, which does not favor the trapping of analytes.
However, LIG-PN has a larger surface roughness, which increases the surface area, could

promote the adsorption of analytes, and restrict their diffusion.*® Therefore, LIG is hypothesized

to be a favorable carbon surface for electrochemistry.*®

96



=
T
z
L
T
D
o
z

-

5 =)
< <
= =
@ B
s 8
= £
o -
o ®
N N
] ©
E E
20 & 2o %
r T T T T T 1 r T T T T T 1
200 700 1200 1700 2200 2700 3200 200 700 1200 1700 2200 2700 3200
Raman Shift (cm™') Raman Shift (cm™)
C) LIG-PN D) CF
51 51 ]
< < J
< < '
= = f\
[ @ |
3 s I
= = {
B B ]
N N
= ¥ s /7 |\
£ / ~ : et Booturae
Zo o — \ / \.J*\‘ E o
T T T T T T 1 r T T T T T 1
200 700 1200 1700 2200 2700 3200 300 800 1300 1800 2300 2800 3300
Raman Shift {cm™) Raman Shift (cm')
E) D/G Ratio F) LIG-PN
4 L 0.006-
=3 CFs
3 =3 LIG-PN

D/G Ratio
Current (nA)

5
y =1.09*103 x
-0.006-

CFs LIG-PN Voltage (V)

Figure 4. Raman spectra of (A) PN on Si wafer (B) HP-PN on Si wafer (C) LIG-PN on Si wafer
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D/G ratios for CFs and LIG-PN (unpaired t-test, n=6, ****p<0.0001) (F) Conductivity test of LIG-
PN

We used Raman spectroscopy to study the carbon structures of LIG-PN. A D band
(~1360 cm™) originates from the defects at the boundaries, such as edge plane site or doping,
and a G band (1580 cm™") comes from sp? graphitic carbons. The disorder of the carbon
material is determined by D/G, the ratio of area under D and G peaks.**® As Fig. 4 shows,
there are no graphitic features or defect sites present in the PN-coating (Fig. 4A) or after
microhotplate treatment (Fig. 4B), and only Si peaks, located at 522 cm™ and 961 cm™,
originating from the wafer are present.*” 4 Therefore, no structural change to graphene was
induced in the pre-annealing step. However, after treating PN with Nanoscribe laser writing, D
and G peaks are present (Fig. 4C) which confirms the carbon structure as pyrolyzed PN. Defect
sites were generated in the process of laser-induced graphitization.*® The D/G ratio is 2.70 is
significantly higher than on the LIG-PN than CF (Fig. 4D), whose D/G ratio is 1.66 (Fig. 4E,

97



unpaired t-test, n=6, p<0.0001). Higher defect sites typically promote adsorption to the electrode
surface of neurochemicals.*® In Fig. 4F, the conductivity is demonstrated, as LIG-PN is applied
in a gap in a platinum circuit, and the current-voltage response measured. . There is no
response with either PN and HP-PN coated Pt circuits, shown in Fig. 5A and B, but the
Nanoscribe laser induced graphitization of PN produces conductive material. The inverse of the
slope in Fig. 4F, is the resistance of pyrolyzed PN. Fig. 5C shows the average resistance is 955
Q The calculated conductivity of LIG-PN is about 17,452 S/m, which is higher than previously

reported RTP-PN (6 g), 3,200 S/m, and similar to glassy carbon 477-18,100 S/m.%°
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Figure 5. Conductivity tests of (A) PN and (B) HP-PN and (C) LIG-PN resistances
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Figure 6. Background responses of CFMEs and LIG-PNME (A) Background CVs of CFME and
LIG-PNME (B) Multiple background currents of CFMEs and LIG-PNMEs.

With laser-induced-graphitization of PN on Nb wires, we fabricated LIG-PN modified
electrodes (LIG-PNMEs) and compared them to CFMEs for active surface areas. Fig. 6A shows
that the background CVs of CFME and LIG-PNME are similar in shape and magnitude. Fig. 6B

shows that the average background currents are not significantly different (unpaired t-test, n=6).

Therefore, CF and LIG-PN have similar surface areas.
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Figure 7. Electrochemical detection of DA at LIG-PN and CFMEs. (A) 1 uM DA CVs (B)
Normalized DA CV graphs (C) Bar graph of ratios of reduction and oxidation peaks of 1 yM DA
(unpaired t-test, n=6, ****p<0.0001) (D) Frequency tests of 1 yM DA (10-100 Hz) (n=6, Error
bars are SEM) (E) DA sensitivity tests (1-10 yM) (n=6, Error bars are SEM) (F) Scan-rate tests
(50-1000 V/s) (n=6, Error bars are SEM)

Fig. 7A shows CVs of 1 uyM DA at CFME and LIG-PNME and the DA current response is
higher at LIG-PNME. When normalizing the Faradaic currents of DA to background currents
(Fig. 8A), the sensitivity for the LIG-PNMEs is significantly higher than CFMEs by about 1.50
times (unpaired t-test, p<0.01, n=6). Likely, the increased oxygen functional groups, shown in
Fig. 9, and defect sites attract more DA on the surface.®'53

Additionally, we observed the ratio of DA reduction peak to oxidation peak is close to 1
on LIG-PNME, shown in Fig. 7B, after normalizing CV graphs. However, the oxidation peak at
CFME is 2-fold larger than the reduction peak as the adsorption coefficient of dopamine-o-

quinone (DOQ) is smaller than DA.3” Although oxidation and reductional potentials on LIG-PN

shifted compared to CF, no maijor difference is expected between both AEp.>%6 Fig. 7C shows
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that the reduction-to-oxidation peak ratio for LIG-PMMEs is 1.01, while the average ratio at
CFMEs is 0.49. More reversible CVs with a reduction-to-oxidation ratio of 1 have been observed
in materials with a high surface roughness that momentarily traps dopamine on the timescale of
the FSCV experiment.*357-%° Thus, the rough surface of the LIG-PN could trap more dopamine
molecules. To further confirm the trapping property of LIG-PNMEs, we performed frequency
tests from 10 Hz to 100 Hz, on CFMEs and LIG-PNMEs. When the surface is smooth like CF,
increasing frequency reduces the adsorption of DA onto the electrode surface as DA adsorption
time is shortened and correspondingly lowers the detection sensitivity, which drops to 21.0%
when the frequency is elevated to 100 Hz. However, LIG-PNMEs retained most sensitivity,
95.6%, at 100 Hz. Therefore, the rough surface of LIG-PN promotes the trapping of DA, which
can be defined as nearly frequency-independent.

In Fig. 7E, various concentrations (1-10 uM) of DA were tested. The slopes of the
concentration curves at LIG-PNMEs, 9.35, are higher than CFMEs, 4.87, for DA. In Fig. 7F, log
(normalized lpa) of DA on CFMEs and LIG-PPNMEs was plotted against the log (scan rate). If
the slope is equal to 0.5, the detection is defined as diffusion controlled and if the slope is equal
to 1, then detection is adsorption controlled.®” The scan-rate slopes, 1.01 and 1.04, confirm that

both electrodes are adsorption controlled.
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Figure 8. Background normalized currents of (A) 1 yM DA and (B) 1 yM 5-HT on CFMEs and
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Figure 10. Electrochemical detection of Serotonin at LIG-PN and CFMEs. (A) 1 uM 5-HT CVs
(B) Normalized 5-HT CV graphs (B) Bar graph of ratios of reduction and oxidation peaks of 1
MM 5-HT (unpaired t-test, n=6, **p<0.01) (D) Frequency tests of 1 pM 5-HT (10-100 Hz) (n=6,
Error bars are SEM) (E) 5-HT sensitivity tests (1-10 uM) (n=6, Error bars are SEM) (F) Scan-
rate tests (50-1000 V/s) (n=6, Error bars are SEM)

Serotonin CVs for CFME and LIG-PNME are shown in Fig. 10A and again the LIG-

PNME has a higher current response. With background normalization (Fig. 8B), the 5-HT
sensitivity of LIG-PN is about 1.3 times higher than CF, which means LIG-PN surface is more

active for serotonin redox. After normalizing CVs, shown in Fig. 10B, normalized 5-HT reduction
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peak height obtained on LIG-PN is larger than at CF and both AEp are similar. Fig 10C shows
reduction to oxidation at CFMEs and LIG-PNMEs of 0.60 and 0.42, respectively. Serotonin does
not show as much of a reversible reaction, which may be due to the downstream polymerization
reactions that occur after oxidation.3%%° In Fig. 10D, the frequency is raised from 10 Hz to 100
Hz and normalized 5-HT current responses are recorded and then plotted. For CFMEs, the
signal dropped to 20% after reaching up to 100 Hz when LIG-PNMEs retained 45%. Even
though LIG-PN could not induce 5-HT reduction to oxidation ratios as the same as DA, there are
still more molecules that can be trapped onto the electrode surface compared to CF.

Sensitivity tests, 1-10 uM 5-HT, were also conducted on both types of electrodes, shown
in Fig. 6E. The LIG-PN has a higher slope and higher sensitivity for serotonin detection. In Fig.
6F, the slopes of the log-log plots for scan rate are both close to 1, 1.04 and 1.02, which means
that both detection types on the surface of CF and LIG-PN are adsorption-controlled. Generally,

LIG-PNMEs could trap more target analytes than CFMEs because of a higher surface

roughness.
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Figure 11. (A) MEMs chip development procedures (B) Background CV of LIG-PN on MEMs
chip (C) CV of 1 yM DA on MEMSs (D) SEM image of laser-scanned 50 ym circle (E) zoom-in
view of laser-scanned circle

As LIG-PN possesses good electrochemical performance, we applied LIG-PN on
microelectrochemical systems (MEMs). Fig. 11A illustrates the process of MEMs device
development. The SiO, wafer was coated with 100 nm Nb to build a single-channel MEMs. The
MEMs chip was coated with PN and then treated with microhotplate at 350°C for 10 min. The
Nanoscribe laser was utilized to graphitize the selected area, a 50-um circle. The background
current is similar to the wires made of LIG-PN and is dependent on surface area. The LIG-PN
MEMs chip was applied for 1 uM DA electrochemical detection, which is shown in Fig. 11C. We
characterized the surface of laser-scanned circle for DA detection with SEM, which is shown in
Fig. 11D. And then Fig. 11E showed a zoomed-in view of LIG-PN on single-channel MEMs chip
to visualize the surface roughness, which helps induce the trapping of dopamine molecules.
With the successful development of MEMs with LIG parylene, we could develop multiple-
channel, 2, 4, or 6, MEMs chips for simultaneous detection of DA or other neurochemicals in the
future.

One important consideration for in vivo testing microelectrodes is fouling, both
electrochemical fouling and biofouling. Electrochemical fouling in this work originates from the
polymerized 5-HT molecules when dopamine waveform was applied. 5-HT polymer can block
the active surface area, which reduces the sites for absorbing analytes. Correspondingly,
detection sensitivity, which is critical to neurochemical tracking, will majorly decrease. Because
of richer defect sites and oxygen functional groups on LIG-PN than CF, it is assumed that LIG-
PN will behave better than CF on preventing 5-HT polymer from attaching to the electrode
surface. Therefore, 5-HT fouling experiments were conducted on both electrodes.

First, CFMEs and LIG-PNMEs were tested 30 times with 1 yM 5-HT. Multiple currents of

1st and 30th injections for CFME and LIG-PNME are respectively shown in Fig. 12A and B. On

CF surface, 5-HT polymerized and covered the active sites, which lowered the sensitivity to
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68.0%. However, on LIG-PN surface, less 5-HT polymer attached most sensitivity, 86.7%, was
retained. Therefore, it is assumed that LIG-PN could resist the attachment of 5-HT polymer. To
further confirm the assumption, long-term fouling experiments were conducted on CFMEs and
LIG-PNMEs. Initially, PBS buffer was injected onto the electrode surface for 1hr and then
recorded the current responses of 5-HT on CF and LIG-PN. At last, 1 yM 5-HT solution was
continuously injected for 1 hr. 5-HT currents responses were recorded and compared to the
currents after 1-hr PBS injection, which are shown in Fig. 12C and D for CFMEs and LIG-
PNMEs. It is observed that most active sites were blocked for CF, whose sensitivity reduced to
28.7%, while LIG-PN still got 73.7% sensitivity left. Therefore, it indicates that LIG-PN

possesses anti-fouling property.
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Figure 12. Fouling experiments with CFMEs and LIG-PNMEs. (A) Normalized lp, of 1st and 30"
injections of 1 yM 5-HT on CFMEs (B) Normalized ls of 1st and 30" injections of 1 uM 5-HT on
LIG-PNMEs (C) Normalized |,a after 1-hr PBS and after 1-hr 1 yM 5-HT on CFMEs (D)
Normalized lpa after 1-hr PBS and after 1-hr 1 yM 5-HT on LIG-PNMEs (unpaired t-test, n=4,
****n<0.0001, Error bars are SEM)
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Figure 13. Biofouling experiments with rat brain tissue. Bar graphs of normalized currents of (A)
1 uM DA and (B) 1 uM 5HT for CFMEs and LIG-PNMEs after placing electrodes into the brain
slice for 1 hr (unpaired t-test, n=3, *p<0.01, Error bars are SEM).

For testing if LIG-PN could resist biofouling, LIG-PNMEs were inserted into the brain
slice with the application of dopamine waveform and kept for 1 hr and CFMEs were used as
comparison. DA and 5-HT current responses, before and after CFME and LIG-PNME insertion
into the brain slices, were respectively shown in Fig. 13. LIG-PNMEs retain most detection
sensitivities, and it indicates that LIG-PN can prevent the attachment of protein or brain tissue.

Both fouling and biofouling experiments, shown in Fig. 12 and 13, present that LIG-PNMEs

possess a better performance on the prevention of 5-HT polymer and protein or brain tissue

attachments.
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Therefore, the fabricated electrode was applied in vivo to clarify their feasibility in
tracking neurochemicals and compared to CFME. For dopamine, the mesolimbic circuit was
evaluated by stimulating the ventral tegmental area (VTA) and measuring dopamine in the
nucleus accumbens (NAc) of rats. CVs graphs of DA on CF and LIG-PN were shown in Fig. 14A
and C respectively. LIG-PNME indued a much higher DA reduction peak than CFME, which

nearly tracked no reduction signal. The i vs t curves in Fig. 14B and D present the peak currents

increase with electrical stimulation, which indicates the release of dopamine. Biofouling or
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possible background subtraction errors because of ionic changes can cause a bit wider in vivo
CVv.
4.3 Conclusions

Using a Nanoscribe printer to make LIG-PN electrodes allows a new method to make
microelectrodes and MEMs devices for neurochemical detection. The size and geometry of the
surface can be controlled by the design from the computer-aided system. Additionally, LIG-PN
possesses a higher surface roughness than CFMEs, which promotes the trapping of
neurochemicals, and behaves as nearly frequency-independent. and enabled LIG-PN to
possess antifouling and anti-biofouling properties. Therefore, LIG-PNMEs are appropriately
used for animal testing and successfully recorded in vivo dopamine and serotonin in Drosophila.
MEMs chips with LIG-PN will enable new types of devices and arrays for electrochemical

detection of neurotransmitters.
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Conclusions and Future Directions
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5.1. Contribution of the Dissertation to the Field
5.1.1 Customizable Micro/nano Carbon Sensors

Traditional implantable microelectrodes, CFMEs, facilitate electrochemical detection in
the field of neuroscience. However, there are limited fabrication methods for carbon sensors.
This thesis investigates methods to fabricate modified electrodes and their applications for in
vivo neurochemical recording and prevention of fouling and biofouling. Chapters 2-4 clarify ways
to achieve nanoscale carbon electrodes. Chapter 2 demonstrates that carbon nanospikes can
be deposited on Nb wires with PECVD and then utilized as sensors to test high-potential
analytes and applied for puff-on testing in the brain slice. High surface roughness and rich
carboxyl groups of nanospikes prevent fouling and biofouling and retain the most sensitivities.
Nanolayers of pyrolyzed PN, shown in Chapter 3, were achieved with RTP after undergoing
volumetric loss and structural reformation from insulative polymer to conductive graphite. Thus,
pyrolyzed PN with RTP is suitable for the electrochemical characterization of neurotransmitters
and further in vivo tracking. Chapter 4 presents an alternative method to achieve laser-induced-
graphene (LIG) from PN instead of PI, with a Nanoscribe laser, which is commonly used for
micro/nano 3D printing. LIG-PN possesses good electrochemical performance. We found that
pre-heating PN at 350 °C, which changes the absorption property, is essential for the
Nanoscribe laser to make LIG from PN. The key point of LIG-PN is that the spatial feature
resolution is about 0.75 to 1.50 um, which makes it feasible for the fabrication of modified

electrodes and MEMs devices.

5.1.2 Single-channel MEMs with LIG-PN
The potential of LIG-PN for neurochemical detection is further demonstrated in Chapter
4, which is integrated into a single-channel MEMs chip for dopamine (DA) detection. Therefore,

this proof-of-concept suggests scalability toward multiple-channel MEMs chips (e.g., 2, 4, or 6
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electrodes) coated with PN and pyrolyzed using a Nanoscribe laser. Such systems could enable
the simultaneous detection of multiple neurotransmitters.

The principal contribution of this work lies in developing novel carbon electrode
fabrication methods that broaden the scope of neurochemical sensing applications. CNSs
investigated in Chapter 2 provide a direction for electrodes that can be used for a stable and
long-term in vivo neurochemical recording with the most sensitivity retained and prevention of
brain tissue or protein attachments. Their high surface roughness and rich oxygen functional
groups facilitate the adsorption of both positively charged catecholamines and neutral species,
like H20O.. Chapter 3 reveals that insulative polymers, parylene, can be thermally converted into
conductive graphite, suggesting further exploration of polymer types and geometries for
electrode design. While nanolayers of graphite, 194 nm, offer excellent electrochemical
performance, 81 nm for graphite thickness generates an extremely high resistance and
compromises electrochemical detection. Lastly, Chapter 4 introduces the novel use of a
commercially available Nanoscribe printed-commonly employed for photoresist crosslinking-to
graphitize solid-state PN. The LIG-PN electrodes are initially demonstrated in a single-channel
MEMs chip for neurochemical detection with FSCV, opening pathways for detecting both
electroactive and non-electroactive neurotransmitters. Multiple-channel MEMSs chips can also be
developed to achieve co-detection of various analytes. Thus, the methodology supports future

designs of customizable, multi-analyte electrode arrays.

5.2 Challenges and Future Directions
5.2.1 Synaptic recording with 3D-Printing

To elucidate the fundamental mechanism of neurochemical communication, it is crucial
to develop sensors capable of recording neurotransmitter release at the synaptic level.’ In this
way, we could determine the neurotransmitter communication at the synapse.* If synapses are

not functional, it leads to neurodegenerative disorders, such as Parkinson’s or Alzheimer’s
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disease, and synapses in diseased brains could be examined with 3D-printed nanoelectrodes.?
" However, current 3D printing fabrication methods can obtain micro/nanotips, but the smallest
fabricated carbon tip from the most recent method is about 600 nm, which is not feasible for
neurochemical tracking in synapses, whose sizes are about 20-40 nm.'?-'* Therefore, a key
future direction involves engineering 3D-printed nanoelectrodes with tip sizes that approach the
synaptic scale, allowing precise detection without inflicting damage to the neural architecture.
5.2.2 Shrinking 3D-Printing with Oxygen Plasma Etching

Current 3D-printed models are fabricated on Nb wires using photoresists, such as IP-
DIP, or IP-S, and subsequently developed with SU-8 developer. Post-printing, 3D-printed
models are exposed to UV light to further induce the crosslinking of photoresist. 350 °C is
applied on the micro hotplate to pre-anneal 3D printings and causes the overall size to shrink. A
rapid thermal processor (RTP) is utilized to pyrolyze the structures, which are transformed into
glassy carbon and will shrink due to weight loss.'®'8 The resulting carbon tip ranges from
nanoscale to microscale. All fabricated micro/nanotips can be used to track neurochemical
releases in models such as rat or Drosophila brains."'* However, further miniaturization is still
needed to further shrink the tip size of 3D printing to match synaptic dimensions. Oxygen
plasma etching is a promising technique to achieve this scale, representing a critical step in

advancing precision neurochemical detection.
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Oxygen plasma is a technique that introduces oxygen gas into a high-energy
environment and then oxygen is ionized with high-frequency radio or other resources under
vacuum. The ionized oxygen can be used for modifying, cleaning, and etching material
surfaces.'®?2 In this context, we expect oxygen plasma etching to further shrink the tips of 3D-

printed carbon structures, bringing them closer to, or even smaller than synapses.

3D Printing Structure

RTP-Annealed Model

¥

l O, Plasma

O, Plasma-Etched Model

¥

Figure. 5.1 Schematic view of shrunk 3D-printed model by oxygen plasma. The bottom shows
sub 100 nm electrodes can be achieved.
5.2.3 Co-detection of Dopamine and Glutamate

Some neurochemicals cannot be oxidized and/or reduced to enable detection.
Glutamate, an abundant neurotransmitter mostly distributed in the central nervous system, is
non-electroactive.?>?* To enable electrochemical detection of glutamate, the enzyme, glutamate
oxidase is applied to the electrode, which generates hydrogen peroxide (H20z), which can be
electrochemically oxidized.?>2?¢ This type of biosensor can be utilized on microelectromechanical
systems (MEMs) devices. Silicon nitride (SiNy) and silicon oxide (SiOx) are commonly used for
the development of cantilevers. Atomic force microscopy (AFM) microelectromechanical
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systems (MEMSs) devices make wide use of cantilevers.?’~?° Si-based sensors, shown in Fig.
5.2, are designed for neurochemical detection as well as the species that are not electroactive,
such as glutamate. For electrochemical sensors, the working area can be printed with 3D-
printed structures. Therefore, high sensitivity can be provided with a carbon sensor. The
biocompatibility of carbon sensors also enables sensitive in vivo monitoring. On glutamate
biosensors, glutamate oxidase will be deposited. With the presence of oxygen, glutamate reacts
with glutamate oxidase to produce hydrogen peroxide (H20;), which can be electrochemically
detected.?’3! The combination of direct electrochemical and glutamate biosensors would enable
dual detection of neurochemicals and glutamate. There are many options for the carbon sensor
part: (1) carbon nanomaterials (2) pyrolyzed parylene-N with RTP (3) laser-induced-graphene
from parylene-N with Nanoscribe laser (4) Trapping 3D-printing electrodes. Multiple-channel

MEMs can also be utilized in further co-detection.

Gluox
Glutamate + H,0 + O3 ke H.0- + a-ketoglutarate + NH3

A) Carbon sensor B) Glutamate biosensor C) Dual-channel

H,Os —» 2H* + O, + 2e-

Figure 5.2. Schematic illustration of neurochemical, glutamate, and dual-channel sensors
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5.3 Final Remarks

In summary, this dissertation investigates multiple fabrication methods for carbon
electrode sensors, emphasizing the creation of novel geometries and surfaces that exhibit high
resistance to fouling and biofouling due to high surface roughness, rich defect sites, and oxygen
functional groups. Chapter 2 demonstrates a deposition method of carbon nanospikes on Nb
wires by PECVD. CNSMEs can be applied to track neurotransmitters in brain slices while
retaining high sensitivity. Therefore, CNSMEs can be further utilized for in vivo tracking. Chapter
3 presents a method of transforming insulative polymer, deposited by CVD, into conductive
graphite via RTP. High temperatures (up to 950 °C) provide enough energy for PN to undergo
structural reformation into graphene. Pyrolyzed PN possesses good electrochemical
performance and can track stimulated DA and spontaneous AD in vivo. An alternative method to
fabricate laser-induced-graphene is clarified in Chapter 4. CVD deposits PN on the substrate,
and a Nanoscribe two-photon lithography printer is applied to the PN surface to induce
graphitization. LIG originating from PN presents an extremely high surface roughness and
favors the trapping of target analytes. Both in vivo DA and puff-on 5-HT prove that LIG-PNMEs
are appropriately used for neurochemical tracking. Therefore, these modified electrode sensors
originating from new fabrication methods could be used to record released neurotransmitters in

animal models and study neurodegenerative disorders.
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