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Abstract

Everything that happens in our body and all the interactions we have with the outside world
are controlled by our brain. Studies of neurotransmitters are critical for a better understanding of
how our brain works. Fast-scan cyclic voltammetry (FSCV) is the most popular electrochemical
technique for the in vivo detection of electroactive neurotransmitters and neurochemicals with
high temporal resolution. To further improve the detection selectivity, sensitivity, and spatial
resolution, carbon nanomaterial based microelectrodes are applied to enhance FSCV for the
neurotransmitters detection. In this thesis, | introduce and discuss synthesis and fabrication of
several novel carbon nanomaterials, the effect of different surface modifications, and their

applications for in vivo neurotransmitter detection.

Chapter 1 covers the recent advances in carbon nanomaterial based electrochemical
sensors for direct neurotransmitter detection. First, strategies are compared to incorporate carbon
nanomaterials into electrochemical sensors for neurotransmitter detection. Second, several new
applications are highlighted as well as studies to address the remaining challenges for
implementation. Chapters 2-5 describe new carbon nanomaterials and surface treatments for
enhanced neurotransmitter detection. The direct growth of CNTs on metal wires is introduced in
Chapter 2. Chapter 3 and Chapter 4 introduce three surface modification methods, laser treatment,
0. plasma etching, and anti-static gun treatment, to improve sensitivity, selectivity, and bio-fouling
properties on CNT yarn microelectrodes. In Chapter 5, three different types of CNT fiber materials,
CNT yarn, PEI/CNT fiber, and CA/CNT fiber, are introduced and compared for the detection of
neurotransmitters. Surface physical properties and the electrochemical performance to
neurotransmitters are characterized in these studies and correlated using Langmuir adsorption
isotherm and diffusion profiles. Moreover, in vivo measurements are performed for dopamine at
CNT-Nb microelectrodes and laser treated CNT yarn microelectrodes in Chapter 2 and Chapter

3. The effect of bio-fouling on CNT yarn is discussed in Chapter 4.
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Chapter 6 and Chapter 7 introduce two novel electrode fabrication methods based on 3D
printing: a 3D printed mold assisted microelectrode fabrication method and a novel 3D printed
electrode design for fiber-like materials. The 3D printing technology with low-cost, high efficiency,
and customizable design provides a new path to apply our studies on novel fiber-like carbon

nanomaterials and surface modifications to broader applications.

Overall, this thesis explores the synthesis and fabrication of several novel carbon
nanomaterials, the effect of different surface modifications, and their applications for in vivo
neurotransmitters detection. Moreover, the electrode surface properties are also characterized
and then correlated to their electrochemical performance. The systematic comparison of different
carbon nanomaterials and different surface modifications provides a useful structure to evaluate
which new nanomaterials would be good as electrochemical sensor and which electrode a

neuroscientist might choose for different experiments.
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Chapter 1: Introduction
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1.1 Electrochemical Detection of Neurotransmission

Brain neuronal communication occurs primarily through the exocytotic release of
neurotransmitters into synaptic junctions between two neurons and the surrounding extracellular
fluid. Neurotransmitters synthesized in the axon are packed into specialized synaptic vesicles.
The typical view of neurotransmission is the diffusion of neurotransmitters across the synapse,
binding to dendritic receptors, and activating further signaling pathways.! Many debilitating
disorders such as Parkinson’s disease, Alzheimer’s disease, depression, and drug addiction

occur due to problems with neurotransmission.?3

Dopamine (3,4-dihydroxyphenethylamine, DA), a catecholamine, modulates many
aspects of brain circuitry and is implicated in several neurological diseases, including Parkinson
disease, which is also released from the synapse.* Dopamine is also a standard analyte to
evaluate the neurotransmitters detection at electrodes. The basal levels of extracellular dopamine
released from the synapse are around 0.01-0.03 uM, while phasic release during a burst of
neuronal firing can be 0.1-1 uM.> The low extracellular concentration requires high detection
sensitivity of the measuring device. Moreover, since the extracellular neurotransmitter
concentrations change rapidly,® real-time methods for neurotransmitter detection are necessary
to understand the dynamics of neurotransmission and develop better treatments for these

diseases.

Electroanalytical techniques have been widely developed and applied to investigate
electroactive neurotransmitters and their metabolites. Such techniques have led to a better
understanding of neurochemicals events ranging from exocytosis of isolated cells to in vivo
neurotransmission.®” Electrochemical sensors are currently the gold standard for the rapid
detection of neurotransmitters through their redox reactions. The advantages of electrochemical
neurotransmitters sensing include fast response, high sensitivity and selectivity, as well as high

temporal and spatial resolution. As to the direct detection with electrochemical methods, target
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molecules need to be electroactive within the potential window of the interstitial fluid and common
targets include biogenic amines and their metabolites, as well as uric acid and ascorbic acid.
Using enzyme modified electrodes, many other non-electroactive neurotransmitters can be

detected in vivo as well.®

1.2 Basic Electrochemistry and Fast Scan Cyclic Voltammetry

1.2.1 Overview

Electrochemical sensing concepts for neurotransmitters are currently the gold standard,
and several reviews have been published summarizing related works.>*8 To monitor
neurotransmitters fluctuations in living tissues, several different electrochemical techniques have
been applied such as amperometry, potential pulse methods, and cyclic voltammetry.1®20
Generally, electrochemical methods detect target neurotransmitters through their redox reaction
at a solid electrode. When a potential is applied to the electrode, two electrochemical processes
occur at the electrode surface: Faradic and non-Faradic processes. In the Faradic process, target
analyte redox reaction causes electron transfer, which is proportional to the amount of the
chemicals reacted. Thus, the moles of analytes which react can be calculated based on the
Faradic current. The currents generated provide a quantitative measurement of dynamic chemical
fluctuations that can be correlated to pharmacology, behavior, and disease pathology. Target
molecules need to be electroactive within the potential window of the interstitial fluid; these include
the biogenic amines (dopamine, norepinephrine, and serotonin, etc.) and their metabolites.
Processes such as changes in the electrode surface morphology and electron-solution interface
structure can cause current changes as well, but no actual electron exchanges happens at the
electrode-solution interface. The current induced in this process is called non-Faradic current, in

which a charge gradient is created and rearranged at the interface till the equilibrium is reached.
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The charging current, usually called double layer charging, is proportional to both of the scan rate

and the capacitance of the electrode (related to surface area).

1.2.2 Fast-Scan Cyclic Voltammetry

In cyclic voltammetry, a triangle waveform is applied to an electrode to oxidize and reduce
electroactive species at electrode surface. From the cyclic voltammogram, the Faradic currents
can be used to quantitatively calculate the analytes concentration. Moreover, compared to
constant-potential amperometry, both of the oxidation and reduction peak potentials can be used
as fingerprints to distinguish different analytes from the mixture, which makes cyclic voltammetry
able to detect multiple electroactive neurotransmitter and neurochemicals simultaneously.
Sensitivity, selectivity, and temporal resolution can be further optimized by altering the potential

limits, scan rate, and application frequency of waveform.

Fast-scan cyclic voltammetry (FSCV) is the most popular and widely used electrochemical
technique in the field of neuroscience for the in vivo measurement of neurotransmitters and
neurochemicals. Compared to conventionally used cyclic voltammetry methods, FSCV provides
an extremely fast scan rate (400 — 2000 V/s), which allows the scan repetition frequency as fast
as 500 Hz to follow rapid biological process. Figure 1.1A shows the typical triangle waveform
applied for the detection of dopamine. The potential is ramped from -0.4 to 1.3 V (vs Ag/AgCl)
and back at 400 V/s with the scan repetition rate of 10 Hz. Therefore, the entire triangle waveform
takes approximately 8.5 ms and is repeated every 100 ms. For the rest of time when the triangle
waveform is not applied, the electrode is held at the holding potential (-0.4 V) between scans,
allowing cation such as dopamine under philological pH to adsorb on the electrode surface, which
helps enhancing the detection sensitivity. For example, at conventionally used carbon fiber
microelectrodes (CFMESs), the longer duration at the holding potential between scans, the larger

dopamine current detected.?1?2
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A. FSCV Waveform
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Figure 1.1: Rapid measurement of dopamine using FSCV. (A) A typical FSCV triangle waveform
for dopamine detection. The potential is ramped from the holding potential (-0.4V for typical
dopamine detection) to the switching potential (typically 1.3 V) at a certain scan rate (400 V/s),
and then reversed back to the holding potential at the scan rate. The scan repetition rate is usually
applied at 10 Hz, but could increase up to 110 Hz with the scan rate of 400 V/s, and 500 Hz with
2000 V/s theoretically. (B) Background current detected by FSCV with the triangle waveform
shown in A applied. The black line is collected in phosphate-buffered saline (PBS) buffer solution,
and red line is collected in PBS buffer with the presence of 1 yM dopamine. Inset shows a zoom-
in view of dopamine oxidation current. (C) Example of FSCV data to 1 uM dopamine in PBS buffer.
Color plot showing dopamine detection in a flow-cell experiment, with X-axis referring to time, Y-
axis is voltage, and the pseudo color refers to current. Vertical white slicing line gives the
background subtracted cyclic voltammetry. And horizontal slicing line gives the oxidation current
vs. time plot, in which PBS buffer solution flows past the electrode initially and then switched to
dopamine solution at 5 s (black bar). Current drops back to baseline once dopamine is removed
at 10 s.

The double layer charging current appears on the electrode surface when a potential is
applied, which is proportional to the scan rate. Since the scan rate is extremely fast using FSCV,

a large background charging current is produced, and the oxidation and reduction currents of the
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electroactive analyte, such as dopamine, only make a small increase in the current. In addition,
the background charging current of the electrode is also proportional to surface area and is
expected to increase with nanostructuring.® Background current is conventionally digitally
subtracted from the background current several seconds before the target cyclic voltammogram,

leaving only the currents caused by redox reaction of the analytes.

A false color plot is used to view the entire data set collected by FSCV, which provides
rich information such as currents and voltages changes with time. Voltage is plotted on the y-axis,
time is shown on the x-axis, and current is represented in pseudo color. As shown in the example
dopamine cyclic voltammogram (Figure 1.1C), a green area centered at around 600 mV is due to
the dopamine oxidation to form dopamine-o-quinone, and a blue area centered at around -200
mV indicates the reduction of dopamine-o-quinone back to dopamine. If a horizontal slice of the
color plot at any given potential is taken, the oxidation current change over time (dynamic curve)
can be obtained. This plot is usually taken at the oxidation peak of the analyte, which can be used
to characterize the speed of electrode response (temporal response). A cyclic voltammogram can
be observed by taking a vertical slice of the color plot, showing the change of current with
potentials. Peak currents after background subtraction are used to calculate the analyte
concentration based on Faraday’s law. The separation between the oxidation and reduction peaks,
AEy, is a qualitative measure of the analytes electron transfer kinetics with electrode surface. The
application of carbon nanomaterial or further surface modifications are expected to cause peaks

shift and reduce AE,.18%3-2%

1.2.3 Comparison to Other Techniques
FSCV has become the most popular electrochemical technique for the detection of
neurotransmitters and neurochemicals because of its wide range of electroactive target analytes,

real-time measurement ability, and high selectivity. FSCV not only has the natural high-selectivity
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to distinguish different analytes based on their identical peak potentials, but also the high temporal

resolution, as fast as 500 Hz, to enable fast measurement to follow rapid biological processes.

Amperometry and differential pulse voltammetry (DPV) are two other commonly used
electrochemical techniques for the detection of neurotransmission. Amperometry is a
voltammetric technique that a constant potential is applied on the electrode, which is widely used
in electrophysiology to study vesicle release events.?® Since the signal would be obtained
immediately once the analyte diffuses onto the electrode surface, the temporal resolution is
completely based on the sampling frequency of the system, which pushes the temporal resolution
as fast as one millisecond.?® However, unlike FSCV, any compound present that is able to oxidize
at that single potential would be oxidized and contributes to the overall signal, giving amperometry
very limited selectivity. Biosensors combining a biological component such as enzymes,
antibodies, nucleic acids, etc. are used to improve the selectivity, in which a certain analyte is
produced to hydrogen peroxide and get detected. But the drawbacks such as high-cost,
cumbersome fabrication method, restricted diffusion and slow signal response still exist and limit
their further in tissue applications. DPV is another voltammetric technique considered as a
derivative of linear sweep voltammetry, with a series of regular voltage pulses superimposed on
the potential linear sweep. Using DPV, the effect of the charging current can be decreased by
sampling the current just after the decay of the charging potential. Compared to FSCV, the current
obtained at DPV is measured immediately before each potential change and the current
difference is plotted as a function of potential, providing DPV a greater selectivity and better signal
to noise ratio than FSCV. However, the scan rate (5 mV/s) contributes to the sensitivity and

selectivity but also sacrifice temporal resolution (typically more than 1 s for each measurement).

Microdialysis with high performance liquid chromatography — mass spectrometry (HPLC-
MS) and functional magnetic resonance imaging (fMRI) are two techniques recently draw lots of

interest for neurotransmission detection in brain. Microdialysis is a sampling technique using a
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200 — 400 pm in diameter sampling probe with a semi-permeable membrane which only allows
small biomolecules to pass. Microdialysis is usually coupled with HPLC-MS as separation and
detection instruments to provide both high selectivity and sensitivity. However, compared to FSCV,
microdialysis has low temporal resolution due to the diffusion as a limitation step in the sampling
process. fMRI is an advanced instrument based upon the nuclear magnetic resonance (NMR)
has the advantage of non-invasive detection when used for neurotransmission monitoring. The
relatively low special resolution used to be one of the limitation of fMRI, but there are a few recent
studies with spatial resolution of several millimeters.?”2® The limitation, however, is the several

second time scale temporal resolution limiting its real — time measurement ability.2°

In comparison with microdialysis and DPV, FSCV provides faster temporal resolution, but
is slower than amperometry. Meanwhile, microdialysis coupled with HPLC/MS and DPV have
better selectivity than FSCV, since FSCV cannot distinguish analytes with similar redox reaction
potentials, such as dopamine and norepinephrine. Although the pharmacological verification
helps verify the chemical identity,®® the drug injection process brings more experimental
complication and the signal caused by drug itself would be hard to be distinguished from the
overall signal. The application of carbon nanomaterials based microelectrodes could help
improving the selectivity and distinguishing neurotransmitters which were not distinguishable
using CFMEs.>*® Moreover, the incorporation of carbon nanomaterial microelectrodes with FSCV
further enhances the sensitivity, spatial and temporal resolution for neurotransmitters detection,

which will be introduced in detail in following sections.

1.3 Carbon Nanomaterial Based Microelectrodes for Neurotransmitter Detection
1.3.1 Overview
Carbon based electrodes are commonly used for neurotransmitter detection because of

their low cost, good electron transfer kinetics, and biocompatibility. The high electrocatalytic
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activity of neurotransmitters on carbon surface improves the detection sensitivity.3! Moreover, the
oxidation/reduction range at carbon electrodes in water environments is wider than other
electrode materials, such as platinum* due to a high overvoltage for water oxidation. Ralph Adams
and his colleagues realized the utility of electrochemical methods for the study of easily oxidizable
neurotransmitters.®> They first used a carbon paste electrode implanted in the brain of an
anesthetized rat, demonstrating carbon based electrodes could be applied successfully to
biological tissue for neurotransmitters detection.®? In the late 1970s, Ponchon et al. introduced

CFMEs®*, which are still routinely used for in vivo neurotransmitter detection today.

Carbon nanomaterials (CNs) have been a hot research topic for the past two decades,
since the discovery of carbon nanotubes (CNTs), and CNs have been incorporated into
electrochemical sensors for neurotransmitter detection. The feature size of the nanomaterials is
1 — 100 nm and CN-modified electrodes are advantageous because of their large surface-to-
volume ratio and large specific surface area. In addition, CNs have enhanced interfacial
adsorption properties, better electrocatalytic activity, and fast electron transfer kinetics compared
to many traditional electrode materials. In 1996, the first electrochemical application of CNTs was
carried out by Britto et al. to detect dopamine at multi-walled carbon nanotube (MWCNT) paste
electrodes.? There are many strategies for incorporating CNs into electrochemical sensors for in
Vvivo neurotransmitter measurements. Dip coating and drop casting methods are widely used
because of minimal costs and the method is suitable for preparing electrodes with mixtures of
CNs, conductive polymers, and/or metal nanoparticles (NPs). Direct growth of CNs and CNTs
fibers draws more attention for bio-sensing applications because of the homogenous CNs surface
and the preferential exposure of the ends of the CNs which have defect sites that can be
functionalized with oxygen to provide abundant electroactive sites for neurotransmitters.3* The
easy batch fabrication and high reproducibility of the direct growth of CNs and CNT-fiber

microelectrodes makes those methods ideal fabrication approaches for single microelectrodes.
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Carbon based nanoelectrodes arrays that contain multiple plates or shanks allow detection of
neurotransmitters at network levels. This chapter covers the pros and cons of different fabrication

methods and electrode designs.

Several challenges still exist for neurotransmitter monitoring with CNs. First, while many
studies characterize the materials, few studies investigate the correlation between the
electrochemical performance and the surface properties. Second, fouling on electrode surface in
tissue is often a serious problem encountered in the electrochemical analysis. While most of the
CN-based sensors reported are not tested in tissue, new studies focusing on bio-fouling and

strategies to combat it show that CNs may be advantageous for in vivo testing.

1.3.2 Carbon Nanomaterial based Electrodes Using Dip Coating/Drop Casting Method

Dip coating/drop casting fabrication methods are popular for early stage new CN
applications due to their low cost and the synergistic effects of combining CNs with other
composites such as conductive polymers and/or metal NPs. Polymers can modify the physical
and chemical properties of composites and facilitate CN deposition on the support surface.!® The
incorporation of CNs with polymers helps to disperse CNTs and graphene in aqueous media via
non-covalent interactions, such as van der Waals forces, T- T interactions, or
adsorption/wrapping of polymer. Better suspensions of CNs have been reported using hemin-
GO-pristine CNTs complexes on glassy carbon electrode (GCE) ¢, polyhistidine dispersed
MWCNT-modified GCE *', and acid yellow 9 stabilized MWCNTSs on both ITO and GCE 8. The
lowest dopamine LOD was found at the MWCNT/Polyhistidine/GCE (15 nM) *. Several
conducting polymers have been reported to modify CNTs and graphene based electrodes such
as hexadecyl trimethyl ammonium bromide (CTAB)*°, polypyrrole (PPy)*, poly (3,4-
ethylenedioxythiophene) (PEDOT)*,#2, poly(vinylferrocene) (PVF)*, tryptophan*, B-cyclodextrin

(B-CD)*, poly (3-methylthiophene) (PMT)*, polyaniline (PANI)*"—*°, Polyamide 6/Poly(allylamine
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hydrochloride) (PA6/PAH)%°, and chitosan®!. The best DA sensitivity was found on the chitosan
grafted graphite on GCE, with an LOD of 4.5 nM because of the high conductivity and bio-
compatibility of chitosan.® The introduction of polymers with CNs facilitates the dispersion of
CNTs and graphene in agueous media, but polymers have disadvantages as well, such as
restricting diffusion, slow temporal resolution, and cumbersome fabrication that is not always

reproducible. Moreover, no work directly compares the performance of different polymers.

Metal NPs associated with CNs have been applied to fields such as energy storage,
catalysis, and chemical sensors.>> Metal NPs perform several functions including increasing the
surface area, facilitating heterogeneous electron transfer, enhancing electrical contact between
analyte and the CN surface, inhibiting aggregation of graphene nanosheets, and acting as a
spacer.®*%* CN-based electrodes incorporated with PtNPs %55, AuNPs 5758 CuNPs *°, and
PbNPs® have been reported. Tsierkezos et al. recently compared different NPs for the first time,
examining the detection of dopamine, ascorbic acid, and uric acid on films of nitrogen doped
MWCNTs (N-MWCNTSs) decorated with RhNPs, PdNPs, IrNPs, PtNPs, and AuNPs.®! The LODs
for dopamine detection improved with the metal NPs and the best LOD was on N-MWCNT/AuNP
film (0.3 uM). This comparison work would be a good reference for future bio-applications based
on metal NPs incorporated with CNs. The main limitations of metal NPs application are
biocompatibility issues and the difficulty of construction.

Several works use dip coating/drop casting method to test novel CNs such as nitrogen
doped carbon nanofibers,®? ordered mesoporous carbon,®® and nanodiamond-derived carbon
nano-onions®. Ko et al. applied thermally oxygenated cup-stacked carbon nanofibers (ox-
CSCNFs) modified GCE for dopamine detection.®®* Ox-CSCNFs provide highly ordered graphene
edges and oxygen-containing functional groups, which promote fast electron transfer kinetics.
Acid oxidized CSCNF-based screen printed electrodes (SPE) increased the sensitivity for

dopamine detection because of the mesoporous structure that increased the electroactive surface
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area.®® Another important feature of oxygenated CSCNFs is their easy dispersion in water.
However, the fabrication and modification process are difficult.

Carbon nanohorns (CNHs) are horn-shaped aggregates of graphene sheets which were
first synthesized using laser ablation of pure graphite by ljima.®” CNHs assemble dahlia-like
aggregates with an average diameter around 80 nm and the high purity of SWCNHSs (metal-free)
offers a unique opportunity for sensing and in tissue application.®®5° Valentini et al. used oxidized
SWCNH-based SPE for the selective detection of epinephrine in the presence of serotonin and
dopamine with LOD of 0.1 uM.” The same group reported better electrochemical performance
for pristine SWCNHs compared to oxidized SWCNHSs for dopamine detection, due to the improved
electrical conductivity, electron transfer features, and surface charge of SWCNHSs at different
degree of oxygen-containing functional groups.’ However, the sensitivity (LODs of 0.1 uM and
0.4 UM at pristine and oxidized SWCNHs, respectively,) needs to be improved.'8

Du et al. reported a graphene flowers-modified CFMEs to simultaneously detect dopamine,
ascorbic acid and uric acid.”? Graphene flowers were prepared via electrochemical reduction of
graphite oxide sprayed on electrode and these graphene flowers homogeneously decorated on
the surface of the electrode. In comparison to unmodified CFMEs, graphene flower-modified
CFMEs exhibited high electrocatalytic activity towards the oxidation of dopamine, ascorbic acid,
and uric acid. In terms of the possible future in vivo applications, the graphene-flower modified
CFMEs is advantageous due to its micrometer-scaled structure (7 um in diameter), which would
minimize tissue damage caused during insertion.

While most CN coating studies coat a GCE for convenience, this is not practical for in vivo
studies. Zhang’s group used a different strategy to coat acupuncture needles with CNs for the
detection of neurotransmitters.”>’* Acupuncture needles are a unique microelectrode platform
and are widely used in traditional Chinese medicine. Recently, Zhang’s group reported a
CNT/PEDOT modified acupuncture needle for in vivo detection of serotonin, with LODs of 50 nM

and 78 nM in solution and cell medium, respectively.”* Although the acupucture needles is a
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promising platform, a systematic study is required to corelate the application of different CNs with

their electrochemical performance.

The non-homogenous coating can result in agglomerations, low reproducibility, and slow
electron transfer.3175 Screen printing is easy for mass production, but the size and geometry limit
their application for deep brain measurement. Most of the dip coated/drop casted CN-based
electrodes are characterized by DPV, which has limited application for real-time in vivo
measurement due to its slow temporal resolution. However, the low cost of drop casting and dip
coating makes it ideal method for early stage electrochemistry study of CNs for neurotransmitter

detection.

1.3.3 Direct Growth of Carbon Nanomaterials on Electrode Substrates

Direct growth of CNs on electrode substrates is gaining popularity due to the reproducible
mass fabrication and the ability to control the geometry and orientation of the CNs. The ends of
CNTs have more defect sites that can be functionalized with oxygen containing groups, which are
more likely to be the most electrochemically active sites.>83176 The functional groups, such as
carbonyls, phenols, lactones, and carboxylic acids, selectively adsorb cationic dopamine and
repel the anionic ascorbate and uric acid at physiological pH.*! Direct growth of CNs is beneficial
due to its aligned CNs and high density of edge plane sites, instead of randomly distributed CN
films by dip coating/drop casting methods.3%"®

Vertically-aligned CNTs grown on a microelectrode substrate have high sensitivity for
detecting neurotransmitters due to the high density of edge plane sites.”” One strategy is to
chemically self-assemble vertically-aligned CNTs (VACNTS) on substrates with a solution
deposition method.” An alternative strategy is to directly grow CNTs in an aligned manner through
chemical vapor deposition (CVD). The Mao group grew VACNTSs on carbon fiber supports formed

via pyrolysis of iron phthalocyanine as microelectrodes for the detection of ascorbate, DOPAC
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(3,4-Dihydroxyphenylacetic acid), dopamine, and oxygen in rat brain.”®® Use of the VACNT-
CFMEs avoids manual electrode modification and allows easy fabrication of highly selective,
reproducible, and stable microelectrodes. However, the intrinsically low overall conductivity and
bad electrochemical stability of the carbon fibers substrates limit their further improvement of
electrochemical performance. Moreover, neurotransmitters such as dopamine is detectable at
carbon fibers, so the fundamental study at CNTs grown on carbon fiber is vulnerable. Our group
reported CNTs directly grown on metal wires fabricated by CVD for sensitive and selective
dopamine detection in vivo, and overcame the shortages of carbon fibers by the application of
metal substrates.?* This was the first study to directly grow CNTs on small diameter metal wires,
instead of a planar metal surfaces such as foils, which will be discussed in details in Chapter 2.

Carbon nanospikes (CNS) are a novel CN with tapered and spike-like features less than
50 nm in diameter.8! Our group used plasma-enhanced CVD (PECVD) to directly grow a thin layer
of CNS on cylindrical metal substrates under a low-temperature growth condition.?® This is the
first time that CNS have been grown on metals or on cylindrical substrates. In comparison with
the CNT growth, direct growth of CNS does not need catalyst or insulation layer for catalyst
deposition, resulting in a direct electrical contact between the CNS and substrate. CNS-Ta
microelectrodes exhibited the fastest electron transfer kinetics and lowest LOD (8 £ 2 nM). CNS-
modified electrodes are a promising biosensing material with a similar sensitivity to CNTs but
easier growth at low-temperatures and without catalyst or buffer layers.

Diamond-like carbon (DLC) is a metastable form of amorphous carbon that contains a
mixture of tetrahedral and trigonal carbon hybridizations fabricated using PECVD.# Silva et al.
reported the successful growth of DLC thin film on VACNTSs (Ti substrate) and its application for
dopamine and epinephrine detection, with LODs of 3.9 uM and 4.5 uM, respectively.®® The
VACNT scaffolds create conductive pathways that transport current rapidly to all parts of DLC film.
However, the dimensions are on the mm scale and the LODs are not yet sensitive enough for

monitoring neurotransmitters in vivo. Similarly, Sainio et al. successfully directly grew MWCNTSs
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on the top of DLC thin film electrodes (Si substrate).8* The porous structure of MWCNTs/DLC
provides fast electron transfer, reduced double layer capacitance, a wide stable water window (-
1.5V —2V), and high dopamine sensitivity (LOD of 1.26 + 0.23 nM). The same group then directly
grew carbon nanofibers (CNFs) on DLC thin film (Si substrate), which also exhibited wide water
window.®® Notably, the CNFs/DLC electrodes could detect glutamate without using any enzymes.
However, the detection is not direct but depends on the pH shift caused by different amounts of
glutamate added into solution. Since the local pH fluctuates®®, this strategy would not be feasible
for glutamate detection in vivo.

Compared to dip coating/drop casting methods, direct growth of CNs has the advantages
of homogenous coating, large amount of electroactive sites, and high reproducibility. The best
dopamine detection sensitivity was obtained at the MWCNTs/DLC thin film electrodes (1.26 +
0.23 nM) ., However, this electrode is not feasible for in vivo measurement since the dimension
of the Si wafer substrate would cause serious tissue damage. In comparison, the application of
substrates with several to tens of micron-meter diameter in several studies for CNs growth

improves the overall conductivity and minimizes tissue damage.

1.3.4 Carbon Nanotube-Fiber Microelectrodes

CNT fibers are a macrostructured carbon material spun from a forest of CNTs.878 |n
comparison to randomly structured or tangled CNTs often produced by dip coating or growing,
well-aligned CNTs fibers have the advantages of a high electroactivity, fast response, high
chemical stability, controllable size, and high resistance to dopamine fouling.®® In particular,
fabricating CNT fibers directly into electrodes in a manner similar to CFMEs dramatically simplifies
the electrode fabrication process and improves the reproducibility.®® The first electrochemical
application of a CNT fiber sensor was reported in 2003 °* and CNT fiber microelectrodes have

been developed for dopamine detection using DPV %2, chronoamperometry 8, and FSCV.%3% Two
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distinct routes have been developed for manufacturing CNT fibers: wet-spinning a suspension of
CNTs into a bath or direct spinning a fiber from a CNT forest. In solution based wet spinning,
CNTs are either dissolved or dispersed in a fluid, extruded out of a spinneret, and coagulated into
a solid fiber by extracting the dispersant.®>% Neat CNT fibers can be spun into a polymer bath,
such as poly(vinyl alcohol) (PVA)® or poly(ethylene)imine (PEI)%, in which the polymer molecules
act as coagulators for CNTs to enhance the intertube interactions. Our group has successfully
applied PEI/CNT fiber microelectrodes for in vivo monitoring of dopamine and serotonin in brain
slice.®® Thin, uniform fibers were fabricated by wet spinning CNTs into fibers using PEI as a
coagulating polymer. In comparison to PVA/CNT fibers, PEI/CNT fibers have better LODs of

dopamine (4.7 £ 0.2 nM) and lower overpotential.

The alternative fiber production route employs a solid state process where CNTs are either
directly spun as a fiber from the synthesis reaction zone °° or from a CNT forest grown on a solid
substrate.® Continuous CNT yarns, generated by drawing one end of the VACNT arrays, are
favorable because of the improved conductivity and CNT alignment.'11%2 Moreover, compared to
CNT fibers which are produced with the incorporation of polymers, CNT yarns are made of CNTs
only, without impurities. Schmidt et al. first used CNT yarn microelectrodes for neurotransmitter
monitoring.®* In this study, the yarns were customizable and tailored for sensitive detection of
neurotransmitters. Dopamine concentration fluctuations were successfully detected in acute brain
slices using FSCV. Our group utilized a commercially-available CNT yarn fabricated
microelectrodes for dopamine detection with LOD of 13 + 2 nM. 2 We also found the dopamine
signal is independent to the repetition rate with FSCV at CNT yarn microelectrodes, an advantage
over conventionally used CFMEs which lose sensitivity with increasing repetition rate (Fig. 1.2).
The high sensitivity with rapid measurement at CNT yarn provides high temporal resolution for
neurotransmitters detection and the ability to monitor reaction intermediates and perform

neurochemical redox reaction kinetic studies. Moreover, to further improve the sensitivity of CNT
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yarn microelectrodes, our group introduced laser treatment as a simple, reproducible, and efficient

surface modification method, which is introduced in detail in Chapter 3.
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Figure 1.2: CNT yarn microelectrodes. (A) SEM image of CNT yarn microelectrode surface,
shows the ends of individual 30-50 nm diameter CNTs bundled tightly together to form a
nanostructured surface. (B) Peak oxidation current at CNTYMES (red circles, n = 10) and CFMEs
(black triangles, n = 4). Peak currents were normalized to the current at 10 Hz, and error bars
represent the standard error of the mean. (C) High-frequency measurements of 1 yM dopamine
at CNTYMESs, measured at 2000 V/s and 500 Hz. Reproduced with permission from reference®,
Copyright 2014 American Chemical Society.

The use of similar methods for manufacturing CNT fiber microelectrodes as carbon-fiber
microelectrodes dramatically improves the reproducibility and manufacturing efficiency. CNT
fibers/yarns with well aligned CNTs have high electroactivity, fast response, high chemical stability,
and high fouling resistance. Several kinds of CNT fibers/yarns and surface modifications methods

have been applied for in vivo measurement of neurotransmitters, which prove they are a viable

alternative to CFMEs.

1.3.5 Carbon Nanoelectrodes and Carbon Nanomaterial Based Electrode Array

Nanoscale carbon electrodes are useful for localized detection of neurotransmitters at the
level of single cells, single vesicles, as well as single synapses. Small animal models such as
Drosophila and zebrafish have attracted more attention recently due to their homologous

neurotransmitters with mammals and easy, fast genetic manipulations.?6:1031%4 The small
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dimensions of the central nervous systems of Drosophila and zebrafish requires better spatial
resolution and a small, dagger-like electrode than can penetrate through the tough glial sheath
barrier with minimal tissue damage. Nanoelectrodes can be used as single sensors or as an array

of densely packed nanometer scaled sensors.
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Figure 1.3: Nanoelectrode designs for neurotransmitter detection. (A-C) Carbon fiber nanotip
electrodes. (A) Schematic diagram showing main process for fabrication of conical CFNEs. (B)
Amplified picture of its tip; the scale bar is 1 mm. (C) Bright-field photomicrographs showing the
tip of a sensor inside a synapse between a varicosity of a SCG neuron and the soma of another
SCG neuron, scale bars: 5 mm. (D-F) Carbon nanotube-microelectrode arrays. (D) A sample
CNT-MEA chip containing 64 electrical recording sites. Scale bar: 1 cm. (E) Phase-contrastimage
of a CNT-MEA chip showing the spatial configuration of electrodes. Each electrode is 50 um x 50
pgm. Scale bar, 100 uym. (F) SEM image of the CNT-MEA chip surface. Scale bar, 200 nm. (A-C)
Reproduced with permission from referencel®, Copyright 2014 Wiley. (D-F) Reprinted with
permission from reference 1%, Copyright 2013 Elsevier.

Since the geometric surface area of nanoelectrodes is much smaller than microelectrodes,
the application of CNs helps improve the sensitivity with a limited surface area. Li et al. used
carbon fiber nanometric electrodes for direct monitoring of exocytotic flux from inside an individual
synapse with high resolution in real time.'% The facile and robust nanoelectrodes were fabricated

by flame-etching with glass-pulled nanopipettes microfabrication, which were subsequently
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etched with a microforge to yield a fine conical tip with diameter less than 100 nm and controlled
shaft length (500 — 2000 nm, Fig. 1.3A-B). The real-time monitoring inside neuronal junctions and
neuromuscular junctions using amperometry (Fig. 1.3C) demonstrated the versatility and

importance of this new tool.

Our group reported a small, robust, carbon nanopipette electrode (CNPE) for dopamine
detection in Drosophila brain.’?® The CNPEs are fabricated by selectively depositing a carbon
layer on the inside of a pulled-quartz capillary that is chemically etched to expose the carbon tip.
The electrodes had an average diameter of 250 nm and controllable exposed length of 5 to 175
pm. The LOD of 25 + 5 nM with FSCV is similar to CFMEs but the size is 1 order of magnitude
smaller in diameter than typical CFMEs. CNPEs were used to detect endogenous dopamine
release in Drosophila larvae using optogenetic stimulations, which verified the utility of CNPEs for
in vivo neuroscience studies. This is the first work to combine carbon nanoelectrodes and FSCV
together, providing a promising solution for the measurements with both high spatial, temporal

resolution and high selectivity.

Neurotransmitter release varies not only within discrete substructures of the brain but also
across individual cells.1®” Multi-electrode arrays (MEASs) consolidate multiple sensing elements
onto a single device for spatially resolved profiling of neurochemical dynamics as well as
simultaneous detection of different analytes.?® Suzuki et al. used planar CNTs-MEA chips for the
measurements of dopamine release and electrophysiological responses.’® These CNT-based
MEA chips were fabricated by electroplating bamboo structured MWCNTSs on a photolithography-
produced indium tin oxide (ITO) electrode (Fig. 1.3D-F). The LOD for dopamine was 1 nM using
amperometry, and the CNT-MEA chips were used to monitor synaptic dopamine release from
mouse striatal brain slices. Similarly, Clark et al. reported a functionalized CNT electrode array
for dopamine and ascorbic acid detection.’® These CNT-MEA chips have 64 individually

addressable electrodes of oxygen-functionalized CNTs grown on Pt electrodes. The reduced
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impedance led to improved signal-to-noise ratio. Diner et al. applied a nanocrystalline boron
doped diamond (BDD) nanoelectrodes array for dopamine detection, combining the advantages
of high spatial resolution nanoelectrode arrays with the promising electrochemical properties of
BDD.¥® The dopamine detection sensitivity was 57.9 nA.-uM'cm? and the selectivity for

dopamine over ascorbic acid was high due to the negative charge after oxygen-termination.

Carbon based nanoelectrodes provide robust and sharp tips for neurotransmitter detection
at the levels of single synapses, vesicles, and single cells in vivo. Nanoelectrodes provide high
spatial resolution, low background current from double layer charging, and minimal tissue damage.
The majority of carbon-based nanoelectrodes consist of protruding carbon materials (e.g. carbon
fiber) with the exposed length of several to tens of micrometer; therefore the resolution is not
nanometer sized in all dimensions.'*®* Compared to single nanoelectrode systems, carbon based
nanoelectrodes arrays allow detection of neurotransmitters at network levels. However, the stiff
and large silicon wafer and bulk metal substrates limit their in vivo applications. VanDersarl et al.
fabricated a flexible implantable neural probe for electrochemical dopamine sensing.!'! The
electrode arrays were fabricated on silicon carrier wafers and then released from the substrate
by chemical/electrochemical dissolution, which makes the electrodes array flexible and used for
long-term neurotransmitter monitoring in vivo. As the development of CNs and new electrodes
continues, we expect more attention will be focused on increasing the sensitivity and nanometer-
scaled resolution in vivo, especially for measurements at single synapses and smaller model

organisms.

1.3.6 3D-Printing Technologies for Carbon Nanomaterial based Microsensors Fabrication
3D-printing, defined as a process used to fabricate three dimensional objects based on
the digitally controlled deposition, has the potential to transform science and technology by

creating bespoke, low-cost applications that previously required dedicated facilities to make. 2113
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This would not only place traditionally expensive chemical engineering technology within reach of
typical laboratories,'** but also could revolutionize access to healthcare and the chemical
sciences in general in the developing world.'*® 3D printing approaches are recently increasingly
useful as a rapid prototyping fabrication tool in several scientific and medical applications, such
as tissue-growth scaffolds,*'” microvascular systems,!'® orthopedic implants,*° rehabilitation
aid tools,*?° electronic device,'?* and chemical reactors.'?? Electrochemistry is another branch of
science that can benefit from 3D-printing technologies, paving the way for both of design and
fabrication of cheaper, higher performing, and bespoke electrochemical devices.'2 With the rapid
development of 3D printing, increasing needs are required to incorporate 3D printing to carbon
nanomaterial based microsensors fabrication. In particular, 3D-printing has been employed not
only to customize electrode design such as voltammetric cells or microfluidic systems, for the
application of existing materials, but also to produce conductive electrodes with special shapes

or compositions.

Motivated by the idea of a future whereby users can download a design for a product from
the internet, modify it to suit an intended purpose and then rapidly produce any number of such
items at low cost on a portable, robust devices,'?® 3D printed electrochemistry reactionware has
been widely applied. Symes et al. reported the usage of 3D printed reactionware for organic and
inorganic synthesis, which include printed-in catalysts and other architectures, enabling in situ
electrochemical monitoring of reactions with digital feedback mechanism.'?> The reactionware
provides a cheap and automated electrochemical analysis platform, successfully transferring
techniques to typical synthetic laboratories. Microfluidic devices and flow cells for electrochemical
analysis can also be fabricated using 3D printing. Snowden et al. designed a versatile flow cell
which easily accommodate different types of electrodes for specific electrochemical
experiments.'?* The flow cell is assembled simply by resting the micro-fabricated component on

the electrode of interest and securing with 3D printed thread. More recently, Erkal et al. reported
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a 3D printed microfluidic devices with integrated versatile and reusable electrode.?® With the
electrode housed in commercially available fittings, various electrode materials are easily added
to a threaded receiving port printed on the device, enabling a module-like approach to the
experimental design. A dopamine LOD of 500 nM at an embedded glassy carbon electrodes on
the 3D printed microfluidic system was achieved. Notably, the electrode fitting is removable and
reusable, instead of the traditional one-time-use evaporation/deposition-based electrodes.
Recently, we developed a novel microelectrode batch fabrication method based on a 3D-printed
mold and using bio-compatible, easy and quick curing polyimide resin as insulating agent.'?® The
3D-printed mold is low cost, customizable to change the electrode shape, and allows 40
electrodes to be made simultaneously, which will be discussed in Chapter 6. We also directly
printed out electrodes platform specifically for CNT yarn and fibers for the sensitive detection of
neurotransmitters. Moreover, the 3D printed electrodes are fully compatible to conventionally
used screen printed electrodes, so no additional device or accessories is required other than a
SPE based electrochemistry workstation setup, which dramatically reduce the cost and simply
the fabrication process. The electrochemical characterization and electrode design/fabrication will

be introduced in detail in Chapter 7.

A trend for the electrochemical application using 3D printing is the direct fabrication of
electrode using conductive material, which could be used directly as electrode material for
electrochemical study, or as conductive electrode substrates followed by further surface
modification. Extrusion-based 3D printing (e.g. robocasting or direct ink writing) is the most
versatile, which has a broad material selection including ceramics, metal alloys, polymers, and
can directly fabricate electrodes.’?’1?® Since graphene oxide has noteworthy printing capability
and unique viscoelastic properties as an agueous dispersion, 3D printing of graphene oxide has
been successfully performed in to different structural forms, such as cathode and anode for

lithium-ion batteries.*?® Although 3D printed graphene oxide electrode has not been applied for
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bio-sensing applications yet, the good electrical conductivity, abundant electroactive sites, as well
as the bespoke design using 3D printing technique, will attract more neurochemists to explore the
potential application for neurotransmission monitoring. Recently, 3D printed metal electrodes as
custom-shaped platform has been used as electrochemical devices due to the rapid development
of metal 3D printing technology.**® Ambrosi et al. used 3D printed stainless steel electrodes as
platform for pH sensing, functionalized by the deposition of IrO; film, which allows the fabrication
of specific electrode designs that can be tailored to facilitate specific functions and properties.*?
In the near future, we expect to observe more 3D printed electrochemical sensors for bio-sensing

application.

1.3.7 Conclusions

Dip coating/drop casting method is an ideal method for testing early stage electrochemical
performance study of novel CNs or combining CNs with polymers and/or metal NPs for
neurotransmitter detection. However, disadvantages include the non-homogenous coating, low
reproducibility, and complicated fabrication as well as restricted diffusion and decreased
conductivity which jeopardize electrochemical performance.® In comparison, direct growth of CNs
on microelectrodes leads to high conductivity, larger amount of electroactive sites, higher
reproducibility, and easier batch fabrication. CNTs fiber/yarn microelectrodes are expected to be
a potential alternative to CFMEs for in vivo neurotransmitter detection because the highly aligned
CNTs lead to controllable electrochemical properties. Moreover, the electrochemical properties
of CNT yarn microelectrodes can be controlled by surface treatments, which allows researchers
to tune the material depending on the requirements of sensitivity and selectivity to different
analytes.® The development of flexible electrodes is another future path since most
electrodes/arrays are made from stiff silicon or metal substrates, which limit their in vivo

application. In addition, with the rapid development of 3D printing, increasing needs are required
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to incorporate 3D printing to carbon nanomaterial based microsensors fabrication. Overall, the
best LODs reported is achieved by the planar CNTs-MEA chips with chronoamperometric
measurements of dopamine release (1nM).1% And the best LOD for microelectrodes is 4.7 + 0.2
nM, achieved by PEI/CNT fiber microelectrodes.®® While most of the current experiments have
concentrated on dopamine detection, future studies could expand the analytes detected and strive

for better sensitivity and selectivity at smaller electrodes for a range of neurochemicals.

1.4 Challenges and Future Directions

Although CN-based electrochemical sensors for neurotransmitter detection have been
extensively studied for the past two decades, several challenges still exist for their routine in vivo
application. First, more information is needed about the correlation between surface properties
and the sensor electrochemical performance. Studies that correlate surface and electrochemical
properties will lead towards rational sensor design and better prediction of the likely
electrochemical properties of new materials. Second, fouling of electrode surface in tissue is often
a serious problem which negatively affects the analytical performance including sensitivity,
detection limit, and measurement reproducibility for the in vivo implanted electrodes. While many
studies do not test new electrodes in tissue, there are researchers who are beginning to study
biofouling and how CN-based strategies could improve fouling. In this section, studies overcoming
these challenges and provide a perspective of the future direction for in vivo electrochemical

sensors for direct neurotransmitter detection will be discussed.

1.4.1 Correlation between Electrochemical Performance and Carbon Nanomaterial Surface
Properties
Dopamine is a catecholamine with heterogeneous electron transfer that is strongly

dependent on surface properties and electrocatalysis.®* The electrostatic interactions between
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negatively charged oxide groups on the carbon surface and positively charged dopamine at
physiological pH as well as the ™ — 1 stacking between CNs and the catechol significantly
influence the redox reactions.'! The redox processes of dopamine depend on the existence of
surface oxygen-containing functional groups, such as carbonyl or carboxylate, which can readily
adsorb neurotransmitters and facilitate electron transfer.'®3! While CNs can enhance the surface
for dopamine redox reactions, correlating the exact properties of the nanomaterials with

electrochemistry is challenging.

CNTs and graphene have abundant sp3-hybridized, edge plane carbons that can be
oxidized to provide functional groups compared to conventionally used glassy carbon and carbon
fiber.2*2 The morphology of CNs and the density of edge plane sites significantly influence the
redox reactions. Muguruma et al. reported an electrochemical study of the synthetic pathway of
dopamine (DA), dopamine-o-quinone (DAQ), leucodopaminechrome (LDAC), and
dopaminechrome (DAC) at an electrode made of long-length (hundred microns) CNTSs dispersed
in solution with surfactant cellulose.'®® The electrically conducting networks of long-length CNTs
had long Tr-electron networks and were denser than those of normal-length CNT electrode
resulting in reduced activation potential for oxidation and efficient propagation of the electron
produced by LDAC = DAC reaction. The observation of predominant second redox couple (LDAC
= DAC) at long-length CNTSs could be used as a quantitative and selective detection of dopamine
just as in the conventional strategy of direct oxidation of dopamine (DA = DOQ). These two works
show that CNT alignment, length, and density affect both sensitivity and the dopamine redox
reaction products. Since metal substrates that are not sensitive to dopamine enable the study of
the interaction of dopamine with CNTs without the convolution of possible substrate reactivity,
CNTs grown on metal substrate would provide a promising platform for the fundamental study of

the interface interactions.
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Surface properties of CN-based electrodes also influence their temporal resolution with
FSCV measurements. FSCV is the preferred in vivo electrochemical method because the CV
fingerprint aids in analyte identification and the typical 100 ms temporal resolution allows
neurotransmitter measurements on a subsecond time scale.*'%*-136 At traditional CFMEs,
dopamine signal decreases with increasing scan repetition frequency and the 10 Hz repetition
frequency is a compromise between temporal resolution and sensitivity.?2'%” While methods to
improve temporal resolution by raising the scan rate have been explored, the oxidation current
still decreases with increasing scan repetition frequency.3813° Our group has recently discovered
that at CNTYMESs, the dopamine current does not change significantly with increasing scan
repetition frequency: at a scan rate of 2000 V/s, dopamine can be detected, without any loss in
sensitivity, with scan frequencies up to 500 Hz.%3 Thus, the temporal resolution is four times faster
without a decrease in signal. The cause of this increased temporal resolution is differences in
dopamine and DOQ adsorption and desorption kinetics; at CNTYMES, the rates of desorption for
dopamine and DOQ are almost identical, while at CFMESs, the rate of desorption for DOQ is over
an order of magnitude higher than that for dopamine. Therefore, CNT morphology and roughness
affect the temporal resolution of measurements and CNTYMEs enable high speed measurements
with high sensitivity, since there is no compromise in current with higher sampling rates. Surface
roughness is another important factor affecting the dopamine redox reaction. In our recent work,?
laser-etched CNT yarn microelectrodes were used for the in vivo detection of dopamine, which

will be discussed in detail in Chapter 3.

A Dbetter understanding of the correlation between surface properties CNs, including
alignment, length, edge plane sites, surface functionalization, and surface roughness, and the
corresponding electrochemical performance of neurotransmitters will allow researchers to tailor
the electrochemistry by applying different CNs or surface modifications. The better aligned CNTs

on electrode surface provide higher conductivity and more electroactive sites for dopamine
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compared to non-oriented, spaghetti-like CNTs. Long-length CNTs form denser conducting
networks than the normal-length CNTs, facilitating detection of the second dopamine redox
couple, which would be used as a quantitative and selective detection of dopamine. Surface
roughness on the order of dopamine diffusion length momentarily traps dopamine and allows
higher temporal resolution measurements than at conventional CFMEs. A better fundamental
understanding of how CN properties lead to electrochemical response will enable rational
development of future electrodes. Recently, we correlated the surface and electrochemical
properties for neurochemical detection at 3 types of materials: CNT fibers produced by wet
spinning with (1) polyethylenimine (PEI/CNT) or (2) chlorosulfonic acid (CA/CNT), and (3) CNT
yarns made by solid-based CNT drawing. Overall, small crevices, high conductivity, and abundant
oxygen groups lead to high sensitivity for amine neurotransmitters, such as dopamine and
serotonin. These results show that surface properties of CNT fibers can be used to predict their

electrochemical performance, which will be introduced in Chapter 5.

1.4.2 Effect of Bio-Fouling on Carbon Nanomaterial based Microelectrodes for in vivo
Neurotransmitter Monitoring

Long-term monitoring the real-time dynamics of neurotransmitters in vivo is essential to
understand the role of chemical communication in cognitive function with diverse dynamics
through learning and developmental processes.%-142 Approaches such as non-invasive brain
imaging can provide long-term monitoring of brain activity, but its low spatial resolution precludes
cellular level investigation.*® Optical imaging techniques can achieve neuron-resolution mapping
but are limited in terms of penetration depth.'** Electrochemical microsensors incorporated with
carbon nanomaterials such as CNT yarn can provide high spatial resolution for dynamics studies
in deep brain regions.** However, the effect of bio-fouling happened on carbon nanomaterial

based microelectrodes for in vivo implantation is still elusive.
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Surface fouling can severely affect the sensitivity and reproducibility of electrochemical
sensing in vivo and CNs have been proposed as a technique to alleviate surface fouling. Electrode
fouling involves the surface passivation by a fouling agent that forms an increasingly impermeable
layer on the electrode, which inhibits the direct contact of the analyte with the electrode surface
for electron transfer.2* Two main types of fouling arise: (1) passive biological fouling by tissue
species such as proteins and lipids and (2) active fouling by byproducts of the analyte redox
reaction that form the insulating layer. The fouling agent can adhere to the electrode surface as
a result of hydrophobic, hydrophilic, or electrostatic interactions.®-14¢ For example, the products
of serotonin oxidation are very reactive and may form an insulating film on the electrode surface,
thus jeopardizing the long-term stability of the electrodes.'*"'*¢ Commonly used antifouling
strategies include the addition of a protective layer or barrier on the CNs substrate (polymeric
film49.150 or metal nanoparticles?®-1%%), electrode surface modifications 154155, and electrochemical
activation %6157 This section examines recent efforts to study fouling resistance study at CN

electrodes and develop CN-based antifouling strategies.

The hydrophilic surface of CNs electrodes facilitates their antifouling properties.#®
Electrodes with hydrophobic surfaces promote adsorption of hydrophobic molecules, including
aromatic compounds and proteins.'*® These hydrophobic interactions are sufficiently favorable,
especially in an aqueous condition, that they are typically irreversible.3! In contrast, fouling caused
by hydrophilic interactions tends to be more reversible.'®® Therefore, many strategies aimed at
reducing fouling by the application of CNs target reducing the hydrophobicity of the electrode
surface. Xiang et al. reported VACNTs grown on carbon-fiber electrodes exhibited good
resistance against electrode fouling in high concentration (0.5 mM) ascorbate solution, with only
2% signal decrease for 30 min continuous amperometric measurements.’® Our group found the
PEI/CNT fiber microelectrodes have promising antifouling properties for serotonin. Prevention of

electrode fouling from the metabolite of serotonin, 5-hydroxyindoleacetic acid, is particularly
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important because its physiological concentration is 10 times higher than that of serotonin.®® At
the PEI/CNT fiber microelectrode, the peak oxidation current for serotonin remained constant
upon incubation in 5-hydroxyindolacetic acid for 2 h and serotonin was successfully measured in
brain slices. Similarly, Harreither et al. reported pristine PVA/CNT fiber microelectrodes exhibited
a high resistance to dopamine fouling.®® While the electrode lost half of its initial signal in 15 min
at high concentration dopamine solution (1 mM), there was no signal change in 100 uM dopamine
for 2 h as the insulating patches grew slower on the CNT fiber surfaces than on CFMEs. Since
the basal levels of extracellular dopamine are around 10-30 nM and phasic release during fast
burst of firing resulting in release from 0.1 to 1 uM ®, lack of fouling at low concentrations could
make them advantageous in vivo. The antifouling properties of both the VACNT-carbon fiber,
PVA/CNT and PEI/CNT fiber electrodes are likely due to the presence of large amount of

functionalized edge plane sites on CNTs which makes the surface hydrophilic.

Boron doped diamond exhibits a high chemical stability and high resistance to surface
fouling, usually at the expense of decreased reaction kinetics in comparison to other CNs, 59160
Patel et al. compared several different carbon electrodes for their antifouling properties for
dopamine, including glassy carbon, oxygen-terminated polycrystalline boron-doped diamond
(pBDD), edge plane pyrolytic graphite (EPPG), basal plane pyrolytic graphite (BPPG), and the
basal surface of highly oriented pyrolytic graphite (HOPG).% Although pBDD was found to be the
least susceptible to surface fouling even at relatively high dopamine concentration, the reaction
kinetics were relatively slow. In contrast, the reaction of 100 uM dopamine at pristine basal plane

HOPG had fast kinetics and only minor susceptibility toward surface fouling.

Fouling due to adsorption of biological macromolecules, such as proteins, is also important
to minimize for optimal sensor performance because adsorption affects mass transport and
electron transfer kinetics.'®? Soluble proteins are often hydrophilic on the surface to interact with

the aqueous environment and hydrophobic on the inside to maintain protein folding or the binding
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of hydrophobic materials.}*® Thus, proteins can foul electrode through both hydrophilic and
hydrophobic interactions. Harreither et al. reported PVA/CNT fiber electrodes were more resistant
to fouling than the traditional carbon-fiber electrodes for dopamine detection in the presence of
bovine serum albumin (BSA), which accounts for about 50% of total plasma protein content.'%
The presence of albumin reduces the impact of dopamine fouling because the sulfur on the BSA
competed with the amine moiety for the nucleophilic binding to the oxidized catechol (a critical
step initiating dopamine fouling) and therefore reduced the rate of dopamine polymerization on
the electrode surface. Similarly, Liu et al. recently reported a new, effective solution for electrode
calibration for in vivo measurements by pretreating MWCNTS/CFMEs with BSA.'%* The ratio of
the sensitivity obtained with the post-calibration to that obtained with pre-calibration containing
BSA was about 94%. Essentially, the strategy is to pre-foul the electrodes before implantation,
and thus they will not be sensitive to BSA overadsorption or changes in their surface
hydrophobicity upon implantation (Fig. 1.4). The electrodes also exhibited a high selectivity for
ascorbate against dopamine, DOPAC, uric acid, and serotonin. Chen et al. evaluated the impact
of the surface charges and morphology of PEDOT madified gold electrodes on the detection of
dopamine, ascorbic acid, and uric acid in the presence of proteins, including BSA, lysozyme, and
fibrinogen.1®® The adsorption of positively charged lysozyme promoted sensitive detection of
ascorbic acid and uric acid, and all protein adsorption lowered the dopamine sensitivity. Although
a gold electrode was used in this study, it provides a good reference for the future study focusing

on the neurotransmitters detection at CN-based electrodes in the presence of different proteins.
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Figure 1.4: Schematic illustration of amperometric response at the electrode/electrolyte interface
in different concentrations of protein. Reprinted with permission from reference'®, Copyright 2016
American Chemical Society.

In summary, CNs are being used to change the surface chemistry of microsensors and
improve the surface fouling resistance, giving CNs based implantable microsensors long-term
neurotransmission monitoring ability.*%¢ While polymer incorporated CNs electrodes, such as
PEDOT:PSS,** PEDOT:GO,*’ and Nafion-CNT,'®® have been proposed to provide fouling
resistance for in vivo, polymers can affect temporal response and not all are effective.® Thus,
the future research will likely focus on the promising fouling resistance at CNs such as BDD,
HOPG, VACNTSs, and CNT fibers. In particular, hydrophilic CN surfaces tend to have better
antifouling properties because of the higher reversibility of hydrophilic interactions with the surface
than the hydrophobic interactions. Oxidation of the surface of CNs to introduce oxygen-containing
functional groups is the easiest method to make the surface more hydrophilic, and oxidized CNs
are preferred for in vivo neurotransmitters detection because they lead to both fouling resistance
and high sensitivity. The surface roughness is another important factor contributing to the fouling
resistance, contributing to the observed antifouling properties of superhydrophobic
electrodes.'®170 Promising methods for future cleaning of adsorbed materials include applying

single anodic/cathodic potentials'®”171172 or a train of pulses to periodically clean the electrode
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surfacel®17, The antifouling mechanism for anodic/cathodic potential relies on altering the
amount of oxygen functionalities, which affects surface hydrophilicity.*4>14¢ Future studies should
focus on how surface properties affect fouling, evaluations of long term anti-fouling in actual tissue.
In chapter 4 of this thesis, the anti-fouling property at implantable CNT yarn microelectrodes with

different surface modifications will be evaluated.
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Chapter 2: Carbon Nanotubes Grown on Metal

Microelectrodes for the Detection of Dopamine
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Abstract

Microelectrodes modified with carbon nanotubes (CNTs) are useful for the detection of
neurotransmitters because the CNTs enhance sensitivity and have electrocatalytic effects. CNTs
can be grown on carbon fiber microelectrodes (CFMESs) but the intrinsic electrochemical activity
of carbon fibers makes evaluating the effect of CNT enhancement difficult. Metal wires are highly
conductive and many metals have no intrinsic electrochemical activity for dopamine so we
investigated CNTs grown on metal wires as microelectrodes for neurotransmitter detection. In this
work, we successfully grew CNTs on niobium substrates for the first time. Instead of planar metal
surface, metal wires with a diameter of only 25 um were used as CNT substrates, which have
potential for in tissue applications due to their minimal tissue damage and high spatial resolution.
Scanning electron microscopy shows that aligned CNTs are grown on metal wires after chemical
vapor deposition. Using fast-scan cyclic voltammetry, CNT-coated niobium (CNT-Nb)
microelectrodes exhibit higher sensitivity and lower AE, value compared to CNTs grown on
carbon fibers or other metal wires. The limit of detection for dopamine at CNT-Nb microelectrodes
is 11 £ 1 nM, which is approximately two fold lower than bare CFMEs. Adsorption processes were
modeled with a Langmuir isotherm and detection of other neurochemicals was also characterized,
including ascorbic acid, DOPAC, serotonin, adenosine, and histamine. CNT-Nb microelectrodes
were used to monitor stimulated dopamine release in anesthetized rats with high sensitivity. This
study demonstrates that CNT-grown metal microelectrodes, especially CNTs grown on Nb
microelectrodes, are useful for monitoring neurotransmitters. This paper was published in

Analytical Chemistry (Anal. Chem., 2015, 88 (1), 645-652).
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2.1 Introduction

CNT-modified electrodes have been widely used for the detection of biomolecules
because of their unique properties including large active surface area, high conductivity, fast
electron transfer kinetics and biocompatibility.!? These properties lead to reduced overpotential,
minimal electrode fouling, and increased sensitivity and selectivity.>* CNTs are especially
attractive for making smaller electrodes because the high surface-area-to-volume ratio results in
a large electroactive surface area for the adsorption of biomolecules.> A popular method to deposit
CNT films onto microelectrodes is to dip CFMEs into CNT suspension or CNT/polymer composite
solution.®® However, CNTs are randomly distributed throughout the CNT films during the dip
coating process. Therefore, most of the area exposed to the analyte solution is the sidewall of the
CNTs, but the ends of the CNTs are more likely to be the most electrochemically active sites.'%-
13 Moreover, large CNT agglomerations are easily formed which cause high noise and the
cumbersome fabrication procedure reduces the reproducibility.’

Previous studies have shown that vertically-aligned CNTs on a microelectrode substrate
are better for detecting neurotransmitters, such as dopamine.'* One strategy is to chemically self-
assemble vertically-aligned CNTs on substrates with a solution deposition method. Our group
developed single walled carbon nanotube (SWCNT) forest-modified CFMEs for rapid and
sensitive detection of neurotransmitters using fast-scan cyclic voltammetry (FSCV).® An
alternative strategy is to directly grow CNTs in an aligned manner through chemical vapor
deposition (CVD). Recently, Xiang et al. used as-synthesized, vertically-aligned carbon nanotube
sheathed CFs (VACNT-CFs) for the detection of dopamine and ascorbate in vivo.'®* The VACNT-
CFs microelectrodes exhibited promising electrochemical performance. However, since carbon
fiber (CF) is electrochemically active towards dopamine, the CF substrates limit the studies of the
properties of CNT coating. In comparison, metal substrates with CNT coating would have several
benefits. First, although gold” and platinum?® are active to dopamine, many other metals (e.g Nb,

Ta, Mo, W, Pd, Ti, and stainless steel used in this paper) lack electrochemical reactivity to
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dopamine, which enables the study of the interaction of dopamine with CNTs without the
convolution of possible substrate reactivity. Second, the inherently low conductivity of CF° may
limit the overall conductivity of sensors, while metals have higher conductivity. Third, the
electrochemical properties of the CF core vary with different waveforms and can affect the
electrochemical properties.'® Therefore, a metal substrate which lacks reactivity to dopamine, has
high intrinsic conductivity, and relatively stable electrochemistry may avoid these issues. Although
successful growth of CNTs on several metal substrates has been reported,?°=2* CNTs have not
been grown on niobium (Nb) substrate. In addition, all previous studies of CNT growth on metals
have been on flat substrates and not on the cylindrical metal wires that would be needed for
implantable electrochemical micro-sensors.

In this study, we explored the use of CNT—grown metal microelectrodes for enhanced
neurotransmitter detection. The CNT—grown metal and CFMEs were fabricated by CVD and
characterized with scanning electron microscopy and Raman spectroscopy. These are the first
studies to grow CNTs on Nb substrates or on small diameter metal wires, instead of a planar
metal surfaces such as foils, which allows them to be implanted in tissue with minimal damage
and high spatial resolution.?” CNTs grown on Nb were short and dense, and CNT-Nb
microelectrodes exhibited better electrochemical response to dopamine using FSCV compared
to CNTs grown on other metals or CFs. Moreover, the CNT-Nb microelectrodes have been tested
for the electrochemical response to ascorbic acid, DOPAC (3,4 dihydroxyphenylacetic acid,
dopamine metabolite), serotonin, adenosine, and histamine. The CNT-Nb microelectrodes were
used to detect stimulated dopamine release in anesthetized rats and exhibited high sensitivity
with rapid measurements in vivo. Electrophysiology studies often use arrays of metal wires and
future experiments could investigate making arrays of the CNTs on metal wires for multiplexed

electrochemical experiments.
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2.2 Experimental Section

2.2.1 Solutions

Dopamine, ascorbic acid, DOPAC, adenosine, 5-hydroxytryptamine (serotonin), and
histamine were purchased from Sigma-Aldrich (St. Louis, MO). Ten millimolar (10 mM) stock
solutions of the analytes were prepared in HCIO, and were diluted daily to the desired
concentration in phosphate-buffered saline (PBS) (15 mM tris(hydroxymethyl)aminomethane,
3.25 mM KCI, 140 mM NacCl, 1.2 mM CaClz, 1.25 mM NaH2PO., 1.2 mM MgCl,, and 2.0 mM

NaS0., with the pH adjusted to 7.4).

2.2.2 Synthesis of CNTs coated metal wires and carbon fibers

Carbon fibers (T650-35, Cytec, Woodland Park, NJ) and metal wires including tantalum,
niobium, molybdenum, tungsten, stainless steel, titanium, and palladium (diameter of 0.001",
ESPI Metals, Ashland, OR) were used as electrode substrates. CNTs were grown in an aligned
manner through CVD after a solid-phase catalyst was deposited on the substrate surface.?*?8 A
thin film of AlO3 (30 nm) followed by a film of Fe catalyst (1 nm) were deposited onto the metal
wires (25 um) or CFs (7 um) using electron beam physical vapor deposition (Angstrom
Engineering, Kitchener, Ontario, Canada). Since electron beam deposition is “line-of-sight”
dependent, only one side of the substrate was coated with buffer layer and catalyst. As a result,
the microelectrodes were half coated with CNT arrays. In a quartz tube CVD reactor, the Al,Os-
Fe coated CFs and metal wires were degassed in vacuum and the temperature of the reactor was
slowly ramped up to 700°C and held for 10 min with a flow mixture of Argon (2000 sccm) and H;
(200 sccm). Then, ethylene (10 sccm) was introduced through the quartz tube for 5 min to grow

the CNTs.
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2.2.3 Microelectrode preparation

A CNT-grown wire or CF, 1-2 cm long, was inserted into a polyimide coated fused-silica
capillary (45 um inner diameter (ID) x 90 pym outer diameter (OD), Polymicro Technologies,
Phoenix, AZ) while submerged in 2-propanol, to reduce friction and ease insertion. The solvent
was allowed to fully evaporate from inside of the capillary before the metal wire was sealed into
the capillary with 5 min epoxy Loctite (Henkel Corporation, Westlake OH) and was allowed to fully
cure for 24 h. The polyimide capillary was then inserted and epoxied in a 0.68 mm ID x 1.2 mm
OD glass capillary that had previously been pulled into a glass pipet and cut to have an opening

diameter of ~100 um.

2.2.4 Surface characterization

Scanning electron microscope (SEM) images were taken on Merlin field emission SEM
(Zeiss, Thornwood, NY) with a secondary electron detector using an accelerating voltage of 2 kV
and a working distance of 5.3 mm. Transmission electron microscope (TEM) images were taken
on a Libra 120 (Zeiss, Thornwood, NY). Raman spectroscopy measurements were performed
with a Renishaw 100 confocal micro-Raman system (Renishaw, Hoffman Estates, IL) with a 1800
lines/mm diffraction grating, 532 nm laser focused to a spot size of about 2 um through a 100x

objective, and a Peltier-cooled charge-coupled device detector.

Surface areas were estimated by either integrating the background current and multiplying
by time or using the background current at 0.25 V. These currents were divided by specific
capacitance (24 uF/cm?, a standard capacitance for glassy carbon?®) times scan rate to determine
surface areas. Both methods gave similar areas. Since CNTs are only half coated on
metal/carbon fiber substrates, the capacitive charging current used for surface area calculation

was performed by the difference of background current of CNT-metal electrode minus half of the
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background current of bare metal electrodes. While the specific capacitance might vary by CNT

material, it allows a rough estimation of surface area.

2.2.5 Electrochemistry

FSCV was performed with a ChemClamp potentiometer (Dagan, Minneapolis, MN, with 1
mega Ohm Chem Clamp Headstage). The waveform was generated and the data was collected
using a High Definition Cyclic Voltammetry breakout box (UNC Chemistry Department,
Electronics Design Facility) and PCle-6363 computer interface cards (National Instruments,
Austin, TX). Electrodes were backfilled with 1 M KCI and a silver wire was inserted to connect the
electrode to the potentiostat probe. The typical triangular waveform swept the applied potential
from —-0.4 V to 1.3 V (except where noted) at 400 V/s versus an Ag/AgClI reference electrode, at
a scan frequency of 10 Hz. Data collection was computer-controlled by the HDCV analysis

software program (University of North Carolina, Chapel Hill).

Electrodes were tested using a flow-injection system, as previously described.?® Analyte
was injected for 5 seconds and current versus time traces were obtained by integrating the current
in a 100 mV window centered at the oxidation peak for each cyclic voltammogram (CV).
Background-subtracted CVs were calculated by subtracting the average of 10 background scans,
taken before the compound was injected, from the average of five CVs recorded after the analyte

bolus was injected.

2.2.6 In vivo measurements
Male Sprague-Dawley rats (250—350 g) purchased from Charles River were housed in a
vivarium and given food and water ab libitum. All experiments were approved by the Animal Care

and Use Committee of the University of Virginia. The rat was anesthetized with urethane (Sigma
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Aldrich) (1.5 mg/kg i.p.), the scalp shaved, and 0.25 mL bupivicaine (0.25% solution, Sensorcaine,
MPF, APP Pharmaceuticals, LLC; Schaumburg, IL) given subcutaneously. The working electrode
was implanted in the caudate putamen (in mm from bregma: AP + 1.2, ML + 2.0, and DV — 4.5 to
-5.0), the stimulating electrode in the substantia nigra (AP -5.4, ML + 1.2, and DV - 8.0), and the
Ag/AgCI reference electrode on the contralateral side of the brain. The DV placement of the
stimulating electrode was adjusted downward until a robust dopamine signal was measured. After
implantation in the brain, the FSCV waveform was applied to the CNT-Nb microelectrode for 30
min to allow the electrode to stabilize and the brain to recover. Stimulated release was electrically

evoked using biphasic stimulation pulses (300 pA, 12-120 pulses, 60 Hz).

2.2.7 Statistics

All values are given as mean * standard error of the mean (SEM) for n number of
electrodes and all error bars are given as SEM. Unpaired t-tests were performed to compare
properties between two groups. A one-way ANOVA with Bonferonni post-tests was used to
compare effects among multiple groups. All statistics were performed in GraphPad Prism
(GraphPad Software,Inc., La Jolla, CA). SEM and TEM images were processed using ImageJ

(Rasband, W.S., ImageJ, National Institutes of Health, Bethesda, MD, U.S.A.).

2.2.8 Langmuir isotherm modeling
We used a Langmuir adsorption isotherm (Eq. 1) to model the adsorption and desorption

process kinetics of dopamine.

b
Iba Bpadpa

b4 _ _Ppafoa_ - po o1
Iy 1+ Bpaads

I'oa is the amount of dopamine adsorbed on the electrode, I'sis the saturated amount of dopamine

that can adsorb on the electrode, Boa is the thermodynamic equilibrium constant (unitless) for
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dopamine, and aox is the activity of dopamine in bulk solution at equilibrium. The percent surface
coverage, I'ba/T's, can be expressed by the ratio of the oxidation current of dopamine to the
theoretical saturated oxidation current which is the plateau of the fitting curve. The activity is
related to its molar concentration (Cpa) by the following Equation 2.2:3°
aps = (Ypa*Cpa) - (AL-mol™") (Eq.2.2)

voa is the activity coefficient of dopamine in bulk solution at the adsorption equilibrium. For a
charged adsorbate solution at high concentration, the effect of the activity coefficients must be
taken into account because charged adsorbates are governed by ionic interactions.! According

to the Debye-Huckel law:

log ypa = —AZZI% (Eq.2.3)
yoais a function of the ionic strength (1) of the solute and the charge carried by each solute (z), A
is a constant that depends on temperature and is about 0.51 for water at 25°C.%? Thus, ypa for
dopamine in PBS buffer is 0.63 at room temperature.*® Bpa can be used to calculate the adsorption
Gibbs free energy of dopamine.

AGS4 = —RTInfp, (Eq.2.4)
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2.3 Results and Discussion

2.3.1 Characterization of CNTs grown on metal wires and carbon fibers

CVD allows direct growth of CNTs on substrates; however, no study had grown CNTs on
Nb metal or on small diameter cylindrical metal wires. We optimized CNT growth on metal wires
for the use as microelectrodes. Figure 2.1 shows scanning electron microscope (SEM) images of
bare Nb (Fig. 2.1A) and Ta (Fig. 2.1B) wires as well as a CF (Fig. 2.1C), and the same substrates
after CNT growth (Fig. 2.1 D-F). The CNTs (multi-walled) grown on Nb are short, dense, and
aligned, compared to the CNTs grown on Ta and CFs, which are longer and more randomly
oriented. Since the end caps of the CNTs would be open due to the applied voltage®*, the ends
would have more sp® hybridized, edge-plane carbons that can be oxidized to provide functional
groups?®. The short, dense CNT bundles on the Nb would have more functionalized edge plane
sites exposed compared to the more diffuse CNTs on CFs and Ta, where more side walls would

be exposed to the analyte.

Figure 2.1: SEM images of bare metals and metals with CNT growth. A. bare niobium, B. bare
tantalum, C. bare carbon fiber, D. CNT-grown niobium, E. CNT-grown tantalum, and F. CNT-
grown CF. Scale bar: 500nm.
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The variety in CNT morphology grown on different metallic substrates might result from
the interaction of Al,Oz buffer layer with the substrate or different properties of the metals. Al,O3
was used as a catalyst support buffer layer to enhance CNT growth by inhibiting the diffusion of
the catalyst material into the substrate upon heating.®®* However, the Al,Os buffer layer has a
different grain size on different substrates after heating, due to surface energy or wettability,36-38
which leads to different CNT nucleation density.®® Another possible reason for the varied CNT
morphology on different substrates is the amount of hydrogen absorbed in the metal substrates,
which could affect the microstructure and mechanical properties of the resulting CNT gowth.*°
Among transition metals, VB group metals are good hydrogen storage substrates.*~** Therefore,
the more aligned and consistent CNT growth on Nb and Ta might be due to hydrogen release
that helps maintain the activation of iron catalysts.

To further characterize the CNT surface, Raman spectra of CNTs grown on metal wires
and CF substrates were compared (Fig. 2.2). The ratio of D/G peaks reveals the sp® hybridized
content of the carbon film.** The D/G ratio for CNT-Nb, CNT-Ta, and CNT-CF are 2.2 £+ 0.1 (n =
5),1.8+0.2(n=5),and 1.9 + 0.6 (n = 5), respectively. The ratio of the intensity of these peaks
is often used as an indicator of the quality of CNTs and these multi-walled CNTs are defect rich.*®
The D/G ratio of CNTs grown on Nb is significantly larger than on Ta (unpaired t-test, p < 0.05),
which demonstrates CNTs on Nb are more defect rich. The small standard errors observed

indicate that the D/G ratio was consistent between electrodes.
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Figure 2.2: Raman spectrum of CNT grown on the surface of (A) Nb, (B) Ta and (C) CF wires.

2.3.2 FSCV of dopamine at bare metal wire microelectrodes and CFMEs

To investigate the electrochemical performance of the substrate materials, cylindrical
microelectrodes were made of metal wires and CFs. Figure 2.3A-C shows the background current
measured in PBS buffer at bare Nb, Ta, and CF electrodes with similar lengths (~70-100 um).
The capacitive currents arising from the electrical double layer charging are small, around 300 nA
for Nb and 100 nA for Ta metal wires. The square shape background for Nb and Ta metal wires
reveals good polarizability.'° In contrast, larger background currents at CFME can be attributed

to surface functional groups as well as capacitive charging.*®
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Figure 2.3: Electrochemical response of bare metal or carbon fibers with scan rate of 400V/s and
repetition frequency of 10Hz. Background current in PBS buffer solution for A. niobium, B.
tantalum, C. carbon-fiber microelectrodes. Right column: Background-subtracted cyclic
voltammograms for 1 yM dopamine at bare D. niobium, E. tantalum, and F. carbon-fiber
microelectrodes.

Figures 2.3D-F shows the background subtracted cyclic voltammograms (CVs) of 1 uM
dopamine at bare Nb, Ta, and CFs. Nb and Ta are not electrochemically active for dopamine and
show no faradaic peaks. Therefore, any dopamine signal at CNT-Nb or CNT-Ta microelectrodes
will arise from the CNTs. CFMEs have a robust signal for dopamine (Fig. 2.3F) and are widely

used as the standard electrode material in the field of in vivo voltammetry.

2.3.3 FSCV of dopamine at CNT-metal wire microelectrodes and CNT-CFMEs
Figure 2.4 shows the electrochemical response of CNT-grown Nb and Ta microelectrodes
and CNT-grown CFMEs. The background charging currents for the CNT-Nb and CNT-Ta

electrodes (Fig. 2.4A-B) are significantly larger than for the bare metals (Fig. 2.3A-B), indicating
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substantial CNT growth. For CNTs grown on Nb and Ta wires, background-subtracted CVs for 1
KM dopamine (Fig. 2.4D-E) show Faradaic peaks which were not present for bare wires (Fig.
2.3D-E). Faradaic peaks for dopamine are also observed at CNT-CF microelectrodes, but the
contributions of the CNTs vs CF to the signal are harder to distinguish. Moreover, dopamine
oxidation is more reversible at CNT-Nb microelectrodes than that for CFMEs, which can be

observed in the CVs.
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Figure 2.4: Comparison of electrochemical response at CNT-grown niobium, tantalum and
carbon fiber microelectrodes. Background current at A. CNT-Nb, B. CNT-Ta, and C. CNT-CF,
and background-subtracted cyclic voltammograms for 1 uM dopamine at D. CNT-Nb, E. CNT-Ta,
and F. CNT-CF microelectrodes. The solid lines indicate the measurements taken after 15 min
equilibration and the dashed lines indicate the measurements after 160 min equilibration in PBS
buffer solution using a waveform of -0.4 to 1.3 V and back at 400V/s, 10 Hz.

Equilibration at carbon-based electrodes is required since the carbon surface can change

with the application of the triangle waveform. Equilibration with a fast-scan triangle waveform
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(400V/s, -0.4V-1.3V vs Ag/AgCl) mildly etches the carbon surface and introduces more oxygen
containing functional groups as active adsorption sites for dopamine.*® For CNT-grown
microelectrodes, the background (Fig. 2.4A-C) and response to 1 uM dopamine (Fig. 2.4D-F)
were measured at two equilibration time points: waveform application for 15 min and 160 min.
Equilibration time mattered little for CNT-Nb microelectrodes, as the response to dopamine and
background current were similar for both time points (Fig. 2.5A). In contrast, CNT-Ta and CNT-
CF required a longer equilibration time (Fig. 2.5B-C). The shorter equilibration time might be due
to abundant defects sites at CNT grown on Nb, which could be oxygen-functionalized faster by
electrochemical activation.*” The ends of CNTs grown on Nb are likely open, especially after
continuous scanning with the 1.3V triangle waveform, while the main sources of adsorption sites
at CNT-Ta and CNT-CF are probably defects on sidewalls. The CNT-Nb microelectrode had no
significant change in peak oxidative current for dopamine over 4 hours indicating the electrodes
are stable over the typical time length of a biological experiment (Fig. 2.6).

A. CNT-Nb Microelectrode B. CNT-Ta Microelectrode C. CNT-CF Microelectrode
1.5 8-

w
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—

_|

0.54

160 mins: 15 mins ratio

160 mins: 15 mins ratio
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0.0 - 0-
BG Current Ipa BG Current Ipa BG Current Ipa

Figure 2.5: Effect of equilibration at (A) CNT-Nb, (B) CNT-Ta, and (C) CNT-CF microelectrodes
(n = 4). Values given are the ratio of the current at 160 mins of equilibration vs 15 mins of
equilibration. The black bar is the ratio of background current at 0.25V in PBS buffer, giving an
indication of changes in background current. The gray bar is the ratio of oxidation currents for 1
MM dopamine. Ratios greater than 1 indicate that the peak increased in size during equilibration.
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Figure 2.6: CNT-Nb microelectrodes stability experiment. Measurements of 1 uM dopamine were
taken over a 4 h time period at CNT-Nb microelectrodes, with a scan rate of 400 V/s and sampling
repetition rate of 10 Hz (n = 5, error bar indicates standard error of mean).

To compare the sensitivity of electrodes to dopamine, currents were corrected for surface
area (based on their capacitive charging currents), since the metal wires are 25 pm diameter while
the CFME is 7 um diameter. As shown in Table 2.1, the current density at CNT-Nb
microelectrodes for 1 uM dopamine is 197 + 16 pA/um?, which is significantly larger than the
current density at CNT-Ta, CNT-CF or CFMEs (one way-ANOVA Bonferonni post-test, p < 0.0005,
n = 5). Current density at CFMEs after CNT growth is lower than bare CFMEs, indicating that
much of CNT grown on the CF substrate is not as electrochemically active as CF to dopamine.
Because of the spaghetti-like structure, not all of the CNTs on the CF may be available for electron
transfer, but adding CNTs adds to the background current and the noise. The limit of detection
(LOD) is 11 + 1 nM (S/N = 3) for dopamine at CNT-Nb microelectrodes, which is significantly
lower than that of CNT-Ta, CNT-CF as well as CFMEs (one way-ANOVA Bonferonni post-test, p
<0.005, n =5). Therefore, with higher sensitivity and better LOD than CFMEs, CNT-Nb electrodes

have a promising electrochemical performance for dopamine detection.
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Table 2.1: Average AE,, current density, and limit of detection for 1 uM dopamine at CNT-grown
microelectrodes and CFMEs.

Electrodes AE; (V) Current Density (pA/um?) LOD (nM)
CNT-Nb 0.73+0.03 197 + 16 11+1
CNT-Ta 0.87 £ 0.01 82+ 10 91 +27
CNT-CE 0.81+0.03 100 + 25 46 + 10
CEMEs 0.67 £ 0.01 135+ 24 19+4

All n =5, errors are standard error of the mean.

Table 2.1 also gives the average values of oxidation and reduction peak separation of
dopamine (AEp) for CNT-grown microelectrodes and CFMEs. The AE, values are significantly
lower at CNT-Nb (one way-ANOVA Bonferonni post-test, p < 0.01, n = 5), yielding a peak
separation that is ~140 mV and ~80 mV lower than CNT-Ta and CNT-CF microelectrodes,
respectively. The smaller AE, at CNT-Nb microelectrode might be caused by differing double-
layer capacitances, uncompensated resistance, or ohmic drop.® However, because both the
electrolyte and the size of the electrodes are similar, ohmic drop is an unlikely cause. Alvarez-
Martos et al. found that electron transfer was faster through oriented forest-like CNTs than non-
oriented, spaghetti-like CNTs.'* The CNT-Nb morphology is denser and shorter than CNT-Ta and
CNT-CF, and the ends of the tubes are likely to have exposed defects sites for electron transfer.
The mass transport per defect would be lower at CNT-Nb, based on the theory of charge transfer
at partially blocked surfaces.*® The larger number of active sites results in a reduced diffusional
flux per active site, which may also be the cause of the smaller AE,. In addition, there may be
restricted mass transfer between the longer CNTs in spaghetti-like CNT grown on Ta and CF.
The overall AE, at CNT-Nb microelectrodes is larger than CFMEs, which shows that there are
likely multiple factors affecting the electron transfer and the rate is also likely depressed by slow

transfer through the Al,Os buffer layer.
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2.3.4 Characterization of other metal substrates for CNT growth

Other metal wires were tested for growing CNTs including molybdenum (Mo), tungsten
(W), palladium (Pd), stainless steel (SS), and titanium (Ti). Figure 2.7 shows the SEM images of
both bare metals and CNT-grown metals. Larger CNT structures are apparent on W, Pd, SS, and
Ti. On Pd, the carbon nanomaterial is larger in diameter and appears to be amorphous carbon,
not CNTs. Moreover, CNTs grown on these metals are less dense than the CNTs grown on Nb,
Ta, and CF. Background currents at these bare metal wires were approximately 3 to 10 times
larger (Fig. 2.8A-E) than the bare Nb and Ta microelectrodes (Fig. 2.3A-B). None of the bare
metals were electrochemically active towards dopamine (Fig. 2.8F-J). After CNT growth, Mo, W,
SS, and Ti do not have the typical, characteristic peaks for dopamine even after 160 min of
equilibration (Fig. 2.9). Carbon-coated Pd shows electrochemical activity to dopamine (Fig. 2.9H),

which is likely due to the amorphous carbon grown on Pd wires.
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F. CNT-Mo |

Figure 2.7: SEM images of (A) bare molybdenum, (B) bare tungsten, (C) bare palladium, (D)
bare stainless steel, (E) bare titanium, (F) CNT-grown molybdenum, (G) CNT-grown tungsten,
(H) carbon-grown palladium, (I) CNT-grown stainless steel, and (J) CNT-grown titanium. Scale
bar: 500 nm.
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Figure 2.8: Electrochemical response of bare metals. Background current in PBS buffer solution
for A. Molybdenum, B. Tungsten, C. Palladium, D. Stainless steel, and E. Titanium
microelectrodes, and background subtracted cyclic voltammograms for 1 yM dopamine at bare
F. Molybdenum, G. Tungsten, H. Palladium, |. Stainless steel, and J. Titanium microelectrodes.
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Figure 2.9: Comparison of the electrochemical response at CNT-grown metals microelectrodes.
Background current at A. CNT-Molybdenum, B. CNT-Tungsten, C. CNT-Palladium, D. CNT-
Stainless steel, and E. CNT-Titanium microelectrodes, and background-subtracted cyclic
voltammogram for 1 pM dopamine at F. CNT-Molybdenum, G. CNT-Tungsten, H.CNT-Palladium,
I. CNT-Stainless steel, and J. CNT-Titanium microelectrodes. The solid line is the measurements
taken after 15 min equilibration and the dashed line is after 160 min equilibration in PBS buffer
solution using a waveform of -0.4 to 1.3 V and back at 400V/s, 10 Hz.



Yang| 66

Our studies showed that the size of CNTs and the amount of growth depended on the
metal substrate. CNT-Nb microelectrodes are preferred for neurotransmitters detection due to the
short, dense, and vertically-aligned CNT coating which leads to high current density, low LOD,
fast electron transfer rate and short equilibration time. Thus, CNT-Nb microelectrodes were used

for in vivo characterization studies.

2.3.5 Langmuir isotherm modeling

The redox reaction of dopamine at the surface of carbon based sensors is an adsorption
controlled process.*® Using a model for FSCV data developed by the Wightman group,*® we
previously determined that the adsorption/desorption kinetics of dopamine are different for CNT
yarn electrodes than CFMEs.®! Here, we used a Langmuir adsorption isotherm to model the
adsorption and desorption kinetics of dopamine at CNT-grown electrodes. The percent surface
coverage is calculated from equation 2.1 and then the coverage vs concentration is fit with the
Langmuir isotherm. The anodic peak (Fig. 2.10) and the cathodic peak (Fig. 2.11) give information
about dopamine and DOQ adsorption, respectively. Table 2.2 gives average adsorption rate
constants for CNT-Nb, CNT-Ta, and CNT-CF microelectrodes as well as bare CFMEs. The

value is used to calculate the Gibbs free energy for dopamine and DOQ adsorption.
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Table 2.2: Average equilibrium constants and adsorption Gibbs free energy for dopamine and
DOQ at CNT-grown microelectrodes and CFMEs.

Material Boa
(*10°)
onT-Np  21EL
CNT-Ta ~ 23%3
CNT-cF 374
CFME 39+1

%8 BowlBooo

201 1.03+0.04
23+5 1.05+0.09
31+2 1.10+0.02

32+1 1.23+0.04

AG°pa AG°p00 AG°pa/

(KJ/mol) (KJ/mol) AG°poq
-24.1+0.1 -24.0%£0.1 1.003 +0.004
-24.4+0.3 -24.3+0.4 1.003 +0.009

-25.6+0.2 -25.1+0.1 1.014 +0.005

-25.9+0.1 -25.2+0.1 1.019 +0.003

All n =5. Errors are standard error of the mean.
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Figure 2.10: Plot of normalized anodic current to corresponding dopamine concentration. The
fitting curve is modeled based on Equation 3, where Cpa is the X axis and the fractional surface
coverage is the Y axis. An equilibrium value, Bpa, is fit for each curve. A. CNT coated Nb (Boa =
22,500 + 600), B. CNT coated Ta (Boa =24,600 £ 3200), C. CNT coated CF microelectrodes (Boa
= 39,700 + 3500), and D. CFMEs (Boa =42,300 + 1100) (n = 5 per electrode material, error bar is
standard error of mean and sometimes is so small as to be less than the size of the point).
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Figure 2.11: Plot of normalized cathodic current to corresponding dopamine concentration. The
fitting curve is modeled based on Equation 3, where Cpa is the X axis and the fractional surface
coverage is the Y axis. An equilibrium value, Bpoo, is fit for each curve. A. CNT coated Nb (Boog
= 21,900 + 900) B. CNT coated Ta (Boog = 25,300 + 5600) C. CNT coated CF microelectrodes
(Booo = 34,000 + 1500) and D. CFMESs (Booog = 34,600 + 1400) (n = 5 per electrode material, error
bar is standard error of mean).

Both the adsorption equilibrium for dopamine (Boa) and for DOQ (Boog) at CNT-Nb and
CNT-Ta microelectrodes are smaller than those at CFMEs and CNT-CF microelectrodes. This
indicates dopamine and DOQ adsorb stronger to CFMEs and CNT-CFs than to CNT-Nb and CNT-
Ta microelectrodes. However, at the CNT-Ta and CNT-Nb microelectrodes, Bpa is similar to Bpoo,
and the ratio of Bpa/Boog is about 1 (Table 2.2). At CFMEs, Boa is significantly larger than Boog
(paired t-test, p < 0.005, n = 5), and the Bpa/Booq ratio is larger than CNT-Nb microelectrodes
(unpaired t-test, p < 0.05, n = 5). Thus, DOQ is more likely to re-adsorb from the electrode at
CNT-Nb electrodes, leading to a bigger reduction peak and more reversible reaction. The ratio of
equilibrium constants for CNT-CF microelectrodes falls in between that of CFMEs and CNT-grown

wires. The overall equilibrium is likely a convolution of the equilibrium at CNT-coated parts of the
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electrode and bare CFME, which is also partially exposed to solution. These data agreed with
previous modeling of CNT yarn electrodes, which showed differences in adsorption for dopamine

and DOQ compared to CFMEs.*!

2.3.6 FSCV of other neurochemicals

We tested the electrochemical performance of CNT-Nb microelectrodes towards the
detection of other neurochemicals including ascorbic acid (AA), DOPAC (3,4-
Dihydroxyphenylacetic acid), serotonin, adenosine, and histamine. Since the detection of
adenosine and histamine requires scanning to higher potentials, we used a waveform of -0.4V to
1.45V at 400V/s.5? Figure 2.12 shows the example CVs for each neurochemical (black solid line)
compared to dopamine (red dashed line) at the same CNT-Nb electrode. The bar graphs compare
the ratio of oxidation currents of the different neurotransmitters to dopamine at CNT-Nb
microelectrodes and CFMEs. Ascorbic acid is an anionic antioxidant present in high
concentrations in the brain,>® with a broad oxidation peak near the potential for dopamine
detection (Fig. 2.12A). The ratios of oxidative current for 200 uM AA to 1 uM dopamine at CNT-
Nb microelectrodes are significantly smaller than those at CFMEs (Fig 2.12B, paired t-test, p <
0.0001, n =5), indicating CNT-Nb microelectrodes have better selectivity towards dopamine over
AA than CFMEs. Since AA is an anion at physiological pH,>* the abundant oxygen-containing
functional groups on CNTSs surface might repel AA and further increase the selectivity to cationic
dopamine. DOPAC is a dopamine metabolite®® and has a similar oxidation potential to dopamine
(Fig 2.12C). Although there is no significant difference in selectivity to dopamine over DOPAC at
CNT-Nb microelectrodes (Fig 2.12D, paired t-test, p = 0.1454, n=5), the reduction potential of
DOPAC is significantly more negative (-0.28 V = 0.01 V for DOPAC compared to -0.22 V + 0.01
V for dopamine, paired t-test, p < 0.001, n = 5), similar to previous CNT electrode studies.®
Serotonin is a cationic, indolamine neurotransmitter.® The ratio of currents for serotonin to

dopamine is similar for CNT-Nb microelectrodes and CFMEs (Fig. 2.12F, paired t-test, p = 0.3008,
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n=5). The oxidation peak for serotonin is similar to dopamine as well, but the reduction peak is
shifted by 200 mV (Fig. 2.12E, paired t-test, p < 0.0001, n = 5), which can be used to discriminate
serotonin from dopamine. Adenosine is an important neuroprotective modulator in the brain that
regulates neurotransmission and blood flow.>? Adenosine is identified by its two oxidation peaks
in the CV (a primary oxidation peak at 1.4 V and a secondary peak at 1.0 V, Fig. 2.12G).%2 The
selectivity to adenosine compared to dopamine at CNT-Nb microelectrodes is similar to CFMEs
(Fig. 2.12H, paired t-test, p = 0.7476, n=5). Histamine is a neurotransmitter that regulates sleep.*’
CNT-Nb electrodes have an oxidation peak near the switching potential (Fig. 2.121) and show
significantly higher histamine to dopamine current ratios than CFMEs (Fig 2.12J, paired t-test, p
< 0.05, n =5), which might be due to the better antifouling properties of the CNT surface towards
histamine than CFMEs.®® Overall, CNT-Nb microelectrodes are useful for detecting a variety of

neurochemicals.
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Figure 2.12: Detection of other neurochemicals at CNT-Nb microelectrodes. CVs of A. 200 uM
AA, C. 20 yM DOPAC, E. 1 pM serotonin, G. 1 yM adenosine, and I. 1 yM histamine in PBS
buffer. Red dashed line is CV of 1 uM dopamine obtained from the same CNT-Nb electrode. For
AA, DOPAC and serotonin the electrode was scanned to 1.3 V, for adenosine and histamine, the
electrode was scanned to 1.45 V. Column plot shows the ratio of oxidation current for B. 200 uM
AA, D. 20 uM DOPAC, F. 1 uM serotonin, H. 1 uM adenosine, and J. 1 yM histamine compared
to the corresponding oxidation current of dopamine at CNT-Nb microelectrode (black, n = 5) and
CFMEs (gray, n = 5). The oxidation current ratios at CNT-Nb microelectrodes are significantly
different than CFMEs for the measurement of ascorbic acid (paired t-test, p < 0.0001) and
histamine (paired t-test, p < 0.05).

2.3.7 In vivo detection of dopamine at CNT-Nb microelectrodes

To determine the applicability of the CNT-Nb microelectrode as a novel in vivo sensor,
stimulated dopamine release was measured in anesthetized, male Sprague-Dawley rats.
Stimulation pulse trains were applied (300 pA, 12—-120 pulses, 60 Hz) to the dopamine cell bodies
and the dopamine response recorded in the caudate-putamen near the terminals. Figure 2.13A
and B show example CVs and current versus time plots of dopamine detection at a CNT-Nb
microelectrode with different stimulation pulses. Current increased as dopamine was released
during the stimulation and decreased after the stimulation due to uptake.>® Figure 2.13C gives the
average dopamine concentration evoked in vivo; released dopamine is still detectable with as low
as 12 stimulation pulses. The current density of the stimulated dopamine at CNT-Nb
microelectrode in vivo (0.15 *+ 0.02 pA/(nM-um?)) is slightly lower than that in vitro (0.20 + 0.02
pA/(nM-um?)) but not significantly different (unpaired t-test, p > 0.05), which indicates CNT-Nb

microelectrodes maintained relatively high sensitivity for in vivo dopamine detection. The CV of
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dopamine in vivo has a larger AE, than that in vitro, likely due to adsorption of lipids, proteins, and
peptides present in the extracellular fluid that slow electron transfer.>%%° While the larger AE, is
not ideal, the sensitivity is maintained and the CV could be matched to in vivo spontaneous
release. However, future studies could focus on in vivo studies of protein fouling and adopt
strategies that have been implemented for gold ¢ and carbon-fiber microelectrodes®? to tune the

surface adsorption of dopamine.
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Figure 2.13: Dopamine detection in vivo at CNT-Nb microelectrodes. A. Example CVs depicting
stimulated dopamine release detected from a CNT-Nb microelectrode placed in the caudate
putamen with a stimulation pulse train of 120, 60, 24, and 12 pulses at 60 Hz, respectively. B.
The associated concentration vs. time plot. C. Averaged dopamine concentration at different
pulses detected at CNT-Nb microelectrodes (n = 4). The electrode was scanned from -0.4 to 1.3
V and back at 400 V/s at 10 Hz.
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2.4 Conclusions

In summary, we successfully grew CNTs on Nb and used CNTs on cylindrical wires as
microelectrodes for the first time. Small wire microelectrodes should minimize tissue damage and
improve spatial resolution, which are needed for in vivo applications. This work is the first to
compare CNT growth on various metal wires as well as carbon fibers and the comparison is useful
in choosing appropriate substrates for future CNT studies. CNT forest-grown on Nb wires are
shorter, denser, and more aligned than CNTs grown on other substrates, which led to enhanced
current density and better LOD for dopamine. In addition, CNT-Nb microelectrodes are stable
over four hours of continuous measurement and are able to measure stimulated dopamine
release in anesthetized rats. CNT-Nb microelectrodes have the potential applications for the

detection of neurotransmitters in vivo or metal electrode arrays in electrophysiology studies.
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Chapter 3: Laser Treated Carbon Nanotube Yarn
Microelectrodes for Rapid and Sensitive Detection of

Dopamine in Vivo
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Abstract

Carbon nanotube yarn microelectrodes (CNTYMES) exhibit rapid and selective detection
of dopamine with fast-scan cyclic voltammetry (FSCV); however, the sensitivity limits their
application in vivo. In this study, we introduce laser treatment as a simple, reliable, and efficient
approach to improve the sensitivity of CNTYMESs by three fold while maintaining high temporal
resolution. The effect of laser treatment on the microelectrode surface was characterized by
scanning electron microscopy, Raman spectroscopy, energy dispersion spectroscopy, and laser
confocal microscopy. Laser treatment increases the surface area and oxygen containing
functional groups on the surface, which provides more adsorption sites for dopamine than at
unmodified CNTYMESs. Moreover, similar to unmodified CNTYMES, the dopamine signal at laser
treated CNTYMESs is not dependent on scan repetition frequency, unlike the current at carbon
fiber microelectrodes (CFMESs) which decreases with increasing scan repetition frequency. This
frequency independence is caused by the significantly larger surface roughness which would trap
dopamine-o-quinone and amplify the dopamine signal. CNTYMEs were applied as an in vivo
sensor with FSCV for the first time and laser treated CNTYMEs maintained high dopamine
sensitivity compared to CFMEs with an increased scan repetition frequency of 50 Hz, which is
five-fold faster than the conventional frequency. CNTYMESs with laser treatment are advantageous
because of their easy fabrication, high reproducibility, fast electron transfer kinetics, high
sensitivity, and rapid in vivo measurement of dopamine and could be a potential alternative to
CFMEs in the future. This paper was published in ACS Sensor (ACS Sensors, 2016, 1 (5), 508—

515).
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3.1 Introduction

Carbon nanotubes (CNTSs) are a promising microelectrode material because of their large
surface area, abundant elecroactive sites for biomolecules, and fast electron transfer kinetics.
CNT-based microelectrodes have been fabricated by modifying a carbon fiber or metal substrate
with CNTs®® or spinning CNTs into continuous fibers®*'. The commonly used methods to modify
CNTs on carbon fiber or metal microelectrodes include dip coating®?, covalently bonding CNTs’,
and directly growing CNTs on substrates®®. In comparison, directly producing CNT fibers is more
reproducible!® and CNT fibers can be directly fabricated into electrodes in a manner similar to
carbon fiber.'° Solution based wet-spinning is one of the major routes for CNT fiber fabrication;*?
macroscopic CNT fibers are spun into a polymer bath, such as poly(vinyl alcohol) (PVA)* or
poly(ethylene)imine!®. The polymer molecules act as binders for CNTs to enhance the intertube
interactions; however, the electrical conductivity of the fibers is reduced due to the presence of
insulating substances on the path for electron transfer.'®®* Continuous CNT yarns, generated by
drawing one end of the vertically aligned CNT arrays, are favorable because of better CNT
alignment and improved conductivity.'®!” Jacobs et al. and Schmidt et al. reported the use CNT
yarn as microelectrodes material for neurotransmitter detection.®'* Compared to conventionally
used carbon-fiber microelectrode (CFME), CNT yarn microelectrodes (CNTYMES) exhibit fast
electron transfer kinetics and high detection sensitivity.

Neurotransmitter detection in the intact brain requires high temporal resolution, chemical
identification, and low limits of detection (LOD). Fast-scan cyclic voltammetry (FSCV) has become
the preferred method for in vivo electrochemical measurements because the cyclic votammogram
fingerprint aids in analyte identification and the temporal resolution is 100 ms, allowing
neurotransmitter measurements on a subsecond time scale.'®?! CFMEs are commonly coupled
with FSCV for the detection of dopamine; however, dopamine signal decreases with increasing
scan repetition frequency at CFMEs.?22% Thus, measurements are typically collected at 10 Hz as

a compromise between temporal resolution and sensitivity. While methods to improve temporal
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resolution by raising the scan rate have been explored, the signal still decreases with increasing
scan repetition frequency.?*2° In contrast, our group has recently discovered that at CNTYMEs,
the dopamine signal does not change significantly with increasing scan repetition frequency,
which facilitates a faster scan repetition frequency using FSCV.° Since the CNT yarn is a soft
material, polishing it to make an elliptical disk microelectrode enriches the edge plane of vertically
aligned CNTs. However, the disk geometry limits the surface area and sensitivity.

Electrode sensitivity can be improved at carbon based microelectrodes by several surface
modification methods, including acid treatment!?, electrochemical activation®, polymer coating?®-
28 and metal nanoparticle coating?®*°. Strein and Ewing reported laser activation as a simple way
to increase the sensitivity for voltammetry at disk CFMEs.3*2 Laser activation increases the
surface area and improves the sensitivity as well as electron transfer kinetics. However, laser
activation has not been studied at CNT based electrodes and its effect on surface properties has
not been characterized.

In this paper, we laser treated CNTYMES to improve the detection sensitivity to dopamine
while maintaining the high signals at rapid scan repetition frequencies. By applying 15 pulses
laser treatment on CNTYMEs surface, the sensitivity improved by three fold, and LOD was
enhanced to 13 + 2 nM. The surface properties of laser-treated electrodes were characterized in
order to understand the enhanced electrochemical response. The surface area and the amount
of oxygen containing functional groups increased, which would lead to more adsorption sites for
dopamine. In addition, the high surface roughness at CNTYMEs could lead to trapping of the
oxidation product of dopamine, dopamine-o-quinone, causing the increased reversibility and scan
repetition frequency independent response. Laser-treated CNTYMEs were applied for the
detection of neurotransmitters in vivo for the first time and could be a potential alternative to

CFMEs in the future.
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3.2 Experimental Section

3.2.1 Solutions

Dopamine hydrochloride and ascorbic acid were purchased from Sigma—Aldrich (St. Louis,
MO). A 10 mM stock solution was prepared in HCIO4, and were diluted daily to the desired
concentration in phosphate buffered saline (131.3 mM NacCl, 3.00 mM KCI, 10 mM NaH;PO4, 1.2

mM MgClz, 2.0 mM Na;S0O4, and 1.2 mM CaCl with the pH adjusted to 7.4).

3.2.2 Electrochemistry

FSCV was performed with a ChemClamp potentiometer (Dagan, Minneapolis, MN, with 1
MOhm Headstage). The waveform was generated and the data was collected using a High
Definition Cyclic Voltammetry (HDCV) breakout box, HDCV analysis software program (UNC
Chemistry Department, Electronics Design Facility) and PCle-6363 computer interface cards
(National Instruments, Austin, TX). Electrodes were backfilled with 1 M KCI and a silver wire was
inserted to connect the electrode to the potentiostat headstage. The typical triangular waveform
swept the applied potential from —-0.4 V to 1.3 V at 400 V/s versus an Ag/AgCl reference electrode,
at a scan repetition frequency of 10 Hz. The repetition rate was varied for some experiments.

Electrodes were tested using a flow-injection system, as previously described. Analyte
was injected for 5 seconds and current versus time traces were obtained by integrating the current
in a 100 mV window centered at the oxidation peak for each cyclic voltammogram (CV).
Background-subtracted CVs were calculated by subtracting the average of 10 background scans,
taken before the compound was injected, from the average of five CVs recorded after the analyte

bolus was injected.
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3.2.3 Carbon Nanotube Yarn Microelectrode Preparation

A 0.68 mm ID x 1.2 mm OD (A-M Systems, Carlsborg, WA) glass capillary was pulled into
a glass pipet puller and cut to have an opening diameter of ~50 ym. A piece of commercially
available CNTY (10-25 um in diameter, 1-2 cm long, General Nano, LLC, Cincinnati, OH) was
inserted into the glass pipette. The electrodes were epoxied with Epon Resin 828 (Miller-
Stephenson, Danbury, CT) mixed with 14% (w/w) 1,3-phenylenediamine hardener (Sigma-Aldrich,
St. Louis, MO) heated to 85°C. The epoxied electrodes were cured overnight at room temperature
and then heated at 100°C for 2 h and at 150°C overnight. Electrodes were polished at a 45° angle
on a fine diamond abrasive plate (Sutter Instruments model BV-10, Novato, CA) to create an
elliptical active area. Cylindrical CFMEs were fabricated using 7-ym-diameter T-650 carbon fibers

(Cytec Technologies, Woodland Park, NJ).°

3.2.4 Laser Treatment
A KrF 248nm pulsed excimer laser (Lambdaphysik Lasertechnik LPX305 IMC, Coherent
Inc., CA, 20 ns full width at half maximum) with repetition rate of 1 Hz was used to irradiate the

samples. The laser spot size and energy density were 2x2 mm? and 50 mJ/cm?, respectively.

3.2.5 Surface Characterization

Scanning electron microscope (SEM) images were taken on Merlin field emission SEM
(Zeiss, Thornwood, NY) with a secondary electron detector using an accelerating voltage of 2 kV
and a working distance of 5.0 mm. Raman spectroscopy measurements were performed with a
Renishaw 100 confocal micro-Raman system (Renishaw, Hoffman Estates, IL) with a 1800
lines/mm diffraction grating, 532 nm laser focused to a spot size of about 2 um through a 100x

objective, and a Peltier-cooled charge-coupled device detector. Three-dimensional laser (violet
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laser, 408 nm) scanning confocal microscopy (VK-X, Keyence, IL) was performed to measure the

surface roughness.

3.2.6 In Vivo Measurements

Male Sprague-Dawley rats (250—350 g) purchased from Charles River were housed in a
vivarium and given food and water ab libitum. All experiments were approved by the Animal Care
and Use Committee of the University of Virginia. The rat was anesthetized with urethane (1.5
mg/kg i.p.), the scalp shaved, and 0.25 mL bupivicaine (0.25% solution) given subcutaneously.
The working electrode was implanted in the caudate putamen (in mm from bregma: AP + 1.2, ML
+ 2.0, and DV — 4.5 to 5.0), the stimulating electrode in the substantia nigra (AP -5.4, ML + 1.2,
and DV — 8.0), and the Ag/AgCl reference electrode in the contralateral side of the brain. The DV
placement of the stimulating electrode was adjusted downward until a robust dopamine signal
was measured. After implantation in the brain, the FSCV waveform was applied to the
microelectrode for 30 min to allow the electrode to stabilize and the brain to recover. Stimulated
release was electrically evoked using biphasic stimulation pulses (300 pA, 120 pulses, 60 Hz).
For in vivo measurements, the scan repetition frequency was either 10 Hz or 50 Hz, which was

chosen to avoid overlap with the electrical stimulation at 60 Hz.

3.2.7 Statistics

All values are given as mean * standard error of the mean (SEM) for n number of
electrodes and all error bars are SEM. Paired or unpaired t tests were performed to compare
properties between two groups. A one-way ANOVA with Bonferonni post-tests was used to
compare effects among multiple groups. All statistics were performed in GraphPad Prism6
(GraphPad Software,Inc., La Jolla, CA). Scanning electron microscopy images were processed

using ImageJ (Rasband, W.S., National Institutes of Health, Bethesda, MD,).
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3.3 Results and Discussion

3.3.1 Laser Treatment Improves Carbon Nanotube Yarn Microelectrode Signals

CNTYMEs were laser treated by a KrF 248 nm pulsed excimer laser with a pulse duration
of 20 ns and power of 50 mJ/cm?. The response to 1 uM dopamine was tested using FSCV, with
the electrode scanned from -0.4 to 1.3 V and back at 400 V/s and a scan repetition frequency of
10 Hz. Figure 2.1 shows the example CVs from the same CNTYME before and after 15 laser
pulses. Both the oxidation and reduction currents for 1 yM dopamine increased about three fold
after laser treatment (Figure 3.1A) and the separation between the oxidation and reduction peak
potential (AE,) decreased.®® There was no delay in the response to a bolus of dopamine, as seen
on the current versus time curve after laser treatment (Figure 3.1B), which indicates the laser-
treated CNTYME maintains good temporal resolution with increased sensitivity. Figure 3.1C
shows the background current increased about two-fold, smaller than the increase in oxidation

and reduction currents.

A. Background Subtracted CV B. Oxidation Current Versus Time C. Background Current
8 nA 8 nA - ‘ 350 nA

A —

0.4 13V 04V_| _A13v
— Unmodified CNTYME Y =~

Al — Laser Treated CNTYME 5 10s 145 mﬁ

Figure 3.1: Comparison of the response to 1 uM dopamine at an unmodified disk CNTYME (black
line) and the same electrode after 15 pulses laser treatment (red line). Electrochemical response
was measured with scan rate of 400V/s and scan repetition frequency of 10Hz. (A) Background
subtracted cyclic voltammograms to 1 uM dopamine, (B) measured oxidation current versus time
for a flow injection analysis experiment (dopamine bolus injection and changing back to PBS
buffer are marked as black arrows), and (C) background currents in PBS buffer.

CNTYMESs were treated with three different laser pulse counts (5, 10, and 15 pulses) to
optimize the laser treatment. The ratio of oxidation current after laser treatment to before was 3.2

+ 0.5 (n=4) for 15 laser pulses, which is significantly larger than the ratio obtained for 5 pulses
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(2.1 £ 0.2, n=4) and 10 pulses (2.0 + 0.2, n=4) (unpaired t-tests, p < 0.01). Preliminary tests with
more than 15 pulses found that the surface was burned and sensitivity did not further increase.
Fifteen laser pulses was chosen as optimal for further electrochemical and surface
characterization experiments.

Table 3.1 summarizes the effects of laser treatment on the signals for 1 yM dopamine.
Both the oxidation and reduction currents increased significantly after laser treatment (paired t-
test, p < 0.01 and p < 0.05 for oxidation and reduction, respectively) and the LOD improved
significantly from 25 + 2 nM to 13 = 2 nM (paired t-test, p < 0.05). Although the increase in the
background current was significant (paired t-test, p < 0.01), the background current increased by
only 2-fold after laser treatment, which is smaller than the 3-fold increase in the Faradaic current.
The increase in background current is typically proportional to the increase in surface area.
Because the increase in Faradaic currents is greater than the increase in the background currents,
the increasing sensitivity is likely due to both increasing the surface area and enriching the number

of active adsorption sites.3233

Table 3.1: Comparison of dopamine detection at CNTYMEs and laser treated CNTYMESs.
L . Reduction/
Oxidation | Reduction L
Current Current | LOD (nM) gackgrourxj Oc):( (Lol AE_ (V)
(nA) (nA) urrent (nA) urrent
Ratio
Unmodified
CNTYMEs 1.9+0.3 1.4+0.2 25+ 2 86+6 0.74 +£0.02/ 0.70 £ 0.01
(n=12)
Laser-
CT,\rleTa\;fAdE 6+1" | 4609 | 13+2 | 161+18" |0.70+0.03|0.66 + 0.01"
(n=12)
Treated/
Unmodified 3.0+0.7 32+0.8 [053+0.09 1.9+0.2 |0.95+0.05/0.94+0.02
Ratio (n=12)

Oxidation, reduction, reduction/oxidation ratios, and AE, are for 1 uM dopamine detection.
Electrochemical measurements were performed with a typical FSCV waveform scanning from -
0.4 Vto 1.3 V and back at 400 V/s, with scan repetition frequency of 10 Hz.

Significantly different than unmodified: **paired t-test, p < 0.01, *paired t-test, p < 0.05
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The reduction to oxidation current ratio is a measure of the reversibility of dopamine redox
reaction.” Although the reduction/oxidation current ratios for unmodified and laser-treated
CNTYMESs were not significantly different (paired t-test, p = 0.22), they were both larger than the
ratio for CFMEs (0.63 £+ 0.01, unpaired t-test, p < 0.01 for both unmodified and laser-treated
CNTYME)®. This higher ratio indicates stronger adsorption and slower desorption kinetics of
dopamine-o-quinone (DOQ, oxidation product of dopamine) at the nanotubes, causing more DOQ
to be recycled back to dopamine on the electrode surface where it may be oxidized again.
Therefore, dopamine oxidation is more reversible at both laser-treated and untreated CNTYMEs
than CFMEs.® The AE, observed after laser treatment was significantly smaller, indicating an
increase in the rate of electron transfer.

Microelectrodes are typically used in vivo for hours at a time to measure neurotransmission
in behavioral or pharmacological experiments.®-3¢ Figure 3.2A shows the dopamine oxidation
signal is constant for four hours of continuous scanning and that the laser-treated surface is stable
over the time length of a biological experiment. With electrodes tested for longer than 4 hours,
there was no evidence of signal degradation. To test long-term stability, electrochemical tests
were repeated over 15 days and no significant decrease in current was observed (Figure 3.2B).
Laser-etched CNTYMEs are stable for several hours of experimental use and shelf stable,

allowing them to be made in batches.
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Figure 3.2: Stability test at laser treated CNTYMEs. (A) Four hour (n=4) and (B) long term (n=7)
stability test of laser treated CNTYMEs. Oxidation current to 1uM dopamine was normalized to
the signal observed after 15 minutes equilibration. Electrochemical response was measured with
scan rate of 400V/s and scan repetition frequency of 10Hz. Error bar is standard error of mean.
Ascorbic acid is one of the most abundant antioxidants and often coexists with dopamine
in biological samples.®” The oxidation potential for ascorbic acid can be similar to dopamine.3®
The selectivity of dopamine to ascorbic acid was measured for CNTYMEs, and example CVs
were shown in Figure 3.3A-B. The ratio of the oxidation current for 1 uM dopamine to 200 uM
ascorbic was 0.15 £ 0.01 at unmodified CNTYMEs and 0.43 £+ 0.11 after laser treatment (Figure
3.3C, unpaired t-test, p < 0.05, n = 6). The larger ratio after laser treatment indicates that laser

treated CNTYMESs have higher selectivity for dopamine over ascorbic acid, due to the abundant

functional groups introduced.
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Figure 3.3: Example cyclic voltammograms of 200 pM ascorbic acid on an (A) unmodified
CNTYME and (B) laser-treated CNTYME after 15 min equilibration in PBS buffer solution using a
waveform of -0.4 to 1.3 V and back at 400 V/s, with sample scanning frequency of 10Hz. (C) The
ratio of oxidation current of 1 uM dopamine over 200 uM ascorbic acid at unmodified CNTYME
(0.15 + 0.01) and laser-treated CNTYME (0.43 = 0.11). * indicates the ratios are significant
different (unpaired t-test, p < 0.05, n = 6).
3.3.2 Improved Temporal Resolution for Dopamine Detection at Laser-Treated Carbon
Nanotube Yarn Microelectrodes

The typical FSCV waveform with a scan rate of 400 V/s takes 8.5 ms. The time between
waveforms is 91.5 ms with a scan repetition frequency of 10 Hz but only 11.5 ms when the scan
repetition frequency increases to 50 Hz. While the dopamine signal drops with decreasing time
for dopamine adsorption at CFMES,?2 our group previously reported that the current at CNTYMESs
is scan repetition frequency independent due to different adsorption/desorption kinetics.® To study
whether laser-treated CNTYMESs were scan repetition frequency independent, the current for
dopamine was measured with scan repetition frequencies from 10 Hz to 100 Hz (Fig. 3.4A). The
oxidation current drop was dramatic at CFMEs, with approximately 50% signal loss at 50 Hz and
67% loss at 100 Hz compared to 10 Hz. The oxidation current of dopamine at unmodified
CNTYMESs only dropped approximately 15% at 50 Hz and 25% at 100 Hz. In comparison, the
current at laser-treated CNTYMEs dropped 6% at 50 Hz and 21% at 100 Hz. Although the

electrode type significantly affected the frequency response (one-way ANOVA, p < 0.0001), the

frequency response of the unmodified and laser treated CNTYMESs were not significantly different
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(one-way ANOVA, Bonferroni’'s multiple comparisons test, p = 0.1522). Figure 3.4B shows

example, normalized CVs taken at 10 Hz and 50 Hz at these three different electrode materials.

CFME
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Figure 3.4: Effect of scan repetition frequency for 1 uM dopamine detection at CFMEsS,
unmodified and laser treated CNTYMES: (A) peak oxidation current at CFMEs (green dot, n = 5),
unmodified CNTYMEs (black dot, n = 5), and laser treated CNTYMEs (red dot, n = 5) with -0.4 —
1.3 V waveform and scan rate of 400 V/s. Peak currents were normalized to the current at 10 Hz,
and error bars represent the standard error of the mean. (B) Example normalized CVs of 1 yM
dopamine bolus injection at unmodified CNTYME, laser treated CNTYME, and a CFME at 10 Hz
(blue line) and 50 Hz (orange line) scan repetition frequency. CVs are normalized to the 10 Hz
signal.

To determine the applicability of laser-treated CNTYMES as in vivo sensors with fast
temporal resolution, stimulated dopamine release was measured in anesthetized rats. Stimulation
pulse trains were applied (300 pA, 120 pulses, 60 Hz) to the dopamine cell bodies and the
dopamine release recorded in the caudate-putamen near the terminals. Dopamine

measurements at CNTYMEs were reported in acute brain slices by Sombers’ group;*! but this is

the first use of CNTYMEs for in vivo measurement of dopamine. Figure 3.5 compares dopamine
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release in vivo at a CFME (Fig. 3.5A) and a laser-treated CNTYME (Fig. 3.5B) with scan repetition
frequency of 10 Hz (blue line) and 50 Hz (orange line). The general shape of the CVs are similar,
but like the calibration studies, the laser-treated CNTYME CV was more reversible, with a larger
reduction peak, and had a smaller AE, than the CFME. Oxidation current of stimulated dopamine
at 50 Hz was 45 + 2 % of the 10 Hz value at CFMESs, which was significantly smaller than laser-
treated CNTYMES, where it was 75 £ 5 % (Fig. 3.5C, unpaired t-test, p < 0.001, n=5). The in vivo
measurements indicate laser-treated CNTYMEs maintained relatively high dopamine sensitivity

with 50 Hz scan repetition frequency compared to CFMES, consistent with in vitro data.

A. CFME B. Laser Treated CNTYME C.  lpaRatio In Vivo (50Hz/10Hz)
1.01 1.0 100, *hk
N
‘jo_: 754 — —
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— P - & 501
0.4V 1.3V -04V 13v. 8
— 10 Hz 8 251
— 50 Hz — 50 Hz §
-1.0 -1.0- 5 ol

CFME Laser-treated CNTYME

Figure 3.5: Comparison of the effect of FSCV scan repetition frequency in vivo. Example
normalized CVs of stimulated dopamine release at (A) a CFME and (B) a laser etched CNTYME
in vivo, with typical FSCV waveform scanning from -0.4V to 1.3V and back at 400V/s, and scan
repetition frequency of 10 Hz (blue line) and 50 Hz (orange line). (C) The ratio of oxidation current
for stimulated release with 50 Hz to 10 Hz scan repetition frequency at CFMEs (n = 6) and laser-
treated CNTYMESs (n = 6). Stimulated dopamine release was detected in the caudate putamen
with a stimulation pulses train of 120 pulses at 60 Hz. Error bars are standard error of mean. ***
p < 0.001 (unpaired t-test)

3.3.3 Surface Characterization of Laser-Treated Carbon Nanotube Yarn Microelectrode

Figure 3.6 shows scanning electron microscope (SEM) images of the ends of both
unmodified (Figure 3.6A) and laser-treated CNTYMEs (Figure 3.6B). The spikes on the
unmodified CNTYME, with a diameter of about 30 nm, suggest the surface consists primarily of

multi-walled CNT ends. The CNT bundles are laying down on the unmodified CNTYME but are

standing up straighter after laser treatment.
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Figure 3.6: SEM images of (A) unmodified CNTYME and (B) laser treated CNTYME. Scale bar:
500nm.

The SEMs imply a greater surface roughness at laser-treated CNTYMEs and three-
dimensional laser scanning confocal microscopy was used to measure the surface roughness
precisely. Laser scanning confocal microscopy has a larger measuring range than atomic force
microscopy and is better for surfaces with micrometer-scaled roughness.*® In addition, laser
scanning confocal microscopy does not require a leveled surface, which is useful for examining
beveled electrodes. Figure 3.7 displays the surface profiles and associated line plots (from the
white dashed line on the profile) for a CFME, an unmodified CNTYME, and the same CNTYME
after laser treatment. The surface roughness of the CNTYME was greater than that of the CFME
and the roughness increased after laser treatment. The mean roughness depth (R;), defined as
the average distance between the highest peak and lowest valley in each sampling length, is a
general description of the height variations in the surface. The surface roughness was significantly

larger at both unmodified and laser-treated CNTYMESs compared to CFMEs (Table 3.2, one-way
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ANOVA, Bartlett’s test, p < 0.01), which is consistent with previous study.!! R; is significantly
larger at laser-treated CNTYMESs than the same electrodes before laser treatment (Table 3.2,

paired t-test, p < 0.05).

Table 3.2: Surface properties of CNTYMEs. The mean roughness depth (R;), D/G ratio from
Raman spectra, and relative oxygen content at CFME, unmodified CNTYMEs and the same
CNTYMEs after laser treatment.

CFME 420 + 30 3.0+0.2 45+04

Unmodified CNTYME 1910 + 190 0.78 +0.01 10+1

Laser-Treated

CNTYME 3300 + 660 0.81+0.02 14+ 2
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Figure 3.7: Representative three-dimensional laser confocal profile image of (A) CFME, (B)
unmodified CNTYME, and (C) the same microelectrode after laser treatment. Insets indicate the
associated line plot from each sample. Note the scales are different for the different panels.
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One implication of greater surface roughness is that the mass transport profiles would be
different at CNTYMEs than CFMEs. The high density of uneven CNTs at polished CNTYME
surfaces could lead to thin-film diffusion mass transport profiles, which would trap more DOQ at

the surface where it can reduced back to dopamine.“®#! The diffusion layer thickness, d, can be

approximated by 8 = +/2Dt, where D is the diffusion coefficient, and t is the length of time for
diffusion. Assuming a diffusion coefficient of DOQ equal to that of dopamine (6 x 10 cm?/s),?
and that DOQ exists for about 40% of the total time of one single waveform (3.3 ms for 400 V/s),??
the diffusion layer thickness of DOQ is approximately 1900 nm. This thickness is the same order
of magnitude as R; for unmodified CNTYMEs and about half of the R; for laser-treated CNTYMES.
Thus, on the timescale of the experiment, the DOQ diffusion distance is similar to the depth of the
crevices, and DOQ may be trapped in the surface crevices for a short amount of time. Another
possible effect of laser treatment on mass transport would be that laser treatment would decouple
the CNTs, leading them to act as nanoelectrodes in parallel instead of a collective microelectrode.
This decoupling is evidenced by the increased background capacitive current. Acting as
nanoelectrodes in parallel would change the dopamine diffusion pattern from planar to radial
diffusion,*>4* which would enhance mass transfer and enable rapid and highly sensitive detection
of dopamine.

Our previous work on CNTYMEs showed that the key to maintain a scan repetition
frequency independent response is that the desorption rate for DOQ is similar to that of
dopamine.® If the DOQ is trapped because of the greater surface roughness, this could lead to
more DOQ being available for adsorption.® Although the difference of mass transport caused by
the different degree of surface roughness has significant effects on millisecond scale diffusion,
the current vs time response curve was not significantly slowed, as shown in Figure 3.1B. Thus,
the electrodes still respond quickly to dopamine, with an average 10% to 90% signal rise time of
1.0 £ 0.2 s with 10 Hz and 0.9 + 0.2 s with 50 Hz at laser treated CNTYMESs (n=5), compared to

1.2+ 0.1 s at CFMEs.?¢
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Table 3.2 also summarizes the D to G peak ratio from Raman spectra obtained at CFMES,
unmodified CNTYMEs, as well as the same CNTYMEs after laser treatment. The ratio of the D
and G band area is widely used to evaluate the quality of carbon nanomaterials.***®* The D/G ratio
at CFMEs was much larger than both unmodified and laser treated CNTYMES due to the higher
disorder of carbon fibers than CNTs (unpaired t-test, p < 0.001 for both unmodified and laser-
treated CNTYMES).*34¢ The D/G ratios did not significantly change after laser treatment at
CNTYMEs (paired t-test, p = 0.53), indicating the ratio of edge plane (sp® hybridized) carbon to
basal plane (sp? hybridized) carbon does not change significantly. However, because the surface
area is greater after laser treatment, there may be an increase in both edge plane and basal plane
sites, and the overall amount of defects may increase, which could be important for dopamine
adsorption.

The oxygen content was measured by energy dispersive X-ray spectroscopy (EDS)
before and after laser treatment on the same CNTYME. The oxygen content significantly
increased after laser treatment (Table 3.2, paired t-test, p < 0.05). In addition, the oxygen content
at both unmodified and laser-treated CNTYMEs was significantly larger than that of CFMEs
(unpaired t-test, p < 0.01 for both). The laser-treated CNTYME surface has abundant oxygen
containing functional groups which provide more adsorption sites for dopamine. Oxygen
containing functional groups, such as quinones, hydroxyl, and carboxylic acids are known to be
negatively charged at physiological pH and have electrostatic interactions with positively charged
dopamine.*” Therefore, the laser treatment not only creates more surface roughness but also
oxidizes the edge plane carbon to a greater degree, contributing to the high sensitivity to

dopamine.

3.3.4 Correlation of Electrochemical and Surface Properties
Correlating surface states and electrochemical properties is difficult, but the differences

between CFMEs, CNTYMEsSs, and laser-etched CNTYMEs allow some generalizations of how the
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surface affects the electrochemical performance. Disk CNTYMEs have a much larger surface
area than disk CFMEs, which would allow more surface for dopamine adsorption. The mean
surface roughness of CNTYMES is on the same order of magnitude as the diffusion distance, so
dopamine and DOQ are more likely to get trapped near the surface, leading to better reversibility.
Additionally, the main reason that the signal decreases with increasing scan repetition frequency
for CFMEs is that DOQ desorbs and diffuses away from the electrode. At the rough CNTYME
surface, the DOQ would remain close to the surface if it desorbs and thus could more easily
absorb again, and be reduced back to dopamine. Therefore, the electrochemical data are not only
scan repetition frequency independent, but much more reversible at CNTYMEs compared to
CFMEs.

The sensitivity at CNTYMEs is not high because they are disk electrodes and typical in
vivo measurements are made with larger surface area cylindrical electrodes. The surface
characterization data indicate that laser etching increases the surface roughness and oxygen
content of CNTYMESs, which would provide more adsorption sites for dopamine. The differences
in number or type of oxygen containing functional groups could also change the
adsorption/desorption constants. The three fold increase in current is sufficient to make laser-
treated CNTYMESs more practical for in vivo measurements. While the laser-treated CNTYMEs
had a slightly lower ratio of dopamine oxidation for 50 Hz to 10 Hz in vivo (Fig. 2.5B) compared
to in vitro (Fig. 2.4B), implantation in tissue and adherence of proteins could affect both the surface
roughness and surface oxide groups. Nevertheless, high frequency measurements were
achieved with only a small drop in current for laser-treated CNTYMES in vivo. Future experiments
could explore even higher scan rates, like 2000 V/s, which would permit a scan repetition
frequency of 500 Hz. Laser-treated CNTYMEs have high currents and a frequency independent

response that make them promising for future studies of dopamine on the millisecond time scale.
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3.4 Conclusions

Laser treatment is a simple, reproducible, and efficient approach to improve the sensitivity
of CNTYMEs at high scan repetition frequencies. Laser treatment increased surface area and
oxygen containing functional groups on the surface, providing more adsorption sites for dopamine.
In addition, the rough surface causes the oxidation signal to be scan repetition frequency
independent by trapping the analytes and amplifying the signal. CNTYMEs were applied for in
vivo measurement for the first time, and laser-treated CNTYMEs maintained high dopamine
sensitivity with a scan repetition frequency of 50 Hz, which is five-fold faster than the frequency
conventionally applied. Laser-treated CNTYMES are easy to fabricate, have high reproducibility
and facilitate rapid measurements of dopamine with high sensitivity so they are expected to be a

promising alternative to CFMEs in the future.
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Chapter 4. O, Plasma Etching and Anti-Static Gun
Surface Modifications for CNT Yarn Microelectrode

Improve Sensitivity and Anti-Fouling Properties
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Abstract

Carbon nanotube (CNT) based microelectrodes exhibit rapid, sensitive, and selective
detection of neurotransmitters. However, the lack of understanding of how different carbon
nanomaterials and different surface treatments limits the further improvement on electrochemical
performance such as sensitivity and fouling resistance. In this work, we introduce two simple,
reproducible, low-cost, and efficient surface modification methods for carbon nanotube yarn
microelectrodes (CNTYMES): O, plasma etching and anti-static gun treatment. O, plasma etching
was performed by a microwave plasma system with oxygen gas flow and the optimized time for
treatment was 1 minute. The anti-static gun treatment is a new, cheap, and simple surface
modification and two triggers of the anti-static gun was the optimized number on the CNTYME
surface. Dopamine sensitivity of CNTYMESs increased by three fold after O, plasma etching and
four fold after anti-static gun treatment. The two surface treatment methods provide different
mechanisms to tune the surface properties: O, plasma etching increased the sensitivity due to
increased surface oxygen content but did not affect surface roughness while the increased
sensitivity after anti-static gun treatment was due to the increased surface roughness but not
oxygen content. The effect of tissue fouling on CNT yarns was studied for the first time, and the
relatively hydrophilic surface after O, plasma etching provide better resistance to fouling than
unmodified and anti-static gun treated CNTYMEs. Overall, O, plasma etching and anti-static gun
treatment improve sensitivity of CNTYMESs by different mechanisms, providing the possibility to

tune the CNTYME surface for different in vivo neurotransmitter measurements.
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4.1 Introduction

CNT yarns are macrostructured carbon materials directly spun from CNTs arrays.!?
Schmidt et al. first used CNT yarn microelectrodes (CNTYMES) for neurotransmitter monitoring
with improved selectivity, sensitivity, spatial resolution, and faster electron transfer kinetics
compared to the conventionally used carbon fiber microelectrodes (CFMEs).3 In comparison to
randomly distributed and tangled CNTs produced by dip coating, well-aligned CNT yarns have
the advantages of high electroactivity, chemical stability and conductivity, controllable size, and
promising anti-fouling properties.*® Oxygen containing functional groups, such as quinones,
hydroxyl, and carboxylic acids are known to be negatively charged at physiological pH and have
electrostatic interactions with positively charged neurotransmitters such as dopamine;” CNTYMEs
surface has intrinsically abundant oxygen containing functional groups which provide abundant
adsorption sites for dopamine.®2 Moreover, fabricating CNT yarns directly into electrodes in a
manner similar to CFMEs dramatically simplifies the electrode fabrication process and improves
the reproducibility.® Our group found the dopamine signal is independent to the repetition rate
applied on fast scan cyclic voltammetry (FSCV) at CNTYMES, an advantage over conventionally
used CFMEs which lose sensitivity with increasing repetition rate, enabling CNTYMEs for the
rapid and sensitive neurotransmitters detection.® Since CNT yarns are a soft material, cutting it
with scalpel, which is used for carbon fibers, will not work: the end of the yarn will puff out after
cutting so the geometry and homogeneity are changed. Therefore, all the applications of CNT
yarns are limited to disk electrodes. The disk geometry, however, restricts the overall surface area
and thus limits the sensitivity. Therefore, the sensitivity and fouling resistance need to be further
improved due to the significant fouling when CNTYMEs are placed in vivo.

Carbon electrode sensitivity can be improved by several surface modification methods.
Acid treatment'?, electrochemical activation!!, and spark etching!? change the surface properties.
Polymer coating®®> and metal nanoparticle coating!®'’ improves sensitivity but he slower

electron transfer rate caused by coatings and the complicated modification methods limit their
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reproducibility and further applications. Recently, we have reported laser treatment as a solvent-
free, reproducible, and efficient approach to further improve the sensitivity of CNTYMEs, and
applied the modified CNTYMEs for rapid in vivo neurotransmitters detection for the first time.*®
Similar to the previous work on the laser treated CFMEs laser activation!®?°, the enhanced
sensitivity of CNTYMEs after laser treatment is due to the synergistic effect of both larger surface
roughness and larger amount of oxygen-containing functional groups created by laser pulses. In
comparison, the sensitivity improvement on CNTYMESs is greater than that at CFMEs, which
would be caused by the dramatically increased surface roughness mainly from the nanostructure
on CNT yarn surface.® The laser etching, however, requires an optical system set-up and
expensive laser exciter. Surface treatments which are more accessible for general neuroscience
labs would be advisable.

In this work, two surface modification methods for CNT yarn microelectrodes were
evaluated and optimized: O, plasma etching and anti-static gun treatment. These surface
treatment methods are lower cost, simpler, and more feasible than methods such as laser
treatment. O, plasma etching has been widely used for surface cleaning and providing surface
oxide groups.?’~%. Dopamine detection sensitivity can be improved at several carbon
nanomaterials with O, plasma etching,?*?’ but the application on CNT yarns has not been
evaluated. O, plasma etching on CNTYMEs is performed by a microwave plasma system with
oxygen gas flow and dopamine sensitivity is improved by more than three-fold. Anti-static gun
treatment also significantly improves sensitivity and is applied as a novel nanomaterial surface
modification method for the first time. Anti-static gun treatment is simply performed by applying
several triggers of anti-static gun on CNT yarn surface, which flows ions across the surface. Anti-
static gun treatment increased the current at the CNTYME by four-fold but did not change the
current at a carbon fiber because it only changes the surface roughness and alignment of the
nanomaterial. Notably, O, plasma etching and anti-static gun treatment specifically increase the

amount of oxygen content and surface roughness, respectively, without changing another one,
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which provide promising platforms for the study on how surface roughness and oxide groups
influence the electrochemistry. In vivo detection of neurotransmitters is challenging because
fouling caused by macro biomolecules could severely reduce sensitivity and electron transfer
rate.®?8 The relatively hydrophilic surface after O, plasma etching maintained more dopamine
signal after tissue exposure than unmodified and anti-static gun treated CNTYMESs due to its large
amount of oxygen-containing functional groups. Overall, the O, plasma etching and anti-static
gun treatments are simple, low-cost, and efficient surface treatments for CNTYMEs, and provide

different mechanisms to tune the surface properties to increase sensitivity and reduce fouling.
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4.2 Experimental Section

4.2.1 Carbon Nanotube Yarn Microelectrode Preparation

A 0.68 mm ID x 1.2 mm OD (A-M Systems, Carlsborg, WA) glass capillary was pulled into
a glass pipet puller and cut to have an opening diameter of ~50 um. A piece of commercially
available CNTY (10-25 um in diameter, 1-2 cm long, General Nano, LLC, Cincinnati, OH) was
inserted into the glass pipette and epoxied in place with Epon Resin 828 (Miller-Stephenson,
Danbury, CT) mixed with 14% (w/w) 1,3-phenylenediamine hardener (Sigma-Aldrich, St. Louis,
MO) heated to 85°C. The epoxied electrodes were cured overnight at room temperature and then
heated at 100°C for 2 h and at 150°C overnight. Electrodes were polished at a 45° angle on a fine
diamond abrasive plate (Sutter Instruments model BV-10, Novato, CA) to create an elliptical
active area. Cylindrical CFMEs were fabricated using 7-um-diameter T-650 carbon fibers (Cytec

Technologies, Woodland Park, NJ).8

4.2.2 Oz Plasma Treatment

The polished disk CNT yarn microelectrodes were oxygen plasma etched using PVA-
TePla Microwave Plasma System 400 H2 (PVA TEPLA, Corona, CA). About 20 - 30 CNTYMEs
fixed on silicon chip were placed in a plasma generator and etched with ignite plasma power of
600 W, with the etching duration of 1 or 3 minutes at room temperature. The oxygen gas flow rate

was 250 sccm to achieve a chamber oxygen pressure of about 970 mTorr.

4.2.3 Anti-static gun Treatment

Anti-static treatment was applied on CNT yarn microelectrode by simply trigger anti-static
gun for several times (1, 2 or 4 triggers). Milty Zerostat 3 anti-static gun (Milty Co., UK) was used
with unit cost less than 100 US dollars. The anti-static gun incorporates a unique Piezo Crystal

device which generates a positive electrical stream of lons with a gentle slow squeeze of the
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trigger, and a negative stream of ions upon slow release of the trigger with about 1.5 Coulombs.
The tip of CNT yarn microelectrodes were placed approximately 5 cm away from the muzzle. A
trigger was defined as squeezing the trigger slowly for about two seconds, followed by a slow
release for another two seconds. The anti-static gun treated CNTYMEs were left in the air for

about 1 hour equilibration before electrochemical measurements.

4.2.4 Solutions

Dopamine hydrochloride and ascorbic acid were purchased from Sigma—Aldrich (St. Louis,
MO). A 10 mM stock solution was prepared in HCIO4, and were diluted daily to the desired
concentration in phosphate buffered saline (131.3 mM NacCl, 3.00 mM KCI, 10 mM NaH;PO4, 1.2

mM MgCl,, 2.0 mM Na;SO,, and 1.2 mM CacCl, with the pH adjusted to 7.4).

4.2.5 Electrochemistry

FSCV was performed with a ChemClamp potentiometer (Dagan, Minneapolis, MN, with 1
MOhm Headstage). The waveform was generated and the data was collected using a High
Definition Cyclic Voltammetry (HDCV) breakout box, HDCV analysis software program (UNC
Chemistry Department, Electronics Design Facility) and PCle-6363 computer interface cards
(National Instruments, Austin, TX). Electrodes were backfilled with 1 M KCI and a silver wire was
inserted to connect the electrode to the potentiostat headstage. The typical triangular waveform
swept the applied potential from —-0.4 V to 1.3 V at 400 V/s versus an Ag/AgCl reference electrode,
at a scan repetition frequency of 10 Hz. The repetition rate was varied for some experiments.

Electrodes were tested using a flow-injection system, as previously described. Analyte
was injected for 5 seconds and current versus time traces were obtained by integrating the current
in a 100 mV window centered at the oxidation peak for each cyclic voltammogram (CV).

Background-subtracted CVs were calculated by subtracting the average of 10 background scans,
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taken before the compound was injected, from the average of five CVs recorded after the analyte

bolus was injected.

4.2.6 Surface Characterization

Scanning electron microscope (SEM) images were taken on Merlin field emission SEM
(Zeiss, Thornwood, NY) with a secondary electron detector using an accelerating voltage of 2 kV
and a working distance of 5.0 mm. The Energy-dispersive X-ray spectroscopy (EDS) data were
acquired for 300 seconds on electrode surface with an acceleration voltage of 5 kV at a working
distance of 5.0 mm. Raman spectroscopy measurements were performed with a Renishaw 100
confocal micro-Raman system (Renishaw, Hoffman Estates, IL) with a 1800 lines/mm diffraction
grating, 532 nm laser focused to a spot size of about 2 um through a 100x objective, and a Peltier-
cooled charge-coupled device detector. Three-dimensional laser (violet laser, 408 nm) scanning

confocal microscopy (VK-X, Keyence, IL) was performed to measure the surface roughness.

4.2.7 Statistics

All values are given as mean #* standard error of the mean (SEM) for n number of
electrodes and all error bars are SEM. Paired or unpaired t tests were performed to compare
properties between two groups. A one-way ANOVA with Bonferonni post-tests was used to
compare effects among multiple groups. All statistics were performed in GraphPad Prism6
(GraphPad Software,Inc., La Jolla, CA). Scanning electron microscopy images were processed

using ImageJ (Rasband, W.S., National Institutes of Health, Bethesda, MD,).

4.2.8 In Tissue Fouling
Male Sprague-Dawley rats (250-350 g) purchased from Charles River were housed in a

vivarium and given food and water ab libitum. All experiments were approved by the Animal Care
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and Use Committee of the University of Virginia. The brains for homogenate fouling studies were
obtained after in vivo experiments, in which the rat was anesthetized with urethane (1.5 mg/kg
i.p.), the scalp shaved, and 0.25 mL bupivicaine (0.25% solution) given subcutaneously. Brains
were rapidly removed from the skulls for usage. In place of evaluating each electrode in a living
animal, the use of brain tissue homogenates enabled fouling experiments to be carried out on
many electrodes using a comparatively small number of animals. The microelectrodes were pre-
calibrated for their response to 1 yM dopamine and then placed in the tissue sample for two hours
without potential cycling. After immersing in PBS solution for 15 minutes, their responses to 1 uM

dopamine were tested and compared.



Yang| 112

4.3 Results and Discussion

4.3.1 Parameter Optimization

O plasma etched CNTYMESs were treated by a microwave plasma system with a power
of 600 W and oxygen gas flow rate of 250 sccm for either 1 or 3 min. The response to 1 uM
dopamine was characterized using FSCV on the same CNTYMEs before/after 1 min or 3 min
treatment (Figure 4.1). Both the oxidation and reduction currents for 1 yM dopamine increased
about three fold after the treatments, and the improvement is larger at CNTYMEs with 3 min O
plasma etching than with 1 min etching. However, after 3 min of O, plasma etching, the separation
between the oxidation and reduction peak potentials (AEy) is larger than that that at 1 min etched
CNTYME, indicating that the long duration etching slows the electron transfer rate. The temporal
response at CNTYMEs after 1 min etching did not change compared to pretreatment, but the
temporal response after 3 mins etching is slower, as the current increased slowly and did not go
back to baseline (Figure 4.1E). Although 3 mins O, plasma etched CNTYMEs has a higher
oxidation current improvement ratio of 3.2 + 0.6 (n = 5) at the same electrodes, the longer duration
of etching also causes more noise, making the 3 mins Oz plasma etched CNTYMESs have a worse
limit of detection (LOD) (26 + 9 nM, n = 5) compared to 1 min O plasma etching (11 +2 nM, n =

6, unpaired t-test, p < 0.05).
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Figure 4.1: Comparison of the response to 1 yM dopamine at an unmodified disk CNTYME (black
line) and the same electrode after treatment (red line) of 1 min (A-C) and 3 mins (D-E) O, plasma
etching. Electrochemical response was measured with scan rate of 400 V/s and scan repetition
frequency of 10 Hz. (A, D) Background subtracted cyclic voltammograms to 1 uM dopamine, (B,
E) measured oxidation current versus time for a flow injection analysis experiment, and (C, F)
background currents in PBS buffer.

Figure 4.2 shows the scanning electron microscopy (SEM) images on the same
CNTYMEs after 1 min or 3 min treatment. Compared to the mild modification of 1 min O plasma
etching that did not cause obvious morphology changes, the CNT yarn surface morphology after
3 mins O plasma etching is significantly changed. Large amount of broken CNT bundles were
formed (Figure 4.2A), which is likely to cause the reduced electron transfer rate and slower
temporal response. Therefore, 1 min O, plasma etching was chosen as optimal for further

electrochemical and physical characterizations.
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Figure 4.2: SEM images of (A) an unmodified CNTYME and the same electrode after (B) 1 min
and (C) 3 mins O; plasma etching. Scale bar: 500 nm.

Anti-static gun treatment is a novel surface treatment for electrodes and is simply
performed by applying triggers of anti-static gun with the muzzle about 5 cm away from the
microelectrode tip. The piezo crystal device in the anti-static gun generates a charged electrical
air stream. To optimize the amount of triggers, CNTYMEs were treated with 1, 2, or 4 triggers.
Figure 4.3 shows the example CVs and the oxidation and reduction currents for 1 yM dopamine
increased about two folds after 1 and 4 triggers, which is smaller than the four-fold signal increase
at CNTYMEs with 2 triggers. Statistics from multiple electrodes are shown in Table 4.1; CNTYMEs
with 2 triggers give the largest signal improvement and best LOD compared to 1 and 4 triggers.
CNTYMEs after treatments give about two fold increase in background current. The temporal
response does not change much after 1 and 2 triggers anti-static gun treatment, but it slows much
after treatment with 4 triggers. SEM images taken at a CNTYME with 1 trigger (Figure 4.4) do not
show much difference compared with unmodified electrodes, which explains the lower signal
enhancement. In comparison, the CNT bundles becomes straight up after 2 triggers treatment.
However, surface morphology at CNTYMEs with 4 triggers changed significantly compared to
unmodified electrode and even electrode with 2 triggers: a secondary structure of CNT bundles
is observed, which introduces noise, increase the LOD, and slows the temporal response.
Therefore, CNTYMESs with 2 triggers was chosen as optimal anti-static gun treatment for further

electrochemical characterization.
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Table 4.1: Comparison of dopamine detection at anti-static gun treated CNTYMEs with different

triggers
Cunentratio | cumontpatio | 25| Loo/m
CNTYMES(r‘:":itS? 1 trigger 1.5+0.1 16+01 | 0.65£0.02 21+4
CNTYMEs(v:i:t:)Z triggers 42405 19402 066_50102; 1242
CNTYMEs ("r‘]’i:t:)“ triggers 2.6+04 1.8+0.2 0(')(_5’807 ) 241

Anti-Static Gun Treated CNTYMEs (1 Trigger)

A. Background Substracted CV B. Oxidation Current Versus Time C.

Background Current
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Figure 4.3: Comparison of the response to 1 yM dopamine at an unmodified disk CNTYME (black
line) and the same electrode after treatment (red line) of 1 trigger (A-C), 2 triggers (D-E), and 4
triggers of anti-static gun modifications. Electrochemical response was measured with scan rate
of 400 V/s and scan repetition frequency of 10 Hz. (A, D, G) Background subtracted cyclic
voltammograms to 1 yM dopamine, (B, E, H) measured oxidation current versus time for a flow
injection analysis experiment, and (C, F, 1) background currents in PBS buffer.
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Figure 4.4: SEM images of (A) an unmodified CNTYME and the same electrode after anti-static
gun treatments with (B) 1 trigger, (C) 2 triggers, and (D) 4 triggers. Scale bar: 500 nm.

We also tested the effect of time after 2 triggers of the antistatic gun on measured current.
Figure 4.5 shows the oxidation current for 1 yM dopamine at unmodified CNTYMEs and the same
electrodes with 2 triggers modifications, immediately after modification or after 1 to 5 hours
equilibration in air. The signal reaches equilibrium after 1 hour and does not change significantly
up to five hours (one-way ANOVA, Bartlett’s test, p > 0.5, n = 4): any extra charge on CNT yarn
surface might be balanced in air after 1 H. Thus, all electrochemical characterizations were

performed after 1 hour equilibration once electrodes were modified.
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lp,a Change with Time
60

Figure 4.5: Oxidation current (I,,a) change with time at anti-static gun treated CNTYMEs with 2
triggers. (A) lp,ato 1 yM dopamine at unmodified CNTYME, immediately measured after 2 triggers
anti-static gun treatment modification, and measured after 1-5 hours equilibration in air after anti-
static gun treatment on the same electrodes. The measurement taken right after anti-static gun
treatment shows significantly larger I, 2 than measurements taken after up to 5 hours equilibration
in air (one-way ANOVA, Bartlett’s test, p < 0.01, n = 4). Error bar is standard error of mean.
Finally, the 5 hour short-term stability and 24 hour stability on CNTYMEs with 1 min O,
plasma etching and 2 triggers anti-static gun treatment were tested. To test short-term stability,
electrochemical tests were performed over 5 hours with potential cycling and the relative standard
deviations (RSD) were 4.08% (n = 5) and 5.76% (n = 5) for O, plasma etched and anti-static gun
treated CNTYMEs, respectively. In addition, electrodes had promising shelf stability as testing an
electrode once and again after 24 hours storage shows RSDs of 3.4 % and 2.6 % for O; plasma
etched and anti-static gun treated CNTYMESs, respectively. This promising stability allows both O,

plasma etched and anti-static gun treated to be used for general in vivo neurotransmitter

monitoring experiment (4 hours long)?® and to be made in batches.

4.3.2 Comparison of Electrochemical Properties of O, plasma etched and Anti-Static Gun Treated
CNTYMEs
Electrochemical properties were compared for the optimized O, plasma etched (1 min)

and anti-static gun treated (2 triggers) CNTYMEs. The CVs for 1 uM dopamine for both treatments
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show a sensitivity increase, but there are differences with potentials shifting with the O, plasma
etched electrodes. For O, plasma etching, both the oxidation and reduction currents for 1 uM
dopamine increased about three folds (Fig. 4.1A, Table 4.2). The statistics obtained from multiple
electrodes shows the 4.3 + 0.4 fold signal improvement for anti-static gun treatment is larger than
the 3.0 £ 0.4 fold increase at O plasma etched CNTYMEs (Table 4.2&4.3, unpaired t-test, p <

0.05).

Table 4.2: Comparison of dopamine detection at unmodified and O, plasma etched CNTYMEs

Oxidation Background
AE LOD
Current/nA Current/nA P il
Unmodified (n=6) 5.5+0.9 122 £ 25 0.67 £0.02 21+4
0, Plasma Etching (1min, - 0.607 .
+ + * +
n=6) 163 298 + 35 0.003 11+2
Treatedf/{:;g‘c’d'f'ed 3.0+04 23+0.4 09140.02 | 07401

Significantly different than unmodified: *paired t test, p < 0.05, **paired t test, p < 0.01, ***paired t
test, p < 0.001.

AE, decreased after O, plasma etching, indicating improved electron transfer rate (Fig.
4.1A, Table 4.2).2° Notably, both of the oxidation and reduction potentials shifted positively after
modification. The possible reason is that O, plasma etching provides abundant oxygen-containing
functional groups, changing the surface charge. Therefore, an accumulation of positive charge is
required for the deprotonation of the oxides groups, which are negatively charged under
physiological pH, to reach the point of zero charge of the electrode.3! For anti-static gun treated
CNTYMEs, the current increase was similar, but the potentials did not shift positively (Fig. 4.3D,
Table 4.3). The AE, also decreased after anti-static gun treatment. The significantly decreased

AE, after anti-static gun treatment (paired t-test, p < 0.05, n = 8) and improved LOD (paired t-test,
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p < 0.05, n = 8) indicate the improvement on both electron transfer rate and the signal to noise

ratio.

Table 4.3: Comparison of dopamine detection at unmodified and anti-static gun treated
CNTYMEs

Carentfut, | oot | Lo
Unmodified (n=8) 52+03 130+ 19 0.67 £ 0.02 24+5
Anti-static gun treatment * *
(2 triggers, n=8) 22+1 252+ 36 0.61+0.01 12+2
Treated/unmodified Ratio 43+04 1.9+0.2 0.91 £0.03 0.6+0.2

Significantly different than unmodified: *paired t test, p < 0.05, ***paired t test, p < 0.001, ****paired
t test, p < 0.0001

The current vs time traces allow a comparison of the time response before and after
treatment. There was no delay in the response to a bolus of dopamine compared to unmodified
CNTYMEs after 1 min treatment O, plasma treatment, as seen on the current versus time curve
after plasma treatment (Fig. 4.1B), with an average 10-90% signal rise time of 1.1 + 0.2 (n = 4)
and 1.2 £ 0.2 (n = 4) before and after treatment, respectively. Similarly the anti-static gun treated
electrode in Figure 4.3E had no delay in the response to a bolus of dopamine, with the 10-90%
signal rise time of 1.2 + 0.2 (n = 4) 1.2 + 0.3 (n = 4) before and after treatment, respectively.
Therefore, both treatments allow the CNTYME maintains good temporal response with increased
sensitivity.

The background currents provide information about electrode surface area enhancements
as well as surface functional group changes. The background current increases about 2 fold for
both oxygen plasma etching and anti-static gun treatments, which is lower than the increase in

the Faradaic current for dopamine. Background voltammetric features at about -0.1 V and 1.3 V
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were obtained at CNTYMEs after O, plasma etching (Figure 4.1C). In contrast, the background
shape did not change much after anti-static gun treatment. In previous work, surface confined
species were found to cause feature peaks in the background, such as hydroxyls, carboxylic acids,
carbonyls, and lactones.®*-32 Therefore, the O, plasma etched are likely to have tremendous
amount of functional groups which providing more electroactive site and further improving the
sensitivity. In comparison, the charging current shape does not change much after anti-static gun
treatment, indicating the detection sensitivity improvement is more likely because of the
increasing surface area at anti-static gun treated CNTYMES. Moreover, since hydrophilic surfaces
have larger charging currents than more hydrophobic surface,®! the larger background increasing
after O, plasma etching (2.3 + 0.4) compared to anti-static gun treated CNTYMEs (1.9 + 0.2) is
likely due to the more hydrophilic surface caused by the abundant surface oxygen-containing
functional groups. Because the anti-static gun had the largest increase in dopamine signal and
smallest background change, it has a larger signal to background current ratio compared to

unmodified and O plasma-etched CNTYMEs.

4.3.3 Physical Characterization of Treated CNTYMEs

The CNT yarn surfaces with O plasma etching or anti-static gun treatment were further
physically characterized by SEM, three-dimensional laser scanning confocal microscopy, Raman
spectroscopy, and energy-dispersive X-ray spectroscopy (EDS). Figure 4.2 and Figure 4.4 show
the SEM images of the same CNTYMEs before and after O, plasma etching (1 min) and anti-
static gun treatment (2 triggers), respectively. The multi-walled CNTs bundles with a diameter
about 30 nm did not change obviously after 1 min O, plasma etching. In comparison, after 2
triggers of the antistatic gun treatment, the CNTs spikes stands up straighter due to the ion flow
applied on the surface, providing a larger surface area. Laser scanning laser scanning confocal
microscopy was applied to measure the surface roughness precisely. It has advantages of a large

measuring range and no requirement of a leveled surface. Table 4.4 summarizes the averaged
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mean roughness depth (R;), defined as the average distance between the highest peak and
lowest valley in each sampling length, at unmodified, O, plasma etched, and anti-static gun
treated CNTYMESs. The surface roughness did not change significantly after O, plasma etching
(unpaired t-test, p > 0.05, n = 4). In contrast, CNTYMEs with anti-static gun treatment had a
significantly larger surface roughness than both unmodified and O» plasma etched CNTYMEs

(one-way ANOVA, Bartlett's test, p < 0.05, n = 4).

Table 4.4: Surface properties of CNTYMEs with different surface modifications®

Surface Roughness : .
Rz/nm Raman D/G Ratio Oxygen Content %
Unmodified CNTYME (n=4) 1540 £ 160 0.72+0.01 10x1
O_ Plasma Etched CNTYME
2 1800 +212 1.02+0.03 19+1
(n=4)
Anti-static gun treated * 0.73 + 0.01 10.0+05
CNTYME (n=4) 2600 £ 400 EEE s

“Mean roughness depth (Rz), D/G ratio from Raman spectra, and relative oxygen content at
unmodified, O, plasma etched, and anti-static gun treated CNTYMEs. Significantly different than
others: * one-way ANOVA, Bartlett’s test, p < 0.05, *** one-way ANOVA, Bartlett’s test, p < 0.001

Raman spectroscopy and energy-dispersive X-ray spectroscopy (EDS) were performed
to further characterize the surface defect to graphite carbon (D/G) ratio and oxygen content. The
ratio of the D and G band area is widely used to evaluate the relative amount of sp*® and sp?
hybridized carbon at carbon nanomaterials.3*3* The D/G ratio at O, plasma etched CNTYMEs
was much larger than both unmodified and anti-static gun treated CNTYMEs (Table 4.4, one-way
ANOVA, Bartlett’s test, p < 0.001, n = 4) due to the carbon-carbon bonds broken by the plasma.
The D/G ratios after ion arrangement did not change (unpaired t-test, p > 0.05, n = 4), as shown
in Figure 4.6, indicating there is likely no chemical change on the surface. The oxygen content

measured by EDS significantly increased compared to unmodified and anti-static gun treated
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CNTYMEs (Table 4.4, one-way ANOVA, Bartlett’'s test, p < 0.001, n = 4), indicating the
introduction of larger amount of sp? hybridized carbon after O, plasma etching were further
oxidized to surface functional groups. Meanwhile, the anti-static gun treated CNTYMES share a

similar oxygen content with unmodified CNTYMESs (unpaired t-test, p > 0.05, n = 4).

A. Raman Spectrum - O, Plasma Etched CNTYME B. Raman Spectrum - Anti-Static Gun Treated CNTYME
1.2 — Unmodified CNTYME =12 — Unmodified CNTYME
= __ O, Plasma Etched CNTYME g — '(g”t%zag;;”ge CNTYME
50,8— (1 min) ;0.8—
g &
@ 0.4 =04
Q ]
c .
0.07 8 0.04
1100 1300 1500 1700 1900 1200 1400 1600 1800

Raman Shift (cm™) Raman Shift (cm™)

Figure 4.6: Raman spectra obtained at CNTYMEs with different surface modifications. (A) The
same electrodes before (black) and after 1min (red) O, plasma etching. (B) A CNTYME before
(black) and after 2 triggers (red) anti-static gun treatment. Data was normalized to graphic peak.

Oxygen containing functional groups, such as quinones, hydroxyl, and carboxylic acids
are negatively charged at physiological pH and have electrostatic interactions with positively
charged dopamine.” O, plasma etching introduces more oxygen containing functional groups,
providing high dopamine sensitivity and higher surface hydrophilicity, without changing the
surface roughness. Oppositely, anti-static gun treatment is a mild surface modification approach
for CNTYMEs that does not change the D/G ratio or oxygen content. Instead, the dopamine
sensitivity improvement is due only to the increased surface area. To further prove that, carbon-
fiber microelectrodes not having nanostructure features were treated with different triggers of anti-
static gun treatment and tested with 1 yM dopamine, as shown in Figure 4.7. Even with up to 8
triggers modification, CFMEs did not show a difference in oxidation current or background current

to the same electrode before modification, indicating anti-static gun treatment only modifies
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nanostructures such as CNT bundles in CNT yarn but would not modify smooth electrode surface

which is lacking nanostructures, such as carbon fibers.

A. Background Subtracted CV
70nA -

-04V 1.3V

— Unmodified CFME

-40nA - — CFME with 1 trigger
— CFME with 2 triggers
— CFME with 4 triggers

B. Background Current
1000 nA-

04V // 1.3V

|

-1000 nA

Figure 4.7. Comparison of the response to 1 yM dopamine and background current at an
unmodified CFME (black line) and the same electrode after 1 (ref line), 2 (green line), 4 (blue line),
and 8 (orange line) triggers, respectively. Electrochemical response was measured with scan rate
of 400 V/s and scan repetition frequency of 10 Hz. (A) Background subtracted cyclic
voltammograms to 1 uM dopamine, and (B) background currents in PBS buffer. No significant
changes are observed.

4.3.4 Effect of Bio-fouling
In vivo electrochemical monitoring of neurotransmitters is challenging since the
microelectrode surface fouling caused by the adsorption of bio-macromolecules can severely

affect the sensitivity and reproducibility of electrochemical sensing in vivo.?®3 Carbon
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nanomaterials have been proposed to alleviate surface fouling due to their hydrophilic surface.®¢%’
Here we investigated the bio-fouling effect on CNTYMEs with different surface modifications by
comparing dopamine sensitivity before and after placing the microelectrodes in rat brain tissue
for two hours without potential cycling, since Singh et al. found there was no difference for 2 hour

exposures with or without potential cycling and overnight exposures to brain tissue.?®

A. Unmodified CNTYME B. O, Plasma Etched CNTYME C. Anti-Static Gun Treated CNTYME

10 nA — Pre-fouling 20 nA — Pre-fouling 25nA — Pre-fouling
— Post-fouling — Post-fouling — Post-fouling

0. 13V 0. 13V -0. 13V

-10nA

-20 nA

D.  Unmodified CNTYME E. O Plasma Etched CNTYME F. Anti-Static Gun Treated CNTYME

10 nA — Pre-fouling 20 nA — Pre-fouling 25nA

— Post-fouling — Post-fouling — Pre-fouling
— Post-fouling

5s 10s 15s 20s 20 |  5s 10s 15s 20s
Figure 4.8: Comparison of the response to 1 uM dopamine before (black) and after (blue) 2H in-
tissue fouling, at an unmodified CNTYME (A, D), O, plasma etched CNTYME (B, E), and anti-

static gun treated CNTYMEs (C, F). (A-C) Background subtracted cyclic voltammograms to 1 uM
dopamine, (D-F) measured oxidation current versus time for a flow injection analysis experiment.

Table 4.8 shows the oxidation current, AE,, and background current before/after fouling
at unmodified, O, plasma etched, and anti-static gun treated CNTYMES. After 2 hours in tissue, 1
uM dopamine oxidation currents decreased for all electrodes. However, the oxidation currents
(Ip,a) to 1 yM dopamine at both O, plasma etched and anti-static gun treated CNTYMEs are
significantly larger than the unmodified CNTYMEs (unpaired t-test, p < 0.0001, n = 6, for both
comparisons), indicating both surface modification methods improve the sensitivity even after
tissue exposure. In addition, the AE, values at CNTYMEs after both O, plasma etching and anti-

static gun treatment are significantly smaller than unmodified CNTYMEs (unpaired t-test, p < 0.01
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(n=6), and p = 0.0001 (n = 6), respectively), indicating the electron transfer is faster at modified
CNTYMEs than unmodified electrodes. With about 30% signal remained after fouling, the O
plasma etched CNTYMESs show the largest percentage of remained signal, which is significantly
better than unmodified CNTYMEs which retain on 18% of their signal (unpaired t-test, p < 0.05, n
= 6). The percentage of current remaining after fouling at anti-static gun treated CNTYMES is not
significantly different than unmodified CNTYMEs (unpaired t-test, p > 0.05, n = 6). Since the
current before fouling at anti-static gun treated CNTYMEs is larger than O2 plasma etched and
unmodified CNTYMESs (Table 4.5), the current remained after fouling is significantly larger at anti-
static gun treated CNTYMESs than that at the O, plasma etched CNTYMEs (unpaired t-test, p <
0.05, n = 6). The signal remaining after fouling at anti-static gun treated CNTYMESs is the same

as the signal at unmodified CNTYMEs without fouling.

Table 4.5: Comparison of dopamine detection at CNTYMESs before/after in tissue fouling®

| Background
Initial Ipa after _ pa AEp after Current
Ip,a/nA Fouling/nA Ratlo(l?ost/oPre Fouling/V Ratio(Post/Pre
Fouling)/% Fouling)/%
Unmodified 0.923 %
+ + + +
CNTYME (n=6) 53+0.5 0.95+0.05 18+3 0.003 1034
0, Plasma 0.86 +
Etched 152 45%0.2 30+3 001 9+3
CNTYME (n=6) '
Anti-static 0.860 +
gun treated 21+3 53+0.4 25+3 96 +5
CNTYME (n=6) 0.006

BOxidation current before and after 2H fouling, the I, . post/pre fouling ratio, AE, value after fouling,
and background current post/pre fouling ratio. Significantly different than unmodified: *paired t
test, p < 0.05, **paired t test, p < 0.01, ****paired t test, p < 0.0001.

Compared to hydrophobic surface, hydrophilic surface would reduce the fouling in tissue.®
Hydrophobic surfaces promote adsorption of hydrophobic molecules such as aromatic

compounds and proteins, and these hydrophobic interactions are sufficiently favorable , that they
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are typically irreversible, especially in an aqueous condition.®® In contrast, fouling caused by
hydrophilic interactions tends to be more reversible.® Because albumin accounts for more than
50% of total plasma protein content and is known to adsorb on more hydrophobic surface,3®4°
increasing the electrode surface hydrophilicity reduces the effect of bio-fouling. The significantly
increased amount of oxygen-containing functional groups at CNT yarn surface after O, plasma
etching helps improving the surface hydrophilicity, providing O, plasma etched CNTYMEs the
highest percentage of remained signal after in tissue fouling. Anti-static gun treatment also
enhances the anti-fouling property compared to unmodified CNT yarn, but the improvement is
less than O2 plasma etching. This can be explained by the absolute and relative amount of surface
functional groups: the absolute amount of surface functional groups increases after anti-static gun
treatment with the surface area increasing that providing the better dopamine sensitivity and LOD
than unmodified CNTYMEs, but the density of functional groups does not change after
modification. In comparison, O, plasma etched CNTYMEs have the highest density of surface
oxide groups, which provide the best anti-fouling property among the CNTYMEs with three
different surface modifications.

Notably, the background current did not change significantly after fouling in tissue. This
result is consistent with previous work that the background current did not significantly change at
CFMEs and the electrodes with polymers coating after fouling.?® The reason for the unchanged
background current after fouling is still elusive, but one possibility might be a synergistic effect of
decreased hydrophilicity by protein blocking and increased overall capacitance by increased
overall surface area due to protein anchor.**=% In addition, at the unmodified, O, plasma etched
and anti-static gun treated CNTYMES, the temporal response was not significantly slowed due to
fouling, demonstrated by the rapid uptake and release.

This paper introduces O plasma etching and anti-static gun treatment as two new, simple
but efficient surface modification methods on CNTYMEs. O; plasma etching was applied on CNT

yarn for its electrochemical application and anti-static gun treatment was used as a novel
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nanomaterial surface modification method for the first time. Both treatment significantly improve
detection sensitivity to dopamine and the antifouling property, tune surface electrochemistry

differently, and enable CNT yarn for sensitive in vivo detections.
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4.4 Conclusions

In this work, we introduced and optimized two simple, rapid, reproducible, and efficient
surface modification methods for CNT yarn microelectrodes: O, plasma etching and anti-static
gun treatment. O, plasma etching is first applied on CNT yarn for its electrochemical sensing
application. Anti-static gun treatment is a novel, low-cost, simple, all-levels-lab feasible surface
modification method, which is for the first time used for nanomaterials. Both of the surface
modification methods significantly improve the dopamine detection signals by three to four fold.
In addition, since the O plasma etching and anti-static gun treatment specifically increase the
amount of oxygen content and surface roughness, respectively, O, plasma etched and anti-static
gun treated CNTYMEs provide promising platforms for the study on how each surface property
influence the electrochemistry characteristics. The effect of bio-fouling was evaluated at
CNTYMEs for the first time, and oxide-groups-abundant O, plasma etched CNTYMES are proven
to have better anti-fouling property. This work not only provides two surface modification methods
which could significantly enhance CNTYMESs sensitivity and anti-fouling property, but also provide

a approach for future study on the interaction between CNT surface and neurotransmitters.
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Chapter 5: Evaluation of Carbon Nanotube Fiber
Microelectrodes for Neurotransmitter Detection:
Correlation of Electrochemical Performance and

Surface Properties
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Abstract

Fibers made of CNTs are attractive microelectrode sensors because they can be directly
fabricated into microelectrodes. There are different protocols for making CNT fibers, but how
those protocols result in different surface and electrochemical properties has not been identified.
In this study, we correlated the surface and electrochemical properties for neurochemical
detection at 3 types of materials: CNT fibers produced by wet spinning with (1) polyethylenimine
(PEI/CNT) or (2) chlorosulfonic acid (CA/CNT), and (3) CNT yarns made by solid-based CNT
drawing. CNT yarns had well-aligned, high purity CNTs, abundant oxygen functional groups, and
moderate surface roughness which led to the highest dopamine current density (290 + 65 pA/cm?)
and fastest electron transfer kinetics. The crevices of the CNT yarn and PEI/CNT fiber
microelectrodes allow dopamine to get momentarily trapped during fast-scan cyclic voltammetry
detection, leading to thin-layer cell conditions and a response that was independent of applied
waveform frequency. The larger crevices on the PEI/CNT fibers led to a slower time response,
showing too much roughness is detrimental to fast detection. CA/CNT fibers have a smoother
surface, leading to lower currents, but their negative surface charge results in high selectivity for
dopamine over uric acid or ascorbic acid. These were the first studies of CA/CNT fibers for
biomolecule detection. Overall, small crevices, high conductivity, and abundant oxygen groups
lead to high sensitivity for amine neurotransmitters, such as dopamine and serotonin. These
results show that surface properties of CNT fibers can be used to predict their electrochemical

performance.
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5.1 Introduction

Carbon nanotubes (CNTs) have been used as an electrode material for more than a
decade. CNTs are attractive for making microelectrodes because of their large surface area,
abundant electroactive sites for biomolecules, fast electron transfer kinetics, and minimal
electrode fouling.!* Moreover, the small dimensions of CNTs limit tissue damage for in vivo
implantation while maintaining high detection sensitivity due to the high surface-to-volume ratio.>®
The commonly used methods to modify CNTs on carbon fiber or metal microelectrodes include
dip coating’, self-assembled CNTs*, and directly growing CNTs on substrates.®° Although many
of these methods lead to outstanding electrochemical performance, future applications are limited
by the cumbersome fabrication that often requires specialized equipment and the relatively low
reproducibility. Recently, development of high-performance macro-structures of CNTSs, such as
CNTs fibers, have led to research on their applications in bio-sensing, since fibers can be handled
much more conveniently than individual CNTs.1%! In particular, CNT fibers can be directly
fabricated into electrodes, in a manner similar to carbon fiber microelectrodes (CFMES),

dramatically simplifying the fabrication process and improving the reproducibility.®

Two distinct protocols have been developed for manufacturing CNT fibers: wet-spinning
a suspension of CNTs into a bath or direct spinning a fiber from a CNT forest. In solution based
wet spinning, CNTs are either dissolved or dispersed in a fluid, extruded out of a spinneret, and
coagulated into a solid fiber by extracting the dispersant.?13 Neat CNT fibers can be spun into a
polymer bath, such as poly(vinyl alcohol) (PVA)* or poly(ethylene)imine (PEI)*®, in which the
polymer molecules act as coagulators for CNTs to enhance the intertube interactions. Another
variation of the original wet spinning method uses acid as a solvent, simplifying the process by
avoiding surfactants in the CNTs dispersion.}*1® CNT fibers fabricated by wet spinning with
chlorosulfonic acid, which is the only known CNT solvent!”*8 have the highest conductivity among

CNTs fibers.!® The alternative fiber production route employs a solid state process where CNTs



Yang| 136

are either directly spun as a fiber from the synthesis reaction zone®® or from a CNT forest grown
on a solid substrate?®. CNT yarns, generated by drawing one end of the vertically aligned CNT
arrays, are a favorable electrode material because of their well-aligned CNTs and improved
conductivity.?*?2 While several studies have tested the electrochemical properties CNT yarn or
PEI/CNT fiber microelectrodes®?24, there are no reports of CA/CNT fibers for biological
applications. In addition, no studies have compared different CNT fibers or correlated their
surface and electrochemical properties.

This work is the first to compare different CNT fiber based microelectrodes (PEI/CNT fiber,
CAJ/CNT fiber, and CNTs yarn microelectrodes). CNT yarn microelectrodes provide the highest
sensitivity to dopamine and fastest electron transfer kinetics because of the well-aligned, high
purity CNTs, abundant oxygen containing functional groups at the surface, and small crevices to
trap dopamine for short times. CA/CNT fibers, as a novel electrode material, provide high
selectivity to dopamine over uric acid and ascorbic acid because of their negatively charged
surface. The frequency independent property of CNT yarn and PEI/CNT fiber microelectrodes is
due to reversible dopamine redox reaction when the dopamine gets trapped in the crevices,
leading to thin-layer cell conditions. However, the larger crevices on the PEI/CNT fibers lead to a
slower time response, showing too much roughness can be detrimental to fast temporal response.
This study facilitates a better understanding of how surface properties lead to electrochemical
properties, which will enable future predictions of electrochemical properties based on the surface

characteristics of carbon nanomaterial-based microelectrodes.
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5.2 Experimental Section

5.2.1 Chemicals and Solutions

Dopamine hydrochloride, uric acid, ascorbic acid, and 5-hydroxytryptamine were
purchased from Sigma-—Aldrich (St. Louis, MO). A 10 mM stock solution was prepared in HCIO4,
and were diluted daily to the desired concentration in phosphate buffered saline (131.3 mM NacCl,
3.00 mM KCI, 10 mM NaH:POQO4, 1.2 mM MgCl,, 2.0 mM Na>SO,, and 1.2 mM CacCl, with the pH

adjusted to 7.4).

5.2.2 PEI/CNT Fiber and CA/CNT Fiber Preparation

PEI/CNT fibers were formed as previously described.® HiPCo CNTs (1.2 w%) were
suspended in water with sodium dodecylbenzenesulfonate (1.2 w%) and were pumped at a rate
of 0.5 mL/min into a rotating solution of 40% PEI (branched, MW = 50 000-100 000, MP
Biomedicals, LLC, Santa Ana, CA) in methanol. The CNT ribbons were subsequently purified in
methanol. CNT fibers were dried in air and then 180 °C for 1 h.

CAJ/CNT fibers were formed as previously described.®* HiPCo CNTs were dissolved in
chlorosulfonic acid at a concentration of 1.2 w% (same as for PEI/CNT) to form a spinnable liquid
crystal dope (with CNT concentration more than 1.2 w%, the CA/CNT fiber microelectrodes
produced were electrochemically noisy and unstable). The dope was extruded through a
spinneret at a rate of 0.5 mL/min into acetone to remove the acid. The fibers were dried in room

conditions for five hours under constant stretching and tensioning from both ends.

5.2.3 CNT Fiber and Yarn Microelectrode Fabrication
A 0.68 mm ID x 1.2 mm OD (A-M Systems, Carlsborg, WA) glass capillary was pulled into
a glass pipet puller and cut to have an opening diameter of ~50 um. A piece of either PEI/CNT

fiber, CA/ICNT fiber, or CNT yarn (15-25 pm in diameter, 1-2 cm long, General Nano, LLC,
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Cincinnati, OH) was inserted into the glass pipette. The electrodes were epoxied with Epon Resin
828 (Miller-Stephenson, Danbury, CT) mixed with 14 weight% 1,3-phenylenediamine hardener
(Sigma-Aldrich, St. Louis, MO) heated to 85°C. The epoxied electrodes were cured overnight at
room temperature and then heated at 100°C for 2 h and at 150°C overnight. Microelectrodes were
polished at a 90° angle on a fine diamond abrasive plate (Sutter Instruments model BV-10, Novato,
CA). Disk CFMEs were fabricated using 7-um-diameter T-650 carbon fibers (Cytec Technologies,

Woodland Park, NJ).?3

5.2.4 Surface Characterization

Scanning electron microscope (SEM) images were taken on Merlin field emission SEM
(Zeiss, Thornwood, NY) with a secondary electron detector using an accelerating voltage of 2 kV
and a working distance of 5.0 mm. Energy dispersive X-ray spectroscopy (EDS) data was
acquired using a JEOL JSM-6700F cold field-emission microscope (Tokyo, Japan). The EDS
spectra were acquired for 60 seconds at the tip of microelectrodes with an acceleration voltage

of 15 kV at a working distance of 5 mm.

5.2.5 Electrochemical Measurements

FSCV was performed with a ChemClamp potentiometer (Dagan, Minneapolis, MN, with 1
MOhm Headstage). The waveform was generated and the data was collected using a High
Definition Cyclic Voltammetry (HDCV) breakout box, HDCV analysis software program (UNC
Chemistry Department, Electronics Design Facility) and PCle-6363 computer interface cards
(National Instruments, Austin, TX). Electrodes were backfilled with 1 M KCI and a silver wire was
inserted to connect the electrode to the potentiostat headstage. The typical triangular waveform
swept the applied potential from —0.4 V to 1.3 V at 400 V/s versus an Ag/AgCl reference electrode,

at a scan repetition frequency of 10 Hz. The repetition rate was varied for some experiments.
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Electrodes were tested using a flow-injection system. Analyte was injected for 5 seconds
(varied for some experiment) and current versus time traces were obtained by integrating the
current in a 100 mV window centered at the oxidation peak for each cyclic voltammogram (CV).
Background-subtracted CVs were calculated by subtracting the average of 10 background scans,
taken before the compound was injected, from the average of five CVs recorded after the analyte

bolus was injected. A four-point probe method was used for conductivity determinations.

5.2.6 Langmuir isotherm modeling

We used a Langmuir adsorption isotherm (Eq. 1) to model the adsorption and desorption
process kinetics of dopamine, as reported previously.® Compared to the dynamic process
simulation reported previously?®, Langmuir isotherm modeling takes the limited amount of

adsorption sites on microelectrodes surface into account.

b
Ipa Bpaapa

ba _ _Ppadba_ g 5 gy
Iy 1+ Bpaady

I'oa is the amount of dopamine adsorbed on the electrode, Tsis the saturated amount of
dopamine that can adsorb on the electrode, Boa is the thermodynamic equilibrium constant
(unitless) for dopamine, and a°pa is the activity of dopamine in bulk solution at equilibrium. The
percent surface coverage, I'va/l's, can be expressed by the ratio of the oxidation current of
dopamine to the theoretical saturated oxidation current which is the theoretical plateau of the
fitting curve. Currents were read till the adsorption/desorption reached equilibrium conditions. The
activity is related to its molar concentration (Cpa) by the following equation:2®

apa = (pa* Cpa) - (AL -mol™") (Eq.5.2)

voais the activity coefficient of dopamine in bulk solution at the adsorption equilibrium. For
a charged adsorbate solution at high concentration, the effect of the activity coefficients must be
taken into account because charged adsorbates are governed by ionic interactions.?” According

to the Debye-Huckel law:
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1
log ypa = —Az%12 (Eq.5.3)
voais a function of the ionic strength (1) of the solute and the charge carried by each solute
(2), A'is a constant that depends on temperature and is about 0.51 for water at 25°C.?8 Thus, ypa

for dopamine in PBS buffer is 0.63 at room temperature.?®

5.2.7 Statistics

All values are given as mean + standard error of the mean (error bar) for n number of
electrodes. Paired or unpaired t tests were performed to compare properties between two groups.
A one-way ANOVA with Bonferonni post-tests was used to compare effects among multiple
groups. All statistics were performed in GraphPad Prism6 (GraphPad Software,Inc., La Jolla, CA).
Scanning electron microscopy images were processed using ImageJ (Rasband, W.S., National

Institutes of Health, Bethesda, MD).
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5.3 Results and Discussions

5.3.1 Surface Comparison of CNT Fiber Microelectrodes

CNT fibers were fabricated as microelectrodes and polished vertically at the tips, which
allows physical characterizations of the electroactive surface, instead of the entire bulk fiber.
CA/CNT and PEI/CNT fibers were constructed by wet spinning procedures, as reported
previously.'*1® The diameter of CA/CNT and PEI/CNT fibers is dependent on the flow rate of the
syringe pump and the rotation speed of the stage. The diameters of both fibers were ~20 um, as
shown in Figure 5.1A and B, which is similar to the diameter of CNT yarn (Fig. 5.1C).
Chlorosulfonic acid is the first true solvent for CNTs. A solution, rather than a suspension, of CNTs
could lead to improved CNTs alignment and packing of the CA/CNT fibers.®* The CA/CNT fiber
retained its circular shape and coagulated in a uniform manner (Fig. 5.1A), with a substructure of
well packed CNT super-ropes, approximately 200 — 500 nm in diameter, connected to one another
(Fig. 5.1D). PEI/CNT fibers are ribbon-like gel fibers that partially collapse when drying to form
tubular structures.™® The surface of the PEI/CNT fiber is primarily composed of SWCNTs with
distinct regions of PEI that are not fully removed during rinsing. The outer fiber surface is
corrugated, with the axis of corrugation lying approximately parallel to the fiber axis (Fig. 5.1B).
These corrugations with diameters about 0.5 — 1 um are typically observed along the outer surface
of fibers and could be also seen on the polished microelectrode surface (Fig. 5.1E). The CNT
yarn (Fig. 5.1C) was approximately 20 pm in diameter and was spun from a forest of 40 — 50 nm
diameter individual multiwalled CNTs.?* The CNTs bundles, which are the ends of CNTs, show
the relatively rough surface on CNT yarn microelectrode tip (Fig. 5.1F). The surfaces of the

PEI/CNT fiber and CNT yarn are much rougher than the surface of CA/CNT fiber.
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e - v e v
Figure 5.1: Surfaces of microelectrodes. SEM images of the (A) CA/CNT fiber, (B) PEI/CNT fiber,
and (C) CNT yarn sidewall, with the diameters about 20 pm. Scale bar: 10 um. Top-view SEM
images at the tips of polished (D) CA/CNT fiber, (E) PEI/CNT fiber, and (F) CNT yarn
microelectrodes. Scale bar: 500 nm.

Table 5.1: Elemental Contents at the tips of Microelectrodes Measured by EDS

Cl% O/% Fel/% S/% Cl/% N/%

CA/CNT Fiber 79+2 111 21x0.1 31 2+1 N/A
PEI/CNT Fiber | 66.8+0.2 | 126 0.5 | 3.2+0.2 | 0.43 +0.05 N/D 16.4+0.2

CNT Yarn 81+1 191 N/D N/D N/D N/D

N/D: not detected

The elemental content was measured at the tip of polished microelectrodes by energy-
dispersive X-ray spectroscopy (EDS), as shown in Table 5.1. The CA/CNT fiber has small amount
of sulfur and chlorine, which likely come from residual chlorosulfonic acid. The large amount of
nitrogen on the PEI/CNT fiber comes from PEI which was not fully removed during rinsing and
the small amount of sulfur from the sulfur-containing anionic surfactants in the suspension solution.
PEI/CNT fibers have more residue than CA/CNT fibers. Both the CA/CNT and PEI/CNT fibers

have iron impurities from HiPco SWCNTSs. In contrast, the CNT yarns are relatively pure, with no
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polymer, surfactant residue, or iron impurities. Moreover, the oxygen content at CNT yarn surface
is significantly larger than at CA/ICNT and PEI/CNT fibers (unpaired t-test, p < 0.01 for both

comparisons).

The conductivity was measured at each fiber using four-point probe method. The CNT
yarn has highest conductivity, 1025 + 25 S-cm™ (n = 3), which is in agreement with the literature
value range (500 — 1250 S-cm™).%° The conductivity of our CA/CNT fibers, 618 + 23 S-cm, was
not as good as CA/CNT fiber reported previously (2900 + 300 S-cm™).2® The lower conductivity
might be caused by different SWCNTs having more iron impurity, as indicated by EDS
measurements. PEI/CNT fibers have the lowest conductivity, 16.4 + 0.4 S-cm™ (n = 3), similar to
previous work (10 — 30 S-cm™).?® Although PEI is an ionically conductive polymer, its conductivity
is not as high as pure CNTs so the residual PEI would decrease the overall conductivity. The
high-to-low trend of conductivity: CNT yarn, CA/CNT fiber, and PEI/CNT fiber, is consistent with

the high-to-low trends of alignment and purity of CNTs in the fibers.

5.3.2 Electrochemical Characterization of Dopamine Detection at CNT Fiber Microelectrodes

To investigate the electrochemical performance, the response to 1 uM dopamine was
tested using FSCV with a triangle waveform from -0.4 to 1.3 V and back at 400 V/s and a scan
repetition frequency of 10 Hz. Figures 5.2A-C show the background subtracted cyclic
voltammograms (CVs) of 1 uM dopamine at disk CA/CNT, PEI/CNT fiber, and CNT yarn
microelectrodes with a similar diameter (~20 um). The CNT yarn microelectrode has the largest
oxidation and reduction currents as well as the smallest difference in oxidation and reduction peak
potential (AEp) (Fig. 5.2C). The current for the CA/CNT and PEI/CNT fiber microelectrodes is

similar, but the AE, is smaller at CA/CNT fibers.
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To compare the electrochemical performance of microelectrodes, dopamine currents were
corrected for surface area (based on their capacitive charging currents). As shown in Table 5.2,
the current density at CNT yarn is 290 + 65 pA/um?, which is significantly larger than the current
density at PEI/CNT fiber (unpaired t-test, p < 0.05), but not statistically different with CA/CNT fiber
(unpaired t-test, p = 0.2748). The current density of CFMEs is 135 + 24 pA/um?,° smaller than the

CAJ/CNT fiber and CNT yarn.

Table 5.2: Comparison of Electrochemical Dopamine Detection

Cur(rsz;uDrﬁzr)]sny AEV
CAJ/CNT Fiber 210+ 31 0.89 + 0.02
PEI/CNT Fiber 122 £ 23 1.04 £ 0.02
CNT Yarn 290 + 65 0.68 + 0.02

All n =5, Errors are standard error of mean

The AE, values are significantly lower at CNT yarn than CA/CNT fiber or PEI/CNT fiber
microelectrodes (Table 5.2, unpaired t-test, p < 0.0001 for both comparisons). The AE, value at
CAJ/CNT fiber microelectrodes is significantly smaller than PEI/CNT fibers (unpaired t-test, p <
0.01). The smaller AE, might be caused by differing double-layer capacitances, uncompensated
resistance, or ohmic drop.® However, because both the electrolyte and the size of the electrodes
are similar, ohmic drop is an unlikely cause. Therefore, the smaller AE, value indicates faster
electron transfer kinetics, with the fastest electron transfer rates observed in order of: CNT yarn >

CAJ/CNT fiber > PEI/CNT fiber.

Figure 5.2D-F shows the current versus time curves in the response to a bolus of

dopamine. CA/CNT fiber microelectrodes have a current versus time curve (Fig. 5.2D) similar to
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conventionally used CFMEs, with its time response performance falling between CNT yarn and
PEI/CNT fiber microelectrodes. The time response at PEI/CNT fiber microelectrodes is slow (Fig.
5.2E), the signal does not plateau, and does not go back to baseline. The CNT yarn
microelectrode has a fast temporal response, as evidenced by the square shaped curve (Fig.

5.2F) with rapid signal rise and fall.

Background Subtracted CV Current-time Trace
A.  CA/CNT Fiber D. CA/CNT Fiber
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Figure 5.2: Electrochemical response to 1 pM dopamine with a waveform of -0.4 V to 1.3 V and
back at 400 V/s, 10 Hz. (Left) Background subtracted cyclic voltammograms at (A) CA/CNT fiber,
(B) PEI/CNT fiber, and (C) CNT yarn microelectrodes. (Right) Current versus time trace plot for
the same electrodes measured at 0.6 V in flow injection experiment. The first arrow indicates the
injection of dopamine bolus and the second arrow indicates the switch back to buffer.

5.3.3 Electrochemical Characterization of Other Neurochemicals at CNT Fiber Microelectrodes
Because many electroactive substances coexist in the brain, the selectivity of a sensor for
neurotransmitters is another important factor to consider when selecting microelectrodes. We

tested the electrochemical performance of different CNT fiber microelectrodes toward the
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detection of neurochemicals including uric acid, ascorbic acid, and serotonin. Uric acid (UA) acts
as an antioxidant in cerebrospinal fluid and is an anion at physiological pH.3' Ascorbic acid (AA),
also an anion at physiological pH, is one of the most abundant, low molecular weight antioxidants
in the central nervous system.? UA and AA are common interferences for in vivo dopamine
detection, and the extracellular levels of UA® and AA3*% are several orders of magnitude higher
than dopamine in the brain. Serotonin is a cationic indolamine neurotransmitter with a similar

oxidation potential to dopamine.*®

Table 5.3: Average Oxidation Current Density for Different Neurochemicals at CA/CNT Fiber,
PEI/CNT Fiber, and CNT Yarn Microelectrodes

Current Density Uric Acid (20 uM) Ascorbic Acid (200 uM) | Serotonin (1 uM)
pA/um?
CA/CNT Fiber 182 + 45 270+ 90 34+9
PEI/CNT Fiber 122 + 36 279+ 32 23+8
CNT Yarn 1115+ 74 2110+ 670 1723 + 528

All n = 4. Values are mean * standard error of mean

Figure 5.3A shows CVs for 20 uM UA, 200 uM AA, and 1 uM serotonin at the same
CAJ/CNT fiber, PEI/CNT fiber, or CNT yarn microelectrode. Table 5.3 gives the current density for
different analytes at each electrode. The bar graphs (Fig. 5.3B) compare the ratio of oxidation
currents for each neurotransmitter (20 uM UA, 200 uM AA, or 1 uM serotonin) to that of dopamine
(DA, 1 yM). As shown in Figure 5.3B, the UA: DA signal ratio at CA/CNT and PEI/CNT fibers
microelectrodes is significantly smaller than at CNT yarn microelectrodes (unpaired t-test, p <
0.05 for both comparisons). Moreover, the AA: DA signal ratio is significantly smaller at CA/CNT
fibers than CNT yarns (unpaired t-test, p < 0.05). The CA/CNT fiber has the lowest UA and AA to

DA signal ratios, indicating it has the highest selectivity for dopamine compared to UA and AA.
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Serotonin is positively charged at physiological pH; however, it is also known to foul the
electrode surface when applying the waveform used here.®” At CA/CNT fibers, there is an extra
peak found at 0.3 — 0.4 V, which might be caused by polymerization of serotonin and indicative
of fouling. The extra peak is also visible at PEI/CNT fibers, but much smaller than at CA/CNT fiber
microelectrodes. In contrast, CNT yarn microelectrodes have a sharp, single oxidation peak for
serotonin, which would give CNT yarn good serotonin anti-fouling property. The ratios of currents
for serotonin to dopamine as well as the serotonin current densities are similar at CA/CNT and
PEI/CNT fiber microelectrodes (Fig. 5.3B, unpaired t test, p = 0.8463, n = 4, Table 5.3). In
comparison, the serotonin: DA current ratio and the serotonin current density at CNT yarn
microelectrodes are significantly larger than at CA/CNT and PEI/CNT fibers (unpaired t-test, p <
0.0001 for both ratio and current density comparisons). PEI/CNT fiber are resistant to surface
fouling by serotonin®, but the CNT yarn has dramatically higher sensitivity to serotonin compared

to PEI/CNT and CA/CNT fiber microelectrodes.
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Figure 5.3: Detection of different neurochemicals at CNT fiber microelectrodes. (A) Detection of
20 uM uric acid, 200 uM ascorbic acid, and 1 uM serotonin in PBS buffer at a CA/CNT fiber (top),
PEI/CNT fiber (middle), or CNT yarn (bottom) microelectrode. (B) Bar graphs show the ratio of
oxidation current for UA, AA, or serotonin compared to the oxidation current of dopamine (n=4
each). * p < 0.05 and **** p < 0.0001

5.3.4 Dopamine Sensitivity at Rapid Scan Repetition Frequency

The typical FSCV triangle waveform with a scan rate of 400 V/s takes 8.5 ms. The time
between waveforms is 91.5 ms with a scan repetition frequency of 10 Hz but only 1.5 ms when
the scan repetition frequency increases to 100 Hz. The redox reaction of dopamine at the carbon
based sensor surface is an adsorption-controlled process so the dopamine signal drops with
decreasing time for dopamine adsorption at CFMEs.?>2® The loss of sensitivity with rapid scan

repetition frequency at carbon fibers limits the temporal resolution of the measurement. Therefore,
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electrode materials which have a current that is independent of the scan repetition rate would be
better able to monitor rapid reactions and follow the kinetics of neurotransmission.?

A. CA/CNT Fiber PEI/CNT Fiber
8nA - 8nA 4

04V ? 13V '0-‘;/; 13V
— 10Hz — 10Hz

SAl — 100 Hz 8 — 100Hz
CNT Yarn Carbon Fiber
10 nA- 30 A
04V 13V =V
— 10Hz
— 100 Hz T ok
-10nA- -30 nA z
120-
B.
£ 100-

) '!Igibiuou o PEI/CNT Fiber
3 [{Ill + CNTYam

o Carbon Fiber

by
b i § } § - CACNT Fiber

Normalized I,
[6)]
o

o

5I0 1 (I)O
Frequency (Hz)

o

Figure 5.4: Effect of scan repetition frequency for 1 uM dopamine detection. (A) Example CVs of
1 uM dopamine at the scan repetition frequency of 10 Hz (blue line) and 100 Hz (orange line),
with -0.4 to 1.3 V waveform. (B) Peak oxidation current at PEI/CNT fiber microelectrodes (blue
circle, n=4), CNT yarn microelectrodes (black triangle, n=5), carbon fiber microelectrodes, (red
circle, n=5), and CA/CNT fiber microelectrodes (green triangle, n=4), from top to bottom. Data is
normalized to dopamine oxidation signal at different microelectrodes with scan repetition
frequency of 10 Hz.

To study the scan repetition frequency dependence, the current for 1 uM dopamine was
measured with scan repetition frequencies from 10 to 100 Hz (Figure 5.4A). The oxidation current
is relatively stable with increasing scan frequency at PEI/CNT and CNT yarn microelectrodes, but

decreases dramatically at CA/CNT fiber and CFMEs. Moreover, the oxidation/reduction peak ratio

is larger at PEI/CNT fiber and CNT yarn than those at carbon fiber and CA/CNT fiber at both 10
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and 100 Hz. Figure 5.4B shows a significant effect of electrode type on dopamine current with
different scan repetition frequencies (one-way ANOVA, p < 0.0001, n = 4). The oxidation current
drops dramatically at CFMEs, with approximately 67% loss at 100 Hz compared to 10 Hz, and
the current at CA/CNT fiber microelectrodes dropped similarly, 72% at 100 Hz (one-way ANOVA
Bonferroni post-test, p = 0.9561). The oxidation currents of dopamine at CNT yarn and PEI/CNT
fiber microelectrodes dropped approximately 24% and 8.4% at 100 Hz, respectively, a
significantly smaller drop than CA/CNT fibers (one-way ANOVA. Bonferroni post-test, p < 0.001
and p < 0.0001, respectively) or CFMEs (p < 0.001 and p < 0.0001, respectively). The results are
consistent with our previous work that the current at CNTYMESs?3, laser treated CNTYMEs®, and

PEI/CNT fiber® retain high sensitivity at rapid scan repetition frequency.

5.3.5 Correlation of Electrochemical Performance and Surface Properties

Surface properties of CNT fibers produced by different protocols have substantial
influences on the electrochemical performance for the detection of neurotransmitters. The better
aligned CNTs in CNT yarns and CA/CNT fibers, compared to PEI/CNT fibers, provide higher
overall conductivity and better sensitivity for dopamine detection (Table 5.2). The extra current
density observed at CNT yarns over CA/CNTs is attributed to the relatively higher oxygen content
and less residue on CNT yarn surface (Table 5.1). CNT yarns have abundant oxygen containing
functional groups, such as quinones, hydroxyls, and carboxylic acids, which are known to be
negatively charged at physiological pH and have electrostatic interactions with positively charged
neurotransmitters, such as dopamine.*® The AE,, a measure of electron transfer kinetics, followed
the same order as CNT alignment: CNT yarns > CA/CNT fibers > PEI/CNT fibers. In addition,
the faster electron transfer rate observed at CA/CNTs compared to PEI/CNT fiber microelectrodes

might be caused less residue and higher conductivity.
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The CA/CNT fiber was applied as a biomolecule microelectrode material for the first time.
It provides high selectivity to dopamine over UA and AA because of the negative charge carried
by the acid-doping at the fiber surface, which makes CA/CNT fibers a good microelectrode
material for dopamine detection in the presence of large amount of interferences. CNT yarn
microelectrodes have dramatically higher serotonin sensitivity compared to PEI/CNT and CA/CNT
fiber microelectrodes. The abundant oxygen containing functional groups provide electroactive

sites with negative charges, which are good for adsorption of serotonin, a cation at physiological

pH, similar to dopamine.
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Figure 5.5: Langmuir isotherm plots. The y-axis is fractional surface coverage and x-axis is Cpa

for dopamine. The fitting is modeled with 24 = £pa¥papa_\\here . =063, and a B is
Ts 1+BpaYpaCpa

determined. An equilibrium value based on anodic current, Bpa, is fit for (A) CA/CNT fiber ((10 £

1) x10%), (B) PEI/CNT fiber ((14 + 1) x10%), and (C) CNT yarn microelectrodes ((19 + 3) x10%).

Boog based on cathodic current is fit for (D) CA/CNT fiber ((8 £ 1) x103), (E) PEI/CNT fiber ((14 +

1) x10%), and (F) CNT yarn microelectrodes ((19 + 4) x10%. n = 5 per electrode; error bar is
standard error of mean.

The frequency independent property of CNT yarn and PEI/CNT fiber microelectrodes

allows highly sensitive detection of dopamine at scan repetition frequency of 100 Hz, which is one
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magnitude faster than the conventionally applied frequency. To understand adsorption strength,
we applied a Langmuir adsorption isotherm to model the adsorption and desorption of dopamine
as well as the oxidation product of dopamine, dopamine-o-quinone (DOQ).° Plotting percent
surface coverage versus concentration for the anodic peaks (Fig. 5.5 A-C) and cathodic peaks
(Fig. 5.5 D-F) gives information about dopamine and DOQ adsorption/desorption, respectively.
The adsorption/desorption equilibrium constants for both dopamine (Boa) and DOQ (Boog) at CNT
yarn microelectrodes are larger than those at CA/CNT fiber and PEI/CNT fiber microelectrodes
(Table 5.4, one-way ANOVA, Brown-Forsythe test, p < 0.01, and p < 0.0001 for Bpa and Boog,
respectively), indicating dopamine and DOQ adsorption is stronger on the CNT yarn surface than
the other two CNT fibers. The strong adsorption is likely due to the abundant oxygen containing
functional groups and fewer impurities (both polymer residues and iron catalyst) at CNT yarns.
The ratio of Bpa to Boog is used to compare the adsorption equilibria differences between
dopamine and DOQ. A ratio larger than 1 means that dopamine adsorption is stronger than DOQ
and that DOQ has a greater tendency to fall off, leading to lower reversibility. In comparison, a
ratio of 1 indicates dopamine and DOQ have similar adsorption strength, so more DOQ will remain
adsorbed and be reduced back to dopamine, amplifying dopamine detection on the next scan and
giving the material a frequency independent property. The Boa/Boog ratio is about 1 at PEI/CNT
fibers and CNT yarn microelectrodes, which matches well with the better reversibility of the
dopamine signal at these electrodes (Fig. 5.2A-C, Fig. 5.4A). The ratio of equilibrium constants
for CA/CNT fiber microelectrodes is greater than 1 and significantly larger than PEI/CNT fiber
(unpaired t-test, p < 0.01) or CNT yarn microelectrodes (unpaired t-test, p < 0.05), but similar to
CFMEs (with ratio of 1.23 + 0.04)°. Thus, DOQ is more likely to desorb from the surface of
CAJ/CNT fibers, leading to smaller reduction peak and less reversible reaction. These data agree
with previous modeling of CNT yarn and CNT-metal microelectrodes, which showed the similar

Boato Boog Values lead to frequency independent currents.®23
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Table 5.4: Average Equilibrium Constants () for Dopamine and Dopamine-o-quinone

Material Boa (x103) Bpoo (x10%) Boa/Booo
CAJ/CNT Fiber 101 8zx1 1.27 £ 0.07
PEI/CNT Fiber 14+1 14+1 0.97 £ 0.04

CNT Yarn 19+3 19+4 1.08 £ 0.09

All n = 4, Errors are standard error of mean.

Surface roughness also influences the electrochemical properties.*® Dopamine and DOQ
are more likely to get trapped in the rough surface of CNT yarn and PEI/CNT fiber (Fig. 5.1E and
5.1F), leading to better reversibility. Surface roughness also influences the scan frequency
dependence. At smoother surfaces, such as the CA/CNT electrode, when DOQ desorbs, it can
easily diffuse away from the electrode surface. At the rough microelectrode surfaces of CNT yarns
or PEI/CNT fibers, the response would be similar to that in a thin layer cell, where the DOQ would
remain close to the surface even if it desorbs and thus could easily adsorb again. The CNT yarn
(with mean roughness depth of 1910 + 190 nm)* does not trap the dopamine long enough to
impair the current-vs-time curve. However, the deep corrugations at PEI/CNT fiber surface (0.5 —
1 um?, Fig. 5.1E) influence the temporal response remarkably, trapping dopamine and slowing
the diffusion to and from the surface, as indicated by the slow rise and fall of the curve (Fig. 5.2E).
Therefore, CNT yarn microelectrodes provide high sensitivity at rapid scan repetition frequency

while maintaining a fast temporal response.
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5.4 Conclusions

Surface properties of CNT fibers produced by different protocols have dramatic effects on
the electrochemical performance including sensitivity, selectivity, and response to FSCV
frequency. CNT yarn microelectrodes have the highest dopamine and serotonin sensitivity
because of the well-aligned, high purity CNTs, and abundant oxygen containing functional groups
at the surface. The CA/CNT fiber, which was applied as electrode material for biomolecule
detection for the first time, provides high selectivity to dopamine over UA and AA because of the
negatively charged surface. CNT yarn and PEI/CNT fiber microelectrodes have an
electrochemical response to dopamine that is reversible and scan frequency independent due to
the surface roughness that allows dopamine to get trapped in the crevices, leading to thin-layer
cell conditions. However, the larger surface roughness on the PEI/CNT fiber surface is detrimental
to fast temporal response. The studies result in a better understanding of how surface properties
influence the electrochemical properties of neurotransmitter detection with FSCV. Thus, surface
properties can be tuned in the future and used to predict which carbon nanomaterial-based

microelectrodes will be best for detection of different neurotransmitters.
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Chapter 6: Novel Carbon-Fiber Microelectrode Batch
Fabrication using a 3D-Printed Mold and Polyimide

Resin
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Abstract

Glass insulated carbon-fiber microelectrodes (CFMEs) are standard tools for the
measurement of neurotransmitters. However, electrodes are fabricated individually and the glass
can shatter, limiting application in higher order mammals. Here, we developed a novel
microelectrode batch fabrication method using a 3D-printed mold and polyimide resin insulating
agent. The 3D-printed mold is low cost, customizable to change the electrode shape, and allows
40 electrodes to be made simultaneously. The polyimide resin is biocompatible, quick to cure,
and does not adhere to the plastic mold. The electrodes were tested for the response to dopamine
with fast-scan cyclic voltammetry both in vitro and in vivo and performed similarly to traditional
glass-insulated electrodes, but with lower background currents. Thus, polyimide-insulated
electrodes can be mass-produced using a 3D-printed mold and are an attractive alternative for
making cheap, biocompatible microelectrodes. This paper was published in Analyst (Analyst,

2016, 141 (18), 5256-5260).
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6.1 Introduction

Carbon-fiber microelectrodes (CFMES) have served as the standard tool for detection of
electroactive neurotransmitters in vivo.! CFMEs have multiple advantages including
biocompatibility, fast electron transfer kinetics for neurotransmitters, and good adsorption
properties for biogenic amines.?? The traditional method for CFME fabrication involves threading
an individual, cylindrical carbon fiber into a borosilicate glass capillary that is drawn to a sharp tip
using a vertical capillary puller.* However, the glass insulation method has several
disadvantages.>® First, glass-insulated CFMEs are fabricated one at a time and require a series
of non-automated steps, making mass production difficult. Second, glass electrodes can
potentially shatter in tissue, and so they are not permitted for use in higher order mammals.’
Therefore, new methods are desirable that reproducibly produce non-glass insulated CFMEs
economically on a large scale.

An easy method to mass fabricate small objects reproducibly is to use a mold.
Poly(dimethylsiloxane) (PDMS) molds have been made extensively using photolithography but
the process requires a master to be made prior to mold production.® Laser etching of materials,
such as Teflon, has been used to design molds for microelectrode fabrication.® However,
photolithography and laser etching are restricted by a limited depth of focus and aspect ratio,®
and these methods require high cost instruments or long production times. 3D printing is an
emerging technology that allows for rapid prototyping with high reproducibility and low cost.2° The
method has the advantage that it can create almost any complex shape or geometric feature; 3D
printers have reached extremely high resolution within microns and are constantly being
improved.'*'? Thus, 3D printing provides an alternative method of mass-fabricating
electrochemical devices, such as stainless steel electrodes,*® or electrochemical chips for direct
biological measurements.’* However, the fabrication of electrochemical probes with micron

diameters has not been reported with 3D printed devices.
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Making electrodes in a mold requires alternative insulations other than glass, which may
be beneficial for designing electrodes that are biocompatible and shatter resistant. Epoxy resin
has been used previously to completely insulate carbon fiber,® and paraffin wax to seal glass
capillary CFMEs.® Polyimide-coated, fused silica capillaries have been developed as another
method of insulating carbon-fibers for chronic tissue implantation.> While these polyimide coated
capillaries are sold as a commercial product, polyimide is a mechanically flexible insulator that
can be poured into molds and manipulated into unique three-dimensional designs.%18 Thus,
polyimide has been used as a biocompatible insulator to provide an optimal implant environment
and extend the longevity of the tissue-electrode interface.®

In this work, we develop a 3D-printed mold for in vivo microelectrodes and use it to make
polyimide-insulated CFMEs. The 3D-printed mold enables a rapid and low cost fabrication of the
desired electrode geometry with high resolution features. These electrodes have a similar
performance for dopamine detection to traditional glass-insulated electrodes, both in vitro and in

vivo, and can be batch fabricated and customized to different shapes.
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6.2 Experimental

6.2.1 3D printed mold fabrication

Molds were designed in Autodesk Inventor Professional 2014 Student Edition, converted
to an .STL file, and subsequently printed by the Department of Mechanical Engineering at
University of Virginia. The 3D printed polymer molds were manufactured on a Stratasys Connex
500 Model 1 Poly-Jet 3D printer (Stratasys Ltd., MN), which has 8 print heads with 96 nozzles per
head. Water jets were used to remove the support. Rigid opaque black material (VeroBlackPlus
RGD875, mainly acrylonitrile butadiene styrene, Stratasys) was used because of its suitability for
rapid tooling with dimensional stability and fine detail. The heads heat up to 60 °C, and the Z axis
resolution with this material was 30 um. Electrodes were fabricated with carbon fibers (7 uym in
diameter, T650, Cytec Engineering Materials, West Patterson, NJ). Polyimide sealing resin

(Grace Davison Discovery Sciences, Deerfield, IL) was used to fill the mold and provide insulation.

6.2.2 Electrochemical instrumentation

Fast scan cyclic voltammetry (FSCV) was performed using a ChemClamp potentiostat
(Dagan, Minneapolis, MN). The waveform was generated and the data was collected using a High
Definition Cyclic Voltammetry (HDCV) breakout box, HDCV analysis software program (UNC
Chemistry Department, Electronics Design Facility) and PCle-6363 computer interface cards
(National Instruments, Austin, TX). Electrodes were backfilled with 1M KCI and a silver wire was
inserted to connect the electrode with the potentiostat headstage. A triangle waveform was
applied to the electrode from a holding potential of 0.4 V to 1.3 V and back at a scan rate of 400
V/s and a frequency of 10 Hz. A silver—silver chloride wire was used as the reference electrode.
Samples were tested using a flow injection analysis system as previously described.? Buffer and
samples were pumped through the flow cell at 2 mL/min using a syringe pump (Harvard Apparatus,

Holliston, MA).
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6.2.3 Animals

Male Sprague-Dawley rats (250—350 g) purchased from Charles River were housed in a
vivarium and given food and water ab libitum. All experiments were approved by the Animal Care
and Use Committee of the University of Virginia. The rat was anesthetized with urethane (1.5
mg/kg i.p.), the scalp shaved, and 0.25 mL bupivicaine (0.25% solution) given subcutaneously.
The working electrode was implanted in the caudate putamen (in mm from bregma: AP + 1.2, ML
+ 2.0, and DV - 4.5 to 5.0), the stimulating electrode in the substantia nigra (AP -5.4, ML + 1.2,
and DV - 7.5), and the Ag/AgCl reference electrode in the contralateral side of the brain. The DV
placement of the stimulating electrode was adjusted downward until a robust dopamine signal
was measured. The polyimide-insulated carbon-fiber electrode was inserted into the brain and
the FSCV waveform applied for 30 min to allow the electrode to stabilize. Stimulated release was

electrically evoked using biphasic stimulation pulses (300 pA, 30-120 pulses, 60 Hz).
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6.3 Results & Discussion

6.3.1 Polyimide-Insulated Microelectrode Fabrication Using 3D-Printed Mold

Polyimide-insulated microelectrodes were made using a 3D-printed mold. Figure 6.1A
shows an example of a single channel in the mold. Our design used channels with sharp tips that
are 150 um in diameter and 3 mm in length that connects to a tapered section that is 5 mm long,
making the total polyimide section 8 mm. This length is longer than the conventional penetration
depth (4.5-5 mm) for the caudate putamen, but the length could be customized for other brain
regions or applications.'®2° There is also a 15 mm section designed for microelectrode support,
which is a cannula needle in this design. Cannula needles made of stainless steel are widely used
for neuroscience studies and are safer for brain insertion compared to glass capillaries.? A 23
gauge cannula needle was used as the connector, with inner diameter of 0.34 mm and outer
diameter of 0.64 mm, which is half the outer diameter of conventionally used glass capillaries (1.2
mm). Figure 6.1B shows an image of an actual channel while Fig. 6.1C shows an electrode after
fabrication. The whole mold design includes 40 electrodes per side, and the number of channels

and the dimensions can be easily customized by changing the computer-aided design (CAD)

parameters.
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carbon fiber the 3D-printed 3:'0|:nted lnto channels carbon fiber

througha (4) Cure in oven (6) Bend board
cannula 3 (30mins, 150 °C) to take out

_ _ -eienmdes

Figure 6.1: 3D-printed mold design and polyimide-insulated carbon fiber microelectrodes
fabrication process. (A) Close-up of the design of one channel for 3D-printed microelectrode
fabrication (B) image of the tip from a 3D-printed mold, scale bar: 2 mm, (C) image of a polyimide-
insulated carbon fiber microelectrode fabricated using the mold shown in B, scale bar: 0.5 mm,
(D) scheme of the process of microelectrode fabrication.
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The process of making the polyimide-insulated CFME is shown in figure 6.1D. An
individual carbon fiber was inserted through a 23 gauge cannula needle, which was laid into the
wide part of the mold. Polyimide resin was then poured into the mold channels, filling the tapered
and tip part and sealing it to the cannula. It takes about 20 minutes to fill 40 channels with
polyimide resin, and the resin was cured for 30 minutes in the oven at 150 °C. An additional layer
of polyimide resin can be applied if required and cured for another 30 minutes at 150 °C. The
protruding carbon fiber is trimmed in order to make a cylindrical working electrode, typically
around 100-150 um long.

The 3D-printed mold is primarily made of acrylonitrile butadiene styrene (ABS), which
provides a non-stick surface for the polyimide resin. The use of this material allowed the removal
of the polyimide-insulated CFMEs by simply bending the flexible polymer mold and removing the
electrode with tweezers. The 3D-printed molds were reused four times in this study before the
detail of the device began to deteriorate. The average cost of materials for each electrode is less
than 20 cents, with costs for a batch including only $1 for the polyimide resin, less than $0.25 for
the carbon fiber, and $18 for the 3D-printed mold of 40 channels that is used 4 times. The total
time-cost for the 40 microelectrode fabrication is less than 2 hours, making for an economical
fabrication procedure that can be developed as cheap alternative to the commercially available
neurochemical microsensors in the market. For true batch fabrication in the future, filling of the
mold could be automated by a robot and the length of the fiber protruding controlled upon laying
it in the channel.

The 3D printing technology allowed consistency in electrode production as well as
flexibility to change designs if needed. Mold designs can easily be shared as CAD files and then
either modified or printed in another location. Thus, this method enables customization in design
of the microelectrode system based on the different application requirements. Moreover, our 3D
mold fabrication process could be used with other insulating agents such as epoxy® or paraffin.®

This fabrication method is not limited to carbon fibers but could be used with many other electrode
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materials, such as carbon nanotube yarns, or metal wires.?>?®> 3D printing is an emerging
technology that is continuously progressing.'® The resolution of the molds varies by printer
specifications, and we could make channels as small as 50 um diameter, but the printing was
less consistent and some molds were not well tapered. Thus, we chose channels with 150 uym
diameter tips because our printer could reliably and consistently produce these. However, as the
method advances, resolution is improved, and high resolution 3D printers becoming more

accessible, the fabrication of smaller electrodes with smaller tip diameters will be possible.

6.3.2 Electrochemical Characterization in Vitro and in Vivo

Polyimide-insulated CFMEs were electrochemically characterized for the detection of
dopamine using fast-scan cyclic voltammetry (FSCV). Dopamine is an important neurotransmitter
in mammalian physiology that regulates locomotion and reward.?* In Figure 6.2, electrochemical
properties of polyimide-insulated electrodes and traditional glass CFMEs are compared. The
background-subtracted cyclic voltammograms (CV) of 1 yM dopamine are similar because the
length of the protruding fiber was the same, 150 um. The oxidation peak for dopamine is not
statistically different for glass-insulated CFMEs (66 = 3 nA, n=4) and polyimide-insulated CFMEs
(64 £ 2 nA; n=4; t-test, p=0.64); thus, exposure to the polymer 3D printed mold or presence of the
insulating polyimide resin does not disturb the reaction of dopamine at the carbon surface.
However, the polyimide-insulated CFMEs have smaller background currents (Figure 6.2B, 1100
+ 100 nA; n=4) than glass-insulated CFMEs (1570 + 50 nA; n=4; t-test, p=0.0063). The larger
background current of glass-insulated electrodes is due to the additional capacitance of the glass,
which has a dielectric constant of 6 compared to the dielectric of polyimide, which is 3.2 The
thickness of the insulations are also different, with thinner glass than the polyimide, which could
allow ions to conduct through the glass. Despite the differences in background charging currents,
the dopamine oxidation current of the electrode is not dependent on the type of insulation, as

expected.
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Figure 6.2: Electrochemical characterization of polyimide-insulated CFMEs. (A) Example
background subtracted cyclic voltammogram (CV) of 1uM dopamine at a polyimide-insulated
CFME (black) and glass-insulated CFME (red). (B) Background charging currents for the same
electrodes in PBS buffer. (C) Current vs. time plot for the same electrodes during a flow injection
analysis experiment; the first arrow indicates the injection of dopamine bolus, and the second
arrow shows when flow is switched back to PBS buffer. (D) 4-hour stability test of response to 1
MM dopamine at polyimide-insulated CFMEs (n = 6). Waveform was continually applied and
measurements taken every hour. (E) 30-day long term stability test at polyimide-insulated CFMEs
(n = 4), Measurements were taken every 5 days. Data obtained in (D) and (E) were normalized
to initial current values for peak oxidation of dopamine.

Figure 6.2C shows the temporal response of the CFMEs to a bolus of dopamine. The
temporal response is not dependent on the type of insulation, although the response is not
perfectly square due to adsorption/desorption kinetics.?® The consistent time response proves the
polyimide-insulated microelectrodes are well insulated and that the polyimide is not rough at the
end, trapping dopamine near the electrode surface.

To evaluate and confirm the electrode stability, the waveform was continuously applied to

the electrode while the electrode was immersed in a buffer solution and the response to dopamine
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characterized over a 4 hour period, a typical time length of an in vivo stimulated release
experiment.?’ Figure 6.2D shows the dopamine oxidation signal is constant for 4 hours of
continuous scanning and that the surface is stable over the time length of a biological experiment.
Shelf life stability was examined by testing electrodes over a month after manufacturing. No
change in oxidation current or temporal resolution was observed throughout the one month period
(Fig. 6.2E). The polyimide-insulated CFMEs are stable for several hours of experimental use and
have a good shelf life, allowing them to be made in batches and stored until needed.

To determine the applicability of the polyimide-insulated CFMEs as in vivo sensors,
stimulated dopamine release was measured in anesthetized rats. Stimulation pulse trains were
applied (300 pA, 30-120 pulses, 60 Hz) to the dopamine cell bodies, and the dopamine response
was recorded by polyimide-insulated CFME in the caudate putamen. Figure 6.3A shows
dopamine concentrations recorded at different stimulated pulses by polyimide-insulated CFMEs
(n=4 rats). Data was converted from peak currents to concentration based on postcalibration
factors. As observed in the figure, a higher number of pulses elicit larger release of dopamine on
the microelectrode surface, and the electrode is sensitive enough to detect dopamine release as
low as 170 nM. Figures 6.3 B and C show example CV and current versus time plots of dopamine

detection at a polyimide-insulated CFME in vivo.
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Figure 6.3: Dopamine detection in vivo at polyimide-insulated CFMEs. (A) Peak cyclic currents
were recorded at different stimulated pulses. Data were converted to concentration on the basis
of post calibration factors (n=4 rats). (B) Sample CV of stimulated dopamine release detected
from microelectrodes placed in the caudate putamen with stimulation pulse trains of 60 pulses at
60 Hz. (C) Associated current vs time plot. Red bar indicates the stimulation duration.

Polyimide-insulated CFMEs could potentially be used in higher order mammals or humans
in the future, given their biocompatibility and shatter resistance. Measurement of dopamine
release has been demonstrated previously in the caudate of a human patient during electrode
implantation surgery.” The CFMEs used were insulated with polyimide-coated, fused silica
capillaries, which are similar in material to the polyimide resin used in this work. The promising
properties of this sensor, as well as the ability to batch fabricate reproducibly, could lead to

promising new electrode fabrication methods in the future.
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6.4 Conclusions

In summary, we have devised a novel method of mass-fabricating CFMEs for the
electrochemical detection of neurotransmitters such as dopamine. The polyimide-insulated
electrodes are biocompatible and flexible and can be implanted in vivo. 3D printing provides an
easy way to reproducibly fabricate molds, and electrodes can be customized according to
experimental needs. As printing technology continues to evolve, new applications will be enabled,
including smaller probes. The polyimide-insulated CFMEs have comparable oxidation currents,
stability, and temporal resolution to the conventionally used glass-insulated CFMEs. The
electrodes were successfully used as in vivo sensors for sensitive detection of stimulated
dopamine in caudate putamen. With advantages such as low-cost, high bio-compatibility, easy
batch fabrication, and customizable design, this novel microelectrode fabrication method will be

helpful for low cost, batch fabrication of carbon and metal material-based microelectrodes.



Yang| 171

6.5 References

1) M.L. Huffman and B.J. Venton, Carbon-fiber microelectrodes for in vivo applications, Analyst,
2009, 134, 18-24.

2) R.B. Keithley, P. Takmakov, E.S. Bucher, A.M. Belle, A. Owesson-White, J. Parl and R.M.
Wightman, Higher sensitivity dopamine measurements with faster-scan cyclic voltammetry, Anal.
Chem., 2011, 83, 3563-3571.

3) A.G. Ewing, M.A. Dayton and R.M. Wightman, Pulse voltammetry with microvoltammetric
electrodes, Anal. Chem., 1981, 53, 1842-1847.

4) P.S. Cahill, Q.D. Walker, J.M. Finnegan,, G.E. Mickelson, E.R. Travis and R.M. Wightman,
Microelectrodes for the measurement of catecholamines in biological systems, Anal. Chem., 1996,
68, 3180-3186.

5) A.G. Zestos, M.D. Nguyen, B.L. Poe, C.B Jacobs and B.J. Venton, Epoxy insulated carbon
fiber and carbon nanotube fiber microelectrodes, Sensors and Actuators B: Chem., 2013, 182,
652-658.

6) E.S. Ramsson, D. Cholger, A. Dionise, A. Andrus, N. Poirier and R. Curtiss, Characterization
of Fast-Scan Cyclic Voltammetric Electrodes Using Paraffin as an Effective Sealant with In Vitro
and In Vivo Applications, PLoS One, 2015, 10, e0141340.

7) K.T. Kishida, S.G. Sandberg, T. Lohrenz, Y.G. Comair, |. Saez, P.E.M. Phillips and P.R.
Montague, Sub-second dopamine detection in human striatum, PLoS One, 2011, 6, e23291.

8) A.J. Garwon, R.S. Martin and S.M. Lunte, Fabrication and evaluation of a carbon-based dual-
electrode detector for poly (dimethylsiloxane) electrophoresis chips, Electrophoresis, 2001, 22,
242-248.

9) L.V. Sokolov, A.A. Zhukov, N.M. Parfenov and S.O. Igoshin, Study of the technological
limitations of photolithography for the relief surface of a SOl wafer during formation of the three-
dimensional micromechanical structure of an integral tensoconverter, J. Surface Inv., 2013, 7,
178-180.

10) M.D. Symes, P.J. Kitson, J. Yan, C.J. Richmond, G.J.T. Cooper, R.W. Bowman, T. Vilbrandt
and L. Cronin, Integrated 3D-printed reactionware for chemical synthesis and analysis, Nature
Chemistry, 2012, 4, 349-354.

11) F. Rengier, A. Mehndiratta, H. von Tengg-Kobligk, C. M. Zechmann, R. Unterhinninghofen,
H.U. Kauczor and F. L. Giesel, 3D printing based on imaging data: review of medical applications,
J. CARS, 2010, 5, 335-341.

12) H.N. Chia and B.J. Wu, Fabrication and Applications of Micro/Nanostructured Devices for
Tissue Engineering, J. Bio. Eng., 2015, 9, DOI: 10.1186/s13036-015-0001-4.

13) A. Ambrosi, J.G.S. Moo and M. Pumera, Helical 3D - Printed Metal Electrodes as Custom -
Shaped 3D Platform for Electrochemical Devices, Adv. Functional Materials, 2015, 26, 698-703.

14) H. Ragones, D. Schreiber, A. Inberg, O. Berkh, G. Kdsa, A. Freeman and Y. Shacham-
Diamand, Disposable electrochemical sensor prepared using 3D printing for cell and tissue
diagnostics, Sensors and Actuators B: Chem., 2015, 216, 434-442.

15) J.J. Clark, S.G. Sandberg, M.J. Wanat, J.O. Gan, E.A. Horne, A.S. Hart, C.A. Akers, J.G.
Parker, I. Willuhn, V. Martinez, S.B. Evans, N. Stella and P.E. Phillips, Chronic microsensors for



Yang| 172

longitudinal, subsecond dopamine detection in behaving animals, Nat. Methods, 2010, 7, 126-
129.

16) P.J. Rousche, D.S. Pellinen, D.P. Pivin, J.C. Williams, R.J. Vetter and D.R. Kipke, Flexible
polyimide-based intracortical electrode arrays with bioactive capability, IEEE Trans. Biom. Eng.,
2001, 48, 361-370.

17) X. Navarro, T.B. Krueger, N. Lago, S. Micera, T. Stieglitz and P. Dario, A critical review of
interfaces with the peripheral nervous system for the control of neuroprostheses and hybrid bionic
systems, J. Periph. Nerv. Syst., 2005, 10, 229-258.

18) N. Lago, K. Yoshida, K.P. Koch and X. Navarro, Assessment of biocompatibility of chronically
implanted polyimide and platinum intrafascicular electrodes, IEEE Trans. Biom. Eng., 2007, 54,
281-290.

19) D.L. Robinson, B.J. Venton, M.L. Heien and M.R. Wightman, Detecting subsecond dopamine
release with fast-scan cyclic voltammetry in vivo, Clin. Chem., 2003, 10, 1763-1773.

20) M.K. Zachek, P. Takmakov, J. Park, M.R. Wightman and G.S. McCarty, Simultaneous
monitoring of dopamine concentration at spatially different brain locations in vivo, Biosens.
Bioelectron., 2010, 25, 1179-1185.

21) M.L. Heien, A.S. Khan, J.L. Ariansen, J.F. Cheer, P.E. Phillips, K.M. Wassum and M.R.
Wightman, Real-time measurement of dopamine fluctuations after cocaine in the brain of
behaving rats, PNAS, 2005, 102, 10023-10028.

22) A.E. Lindsay and D. O'Hare, A comparative study of thin film insulation techniques for gold
electrodes, Electrochimica Acta, 2006, 51, 6572-6579.

23) P. Sun, Z. Zhang, J. Guo and Y. Shao, Fabrication of nanometer-sized electrodes and tips for
scanning electrochemical microscopy, Anal. Chem., 2001, 73, 5346-5351.

24) J.H. Baik, Front. Dopamine signaling in reward-related behaviors, Neural Circuits, 2013, 7,
152.

25) G. Maier, Low dielectric constant polymers for microelectronics, Prog. Pol. Sci., 2001, 26, 3-
65.

26) B.D. Bath, H.B. Martin, R.M. Wightman and M.R. Anderson, Dopamine adsorption at surface
modified carbon-fiber electrodes, Langmuir, 2001, 17, 7032-7039.



Yang| 173

Chapter 7: High Performance, Low Cost Carbon
Nanotube Yarn based 3D Printed Electrodes
Compatible with a Conventional Screen Printed

Electrode System
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Abstract

3D printing technology has been widely used as a rapid prototyping fabrication tool in
several fields including electrochemistry. In this work, we incorporate 3D printing technology with
carbon nanotube yarns for electrochemical sensing of dopamine in the presence of ascorbic acid
and uric acid. The novel 3D printed electrode provides a circular concavity detection zone with
grooves to insert three electrodes. The electrodes connections are fully compatible with
conventionally used screen printed electrode workstation setups. The CNT yarn 3D printed
electrode showed excellent electrocatalytic activity for the redox reaction of dopamine (DA) in the
presence of ascorbic acid (AA) and uric acid (UA). Three well-defined sharp and fully resolved
anodic peaks were found with the peak potentials using CV at about 50 mV, 305 mV, and 545
mV for AA, DA, and UA respectively and using DPV at 91 mV, 389 mV, and 569 mV, respectively.
DA detection limit was 0.87 £ 0.09 uM. And the CNT yarn 3D printed electrode displayed high
reproducibility and stability. The electrode design also enables the study of electrode reactions at
the sidewall of CNTs, which cannot be performed using electrodes made by conventional
fabrication methods. The new fabrication method with low-cost, customizable design, and
compatibility with existing screen printed electrodes workstations provides a new platform to

prototype new electrode materials for electrochemistry.
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7.1 Introduction

The recent development of 3D printing based rapid prototyping leads to a consumer-
oriented availability of desktop or bench-top printing devices.! The 3D printing process allows 3D
objects to be fabricated in a bottom-up, additive fashion directly from digital designs, with no
milling or molding.? This progress, often described as a revolution in the manufacturing industry,
enables the cost-effective use of self-developed and individually designed labware and devices
in the bio-science field.3# 3D printing approaches are increasingly used in several scientific and
medical applications, such as tissue-growth scaffolds,>® microvascular systems,’ orthopedic
implants,® rehabilitation aid tools,® electronic device,® and chemical reactors.!! Electrochemistry
is another branch of science that can benefit from 3D-printing technologies, paving the way for
both design and fabrication of cheaper, higher performing, and customizable electrochemical
devices.?® To address the needs of on-site analysis, 3D printing can help moving away from the
commonly used electrodes and cells for various materials. Recently, we reported a 3D printed
mold assisted novel carbon fiber microelectrodes (CFMES) batch fabrication method using
polyimide resin as sealing agent for the in vivo detection of dopamine. 3D printing provides an
easy way to reproducibly fabricate molds, and the produced electrodes can be customized

according to experimental needs with various materials.*

Carbon nanomaterials, such as graphene or carbon nanotubes (CNTs), are commonly
used for electrochemical detection of biomolecules because of their promising electron transfer
kinetics, high conductivity, good antifouling property and biocompatibility.’®> Screen printed
electrode (SPE) fabrication method is one of the most efficient approach to apply carbon
nanomaterials for electrochemical applications.®-2° However, an ink needs to be made containing
certain surfactants to improve carbon nanomaterial dispersion and mineral binders or insulating
polymers to improve the adhesion onto the substrate. The exact ink formulation and composition

are usually patented by companies and are not disclosed to the users. Moreover, SPE fabrication
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method is not suitable for macrostructured materials, such as fibers. Therefore, the application of
novel carbon nanomaterials using SPE fabrication method has limited choices of materials. The
incorporation of 3D printing and electrochemical sensing applications would not only provide
customizable design and reduce the cost, but also provide an approach to fabricate electrodes
with materials that are not easily fabricated into sensors. In this work, we designed a novel 3D
printed electrode fabrication method to incorporate fibers into electrodes that are compatible for

the commercially available SPE workstation setups.

CNT yarns are a macrostructure of CNTs fabricated by solid state processes, and no
dispersion is required.?*?> Compared to graphene and CNTs paste, CNT yarns have higher
purity.?®> Moreover, in comparison to randomly distributed and tangled CNTs produced by dip
coating or screen printing, well-aligned CNT yarns have the advantages of high electroactivity,
chemical stability, high conductivity, controllable size, and promising anti-fouling properties.>2425
The CNT yarn has intrinsically abundant adsorption sites for neurotransmitters, such as dopamine,
and has already been used for sensitive electrochemical sensing.??’ Moreover, most sensor
designs are based on maximizing exposure of edge plane defects which are on the end of CNT
yarn,®® while whether CNT sidewalls are electrocatalytic for dopamine are still not well
understood.?®3! Thus, there is a dichotomy between the practical and the fundamental science,
and the 3D printed electrode designed for CNT yarn as a new method to assemble CNTs based
electrochemical sensors elucidates the extent to which electron transfer occurs at either edge
plane sites or basal plane sites. The electrode fabrication method using 3D printing would provide
a low-cost devices specially designed to work with micro-volumes of sample, and a novel

approach for the applications and fundamental electrochemistry study on various fiber materials.
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7.2 Methods

7.2.1 Reagents and Materials

Dopamine hydrochloride, uric acid, and ascorbic acid were purchased from Sigma-Aldrich
(St. Louis, MO). Dopamine stock solutions with concentration of 10 mM, uric acid and ascorbic
acid stock solutions with concentration of 200 mM were prepared in HCIO4, and were diluted daily
to the desired concentration in phosphate buffered saline (131.3 mM NacCl, 3.00 mM KCI, 10 mM

NaH2PO4, 1.2 mM MgClz, 2.0 mM NaSO4, and 1.2 mM CaCl; with the pH adjusted to 7.4).

7.2.2 Electrode Fabrication

Molds were designed in Autodesk Inventor Professional 2014 Student Edition, converted
to an .STL file, and subsequently printed by the Department of Mechanical Engineering at
University of Virginia. The 3D printed polymer molds were manufactured on a Stratasys Connex
500 Model 1 Poly-Jet 3D printer (Stratasys Ltd, MN), which has 8 print heads with 96 nozzles per
head. Water jets were used to remove the support. Rigid opaque black material (VeroBlackPlus
RGD875, mainly acrylonitrile butadiene styrene, Stratasys) was used because of its suitability for
rapid tooling with dimensional stability and fine detail. The heads heat up to 60 °C, and the Z axis
resolution with this material was 30 um. A piece of commercially available carbon nanotube yarn
(CNT yarn, 10-25 pm in diameter, 1-2 cm long, General Nano, LLC, Cincinnati, OH) was used
as working electrode. The homemade reference electrode was a silver/silver chloride electrode
with diameter of 250 um, fabricated by applying 2 V potential to a 4 cm long silver wire for 30
seconds in concentrated hydrochloric acid. The counter electrode is a ~2 cm long silver wire (ESPI
Metals, Ashland, OR) with a diameter of 250 ym. Electrodes materials were sealed with 5 min
epoxy Loctite (Henkel Corporation, Westlake OH) which was allowed to fully cure for 24 h. The

connection between electrode material and SPE adapter is achieved by stainless steel plates,
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and silver/silver chloride paste (The Gwent Group, United Kingdom) is used to ensure the

conductivity between the plates and electrode materials.

7.2.3 Apparatus

All electrochemical measurements were performed on a Gamry electrochemical
workstation (Gamry Reference 600, Gamry Instruments, USA). A commercial universal screen
printed electrode cable connector (Metrohm USA Inc, FL) is used to connect the electrochemical
workstation and the 3D printed electrodes. Scanning electron microscope (SEM) images were
taken on Merlin field emission SEM (Zeiss, Thornwood, NY) with a secondary electron detector

using an accelerating voltage of 2 kV and a working distance of 5.0 mm.
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7.3 Results and Discussion

7.3.1 CNT Yarn based 3D Printed Electrode Fabrication

Figure 7.1A shows the design of a 3D printed electrode, with the dimensions of 30 mm x
10 mm x 2mm. There are three grooves to place the working, reference and counter electrodes
in the 3D printed electrode substrate. The detection zone is acircular concavity that can hold a
drop of solution across the three electrodes. Three metal plates are used to connect the
electrodes to a potentiostat via a SPE adapter cable. As shown in Figure 7.1B, three grooves are
for silver counter electrode (500 um in diameter), CNT yarn working electrode (250 um in diameter,
bigger than the electrode), and Ag/AgCl reference electrodes (250 um in diameter) from bottom
to top, respectively. Epoxy resin is applied as sealing agent to fix electrode materials in the
grooves and limit the area of detection zone after placing all the three electrodes in grooves.
Moreover, the intrinsically hydrophobic property of epoxy sealing would also help restrict the
sample solution (~ 50 uL) in the 4 mm diameter (0.6 mm deep) circular concavity detection area.
The distance between working and reference electrodes (300 um) is half of the distance between
working and counter electrodes (600 uym), to reduce the ohmic drop. The connections between
three electrodes to SPE adapters are achieved by stainless steel plates with width of 2 mm placed
in the grooves with the spacing between each plates of 0.8 mm (Figure 7.1B). Electrodes can be
easily revised to fit the adapters for different brands of widely used and commercially available

SPEs from Pine Instrumentation Inc., DropSens, or CH Instruments.
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Figure 7.1: lllustration of electrode design and CNT yarn 3D Printed Electrode. (A) Close-up of
the design of the 3D printed electrode substrate for CNT yarn. (B) Image of the CNT yarn 3D
printed electrode top-view. Circles shows zoom-in images of the detection area and electrode
material-metal plate connections. Scale bar: 2 mm. (C) SEM Image of a CNT yarn with spun well
aligned CNT bundles and (D) zoomed in SEM image on the same CNT yarn sample.

The 3D-printed electrode substrate is primarily made of acrylonitrile butadiene styrene
(ABS), which is not soluble in aqueous solutions. With the help of water jets, 30 ym resolution is
achieved by using ABS, which is suitable for our design with channels of hundreds of microns
wide. The average cost of materials including ABS, epoxy, and electrode materials is less than 1
dollar per electrode. More importantly, the 3D printed electrode design allows any materials that
are fiber-like to be made into an electrode e.g. carbon fiber, CNT yarn/fiber, metal or polymer
fibers. These materials are infeasible or extremely difficult to achieve by using traditional SPE,

helping extensively broaden the electrochemical applications.
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7.3.2 Electrochemical Characterizations

In this work, CNT yarn is used as working electrode material. CNT yarn is a macrostructure
of CNTs with well-aligned multiwall CNTs (MWCNTSs) bundles spun through the yarn, as shown
in Figure 7.1C. The continuous MWCNTSs with diameter about 30 — 50 nm (Figure 7.1D) have
abundant sp? hybridized carbons compared to sp® hybridized carbons which are mainly located
at the ends of CNT bundles. The 3D printed electrode using CNT yarn as working electrode was
electrochemically characterized using cyclic voltammetry scanning from -0.2 to 0.6V and back at
200 mV/s. The response to 300 uM dopamine (DA, red curve) or a mixture of 300 uM dopamine
(DA), 1 mM ascorbic acid (AA), and 1 mM uric acid (UA) (black curve) is shown in Fig. 2A For DA
(Fig. 2A(a)), the cathodic and anodic peaks appear at about 280 mV and 330 mV, respectively, a
substantial positive shift of the oxidation peak potential compared to other carbon
nanomaterials.'®3? The separation between the oxidation and reduction peak potential (AE,) is 53
+ 2 mV from four electrodes, which is smaller than several previous works using CNTs based
SPEs,32 indicating faster electron transfer kinetics. AA and UA are common interferences in
tissue,’® and the DA selectivity over AA and UA were tested at CNT yarn 3D printed electrodes.
Figure 7.2A(b) shows the CV of the mixture at the CNT yarn 3D printed electrode has three well-
defined sharp, and fully resolved anodic peaks at 50 mV, 305 mV and 545 mV, corresponding to
the oxidation of AA, DA, and UA, respectively. The calculated oxidation peak potential separations
are 255 mV for AA-DA, 240 mV for DA-UA, and 495 mV for UA—AA, demonstrating promising
selectivity for simultaneous determination of these three species. Figure 7.2B displays differential
pulse voltammogram (DPV) obtained at the CNT yarn 3D printed electrode for a mixture
containing 300 uM DA, 1 mM AA, and 1 mM UA. The potentials for AA, DA, and UA are at 91 mV,
389 mV, and 569 mV, respectively, and the separations for AA-DA, DA-UA, and AA-UA are 298
mV, 180 mV, and 478 mV, respectively. Thus, the CNT yarn 3D printed electrode can distinguish

DA, UA, and AA using both CV and DPV.
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Figure 7.2: Electrochemical characterization of CNT yarn 3D printed electrodes. (A) Cyclic
voltammogram of 300 uM dopamine PBS (pH 7.4) solution (curve a) and a mixture of 300 uM
dopamine, 1 mM uric acid and 1 mM ascorbic acid solution (curve b). Scan rate 200 mV/s. (B)
DPV of 300 uM dopamine in the presence of 1 mM uric acid and 1 mM ascorbic acid. (C) Anodic
current to different concentrations of dopamine in a range of 50 to 500 uM (n = 4), with scan rate
of 200 mV/s from -0.2 to 0.6 V. A linear range from 50 to 400 uM has R? of 0.9817. (D) The stability
experiment was performed by testing the response of CNT yarn 3D printed electrodes (n = 4) to
300 uM dopamine every day for four days, with scan rate of 200 mV/s from -0.2 to 0.6 V. (E)
Cyclic voltammogram of 50 uM dopamine at different scan rates from 50 to 500 mV/s, and (F) the
relations between the anodic/cathodic peak current and scan rate.

CNT yarn 3D printed electrodes were used to detection different concentrations from 50
MM to 500 uM DA using CV and the plot of oxidation current versus concentration is shown in
Figure 7.2C (n = 4). A linear response was obtained from 50 uM to 400 uM (R? = 0.9817), and

the limit of detection (LOD) is 0.87 + 0.09 uM (S/N = 3). To assess the stability of the electrodes,
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the dopamine CV peak current was measured once per day for 4 days (Figure 7.2D). The
calculated RSD is only 0.986%, indicating promising shelf stability as well as its low susceptibility
to electrode fouling caused by oxidized products that could strongly absorb onto the electrode
surface.®*3* The electrode-to-electrode reproducibility was also checked by comparing four CNT
yarn 3D printed electrodes prepared under the same conditions. The RSD for dopamine was

4.12%, confirming that the fabrication method is highly reproducible.

Since most of the CNT yarn studies have only investigated the electrochemical
performance at its polished tip, the electroactivity of the sidewall of CNT yarn is not well
understood.?”*® For example, the redox reaction of dopamine depends on the surface oxygen-
containing functional groups, surface roughness, and —T stacking reversibility.'>3¢-4% |n contrast
to most sensor designs, which are based on maximizing exposure of edge plane defects which
are on the end of CNT yarn?, the novel 3D printing assisted fabrication method provides a
platform for the electrochemistry study of the reactivity of CNT sidewalls. The kinetics of electrode
reaction were investigated by evaluating the effect of CV scan rate on the DA oxidation and
reduction peak currents (Fig. 2E). Both the anodic and cathodic peak currents were proportional
to scan rate in the range of 50 to 500mV/s (Figure 7.2F). The linear regression equation for the
anodic peak current was lpa (MA) = 2.33 + 0.21*v (mV/s), with a correlation coefficient of R? =
0.9999, and for the cathodic peak current was lp = -2.74 — 0.18*v (mV/s), with R? = 0.9999. Both
DA oxidation and reduction reactions at CNT yarn 3D printed electrodes are adsorption controlled
processes, similar to DA redox reaction at the tips of CNT yarn and carbon fiber
microelectrodes.?’343° The adsorption mechanism of DA reaction on CNTs and carbon fiber is
due to the electrostatic interaction with the negatively charged oxygen-containing functional
groups under physiological pH.?>4%42 But due to the lack of sp® hybridized carbons on the pristine
CNT yarn sidewall, the 1T — 1 stacking between dopamine and CNTs sidewall is likely to play an

important role for the adsorption controlled process.
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A secondary oxidation peak at 160 mV was observed for dopamine with CV, especially at
slower scan rate (Figure 7.2E). The secondary oxidation is likely due to the oxidation of
leucodopaminechrome (LDAC) to dopaminechrome (DAC), in the synthetic pathway of DA =
DOQ — LDAC = DAC. Similar results have been observed at a long-length (hundred micrometers)
CNT electrodes,* but not at other carbon electrodes such as carbon paste, graphene, fullerene,
nanofiber, and graphite. The 3D printed electrode method provides a much easier fabrication
approach than dispersing and coating long-length CNTs on a substrate made and therefore is a
good platform to perform further fundamental electrochemical studies of CNT sidewall reactivity.
Overall, the 3D printed electrode fabrication method provides a platform for testing the
electrochemical reactivity of any fiber or wire electrode material with ease. The design has
revealed interesting good electrocatalytic properties of CNT yarn sidewalls and enhancement of

side reactions from cyclization products that are stabilized at the CNTSs.
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7.4 Conclusions

In this work, we investigate a novel 3D printed platform for electrode fabrication that
expands the electrochemical application of various fiber materials. The new fabrication method
has the advantages of low-cost, customizable design, and high reproducibility. Moreover, the
compatibility to existing SPE electrochemistry workstations minimizes the cost because no extra
devicel/instrument is required. CNT yarn was used as electrode material, and with the DA LOD
with CV is less than 1 yM. The CNT yarn electrode demonstrated promising selectivity of DA in
the presence of AA and UA enabling simultaneous detection with CV or DPV. In addition, the
good sensitivity and adsorption controlled process for DA demonstrates possible electroactivity
of CNTs sidewalls, and indicates the 3D printed electrode method is a good platform for
electrochemistry studies on sidewalls which are hard to study with conventional fabrication
approaches. Future studies could examine the surface properties and electrochemical
performance after pretreatments such as surface modifications or decorated with polymers,
metals particle, or biomaterials because the CNT yarn sidewall is a highly homogenous structure
for sensing.*4“®* The new 3D printed platform allows broad application of not only CNT yarn but
also other materials such as metal or polymer fibers. 3D printed platforms could also potentially
be applied as electrode arrays, which would allow the calibration and the analysis of several

analytes simultaneously.
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Chapter 8: Conclusions and Future Directions
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8.1 Overview

This thesis has explored the synthesis and fabrication of several novel carbon
nanomaterials, the effect of different surface modifications, and their applications for in vivo
neurotransmitter detection. Moreover, the electrode surface properties were also characterized
and then correlated to their electrochemical performance. The systematic comparison of different
carbon nanomaterials and different surface modifications provides a useful structure to evaluate
which new nanomaterials would be good as electrochemical sensor and which electrode a

neuroscientist might choose for different experiments.

8.1.1 Evaluation of Novel Carbon Nanomaterials and Different Surface Maodifications for in vivo
Neurotransmitter Monitoring

Previous chapters introduced and discussed several successful synthesis or fabrication
of novel carbon nanomaterials into microelectrodes and investigated their applications for the in
vivo detection of neurotransmitters. One strategy is to directly grown carbon nanomaterials on
metal substrates. Metal wires were used as substrates due to their high conductivity and
electrochemical stability. Moreover, cylindrical metal substrates with a diameter of 25 ym were
used to reduce tissue damage and improve high spatial resolution. In Chapter 3, CNTs—metal
microelectrodes were introduced and applied for in vivo dopamine detection. And recently CNS
as a novel carbon nanomaterial has been grown on metal wires for electrochemical sensing as

well.

An alternative strategy is to fabricate CNT fibers and CNT yarns, which can be
manufactured into microelectrodes easily and efficiently with high reproducibility. In chapter 6,
CNT yarns made by solid state process and CNT fiber made by wet spinning were compared,
and CA/CNT fiber was used for biomolecule sensing for the first time. To further improve

electrochemical performance on CNT yarn, three different surface modification methods, laser
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etching, O, plasma etching, and anti-static gun treatment were introduced, as discussed in
Chapter 3 and Chapter 4. Improved sensitivity, electron transfer rate, and fouling resistance were
observed after surface modifications. In addition, different modification methods could specifically
tune electrochemistry of CNT yarn, which provide a platform for fundamental electrochemistry

study on carbon nanomaterials surface.

8.1.2 Correlation of Surface Properties to Electrochemical Performance for Neurotransmitters
Detection

In the past decades, an increasing amount of articles using CNTs, graphene, or other
carbon nanomaterials based microelectrodes for neurotransmitter detection have been published.
Focusing solely on the detection of dopamine, which is one of the most common neurotransmitter
detected by electrochemical means, a survey of the literature (Figure 8.1) indicates a clear rising
trend of the number of publications for dopamine analysis using voltammetry methods at CNT
and graphene based electrodes from 2006 to 2015 (results obtained of Web of Science). However,
there are only very few works that truly compare different carbon nanomaterials and examine the
reason why different carbon nanomaterials are good for the detection of neurotransmitters. The
comparisons under the same condition would benefit proper choice of carbon nanomaterials or
surface modifications for the detection of different neurotransmitters. This thesis also provides
several comparison works of carbon nanomaterials for their electrochemical sensing abilities,

filling the void of lack of fundamental studies comparing materials and their properties.
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Figure 8.1: Number of publications for dopamine analysis using CNT and graphene based

electrochemical methods (from 2006 to 2015). Results obtained of Web of Science™.

8.1.3 3D Printing Technology Assisted Carbon Electrode Fabrication and the Application for
Electrochemical Sensing

The incorporation of 3D printing and electrochemical sensing applications would not only
provide bespoke design and reduce the cost, but also provide an approach to fabricate electrodes
with materials that could not be easily fabricated with traditional pulling methods. Chapter 6 and
7 provide two methods to use 3D printing technology for easy and low-cost carbon material
electrodes for electrochemical detection of biomolecules. 3D printing technology was used to
fabricate either a mold or an electrode substrate for carbon material- based electrode fabrication.
With two early efforts using 3D printing-assisted electrode fabrication for the electrochemical
sensing of dopamine, this thesis supports paths for future endeavors to take advantage of 3D
printing. Although the hundreds-micron scale resolution is still a limitation, 3D printing technology
is improving both in resolution and in the materials that can be printed.2=* Thus, the direct printing
of carbon based microelectrodes could possibly be achieved in the future with the deployment of

3D printing technology and nanometer scale printing resolution could be realized.
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8.2 Future Directions
8.2.1 Short-Term Vision

8.2.1.1 Cylindrical CNT Yarn Microelectrode Fabrication Using lon Polishing Method

As mentioned in Chapter 3, 4 and 5, CNTs yarn microelectrodes are expected to be one
of the best potential alternative to CFMEs for in vivo neurotransmitter detection because of several
critical advantages including alignment, high conductivity, high chemical stability, promising
fouling resistance, and the easy batch fabrication. Moreover, the electrochemical properties of
CNT yarn microelectrodes can be controlled by surface treatments, as discussed in Chapter 3
and 4, which allows researchers to tune the material depending on the requirements of sensitivity
and selectivity to different analytes. However, since CNT yarns are a soft material, cutting it with
scalpel, which is used for carbon fibers, will not work: the end of the yarn will puff out after cutting
so the geometry and homogeneity are changed. Therefore, all the applications of CNT yarns are
limited to disk electrodes. The disk geometry, however, restricts the overall surface area and thus
limits the sensitivity. Although our recent work shows several surface modification methods, such
as anti-static gun or laser etching, can be applied to increase the surface roughness, the surface
area is still significantly smaller than cylindrical carbon-fiber electrodes. So a new fabrication
method for cylinder CNT yarn microelectrodes is needed to increase surface area and the overall

sensitivity.

Focused ion beam milling (FIB) is a technique commonly used to cut samples for further
SEM or TEM imaging of a cross section view.® It could be used to cut CNT yarn with a smooth
cut surface, however, FIB is not suitable for batch fabrication due to its intrinsically low milling rate
and sample loading method. In comparison, ion polishing, often called ion milling, is a promising
alternative method to cut CNT yarn with smooth surface. It could be used to fabricate as many as
30 — 40 yarns simultaneously. lon polishing thins samples by firing ions (argon is commonly used)

at the surface from an angle and sputtering material from the surface. Since the CNT yarn is thin,
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milling at a certain angle could easily cut batch of yarns at the middle and leave a smooth surface,
as shown in Figure 8.2. With the help from Richard Wight in the Department of Material Science
and Engineering at University of Virginia, we successfully cut more than ten CNT yarns the same
time with smooth surface, proving the ion polishing method could be used for cylindrical
CNTYMEs fabrication in the future. Although the surface is tilted and not perfectly flat (which
would require further optimization), the preliminary data prove the feasibility to cut cylinder CNT

yarns.

Figure 8.2: SEM images of ion polished CNT yarns. Scale bar: (A) 300 um and (B) 50 ym.

8.2.1.2 Effect of Surface Functionality on Electrochemical Performance

In the previous Chapters, we introduced that neurotransmitter detection, especially the
detection of dopamine, a cation under physiological pH, is dependent on the surface oxygen-
containing functional groups. The surface oxide groups, such as quinones, hydroxyls, and
carboxylic acids, are known to be negatively charged at physiological pH and have electrostatic
interactions with positively charged neurotransmitters such as dopamine.® However, the effect of
surface functionalities on these properties has not been characterized. Previously, Runnels et al.
and Chen et al. used 2,4-dinitrophenylhydrazine/3,5-dinitrobenzoyl chloride and cyclohexane

polishing methods to selectively block different oxide groups on electrode surface.”® However,
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the slower electron transfer rate caused by the coating and the complicated modification methods
limit their reproducibility. We reported another method that using modified carbon-fiber
microelectrodes (CFMEs) with three differently functionalized SWCNTs (COOH-CNT, CONH;-
CNT, and ODA-CNT) to investigate the effect of the three different groups on electrochemical
performance to neurotransmitters.® The indirect study on the effect of functionality on
electrochemistry, however, only provide limited information compared to the in situ measurement

on the electrode surface.

X-ray photoelectron spectroscopic (XPS) is an important analytical tool to probe the
elemental composition and the chemical state of samples.!® XPS has been used to detect the
surface functionality on carbon electrode previously,'*-*” but limited by the spatial resolution
(hundreds microns), the measurements were only performed on millimeter sized glassy carbon
electrodes (GCE) or GCE coated with carbon nanomaterial paste. With the development of
surface characterization techniques, the resolution is improved to several microns scale, enabling
the measurement of the functionality on microelectrode, such as CFMEs or CNTYMEs.*? The
surface functionality correlated to electrochemical performance would provide a profound

understanding of the contribution of different surface oxide groups.

Simulation is another path could help predict the correlation of surface functionality and
electrochemical detection of neurotransmitters. We have an ongoing collaboration with Dr. DuBay
group at Department of Chemistry, University of Virginia, to build a novel model to simulate the
neurotransmitter redox reaction at carbon nanomaterial surface. Recently, they are using an all-
atom model to simulate both diffusion and adsorption processes of dopamine on defect-rich
graphene layer with the external electric field applied. Different from the commonly used
simulation tools, the all-atom model they are using would give an unprecedented perspective of
the kinetic process of neurotransmitter reaction on the surface instead of just thermodynamic

studies. Most of simulation works focuses on the thermodynamics in which a steady state needs
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to be reached. However, with fast scan rate and rapid scanning repetition frequency, the system
usually does not reach its steady state, and a dynamic simulation is necessary. Our future goal is
to mimic the electrochemical reaction of different neurotransmitters (e.g. adenosine, serotonin,
ascorbic acid, et al.) when FSCV applied. As FSCV is becoming the most popular electrochemical
technique for in vivo measurements of electroactive neurotransmitters, this model would be a very

useful tool for all neuroscientists using FSCV system.

8.2.2 Long-Term Vision

8.2.2.1 Reusable Carbon Nanomaterial Based Electrodes

CN-based electrochemical sensor manufacturing methods are becoming less expensive,
more reproducible, and faster for batch fabrication. However, most of the sensors with CNs are
non-reusable and the fouling of analytes/interferences is irreversible, which limits the sensors
sustainability and potentially increases the cost for each measurement. To fabricate reusable CN
electrodes, TiO2 nanoparticles can be incorporated with carbon nanomaterials due to its surface

self-cleaning property.

Photocatalysts such as TiO, and ZnO can decompose organic molecules by generating
oxygen radicals after ultraviolet irradiation without altering the surface morphology and structure.
1819 photocatalytic cleaning methods have therefore been tested for feasibility with CN-based
sophisticated sensors.?’ TiO, NP-decorated CN-based sensors could be cleaned simply by
ultraviolet light irradiation and re-used indefinitely. Xu et al. used a sensor fabricated by
controllable assembly of reduced graphene oxide (RGO) and TiO to form a sandwich structure,
followed by deposition of Au NPs onto the RGO shell, in which the encapsulated TiO, ensures an
excellent photocatalytic cleaning property (Fig. 5B).?* 5-HT was used as a model passivation
molecule, which caused a signal drop by accumulation of a non-electrochemically active oxidation

product on the electrode surface. Thirty min of UV light irradiation after passivation recovers the
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sensitivity to 90% (Fig. 5C). The application of this renewable microsensor for sensitive detection
of nitric oxide release from cells demonstrated the photocatalytic cleaning of absorbed polymers,
proteins, and cell culture medium. Another advantage of TiO: is the negative charge at
physiological pH, which would repel other negatively charged interferences such as uric acid and
ascorbic acid, and enhance the attraction of cationic neurochemicals (dopamine, adenosine,
etc.).?2 The combination of photocatalyst and CNs provides a versatile and efficient way for

sensitive and renewable sensors for neurotransmitters detection.

Research into reusable electrodes is just beginning and will lead to electrodes that can be
used either multiple times in vivo or as detectors for separations or in microfluidic devices, where
constant changing of the sensor is not possible. The magnetically entrapped SWCNTSs electrodes
did not lose sensitivity with 15 consecutive measurements in ferrocyanide solution but more
testing is needed for other interferences and surface fouling agents. 2324 In comparison, the RGO
and TiO2 NP electrodes lose some sensitivity over time, but the surface can be cleaned with UV
light treatment. 2* However, UV light treatment cannot be performed in the brain so this would
only clean electrodes between samples. For the neurotransmitter monitoring at molecularly
imprinted electrodes, the measurement is not real time (30 s — 10 min dopamine adsorption time
was required), which limit the future applications. Overall, because of the large surface area, high
conductivity of CNs, the self-cleaning property, TiO-/CNs electrodes is the most favorable strategy

for making reusable electrodes.

Although CNTs are known to have promising anti-fouling property,?® it has been reported
the fouling on CNTs surface would significantly affect their electrochemical characteristics.?® Our
recent findings on CNT yarn also indicate the remarkable fouling after placing electrode in tissue
for 2 hours (Chapter 4). Therefore, the self-surface cleaning property of TiO, NPs when exposed

to UV light is in need to enable electrodes to be re-used. In the near future, we can incorporate
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TiO2 NPs on our CNTYMEs or other carbon nanomaterial based electrodes to make

microelectrodes reusable.

8.2.2.2 Carbon Nanospike-Decorated Flexible Nano and Microsensors

The development of customizable and flexible electrodes is another future path since most
electrodes/arrays are made from stiff silicon or metal substrates, which limit their in vivo
application. Traditional stiff devices produces a strong tissue reaction with implantation, resulting
in the electrodes being encapsulated by fibrous tissue: this has the effect of electrically isolating
the implant from the target tissue and reduces implant efficacy.?”-?® The tissue reaction is mainly
caused by the trauma due to sensor insertion, but recent studies have shown the flexible implants
have a smaller tissue reaction effect, which could better protect implant functionality.?® For
example, VanDersarl et al. fabricated a flexible implantable neural probe for electrochemical
dopamine sensing.?® The electrode arrays were fabricated on silicon carrier wafers and then
released from the substrate by chemical/electrochemical dissolution, which makes the electrodes
array flexible and used for long-term neurotransmitter monitoring in vivo. However, the glassy
carbon limits the detection sensitivity. Moreover, the sensors fabricated by normal lithograph
methods or 3D printing have the drawback of millimeter scaled dimension, which restricts their

future in vivo applications.

A promising 3D microfabrication method that has recently attracted considerable attention is
two-photon polymerization based direct writing with ultrashort laser pulses.®2° When focused into
the volume of a photosensitive material, such as photoresist, the laser pulses initiate two-photon
absorption and sub-sequent polymerization. This allows fabrication of any computer-generated
3D structure. More importantly, because of the threshold behavior and nonlinear nature of the
process, a resolution beyond the diffraction limit can be realized, which can be as small as several

nanometers, making the two-photon polymerization based laser direct writing technique a
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promising approach to minimize sensors dimension for in vivo biomarker measurement. For
example, Miller et al. reported a microneedle based transdermal sensor for the potentiometric
determination of potassium ions.®® The ion selective transdermal microneedle sensor is
demonstrated for potassium by integrating 3D porous carbon and 3D porous graphene with a
hollow microneedle, which was flexible, fully customized, and prepared using a laser direct write
system utilizing two-photon polymerization. Therefore, two-photon polymerization based laser
direct writing has the potential to fabricate 3D nano- and micro-scaled architectures with

customizable geometry feasible for long-term neurotransmitter detection in vivo.

One limitation of the sensors is that the architecture itself is not conductive and not
electroactive to neurotransmitters. Therefore, carbon or metal coating is necessary to give the
nano- and micrometer scaled sensor biosensing ability. Since the high temperature coating
methods, such as pyrolysis, could shrink the size of photoresist-made flexible substrates, a low-
temperature and low-pressure carbon nanomaterial fabrication method is desired. In 2015, we
found that homogeneous coverage of substrate wires with complex arrays of catalyst-free
graphene-like nanostructures, named carbon nanospikes (CNS), is possible with plasma
enhanced chemical vapor deposition (PE-CVD). The CNS covered tantalum microelectrodes
have enhanced sensitivity and selectivity to dopamine detection.! Different than pyrolysis, CNS
growth by PECVD under low-temperature condition would not cause the architecture to shrink.
Moreover, CNS growth does not need buffer layer or catalyst, making CNS promising material for
homogeneous and thorough coating on the surface. Therefore, nano-scaled sensors with
homogeneous CNS coating could enable neurotransmitters detection in vivo with high sensitivity,
high spatial resolution, and minimal tissue damage. In the near future, we will optimize the
fabrication parameters and evaluate the flexible microsensor coating with carbon nanospikes for
neurotransmitters as a novel neurotransmitter sensor design using a high precision and resolution

of Nanoscribe Pro GT laser lithography system at Oak Ridge National Laboratory.
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8.2.2.3 Cavity Carbon Nanopipette for Neurotransmitters Detection

Over the past few decades, nanoelectrodes have been developed for electrochemical
sensing applications.®>*’ Carbon electrodes are preferred for neurotransmitter applications
because of their low cost, wide potential window, and good adsorption properties.?®> And
nanoscale carbon electrodes are useful for localized detection of neurotransmitters at the level of
single cells, single vesicles, as well as single synapses. Small animal models such as Drosophila
and zebrafish have attracted more attention recently due to their homologous neurotransmitters
with mammals and easy, fast genetic manipulations.®343 The small dimensions of the central
nervous systems of Drosophila and zebrafish requires better spatial resolution and a small,
dagger-like electrode than can penetrate through the tough glial sheath barrier with minimal tissue

damage.

Normally used carbon fiber microelectrodes with the diameter of 7 um and length of 50 -
100 ym have limited spatial resolution for the neurotransmitter detection in small organism such
as Drosophila central nerve system. Carbon nanofiber microelectrodes fabricated on large silicon
chips have been developed for neurotransmitter detection, but the large dimensions and the
geometry limit the implantation.? Flame-etched carbon fibers encased in nanopipettes as finite
conical nanoelectrodes have been fabricated with 50-200 nm tip diameter and 500-2000 nm
shaft length for the detection of neurotransmitter.®®* However, the nanoelectrodes need to be
fabricated individually, which also restricts the reproducibility. Our group reported a small, robust,
and sensitive carbon nanopipettes for in vivo neurotransmitter detection in Drosophila brain.** The
carbon nanopipette electrodes (CNPEs) were fabricated by selectively depositing a carbon layer
on the inside of a pulled-quartz capillary, followed by the chemical etching process to expose the
carbon tip, with ~250 nm diameter tips, and controllable lengths of exposed carbon, ranging from
5 to 175 um. Since the CNPEs were batch-fabricated in a furnace, CNPEs are feasible for batch

fabrication with promising reproducibility. The CNPEs were used to detect endogenous dopamine
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release in Drosophila larvae using optogenetics. However, although the exposed length is
controllable, its dimension is still on the micrometer scale, which makes the ‘nanoelectrode’ a
‘microelectrode’ when taking all three dimensions scales into account. Therefore, a new carbon
nanoelectrode with a better detection sensitivity as well as an improved spatial resolution is

needed for future applications.

Recently, Michael Mirkin’s group at City University of New York developed CNPEs with a
different electrode geometry using the same CVD based synthesis process. Instead of an
extended tip of CNPE, the novel CNPEs have a tip diameter of 5-100 nm with either a cavity near
the orifice or with an open path in the middle, in which the volume of sampled solution is controlled
by the applied pressure. Compared to the normal CNPEs with extended tip, the CNPEs with cavity
or open tube have much smaller spatial resolution, which is the same as a disk electrodes (only
depends on the disk diameter). Second, the cavity or open tube geometry provides a larger
surface area inside the electrodes, which is also covered by carbon. Since the cavity could trap
both dopamine and the oxidation product, dopamine-o-quinone (DOQ), the electrode would reach

a thin-film condition which would help amplifying the signal.

We have a collaboration with Mirkin lab to apply their cavity or open tube geometry CNPEs
to neurotransmitter detection using FSCV. Figure 8.3 shows preliminary data of the response to
10 uM dopamine at a cavity CNPE electrode. Measurements were taken after 5 mins to 30 mins
of equilibration in PBS buffer with a waveform of —0.4 to 1.3 V and back at 400 V/s, and scanning
repetition frequency of 10 Hz. The signal keeps increasing with increasing amount of equilibration
time, and the equilibration is achieved by about 30 mins. Equilibration at the CNPESs is required
due to two reasons. First, the open tube geometry requires an amount of time for the siphon effect
to draw solution into the tip to a stable level. In addition, the waveform applied by FSCV mildly
etches the carbon surface and introduces more surface oxide groups, which also needs time to

achieve equilibration.? Compared to the conventionally used CFMEs, the oxidation and reduction
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peaks are more symmetric, indicating a better dopamine redox reaction reversibility, which is

consistent with signals obtained at a thin-film condition.
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Figure 8.3: (A) CVs recorded at an open tube CNPE in 10 yM dopamine PBS solution with
equilibration time of 5 mins (red), 10 mins (orange), 15 mins (purple), 20 mins (green), 25 mins
(blue), and 30 mins (black). Measurements were taken using FSCV with a waveform of -0.4 to
1.3 V and back at 400 V/s and scanning repetition rate of 10 Hz. (B) Dopamine oxidation scheme.
Reprinted with permission from reference [42], Copyright 2016 American Chemical Society.

Notably, two redox pairs due to the reaction of dopamine are found with the open tube
CNPEs. Dopamine undergoes a series of reactions, and the dopamine reaction pathway is
summarized in Figure 8.3B: following the two-electron oxidation of dopamine (a, DA) to dopamine-
o-quinone (b, DOQ), ring closure via deprotonation of the amine side chain to
leucodopaminechrome (¢, LDAC) occurs irreversibly. And then compound c is oxidized to
dopaminechrome (d, DAC). Although redox peaks due to a = b and ¢ = d in dopamine analyses
have been recognized previously,'*4%4! most researchers have not been interested in the ¢ = d
reaction since it’s not stable and the peak is broader than the peaks caused by reaction a = b. It

has been reported that the rich and long 1-electron network of the long-length CNT reduces an
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activation potential for chemical (oxidative) reaction and efficiently propagates the electron
produced by ¢ — d reaction.*> However, based on this preliminary data, another possibility might
be due to the different morphology of carbon surface which could change dopamine diffusion
profile: the longer time and higher concentration of DOQ versus DA remained on electrode
surface would cause the second redox reaction happen. Therefore, theoretically, with faster scan

rate using FSCV, an increased secondary oxidation peak of ¢ to d could be obtained.

The preliminary data indicates the cavity and open tube CNPEs performs differently with
the general CNPEs with an extruding tip. Future studies are still required to test the electrode
stability and temporal resolution, which would be influenced significantly caused by the thin-film

condition.



Yang| 204

8.3 Final Remarks

Overall, this dissertation described several novel carbon nanomaterial based electrodes
fabrication methods, investigated in vivo applications, and filled up the void of fundamental studies
comparing materials and their properties. The field of carbon nanomaterial based electrodes is
exploding dramatically in the past decade. However, most of recent researches focuses on
utilizing a single type of carbon nanomaterials, and lacks a comparison of different carbon
nanomaterials for biomolecules detection. Many studies have focused on sensor design and proof
of principle detection, but only a few studies have been performed in real biological samples. My
work answers both fundamental and practical considerations for implementation in real

experiments focusing on neurotransmitters.

For the practical application of electrodes, we successfully applied novel carbon materials
(CNT- metal, CNS — metal, CNT yarn, and CNT fibers made by different polymers), new surface
treatments (laser etching, O; plasma etching, and anti-static gun treatment), and advanced sensor
fabrication methods (3D printed mold and 3D printed electrode substrate). In addition, the in vivo
monitoring has been performed and investigated at most of novel carbon materials, electrodes
modified with different surface treatments and fabricated using different manufacture approaches.
For the fundamental studies, first, we endeavored for a better understanding of how surface
properties lead to electrochemical properties using several methods (e.g., Langmuir adsorption
isotherm and diffusion model for better understanding of dopamine redox reaction on electrode
surface). A systematic comparison of different carbon nanomaterials and different surface
modifications provides a useful structure to evaluate which new nanomaterials would be good as
electrochemical sensor and which electrode a neuroscientist might choose for different
experiments. Moreover, novel materials (e.g., carbon nanopipette) and electrode fabrication
method (e.g., nano-scale printed electrodes) further provide tools for better understanding of

fundamental electrochemistry which cannot be achieved by other materials or conventionally
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fabrication methods. Therefore, these works described in this dissertation lead to better
understanding and application of carbon nanomaterials sensors for neurotransmitters detection,
which could facilitate the neuroscience study of behaviors and neurodegenerative disease and

promise to be a fruitful research area for years to come.
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