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Abstract: Glassy carbon (GC) microelectrodes have been successfully used for the detection of
electroactive neurotransmitters such as dopamine and serotonin through voltammetry. However, non-
electroactive neurotransmitters such as glutamate, lactate, and gamma-aminobutyric acid (GABA) are
inherently unsuitable for detection through voltammetry techniques without functionalizing the
surface of the microelectrodes. To this end, we present here the immobilization of the L-glutamate
oxidase (GluOx) enzyme on the surface of GC microelectrodes to enable the catalysis of a chemical
reaction between L-glutamate, oxygen, and water to produce H2O2, an electroactive byproduct that is
readily detectable through voltammetry. This immobilization of GluOx on the surface of bare GC
microelectrodes and the subsequent catalytic reduction in H2O2 through fast-scan cyclic voltammetry
(FSCV) helped demonstrate the indirect in vitro detection of glutamate, a non-electroactive molecule,
at concentrations as low as 10 nM. The functionalized microelectrodes formed part of a four-channel
array of microelectrodes (30 µm × 60 µm) on a 1.6 cm long neural probe that was supported on
a flexible polymer, with potential for in vivo applications. The types and strengths of the bond
between the GC microelectrode surface and its functional groups, on one hand, and glutamate and
the immobilized functionalization matrix, on the other hand, were investigated through molecular
dynamic (MD) modeling and Fourier transform infrared spectroscopy (FTIR). Both MD modeling
and FTIR demonstrated the presence of several covalent bonds in the form of C-O (carbon–oxygen
polar covalent bond), C=O (carbonyl), C-H (alkenyl), N-H (hydrogen bond), C-N (carbon–nitrogen single
bond), and C≡N (triple carbon–nitrogen bond). Further, penetration tests on an agarose hydrogel model
confirmed that the probes are mechanically robust, with their penetrating forces being much lower
than the fracture force of the probe material.

Keywords: glassy carbon; FSCV; glutamate; neurotransmitters; microelectrodes; microfabrication

1. Introduction

Neurotransmitters play a pivotal role in a large variety of neurophysiological func-
tions [1–4]. For example, dopamine (DA) is involved in several neurophysiological pro-
cesses, such as motor control, reward, motivation, and cognitive function [5–8], whereas
serotonin (5-Hydroxytryptamine (5-HT)) plays a significant role in several neural signal
processes, such as memory, long-term potentiation, and cardiovascular and gastroin-
testinal functions [9–12]. The disruption of the secretion and uptake of DA and 5-HT
at synapses is considered a causative factor towards several psychiatric and neurological
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disorders [12–15]. Further, 5-HT is a major target for pharmacological treatment, and its
involvements in mood disorders and neuroplasticity after injury is of significant research
and clinical interest [16]. Glutamate and lactate, two closely related neurotransmitters, are in-
volved in the metabolic pathways of the central nervous system (CNS), with glutamate being
the most extensive free-standing amino acid in the brain, with its increased presence identi-
fied as a potential cause for significant neuronal cell damage or epileptic seizures [17–22].
Given their significant roles, the understanding of electrochemical neural signaling enabled
by neurotransmitters could, therefore, help develop a more complete picture of brain func-
tions and provide a better insight into some key neurological disorders [22–26]. Further, the
integration of neurochemical sensing with electrophysiological recording and stimulation
is of fundamental importance in elucidating the relationship between electrical and electro-
chemical signaling and their role in the pathogenesis of neurological disorders [27–29]. This
increased understanding could also inform the design of novel closed-loop treatment plat-
forms enabled by neurochemical feedback [30–32]. Therefore, there is a significant research
need for developing new electrode technology for the in vivo detection of these neuro-
transmitters. From a detection point of view, neurotransmitters can be broadly classified
into two general groups, i.e., electroactive and non-electroactive. For example, dopamine,
serotonin, and adenosine are electroactive species that can electrochemically oxidize, forming
quinone groups [33–37]. Techniques such as fast-scan cyclic voltammetry (FSCV) can then be
used for the direct detection of such electroactive species through their respective signature
redox peaks. On the other hand, neurotransmitters such as glutamate, lactate, acetylcholine,
and gamma-aminobutyric acid (GABA) are non-electroactive and are, therefore, inherently
unsuitable for direct detection through voltammetry techniques. For this and several other
reasons, such as no requirement for specialized equipment and post-processing of data,
most works reported in the literature in the detection of such non-electroactive neuro-
transmitters had used amperometric techniques [38,39]. However, the major drawback
of amperometric techniques are their non-selectivity and relatively slow response time,
which—in the context of simultaneous detection of multiple neurotransmitters—make
them impractical for such needs. This has given rise to the exploration of FSCV for the
detection of glutamate along with other neurotransmitters, such as dopamine. FSCV has
emerged as a method of choice for in vivo applications due to its sub-second scale temporal
resolution that is in the same time scale as synaptic chemical fluctuations [40]. Using FSCV,
a recent work had demonstrated the indirect detection of glutamate through GlutOx-chitosan
hydrogels electrodeposited on carbon-fiber microelectrodes (CFMs) [41]. However, carbon-
fiber microelectrodes have their own shortcomings, such as lack of mechanical sturdiness,
inconsistent composition, and surface adsorption properties, which have in turn limited
their repeatability and reliability [42].

To address these gaps, recent works have introduced a lithographically patternable
array of carbon-based microelectrodes that have shown promises in neurotransmitter
detections. Among these, glassy carbon (GC) has emerged as a compelling material of
choice for microelectrodes used in the detection of electroactive neurotransmitters, such
as DA and 5-HT, at concentrations as low as 10 nM [43–48]. Further, due to its surface
that is rich with electrochemically active functional groups, good adsorption characteris-
tics, and its antifouling properties, GC has been demonstrated to be useful for not only
electrophysiological recordings and stimulations but also for the multi-site simultaneous
detection of electroactive neurotransmitters, DA and 5-HT, in a stable and repeatable man-
ner [47,48]. However, for the indirect detection of non-electroactive neurotransmitters, such
as glutamate, lactate, and the like, surface functionalization of microelectrodes is required.
One such possibility is the immobilization of the glutamate oxidase (GluOx) enzyme on
the surface of microelectrodes to enable the catalysis of the chemical reaction between
L-glutamate, oxygen, and water to produce the electroactive byproduct hydrogen peroxide,
which is detectable through voltammetry (L-glutamate + oxygen + water → oxoglutarate
+ ammonia + hydrogen peroxide). In lieu of GluOx, glutamate dehydrogenase could also be
used for the detection of glutamate [49–51]. In this study, we extend the application of GC
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to the detection of non-electroactive neurotransmitters and present the immobilization
of GluOx on lithographically patterned GC microelectrodes for establishing the indirect
electrochemical in vitro detection of glutamate. The same platform could be used for the
detection of other neurotransmitters through an appropriate surface functionalization.

2. Materials and Methods
2.1. Microfabrication of Microelectrodes

A 1.6 cm long penetrating neural probe with four GC microelectrodes of 30 µm × 60 µm
size was microfabricated. As described elsewhere, the microfabrication process for the
probe shown in Figure 1a involved spin coating of SU-8 negative photoresist (Microchem,
Boston, MA, USA) on a silicon wafer (with 0.5 µm thick oxide layer) at 1200 rpm for
55 s and soft baking at 65 ◦C for 10 min and 95 ◦C for 20 min, followed by UV exposure
at ~400 mJ/cm2 [52]. This was followed by a post-exposure bake at 65 ◦C for 1 min
and 95 ◦C for 5 min, development of SU-8 for 3–5 min, and curing at 150 ◦C for 30 min.
Pyrolysis was carried out at 1000 ◦C in an inert N2 environment following protocols
described elsewhere [52–54]. Subsequently, 5 µm layer of photo-patternable polyimide
(HD 4100) (HD Microsystems, Wilmington, DE, USA) was spin-coated on top of the GC
microelectrodes at 2500 rpm for 45 s, soft-baked at 90 ◦C for 3 min and at 120 ◦C for
3 min, then cooled down to room temperature, and patterned through UV exposure at
~400 mJ/cm2. Then, the polyimide layer was partially cured at 300 ◦C for 60 min under
N2 environment. Following, Pt metal traces with Ti adhesion layer were patterned using a
metal lift-off process. For electrical insulation, an additional 6 µm of polyimide HD 4100
was spin-coated (300 rpm), patterned (400 mJ/cm2), and cured (350 ◦C for 90 min) under
N2 environment. An additional 30 µm thick layer of polyimide (Durimide 7520, Fuji Film,
Tokyo, Japan) was spin-coated (800 rpm, 45 s) and then patterned (400 mJ/cm2) on top of
the insulation layer to reinforce the penetrating portion of the device (Figure 1b). Once the
probes were released from the carrier substrate using a BHF bath, the GC microelectrodes
were plasma-etched (120 W for 45 s) and then functionalized through drop casting of an
enzyme mix’s thin coat.

2.2. Functionalization of Microelectrodes

As shown in Figure 1c, the surface functionalization process consisted of preparing
an enzyme immobilization matrix made of glutamate oxidase (GluOx), a catalytic enzyme,
glutaraldehyde (a reagent from the aldehyde family that allows a rapid ionic immobilization
of the enzyme on the GC microelectrode surface), and bovine serum albumin (BSA) which pro-
vides stability to the enzyme and the reagent mixture. L-glutamic acid (≥99%), L-glutamate
oxidase (from Streptomyces sp.), and bovine serum albumin (≥96%) were purchased from
Sigma Aldrich (St. Louis, MO, USA). In addition, glutaraldehyde (25% solution distillation
purified) was purchased from Electron Microscopy Sciences (Hatfield, PA, USA). Before
mixing, GluOx, glutaraldehyde, and BSA were brought to room temperature. Then, the
GluOx enzyme was dissolved in 1 µL of DI water. Separately, 0.01 g of BSA was placed
in a microcentrifuge tube and 985 µL of DI water was added to it. The mix was then
vortexed at low rpm. Subsequently, 5 µL of glutaraldehyde was added. This mixture of
BSA/glutaraldehyde was then transferred into a 500 µL microcentrifuge tube, 1 µL of GluOx
was added to it, and it was vortexed again at slow rpm. This was followed by dry stor-
age of the immobilization matrix at room temperature to ensure a successful crosslinking
between the enzyme, glutaraldehyde, and BSA. Finally, 10 µL of the immobilization matrix
was then extracted and pipetted for drop casting of a thin coat over the surface of the
GC microelectrodes.
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Figure 1. (a) Microfabrication steps for 4-channel penetrating neural probes (1.6 cm long) mounted
on polymeric substrate; (b) fabricated probe for neurotransmitter detection application; (c) GC
microelectrodes of 30 µm × 60 µm size and 140 µm spacing coated with the GluOx, glutaraldehyde,
and BSA mixture.

2.3. Mechanical Characterization

The mechanical stability of the probes and their penetration ability were tested using a
TA.XT plusC Texture Analyzer (TA) (Stable Micro Systems Products, Hamilton, MA, USA).
To determine an appropriate agarose gel concentration that models the modulus of brain
tissue, a compression calibration test was first carried out as explained in the accompanying
Supplementary Document (Section S1) [55–58]. Once the relevant concentration of agarose
gel was determined, penetration tests of the in vitro model medium were carried out using
the GC probes presented in Figure 1. For this, a holder for the GC probe was designed,
3D-printed, and mounted on the probe of the TA (Figure 2). The agarose gel block shown in
Figure 2 had a length of 30 mm, width of 30 mm, thickness of 10 mm, and area of 900 mm2.
The same speed of loading of 2 mm/s was used for the penetration test as well, with a
0.5 kg weight load cell.
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2.4. Molecular Dynamic (MD) Modeling

To explore the interaction between glutamate and the immobilized enzyme mix with
the surface of GC microelectrodes and investigate if covalent bonds were formed, a chemi-
cal simulation was performed using molecular dynamic (MD) modeling software. We used
ReaxFF software from SCM-ReaxFF (AMS2023), a tool for modeling chemical reactions
with a reactive force field [59]. Briefly, in this reactive force field formulation of ReaxFF, a
pre-determined potential energy function allows for the calculation of the force experienced
by any atom, given the positions of all its surrounding atoms at a given time step. The
forces acting on each atom at each time step are computed using molecular mechanic force
fields. The position and velocity of each atom and energy contributions to the potential are
then updated using Newton’s equations of motion. The total force consists of the energy
associated with forming bonds between atoms, the valence angle strain and torsional
angle strain, and electrostatic and dispersive contributions between all atoms. The starting
model of the molecular structure of GC was the nanostructure that was reported in our
recent work, which consisted of a flat graphitic domain with graphene-like 6-membered
carbon rings and a cage-like component [60]. For simplicity, the simulation cell used here
(25 Å × 25 Å × 25 Å) with a density of 1.19 g/mL modeled only the flat component
consisting of 144 graphene-like 6-membered carbon rings, as shown in Figure 3. Four func-
tional groups (carbonyl, carboxyl, hydroxyl, and epoxy) were considered to be attached to this
carbon molecule. The 5- and 7-membered carbon rings that form the periphery of the cagey
component along with 6-membered carbon rings were expected to have similar chemical
interactions and were not included in the model to save computational expenses.

With regard to modeling GluOx, which is a relatively large protein structure, the
required significantly high computational resources could be a limiting factor. However,
since all proteins and amino acids contain both C- and N-terminal domains, the amino acid
glutamate can be taken as a smaller representation of the large molecule of GluOx, thereby
achieving a more efficient way of predicting chemical interactions between the key amino
acid components and the carbon surface. This is further supported by the fact that glutamate
is one of seven amino acids present in the active site of GluOx, suggesting that it plays an
essential role in the production of H2O2. A full list of key amino acids that are present in
the active site, along with their functional groups, are given in Table S1 for completeness.
With this reasoning, the glutamate (C5H9NO4) molecule was added to the simulation cell.
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Two temperature cases (27 ◦C and 37 ◦C) and two voltage bias cases (0 V and 0.4 V) were
considered. All models were analyzed using a temperature damping constant of 100 fs and
a pressure damping constant of 500 fs with constant volume and temperature conditions
through the constant temperature and volume (NVT) Berendsen thermostat [61,62].
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Figure 3. (a) GC molecule [58]; (b) MD model consisting of only 6-membered carbon rings with
functional groups (carbonyl, carboxyl, hydroxyl, and epoxy) and glutamate molecules in a simulation
cell of 25 Å × 25 Å × 25 Å; (c) single glutamate (C5H9NO4) molecule which is considered to represent
an active site of GluOx in this study.

2.5. FTIR Spectroscopy

To determine the presence of functional groups and, by correlation, the strength of the
bond between the GC microelectrode surface and the immobilized functionalization mix,
FTIR-ATR spectroscopy was carried out using a Nicolet iS50 FTIR Spectrometer equipped
with a Smart iTR diamond ATR cell (Thermo Scientific, Court Vernon Hills, IL, USA).
Three types of samples were analyzed: a bare GC microelectrode that was used as control,
a plasma-etched GC microelectrode (120 W for 45 s) with a coating of GluOx mixture
containing glutaraldehyde and BSA, and a GC microelectrode with a GluOx mixture without
glutaraldehyde and BSA. Each sample was washed with methanol, dried, and placed on
diamond cell, followed by recordings of 128 spectral scans that were subsequently compiled
from 4 diagonal areas of the microelectrodes.

2.6. Voltammetry

Indirect detection of glutamate through direct electrochemical detection of the conver-
sion product H2O2 was performed with a WaveNeuro Potentiostat System (Pine Research,
Durham, NC, USA). The surface functionalized GC microelectrode was used as the work-
ing electrode with a standard Ag/AgCl reference electrode. The electrolyte solution was
phosphate-buffered saline (PBS) (0.01 M, pH 7.4; Sigma Aldrich, St. Louis, MO, USA). A
waveform consisting of triangle scan at scan rate of 400 V/s from −0.5 V to +1.3 V with a
holding potential of −0.5 V with respect to Ag/AgCl reference electrode was used. The
duration of each scan was 9 ms with 10 Hz frequency. The same voltage waveform was
applied to microelectrodes at 60 Hz for 1 h prior to the start of each experiment for pre-
conditioning. Known concentrations of glutamate (10 nM–1.6 µM) were then infused over
5 s, while changes in current were recorded for 30 s. For a control experiment, a separate
probe with no surface functionalization was subjected to the same waveform. Data analysis
and background-subtracted cyclic voltammograms (CVs) were performed using HDCV
software (Electronics Facility, Chapel Hill, NC, USA).
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3. Results and Discussion
3.1. Mechanical Characterization

Figure 4 shows the force–displacement plots for the penetration force test of the neural
probe for the agarose hydrogel of a 0.6% concentration, which was found to be a good
model for brain tissue (Section S2). The first clearly identifiable peak shown in Figure 4
corresponds to the first section of the neural probe penetrating the surface of the gel.
The penetration force is then identified as the first maximum of the force–displacement
curve. The force needed to penetrate the 0.6% agarose hydrogel simulating the brain tissue
was 0.0035 ± 0.00015 N (n = 5); for the 1.5% agarose hydrogel, the penetration force was
0.0051 ± 0.00028 N (n = 4).
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3.2. Molecular Dynamic Modeling

We explored the interaction of the functional groups (COOH, CO, OH, and O) on the
carbon microelectrode material with glutamate and the immobilized enzyme mix. For this,
we considered the effect of electrical bias (0 V, 0.4 V), temperature (25 ◦C and 37 ◦C), type
of functional groups, number of molecules of glutamate, and the lattice of the 6-member
carbon ring group on this interaction. Several potential interactions with functional groups
to produce covalent bonds were explored. As shown in Figure 5a, the carboxyl (COOH)
functional group was observed to interact with glutamate at a temperature of 25 ◦C with
no electrical bias, with the glutamate molecule forming a carbon–oxygen (C-O) covalent
bond with the functionalized GC microelectrode surface. This interaction occurred due to
the donation of electrons by glutamate. The epoxide group was observed to facilitate the
formation of a strong carbon–nitrogen (C-N) covalent bond between the nitrogen molecule
from glutamate and the carbon molecule of the microelectrode (Figure 5b). However, at this
temperature and 0 voltage bias, no interactions were observed for the carbonyl (CO) and
hydroxyl (OH) functional groups. Considering a slightly higher temperature of 37 ◦C, the
carbonyl functional group (CO) resulted in a C=O covalent bond (Figure 5c).

In the next set of simulations, the effect of electrical bias was explored under tem-
peratures of 27 ◦C and 37 ◦C. In the case of a 25 ◦C temperature, similar outcomes as
the 0 V bias case were observed (Figure 5d,e). However, at a temperature of 37 ◦C, all
the four functional groups were observed to enable the formation of a covalent bond
between glutamate and the carbon microelectrode’s surface. In the case of the carboxyl
group, increasing the temperature to 37 ◦C combined with electrical bias at 0.4 V resulted
in a carbon–nitrogen (C-N) bond (Figure 5f). Similarly, for the carbonyl group, increasing
the temperature to 37 ◦C led to a carbon–nitrogen (C-N) bond, as shown in Figure 5g,
demonstrating the effect of an elevated temperature on bond formation. For the hydroxyl
group, a carbon–nitrogen (C-N) bond was observed, while in the case of the epoxide group,
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an immediate attachment of glutamate through a carbon–oxygen (C-O) bond was observed.
A summary of the interactions is presented in Table 1.
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Table 1. Summary of the interaction of the four functional groups on the carbon electrode’s surface
with enzyme mix and glutamate. Simulation cell of 25 Å × 25 Å × 25 Å was considered with sphere
radius of 2 Å.

Voltage/Bias (V) Temp. (◦C) Functional Group Outcome Figure

0

25

COOH (carboxyl) C-O bond Figure 5a

CO (carbonyl) No bond

OH (hydroxyl) No bond

O (epoxy) C-N bond Figure 5b

37

COOH (carboxyl) No bond

CO (carbonyl) C=O Figure 5c

OH (hydroxyl) No bond

O (epoxy) No bond

0.4

25

COOH (carboxyl) C-O bond Figure 5d

CO (carbonyl) No bond

OH (hydroxyl) No bond

O (epoxy) C-O bond Figure 5e

37

COOH (carboxyl) C-N bond Figure 5f

CO (carbonyl) C-N bond Figure 5g

OH (hydroxyl) C-N bond Figure 5h

O (epoxy) C-O bond Figure 5i

3.3. FTIR Characterization

For the bare GC control specimen (inset in Figure 6a), three clear and distinct peaks
that ranged between 1435.67 cm−1 and 755.53 cm−1 were detected, representing a C-O
stretch with a single bond [63]. The second sample had its bare GC surface plasma-etched
at 120 W for 45 s before coating it with the glutamate oxidase mixture. Figure 6a summarizes
several peaks for the glutamate oxidase sample on top of GC: the first peak at 3488.55 cm−1

corresponds to the amine stretch (N-H) that potentially originated from unreacted amino
groups in glutamate oxidase and L-glutamate [64], while the peak at 3071.12 cm−1 corresponds
to the alkenyl (C-H) stretch and its neighbor peak of 3000 cm−1 corresponds to unsaturated
alkene (C=C) compounds. Carboxylic acid (C=O) peaks are represented by a stretch in
the region of 1775.28 cm−1–719.52 cm−1 while (C-H) bending vibration with single or
multiple absorption bands is represented by 719.52 cm−1 [65]. For the third sample that
was coated with glutamate oxidase, more peaks were detected, as shown in Figure 6b, where
the characteristic absorption ranged between 2136.93 cm−1 and 534.48 cm−1. The highest
fingerprint was 2136.9 cm−1, which is a triple bond between the carbon and nitrogen stretch
(C≡N), and the second peak was 1753.04 cm−1, which corresponds to an aldehyde C=O
stretch; this one, in particular, was derived from the glutaraldehyde present on the surface of
the microelectrode from the enzyme mixture [66].
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Figure 6. (a) FTIR spectra for plasma-etched GC electrode coated with glutamate enzyme (GluOx
mixture containing glutaraldehyde and BSA); (b) spectra for glutamate oxidase analyzed on top of GC
electrode surface. Inset shows the FTIR for bare GC.
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3.4. In Vitro Glutamate Detection through Voltammetry

As described earlier, due to the non-electroactive nature of glutamate, background-
subtracted FSCV for glutamate was performed indirectly through the immobilization of
the glutamate oxidase (GluOx) enzyme on the surface of GC microelectrodes. The GluOx
enzyme enabled the catalysis of a chemical reaction between L-glutamate, oxygen, and
water to produce an electroactive byproduct (H2O2), which is readily detectable through
voltammetry. Since typical FSCV runs result in accelerated oxidation and reduction in
analytes on the electrode’s surface and hence form an electrical double layer, the back-
ground currents (BCs) were subtracted before the peaks could be identified [48]. As a
control, the first set of experiments involved injecting a solution of H2O2 on a bare GC
microelectrode at varying concentrations over a period of 25 min (Table S2). Figure 7a
shows the resulting redox peaks in a background-subtracted FSCV for H2O2, with oxidation
occurring at 1.2 V and a reduction at −0.2 V [67]. As the second set of control experiment,
FSCV was carried out on bare GC electrodes where glutamate of varying concentrations
was injected. However, there was no redox peaks observed for this control experiment.
On the other hand, for the actual experiment, another probe was used where glutamate
of varying concentrations (10 nM–1.6 µM) was injected into the PBS solution. This was
performed over a period of 30 min, as shown in Table S2, with sufficient time provided
in-between each step to allow for the stabilization of FSCV data collection. Figure 7b shows
the resulting background-subtracted FSCV plots, indicating that the GC microelectrode was
able to detect the glutamate conversion byproduct H2O2 obtained at a glutamate concentration
as low as 10 nM with an oxidation peak at 1.2 V and reduction peak at 0.2 V. False-color
plot of Figure 8a shows the transient oxidation and reduction of 200 nM in H2O2 injected
to the PBS solution (control), while the false-color plot of Figure 8b shows the same for an
injection of 10 nM of glutamate into the PBS solution.
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4. Discussions and Conclusions

While GC was demonstrated to be effective in detecting electroactive neurotransmitters
such as dopamine and serotonin at concentrations as low as 10 nm, its potential use for non-
electroactive ones like glutamate has so far been unexplored. Against a background of a
long-term research interest in the simultaneous detection of multiple neurotransmitters
using GC voltammetry electrodes located on the same probe, the extension of this capability
of GC to such detection of non-electroactive analytes like glutamate carries potential for
being able to significantly contribute in the broader research discipline of neurochemistry.
In this regard, the first obstacle that had to be addressed in extending its capability to
glutamate was the integrity of the needed surface functionalization. Two approaches were
sought to demonstrate the formation of covalent bonds between the carbon surface and
the enzymes used for surface functionalization, i.e., FTIR and reactive molecular dynamic
(MD) modeling. FTIR confirmed the existence of a C-O stretch with a single bond, an
aldehyde/carboxylic/carbonyl C=O stretch, alkenyl C-H bending, a triple bond between a
nitrogen and carbon stretch (C≡N), and an amine stretch (N-H) that potentially originated
from unreacted amino groups in glutamate oxidase and L-glutamate. On the other hand, MD
modeling predicted that C-O and C=O bonds would arise due to carboxyl (COOH) and epoxy
(O) functional groups at 25 ◦C and 37 ◦C and predicted no bias conditions. However, in
the presence of a nominal voltage bias of 0.4 V and temperature of 37 ◦C, carboxyl, carbonyl
(CO), and hydroxyl (OH) groups were observed to interact with glutamate, forming a C-N
bond. The absence of an amine stretch (N-H) in the MD simulation could be explained by
the absence of unreacted amino groups in the model.

In general, these results obtained through reactive MD modeling regarding bond
formations are consistent with what was recently reported in a simulation work regarding
the binding properties of pristine graphene and graphene derivatives with glutamate, where
the bond formations were driven mainly by the same four functional groups, i.e., COOH,
carbonyl, hydroxyl, and epoxy [68]. Further, simulations based on molecular docking mecha-
nisms between the functional groups and carbon (in the form of graphene) also demon-
strated that the COOH functional group presented the highest stability among the four
groups considered. The observation reported here where all functional groups located on
the surface of the electrode formed some sort of covalent bond with glutamate at a physio-
logically relevant temperature of 37 ◦C with a nominal voltage bias is very encouraging
and builds a case for the effectiveness of GC as a glutamate-sensing electrode material.
The presence of these bonds also points to the potential durability of this surface func-
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tionalization. In a broader sense, for the detection of analytes with low detection limits,
two critical components have to be addressed, namely the fast diffusion of these analytes in
the medium and their subsequent adsorption on the surface of microelectrodes [69]. With
regard to developing an understanding of the rate of glutamate molecules’ diffusion to the
surface of carbon electrodes, both experimental and simulation works are currently absent
in the literature and, as a consequence, this research area remains unexplored. On the
other hand, regarding the adsorption of glutamate on the surface of carbon microelectrodes,
the presence of active functional groups in the microelectrodes that promote covalent
bonds plays a significant role [48]. The demonstration of a strong covalent bond formation
between GC’s surface and glutamate reported here, therefore, offers strong evidence that GC
microelectrodes promote good adsorption of glutamate on their surface; hence, this directly
contributes to the literature of glutamate detection through carbon microelectrodes. Taken to-
gether, the outcomes reported here further support the effectiveness of GC microelectrodes
for sensing glutamate at low detection limits.

With the presence of strong covalent bonds between the surface of the GC electrode
and the functionalization enzyme established, our next task was to demonstrate the validity
and effectiveness of the indirect voltametric detection of glutamate through its byproduct
of H2O2. The evidence presented in this research indicates strong correlations between
H2O2 and glutamate, enabling the detection of a 10 nM concentration of glutamate, which
is an important milestone. In the broader context of establishing the usefulness of GC for
neurotransmitter detection, we had previously demonstrated excellent performance of GC
with regard to the key issues of resistance to biofouling, stability of the microelectrodes,
and selectivity of analytes [48]. Further, consistent with our previous work, the current
peak amplitudes recorded here during FSCV were stable over the recording sessions with
no significant drifting observed, once again demonstrating the electrochemical stability and
reproducibility of the GC microelectrodes [48]. These excellent stability and anti-fouling
properties are further aided by the hydrophilic nature of GC due to its defect-rich surfaces
and reactive edges that consist of abundant dangling bonds [69]. In addition, while GC
microelectrodes have demonstrated the capability for simultaneous and separated in vitro
detection of the reduction in and oxidation peaks of dopamine and serotonin, we now
have also carried out a new experiment to establish selectivity in the context of H2O2
with dopamine and serotonin in this study (Supplementary Figure S4). The lower limit of
detection (LOD) of the microelectrodes was also calculated through a regression analysis
of the standard curves, where the calibration plot (n = 7) followed a linear trend in the
10 nM–2 µM range, as shown in Supplementary Figure S5. The theoretical lower detection
limit (LOD), defined as three times the standard deviation of the noise, was estimated to be
1.51 and 1.71 nM for glutamate and H2O2, respectively [70]. These compare very well with
the reported LOD of 1.11 and 1.29 nM for dopamine and serotonin, respectively, using GC
microelectrodes [48].

Collectively, the results presented here on the in vitro detection of glutamate with the
modified GC microelectrodes through a wide range of concentrations of the enzymatic
glutamate conversion’s byproduct are promising in extending the usefulness and compelling
advantage of GC microelectrodes for the detection of non-electroactive neurotransmitters.
In conclusion, the validation of the in vitro data presented through in vivo testing, the
demonstration of the detection of other non-electroactive neurotransmitters such as lactate,
and—more importantly—the simultaneous detection of electroactive and non-electroactive
neurotransmitters on the same probe are a natural extension of this current work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/c10030068/s1, Figure S1. Compression test plot for (a) force–time
and (b) close-up stress–strain curve for 0.6% agarose hydrogel model; Figure S2. Tips before and
after penetration tests; Figure S3. Reactions driving FSCV detection on GluOx-functionalized GC
microelectrode; Figure S4. Experimenting for demonstrating selectivity of analytes using GC mi-
croelectrodes. In this experiment, we injected a mix of 40 nM of serotonin and 40 nM of H2O2 and
used GC microelectrode to selectively detect the distinct oxidation and reduction in serotonin along

https://www.mdpi.com/article/10.3390/c10030068/s1
https://www.mdpi.com/article/10.3390/c10030068/s1
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with the distinct H2O2 peaks. We repeated the same experiment for a mix of 100 nM of dopamine
and 100 nM of H2O2 where, again, distinct peaks of the two analytes were determined, as shown
below; Figure S5. Lower limit of detection (LOD) of the microelectrodes was estimated to be 1.71 and
1.51 nM for H2O2 and glutamate, respectively; Table S1. Active site amino acids of glutamate oxidase
(GluOX); Table S2. Injection of glutamate and H2O2 as a function of time with sufficient time provided
in-between each step to allow for stabilization of FSCV data collection.
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