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ABSTRACT: Neuronal communication relies on vesicular
neurotransmitter release from signaling neurons and detection
of these molecules by neighboring neurons. Glutamate, the main
excitatory neurotransmitter in the mammalian brain, is involved
in nearly all brain functions. However, glutamate has suffered
from detection schemes that lack temporal and spatial resolution
allowed by electrochemistry. Here we show an amperometric,
novel, ultrafast enzyme-based nanoparticle modified sensor,
measuring random bursts of hundreds to thousands of rapid
spontaneous glutamate exocytotic release events at approx-
imately 30 Hz frequency in the nucleus accumbens of rodent
brain slices. Characterizing these single submillisecond exocy-
tosis events revealed a great diversity in spike shape characteristics and size of quantal release, suggesting variability in fusion
pore dynamics controlling the glutamate release by cells in this brain region. Hence, this novel biosensor allows recording of
rapid single glutamate exocytosis events in the brain tissue and offers insight on regulatory aspects of exocytotic glutamate
release, which is critical to understanding of brain glutamate function and dysfunction.
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Glutamate is the most prevalent excitatory neurotransmit-
ter in the mammalian central nervous system (with more

than half of all the brain synapses releasing glutamate).1 It is
deemed necessary for all life functions, and dysfunctional
glutamate system is thought to underlie many diseases
including many neurological and psychiatric disorders.2−5

For in depth understanding of glutamatergic function, methods
able to capture the rapid exocytosis events of vesicular
glutamate release from neuronal activity in the brain are sorely
needed. Current techniques for monitoring neurochemical
activity are based on electrochemical methodology, with
amperometry being most commonly used because it is simple
to implement and offers outstanding time resolution down to
submillisecond time scale. This temporal resolution is fast
enough to capture the rapid transients of neurochemical
release from single exocytosis events. In comparison with other
neurotransmitter molecules that are electroactive such as
dopamine, a major issue in measuring glutamate electrochemi-
cally is that it is nonelectroactive. To overcome this challenge,
recent advances in glutamate amperometry have used

glutamate oxidase (GluOx) to convert glutamate to a
detectable reporting molecule. While a high degree of
specificity has been reached, the desired time resolution for
glutamate sensors remains elusive. Current glutamate sensors
offer a temporal resolution down to subseconds, which is far
too slow for monitoring real-time exocytotic activity,6 although
a methodology with a similar approach to this work showed a
glutamate recording that temporally resolved single exocytosis
events at a single neuron cultured in vitro.7 We recently
developed a new approach for sensor design, which
dramatically improves the temporal resolution by minimizing
the distance that the electrochemical enzyme product needs to
diffuse for sensor detection.8

Following this minimal distance principle, we fabricated an
ultrafast sensor for glutamate by immobilizing a monolayer
coating of GluOx on the surface of gold nanoparticle (AuNP)
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modified carbon fiber microelectrode. Using this strategy and
placing the sensor probe in the nucleus accumbens (NAc) of
rodent brain slice, we were able to achieve an unparalleled
temporal resolution of measuring bursts of individual
glutamate transients during spontaneous glutamate release in
the brain tissue. These current spikes corresponding to single-
vesicle exocytosis events revealed a variety in size and current
spike shape characteristics indicating synaptic tuning of
glutamate on the single vesicle level. In summary, our
approach is able to record exocytosis activity with submilli-
second temporal resolution, such that individual current spikes
can be related to single exocytosis events. Therefore, it allows
us to monitor and characterize the fusion pore dynamics
regulating glutamate release at the single exocytosis event level.

■ RESULTS AND DISCUSSION
To increase temporal resolution for glutamate recordings and
to achieve resolution capable of capturing glutamate activity in
brain tissue at the single-exocytosis level, we fabricated and
utilized a specific sensor design scheme (Figure 1). Briefly, the

sensor was functionalized by electrochemically depositing
AuNP hemispheres onto a 33-μm diameter carbon fiber disc
microelectrode, and subsequently immobilizing a mono layer
of GluOx onto it. The optimal conditions for forming a GluOx
monolayer were determined using analytical methods to
carefully characterize the GluOx interaction with the AuNP
surface (Figure 2). This ultrathin enzyme layer was critical for
converting glutamate into α-ketoglutarate,3,6 and in minimizing
the diffusion time of the enzyme product hydrogen peroxide
(H2O2) to reach the sensor surface for detection, thereby
increasing the temporal resolution of the sensor.8 The
electrochemically deposited gold nanoparticle hemispheres at
the sensor surface (1) offer a larger sensor surface area for
enzyme immobilization, (2) provide a high surface curvature
that prevents enzyme denaturation and associated loss of
enzyme activity,9,10 and (3) enable the detection of the
reporter molecule H2O2 by recording the reduction current at
a potential of −0.5 V at the sensor surface vs a Ag/AgCl
reference electrode.
Improving Glutamate Sensor Speed by Minimizing

the Enzyme Coating Thickness. We used a flocculation

assay to determine the optimal GluOx concentration for
coating a thin monolayer of enzyme at the AuNP surface.
Here, only conjugates where the enzyme fully coats the AuNP
surface will remain sterically protected from flocculation when
subjected to high salt conditions. To find the minimal GluOx
concentration to achieve monolayer coverage on AuNP, we
titrated different molar ratios of GluOx to AuNP (20 nm in
diameter) in bulk solution while monitoring the conjugate
stability using spectrophotometry. The assay showed that at
molar ratios from 800:1 (GluOx:AuNP) and above, stable
enzyme GluOx-AuNP conjugates were formed as displayed by
the spectral overlap with the plasmonic peak for bare AuNP
(Figure 2A), whereas at lower molar ratios, a redshift of the
plasmonic peak indicates formation of gold aggregates (Figure
2A). To verify the resulting thickness of the immobilized
enzyme at the AuNP surface after conjugation, we measured
the hydrodynamic diameter, Dhyd of the conjugates using

Figure 1. Schematic of the amperometric glutamate sensor design
consisting of a GluOx-coated gold nanoparticle modified carbon fiber
microelectrode. It displays the chemical enzyme catalysis reaction
chain for glutamate with the subsequent detection scheme for
electrochemical detection of the reporter molecule H2O2 produced.
The red hemispheres represent gold nanoparticles and the enzyme
glutamate oxidase that is immobilized at the surface is displayed in
yellow. Schematics are not drawn to scale. The chemical enzyme
catalysis reaction chain for glutamate with the subsequent detection
scheme for electrochemical detection of the reporter molecule H2O2
produced is displayed in the figure.

Figure 2. Analytical methods were used to determine the conditions
needed for immobilization of enzyme to create a complete monolayer
coverage of enzyme at the AuNP modified sensor surface. (A)
Absorption spectrum of GluOx:AuNP conjugates from flocculation
assays investigating molar ratios of GluOx versus AuNP needed (from
200:1 to 1400:1) during the conjugation process to cover a 20 nm in
diameter AuNP surface. The enzyme:AuNP conjugate peak spectra
that overlap with the plasmonic peak of bare AuNP in solution
indicate AuNP with a full enzyme coverage and red peak shift as seen
for spectra of AuNP aggregates mark incomplete enzyme coverage.
(B) The resulting hydrated diameter (Dhyd) of GluOx-AuNP
conjugates and of bare 20 nm AuNP was measured using DLS
(circles, attenuation, n = 9) with its corresponding diffusion
coefficient (triangles) and NTA (squares, n = 9). The measurements
were carried out at room temperature (22 °C) ∼ 6 h after conjugate
formation. Error bars are expressed as standard deviation of the mean
values.
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dynamic light scattering (DLS) and nanoparticle tracking
analysis (NTA). Both NTA and DLS measurements (Figure
2B) showed that increasing the molar ratio of enzyme:AuNP
up to 1000:1 resulted in increased size of the conjugates, but
further increases in enzyme concentration did not cause
additional changes in the size of the conjugates. In addition,
further addition of enzyme resulted in a narrower distribution
in conjugate size, as a larger amount of enzyme provides
enough material to fully coat the surface of all AuNP in the
sample. This indicates that by adding enzyme:AuNP ratios of
4000:1 or higher, a complete enzyme monolayer is formed at
the surface of the majority of AuNPs solution, whereas using a
8000:1 ratio, we were able to fully coat all AuNP in the sample
while forming a fully stable enzyme monolayer of GluOx-
AuNP conjugates.
In addition, to verify the DLS measurements, the measured

diffusion coefficient of GluOx-AuNP conjugates confirmed that
the conjugate size increases with molar ratios added up to
1000:1. At higher enzyme ratios, the conjugate size remains
constant, which supports the idea that GluOx forms
monolayer, rather than a multilayer at the AuNP surface.
Therefore, to ensure immobilization of a complete and
ultrathin layer of enzyme at the sensor surface during
fabrication and to compensate for potential loss of enzyme
during the enzyme immobilization process due to adsorption
to for instance the glass wall that insulates the sensor surface,
the tip of the electrode was incubated in a GluOx solution with
an excess amount of enzyme that is needed to form monolayer
coatings. Post fabrication, the glutamate sensor was tested in
bulk solutions and characterized in terms of sensitivity and
selectivity. At this potential, our sensor could detect 10 μM
glutamate (Supporting Information Figure S1A), while

avoiding majority of oxidative interferents and displaying
good selectivity against common interferents like dopamine in
NAc (Supporting Information Figure S1B,C).

Spontaneous Glutamate in Rodent Brain. To test the
efficiency of the glutamate measurements, we applied our
sensor to coronal rodent brain slices by placing the sensor in
the NAc area (Figure 3C), a brain region controlling goal-
directed behavior. NAc region is mainly regulated by
glutamatergic inputs from, for example, prefrontal cortex,
basolateral amygdala, hippocampus and hypothalamus, and by
dopaminergic inputs from the ventral tegmental area.11−15

Abnormal plasticity in these glutamatergic pathways underlies
the course of drug-addiction.16,17 Using this strategy, we were
able to achieve an unparalleled temporal resolution of
measuring single-vesicle exocytosis events during spontaneous
glutamate release. A representative amperometric-time trace of
reduction spikes corresponding to the detection of serial bursts
of glutamate release is displayed in Figure 3A. Recordings in
rat (n = 4) and mouse (n = 4) of spontaneous burst of
glutamate activity showed an average frequency of 28.6 ± 10.7
Hz and 27.9 ± 11.5 Hz, respectively (error representing the
standard error of mean), which is in line with activity levels
previously reported from glutamate electrophysiology record-
ings.18,19 These bursts of glutamate exocytosis activity were
often followed by a short period of silence of 2.8 ± 0.8 s
(mouse) and 3.5 ± 1.2 s (rat) and were comprised of
numerous smaller sub clusters of current spikes, respectively.
Each burst covered hundreds to thousands of individual rapid
submilliseconds to milliseconds current transients, where each
spike was related to glutamate release from a single vesicle
exocytosis event. The representative averaged single spike from
recorded reduction spikes in mouse (n = 3297) and rat (n =

Figure 3. (A) Amperometric current−time trace detecting bursts of individual exocytosis events during spontaneous glutamate release in mouse
brain slice. (B) Definition of the current spike parameters used for exocytosis kinetic analysis after converting the amperometric recording to
positive reduction current. (C) Illustration of the placement of sensor in the nucleus accumbens of rodent brain slice for amperometric recording.
Schematics are not drawn to scale. (D) and (E) Averaged reduction current transients of single synaptic glutamate release in mouse and rat brain
slice, respectively. (F) Glutamate synaptic response sampled at 10 kHz (black) compared to a recalculated amperometric time trace if recorded at 2
Hz (pink). (G) Kinetic analysis of single peak parameters of 4932 and 647 spikes from 7 amperometric recordings in mouse (n = 5) and 4
measurements in rat (n = 2), respectively. The values are shown as the means of means for the total number of measurements ± standard error of
the mean (SEM).
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409) brain slices are shown in Figure 3D,E. Both the current
spike shape characteristics and kinetics of glutamate transients
with half-time decay on submilliseconds time scale support the
sensor’s ability to resolve single synaptic vesicle exocytosis
events.20−22 Hence, if commonly used recording speed of 2 Hz
was used compared to 10 kHz used here, both the information
on neuronal activity and exocytosis dynamics would be missing
(Figure 3F). Summarized temporal dynamics of individual
spike kinetics in Figure 3B,G show a sharp current rise time, a
slower decay with half-time decay on submilliseconds time
scale. This suggests (1) the onset of exocytosis from an
expanding fusion pore and (2) a slower decay representing
diffusion limited glutamate transport from the fusion pore
release site to the electrode surface. That we do not observe
diffusional broadening of the current transients, suggests our
sensor is positioned very close to the glutamate release
site.20,23,24

In addition, the high temporal resolution of the spontaneous
glutamate activity enabled by our recordings, indicated a
diversity of shape and time courses for single spikes. This
implies that glutamate release is regulated by factors
controlling the dynamics of fusion pore opening and closing
during the exocytosis process. Figure 4 presents examples of a
couple of the complex spikes that were isolated from the

recorded current background baseline, and a summary of all
different types of detected spikes and their abundance in
recordings is presented in Figure 5. These different type of
spikes categorized by shape and kinetics are similar to previous
reported recordings of octopamine release in Drosophila
melanogaster tissue.25 This supports previous observations of
heterogeneous glutamate release at ribbon type synapses.26,27

Each spike category was replicated between the mouse and the
rat recording. The most commonly detected spike in vesicle
exocytosis events is initiated with a rapid current rise followed
by a slow decay (Figure 5A); it accounts for 52.9% (mouse)
and 44.1% (rat) of all spikes detected. A current prespike
“foot” was frequently observed prior to the rapid rise at these
current transients, indicating that the exocytosis event is
initiated by formation of a nanometer-sized fusion pore from
which glutamate is leaking before the pore further dilates and
expels a larger amount of glutamate as previously also noted by
synaptic glutamate release at goldfish retinal bipolar cells.21,26

Apart from the occurrence of double or triple peaks that most
likely correspond to codetection of simultaneous exocytosis
events with spatial and temporal overlap (Figure 5B), other
common categories of spikes were characterized by a fast rise
with steady decrease in current amplitude (Figure 5F) or a
broader type where the current steadily increase with time until

Figure 4. Representative amperometric traces of complex exocytotic spike events isolated from the recorded amperometric baseline, with inserts
showing a close up of isolated spikes that were categorized as (A) “increasing plateau” events and (B) and (C) as “decreasing plateau” events.
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an abrupt decay (Figure 5E). This kind of exocytotic release
might indicate glutamate release through a synaptic fusion pore
where the pore size is increasing or decreasing and sometimes
during a continuous flickering before the pore closes. Another
prevalent spike shape demonstrated was a plateau current
(Figure 5D) characterized by a rapid rise followed by a

constant current before a fast decay back to baseline, which
implies that the fusion pore rapidly opens up to a larger size
and stabilizes for a period of time before closing. In addition,
current transients that display a more complex shape and that
last longer than spikes from the other five categories were
identified in our recording, which we here refer to as “funky”

Figure 5. Synaptic glutamate transients (n = 937) and (n = 647) collected from 5 and 4 recordings in mouse (n = 5) and rat (n = 2), respectively,
and where all current transients recorded were sorted into 6 categories of spikes. (A)−(F) Representative peaks and frequency for each type of
spikes as recorded in rat (R) and mouse (M). (A) The sharp spike is the most commonly detected spike in vesicle exocytosis events, it is initiated
with a rapid current rise followed by a slow decay and often preceded by a prespike current “foot”. (B) Spikes displayed with shape characteristics
of “peak overlap” by double or triple peaks most likely correspond to codetection of simultaneous exocytosis events with spatial and temporal
overlap. (C) Current transients that display a more complex shape and that last longer than spikes from the other five categories were all clustered
to the group called “funky”. (D) Plateau current spikes were characterized by a rapid rise followed by a constant current before a fast decay back to
baseline. (E) Spikes that displayed a broader type of spike with a steadily increase in current versus time until an abrupt decay were categorized as
“increased plateau”. (F) The broader spikes displaying a with fast rise followed by a steady decrease in current amplitude were categorized as
“decreasing plateau”. (G) Quantitative analysis of the charge and the relative charge value for each category of spike from recordings of glutamate
release in mouse and rat.
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spikes (Figure 5C). As the integrated charge (Q) from a
current spike as defined in Figure 3B, is proportional to the
amount of glutamate released, quantification of charge defines
the quantal size of exocytotic glutamate release. As summarized
in Figure 4G, normalizing the charge detected from all
categories of spikes to the charge detected by the spikes with
“increasing plateau” shape, shows that all three different kinds
of plateau shaped spikes display similar quantal size of
glutamate released. In contrast, the sharp spike only detects
2/3 of the normalized quantal size, and funky spikes detect 2−
3 times this amount. This indicates that the quantal release
detected by the three different plateau shaped spikes signify
glutamate release by full exocytosis, whereas the fractional
charge detected by the sharp spikes might be derived from a
mode of exocytosis where only part of the vesicle content is
released, which also is supported by the typical spike shape
characteristics observed previously during partial release in
other cell types.28 The peak overlap and funky spikes suggest
codetection of two or more vesicles bursting simultaneously or
possibly related to compound exocytosis, if this mode of
release is present in the glutamatergic terminals projecting to
NAc.29,30 Hence, the variety of current spike shape character-
istics and the variability in quantal size of glutamate release
suggest the presence of a regulatory machinery controlling the
size, dynamics and lifetime of synaptic vesicle fusion pore
during exocytosis and that a variety of release mechanisms may
be utilized during neuronal activity or potentially also be
related to release mechanisms by glial cells31 and astrocytes32

in the NAc of rodent brain tissue.
In summary, we here show the effects of limiting the enzyme

thickness at the nanoparticle-coated sensor surface to a
monolayer, which now also has been supported by
optimization modeling.33 By bringing this new concept in
sensor design,8 applying analytical methods to carefully
characterize the GluOx interaction with AuNP and finding
the optimal conditions for GluOx monolayer formation at the
AuNP surface, we developed an ultrafast glutamate biosensor
and recorded spontaneous glutamate activity in the NAc of ex
vivo rodent brain slice. Employing this sensor for the first time
opens up the possibility to temporally resolve fluctuations of
glutamate transients on the submillisecond time scale that
allows for the monitoring of fusion pore dynamics regulating
glutamate release at the level of single exocytosis events. In
these recordings, we have been able to categorize a variety of
different current spike shapes that suggest various modes of
exocytosis release are utilized by these glutamatergic neurons
during spontaneous glutamate release. We found spontaneous
glutamate events in brain slices occurring with an approximate
frequency of 30 Hz, which is in line with activity levels
previously reported from glutamate electrophysiology record-
ings.18,34 This is of great importance for understanding the role
of glutamate in brain function and malfunction, it also has
profound implications for future in vivo studies in freely
behaving animals. Hence, we perceive this as an important step
toward measuring glutamate release in freely behaving rodent
models, which is our immediate future endeavor. This ultrafast
senor may help to finally understand glutamate neuro-
transmission in neurological states of diseases and health.

■ METHODS
Materials. L-Glutamate oxidase (GluOx, 5 U) lyophilized powder

from Streptomyces sp., sodium chloride (NaCl), sodium bicarbonate
(NaHCO3), gold chloride trihydrate, ferrocene-methanol, Whatman

Anotop 25 syringe filters with 20 nm filtering size, phosphate-buffered
saline tablets (10 mM, pH 7.2), sulfuric acid, copper sulfate,
tetrachloroaurate, dopamine chloride, glutamine, glucose, monoso-
dium glutamate, acetylcholine chloride, ascorbic acid, ferrocene
methanol (FcMeOH), glycerol, potassium chloride, sodium phos-
phate, calcium chloride, magnesium chloride, sodium bicarbonate,
tungsten wire and hydrogen peroxide were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.). A 20 nm gold nanoparticle (AuNP)
colloidal solution was purchased from BBI Solutions (Cardiff, UK).
Milli-Q water with resistivity ≥18 MΩ·cm was used in all
experiments.

Enzyme−AuNP Conjugation. For the formation of GluOx-
AuNP conjugates, a bottle of L-glutamate oxidase lyophilized powder
(5 U) was carefully dissolved in 300 μL of 10 mM sodium
bicarbonate (pH 8.2), and the absorption spectrum of the solution
was measured using a Cary 4000 or Cary 5000 UV−vis
spectrophotometer (Agilent Technologies, U.S.A.) to determine the
GluOx concentration. The absorption spectrum of GluOx solution
shows three peaks at 273, 385, and 465 nm with molar absorption
coefficients of 253 000, 22 000 and 19 000, respectively35 which can
be used to determine the enzyme solution concentration via Beer−
Lambert Law (i.e., A = ε*l*c, where A is the value of absorbance, ε is
the molar extinction coefficient of a molecule at a specific wavelength,
in units of M−1cm−1, l is the optical path length over sample, c is the
sample concentration). To a fixed volume of 1 nM AuNP solution
(monodisperse, 20 nm in diameter), different molar ratios of enzyme
were added in a 2 mL Maxymum Recovery centrifuge tube
(Maxyclear Boil Proof, VWR, U.S.A.) where enzyme, through self-
adsorption, binds to the AuNP surface and forms the GluOx-AuNP
conjugates. Sodium bicarbonate buffer solution was used to adjust the
final volume of the conjugate samples. During conjugate formation, all
samples were incubated in the dark for 1.5 to 2 h at the room
temperature. Thereafter, the isolation of GluOx-AuNP conjugates was
performed by centrifugation at 1000 rpm for 30 min at 4 °C. The
supernatant with unbound GluOx was discarded. At lower amount of
enzyme added, often a dark pellet from AuNPs aggregates would stick
to the inter wall. 50 μL of the GluOx-AuNP conjugate pellets were
collected at the bottom of a centrifuge tube and additional washing
procedures using 10 mM sodium bicarbonate were repeated by
adding a volume corresponding to the volume of the removed
supernatant. This whole process was repeated a total of three times.
To avoid artifacts in the size measurements of the conjugates, the
NaHCO3 buffer used for conjugate experiments was always filtered
with 20 nm syringe filters before use.

Characterizing the Conditions for Enzyme Monolayer
Coatings of AuNPs Using Flocculation Assay. To determine
the molar ration of GluOx:AuNP added in solution, to start forming
stable GluOx coverage onto the surface of AuNP, flocculation assay
was performed using a Cary 4000 or Cary 5000 UV−vis
spectrophotometry. The sample container is a Hellma quartz Suprasil
cuvette QS 10 mm. The first step is similar to what was described for
GluOx-AuNP conjugate synthesis process: after letting the mixture of
GluOx and AuNP stay in the dark for 1.5 to 2 h, all samples except the
bare AuNP in Milli-Q water (a control) NaCl was added with a 0.2 M
final concentration and incubated for 20 min in the dark. The
increased electrolyte concentration caused insufficiently coated
GluOx-AuNP and uncoated AuNP to form Au aggregates. The bare
AuNP has an absorption peak wavelength at around 524 nm, the
sufficiently protected GluOx-AuNP conjugates are supposed to have
the same absorption peak wavelength as that of AuNP, however, the
absorption peak wavelength of Au aggregates formed from the
insufficiently protected AuNP will shift to the red spectrum.
Therefore, the minimal amount of enzyme needed to fully cover
the AuNP surface can be determined by monitoring the UV−vis
spectrum.

Measurements of GluOx-AuNP Conjugate Size. To determine
the amount of GluOx needed to form a monolayer coating at the
surface of the GluOx-AuNP conjugates with the aim to use the
conditions of molar ratio enzyme:AuNP for coating the glutamate
sensor with fully covering thin layer of enzyme, the resulting size of

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.8b00624
ACS Chem. Neurosci. 2019, 10, 1744−1752

1749

http://dx.doi.org/10.1021/acschemneuro.8b00624


conjugates made at different ratios of GluOx:AuNP added in solution
during the conjugation process were measured using Dynamic Light
Scattering (DLS) and Nanoparticle Tracking Analysis (NTA). In the
DLS measurements, a Zetasizer Nano ZS (Malvern Instruments Ltd.,
UK) equipped with a He−Ne laser 633 nm light source was used to
measure the hydrodynamic diameter (Dhyd) of AuNPs and GluOx-
AuNP conjugates. Each sample solution was put into a disposable, 70
μL BRAND cuvettes (BRAND GMBH + CO KG, Germany) with
three measurements including 12−15 runs for every recording. A
backscatter detection with angle of 173° at room temperature (22 °C)
was used to detect the sample size. The Z-average size, that is an
intensity mean via cumulate analysis, was reported and analyzed by
Zetasizer Software 7.10. In the NTA measurements, a highly sensitive
C11440−50B/A11893−02 sCMOS camera (Hamamatsu Photonics
K.K., Japan) configured into a Malvern NanoSight LM10 (Malvern
Instruments Ltd., UK) with a temperature-controlled sample chamber
with a 488 nm (blue) laser was used to track the scattered light of
individual AuNPs and GluOx-AuNP conjugates. The video of AuNPs
and GluOx-AuNP conjugates under Brownian motion was captured
by NTA 3.1 software and analyzed. Each measurement involves 5 runs
where each run lasts for 60s and measurements were performed at
room temperature (22 °C). All size measurements using NTA and
DLS were carried out at approximately 6 h after the initiation of the
conjugation process, when adding GluOx to AuNP in solution.
Preparation of 33 μm CFME. Carbon fiber microelectrodes

(CFME) were prepared by aspirating single 33 μm diameter carbon
fibers (Cytec Engineered Materials, Tempe, AZ) into borosilicate
glass capillaries (1.2 mm O.D., 0.69 mm I.D., Sutter Instrument Co.,
Novato, CA). The filled capillaries were then pulled to a taper using a
commercial micropipette puller (Model P-1000, Sutter Instrument
Co., Novato, CA), and epoxy (Epoxy Technology, Billerica, MA) was
used to seal the glass-carbon fiber junction of the electrode. The
electrode tips were cut using a scalpel and polished at a 45° angle on a
diamond dust-embedded micropipette beveling wheel (Narishige,
Inc., London, U.K.). The electrodes were backfilled with silver paint
or KCl (3 M), and a metal (tungsten or silver) wire was inserted as
the connection to the potentiostat. All electrodes were tested in 1 mM
FcMeOH by performing cyclic voltammetry between −0.2 V and +0.8
at 0.1 V s−1 with a saturated Ag/AgCl reference electrode (CH
Instruments, U.S.A.) using a computer-controlled 1000C Series
Multi-Potentiostat (CH Instruments, U.S.A.) to make sure the
electrodes were well-functioning by evaluating their voltammograms
prior to each experiment.
Functionalization of CFME Surface with AuNPs. Electrodes

were functionalized with AuNP hemispheres by an electrochemical
deposition similar to Finot et al.36 with minor alterations regarding
HAuCl4 concentration and deposition time in order to optimize the
AuNP size and electrode coverage on a 33 μm CFME, as earlier
determined by our lab.8 The CFME and an Ag/AgCl reference
electrode were immersed into a solution of 0.5 mM HAuCl4 and 500
mM H2SO4. A potential of +1.2 V was applied for 10 s followed by a
potential of −0.6 V for 24 s via the 1000C Series Multi-Potentiostat
(CH Instruments, U.S.A.). The AuNP surface area was then measured
electrochemically by performing a linear sweep from +1.4 V (potential
held for 5 s) to +0.5 V at a rate of 0.1 V s−1 in 500 mM H2SO4.

8 Here
a Cu/CuSO4 reference electrode was used instead of an Ag/AgCl
reference electrode to avoid chloride contamination. The resulting
peak at approximately +0.8 V was integrated by the inbuilt software in
the 1000C Series Multi-Potentiostat and the obtained charge was
divided with a factor of 489 μC cm−2 as used by Finot et al.36

Enzymes Monolayer Coating onto AuNP-CFME Glutamate
Sensor Surface. A bottle of L-glutamate oxidase lyophilized powder
(5 U) was filled with 500 μL of 10 mM sodium bicarbonate (pH 8.2)
to completely dissolve the enzyme by gently rotating the bottle with
the buffer solution. After determining the concentration of GluOx in
solution using UV−vis measurement as described above and using the
molar ratio of GluOx:AuNP needed in solution to fully coat the gold
surface, as determined by flocculation assay, DLS, and NTA
measurements, the tip of each AuNP-CFME was immersed into
100 μL of enzyme solution for approximately 2−3 h in room

temperature where the GluOx self-adsorbed to the sensor surface.
Most commonly, the GluOx-AuNP-CFME glutamate sensors were
constructed immediately before use, or otherwise stored in
phosphate-buffered saline (PBS) (10 mM, pH 7.2) at 4 °C for
short periods of time before use within 1 day.

Characterization of the Glutamate Sensor Sensitivity and
Selectivity. Detection of glutamate was performed by chronoamper-
ometry in PBS using the computer-controlled a 1000C Series Multi-
Potentiostat (CH Instruments, U.S.A.). Briefly, a constant potential,
where no reactions occur (0 V), was applied to the glutamate sensor
against a saturated Ag/AgCl reference electrode for 10 s followed by
an immediate change to −0.5 V, where the reduction of the enzymatic
product, hydrogen peroxide, was recorded. The amplitude of the
resulting steady state reduction current achieved at −0.5 V versus the
current at 0 V was determined 30 s after switching to the lower
potential. A glutamate calibration curve was achieved by subjecting
the sensor surface to glutamate solutions in a concentration range
from 10 μM to 10 mM using freshly prepared solutions from a 1 M
glutamate stock solution by adding aliquots of glutamate solution to a
bulk PBS solution. The response of the following potential interfering
analytes; acetylcholine, glutamine, dopamine, ascorbic acid, and
glucose in 100 μM was also tested. In addition, the glutamate sensor
was tested for the target analyte glutamate and for the main inference,
dopamine, in a concentration range of from 10 μM to 1 mM using
cyclic voltammetry. The current versus potential was recorded by
scanning the potential between −0 V and −0.6 V versus a saturated
Ag/AgCl reference electrode (CH Instruments, U.S.A.) at a 0.1 V s−1

scan rate using a Multi-Potentiostat (1000C Series, CH Instruments,
U.S.A.). All solutions were bubbled with nitrogen gas to keep the O2
concentration in solution to a low level during experiments.

Mouse Brain Slice Preparation.Male rodents (mice C57BL and
rats Sprague−Dawley from Charles river, Sulzfeld, Germany) were
housed in a 12-h light/dark cycle (light on at 0700 h) in group cages
with ad libitum access to chow (Teklad Global 16% Protein Rodent
Diet 2016, Envigo, Huntingdon, U.K.) and water. All rodents were
aged between 4 and 8 weeks when sacrificed for amperometric
recordings. They were anesthetized using isoflurane (Baxter Medical
AB, Sweden), decapitated, and the brains were removed quickly in
accordance with regulations of the Swedish Animal Welfare law and
approved by the local ethical committee (ethics number 29-2014) for
animal research at the University of Gothenburg, Sweden. Coronal
slices containing NAc (400 μm) were cut in glycerol solution (at 3
°C) containing (in mM): glycerol, 219; KCl, 2.5, NaH2PO4, 1.2;
CaCl2, 1.2; MgCl2, 7; NaHCO3, 25; and glucose, 11 using Microtome
HM 650 V, Thermo Fisher Scientific, Loughborough, U.K. Slices
were then incubated at 30 °C for at least 45 min before recordings;
the incubation medium contained (in mM): NaCl, 125; KCl, 2.5;
NaH2PO4, 1.25; NaHCO3, 25; MgCl2, 4; CaCl2, 1; D-Glucose, 10;
and sucrose, 15. After they were incubated, slices were transferred to a
submerged chamber and super fused with artificial cerebrospinal fluid
(aCSF) (in mM): NaCl, 125; KCl, 2.5; NaHCO3, 25; CaCl2, 2.0;
MgCl2, 1.3; and D-Glucose, 10 at room temperature at a flow rate of 1
mL minute−1. All solutions were aerated (5% carbon dioxide/95%
oxygen) for at least 30 min prior to use, and aeration continued
during recordings to keep a constant CO2 and O2 levels in solution.

Amperometric Recording of Glutamate Activity in Rodent
Brain Slice. Before performing the ex vivo measurements, the
functionality of GluOx-AuNP-CFME glutamate sensors was tested
with 100 mM glutamate bulk solution (dissolved in aCSF) by
chronoamperometry using a MultiClamp 700B (Molecule Devices,
Sunnyvale, CA, U.S.A.). A constant potential of 0 V for 10 s was
applied to the sensor surface versus a Ag/AgCl reference electrode
and by lowering the applied potential to −0.5 V for 1 min, the steady
state current amplitude shift was recorded. Each sensor was tested at
the recording potential of −0.5 V before experiments, and only
sensors that provided a current amplitude response that corresponded
to the concentration of glutamate in solution were used for slice
recordings. An upright Nikon E600FN (Nikon Inc., Japan)
fluorescence microscope equipped with 4× lens and infrared−
differential interference contrast was used for placing the glutamate
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sensor at the surface of the core region of the NAC in the brain slice.
When inserted into the tissue, the sensor was then lowered to a depth
of approximate 20 μm and the sensor tip remained visible by the
microscope imaging. All recordings were limited to NAc core region
of brain slice with an approximate angle of 45 deg to the plane of
brain slice. Electrochemical recordings were performed by holding a
constant potential of −0.5 V at the sensor surface versus a Ag/AgCl
reference electrode using a MultiClamp 700B potentiostat (Molecule
Devices, Sunnyvale, CA, U.S.A.). All signals were Bessel filtered at 10
kHz and digitalized at 20 kHz using a Digidata model 1440A with
Axoscope 10.3.1.4 software (Molecule Devices, Sunnyvale, CA,
U.S.A.), except for two measurements that were digitalized at 10
kHz and filtered at 4 kHz.
Data Analysis of Single Glutamate Exocytosis Events. The

amperometric data were analyzed by a IgorPro 6.37 software
developed by David Sulzer’s group.21 The data were smoothed at 5
kHz (binomial sm.) before analysis. The threshold for collecting
spikes was 5 times that of the standard deviation of the noise. The
amperometric trace was carefully visually checked, and false spikes
were manually removed. In order to reduce the variance of the data,
only current traces with more than 30 spikes were used in the analysis.
All signals that were slower than 20 ms presented in two recordings
were excluded from data analysis, assuming that these slower events
might be related to extrasynaptic glutamate release from glial cells and
astrocytes.31,32 Current spike parameters were evaluated in terms of
halftime (T1/2) of a single exocytosis event was defined as the peak
width at half-height of the peak. The rise time (Trise) was defined as
the measured rise time from 25% to 75% of the maximum peak
height. The fall time (Tfall) was measured as the peak decay time from
75% to 25% of the maximum peak height. Imax was measured as the
maximum current amplitude of each spike.
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