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Nanocomposite sensors consisting of carbonfibermicroelectrodesmodifiedwithNafion®and carbon nanotubes,
and ceramic-based microelectrode biosensor arrays were used to measure ascorbate and glutamate in the brain
with high spatial, temporal and chemical resolution.Nanocomposite sensors displayedelectrocatalytic properties
towards ascorbate oxidation, translated into a negative shift from +0.20 V to −0.05 V vs. Ag/AgCl, as well as a
significant increase (10-fold) of electroactive surface area. The estimated average basal concentration of ascor-
bate in vivo in the CA1, CA3 and dentate gyrus (DG) sub regions of the hippocampus were 276 ± 60 μM (n =
10), 183 ± 30 μM (n = 10) and 133 ± 42 μM (n = 10), respectively. The glutamate microbiosensor arrays
showed a high sensitivity of 5.3 ± 0.8 pA μM−1 (n= 18), and LOD of 204 ± 32 nM (n= 10), and t50% response
time of 0.9± 0.02 s (n= 6) and high selectivity againstmajor interferents. The simultaneous and real-timemea-
surements of glutamate and ascorbate in the hippocampus of anesthetized rats following local stimulus with KCl
or glutamate revealed a dynamic interaction between the two neurochemicals.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Ascorbate plays important roles in the neurophysiological processes
of the brain, ranging from antioxidant and enzyme co-factor to amodu-
lator of energetic metabolism as well as glutamate and nitric oxide
(•NO) dependent signaling processes [1,2]. Glutamate is the major ex-
citatory neurotransmitter in the mammalian central nervous system
and is key to glia-neuron communication [3] and brain functions such
as cognition, memory and learning. It has been suggested that changes
in extracellular glutamate levels are coupled to fluctuations in extracel-
lular ascorbate levels via a hetero-exchangemechanism involving gluta-
mate transporters [4,5], in a process mediated by •NO produced upon
activation of NMDA-type glutamate receptors [2]. Interestingly, deregu-
lation in both glutamate- and ascorbate-dependent pathways appear to
play a role in neurodegenerative processes such as Alzheimer's or
Huntington's disease [6–9]. The monitoring of both compounds in vivo
with high spatial and temporal resolution may offer new insights into
the dynamic interplay between these two neurochemicals during excit-
atory neurotransmission.
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Carbon nanotubes (CNTs) have been widely used for the fabrication
of electrochemical sensors and biosensors owing to their unique struc-
tural, mechanical, chemical and electronic properties which offer sever-
al advantages, namely high surface-to-volume ratios, promotion of
electron transfer reactions, decrease of over-potentials for various
electroactive compounds, increase in sensitivity and reduction of sur-
face fouling [10–12]. Due to their electrocatalytic properties, CNT com-
posite films have been used to modify the surface of carbon fiber
microelectrodes (CFM) for in vivo measurements of ascorbate in the
rat brain [13,14].

Glutamate is commonly monitored in vivo by microdialysis [15],
which allows the identification of relevant chemicals by using powerful
analytical techniques such as HPLC-ECD or LC-MS-MS. However, this
approach presents limitations such as the significant damage to brain
tissue due to probe size that ranges between 150 and 500 μm in diame-
ter and 1–4 mm in length [16–18], lack of spatial resolution of microdi-
alysis probes [15], and inadequate temporal resolution to detect rapid
synaptic-related events. An attractive alternate approach encompasses
the use of ceramicmicroelectrode arrays (MEAs) coatedwith glutamate
oxidase (GluOx) coupled to fast electrochemical techniques such as
amperometry to monitor glutamate in the brain extracellular space
[19,20]. These microbiosensor arrays have been successfully used for
second-by-second measures, in a self-referencing mode, of tonic and
potassium-evoked glutamate levels in anesthetized rodents [21,22] as

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2018.01.009&domain=pdf
https://doi.org/10.1016/j.bioelechem.2018.01.009
mailto:rbarbosa@ff.uc.pt
Journal logo
https://doi.org/10.1016/j.bioelechem.2018.01.009
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/bioelechem


143N.R. Ferreira et al. / Bioelectrochemistry 121 (2018) 142–150
well as tonic and evoked changes in chronic recordings in freelymoving
animals [23].

In this work, we have characterized the electrocatalytic oxidation of
ascorbate at CFMs coated with different CNT composite films, which in-
creased the electrochemical active surface area. These nanocomposite
sensors were used for the measurement of basal levels of ascorbate in
the CA1, CA3 and dentate gyrus (DG) sub regions of the hippocampus
of urethane anesthetized rats. Moreover, the kinetic and analytical per-
formance of the glutamate microbiosensor array was assessed in vitro
and they were used to characterize glutamate dynamics upon potassi-
um stimulation in the brain of anesthetized rats. Finally, the two
micro(bio)sensors were assembled in an array and used for simulta-
neousmeasurement of ascorbate and glutamate in vivo to assess the dy-
namic interplay between these two neurochemicals with high spatial
and temporal resolution.

2. Experimental

2.1. Reagents and solutions

Ascorbate and o-phenylenediamine (o-PD) were obtained from
Fluka. KCl was obtained from Panreac (Barcelona, Spain). All other re-
agents were analytical grade and obtained from Sigma-Aldrich, unless
otherwise stated. Phosphate buffered saline (0.05 M PBS) used for mi-
croelectrodes evaluations was prepared in Milli-Q water and had the
following composition (mM): 10 NaH2PO4, 40 Na2HPO4 and 100 NaCl
(pH 7.4). All compounds ejected into the brain were dissolved in saline
(NaCl 0.9%, pH 7.4). Ascorbate oxidase (AAOx) was obtained from
AppliChem (Darmstadt, Germany) and was prepared by dissolving
0.1 mg (28.8 U) of the enzyme in 1.0 mL of saline. High K+ solution
was prepared in Milli-Q water and had the following composition (in
mM): 70 KCl, 79 NaCl, 2.5 CaCl2. Glutamate oxidase (US Biological,
Fig. 1. Schematic representation of the array composed by the ascorbate nanocomposite micro
local application of solutions in the extracellular space of the rat hippocampus.
Swampscott, MA) was prepared by adding 50 μL of purified H2O to the
lyophilized, purified enzyme (25 units) to obtain a final concentration
of 0.5 U/μL. Carbon nanotubes (SWCNT and MWCNT) were purchased
from Nano-lab (USA) and they were suspended in a 0.5% Nafion solu-
tion to a final concentration of 100 mg/mL.

2.2. Electrochemical instrumentation

All recordings were performed using a FAST16mkII potentiostat sys-
tem (Quanteon, LLC., USA). Electrochemical recordings were performed
in a 2-electrode electrochemical cell configuration mode consisting of
the ascorbate/glutamate sensor as a working electrode and an Ag/AgCl
in 3 M KCl (RE-5B, BAS Inc.) as a reference electrode. For in vivo exper-
iments, the reference was replaced by a miniature pseudo-reference
electrode produced by electro-oxidation of the exposed tip of a Tef-
lon-coated Agwire (200 μmo.d., Science Products, Germany). The hold-
ing potential for the ascorbate nanocomposite sensor was +0.05 V vs.
Ag/AgCl, based on the voltammetry studies shown in this work and ac-
cording to the values previously reported [13]. In the case of the gluta-
mate biosensor, the holding potential was +0.70 V vs. Ag/AgCl, as
referred in the literature [19,24,25]. Data display rate was 2 Hz for all
recordings.

2.3. Ascorbate microelectrode preparation and calibration

Carbon fiber microelectrodes were fabricated as previously de-
scribed [26] and the exposed tip of the carbon fiber (o.d. 30 μm) was
cut to a length of 150–250 μm. Single- andmulti-wall carbon nanotubes
(SWCNT andMWCNT, respectively) were used to coat the exposed sur-
face of the CFMs. In each case, a single drop of the suspension was ap-
plied onto a glassy plate and the CFM tip was immersed into the
droplet for 30 s and then dried at 1700C for 5 min.
sensor (left), the glutamate microbiosensor (right) and the micropipette (center) used for



Fig. 2. A) Square wave voltammograms of ascorbate (500 μM) in PBS pH 7.4 obtained
using a bare (black trace) and nanocomposite modified (red and blue traces) CFMs.
Square wave voltammetry parameters: f = 10 Hz, Estep = 2 mV, ESW = 10 mV.
Determination of microelectrode active surface area of bare (B) and SWCNT/Nafion®
modified (C) CFMs by cyclic voltammetry. Voltammograms obtained in
hexaammineruthenium (III) chloride (5 mM) in 1 M KNO3 at scan rates ranging from
20 to 1600 mV s−1. Linear regression plots of the oxidation and reduction peak
potentials for bare and SWCNT/Nafion® CFMs are shown inset and regression equations
were the following: Bare CFMs: oxidation: y = 158.8 + 473.6x; r2 = 0.993; reduction:
y = −192.6 − 454.5x r2 = 0.988 SWCNT/Nafion® CFMs: oxidation: y = 356.4
+ 2488.5x; r2 = 0.989, reduction: y = 200.5 − 5472.9x; r2 = 0.996. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Calibration was performed in PBS 0.05 M at room temperature
(ca. 22 °C). Once a stable baseline was obtained, 3 successive addi-
tions of ascorbate (100 μM each) were followed by DA (20 μM) and
NO2

− (50 μM). Sensitivity, detection limit (LOD), linearity and selectivity
were calculated from the data.

2.4. Glutamate microbiosensor arrays

Glutamate microbiosensor arrays were prepared using S2-type
MEAs (Center for Microelectrode Technology, University of Kentucky,
USA) consisting of 2 pairs of side-by-side Pt sites (15 × 333 μm) on a ce-
ramic substrate (100 μmbetween pairs and 30 μmbetween sites in each
pair). Their fabrication process is described elsewhere [20]. A 10-μL
cocktail solution containing 1% glutamate oxidase (GluOx), 1% Bovine
serum albumin (BSA) and 0.125% glutaraldehyde was prepared and
used fresh. A microsyringe (Hamilton Co.) was used to manually coat
theMEA recording sites with the enzyme solution under a stereomicro-
scope. A droplet of the solution (~ 0.1 μL)was suspended at the tip of the
microsyringe and the solution was applied to the bottom pair of the re-
cording sites for a 5-s period. This procedure was repeated 3 times, with
a one-minute interval. The top pair of recording sites was coated in a
similar manner using a protein matrix (1% BSA and 0.125% glutaralde-
hyde). Themicrobiosensor arrays were allowed aminimum72 h curing
period in a low-humidity environment at room temperature prior to
use.

The 1,3-phenylenediamine (m-PD) was electropolymerized onto
the Pt recording surfaces to create an exclusion layer and improve selec-
tivity towards glutamate. Electropolymerization was performed in a
degassed 5 mM solution of m-PD, by applying a triangular potential
wave with an offset of +0.5 V, peak to peak amplitude equal to ±
0.25 V, at a frequency of 0.05 Hz, for a period of 20 min [27].

Glutamate microbiosensor arrays were calibrated in PBS 0.05 M at
37 °C. Once a stable baselinewas obtained, a single addition of ascorbate
(250 μM) was followed by 3 additions of L-glutamate (20 μM) and DA
(20 μM). Finally, 20 μM of H2O2 was added to the beaker to check that
the sites were responding to the reporter molecule. Sensitivity, LOD
and linearity (R2) for glutamate were calculated, as well as the selectiv-
ity ratio over ascorbate.

For in vivo simultaneous recording of ascorbate and glutamate, the
micro(bio)sensors were coupled to a pulled micropipette (tip diameter
ca. 10 μm) in anarray, as depicted in Fig. 1. Themicropipette used for the
local application of stimulus solution was placed between the ascorbate
CFM and the glutamate microbiosensor, at approximately 200 μm from
each one. The distance between the three elements was controlledwith
the help of a microscope fitted with an eyepiece reticule, and the array
was fixed with the use of sticky wax.

2.5. Animals and surgical procedures

All experiments were performed in accordance with the European
Community Council Directive for the Care and Use of Laboratory Ani-
mals (2010/63/EU) andwere approved by the local institutional animal
care committee (ORBEA). In the present study, we used 6 adult male
Wistar rats (8–12 weeks; weight between 250 and 300 g) maintained
in a 12:12 light: dark cycle with food and water available ad libitum.

The experimental setup used for recording ascorbate/glutamate in
vivo in anesthetized rats was similar to that used in previous studies
[26]. Briefly, rats were anesthetized with urethane (1.25–1.50 g/kg,
i.p.) and placed in a stereotaxic frame (Stoelting, USA). Body tempera-
ture was maintained at 37 °C using a delta phase isothermal pad
(BrainTree Scientific, MA, USA). A craniotomy was performed to ex-
pose the brain area of interest. After removing the dura mater, the mi-
crosensor/biosensor/micropipette array was lowered into the rat
hippocampus using pre-determined coordinates [28]. Specific coordi-
nates used in each experiment are indicated in each figure legend. A
miniature Ag/AgCl pseudo-reference electrode was placed beneath
the exposed skin and soaked with a 0.9% NaCl solution during the ex-
periments. Physiological conditions were recorded using a MouseOx
oximeter (Starr Life Science, Allegheny Avenue Oakmont, PA, USA).
After stabilization of baseline current (ca. 15 min), solutions were lo-
cally pressure ejected into the brain adjacent to the microelectrode/



Fig. 3. Representative amperometric calibration of a glutamate microbiosensor array at +0.7 V vs. Ag/AgCl, showing one GluOx coated site (black trace) and one sentinel site (red trace).
Three successive additions of a glutamate solution (20 μM) were performed in the presence of ascorbate (250 μM) followed by a single addition of dopamine (20 μM). At the end of the
calibration the responsiveness of the microelectrode array recoding sites was tested by addition of H2O2 (20 μM). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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biosensor sites from the glass micropipette using a Picospritzer III
(Parker Hannifin Corp., General Value, Fairfield, NJ, USA).
2.6. Data analysis

Data analysis was performed using OriginLab Pro 7.5 and GraphPad
Prism 5. Data are presented as mean ± SEM. Differences between two
data sets were evaluated by a Student's t-test. Statistical tests between
multiple data sets were carried out using a one-way analysis of variance
(ANOVA). Each glutamate signal obtained in vivowas analyzed to deter-
mine the following parameters: peak amplitude, rise time (TR, the time
from stimulus ejection to peak amplitude), and total signal duration
(TTotal, the time from stimulus ejection until complete return to signal
baseline) and uptake rate (μM s−1), k−1 × maximum amplitude
(where k−1 is the slope of the linear regression of the natural log trans-
formation of the decay over time). The current signal was converted
into glutamate concentration using calibration sensitivity obtained for
each site.
Table 1
Analytical and kinetic parameters obtained for the glutamate microbiosensor array. Values are

Sensitivity
(pA μM−1)

Linearity
(R2)

Response time t50% (s) LOD
(nM)

5.3 ± 0.8
(n = 18)

0.998 ± 0.001
(n = 18)

0.9 ± 0.02
(n = 6)

204 ± 32
(n = 10)
3. Results and discussion

3.1. Ascorbate oxidation potential and electroactive surface area

The oxidation of ascorbate at bare carbon electrodes requires high
over-potentials due to slow electron transfer kinetics. A two-electron
oxidation reaction converts ascorbate into dehydroascorbic acid,
which is rapidly hydrolyzed (k = 1.2 × 103 s−1) to 2,3-diketogulanic
acid, a non-electroactive product that readily adsorbs onto the electrode
surface [29,30]. However, the oxidation reaction of ascorbate on carbon
electrodes undergoes an inner-sphere electron transfer and is sensitive
to the nature of electrode surface, which can be fine-tuned by physical
or chemical modifications such as the immobilization of CNTs. As
shown in Fig. 2A, we observed a significant (p b 0.05) negative shift of
the oxidation peak potential from +0.20 V vs. Ag/AgCl for bare CFMs
to −0.05 V and to−0.02 V for SWCNT/Nafion® and MWCNT/Nafion®
modified CFMs, respectively. This indicates an electrocatalytic effect in
agreement with previous reports [13,31,32]. Given the similar electro-
catalytic effect (p N 0.05) observed for both nanocomposite films and
shown as mean ± SEM.

Selectivity ratio Vmax
(nA)

KM

(μM)
Dopamine Ascorbate

438 ± 178
(n = 6)

404 ± 84
(n = 6)

8.3 ± 0.5
(n = 4)

592 ± 114
(n = 4)



Fig. 4. Determination of enzyme kinetics for the glutamate microbiosensor array. A) Representative calibration recording between 5 and 1600 μM glutamate. B) Calibration plot of steady-
state current as a function of glutamate concentration. Datawas fitted to aMichaelis-Menten equation (n=6). C) Calibration plot showing the linear range between 2 and200 μMglutamate
(n = 6). D) Effect of pH on the microbiosensor performance. The slope of the calibration curve is plotted as a function of pH and data was fitted to a Gaussian function (n = 4).

Table 2
Evaluation of glutamate transient signals obtained from local application of KCl and gluta-
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that we have previously reported an increase in the sensitivity resulting
from the modification of CFMs with SWCNT/Nafion® [13] we selected
this nanocomposite for in vivo experiments.

To assess whether an increase in the electroactive surface area may
underlie the enhanced sensitivity, we used a standard redox couple to
evaluate the electrochemical behavior of bare and SWCNT/Nafion®
CFMs. Cyclic voltammograms were recorded in a solution of
hexaammineruthenium (III) chloride (5 mM) in 1 M KNO3 at scan
rates ranging from 20 to 1600 mV s−1. As shown in the insets of Fig.
2B and C, the anodic (black trace) and cathodic (red trace) peak currents
increased linearlywith the square root of the scan rate for bare andCNT-
modified CFMs, indicating that the process is diffusion controlled. The
electroactive surface area of each type of CFMs, calculated using the
Randles-Sevcik equation was calculated to be 1.4 ± 0.2 × 10−4 cm2

and 16.0±2.2 ×10−4 cm2 for bare CFMs andSWCNT/Nafion®modified
CFMs, respectively (c.a. 10-fold increase).
mate in the CA1-region of the rat hippocampus. Values are shown as mean ± SEM.

Hippocampus (CA1)

KCl
70 mM

Glutamate
20 mM

Number of rats 3 3
Number of signals 22 17
Maximum peak amplitude (μM) 9.6 ± 1.4 39.3 ± 8.4
Trise (s) 3.0 ± 0.3 3.8 ± 0.2
Ttotal (s) 10.6 ± 0.7 21.3 ± 2.2
Uptake rate (μM s−1) 3.2 ± 1.0 5.8 ± 1.1
3.2. Analytical performance of the glutamate microbiosensor array

The analytical performance of the glutamate microbiosensor array
was evaluated in vitro to validate its use in vivo. Fig. 3 shows a typical
calibration recording of a S2 type MEA glutamate microbiosensor. For
each calibration, the sensitivity, LOD, linearity and selectivity towards
ascorbate and DA were calculated as summarized in Table 1. Values
are in good agreement with those previously reported [19,20].
Considering that in the extracellular space, the concentration of glu-
tamate is typically in the low micromolar range [21] and the high KM

values of the enzyme GluOx (0.3 to 5 mM) [33], little concern is usually
paid to the kinetic parameters KM and Vmax. However, enzyme load on
the microelectrode may have a significant impact on efficiency [34],
more so given that GluOx is applied manually onto the MEA surface.
We performed a calibration of the glutamate microbiosensor between
the concentration range of 5 to 1600 μM (Fig. 4A) and fitted the data
to a Michaelis-Menten nonlinear fit (Fig. 4B) in order to calculate KM

and Vmax, as summarized in Table 1. It is also important to note that
the microbiosensor arrays exhibited a linear response in the range of 1
to 200 μM glutamate.
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We further determined the dependency of the microbiosensor re-
sponse (calculated as the slope of the calibration curve) on pH (Fig.
4D). Themicrobiosensor response showed a bell-shaped curve between
pH 6.0 to 8.5. The response to glutamate was fitted to a Gaussian func-
tion and optimal activity peaked at pH 7.20 ± 0.04 (r2 = 0.96; n = 4),
which is close to physiological pH in vivo. Oxygen is a co-substrate in
the reaction catalyzed by GluOx. Reports indicate that glutamate bio-
sensors are minimally affected by O2 concentration [22]. This low de-
pendency may be related with the triple coating of the Pt surface with
GluOx that leads to an increase of the enzyme load and decreasedO2 de-
pendency of the biosensor [35]. Also, a portion of O2 is returned to the
tissue by the oxidation of H2O2 at theMEA surface,minimizing the influ-
ence of O2 concentration on glutamate responses. It was previously re-
ported that the GluOx biosensor response at an O2 concentration of 30
μMwaswithin 75% of that obtained in air-saturated buffer [36]. Consid-
ering the low concentrations of glutamate present in the central ner-
vous system [22,37], one may expect little O2-dependency.

The analytical performance of the glutamate biosensor was evaluat-
ed in vivo in the hippocampus (CA1 subregion) of anesthetized rats.We
evaluated the transient glutamate signals produced upon K+-induced
depolarization and exogenous application of glutamate. As can be ob-
served in Fig. S1, local applications of high-K+ solution (25–60 nL) pro-
duced transient and reproducible increases in extracellular levels of
glutamate. Exogenously applied glutamate solution (20 mM, 12.5–
75 nL) also produced transient increases in extracellular glutamate in
vivo (not shown). The amperometric signals were characterized and re-
sults are presented in Table 2. As expected, the peak amplitude for
20 mM glutamate ejections was higher when compared with 70 mM
KCl stimulation, which produces endogenous release of glutamate due
to K+-evoked depolarization. The average uptake rate of glutamate, cal-
culated by fitting the signal decrease phase to a first-order exponential
Fig. 5. Representative in vivo amperometric recording for estimation of resting ascorbate level in
0.1 mg/mL) was applied locally to deplete extracellular ascorbate. The change in current follow
sub-regions of the rat hippocampus. The inset shows values obtained from three different rats
(n = 10).
decay function, was 5.8 μM s−1 for exogenous glutamate and 3.2
μM s−1 (p N 0.05, Student's t-test) for KCl-evoked endogenously re-
leased glutamate, confirming previous reports of fast glutamate clear-
ance from the extracellular space [38].

It is important to mention that these glutamate microbiosensor ar-
rays allow recording in a “self-referencing” mode. Two of the identical
4 Pt recording sites were used as sentinel or null sites since they are
coated with a protein matrix not containing GluOx. As shown in Fig. 3,
these sites respond to interferents such as ascorbate in a similar fashion
as the GluOx coated sites, but show no response to glutamate. Subtrac-
tion of the signal recorded at the sentinel site from that recorded at the
GluOx coated sites (as shown in Fig. S2) not only improves signal selec-
tivity, but also improves the signal-to-noise ratio and LOD. The self-
referencing technique allows cross-checking for interferent signals on
a moment-to-moment basis.

3.3. In vivo basal ascorbate levels in the rat hippocampus

Prior to in vivo use, each nanocomposite CFM was calibrated in
0.05 M PBS at room temperature to access sensitivity, LOD and selectiv-
ity relative to DA and NO2

−. On average, the sensitivity was 42 pA μM−1

(n= 7) and LOD was 0.7 μM. Furthermore, no detectable response was
observed for DA (20 μM) or NO2

− (50 μM). We used these SWCNT/
Nafion® modified CFMs to estimate basal ascorbate levels in vivo in
the CA1, CA3 andDG sub-regions of the hippocampus of urethane-anes-
thetized rats. To this purpose, we determined the change in signal fol-
lowing removal of ascorbate by local ejection of AAOx in each sub-
region of the hippocampus (Fig. 5). The current change was converted
to ascorbate concentration according to post-calibration sensitivity.
Resting ascorbate levels in the different hippocampus sub-regions
were, thus, determined to be 276 ± 60 μM (n = 10) in CA1, 183 ± 30
the CA1 hippocampal sub-region of urethane-anesthetized rat. Ascorbate oxidase (50 nL;
ing AAOx pressure-ejection was used to estimate resting levels of ascorbate (μM) in the

, each represented by a different color and symbol. Horizontal line represents mean value
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μM(n=10) in CA3 and 133±42 μM(n=10) inDG. Values reported in
the literature usually refer to the hippocampus as a whole [39] and are
in line with the average concentration we found considering the three
sub-regions here analyzed (ca. 200 μM).

3.4. Simultaneous and real-time in vivo measurement of glutamate and
ascorbate

To further understand the interplay between ascorbate and gluta-
mate in the hippocampus, we performed simultaneous in vivo record-
ings of the two compounds in the CA1 subregion of the hippocampus
of urethane-anesthetized rats. For this purpose, we assembled a
SWCNT/Nafion® modified CFM sensor and glutamate microbiosensor
array alongside with a glass micropipette for local pressure-ejection of
KCl 70 mM or glutamate 20 mM (see Fig. 1). As shown in Fig. 6 A and
B, both stimuli produced transient increases in glutamate followed (ca.
Fig. 6. Simultaneous in vivo amperometric recordings of glutamate (black trace) and
ascorbate (red trace). (A) Nanocomposite sensor and glutamate microbiosensor array
was implanted in the CA1 sub-region of the rat hippocampus (coordinates: AP −
3.8 mm; ML −2.2 mm; DV −2.6 mm). Endogenous glutamate release was evoked by a
local application of 25 nL KCl 70 mM. (B) Amperometric recordings in the DG sub-
region (coordinates: AP −3.8 mm; ML −2.2 mm; DV −3.2 mm) during local
application of glutamate (25 nL, 20 mM). Arrows indicate the pressure-ejection of each
stimulus. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
1 s delay) by an increase in ascorbate. The ascorbate signal peaked
when the glutamate peak ended. Furthermore, Fig. 6A indicates that
for a glutamate peak of ca. 6 μM, ascorbate peaked at ca. 100 μM. Record-
ings shown in Fig. 6B indicate a maximum glutamate peak of ca. 65 μM
and ca. 400–500 μMof ascorbate. This result suggests that there is a cor-
relation between the peak amplitude and concentration of glutamate
and ascorbate in the extracellular space.

Given the chemical complexity of the brain extracellular milieu, it is
important to confirm the chemical identity of the ascorbate signals
measured. The negative shift in the oxidation potential of ascorbate ob-
served at the SWCNT/Nafion®-modified CFM suggest a high selectivity
of the nanocomposite sensor against major interferents found in the
brain extracellular space such as dopamine and other catecholamines
[13]. Nonetheless, we confirmed the chemical identity of the ampero-
metric signal measured in vivo by obtaining successive square wave
voltammograms during the experiment. As shown in the false color
plot in Fig. 7, local application of a bolus of 20 mM glutamate produced
a transient increase in current at the oxidation peak potential of ascor-
bate and with a time frame similar to the signals recorded by
amperometry for the same stimulus conditions (Fig. 6B).

In vivo biofouling may occur due to adsorption of macromolecules
and tissue inflammatory response and has been reported to decrease
sensitivity by 60 to 82% of the initial value [13,40]. To evaluate the ex-
tent of biofouling at the nanocomposite sensor, we performed local in-
jections of exogenous ascorbate (20 mM) at 400 s, 2309 s and 6480 s
after insertion the microsensor into the brain tissue and we found no
significant change in measured peak amplitude, as shown in Fig. S3.
The results support the reliability of the post-calibration data and dem-
onstrate a high stability of the sensitivity of the nanocomposite CFM
during in vivo experiments.

Overall, the results corroborate previous data indicating an interplay
between ascorbate and glutamate [39,41], putatively via a
heteroexchange mechanism [41,42]. The coupling between neuronal
production of •NO following glutamatergic stimulation and the release
of ascorbate into the extracellular fluid, further supports the role of
ascorbate in the modulation of glutamatergic signaling in the brain [2].

4. Conclusions

In the present work we demonstrated that CNT/Nafion® modified
CFMs - nanocomposite sensors - display electrocatalytic properties to-
wards the oxidation of ascorbate that translated into a negative shift
in oxidation potential and a significant increase in the electroactive sur-
face area. Furthermore, they revealed suitable recording properties in
vivo, such as selectivity, stable sensitivity and minimal biofouling.
Using these nanocomposite sensors, we estimated the in vivo basal
ascorbate levels in the sub-regions of the rat hippocampus.

Ceramic-based Pt microelectrode arrays coated with glutamate oxi-
dase were used to selectively monitor potassium-evoked glutamate re-
lease and reuptake in the rat hippocampus with high spatial and
temporal resolution.

Finally, combination of the two micro(bio)sensors in an array
allowed real-time and simultaneous measurements of glutamate and
ascorbate in vivo in the hippocampus of anesthetized rats upon K+ stim-
ulus, revealing rapid concentration changes of these two neuroactive
molecules following. Considering the recognized interplay between glu-
tamate signaling and fluctuations in extracellular ascorbate levels and
their putative role in brain pathophysiology, namely in age-related neu-
rodegenerative diseases, the development of sensors which allow si-
multaneous in vivo measurements with high spatiotemporal
resolution is highly relevant.
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