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A B S T R A C T

Glutamate excitotoxicity is a pathology in which excessive glutamate can cause neuronal damage and degen-
eration. It has also been linked to secondary injury mechanisms in traumatic spinal cord injury. Conventional
bioanalytical techniques used to characterize glutamate levels in vivo, such as microdialysis, have low spatio-
temporal resolution, which has impeded our understanding of this dynamic event. In this study, we present an
amperometric biosensor fabricated using a simple direct ink writing technique for the purpose of in vivo glu-
tamate monitoring. The biosensor is fabricated by immobilizing glutamate oxidase on nanocomposite electrodes
made of platinum nanoparticles, multi-walled carbon nanotubes, and a conductive polymer on a flexible sub-
strate. The sensor is designed to measure extracellular dynamics of glutamate and other potential biomarkers
during a traumatic spinal cord injury event. Here we demonstrate good sensitivity and selectivity of these rapidly
prototyped implantable biosensors that can be inserted into a spinal cord and measure extracellular glutamate
concentration. We show that our biosensors exhibit good flexibility, linear range, repeatability, and stability that
are suitable for future in vivo evaluation.

1. Introduction

Glutamate excitotoxicity (GET) is a neuropathology that persists in
many neurodegenerative disorders such as Parkinson's and Alzheimer's
disease as well as in traumatic brain and spinal cord injuries (SCI) (Park
et al., 2004; Caudle and Zhang, 2009; Oyinbo, 2011). Glutamate is a
one of the major neurotransmitters in the nervous system, well-known
for its role in relaying excitatory signals. However, a large concentra-
tion of glutamate has been known to cause deleterious effects on neural
substrates. When neural tissue degenerates due to a disease or a trauma,
dying cells often release a large amount of glutamate into the extra-
cellular space and trigger a cascade of overstimulation-related neural
damage and demyelination (Fu et al., 2009). Despite extensive research
in neurodegeneration, the mechanism for a sustained high levels of
extracellular glutamate remains unclear. Thus, a better understanding
of GET in neurodegenerative disorders and neurotrauma may lead to
novel therapeutic interventions to minimize GET-related secondary
damage (Lau and Tymianski, 2010).

Traditionally, nuclear magnetic resonance spectroscopy, positron
emission tomography, and microdialysis have been used to quantify
extracellular glutamate levels in vivo. However, these techniques often
suffer from low sensitivity and poor spatiotemporal resolution. There
are several examples of using microdialysis to quantify extracellular
glutamate levels following a SCI in vivo (Miele et al., 1996; Xu et al.,
1998), but the glutamate measurements were often delayed up to
30min due to laborious sampling and analysis processes associated
with this technique.

Recently, implantable electrochemical glutamate sensors have
emerged as a promising alternative for in vivo glutamate monitoring
due to relatively fast response time and precise positioning. Using
conventional microelectromechanical systems (MEMS) techniques,
several groups have developed microscale biosensors for measuring
glutamate level in the brain or the spinal cord (Cao et al., 2012;
Govindarajan et al., 2013; Weltin et al., 2014). However, most MEMS-
based glutamate biosensors are rigid, expensive, and time-consuming to
fabricate.
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Printable electronics techniques can address many of the short-
comings of conventional MEMS fabrication processes by enabling rapid
production of low-cost, flexible devices (Lewis, 2006; Ahn et al., 2009).
Specifically, there has recently been significant efforts to use various
printing techniques for developing devices for biological, medical, and
optical applications (Hon et al., 2008). Flexible electrochemical bio-
sensors and other electronic devices are now commonly fabricated
using screen-printing and ink-jet printing techniques (Lee et al., 2012,
2012; Cinti et al., 2015; Hondred et al., 2017).

Another additive manufacturing technique is direct ink writing,
which is particularly useful for printing high-aspect-ratio features on
any planar or non-planar substrate (Lewis, 2006; Hon et al., 2008;
Kadara et al., 2008). The direct writing platform uses a computer-

controlled translational stage to directly deposit high viscosity func-
tional materials with microscale resolution without the need for pat-
terning masks. In this study, we used direct ink writing as a simple, low-
cost method to rapidly fabricate microscale electrodes by printing
conductive, flexible nanocomposite ink on thin-film polymer substrates.
The nanocomposite ink consisted of platinum nanoparticles (PtNPs),
multi-walled carbon nanotubes (MWCNT), conductive polymer—poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS), and
Ecoflex™ silicone rubber. We immobilized glutamate oxidase on top of
printed PtNPs-MWCNT-PEDOT:PSS-Ecoflex (PtNPs nanocomposite)
electrodes to make microscale implantable glutamate sensors with high
sensitivity, linearity and selectivity. Finally, we used our sensors to
measure glutamate release from an excised spinal cord segment of a rat

Fig. 1. (a) Schematic of fabrication process of PtNPs-nanocomposite-based glutamate biosensor on a PDMS substrate. The glutamate biosensor works by one of two
first-generation mechanisms depending on the bias potential (-0.2 V or 0.5 V vs. Ag/AgCl). In both cases, the enzymatic reaction is L-glutamate+O2 +H2O →

α-ketoglutarate+H2O2 +NH3. In the figure, some species have not been shown for concision. P stands for alpha-ketoglutarate and NH3; glu, for glutamate (and
H2O); GluOx for glutamate oxidase. (b) At 0.5 V vs. Ag/AgCl, the working electrode oxidizes H2O2 (H2O2 → O2 +2H+ +2e-). Because the calibration electrolyte
initially has no H2O2, the current starts near zero. (c) When glutamate is added, the enzymatic reaction produces H2O2, which then oxidizes on the electrode. This
creates an anodic current. (d) Therefore, the current at 0.5 V vs. Ag/AgCl also appears more positive when glutamate is added. (e) At -0.2 V vs. Ag/AgCl, the working
electrode reduces O2 dissolved in the electrolyte (O2 + 4H+ +4e- → 2H2O). Because of O2 reduction, the sensor starts with a negative cathodic current. (f) When
glutamate is added, the enzymatic reaction consumes and depletes O2, and therefore O2 reduction at the electrode decreases. Although H2O2 reduction (H2O2 +2H+

+2e- → 2H2O) increases, the net effect is a decrease in cathodic current. (g) Therefore, the current at -0.2 V vs. Ag/AgCl becomes more positive when glutamate is
added.
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following a SCI. Our ultimate goal is to use our easy-to-fabricate im-
plantable glutamate sensors to better characterize the dynamic process
of GET during a neurotrauma.

2. Experimental section

2.1. Materials

PEDOT: PSS (5 wt%), Nafion 117 solution (5 wt%), platinum na-
noparticles (< 50 nm particle size) were obtained from Sigma Aldrich
(St. Louis, MO). Carboxylic functionalized multi-walled carbon nano-
tube (MWCNT) were generously donated by Cheap Tubes Inc. (Grafton,
Vermont). L-Glutamic acid, bovine serum albumin (BSA, min 96%),
glutaraldehyde (50% in deionized water), hydrogen peroxide (30%),
0.1 M phosphate buffer solution (PBS, pH 7), and dimethyl sulfoxide
(DMSO) were obtained from Fisher Scientific (Walham, MA). Ascorbic
acid (AA) and uric acid (UA), and acetaminophen (AC) were purchased
from Alfa Aesar (Thermo Fisher Scientific, Walham, MA). Glutamate
oxidase (GluOx) from Streptomyces, with a rated activity of 25 units per
mg protein was purchased from Cosmo Bio USA (Carlsbad, CA). Ag (CI-
1001) and Ag/AgCl (CI-4001) were generously donated by Engineered
Conductive Materials Inc. (Delaware, OH). Ecoflex (00–30) was ob-
tained from Smooth-On (Macungie, PA). Elastomeric polydime- thylsi-
loxane (PDMS, Sylgard 184) was purchased from Dow Corning
(Midland, MI).

2.2. Nanocomposite ink preparation

To create the PtNPs nanocomposite, 30mg of carboxylic functio-
nalized MWCNT (1 wt%) and 30mg PtNPs (1 wt%) were first mixed
with 582.75 µl (22 wt%) of DMSO in a sonication bath for 2 h. The
mixture then was added to 2000mg PEDOT: PSS ink, and sonicated
again for 10min to re-disperse the nano materials. Finally, 520mg
(16 wt%) Ecoflex was added and mixed using a homogenizer Ultra-
Turrax T 25, IKA, Wilmington, NC) at 10000 rpm overnight. The final
mixture was dried at 60 °C in vacuum for 1 h to remove excess DMSO
and to create desired viscosity for printing. MWCNT-PEDOT:PSS na-
nocomposite and PEDOT:PSS ink were also prepared for electro-
chemical characterization using a similar procedure except without
PtNPs. The PEDOT:PSS ink was modified with DMSO (22 wt%) to im-
prove conductivity.

2.3. Direct writing of biosensors

Fig. 1a shows the fabrication process of a flexible glutamate bio-
sensor using direct ink writing on a flexible polymer substrate. A
commercial 3-axis microfluid dispensing robot (Pro-EV 3, Nordson EFD,
East Providence, RI) was used to print the conductive ink. To achieve
microscale features, pulled glass capillary pipettes with 30 μm-diameter
tips were used as the dispensing nozzle. PtNPs nanocomposite ink was
used to define the working electrode, counter electrode, and conductive
traces. Silver/silver chloride (Ag/AgCl) ink was used as the reference
electrode and contact pads. To insulate the device, PDMS was printed
over the conductive traces leaving only the electrodes and contact pads
exposed.

2.4. Micromachining of implantable biosensor

To complete the implantable biosensor, we used two different rapid
prototyping techniques. In the first type, a femtosecond laser
(CARBIDE, Altos Photonics, USA) was used to machine the probe out-
line from a 40-μm-thick PDMS film on Parylene C-coated glass slide.
The laser was operated with a wavelength of 1030 nm, a laser pulse
duration of 290 fs, an output power of 2W, a pulse repetition rate of
100 kHz, and a scanning speed of 1mm/s. After laser micromachining,
the biosensor was released from the surface by submersion in deionized

water.
In the second type, a custom maskless photolithography and a re-

active ion etcher were used to pattern and machine the probe outline
(Li et al., 2015; Park et al., ). For this micromachining technique, a
commercially available 50 μm-thick LCP sheet (Ultralam 3850, Rogers
corporation, Chandler, AZ, USA) was used as the sensor substrate. The
probe outline was designed and projected using Microsoft PowerPoint.
The exposed LCP was etched using a reactive ion etcher (STS ICP Ad-
vanced Oxide Etch, Surface Technology System, Newport, United
Kingdom) with 50 sccm of O 2 and 10 sccm of SF 6 at 2000 W in 2 mTorr
for 7min. After fabricating the desired probe structure, the sensor
elements were printed on the LCP probe and glutamate oxidase was
immobilized to complete the biosensor.

2.5. Enzyme and permselective membrane immobilization

After printing the electrodes, the working electrode was coated with
an enzyme matrix to complete the glutamate biosensor. When the
sensor needed a permselective layer, Nafion was deposited before
coating with the enzyme matrix. For Nafion coating, 0.5 μl of 0.5 wt%
Nafion® was dropped on the surface and was dried at room tempera-
ture. For all working electrodes, the enzyme was immobilized using a
solution of GluOx (100 U/mL), BSA ;(1 wt%) and glutaraldehyde
(0.15%). A 0.5 μl drop of solution was formed on a pipette tip and
deposited on the working electrode under a microscope. Enzyme dro-
plets were lowered on the working electrode. This was repeated 5 times
with each application consisting of four depositions on top of the
working electrode. Devices were left at room temperature for 24 h and
then stored at 4 °C before use.

2.6. Surface investigation and characterization

The surface morphology of the PtNPs nanocomposite was observed
using a field-emission scanning electron microscopy (FESEM, S-4800,
Hitachi, Japan). The elemental composition was determined using en-
ergy dispersive X-ray spectroscopy (EDX) attached to the FESEM
system. The morphology of the carbon nanotubes and PtNPs was fur-
ther characterized by transmission electron microscopy (TEM, Tecnai
G2 20, FEI Company, OR).

The PtNPs nanocomposite was further characterized by Fourier-
transform infrared spectroscopy (FTIR). FTIR spectra were recorded in
specular reflectance mode with a Thermo Nicolet AVATAR 360 FTIR
spectrometer with a PIKE VeeMax II Specular Reflectance accessory in
the wavenumber range of 450–4000 cm-1 with a resolution of 2 cm-1. A
gold vapor-deposited mirror was used as the reference for FTIR.

2.7. Electrochemical analysis of fabricated biosensor

Electrochemical analysis of the sensors was performed using a SP-
200 potentiostat (Bio-logic USA, LLC, Knoxville, TN, USA). All elec-
trochemical experiments were performed in a conventional three-elec-
trode cell configuration in 0.01M PBS (pH 7.0) as the supporting
electrolyte (50mL for all experiments). A scan rate of 100mV/s and
sampling interval of 1mV/s were used for cyclic voltammetry (CV). All
amperometry data (i.e., i-t curve) were collected at 0.5 V or -0.2 V vs.
Ag/AgCl with a 0.3 s sampling interval after 20min of settling time
unless stated otherwise. All amperometric calibrations were done in a
solution, stirred by a magnetic bar at 200 rpm, in a Faraday cage. The
glutamate sensor stability was evaluated by comparing sensitivity to
glutamate before and after 7-weeks storage in 0.01M PBS (pH 7.0) at
4 °C.

2.8. Ex vivo evaluation

Spinal cord segments were surgically extracted from male Sprague-
Dawley rats from 200 to 400 g (Page et al., 2017) and placed on a
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double sucrose gap recording chamber for ex vivo evaluation (Shi and
Blight, 1996; Jensen and Shi, 2003; Sun et al., 2010; Yan et al., 2010).
While in the recording chamber, spinal cord segments were in Krebs
solution kept at pH 7.2–7.4 by bubbling continuously with 95% O2, 5%
CO2 (Page et al., 2017). The ex vivo experiments were performed by
inserting the glutamate sensor vertically into the gray matter of the
spinal cord either before or after SCI. SCI was simulated by squeezing
the spinal cord with metal tweezers for 5–10 s near the glutamate
sensor. The change in glutamate concentration was measured with our
biosensor at 0.5 V vs. Ag/AgCl.

3. Results and discussion

3.1. Characterization of PtNPs nanocomposite

We used FESEM and TEM to examine the morphology of the PtNPs
nanocomposite. The FESEM images showed a rough surface mor-
phology (Fig. 2a), which is likely due to incorporation of PtNPs on the
surface. For amperometric sensors, the additional surface area from
roughness often corresponds to a higher sensitivity (Tiwari et al., 2016;
Li et al., 2015). TEM images showed clustering of PtNPs with MWCNT
(Fig. 2b). Fig. S1 presents additional TEM images at different magnifi-
cations.

We also characterized the elemental composition of the nano-
composite using EDX (Fig. 2c). The weight percentage of each material

is averaged from four different spots on the sample surface. The EDX
spectrum had large peaks corresponding C and O, Si, which indicates
the presence of PEDOT:PSS, MWCNT and Ecoflex. A peak for S corre-
sponds to PSS in PEDOT:PSS. The spectrum also featured a peak for Pt.
According to EDX data, PtNPs nanocomposite was 1.49 wt% Pt, which
closely matches our expectation. DMSO evaporates out of 1%-PtNPs
nanocomposite ink as it dries after being printed, so the final fraction of
Pt should be about 1.28 wt%. The Al peak is likely from the Al substrate
upon which PtNPs nanocomposite was printed for EDX characteriza-
tion.

FTIR spectra of nanocomposite with 1% PtNPs (PtNPs-MWNCT-
PEDOT:PSS) and without PtNPs (MWCNT-PEDOT:PSS) were measured
to further elucidate on PtNP interactions with the other nanocomposite
components (Fig. S2). The FTIR spectrum (Fig. S2) of PtNPs-MWCNT-
PEDOT:PSS had a peak around 500 cm−1, which suggests metal-oxygen
bonding (Chekin, 2015; Kurt et al., 2016).

We used the conductive polymer PEDOT:PSS as the base material of
the PtNPs nanocomposite. PEDOT:PSS lowers inter-particle resistance
via π -π interactions. By these interactions, PEDOT:PSS promotes con-
ductive phases between the polymer matrix and nanofillers (PtNPs and
MWCNTs) and connects nanoparticle clusters together (Zhou and
Lubineau, 2013; Patole and Lubineau, 2015). According to literature,
the combination of carbon nanotubes and metallic nanoparticles results
in novel hybrid nanoassemblies that improve adsorption of biomole-
cules and facilitate electron transfer (Fig. 2b) (Ma et al., 2008).

Fig. 2. (a) Scanning electron micrographs of PtNPs nanocomposite. The rough nanoscale texture is most likely due to the embedded PtNP clusters. (b) Transmission
electron micrographs of PtNPs nanocomposite. Note the clustered nanocomposite linked with MWCNT. (c) EDX spectrum of fabricated PtNPs nanocomposite. The Al
peak is most likely due to the Al substrate used to image the nanocomposite sample. (d) Photograph of a flexible micro-glutamate biosensor on PDMS substrate (scale
bars: 5 mm and 200 µm). (e) Photograph of a flexible micro-glutamate biosensor on LCP sheet (scale bars: 5 mm and 200 µm).

T.N.H. Nguyen, et al. Biosensors and Bioelectronics 131 (2019) 257–266

260



MWCNTs improved the robustness and performance of our glutamate
sensors thanks to their high electrical conductivity, mechanical strength
and excellent chemical stability (Rathod et al., 2010). Others have re-
ported weak interaction and high contact resistance between

nanoparticles and carbon nanotubes in mixtures (Dong et al., ). How-
ever, adding PtNPs improved the electrocatalytic activity of our nano-
composite.

Fig. 3. (a) Cyclic voltammetry of var-
ious nanocomposite materials in
0.01M (pH 7.0). Scan
rate= 100mV s−1. (b) Cyclic voltam-
metry of glutamate biosensors made
from various materials in 0.01M PBS
(pH 7.0) solution and 100 µM gluta-
mate. Note that the PtNP nanocompo-
site exhibited highest catalytic activity.
Scan rate= 100mV s−1. (c)
Representative amperometric curves
for various nanocomposite glutamate
biosensors at applied potential of 0.5 V
vs. Ag/AgCl in 0.01M PBS (pH 7.0). (d)
The corresponding calibration curve
and the sensitivity of each glutamate
biosensor material (n= 3). (e)
Representative amperometric curves
for various nanocomposite glutamate
biosensors at applied potential of -0.2 V
vs. Ag/AgCl in 0.01M PBS. Note that
the response time for each glutamate
addition is much slower. (f) The corre-
sponding calibration curve and the
sensitivity of each glutamate biosensor
material (n= 3). Note that the PtNP
nanocomposite glutamate biosensor is
approximately 5 times more sensitive
using this method.
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3.2. Fabricated biosensors and electrochemical evaluations

Fig. 2d–e show the fabricated devices on PDMS and LCP. The PDMS
device was laser cut, and the LCP device was printed directly on mi-
cromachined LCP (Park et al., 2018). Both thin-film devices were highly
compliant upon release and required delicate handling. The flexible
biosensor maintained good sensitivity even when bent at 45° (Fig. S3).
The PDMS based sensors could be stiffened if needed by using poly-
ethylene glycol, silk, saccharose, gelatin or other biodegradable coating
materials (Weltman et al., 2016). On the other hand, the LCP based
sensors with 50 µm thickness were stiff enough for insertion to the
spinal cord tissue without buckling in our ex vivo measurements.

Fig. 3a shows the CV of a PtNPs nanocomposite electrode compared
to MWCNT-PEDOT:PSS and PEDOT:PSS electrodes. The voltammogram
of PEDOT:PSS was rectangular due to non-Faradaic charging current.
This charging current is a product of capacitive behavior between the
conductive electrode surface and the electrolyte (Gerwig et al., 2012).
The voltammogram of MWCNT-PEDOT:PSS showed a slightly higher
current density than PEDOT:PSS electrode, which is in agreement with
literature (Park et al., 2011; Zhang et al., 2012; González-Gaitán et al.,
2017). A more distinct voltammogram was generated when PtNPs were
added. PtNPs nanocomposite (PtNP-MWCNT-PEDOT:PSS) exhibited
superior catalytic behavior (i.e., higher current density) compared to
the other composite materials. Therefore, we used PtNPs nanocompo-
site as our sensor material.

We evaluated the amperometric responses of our nanocomposite
biosensors using two different biasing potentials, 0.5 V and -0.2 V vs.
Ag/AgCl (Fig. 1b–g). At either potential, GluOx produces H2O2 and
consumes O2 in proportion to the glutamate it catalyzes. At 0.5 V vs.
Ag/AgCl, PtNPs nanocomposite oxidizes H2O2, so the current generated
by this can be correlated to the glutamate concentration (Fig. 1b–d)
(Hamdi et al., 2006; Cui et al., 2007). Fig. 3b shows a voltammogram
from our glutamate sensors in 100 µM glutamate, 0.01M PBS (pH 7.0).
The voltammograms demonstrate oxidation of enzymatically produced
H2O2 shown as an increase in current starting around 0.3 V with the
highest oxidation peak around 0.5 V. Thus, we chose 0.5 V as our po-
tential for amperometric glutamate sensing via H2O2 oxidation.

It is also possible to sense glutamate via O2 reduction (Fig. 1e–g). At
-0.2 V vs. Ag/AgCl, PtNPs nanocomposite reduces O2, generating a
cathodic current. When GluOx consumes O2 along with glutamate, O2 is
depleted near the PtNPs nanocomposite, so O2 reduction and cathodic
current decrease. As can be seen in Fig. 3b, the PtNPs nanocomposite-
GluOx displayed a large reduction peak around -0.2 V. Thus, we chose
-0.2 V as another potential for amperometric detection of glutamate via
the reduction of O2. However, it is worth noting that when the sensors
are operated at low negative potential, the background noise coming
from the reduction of O2 also increase in the signal. Thus, it is likely to
cause the signal resolution at -0.2 V to be less stable than the signal
resolution at 0.5 V (You et al., 2004).

3.3. Amperometric responses of printed glutamate biosensor

We characterized the glutamate biosensor performance using
chronoamperometry at 0.5 V and -0.2 V vs. Ag/AgCl. As shown in
Fig. 3c–d, PtNP nanocomposite-Nafion-GluOx was more sensitive to
glutamate than the other composite materials at 0.5 V vs. Ag/AgCl. The
calibration plot (Fig. 3d) shows that PtNPs nanocomposite-Nafion-
GluOx had a linear response with a sensitivity of 2.60± 0.15 nA

− −μM mm1 2 ( =n 3, each). These results are comparable to other MEMS-
fabricated glutamate sensors, which suggests that our simple fabrica-
tion method can yield high performing glutamate sensors (Table 1).

We then evaluated the performance of our glutamate sensor at
-0.2 V vs. Ag/AgCl) (Fig. 3e). Again, PtNP nanocomposite-Nafion-
GluOx had the highest sensitivity compared to the other composite
materials. The calibration plot (Fig. 3d) shows a linear response with a
higher sensitivity of ±

− −12.81 1.18 nAμM mm1 2 ( =n 3), which is more Ta
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sensitive than glutamate sensing via H2O2 oxidation at 0.5 V vs. Ag/
AgCl.

3.4. Linear range, limit of detection and response time

We calibrated our biosensors with successive additions of glutamate
from 1 µM to 1400 µM to determine the linear range (Fig. S4). When
biased at 0.5 V, the linear range was between 1 µM and 800 µM. The
detection limit was 0.5 µM, and the response time was < 3 s. When
biased at -0.2 V, the linear range was smaller, from 10 µM to 600 µM. At
-0.2 V, the detection limit, 0.2 µM, was slightly lower than it was at
0.5 V, but the response time (15 s) was much longer.

Taken together, these results suggest that we are able to successfully
fabricate glutamate biosensor using our nanocomposite with good
sensitivity and detection limit. The normal background extracellular
glutamate concentration is reported to be in the micromolar range (i.e.,
< 20 µM) (Moussawi et al., 2011). In a SCI rat model, the extracellular
glutamate concentration has previously been measured to be as high as
530 µM (Xu et al., 2004). Therefore, regardless of biasing potential, our
biosensors are more than capable of detecting glutamate in normal
physiological conditions as well as in a SCI model.

3.5. Selectivity and stability of the printed glutamate biosensor

For successful in vivo electrochemical detection of glutamate, the
biosensor must be selective against other electroactive species present
in the body. Three possible interfering substances (i.e., AA, UA, AC)
that are thought to be present in the spinal cord were identified to
evaluate the selectivity of the electrodes (Kotanen et al., 2012). The
current obtained for each interfering substance at a concentration of
100 µM in the presence of 200 µM glutamate was used as an indicator
for the biosensor selectivity in comparison with the glutamate reading
alone.

When biased at 0.5 V, other electroactive species can also be directly
oxidized at the electrode surface. Thus, we added a Nafion permselec-
tive layer, which electrostatically repels anions, on the electrode surface
before enzyme immobilization to enhance the biosensor selectivity (Pan
and Arnold, 1996). Fig. 4a shows the amperometric response of PtNPs-
based glutamate biosensor against AA, UA, and AC. At 0.5 V the current
ratio between glutamate and AA is 0.2, and 0.05 between glutamate
and UA. However, the current ratio between glutamate and AC is ap-
proximate 0.59, which suggests that our Nafion membrane cannot fully
prevent interference from AC (Table S1). However, this may be im-
proved in future studies by using another type of permselective layer
such as m-Phenylenediamine dihydrochloride (Stephens et al., 2011),
or by annealing Nafion to improve its selectivity (Burmeister and
Gerhardt, 2001).

We also evaluated the selectivity of our biosensor against AA, UA,
and AC at -0.2 V. Fig. 4b shows the amperometric response of our
glutamate biosensor to these molecules. The ratio current between
glutamate and interference species are 0.013, 0.026 and 0.006 for AA,
UA, AC, respectively. Even without a permselective layer, our gluta-
mate biosensor exhibited excellent selectivity against these common
interfering molecules. This suggests that at -0.2 V, it is possible to ob-
tain a more sensitive and interference-free measurement of glutamate
concentration when a longer sampling interval is acceptable.

Next, we evaluated the long-term stability of our glutamate bio-
sensor by comparing the sensitivity before and after storing them at 4 °C
in 0.01M PBS (pH 7.0) for 7 weeks. Fig. 4c–d show the amperometric
responses of our biosensors before and after the storage period (n = 3,
each). The sensor maintained 79.66± 2.718% of its initial sensitivity at
0.5 V (Fig. 4c). Similarly, the sensor maintained 80.56 ± 1.71% of its
initial sensitivity at -0.2 V (Fig. 4d). The decrease in current response
may be due to enzyme inactivation or electrode fouling during the
storage period.

3.6. O2 dependence

Because O2 is a co-substrate of glutamate oxidase, the response of
our glutamate sensor depends on the presence of O2. This may present a
challenge for in vivo application, in which the concentration of O2 may
not be constant (Zhang and Wilson, 1993). Thus, we calibrated our
sensors at -0.2 V in air (oxygenated) and nitrogen-purged (deox-
ygenated) 0.01M PBS (pH 7.0) (> 60min each). As expected, the sen-
sitivity to glutamate decreased by 30.91% in nitrogen-purged PBS
compared to air-purged PBS, and decreased by 18.54% compared to
normal PBS (Fig. S5). The fact that nitrogen-purging did not completely
eliminate glutamate response may be trace amounts of oxygen re-
maining in PBS to facilitate glutamate oxidase catalysis. It is also pos-
sible that some O2 had dissolved in to the sensor 's PtNP nanocomposite
prior to nitrogen purging, which can still facilitate glutamate oxidation
in O2-depleted bulk solution. Nevertheless, these results confirm the O2

dependence of the enzymatic biosensors at -0.2 V.
Highly sensitive enzymatic detection of glutamate (> 90%) is pos-

sible when partial pressure of O2 in the tissue is maintained > 30 torr
(Hu et al., 1994). In a normal cerebral cortex, the partial pressure of O2

is typically > 40 torr (Silver, 1965), however, it is not yet clear how SCI
impacts oxygenation of the spinal cord. Therefore, it may be necessary
to perform additional experiments to correlate oxygenation of the SCI
model prior to using our glutamate sensor.

3.7. Ex vivo measurements

In order to demonstrate the capability of our biosensors for mon-
itoring glutamate release in a physiologically-relevant environment, we
implanted pre-calibrated sensors into a half segment of a rat spinal
cord, onto which we administered injuries to induce glutamate release
(Fig. 5a). Fig. 5b shows the injury-induced glutamate release with the
sensor already implanted in the spinal cord. The initial peak corre-
sponds to the glutamate released by the biosensor insertion whereas the
second peak corresponds to the glutamate release due to SCI. In the
second experiment, we applied SCI prior to inserting the biosensor
(Fig. 5c). As such, the first peak corresponds to the device insertion, and
the second peak likely corresponds to the change in glutamate con-
centration due to induced SCI.

These preliminary results confirms previously reported results to
suggest that SCI can significantly increase extracellular glutamate
concentration, and that our glutamate biosensor can monitor this
change in glutamate concentration. Although the response time of our
biosensor at 0.5 V is < 3 s, we found that the current spike due to SCI
occurred between 10 and 20 s after the injury. This may be due to
physical distance between the SCI site and the location of our implanted
biosensor. To better characterize this dynamic process, we may need to
improve the response time of our biosensors.

We also found that the increase in glutamate concentration is re-
latively transient following an SCI. The elevated glutamate concentra-
tion seem to only last < 10 s before settling down to pre-injury levels.
Additional experiments are needed to confirm this transient behavior of
extracellular glutamate concentration. Nevertheless, these results
highlight the capability of our biosensors in examining the relatively
rapid glutamate response following an SCI that cannot be resolved
using conventional microdialysis. By using these simple biosensors that
can be rapidly be fabricated at low cost, we may be able to better
elucidate the effects of GET in SCI in vivo at a higher spatiotemporal
resolution.

4. Conclusion

In this study, we presented a nanocomposite ink that consists of
PtNPs, MWCNT, PEDOT:PSS, and Ecoflex to print microscale glutamate
sensors using a direct-writing process. The biosensor featured an on-
board Ag/AgCl reference and counter electrode. We demonstrated a
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relatively simple, economic, and rapid method to fabricate a sensor
capable of sensing glutamate with a high sensitivity and low limit of
detection for in vivo applications. Our glutamate sensor also had an
adequate linear range and response time, which are suitable for glu-
tamate measurement in the spinal cord to investigate the impact of GET
during SCI.

Although these glutamate biosensors demonstrated good bench-top

and ex vivo performance, our ultimate goal is measuring glutamate in
vivo. To this end, additional ex vivo and in vivo work may be needed to
verify the functionality in a more complex biological environment. Of
particular interest is characterizing the effects of biofouling and foreign
body reaction on biosensor sensitivity and stability over the course of
implantation. Moreover, we plan to create a biosensor array to better
characterize glutamate concentration flux, which will improve our

Fig. 4. (a). Amperometric response of
PtNPs nanocomposite-Nafion-GluOx
upon sequential addition of 200 µM
glutamate, 100 µM of AA, 100 µM of
AC and 100 µM of UA into constantly
stirred PBS solution at + 0.5 V. (b)
Amperometric response of PtNPs na-
nocomposite-GluOx upon sequential
addition of 200 µM Glutamate, 100 µM
of AA, 100M of AC and 100 µM of UA
into constantly stirred 0.01M PBS (pH
7.0) solution at -0.2 V. (c)
Amperometric i-t curve of different
concentration of glutamate in 0.01M
PBS solution (pH 7.0) of PtNPs nano-
composite-Nafion-GluOx at + 0.5 V
before and after 7 weeks of storage. (d)
Amperometric i-t curve of different
concentrations of glutamate in 0.01M
PBS solution (pH 7.0) of PtNPs nano-
composite-GluOx at -0.2 V before and
after 7 weeks of storage.

Fig. 5. A representative result of current changes corresponding to injury-induced glutamate release in the spinal cord segment of a rat. (a). Photograph of sensor
inserted in the spinal cord segment of a rat. (b). Device was inserted into the spinal cord before injury was applied to the spinal cord. (c). Injury was applied to the
spinal cord before the device was inserted to the spinal cord.
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understanding of how GET may propagate to exacerbate SCI.
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