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As one of the most abundant neurotransmitters in the brain and the spinal cord, glutamate plays many important roles
in the nervous system. Precise information about the level of glutamate in the extracellular space of living brain tissue
may provide new insights on fundamental understanding of the role of glutamate in neurological disorders as well as
neurophysiological phenomena. Electrochemical sensor has emerged as a promising solution that can satisfy the re-
quirement for highly reliable and continuous monitoring method with good spatiotemporal resolution for characteri-
zation of extracellular glutamate concentration. Recently, we published a method to create a simple printable
glutamate biosensor using platinum nanoparticles. In this work, we introduce an even simpler and lower cost conduc-
tive polymer composite using commercially available activated carbon with platinum microparticles to easily fabricate
highly sensitive glutamate biosensor using direct ink writing method. The fabricated biosensors are functionality supe-
rior than previously reported with the sensitivity of 5.73 = 0.078 nA uM ™' mm 2, detection limit of 0.03 pM, re-
sponse time less than or equal to 1 s, and a linear range from 1 pM up to 925 pM. In this study, we utilize astrocyte
cell culture to demonstrate our biosensor's ability to monitor glutamate uptake process. We also demonstrate direct
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measurement of glutamate release from optogenetic stimulation in mouse primary visual cortex (V1) brain slices.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Glutamate or glutamic acid is one of the primary excitatory neurotrans-
mitters in the nervous system. Its role in long-term potentiation, which is es-
sential in learning and memory, is well recognized [1]. Moreover,
glutamate plays a significant role in maintaining and regulating bioener-
getic process [2]. Thus, any disruption that results in an abnormal level of
glutamate can have significant neurological impact. In normal physiologi-
cal process, glutamate is released from glutamatergic nerve terminals to
be taken up at the target neuron's receptors [3]. The extracellular glutamate
concentration is in the order of ~1 pM but can rise up to ~1 mM during ac-
tion potential [4,5]. In a diseased state such as spinal cord injury, the extra-
cellular glutamate concentration is also thought to be elevated due to
glutamate excitotoxicity [6]. Therefore, a better understanding of these dy-
namic extracellular glutamate levels can have a tremendous impact on
basic neuroscience and neurodegeneration research.
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There are several existing methods to quantify glutamate concentration
in vivo including positron emission tomography, magnetic resonance spec-
troscopy, and microdialysis [7]. However, they have poor spatiotemporal
resolution that limits their utility given rapid transient behavior of extracel-
lular glutamate [8]. Enzymatic electrochemical biosensors can provide a su-
perior temporal resolution for measuring levels of glutamate in vivo [9,10].
Table 1 presents a brief comparison of existing methods for in vivo measure-
ment of glutamate.

In the literature, there are several examples of first-generation oxidase-
based biosensors for amperometric detection of glutamate via H,O, oxida-
tion [11-13]. In the presence of oxygen, glutamate oxidase (GluOx) cata-
lyzes glutamate to form H,0, (R1) that can be oxidized at the electrode
surface as shown below (R2).

L — glutamate + H,O + O,—alpha — ketoglutarate + NH3 4 H, O, (1)
H,0,—0, + 2H" +2e~ (2)

Coupled with microelectromechanical systems (MEMS) fabrication
techniques, there are now a number of microscale enzymatic glutamate
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Table 1

Different methods for in vivo measurement of glutamate.
Method Temporal resolution Spatial resolution Detection limit Additional quantification method/requirement Reference
Microdialysis >Minutes >0.6 mm? ~1 pM High performance liquid chromatography [7,40,41]
Nuclear magnetic resonance spectroscopy >Minutes mm? (non-invasive) ~mM Large equipment [42,43]
Positron emission tomography Seconds to minutes mm® (non-invasive) <1puM Large equipment [44,45]
Optical sensors ms <100 nm <1 nM Optical access [46,47]
Electrochemical microsensor <1s <100 pm <0.1 pM N/A [37,48,49]

electrochemical biosensors that can also provide superior spatial resolu-
tion than previously possible [14-16]. Although these MEMS-fabricated
electrochemical biosensors perform well in vitro and in vivo, they are
often difficult and expensive to fabricate. Since they often require pho-
tomasks to manufacture a fixed design, it is also difficult to make
changes to sensor geometries. With advances in additive manufactur-
ing, there are now more flexible fabrication techniques to allow for
rapid iteration between biosensors designs [17]. We recently published
a simple direct ink writing (DIW) method to fabricate glutamate biosen-
sors for in vivo application [18].

In this work, we introduce an even more economical yet functionally su-
perior composite material for biosensor fabrication based on commercially
available activated carbon with Pt microparticles (CPt). A preliminary ver-
sion of this work has been reported in 2018 IEEE Sensors Conference [19].
Here we optimized the sensor performance to demonstrate that the CPt
based glutamate biosensors have a superior performance compared to the
MEMS-fabricated and the Pt nanoparticle-based glutamate biosensors
[18]. CPt was mixed with a well-known conductive polymer, poly (3,4
ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS), to create
a dispensable composite ink that can be printed on any soft or hard sub-
strate including polydimethylsiloxane (PDMS) and liquid crystal polymer
(LCP). The new CPt glutamate biosensors have better sensitivity, limit of
detection, response time, linear range, and stability compared to our previ-
ous Pt nanoparticle-based version. Using an astrocyte cell culture, we dem-
onstrate the capability to monitor extracellular glutamate consumption.
Additionally, we present a direct ex vivo measurement of glutamate release
from optogenetic stimulation in mouse primary visual cortex (V1) brain
slices.

2. Methods
2.1. Reagents

Ascorbic acid (AA), acetaminophen (AC), and uric acid (UA) were
purchased from Alfa Aesar (Thermo Fisher Scientific, Waltham, MA).
Glutamate oxidase (GluOx) from Streptomyces was purchased from
Cosmo Bio USA (Carlsbad, CA) with a rated activity of 25 units/mg of
protein. PEDOT:PSS (5 wt%), Nafion® 117 solution (5 wt%), 3,4-
Dihydroxyphenylacetic acid (DOPAC) and 5-hydroxyindoleacetic acid
(5-HIAA) were purchased from Sigma Aldrich (St. Louis, MO). Bovine
serum albumin (BSA, >96%), hydrogen peroxide (30%), glutaraldehyde
(25% in deionized water), L-glutamic acid, dimethyl sulfoxide (DMSO),
0.1 M phosphate buffer solution (PBS, pH 7.0), C-PT paste (10% Pt)
were purchased from Fisher Scientific (Waltham, MA). Ag/AgCl (CI-
4001), Ag (CI-1001) and were purchased from Engineered Conductive
Materials Inc. (Delaware, OH). Carboxylic functionalized multi-walled
carbon nanotube (MWCNT) was purchased from Cheap Tubes Inc.
(Grafton, Vermont). Ag/AgCl/NacCl (3.5 M) reference electrode for as-
trocyte measurement was purchased from (Bio-logic USA, LLC, Knox-
ville, TN, USA). Human cerebral cortex astrocytes, astrocyte medium
and cell freezing medium were obtained from ScienCell Research Labo-
ratories (Carlsbad, CA). Astrocyte medium consisted of 500 ml of basal
medium, 10 ml of fetal bovine serum (FBS, Cat. No. 0010), 5 ml of pen-
icillin/streptomycin solution (P/S, Cat. No. 0503), and 5 ml of astrocyte
growth supplement (AGS, Cat. No. 1852).

2.2. Ink preparation

Two different composite inks were used to complete the fabrication of
the new glutamate biosensors. The first ink formulation was for the work-
ing and the counter electrodes. It was prepared by modifying conductive
polymer (PEDOT:PSS) with CPt. The polymer composite consisted 1 wt%
of Pt, which was constructed by mixing 100 mg of CPt paste and 400 mg
of PEDOT: PSS in a planetary centrifugal mixer (ARE-310, Thinky U.S.A.,
Inc., Laguna Hills, CA) for 30 min and degassing for additional 10 min.

Because C-Pt-modified PEDOT:PSS exhibited high resistance, a second
ink was developed to create a more conductive electrical traces. It consisted
of PEDOT:PSS modified with 1 wt% of MWCNT and 22 wt% of DMSO to
improve its conductivity [20]. Ecoflex (20 wt%) was also added to improve
the flexibility of the ink [21]. MWCNT was first mixed with DMSO in son-
ication bath for 2 h. The mixture then was added to PEDOT:PSS ink and
transferred to the planetary centrifugal mixer and mixed for 1 h. Next,
Ecoflex was added, and mixed for 10 min. Finally, the composite was
degassed using the planetary centrifugal mixer for another 1 h. The final
mixture was dried at 60 °C in vacuum for 1 h to remove excess DMSO
and to create desired viscosity for printing.

Commercially available Ag (CI-1001, Engineered Materials Solutions,
Inc., Delaware, OH) and Ag/AgCl (CI, 4001, Engineered Materials Solu-
tions, Inc., Delaware, OH) pastes were used to print the contact pads and
the reference electrodes. Lastly, PDMS was applied as an insulating layer
leaving only the electrode areas open.

2.3. Fabrication and direct ink writing process

Fig. 1 shows the construction of our DIW glutamate biosensor. A three-
axis automated microfluidic dispensing system (Pro-EV3 and Ultimus V,
Nordson EFD, East Providence, RI) was used as the DIW platform that can
position the dispensing tip with +8 pum accuracy within the working
space of 400 mm?. A pressurize 3 cc syringe barrel (Nordson EFD, East
Providence, RI) was used as the ink reservoir. A custom glass capillary pi-
pette with 30 pm-diameter tip was fabricated using micropipette puller
(Sutter Instrument, Novato, CA) to dispense the ink. Here, an output pres-
sure ranged from 10 to 40 psi, and the printing speed was varied from 1
to 5 mm/s. The biosensors were printed on either PDMS or LCP (Ultralam
3850, Rogers Corporation, Chandler, AZ, USA) substrate. PDMS was pre-
pared by spin coating PDMS on a glass slide. The glass slide was pre-
coated with 1 pm layer of Parylene C to promote device release. The biosen-
sors were also printed on a 100-um-thick LCP sheet. To complete the gluta-
mate biosensor with good selectivity, Nafion and glutamate oxidase were
deposited using a previously described method [18]. After the enzyme im-
mobilization, the samples were stored in room temperature for 48-72 h,
and in 4 °C until testing.

2.4. Biosensor evaluation

A field-emission scanning electron microscopy (FESEM, S-4800,
Hitachi, Japan) was used to examine the physical structure and surface
morphology of the C-Pt-PEDOT:PSS composite. Cyclic voltammographs
(CV) and chronoamperometry measurements were obtained using a con-
ventional three-electrode cell to evaluate the electrochemical characteris-
tics of the fabricated biosensors. A commercial potentiostat (SP-200, Bio-
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Fig. 1. Cross-sectional view of the C-Pt-PEDOT:PSS based glutamate biosensor. The conventional three-electrode construction allows amperometric measurement of
glutamate concentration continuously. Briefly, the glutamate oxidase converts glutamate into H,O,, which is then oxidized on the electrode surface to generate current.

logic USA, LLC, Knoxville, TN, USA) was used to perform all electrochemi-
cal analysis. All CV measurements were performed in the potential range of
—0.6-0.8 V using the scan rate of 100 mV/s and the sampling interval of
1 mV/s. All amperometry data were obtained at 0.5 V vs. Ag/AgCl after
20 min of settling time with a 0.3 s sampling interval. The supporting elec-
trolyte solution was 50 ml of 0.01 M PBS (pH 7.0) for all experiments unless
stated otherwise. During the amperometry experiments, a stir bar was
placed at 180 rpm in the electrolyte solution. A Faraday cage was used to
reduce the background noise. The stability of our printed sensors was eval-
uated by comparing their glutamate sensitivity before and after 3 weeks of
storage in 0.01 M PBS (pH 7.0) at 4 °C. Electrochemical impedance spec-
troscopy (EIS) was performed by delivering 10 mV sinusoid excitation volt-
age to the working electrode. The magnitude and the phase of electrode
impedance were measured from 10 to 100 kHz in 0.01 M PBS (pH 7.0).
All current measurements from the amperometry experiments were nor-
malized to the geometric surface area of tested electrodes.

2.5. Cell cultures preparation

Human cerebral cortical astrocytes were obtained from Sciencell (Carls-
bad, CA). Astrocytes were cultured to near confluency (until the cells nearly
cover culture surface), and then removed from the culture plate using
Trypsin-EDTA, centrifuged, and resuspended to >1 X 10° cells/mL. They
were frozen in a medium containing DMSO in liquid nitrogen. Astrocytes
were expanded and maintained per Sciencell's protocol. Astrocytes were
cultured in 12-well, tissue culture-treated plates, with 10° cells seeded per
well. These cultures were then incubated until confluency (~2 d) in a hu-
midified atmosphere with 5% CO, at 37 °C. The medium was replaced
1 d after seeding. Prior to the amperometric measurements, the cultures
were washed twice with 0.01 M PBS (pH 7.0), and then placed in 1.5 ml
of 0.01 M PBS (pH 7.0).

2.6. Glutamate consumption measurement

Prior of each recording measurement, glutamate sensors were cali-
brated in 0.01 M PBS (pH 7.0) electrolyte solution to determine their base-
line sensitivity. For glutamate consumption measurement, the glutamate
biosensor, Ag/AgCl reference electrode, and Pt-wire counter electrode
were placed in the culture well with astrocytes and 1.5 ml of 0.01 M PBS
(pH 7.0). The glutamate biosensor was oriented perpendicular to the cell
culture well surface. The glutamate biosensor was then lowered until its
tip touched the cell culture well surface, so the sensor electrode was
~100 pm away. We applied 0.5 V versus reference to the glutamate sensor
and waited 20 min for the non-faradaic current to settle. Then, we added

0.5 ml of 0.9 mM glutamate (n= 3), resulting in a final concentration of
225 pM in 2 ml of 0.01 M PBS (pH 7.0). As a control, this same procedure
was repeated in wells without cells (n=3).

2.7. Animal and acute brain slice experiments

All animal experiments were reviewed and approved by the Purdue
University Animal Care and Use Committee. Brain slices preparation was
followed as in previous study [22]. Male B6.Cg-Tg (Thyl-COP4/EYFP)
18Gfng/J (Thy1-ChR2-YFP) mice of 3-4 months old from Jackson Lab
were anesthetized by intraperitoneal injection with a mix of 90 mg/kg ke-
tamine and 10 mg/kg xylazine. Trans-cardiac perfusion was carried out
with oxygenated (carbogen from Airgas: 95% O,, 5% CO,) choline chloride
artificial cerebrospinal fluid (choline chloride ACSF, composition in mM:
1.25 NaH,PO,4, 25 NaHCOs3, 110 choline chloride, 10 dextrose, 2.5 KCl,
0.5 CaCl,, 7 MgCl,, 3.1 pyruvic acid, 11.6 ascorbic acid). The brain was dis-
sected immediately after finishing perfusion. Once collected, the brain was
shaped and fixed in the cutting chamber of the vibratome (Leica VT1000),
which was filled with the ice-cold choline chloride ACSF and oxygenated
continuously with carbogen flow. Three hundred micrometer thick coronal
brain slices containing the visual cortex were collected and placed immedi-
ately to a 32 °C incubation chamber with oxygenated ACSF (composition in
mM: 1.25 NaH,PO,, 26 NaHCOs3, 10 dextrose, 124 NaCl, 2.5 KCl, 2 CaCl,,
0.8 MgCl,) for at least 30 min. The brain slices were then placed at room
temperature (25 °C) for at least 1 h before use.

2.8. Optogenetic stimulation of brain slices

The Thy1-ChR2-YFP line 18 mice express a light-gated cations channel
protein, channelrhodopsin-2 (ChR2) in the Layer 5 pyramidal neurons of vi-
sual cortex [23]. During the experiment, oxygenated ACSF was perfused
over the slice at ~1 ml/min. The working electrode was placed on the ex-
periment platform underneath the brain slice for direct contact. Ag/AgCl
and Pt wire functioned as reference and counter electrode, respectively.
The slice was kept in place by a slice hold-down to prevent movement of
slice during the experiment. The focal blue light of 470 nm was shed on
the layer 5 of the visual cortex of the brain slice through the objective
lens of the microscope, which would stimulate influx of cations through
ChR2 to depolarize the neurons. Depolarized presynaptic neurons would
release glutamate into synaptic clefts with excess glutamate diffusing to
the sensor below the brain slice. The light-emitting diode (LED) source
(8.1 mW, Mightex Toronto, Ontario M3A) was controlled through its ana-
log port using BioLED Analog and Digital I/0O Control Module from the
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same company as the LED source. We applied light stimulation of 20 Hz, to allow rapid ionic exchange between material and electrolyte sur-
5 ms in width, for 1 s every 15 s (Fig. 7d). rounding environment [25]. In this study, a low-cost commercial CPt
was utilized to improve the catalytic properties of PEDOT:PSS. Pt is

3. Results and discussion used widely in the construction of many microscale electrochemical bio-
sensors [18,25,26]. Activated carbon is also well-known for its porosity

According to literature, PEDOT:PSS exhibits superior electrical con- and high surface area that are advantageous as electrocatalytic/adsor-

ductivity and chemical stability [24], as well as high degree of porosity bent material for oxidation of HyO, [27-29]. By using a commercially

d.
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Fig. 2. Resolution of our direct ink writing platform. (a-b) Photographs of a custom pulled-pipette dispensed tip (scale bar = 200 pm). (c) Photographs of dispensed of
conductive ink at various speeds and pressures (scale bars = 100 pm, SI Table 1).
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Fig. 3. Printed glutamate biosensor. (a) A photograph of a fully-released glutamate biosensor printed on a PDMS substrate. (b) A close up view of the three electrodes (i.e.,
working, reference, and counter electrodes). (c) A photograph of a printed glutamate biosensor printed on an LCP substrate for recording with astrocyte cells. (d-e) Scanning

electron micrographs of C-Pt-PEDOT:PSS composite at different magnifications.
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available CPt paste, we were able to create a highly sensitive electrode flexibility that enabled us to rapidly prototype microscale glutamate
surface upon which to build our enzymatic glutamate biosensors. The biosensors. Fig. 1 shows the schematic of the printed CPt based gluta-
resulting conductive ink can be processed using DIW with necessary mate biosensor.
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Table 2

Different type of glutamate biosensors.
Type of electrode Fabrication method Sensitivity (MA pM ™' Limit of detection ~ Response time ~ Linear range  Flexibility Estimated Reference

mm~?) (M) () (uM) cost

Pt Commercial Pt wire 0.85 0.7 2 200 N/A N/A [50]
Carbon fiber Commercial carbon fiber 1.35 <2 N/A 150 N/A N/A [48]
Polyimide base/Pt MEMS 2.16 0.22 5 150 Flexible (base only) [37]1
Silicon/Pt MEMS 2.07 0.12 3 N/A Rigid $ 57/device  This study
Pt/MWCNT Electrodeposition 3.84 0.3 7 0-150 Rigid N/A [51]
Screen-printed/CNT ~ Commercial screen-printed  0.057 0.01 5 0.01-10 Rigid N/A [52]
Pt-C-PEDOT:PSS Direct ink writing 5.73 0.03 =<1 1-925 Flexible $1.2/device  This study

3.1. Fabrication results and surface characterization

We first characterized the resolution limit of our dispensing process to
optimize our printing parameters. The dispensing pressure and the printing
speed were varied with ~30-pm-wide custom glass capillary dispensing tip
to optimize the line width of the conductive polymer (Fig. 2a-b). Fig. 2¢
presents the resulting lines with different printing parameters. We were
able to print lines as small as 35 pm by applying a higher writing speed
with a lower pneumatic pressure (Table S1).

The conductive traces made using C-Pt~PEDOT:PSS ink had high resis-
tance (20-140 k€2) that prevented us from using the composite
(Figs. S1-2). Thus, we modified PEDOT:PSS with MWCNT, which signifi-
cantly improved the conductivity (Fig. S3). For consistent fabrication of
our biosensor, we kept the width of our conductive trace to be <100 pm.
We also characterized the composites by EIS. EIS measurements
(Fig. S4a) showed that the impedance of MWCNT-PEDOT:PSS electrodes
was 4.5 orders of magnitude lower than that of C-Pt-PEDOT:PSS electrodes
at 1 kHz, which is a commonly used metric for average impedance of elec-
trode [30]. At 1 kHz, the impedances were 2.62 + 0.88 kQ and 12.02 +
0.17 kQ for MWCNT-PEDOT:PSS and C-Pt-PEDOT:PSS, respectively.

Fig. 3a-b show the printed glutamate biosensors. The diameter of the
fabricated sensor surface was about 200 pm. The PDMS-based sensor was
approximately 25-pm-thick. The thin-film device was highly compliant
upon released and conformed well to the underlying surface, which
highlighted the possibility of creating flexible and wearable sensor arrays
using this approach [31]. Fig. 3c presents another type of printed biosensor
on a 100-pm-thick LCP substrate. This thin-film device was stiff enough to
be vertically positioned into a cell culture plate or placed flat underneath
brain slices.

Finally, we utilized FESEM to examine the surface morphology of the C-
Pt—PEDOT:PSS composite (Fig. 3d—e). We saw that the polymer composite
electrodes had rough and porous surface with Pt microparticles embedded
in PEDOT:PSS. The rough surfaces have been shown to have greater cata-
lytic activity for HoOs, thus corresponding to a higher sensitivity for amper-
ometric oxidase-based biosensors [32]. In addition, the relative rough
surface may help improve the response time and lower the limit of detec-
tion for enzymatic electrochemical biosensors [32].

3.2. Cyclic voltammetry

Fig. 4a shows the CV of an activated C-Pt-PEDOT:PSS composite com-
pared to PEDOT:PSS alone. An electrode made of PEDOT:PSS exhibited
rectangular voltammogram because of its non-Faradaic charging current.
It is a product of the conductivity of this polymer material and capacitive
behavior between the electrode surface and 0.01 M PBS (pH 7.0) [33].
When PEDOT:PSS was modified with CPt, the voltammogram of electrode
exhibited a much higher current density than PEDOT:PSS alone. As such,

the electrochemical response of C-Pt-PEDOT:PSS composite electrode
was expected to be superior than PEDOT:PSS electrode alone.

The function of glutamate oxidase biosensor is based on the detection of
enzymatically generated H,O,. The use of Pt together with carbon mate-
rials is known to enhance the detection of H,O, [34,35]. Thus, we exam-
ined the electrocatalytic property of the PtC composite using cyclic
voltammetry in both buffer and H,O, solutions. Fig. 4b shows the CV of
the C-Pt-PEDOT:PSS composite in different concentration of HyO,. The C-
Pt-PEDOT:PSS electrode exhibited good electrocatalytic activity against
H»0,, which suggests that these electrodes could serve as a first generation
electrochemical platform for detection of glutamate via oxidase-based
mechanism. Electrochemical behavior of H,O, starts at around 0.1 V and
can go up of 0.7 V vs. Ag/AgCl in the positive direction. In this case, an ox-
idation wave starts to display at around 0.2 V with increasing current due to
addition of H,0,. At 0.5 V, the difference in current between 100 uM and
1000 uM of H,0, is reaching its peak. Therefore, we selected 0.5 V as the
potential for glutamate detection.

3.3. Amperometric responses of the glutamate biosensor

Fig. 5a shows the i-t responses of C-Pt~-PEDOT:PSS composite sensors
against H,O, and glutamate. The calibration plot (Fig. 5d) shows that C-
Pt-PEDOT:PSS composite had a linear response with a sensitivity of
5.73 = 0.08 nA pM~ ! mm~? (n=3) for glutamate and 15.17 =+
0.12 nA pM ! mm ™2 for H,0, (n=3). As a comparison, we also utilized
MEMS-fabricated Pt microelectrodes (50-um-diameter) as glutamate bio-
sensors and characterized their performance. We immobilized glutamate
oxidase and Nafion on e-beam evaporated microscale Pt-disc. Fig. 5¢c—d
shows the amperometric responses and the calibration curve of the MEMS
glutamate biosensor against H,O and glutamate. The MEMS biosensor had
a sensitivity of 2.07 * 0.02 nA uM ' mm ™2 (n=3) for glutamate and
6.28 nA pM ! mm ™2 * 0.51 for H,O, (n=3).

Additionally, we examined the dynamic range of our printed biosensors
with successive addition of glutamate from 1 pM to 2000 pM (Fig. 5e). We
found that our C-Pt—-PEDOT:PSS composite biosensor exhibited a linear
range from 1 pM and 925 pM (R? = 0.996) at 0.5 V vs. Ag/AgCl (Fig. 5f).
The detection limit was 0.03 = 0.003 pM (n=3), and the response
time < 1 s. Thus, we concluded that our C-Pt-based printed glutamate bio-
sensors have high sensitivity, good linearity, low detection limit and fast re-
sponse time as comparing to the MEMS biosensor as well as previously
reported glutamate biosensors (Table 2).

The printed glutamate biosensors showed 65% higher sensitivity com-
pared to the MEMS-fabricated glutamate biosensor. These results are en-
couraging because they demonstrate the possibility of fabricating high-
quality biosensor using commercially available low-cost materials and
direct-writing technology. For small-batch fabrication, this approach
would be more economical and efficient than conventional
microfabrication techniques. Furthermore, we may be able to increase the

<—Fig. 5. (a) Representative amperometric curves for C-Pt-PEDOT:PSS and PEDOT:PSS in 0.01 M PBS to glutamate and H,O, (n=3, each). (b) The corresponding calibration

curves and the sensitivity of each glutamate biosensor materials to glutamate and H>O, (n=23, each). (c) Representative amperometric curves for MEMS—fabricated
biosensors in 0.01 M PBS (pH 7.0) to glutamate and H,O, (n =3, each). Inset: a photograph of a MEMS glutamate biosensor. (d) The corresponding calibration curves and
the sensitivity of MEMS—fabricated sensor to glutamate and H,O, (n=3, each). () An amperometric curve of C-Pt-PEDOT:PSS to large range of different concentrations
of glutamate in 0.01 M PBS (pH 7.0) solution. (f) The corresponding calibration curve for C-Pt-PEDOT:PSS biosensor to glutamate up to 925 pM (R* = 0.996).
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sensitivity of these rapid prototyped biosensors using CPt matrix with
higher Pt composition (i.e., >1%).

3.4. Biosensor specificity and stability

Although enzymes are well-known for their specificity, oxidase biosen-
sors are often affected by non-specific signals from electroactive species
present in the milieu. For example, ascorbic acid (AA), uric acid (UA), acet-
aminophen (AC), 3,4-Dihydroxyphenylacetic acid (DOPAC), and 5-
hydroxyindoleacetic acid (5-HIAA) are often found in the body, and they
can be oxidized at the electrode surface. To improve our biosensor specific-
ity, we used Nafion as a permselective membrane. Fig. 6a shows that our
biosensor can effectively block signals from AA (100 pM) and UA
(100 pM) without affecting glutamate sensitivity. However, we were not
able to block the signal from AC (100 pM). We were only able to block sig-
nals from DOPAC and 5-HIAA using annealed Nafion but the sensitivity of
the biosensor decreased (Fig. S8). We may be able to better address these
sources of noise by using a different permselective membrane such as o-
aminophenol, m-phenylenediamine dihydrochloride [36,37].

We also measured the stability of our glutamate biosensors by quantify-
ing the change in their sensitivities before and after storage at 4 °Cin 0.01 M
PBS (pH 7.0) for 3 weeks. The i-t responses and calibration curves of our
glutamate biosensors before and after the storage period were presented
in Fig. 6b and c. When the sensors were refrigerated, they retained 97.9%
of their initial sensitivities (n=3). We also characterized the reusability of
our glutamate biosensor by quantifying the change in their sensitivities be-
fore and after bending 100-1000 times (Fig. S6). After bending 100 times,
the sensitivity changed ~2.5% compare to the original value (n= 3). After a
1000 bend cycles, the sensitivity changed ~6% (n= 3). Finally, we repeated
the amperometric measurements of the same device multiple times to
gauge its durability (n=3). We found that repeated testing of each device
showed ~3% change in sensitivity between the first and eighth run
(Fig. S7 and Table S3).

3.5. Measuring glutamate uptake from astrocytes

To further demonstrate the sensor functionality, we measured the
changes in glutamate concentration using primary human astrocyte cul-
ture. Fig. 7a shows our printed glutamate biosensor in astrocyte culture
~100 pM away. When a bolus of glutamate (225 uM) is added, the biosen-
sor responded rapidly with a current spike, which ultimately settled around
10 min (Fig. 7b). The glutamate concentration was estimated to be about
125 puM after 10 min in astrocyte culture, which is likely due to glutamate
consumption by astrocytes (Fig. 7c) at the density of electrode surface. Mea-
surements from the astrocytes had greater standard deviation than the con-
trol, which may be due to different levels of cell density at the time of
experiment.

One of the limitations of using a single channel biosensor is that it is not
possible to ascertain concentration gradient of the analyte. We may be able
to further elucidate on the characteristics of astrocyte-mediated glutamate
concentration gradient by printing a linear array of glutamate biosensors
and measuring at specific distances simultaneously. The measurement
from biosensor array may be useful for quantifying the relationship be-
tween the glutamate concentration at the cell surface and the glutamate up-
take rate [14,38,39].

Fig. 6. (a) A response of C-Pt—-PEDOT:PSS composite upon sequential addition of
200 pM glutamate, 100 uM of AA, 100 pM of UA and 100 pM of AC into
constantly stirred 0.01 M PBS (pH 7.0) solution. (b) An amperometric response of
different concentrations of glutamate in 0.01 M PBS solution (pH 7.0) of C-Pt—
PEDOT:PSS composite before and after 3 weeks of storage (n=3). (c¢) The
corresponding calibration curve and sensitivity of C-Pt-PEDOT:PSS composite
before and after 3 weeks of storage (n=3).
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Fig. 7. (a) A photograph of glutamate biosensor (foreground) over an astrocyte cell culture (background). (b) Measurement of glutamate consumption by astrocyte cells. Blue:
mean current response 100 pm from the surface of culture well following addition of 225 pM glutamate without astrocytes (control, n = 3). The blue shading indicates the
standard deviation of the three samples. Red: mean current response 100 pm from the surface of culture well following addition of 225 pM glutamate into the astrocyte cell
culture. The red shading indicates the standard deviation of three measurements with astrocytes. (c) Estimated glutamate concentration during the glutamate consumption
experiments with and without astrocytes. (d). Optogenetic-induced glutamate release setup using a visual cortex brain slice from a mouse (top). Train laser pulse stimulations
for 1 s, which were delivered at 20 Hz every 15 s (bottom). (e) Representative of an ex vivo light-induced glutamate sensing curve. The dashed red lines indicated the time

when stimulations were applied.

3.6. Measuring glutamate release from mouse visual cortex by optogenetic
stimulation

To further demonstrate the potential use of these biosensors for real-
time biological applications, we measured glutamate from optogenetic-
induced release in mouse brain slices. Working electrodes were calibrated
before and after tissue experiments. Extracellular glutamate changes were
quantified during light activation of visual cortex in mice. Light pulses of
5 ms width were applied as described in Methods section (Fig. 7d), 1 s du-
ration every 15 s at 20 Hz. Fig. 7e shows a representative of precise optical
control of glutamate release. There was a pronounced increase in peak cur-
rent density right after the stimulation. Furthermore, the temporal dynam-
ics of glutamate release in this stimulation was very robust with <1 s after
each stimulation. The dashed red lines in Fig. 7e indicated where stimula-
tions were applied. The peak current density per mm? was averaged over
40 trials of light stimulation in three samples, indicating average concentra-
tion recorded per stimulation was 11.43 = 2.00 pM (n=3). The results

suggest that the ChR2-control of glutamate release was robust and can be
successfully measured by using the CPt glutamate biosensor.

4. Conclusion

In this work, we presented a simple manufacturing technique for cre-
ating a highly sensitivity glutamate biosensors using low-cost C-Pt-
PEDOT:PSS composite ink. The biosensor can be rapidly prototyped
using DIW on various substrate. The printed biosensors performed bet-
ter than MEMS-fabricated and Pt nanoparticle-based glutamate biosen-
sors in terms of their sensitivity. The sensor had high sensitivity of
5.73 + 0.08 nA pM ™~ ! mm ™2, a good linear range from 1 uM up to
925 pM (R? = 0.996), a low detection limit of with 0.03 pM, and a
fast response time < 1 s. Furthermore, our sensor demonstrated good
specificity for glutamate when tested against AA and UA. Additional
work is needed to optimize permselective layer to prevent oxidation of
AC, DOPAC, 5-HIAA. In the future, we plan to perform additional
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experiments to better quantify the dynamic extracellular glutamate con-
centration in various in vitro and in vivo models. Furthermore, we plan to
apply the similar fabrication techniques for other sensing applications
using different recognition elements.
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