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Abstract

L- Glutamate is the main excitatory neurotransmitter in the central nervous system and 

hyperglutamatergic signaling is implicated in neurological and neurodegenerative diseases. 

Monitoring glutamate with a glutamate oxidase-based amperometric biosensor offers advantages 

such as high spatial and high temporal resolution. However, commercially-available glutamate 

biosensors are expensive and larger in size. Here, we report the development of 50 03BCm 

diameter biosensor for real-time monitoring of L-glutamate in vivo. A polymer, poly-o-

phenylenediamine (PPD) layer was electropolymerized onto a 50 μm Pt wire to act as a 

permselective membrane. Then, glutamate oxidase entrapped in a biocompatible chitosan matrix 

was cast onto the microelectrode surface. Finally, ascorbate oxidase was coated to eliminate 

interferences from high levels of extracellular ascorbic acid present in brain tissue. L-glutamate 

measurements were performed amperometrically at an applied potential of 0.6 V vs Ag/AgCl. The 

biosensor exhibited a linear range from 5 to 150 μM, with a high sensitivity of 0.097 ± 0.001 nA/

μM and one-week storage stability. The biosensor also showed a rapid steady state response to L-

glutamate within 2 s, with a limit of detection of 0.044 μM. The biosensor was used successfully 

to detect stimulated glutamate in the subthalamic nucleus in brain slices and in vivo. Thus, this 

biosensor is appropriate for future neuroscience applications.
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1. INTRODUCTION

L-Glutamate is one of the most prevalent excitatory signaling molecules in the central 

nervous system (CNS) (Salazar et al., 2016) and plays a crucial role in a variety of brain 
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functions such as memory and learning (Danbolt, 2001; Nedergaard et al., 2002). At 

elevated concentrations, glutamate exhibits excitotoxic properties that are implicated in a 

variety of neurological disorders including ischemic stroke (Camacho and Massieu, 2006), 

epilepsy (Babb et al., 1998), and neurodegenerative diseases (Mehta et al., 2013). Basal 

glutamate concentrations in vivo range from 0.9 to 3.7 μM (K. et al., 2006; Stephens et al., 

2011; Vasylieva et al., 2013), however during pathological situations glutamate levels 

increase several fold (Florence et al., 2002; Lee et al., 2009). Monitoring glutamate in real-

time is key to understanding its normal and pathological functions. Traditionally, in vivo 
glutamate levels were monitored using microdialysis (Windels et al., 2000) but even the 

fastest measurements have a time resolution of only 15 s (Venton et al., 2006). Moreover, 

microdialysis probes cause significant damage to brain tissue due to the larger size, with a 

diameter from 200–500 μm and length of 1–4 mm (Hascup et al., 2009; Hascup and Hascup, 

2014). Therefore, small sensors with a fast time response and large linear range are required 

to measure real-time glutamate release in vivo.

Glutamate is not electroactive and cannot be directly detected by voltammetry but enzyme-

based electrochemical biosensors can monitor glutamate continuously (Hu et al., 1994; Özel 

et al., 2014; Vasylieva et al., 2013). Many glutamate biosensors utilize glutamate oxidase 

(GlutOx) to enable real-time glutamate measurements in the brain. GlutOx metabolizes 

glutamate and releases hydrogen peroxide, which is electroactive and can be detected 

electrochemically (Özel et al., 2014). GlutOx sensors are dependent on oxygen, but operate 

well at normoxic conditions (Clay and Monbouquette, 2018). Glutamate dehydrogenase has 

also been employed in biosensor applications and is not oxygen dependent; however, it has 

longer response times, lower sensitivity, and requires a NAD+ cofactor (Hughes et al., 2016).

Several different glutamate biosensors have been developed in recent years. For 

physiological applications, enzymes are typically coated on platinum wire electrodes (Batra 

et al., 2016; Hu et al., 1994; Özel et al., 2014). Commercially available GlutOx-based 

biosensor designs are available (Pinnacle Technology, Inc. USA), but they are larger than 

optimal for small model organisms (176 μm in diameter). Polymer-based, flexible glutamate 

sensors were developed for in vivo applications (Weltin et al., 2014) with a sensing core of 

only 100 μm, but an overall width of 500 μm. Microelectrode arrays for glutamate were 

designed with individual sensors that are less than 100 μm in size, and multiple sensors in a 

single assembly allow measurements of different analytes in parallel (Tolosa et al., 2013; 

Wassum et al., 2008). However, the overall width of the sensor at the site of implantation is 

on the order of a millimeter. Gerhardt’s group developed multisite ceramic microelectrodes 

for in vivo glutamate detection in rats and mice (Burmeister et al., 2002; Hascup et al., 2008; 

Rutherford et al., 2007). These microelectrode arrays are triangular in shape with an active 

site on the order of 50–150 μm, but the actual taper starts from 1 mm. A smaller design 

would not only minimize the tissue damage during biosensor implantation and removal, but 

also would allow more precise targeting of brain regions.

In this study, we developed a microelectrode that is only 50 μm in diameter for measuring 

glutamate in vivo and in brain slices. The biosensor design includes electrochemical 

deposition of PPD, immobilization of GlutOx entrapped in a chitosan matrix, and a layer of 

ascorbate oxidase. Analytical performance was tested in vitro and the electrodes exhibited 
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excellent sensitivity and selectivity for glutamate. Electrodes were batch fabricated, which is 

important for making new, disposable sensors for in vivo use. The response time was fast (2 

s) and the limit of detection (0.044 μM) was sufficient for in vivo measurements. The 

biosensor was tested for real-time measurement of glutamate release in vivo in the 

subthalamic nucleus as well as in brain slices.

2. MATERIALS AND METHODS

2.1 Materials

Platinum wire (50 μm diameter) and glass capillary tubes were obtained from A-M Systems 

(Sequim, WA, USA). Polyimide capillaries with inner diameter of 100 μm were obtained 

from Polymicro Technologies (Lisle, IL, USA). Silver conducting epoxy was obtained from 

MG Chemicals (Ontario, Canada) and 5-minute epoxy was obtained from Devcon (OH, 

USA). Glutamate oxidase (GlutOx) (EC 1.4.3.11, 25 U/vial; from E. coli) was obtained from 

Cosmo Bio USA, Inc. (Carlsbad, California, USA). Ascorbate oxidase (AsOx) was obtained 

from Alfa Aesar (Haverhill, MA USA). Silver wire, acetic acid, L-ascorbic acid, uric acid, 

adenosine, dopamine, and serotonin hydrochloride were obtained from Acros Organics (NJ, 

USA). Chitosan from shrimp shells, o-phenylenediamine, albumin from bovine serum, L-
glutamic acid, and D-glucose anhydrous were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Isothesia was obtained from Henry Schein. Sulfuric acid was obtained from Fisher 

Scientific (Fair Lawn, NJ, USA).

2.2 Fabrication of Biosensor

Platinum wire working electrodes were fabricated through a multistep process. For each 

electrode, the Pt-wire was cut into 4 cm length, and the Teflon coating was carefully 

removed with the aid of micro scissors. The Pt microelectrode was inserted into a 1.5 cm 

length of polyimide capillary and 2 mm length exposed for biosensing as a protruding tip. 

Then, 5-minute nonconductive epoxy was applied to seal the Pt wire-polyimide capillary 

interface, and the epoxy was cured for 30 min at room temperature. A glass capillary tube 

was pulled into two capillaries with a glass microelectrode puller and then the sharp end was 

polished. The polyimide capillary was inserted into the polished end of the glass capillary, 

with 1 cm of the polyimide capillary protruding out. The polyimide capillary-glass capillary 

interface was sealed using 5-minute epoxy. A 4 cm piece of silver wire with adhesive silver 

conductive epoxy was inserted into the other end of the glass capillary to form an electrical 

connection between the silver wire and the extended Pt wire inside the glass tube. Finally, a 

5-minute epoxy bubble was placed to form an epoxy tip on the exposed biosensing end of 

the Pt wire, such that 1 mm in length of the microelectrode was exposed (Figure 1). This 1 

mm protruding Pt wire excluding the epoxy bubble was the active biosensing surface, where 

enzymes were immobilized. The epoxy tip not only helps in loading the enzyme mixture on 

the sensor surface, but also prevents sensor from mechanical damage during implantation.

Next, the Pt wire microelectrodes were cleaned in 0.5 M sulfuric acid using cyclic 

voltammetry by scanning from −0.3 V to 1.5 V at 100 mV/s for 20 cycles. After rinsing 

thoroughly with distilled water, the clean electrode was electrocoated with o-PD by applying 

a potential of + 0.7 V for 10 minutes in a stirred solution of 300 mM o-PD in PBS buffer at 
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pH 7.4. This method produces a thin, perm-selective and self-sealing PPD film on the Pt 

record surface to improve selectivity towards glutamate (Killoran and O’Neill, 2008). The 

electrodes were quickly rinsed with distilled water and immediately modified with a 1:2 

ratio of 0.1 U/μl GlutOx in 0.1 M PBS (pH=7.4) with 1% chitosan in 0.1 M acetic acid. Two 

aliquots of 1.5 μL mixture were manually deposited on the working area of the Pt wire and 

allowed to dry between each drop. Finally, 2 μL of 200 U/mL AsOx was manually deposited 

on to the electrode surface and allowed to dry. The prepared biosensors were then stored in a 

refrigerator until use. Prior to use, the electrode was dipped in 5 mg/mL bovine serum 

albumin for one minute to avoid non-specific adsorption.

2.3 In vitro calibration and characterization of the biosensor

Biosensors were first characterized in vitro to generate a standard calibration curve for 

conversion of glutamate current to concentration. Amperometry and cyclic voltammetry 

experiments were performed using a Reference 600 Potentiostat (Gamry Instruments, USA) 

with a modified Pt biosensor as the working electrode, a standard Ag/AgCl reference 

electrode (3.5 mm O.D) (RRPEAGCL, Pine research, USA), and a 500 μm Pt wire as a 

counter electrode. Biosensor performance was characterized using amperometry at an 

applied potential of +0.6 V in vitro. Calibrations were carried out in 5 mL PBS under 

constant stirring.

2.4 Animal Experiments and Glutamate measurements

All animal experiments were reviewed and approved by the Institutional Animal Care and 

Use Committee of the University of Virginia. Animal welfare was monitored daily by animal 

care staff. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, USA) 

between 250–350 grams were housed in 12/12 hour light/dark cycles and fed ad libitum and 

provided environmental enrichment. Surgeries were performed in the morning, during the 

beginning of the light cycle. Experiments were performed in the lab while animals were 

anesthetized.

2.4.1 In Vivo Experiments and Surgery: Rats were anesthetized with 50% wt 

urethane (Sigma Aldrich) solution in saline (1.5 g/kg, i.p). The surgical site was shaved and 

0.25 mL of bupivicaine (APP Pharmaceuticals, LLC; Schaumburg, IL, USA) was 

administered subcutaneously for local analgesia. After exposing the skull, holes were drilled 

for the placement of electrodes using a stereotaxic drill. Stimulated glutamate measurements 

were conducted in subthalamic nucleus (STN) using the coordinates (in mm from bregma): 

anterior-posterior (AP): −3.5, mediolateral (ML): +2.4, and dorsoventral (DV): −7.5. Both 

working and stimulating electrodes were placed in the same region 100 μm apart. The 

reference electrode, 100 μm Ag/AgCl wire was inserted on the contralateral side of the 

brain. The rat’s body temperature was maintained at 37°C using a heating pad with a 

thermistor probe (FHC, Bowdoin, ME, USA). Stimulated glutamate release was measured 

by applying stimulation pulse trains (500 μA, 30 or 50 pulses, 120 Hz), and the glutamate 

response was recorded in the subthalamic nucleus.

2.4.2 Brain Slice experiments: Rats were anesthetized with isoflurane (Isothesia) and 

beheaded. Four hundred μm thick sagittal slices containing the target region, the subthalamic 
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nucleus, were collected in oxygenated artificial cerebral spinal fluid (aCSF) (Pajski and 

Venton, 2010). Once collected, slices were heated in a water bath to 37°C to equilibrate for 

at least 30 minutes. During experiments, oxygenated aCSF was perfused over the slice at 2 

mL/min. A biphasic stimulating electrode was rested on top of the tissue on the STN 

(approximate coordinates 2.9 mm mediolateral, 7.6 mm dorsoventral, −3.5 mm 

anteroposterior). The working electrode was implanted between the prongs of the 

stimulating electrode about 500 μm away. It was implanted through the tissue to maximize 

the surface area of the electrode that is in direct contact with the tissue. The stimulation 

parameters were used from the previous study (Windels et al., 2000). In short, we applied 

pulse trains of 10–50 pulses at a frequency of 120 Hz, where each pulse was biphasic, 1 ms 

duration per phase.

3. RESULTS

3.1 In vitro characterization of glutamate biosensors

An operational schematic of the glutamate biosensor is shown in Figure 1. The 

permselective PPD membrane blocks interferences from most large compounds (Killoran 

and O’Neill, 2008), preserves the catalytic activity of the enzyme, and thus enhances the 

overall sensitivity and stability of the biosensor (Özel et al., 2014). GlutOx catalyzes the 

oxidation of glutamate, a reaction that produces electroactive hydrogen peroxide, which is 

detected amperometrically. In the CNS, biological media such as cerebrospinal fluid, serum, 

and brain homogenates are complex mixtures consisting of hundreds of biological 

molecules. Because ascorbate is one of the primary interferents in the central nervous 

system, at concentrations in the range of 200–400 μM (Miele and Fillenz, 1996), AsOx was 

also manually deposited to eradicate potential interference from ascorbic acid. Our biosensor 

design consists of a permselective PPD membrane, chitosan polymer matrix, both of which 

are known to reject ascorbic acid (Killoran and O’Neill, 2008; Özel et al., 2011). The 

biosensors were rinsed in bovine serum albumin prior to use to avoid non-specific 

adsorption of proteins during in vivo applications.

To characterize the biosensor, glutamate injections were performed in triplicate, starting at 5 

μM and increasing in increments of 5 μM up until 50 μM. A representative amperogram is 

shown in Figure 2. The biosensor has a fast response time and a steady state limiting current 

value was reached within 2 s (Figure 2 inset). Thus, the polymer and enzymes layers are thin 

enough to allow a fast diffusion rate to the electrode surface. The range of concentrations 

tested were from 5–1500 μM glutamate (Figure 3A) and the linear range was 5–150 μM 

(Figure 3B). The sensitivity, the slope of the calibration curve, is 0.097 ± 0.001 nA/μM 

(n=21). The limit of detection (LOD) was 0.044 μM and was calculated using the formula 

LOD = 3*(SD/m) where SD = standard deviation of the amperometric signal of PBS, and m 

= slope of the calibration curve (Figure 3B). The basal concentration of extracellular 

glutamate ranges from 1–5 μM (Mitani et al., 1992) and can increase up to 15-fold after 

ischemia, so the LOD and linear range are in the physiological range.
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3.2 Biosensor Selectivity and Shelf Life

To verify the specificity of the biosensor to respond to glutamate only, selectivity testing was 

conducted in vitro using common neurochemicals such as 100 nM serotonin, 1 μM 

adenosine, 1 μM dopamine, 0.5 mM glucose, 100 μM uric acid, and 200 μM ascorbic acid. 

The biosensor showed a negligible response to these analytes, indicating no interference 

(Figure 4A). The current response to 20 μM glutamate was tested before and after the other 

analytes, and the biosensor did not show any change in current response to glutamate. These 

results also suggest that exposure to other neurochemicals does not affect the performance of 

the biosensor and its sensitivity to glutamate.

For in vivo experiments measuring glutamate, it is important to be able to fabricate many 

biosensors at the same time reproducibly. To explore batch fabrication, we made many 

batches of sensors (typically 6–8 sensors per batch) and randomly selected some (n=8) to 

create linear calibration curves. Figure 4B shows the calibration curves of individual sensors 

from multiple batches as well as a few sensors from the same batch. Small variations 

between sensors are caused by varying length due to hand fabrication, as the enzyme 

loading, or polymer coatings might not be the same each time and could be improved in the 

future with a mass fabrication approach. The relative standard deviation of the calibration 

slope for sensors within the same batch is 8–18 % and between multiple batches is about 

34%, because there was likely variability in sensors size and enzyme activity. The data show 

that, overall these sensors were highly reproducible both between batches and within the 

same batch.

The storage stability of the biosensors was tested to monitor the shelf life of the sensors. The 

change in glutamate sensitivity was measured over a 7-day period, while biosensors were 

stored under dry conditions at +4°C. When sensors were tested daily for seven days (n=5), 

they exhibited about 40% loss over a week, with only 10–15% losses over the first 2 days 

(Figure 5A). Loss in sensitivity was likely due to repeated use, causing loss of adsorbed 

enzyme or enzyme activity. Some electrodes were tested on day 1 and then stored and then 

tested again on day 7. These electrodes (n=7) showed only a 5% loss in signal on day 7 

(Figure 5B), suggesting that larger losses seen in the daily testing were due to multiple tests. 

Normally, in vivo sensors are only used one time; thus, these sensors can be made and 

initially verified and then can be stored for up to a week before they would be used for in 
vivo experiments.

3.3 Comparison to other biosensors

Table 1 shows a comparison of different biosensors and their analytical performance 

characteristics for glutamate. Our sensor has comparable sensitivity to many sensors, with a 

low LOD and an extended linear range. The commercially available glutamate biosensor 

(Pinnacle Technology, Inc.) reports a linear range only up to 50 μM, which is smaller than 

our biosensor. Although 50 μM is sufficient for normal physiological glutamate levels 

(Hamdan and Zain, 2014), a larger linear range is necessary for in vitro cell culture studies 

and in disease models where glutamate is overstimulated. An example is a study using the 

commercial glutamate biosensor that measured glutamate after in vivo high frequency 

stimulation of the rat subthalamic nucleus, but found levels that were out of the linear range 
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(Lee et al., 2007). Another advantage of our sensor is size, as biosensors are an invasive 

technique and some tissue injury upon implantation is inevitable. Our miniaturized 

biosensor, with a diameter of 50 μm, would minimize tissue damage and is overall smaller in 

total footprint than other in vivo biosensors. Future studies could also miniature our design 

even further, by making biosensors on the 20–30 μm scale. Because it is based on GlutOx, 

our sensor is oxygen dependent, and might not be suitable for low oxygen measurements. 

This limitation can be overcome by incorporation of nanoparticles that release oxygen or 

using glutamate dehydrogenase (Hughes et al., 2016; Özel et al., 2014), but sensors based on 

GlutOx are faster and more sensitive and thus are the preferred strategy. Overall, our sensor 

had superior performance and size compared to previous sensors.

3.4 Application of the Biosensor in Rat Brain Slice and In Vivo

To demonstrate the potential use of these biosensors for real-time biological applications, 

measurements of stimulated glutamate release were made in rat brain slices and in vivo. 

Electrodes were calibrated before and after tissue experiments and the response decreased, 

typical of most biosensors, but they were still functional in vivo (Fig. S1). Extracellular 

glutamate changes were measured during high frequency stimulation of the STN, since it is 

well known that stimulation increases glutamate increases in that region (Lee et al., 2007). 

In rat brain slices, the sensor was first placed in the slice and a stable baseline established 

(~30 min) before applying the biphasic electrical stimulations of 10, 30, or 50 pulses. As 

shown in Figure 6A, there was a pronounced increase in peak current right after the 

stimulation and higher numbers of stimulation pulses produced more glutamate. The initial 

downward spike after stimulation is due to electrical noise caused by the electrical 

stimulation. After the stimulation ends, extracellular glutamate concentration decreased back 

to pre-stimulus baseline levels, due to uptake and metabolism. Figure 6B also shows the 

overlay of two current vs time responses to allow a direct comparison of electrically 

stimulated glutamate for 30 and 50 pulses in brain slice.

Biosensor performance in vivo was also tested in the STN of anesthetized rats by applying 

30 or 50 pulse stimulations. The stimulation error in vivo was in the positive direction and 

the short spike after the stimulation is due to electrical noise from the electrical stimulation 

(Figure 6C). However, the longer rise after the spike is the glutamate signal. Stimulated 

glutamate measurements were carried out over a 4-hour period, with stimulations repeated 

every five minutes. Figure 6C shows the overlay of electrically stimulated glutamate 

responses for 30 and 50 pulses taken at different time points.

The high-frequency stimulation in STN of rats is similar to deep brain stimulation in humans 

used for the treatment of disorders such as Parkinson’s disease (Lozano et al., 2002). The 

major source of the increase in extracellular glutamate in STN during electrical stimulations 

is axonal stimulation of descending glutamatergic cortical inputs to the STN and axonal 

collaterals within the STN (Wilson et al., 2004). Stimulated glutamate levels were in the 

micromolar range and our sensor could detect and quantify them with high reproducibility 

and fast temporal resolution. Our levels of stimulated glutamate release match with previous 

reports of 3–20 μM and release was easily detected at our biosensor (Lee et al., 2007, 2004). 

Moreover, the stable response of biosensor even after 4 hours of implantation is useful for 
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longer experiments in the future that involve pharmacology or disease pathology. The in vivo 
measurements in both brain slices and intact rat brains demonstrate these biosensors could 

be useful for investigating the role of real-time glutamate signaling in many diseases.

4. CONCLUSIONS

We developed a glutamate biosensor with chitosan, as a matrix for the immobilization of the 

enzyme glutamate oxidase on the surface of a platinum electrode. Our miniaturized 

biosensor of 50 μm in diameter can be applied for monitoring glutamate in vivo and in brain 

slices. The biosensor exhibited high sensitivity while rejecting interferences with a fast 

response time (~2 s) and a linear range of 5 to 150 μM. Our biosensors were stable for 7 

days when stored under dry at +4° C and batch fabrication demonstrated reproducibility 

within the batch and between batches. Stimulated glutamate release was successfully 

measured both in brain slices and in vivo. This biosensor has the potential to directly 

monitor glutamate in vivo with minimal tissue damage. Future studies can test the long-term 

operational and storage stability of the sensor and its viability in long-term in vivo 
applications. Small variations of length between sensors due to hand fabrication, could be 

improved in future with a mass fabrication approach.
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Highlights:

1. We developed a miniaturized 50 μm diameter biosensor for real-time 

monitoring of L-glutamate in vivo.

2. The biosensor exhibited a linear range from 5 to 150 μM, with a high 

sensitivity of 0.097 ± 0.001 nA/μM and one-week storage stability.

3. The biosensor also showed a rapid steady state response to L-glutamate 

within 2 s, with a limit of detection of 0.044 μM.

4. The biosensor was used successfully to detect micromolar levels of stimulated 

glutamate in the subthalamic nucleus in brain slices and in vivo.

Ganesana et al. Page 12

Biosens Bioelectron. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Operational schematic of glutamate biosensor. The Pt wire has a 50 μm diameter and is 

coated with o-PD, GlutOx/Chitosan mixture, and AsOx. The wire has an epoxy tip at the 

protruding end to aid in enzyme deposition. The Pt wire is sheathed in a polyimide capillary 

(140 μm OD), which is subsequently inserted into a glass capillary tube. The top end of the 

Pt wire is connected to a copper wire via silver conducting epoxy; this copper wire makes 

contact with the potentiostat.
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Figure 2. 
Representative amperogram shows the biosensor response to glutamate. Applied potential is 

+0.6 V vs Ag/AgCl. Arrows indicated with color coding are to indicate each of the 

individual concentrations tested in triplicate at 5 (black arrow), 10 (red arrow), 15 (blue 

arrow), and 20 μM (maroon arrow). Finally, one response to 25 μM (green arrow) is shown. 

Inset shows a response to 5 μM glutamate enlarged so that the time response can be seen. 

The sensor reaches its maximum in 2 seconds.
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Figure 3. 
(A) Glutamate biosensor calibration curve showing the sensor performance from 5 μM to 

1500 μM glutamate. (B) Biosensor has a linear range up to 150 μM (n=21). Within the linear 

range the biosensor reliably measures glutamate with a sensitivity of 0.097 nA/μM.
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Figure 4. 
(A) Glutamate biosensor in vitro selectivity testing. Following two injections of 20 μM 

glutamate, a series of common neurochemicals were injected to the electrochemical cell in 

order to ensure that the biosensor responds only to glutamate. The following species were 

used: 100 nM serotonin (5HT), 1 μM adenosine (AD), 1 μM dopamine (DA), 0.5 mM 

glucose, 100 μM uric acid (UA) and 200 μM ascorbic acid (AA). Current response to 20 μM 

glutamate prior to exposure to these interferents (0.135 nA/μM) did not change significantly 

afterwards (0.123 nA/μM). (B) Batch fabrication and comparison between batches. 

Glutamate biosensors fabricated in different batches were randomly selected and tested for 

the linear range (n=8). Sensor fabrication is highly reproducible between batches and within 

a batch.
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Figure 5. 
Shelf life stability of glutamate biosensor. (A) The sensitivity of biosensors from Day 1 to 

Day 7 (Day 0 was the day of enzyme deposition). There was ~40% loss in average 

sensitivity (n=5) from Day 1 to Day 7. (B) Biosensors tested on Day1 and Day 7 shows ~5% 

loss in average sensitivity (n=7). In both studies, biosensors were stored under dry 

conditions at + 4°C between the tests.
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Figure 6. 
Stimulated glutamate data in rat subthalamic nucleus brain slice and in vivo. (A) 

Representative amperogram of stimulated glutamate release in the subthalamic nucleus of a 

rat brain slice. The tissue was stimulated five times with a frequency of 120 Hz and pulse 

numbers are given above each stimulation. (B) Overlay of concentration vs time curves, 

allowing for comparison of 30 and 50 pulse stimulations. Sharp downward spike prior to 

peak glutamate response is electrical noise due to electrical stimulation. (C) In vivo, the rat 

brain was stimulated four times with a frequency of 120 Hz. Depicted here are two 30 pulse 

and two 50 pulse stimulations overlaid as concentration vs time curves, showing stability. 

Sharp spike prior to peak glutamate response is electrical noise due to electrical stimulation.
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Table 1:

Comparison of different biosensors configurations and their analytical performance characteristics for 

glutamate.

Electrode Configuration Sensitivity Linear range LOD Response time References

Pt-Ir/Mixed ceria and titania nanoparticles 793 pA/μM 5–50 μM 0.6 μM ~5 s (Özel et al., 2014)

Pt-Ir/Nafion/Poly(o-phenylenediamine)/GlutOx/
poly(ethyle ne glycol) diglycidyl ether

14.6 pA/μM 20–100 μM 1 μM ~3.4 s (Sirca et al., 2014)

Pt-disc/PEI/GlutOx/PPD-BSA 71 nA/μM 5–50 μM 2.5 μM ~5 s (Govindarajan et al., 
2013)

Pt microelectrode array /PPy/Nafion/GlutOx 2.46 pA/μM 10100 μM <1 μM <1 s (Wassum et al., 2008)

Pt-Ir/PPD/GlutOx/AscOx/BSA 97 pA/μM 5–150 μM 0.044 μM ~2 s This Study
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