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Enzyme-modified Pt nanoelectrodes for glutamate detection

Peibo Xu, (co-first author) ™2, Henry David Jetmore (co-first author) "2, Ran Chen®®, and Mei Shen

a,*

We present here a glutamate oxidase (GluOx)-modified platinum (Pt) nanoelectrode with a planar geometry for glutamate
detection. The Pt nanoelectrode was characterized using electrochemistry and scanning electron microscopy (SEM). The
radius of the Pt nanoelectrode measured using SEM is ~210 nm. GluOx-modified Pt nanoelectrodes were generated by dip
coating GluOx on the Pt nanoelectrode in a solution of 0.9% (wt%) bovine serum albumin (BSA), 0.126% (wt%)
glutaraldehyde, and 100 U/mL GluOx. An increase in current was observed at +0.7 V vs. Ag/AgCI/1IM KC| with adding
increasing concentrations of glutamate. A two-sample t-test results showed that there is a significant difference for
current at +0.7 V between the blank and the added lowest glutamate concentration, as well as between adjacent
glutamate concentrations, confirming that the increase in current is related to the increased glutamate concentration.
The experimental current-concentration curve of glutamate detection fitted well to the theoretical Michaelis-Menten
curve. At the low concentration range (50 uM to 200 uM), a linear relationship between the current and glutamate
concentration was observed. The Michaelis-Menten constants of /..., and K, were calculated to be 1.093 pA and 0.227
mM, respectively. Biosensor efficiency (the ratio of glutamate sensitivity to H,O, sensitivity) is calculated to be 57.9%.
ENzye: (Imax /H20, sensitivity, an indicator of the amount of enzyme loaded on the electrode) of the GluOx-modified Pt
nanoelectrode is 0.243 mM. We further compared the sensitivity of a GluOx-modified Pt nanoelectrode with a GluOx-
modified carbon fiber microelectrode (7-um diameter and a sensing length of ~350 um). Glutamate detection on the
GluOx-modified carbon fiber microelectrode fitted well to a Michaelis-Menten like response. Based on the fitting, the
GluOx-modified carbon fiber microelectrode exhibited an /.., of 0.689 nA and a K, of 301.2 uM towards glutamate
detection. The best linear range of glutamate detection on the GluOx-modified carbon fiber microelectrode is from 50 uM
to 150 pM Glutamate. GluOx-modified carbon fiber microelectrode exhibited a higher potential requirement for glutamate
detection comparing to the GluOx-modified Pt nanoelectrode.

Currently, high performance liquid chromatography (HPLC)
and chromatography-mass spectrometry (GCMS) are
commonly used methods for glutamate detection.!! But they

L-glutamate is the major excitatory transmitter at the insect
and crustacean neuromuscular junction, as well as in the
vertebrate central nervous system.'* L-glutamate is essential
for communication,® learning and memory.5® Thus, the
measurement of glutamate is important to understand the
brain function. In addition, monitoring glutamate provides a
means to better understand neurological diseases as abnormal
regulation of glutamate is reported to be related to a number
of neurological disorders such as Alzheimer’s disease and
depression. %10
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Supplementary Information available: additional Figures including the following.

Figure S1: Michaelis-Menten parameters calculation based on data in Figure 4,

where 1/i was plotted as the y-axis and 1/c was plotted as the x-axis. Figure S2:

Cyclic voltammograms of blank and glutamate on glutamate oxidase-modified Pt

nanoelectrodes with three repeated runs overlapped. Figure S3: Box plot for

current at +0.7 V vs. Ag/AgCl/1 M KCI from cyclic voltammograms of blank and

glutamate solutions of different concentrations for the two-sample t-test. Figures

S4 and S5: glutamate detection and related analysis on two additional GluOx-

modified Pt nanoelectrodes. Figure S6: Michaelis-Menten parameters calculation

for carbon fiber microelectrode. See DOI: 10.1039/x0xx00000x

include a separation method and take time. Electrochemical
measurements allow for  straightforward, label-free
quantification of analytes with cost-effective devices and a
short measurement time, making it a promising method for
glutamate detection.

Glutamate is not electroactive therefore not able to be directly
detected electrochemically. Enzyme modification is one
common way to enable the electrochemical measurements for
non-electroactive analytes.’? 13 Glutamate oxidase (GluOx)
reacts with glutamate producing H,0,, which is electroactive
and can be detected on the electrode surface directly. GluOx
have been used to construct enzymatic glutamate electrodes
by depositing an enzyme layer on top of the Pt electrode
surface.* However, most of these electrodes have micrometer
to millimeter sizes. Pioneering work was carried out by
group utilizing a GluOx-modified carbon
nanoelectrode with cylindrical geometry for glutamate
detection.’> Glutamate detection on GluOx-modified Pt
nanoelectrodes with a planar geometry has not been reported.

Schulman

It is unknown when the area of the electrode is decreased if
the enzyme-modified nanoelectrodes have any analytical
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sensitivity. This is because when the electrode area is smaller,
a smaller number of enzymes will be loaded on the electrode
surface. For the case of GluOx-modified nanoelectrode, less
enzymes means less hydrogen peroxide will be produced. On
the other hand, the hydrogen peroxide is produced in the
immobilized enzyme layer of the enzyme-modified electrode.
Thus, the diffusion of hydrogen peroxide maybe different from
a hydrogen peroxide produced directly on the electrode
surface without any surface layer. Consequently, the dilution
of hydrogen peroxide produced on the immobilized enzyme
layer may be less, which could help the sensitivity of the
electrode. We propose to test this hypothesis by studying the
enzyme-catalyzed reaction on a nanoelectrode with the
smallest surface area, to the best of our knowledge, reported
so far.

In this work, we present a novel enzymatic-Pt nanoelectrode
with a radius of 210 nm and planar geometry for glutamate
detection. This sensor was developed by the deposition of
GluOx enzymatic layer on the surface of Pt nanoelectrode. This
Pt nanoelectrode offers a significantly higher spatial resolution
while maintaining a high sensitivity towards glutamate
detection. The small size of our nanoelectrodes can minimize
the damage to tissues when applied for in vivo study. More
importantly, it has potential use in techniques such as scanning
electrochemical microscopy (SECM).

Results and discussion

Fabrication and characterization of Pt nanoelectrodes. Pt
nanoelectrodes were fabricated using a laser puller followed
by focused ion beam milling. Detailed procedures were
described under experimental section.

Scanning Electron Microscopy (SEM) was used to observe the
resulted electrode after laser-pulling. The results are shown in
Figure 1A, where the Pt appeared to protrude from the
surrounding glass. In order to produce a disk geometry,
focused ion beam (FIB) was used to mill this electrode. After
FIB milling, the SEM result of the electrode was shown in
Figure 1B, where the protruded Pt was no longer visible and a
Pt nanoelectrode (a radius of ~ 210 nm) with planar geometry
was observed.

Figure 1. (A) SEM image of the Pt nanoelectrode after laser-
pulling, Pt appeared to protrude from the surrounding glass. (B)
SEM image of the Pt nanoelectrode after FIB milling, a planar
geometry with a radius of about 210 nm was observed.

After SEM characterization, cyclic voltammetry was used to

characterize the generated Pt nanoelectrodes. The cyclic
voltammogram (CV) of the background electrolyte solution
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was shown in dashed line in Figure 2A. After adding 0.5 mM
Hexaamineruthenium (lll) chloride (RuHex), the CV of
reduction of RuHex was measured as solid line in Figure 2A.
The background-subtracted CV of RuHex-reduction was shown
in Figure 2B, where the CV exhibited a sigmoidal shape with a
diffusion-limited current of 30.9 pA.

The electrochemical radius of the Pt nanoelectrode was
calculated from the diffusion-limited current i, which is
expressed as the following equation,®

iss =4xnFDCr
r =lis/4xnFDC

(1)
(2)

where n is the number of electrons transferred, which is 1 in
this case. F is Faraday constant, which is 96485 C/mol. D is the
diffusion coefficient of RuHex in haemolymph-like (HL3)
solution. A diffusion coefficient D of 5.48x 10 cm?/s as
reported in literature was used here.” C is the concentration
of RuHex, which is 0.5 mM. x is a function of RG, which is the
ratio between the outer diameter (glass diameter) and inner
diameter (Pt diameter). The glass radius measured from SEM
image is around 928 nm. The Pt radius is ~ 210 nm based on
the SEM image. The resulted RG is 4.39 and the calculated x is
1.043. The diffusion-limited steady state current measured at
potential around -0.4 V vs Ag/AgCl/ 1 M KCl is 30.9 pA (Figure
2B). The electrochemical radius of the Pt nanoelectrode was
calculated using equation (1) to be 280 nm. This
electrochemical radius is slightly larger than SEM-observed
geometric radius, suggesting the possibility of leaking (a gap
existed between Pt and surrounding glass) cannot be ruled
out. Regardless, the geometric size and electrochemical size is
very close.
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Figure 2. (A) Cyclic voltammogram (CV) of background (dashed
line) and 0.5 mM RuHex (solid line). (B) Background-subtracted
CV of 0.5 mM RuHex, which showed a sigmoidal shape.

Glutamate detection on glutamate oxidase (GluOx)-modified Pt
nanoelectrode. We coated the Pt nanoelectrode described above
with an enzyme, GluOx. Then we studied the response of the
GluOx-modified Pt nanoelectrode towards glutamate detection. The
mechanism of glutamate detection on the GluOx-modified
electrode is shown in Figure 3. Glutamate reacts with water and
oxygen, catalyzed by GluOx, producing H,0,. The generated H,0, is
detected on the Pt electrode via oxidation, generating a current. By
measuring this current, glutamate is detected indirectly.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Mechanism of GluOx-modified Pt electrode for
glutamate detection. Glutamate reacts in the enzyme layer
catalyzed by GluOx to produce H,0,. H,0, is further detected
on the Pt nanoelectrode surface via oxidation.

After placing the GluOx-modified Pt nanoelectrode into the
HL3 background solution, the cyclic voltammogram (CV) of
background solution was measured shown as the dashed black
line in Figure 4A. After that, glutamate of different
concentrations was added, and CVs were recorded following
each addition. The forward curves of these CVs were plotted in
Figure 4B. Figure 4C zoomed in the high potential range of
Figure 4B, where we observed a clear increase in current with
increased glutamate concentration. For instance, at 0.8 V, the
current magnitude measured in background solution is 3.5 pA,
and after adding 2 mM glutamate the current increased to 4.8
pA. Similarly, at 0.7 V, the current magnitude increased from
2.8 pA measured in background solution to 4.0 pA after adding
2 mM glutamate into the background solution. Similar
observations were observed in two other GluOx-modified Pt
nanoelectrodes discussed in a later section.

It is critical to make sure this increase in current is not due to
the variability in CV measurements. To rule out this possibility,
CVs were repeated for three times at each concentration of
glutamate. The repeated CVs at each concentration
overlapped very well (Figure S2), where it is hard to distinguish
between different runs. This confirms that the current increase
is likely due to the increased glutamate concentration. A two-
sample t-test was performed to further confirm there is a
difference in current after adding glutamate in comparison to
blank solution. The two-sample t-test was performed between
background and 0.05 mM glutamate, and all adjacent
glutamate concentrations as shown in Figure S3. The current at
+0.7 V vs. Ag/AgCl/1 M KCl (the potential of glutamate
detection as described below) from three repeated CVs for
background and all glutamate concentrations were used in the
t-test. T-test results showed that there is a significant
difference for current at +0.7 V between the blank and the
added lowest glutamate concentrations, as well as between
adjacent glutamate concentrations, confirming that the
increase in current is related to the increased glutamate
concentration.

We further compared the potential where an increase in
current was observed with increasing glutamate
concentrations to literature-reported glutamate detection
potential. Several studies performed i-t chronoamperometry
for glutamate sensing on GluOx-modified Pt microelectrodes.
14, 18 The potential used was +0.6 V vs Ag/AgCl with

This journal is © The Royal Society of Chemistry 20xx
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measurements often performed in 0.1 M phosphate-buffered
saline (PBS) solution, which has a CI- concentration of ~ 0.014
M. Considering the concentration of ClI- matters in the
potential of the Ag/AgCl reference electrode, we converted
the literature reference electrode potential to ours. We
calculated the reference electrode potential with Nernst
equation as shown in experimental section. +0.6 V vs Ag/AgCl
in 0.1 M PBS is the same as +0.71 V vs Ag/AgCl/1 M KCI, which
is the reference electrode in this study. +0.7 V is also the
potential where we observed a clear increase in current in our
CV. This is why we picked the potential of +0.7 V vs
Ag/AgCl/1M KClI for constructing calibration curve.
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Figure 4. (A). Glutamate detection on the glutamate oxidase-
modified Pt nanoelectrode (radius = 220 nm based on SEM
shown in Figure 1B) using cyclic voltammetry (CV). (B).
Forward linear sweep voltammogram from +0.2 V to +0.8 V vs.
Ag/AgCl/1M KCI. (C). Zoom in on Figure B at high potentials
where glutamate detection was reported in literature.
Glutamate concentrations were shown in figure legends.

Figure 5A showed the overall calibration curve with glutamate
concentration up to 2mM. The curve showed a Michaelis-
Menten like response which was verified based on theoretical
fitting as discussed later. Figure 5B showed the calibration
curve at low concentration range (up to 200 uM), a linear
relationship between the current and glutamate concentration
was observed. The calculated sensitivity is 2.6059 pA/mM
(slope of the linear regression line). Though this sensitivity

J. Name., 2013, 00, 1-3 | 3
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seems to be low, considering the nanometer size (radius of
~280.2 nm) of the electrode, the area-normalized sensitivity is
1.057 x 10> nA uM* um=2.

Figure 5C showed the fitting of background-subtracted
experimental data to the Michaelis-Menten curve, where a
nice overlap between the experimental data (red dot) and the
theoretical Michaelis-Menten curve was observed (R? = 0.99).
The Michaelis-Menten constants of /,,,, and K, were calculated
to be 1.093 pA and 0.227 mM, respectively (the detailed
calculation was shown in experimental section and Sl). This K,
value is in the same order of magnitude with a slightly smaller
number compared with other GluOx enzymatic glutamate
microelectrode!®?? in the range of 0.22 mM — 1.3 mM while
slight larger than another enzymatic glutamate nanoelectrode
which presented a K, of 0.06 mM. %°
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Figure 5. (A) A plot of glutamate detection current on the
GluOx-modified Pt nanoelectrode as a function of the
glutamate concentration. Y axis is the current measured at
+0.7 V vs. Ag/AgCl/1M KCI from forward cyclic voltammograms
in Figure 4 and x-axis is the concentration of glutamate. (B)
Calibration curve at low concentration range (up to 200 pM),
where a linear current-concentration response was observed.
(C) The fitting of the background-subtracted experimental
current-concentration curve (red square) to Michaelis-Menten
curve (black solid line).
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A comparison of 2 mM H,0, and 2 mM glutamate detection
on the GluOx-modified Pt nanoelectrode.

To better understand the analytical performance of GluOx-
modified Pt nanoelectrodes towards glutamate detection,
H,0, with the same concentration as glutamate was added
following glutamate detection (Figure 6). Results in Figure 6
showed that GluOx-modified Pt nanoelectrode exhibited a
higher current response towards H,O, than Glu of the same
concentration. We compared the current at +0.7 V vs
Ag/AgCl/1 M KCI, which is the potential used for calculating
glutamate sensitivity and reported to exhibit good H,0,
sensitivity. The background-subtracted current corresponding
to H,0, produced from 2 mM glutamate is 0.9 pA while for 2
mM H,0,, corresponding current is 9.0 pA.

The sensitivity of the GluOx-modified Pt nanoelectrode
towards H,0, detection is 4.5 pA/mM. Biosensor efficiency
(BE), which is defined as the ratio of glutamate sensitivity to
H,0, sensitivity, is a parameter to measure the efficiency of
the enzymatic electrode to convert glutamate to H,0,.2>2 The
glutamate sensitivity is calculated to be 2.6 pA/mM based on
the slope of the best linear fit at the linear range of the
calibration curve. This leads to a BE of 57.9%. This showed the
high efficiency of our Pt nanoelectrode.

Another commonly used parameter to characterize enzymatic
electrode is Enz,y, which is defined as /ma/(H,0, sensitivity)
and used as an indicator of the amount of enzyme loaded on
the electrode.?2 The Enz,: of the GluOx-modified Pt
nanoelectrode is 0.243 mM, which is on the same order of
magnitude but smaller than the value reported in literature (2
mM — 43 mM).?2 This slightly lower Enz,. value and K, value
might be related to the small surface area of our
nanoelectrode, which leads to a small amount of enzyme
loaded on the electrode.
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Figure 6. Cyclic voltammograms of the background (black solid
curve), 2mM glutamate with the background (black dashed
curve), and 2mM H,0, with the 2mM glutamate and
background solution (blue solid curve).

This journal is © The Royal Society of Chemistry 20xx
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A comparison with GluOx-modified carbon fiber

microelectrode.

We further compared the sensitivity of GluOx-modified Pt
nanoelectrodes  with GluOx-modified carbon fiber
microelectrodes (optical and SEM results were shown in
Figures 7A and 7B). The results of glutamate detection on a
GluOx-modified carbon fiber microelectrode were shown in
Figure 7. Figures 7C and 7D showed the CV of the carbon fiber
microelectrode in PBS background solution as black dashed
curve. After adding different concentrations of glutamate, an
increase in current in the potential range of +0.75 V to +1.1 V
vs. Ag/AgCl/1 M KCl was observed. Figure 7E showed the
calibration curve of glutamate detection on the GIluOx-
modified carbon fiber microelectrode, which appears to fit
well to a Michaelis-Menten like response (solid line). Based on
the fitting, this GluOx-modified carbon fiber microelectrode
exhibited an /. of 0.689 nA and a K, of 301.2 uM towards
glutamate detection. The detailed Michaelis-Menten
parameter calculation was shown in SI.
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Figure 7. (A) SEM image of a carbon fiber microelectrode (CFE)
with a same diameter but different length as the CFE used in
Figs B-E, which were prepared in the same batch. (B) Cyclic
voltammograms (CVs) of PBS background and glutamate with
different concentrations. (C) The forward CVs in the potential
range from +0.75 V to +1.1 V vs. Ag/AgCl/1 M KCI, where we
can observe a clear increase in current as glutamate
concentration increased. (D) Current-concentration plot for
glutamate detection (red square), which fits well to the
calculated Michaelis-Menten curve (the black curve). (E)
Calibration curve at a low concentration range up to 150 uM
(red square), which showed a linear response (black solid line).
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Current measured at +1.0 V vs Ag/AgCl/1M KCl was used in the
calibration curve.

Figure 7F showed the best linear range of the calibration curve
is from 50 uM to 150 uM Glutamate. Based on the best linear
fit, the calculated sensitivity of the GluOx-deposited carbon
fiber microelectrode is 1.6 x 103 nA/uM. The carbon fiber
microelectrode has a 7-um diameter and a sensing length of
~350 um. The optical image of this electrode before enzyme
deposition was shown in Figure 7A. A SEM image of a similar
carbon fiber microelectrode of a different length was shown in
Figure 7B. After taking surface area into account, the area-
normalized sensitivity of this GluOx-modified carbon fiber
microelectrode is 2.068 x 107 nA uM um-2. This sensitivity is
lower than the sensitivity of GluOx-modified Pt nanoelectrode
(1.057 x 10 nA uM1 um-2).

It is worth noting that in Figures 7C and 7D, the glutamate
detection occurred at a higher potential on GluOx-modified
carbon fiber microelectrode comparing with GluOx-modified
Pt nanoelectrode. The lower sensitivity per area and higher
potential requirement for glutamate detection on GIluOx-
modified carbon fiber microelectrode suggests that Pt is a
better material for H,O0, sensing than carbon as known in
literature. However, we cannot rule out the possible
contributing factor from enzyme-deposition methods on the
sensitivity variation.

Comparison between different GluOx-modified Pt
nanoelectrodes and dip-coating conditions

The GluOx was coated on the electrode via dip-coating with
detailed procedures in experimental section. Two electrodes
fabricated with slightly different dip-coating conditions showed
similar level of sensitivity as shown in Figure S8. They were both
dip-coated by dipping in 1% bovine serum albumin (BSA), 0.14%
glutaraldehyde (GLDH), followed by dipping in 100 U/mL GluOx,
finally followed by dipping in 1% polyethyleneimine (PEI). It was
repeated for 15 times for dipping in each solution with a 4-minute
air-dry. The SEM images of these two electrodes were shown in
Figures 8A and 8C and their corresponding CV curves for HL3
background solution and different concentrations of glutamate
were shown in Figures 8B and 8D. Other information such as
calibration curve, linear range sensitivity, and Michaelis-Menten
parameters calculation were shown in SI. The area-normalized
sensitivities are 1.437 x 10 > nA UM pm-2and 3.14 x 10> nA puM?
um-2, respectively.

The current-concentration responses of these two Pt
nanoelectrodes were fitted to theory, where Michaelis-Menten
parameters were also calculated. The first electrode showed an /ax
of 1.067 pA and K, of 0.354 mM while the second electrode
showed an [, of 2.154 pA and K,, of 0.489 mM. These values are
not too far away from that of the first Pt nanoelectrode described
above with /. to be 1.093 pA and K, to be 0.227 mM.

J. Name., 2013, 00, 1-3 | 5
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Figure 8. Glutamate detection on a second and third Pt
nanoelectrodes. Cyclic voltammograms (CVs) of glutamate
detection (B) on a second GluOx-modified Pt nanoelectrode with
SEM of the Pt nanoelectrode shown in A; the radius of the Pt
nanoelectrode estimated using SEM is 262 nm. CVs of glutamate
detection (D) on a third GluOx-modified Pt nanoelectrode with SEM
of the Pt nanoelectrode shown in C; the radius of the Pt
nanoelectrode estimated using SEM is 264 nm. These two
additional Pt nanoelectrodes were fabricated in a similar way as the
one in Figure 1B. Concentrations of glutamate were shown in Figure
legends.

We would like to point out some of the electrodes did not
exhibit glutamate detection after the same enzyme dip-coating
process. One possible contributing factor is the presence of
the crosslinker used for the immobilization of the enzyme on
the electrode surface. These bulky molecules might affect the
diffusion of H,0, to the electrode surface. This might also
explain why some electrode response did not fit very well to
the Michaelis-Menten curve. In addition, the dip-coating
involved a drying step in air, which may subject to humidity
variations, etc. As a result, it is hard to achieve the exact same
dip-coating for different electrodes in air. We may carry out
the enzyme-coating in a humidity-controlled chamber in the
future. Furthermore, we cannot rule out the possibility of
instability occurrence on some electrodes of the deposited-
enzyme layer which may be related to the Pt nanoelectrode
geometry and coating process. Other possible factors include
the variation in the orientation of the enzyme, where Minteer
et al. showed that orientation of the enzyme on the electrode
surface affects the sensing performance.?

Experimental
Reagents

Sodium chloride (NaCl) was from EMD Chemicals (Gibbstown, NJ).
Potassium chloride (KCl) was from VWR International (Radnor, PA).
Calcium chloride dihydrate (CaCl, * 2H,0), bovine serum albumin
(BSA), glutaraldehyde (GLDH), L-glutamate, sodium bicarbonate
(NaHCO3), and sucrose were obtained from Sigma-Aldrich (St. Louis,
MO). Magnesium chloride hexahydrate (MgCl, ¢ 6H,0) was from
Amresco (Solon, OH). Agar, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), sodium perchlorate

6 | J. Name., 2012, 00, 1-3
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(NaClOy), and trehalose were from Fisher Scientific (Pittsburg, PA).
Hexaamineruthenium (lll) chloride (RuHex) was from Strem
Chemicals Inc. (Newburyport, MA). Glutamate oxidase was from
Cosmo Bio USA (Carlsbad, CA). All agqueous solutions were prepared
from 18.3 MQ cm deionized water. Phosphate buffered saline (PBS)
was prepared by dissolving 1 PBS tablet in 200 mL deionized water.
The PBS solution contains 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,4 1.8 mM KH,PO,4. The haemolymph-like solution (HL3) used
was an aqueous solution containing 70 mM NaCl, 5 mM KCl, 1.5
mM CaCl, - H,0, 20 mM MgCl, - 6H,0, 10 mM NaHCO;, 5 mM
trehalose, 115 mM sucrose, and 5 mM HEPES.23

Fabrication and functionalization of Pt nanoelectrodes

Pt nanoelectrodes were fabricated by pulling Borosilicate capillaries
(Sutter Instruments Co. Novato CA; 1 mm outer diameter, 0.2 mm
inner diameter, 10 cm length) containing Pt wires (Goodfellow Corp.
Pittsburgh PA; 0.025mm) using a P-2000 laser puller (Sutter
Instruments, Novato, CA). Borosilicate capillaries were soaked in
piranha solution overnight to remove any organic moieties. The
capillaries were then flushed with DI water and acetone before
being dried in a vacuum oven for a minimum of 2 hrs under active
vacuum at a temperature of at least 150°C. Approximately 2 cm
long Pt wires were threaded into and centered within the capillaries
before being pulled in the P-2000 laser puller. Each capillary was
subjected to an active vacuum during pulling by attaching tubing to
each end of the capillary connected to a vacuum pump.

Each Pt nanoelectrode was pulled in three stages.?* In the first step,
the capillary was thinned using a single program [Heat: 390,
Filament: 4, Velocity: 15, Delay: 120, Pull: 0] that looped 4 times
before aborting the program. Following the first step, two stoppers
were added to the puller to prevent the puller bars from separating
and a second program [Heat: 280, Filament: 4, Velocity: 12, Delay:
120, Pull: 0] was run for exactly 10 seconds before aborting it. This
second program sealed the platinum within the glass. Finally, the
stoppers were carefully removed, and the capillary was separated
into 2 electrodes by a third program [Heat: 230, Filament: 3,
Velocity: 22, Delay: 120, Pull: 15].

The electrodes were optically characterized to confirm that there
were no visible gaps between the platinum wire and glass, and to
roughly estimate the electrode size. Electrodes were finished by
coating the tip of a sanded 0.15mm Cu wire with silver conductive
epoxy (Ted Pella Redding Ca) and establishing contact between the
Cu wire and the Pt wire. This connection was made while using
precautions (e.g., grounded and wearing equipment) to protect
against electrostatic discharge (ESD) to avoid damaging the tip of
the Pt nanoelectrode using procedures reported.?> 26 The same ESD
protection was used when handling all the Pt nanoelectrodes. The
epoxy was cured for at least 30 min at 100°C. The electrodes were
electrochemical characterized, then milled using a SEM/FIB
instrument (FEI Helios 600i Dual Beam SEM/FIB, FEI Co., Hills-boro,
OR) using a 3 kV accelerating voltage and a beam current of 5.4 pA
to produce a platinum disk-like nanoelectrode. For the SEM images
in Figure 1B, the shape appeared to be oval, and the average size of
the long and short axes were used to estimate the size of the
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electrode. The SEM images were taken at a tilt of 52°, and the tilt-
corrected images were presented here.

After the milled electrode was recharacterized, it was coated with
an enzyme film for functionalization. A functionalization solution of
0.9% (wt%) BSA, 0.126% (wt%) glutaraldehyde, and 100 U/mL
glutamate oxidase was prepared, and each electrode was carefully
dipped into the solution anywhere between 15 and 30 times,
allowing the electrode to sit in the solution for 15s before removing
to dry a layer for another 15s. The film was allowed to cure at room
temperature for an additional 72 hours before glutamate sensing to
ensure sufficient binding to the electrode surface.

An alternative method for functionalization was dip-coating in three
solutions. 1% BSA + 0.14% glutaraldehyde (GLDH) solution, 100
U/mL GluOx solution, and 1% PEl solution were prepared separately.
The electrode was firstly dipped into the BSA/GLDH solution, then
dipped into the GluOx solution, finally dipped into the PEI solution.
Each time of tip lasted several seconds, then the electrode was
taken out to dry in air for ~4 min. The dip repeated for 15 times for
each concentration. The electrode was also kept under room
temperature for ~ 72 hours for the film to cure before use.

Fabrication and functionalization of carbon fiber microelectrodes

7-um diameter carbon fiber (Goodfellow Corp., Pittsburgh, PA) was
aspirated into a glass capillary, then the glass capillary was pulled
with a laser-puller. The pulled microelectrodes were inspected
under microelectrode. Electrodes with a good seal at the junction
between the glass tip and carbon fiber were further processed. A
scalpel was used to trim the exposed carbon fiber to the desired
length (100-300 um) to generate the carbon fiber microelectrode.
Finally, a conductive wire (OK industries, Tuckahoe, NY) coated with
silver paint (GC electronics, Miami, FL) was inserted into the glass
capillary and connected with the carbon fiber at the back.

The carbon fiber electrode was then deposited with GluOx by dip-
coating in an enzyme solution composed of 0.04 U/uL GluOx,
0.0096 g/mL BSA, and 0.0096 g/mL PEI. Prior to the dip-coating step,
the carbon fiber electrode was electrochemically conditioned with
fast scan cyclic voltammetry for 10 minutes with a triangular
waveform ranging from -0.4 V to +1.3 V vs. an Ag/Ag wire with a
scan rate of 400 V/s and a frequency of 10 Hz. The conditioned
carbon fiber microelectrode was dipped in the GluOx/BSA/PEI
solution for 15 times. Each time of dipping, the electrode was
immersed in the solution for 2 mins then taken out in air for 30
seconds to dry. Finally, the electrode was stored under room
temperature for ~24 hours before use to allow the film to cure.

Electrochemical characterization

All electrochemical measurements were performed using either a
CHI 760E or CHI 920D potentiostat (CH Instruments, Austin, TX).
Cyclic voltammetry (CV) was used to study the detection of
glutamate. A three-electrode configuration was used. The working
electrode was the Pt nanoelectrode or the carbon fiber
microelectrode. The reference electrode was a commercial Ag/AgCl
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electrode filled with 1M KCl solution placed in a solution of HL3 (or
PBS) separated by a salt bridge. The counter electrode was a W wire
electrode. During Pt characterization, applied negative potentials
yielded reduction of the ruthenium hexamine (Ill) [Ru(NHs)s]3* to
ruthenium hexamine (Il) [Ru(NHs)s]?* presented as a positive
current (Cell 1). The measured current was used to determine the
electrochemical size of the nanoelectrode. Glutamate detection
experiments on the Pt nanoelectrode and the carbon fiber
microelectrode were carried out using the configuration presented
in Cell 2 and Cell 3, respectively.

Cell 1. Pt | HL3 +x mM RuHex | | HL3 | 1 M KCI | AgCl | Ag
Cell 2. Pt | HL3 + x mM L-Glutamate || HL3 | 1 M KCI | AgCl | Ag
Cell 3. C | PBS +x mM L-Glutamate || PBS | 1 M KCI | AgCl | Ag

Data analysis

The Michaelis-Menton equation shown below describes the
relationship between the analyte concentration (c) and the reaction
rate (v).

Umax €

V= gre @)

Vmax IS the maximum reaction rate, K, is the Michaelis constant
which is defined as the analyte concentration that gives half of the
Vmax. They are both constant parameters related to the property of
the enzyme and the electrode.

The reaction rate v (same as flux with a unit of mol cm? s?) is
related to current (i) as the following equation.
v = L 4

T nFA (4)
n is the number of electrons, F is Faraday constant, A is surface area
of the electrode, they are all constants. Considering nfFA is a
constant, Equation (1) can be rewritten as:
_ dmaxC
L= Kn+c (5)
In order to solve for ima and Ky, the reciprocal of equation (3) is
considered as shown below.
1_ Km+c_ Km1, 1

i imax € lmaxC  Umax 6)

By plotting 1/i as a function of 1/c, the slope of this curve is Ky/imax,
and the intercept of this curve is 1/i,. Thus, from the slope and
intercept, both K, and in,,x can be determined. Using the results in
Figure S1 as an example, the iy is calculated to be 1.093 pA, the K,
is calculated to be 0.227mM.

Biosensor sensitivity (BE)?? is a measurement of efficiency of the
electrode to convert analyte to H,O,. It is defined as the ratio
between analyte sensitivity and H,O, sensitivity. The sensitivity of
analyte, glutamate in our case, is defined as the slope linear
concentration range of the calibration curve.

Glu sensitivity  Glu linear range slope

BE = =
H,0,sensitvity H,0;sensitvity
2.6059 pA/mM
=——F—=579%
4.5 pA/mM
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The enzyme activity Enz, is an indication of active enzyme loading
on the electrode.?? It is defined as the maximum current (i)
calculated from equation (4) normalized to H,O, sensitivity.
Imax 1.093 pA
Enz,. = =

H,0;, sensitivity _ 4.5 pA/mM 0.243 mM

The reference electrode potential was calculated from the Nernst
equation.?’ Considering the following reaction:

AgCl+e =Ag +Cl”

The reference electrode potential is related to Cl- concentration:
' RT —
Eagraget = Edgragar = n[CL7] (7)

R is ideal gas constant, n is the number of electrons, which is 1 in
this case, F is Faraday constant.

Considering room temperature T = 25 °C, we can plug in all these
constants, the equation can be rewritten as:

Eagragct=E%y agci —0.05916 log[Cl] (8)
For 1 M KCl solution, [CI] =1,

) RT, . _ )
B e = ESy jagei — —n[cr= E9y/agci (9)

For 0.1 M PBS solution, [CI]=0.014 M,

RT
Efgragei = Edgraget = —[CI7] = Edg/age 011V (10)

For 0.6 V vs Ag/AgCl in 0.1 M PBS,
— 0.1M PBS _ 6 — 1 Cl
E =06V+Ey il =071V +Eq; /a5c= 071V + Efy K0

Therefore, +0.6 V vs Ag/AgCl in 0.1 M PBS is the same as +0.71 V vs
Ag/AgCl/1 M KCl.

Two-sample t-test was conducted with MatLab to check if there is
significant change in current after adding glutamate. Briefly
speaking, we performed three repeated CVs for each concentration
during data collection. Then the current at +0.7 V vs Ag/AgCl/1M
KCl of these repeated CV runs was used for the t-test. The
hypothesis to test is if the current at +0.7 V of adjacent glutamate
concentrations comes from the same group. For example, the
repeated background (0 mM glutamate) CVs showed the current of
2.655, 2.677, and 2.631 pA, and the repeated CVs at 0.05 mM of
glutamate showed the current of 2.826, 2.842, and 2.870 pA. Then
the two-sample t-test was performed to determine if these two
groups of number come from the same group. As a result, a p-value
less than 0.001 was calculated from MatLab, indicating that these
two groups of number are significantly different. Similarly, the
current at +0.7 V for the three repeated CVs at other
concentrations of glutamate were also used for the t-test. The box
plot and corresponding p-values between adjacent glutamate
concentrations were shown in Figure S4.

Conclusions

We have studied glutamate detection on the GluOx-modified
Pt nanoelectrode with a planar geometry for the first time.
Detection of glutamate was observed at a similar potential as
reported in the literature for glutamate detection. The current-
concentration curve fitted well to a Michaelis-Menten curve,

8| J. Name., 2012, 00, 1-3

and a linear response was observed at a low concentration
range of glutamate. A similar K, and I,.x were observed for
three different GluOx-modified Pt nanoelectrodes. Future
work will be needed to further develop the GluOx-modified Pt
nanoelectrodes, for instance, by controlling the orientation of
the enzymes on the electrode surface to allow a better sensing
performance.
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