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11 Abstract

12 A mediator-free, non-enzymatic electrochemical biosensor was constructed by covalent immobilization of a genetically engineered
13 periplasmic glutamate binding protein onto gold nanoparticle-modified, screen-printed carbon electrodes (GluBP/AuNP/SPCE) for the
14 purpose of direct measurement of glutamate levels. Glutamate serves as the predominant excitatory neurotransmitter in the central nervous
15 system. As high levels of glutamate are an indicator of many neurologic disorders, there is a need for advancements in glutamate detection
16 technologies. The biosensor was evaluated for glutamate detection by cyclic voltammetry. Binding of glutamate to the immobilized
17 glutamate binding protein results in a conformational change of the latter that alters the microenvironment on the surface of the sensor, which
18 is manifested as a change in signal. Dose-response plots correlating the electrochemical signal to glutamate concentration revealed a
19 detection limit of 0.15 pM with a linear range of 0.1-0.8 pM. Selectivity studies confirmed a strong preferential response of the biosensor for
20  glutamate against common interfering compounds.

21 © 2020 Elsevier Inc. All rights reserved.
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23

24 Glutamate serves as the major excitatory neurotransmitter in result in neuronal cell death, which is a common pathological 29
25  the vertebrate central nervous system. In addition to influencing process in many neurological disorders such as stroke,” 30
26  sensory perception, mood, and motor control, an excess of Alzheimer's disease,> brain trauma,4 and multiple sclerosis.” 31
27 glutamate in extracellular fluid (ECF) can cause excitotoxicity. ' Apart from neurodegenerative diseases, glutamate is also 32
28  Prolonged elevated extracellular levels of glutamate eventually involved in tumorigenesis, and it has been reported that some 33

Abbreviations: GluBP, genetically engineered periplasmic glutamate binding protein; AuNP, gold nanoparticle; SPCE, screen-printed carbon electrode;
GlOx, glutamate oxidase; NiNAE, nickel nanowire array; Pt/NiNAE, platinum-coated nickel nanowire array; GCE, glassy carbon electrode; NiOGC, nickel
oxide glassy carbon; Co;O4NS, cobalt oxide mesoporous nanosheet; CV, cyclic voltammetry; CA, chronoamperometry; EIS, electrochemical impedance
spectroscopy; EDX, energy-dispersive X-ray; SEM, scanning electron microscopy; SPR, surface plasmon resonance; EDC, 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide; NHS, N-hydroxysuccinimide; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; PB, phosphate buffer; PBS,
phosphate buffer saline; IPTG, isopropyl p-D-1-thiogalactopyrano
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Table 1

Comparison of analytical performance of non-enzymatic glutamate sensors.

Working electrode Detection  Linear detection  Electrolyte Potential interferences Ref

material limit range

NiNAE 68 uM 0.5-8 mM 1 M NaOH Uric acid, ascorbic acid, glucose 32

Pt/NiNAE 83 uM 0.5-8 mM 1 M NaOH Uric acid, ascorbic acid, and glucose 2

NiO/GCE 272 uM 1-8 mM 0.1 MNaOH  Uric acid, ascorbic acid, glucose 3

Co304NS/GCE 10 pM 0.1 nM-0.1 M 100 mM PBS Uric acid, bilirubin, aspartic acid, thiourea, glucose, glycine, cysteine, 4

pH 7.0 glutathione, and tyrosine

GluBP/AuNP/ 0.15 uM 0.1-0.8 uyM 50 mM PB Aspartate and ascorbic acid current

SPCE pH 7.4 work

tumor cells enable secretion of glutamate to promote tumor
growth and invasion.®"” Notably, in many diseases high blood
levels of glutamate have been observed in diseased individuals
compared to healthy ones, which suggest that glutamate could be
used as a diagnostic biomarker for detection and monitoring of
disease progression. 810

A number of techniques have been developed for glutamate
detection, such as high performance liquid chromatography, '’
capillary electrophoresis,'* microdialysis'® and enzyme-linked
immunosorbent assay. '* Several of them have limitations such
as being time-consuming and requiring expensive instruments
and highly skilled personnel to perform the tests. On the other
hand, electrochemical techniques have received considerable
attention because they are fast, easy to miniaturize, cost effective,
and require small sample volumes, which make them well-suited
for use in clinical applications, such as point-of-care testing and
implantable devices. "

During the last decade, advances in nanotechnology and
fabrication techniques have resulted in a paradigm shift in
electrochemical sensing systems by coupling miniaturization
with high performance and sustainability. Among the nanoma-
terials incorporated in electrochemical techniques, gold nano-
particles (AuNPs) have been used widely because of their
excellent biocompatibility and ability to be conjugated with
biomolecules with relative ease. '*"° Moreover, incorporation of
AuNPs in the body of the sensor facilitates electron transfer,
improves conductivity, and provides a large electrochemically
active surface area,”® which results in increased sensitivity of the
sensor.?’>

Biosensors based on molecular recognition principles are
devices that transduce the event of ligand binding by a
generating signal that is proportional to the concentration of
the ligand in the sample.24 Enzyme-based electrochemical
biosensors are commonly used in the detection of analytes
including glutamate. Glutamate oxidase (GlOx) has been used in
preparation of glutamate biosensors and their design and
fabrication have been discussed in several reviews in detail. >>*
In principle, GIOx is incorporated onto the electrode along with a
co-factor to catalyze the conversion of glutamate to o-
ketoglutarate. This reaction is accompanied by the consumption
of molecular oxygen and production of hydrogen peroxide
(H>0,). The produced H,O, can be detected electrochemically
either through direct reduction or by employing redox mediators.
Nevertheless, enzymatic electrochemical biosensors typically
require redox mediators>® and suffer from limitations, such as

oxygen dependency and strong matrix interference from
substances, e.g., ascorbic acid.*°

There have been also literature reports of non-enzymatic
glutamate sensors (Table 1), with Ni-based sensors receiving
significant attention.>'*>? For example, Jamal et al demonstrated
the application of a vertically aligned nickel nanowire array
(NiNAE) and a Pt-coated nickel nanowire array (Pt/NiNAE) to
detect glutamate in a highly alkaline electrolyte. This group also
reported the fabrication of a nickel oxide glassy carbon electrode
(NiOGCE) for the detection of glutamate.™ Nickel oxide and
nickel nanowires possess electrocatalytic activity that enables
oxidation of glutamate without using glutamate oxidase. Even
though the ability of the Ni-based sensor to detect glutamate is

91

comparable to enzymatic electrochemical biosensors, this type of 92

sensor has low selectivity toward glutamate®' and requires a high
pH environment, which is not desirable when detecting the
analyte in biological samples. Hussain et al reported the
fabrication of a cobalt oxide mesoporous nanosheet on glassy
carbon electrode (Co;O4NS/GCE) to develop a non-enzymatic
glutamate sensor.>* The system works by oxidizing glutamate in
the sample but suffers from several interferences that could also
become oxidized.

Herein we describe a novel, mediator-free, non-enzymatic
electrochemical sensor for direct glutamate detection by
leveraging the genetically engineered bacterial periplasmic
glutamate binding protein (GluBP) from E. coli and gold
nanoparticle (AuNP)-modified screen-printed carbon electrodes
(SPCEs). GIuBP comprises two globular domains joined by a
hinge forming a groove structure that exhibits a large hinge-twist
conformational change upon glutamate binding.>> When immo-
bilized on AuNP/SPCEs, the glutamate-induced conformational
change alters the microenvironment on the electrode surface
which, in turn, results in a current change in response to the
applied potential. In this work, for the first time, we have
exploited the selective binding of GluBP to glutamate and its
conformational change using an electrochemical approach.
Specifically, we genetically introduced cysteine residues at the
C-terminus of GIuBP that can be used to covalently attach the
protein to gold nanoparticles on the SPCEs through thiol-gold
bonds. Further, we employed cyclic voltammetry (CV) to
measure current changes upon glutamate binding. The detection
limit of the biosensor was 0.15 uM. Additionally, the sensor
exhibited high selectivity toward glutamate over common
interfering substances and other amino acids. Overall, the sensor
is active and demonstrated the highest peak current intensity at
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neutral pH, which is compatible with the pH of biological
samples. By excluding the use of enzymes and redox mediators,
the direct measurement of glutamate is facilitated at ambient
environment, where the stability of the biosensor is at its
optimum.

Methods
Reagent and materials

All amino acids, ascorbic acid, gold(IIT) chloride trihydrate,
potassium ferrocyanide, potassium ferricyanide, sodium phos-
phate dibasic, sodium phosphate monobasic, potassium phos-
phate dibasic, potassium phosphate monobasic, sodium chloride,
potassium chloride, glycerol, N-hydroxysuccinimide (NHS), and
ampicillin sodium salt were purchased from Sigma Aldrich (St.
Louis, MO). Bromophenol blue and 0.2 um syringe filters were
purchased from VWR (Bridgeport, NJ). Imidazole was obtained
from J.T. Baker (Phillipsburg, NJ). Sodium dodecyl sulfate was
ordered from Curtin Matheson (Houston, TX). Luria—Bertani
(LB) broth was from Becton, Dickinson and Company (Sparks,
MD). Agar and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) were purchased from Fisher Scientific (Fair Lawn, NJ).
The plasmid, pDisplay FLIPE-600n, consisting of the coding
region of ybel (GIuBP) was obtained from Addgene (Water-
town, MA). The pCold I expression vector was from Takara Bio
(Mountain View, CA). The NEB Express Competent E. coli
(High Efficiency) was purchased from New England Biolabs
(Ipswich, MA). The Bradford protein assay kit was obtained
from Bio-Rad (Hercules, CA). QIAquick gel purification kit and
QIAprep DNA isolation kit were purchased from Qiagen
(Valencia, CA). The BCA protein assay kit and 3500 MWCO
Slide-A-Lyzer 3 mL dialysis cassettes were from Pierce
(Rockford, IL). ProBlock gold extra strength [100x] (protease
inhibitor), Ni-NTA agarose resin, and isopropyl p-D-1-thio-
galactopyranoside (IPTG) were obtained from Gold Biotechnol-
ogy (St. Louis, MO). The Mark12 protein standard and 1 kb
DNA standard were purchased from Invitrogen (Carlsbad, CA).
Screen-printed carbon electrodes ItalSens IS-C were purchased
from PalmSens (Houten, Netherlands). Sensor Chip CM5 was
obtained from GE Healthcare Life Sciences (Pittsburgh, PA). All
reagents were of analytical grade and used without further
purification.

Equipment

Polymerase chain reactions (PCRs) were performed using an
Eppendorf Mastercycler Personal Thermocycler (Hauppauge,
NY). Electrophoresis of DNA was carried out using an FB105
Fisher Biotech Electrophoresis Power Supply (Pittsburgh, PA).
DNA gels were visualized using a UV Transilluminator platform
from UVP (Upland, CA). The sonicator for lysing the cells was a
550 Sonic Dismembrator from Fisher Scientific. The incubator
for the protein expression was a Forma Scientific Orbital Shaker
(Fairlawn, NJ). All centrifugations were performed using a
Beckman J2MI centrifuge (Palo Alto, CA). Proteins were
visualized by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using PROTEAN TGX stain-free

precast gels 4%-20% from Bio-Rad in an Invitrogen X Cell Sure
Lock Mini Cell (Carlsbad, CA). Scanning electron microscopy
(SEM) was used to study the morphology of the AuNPs using a
Philips XL30 field-emission environmental SEM, operated at an
acceleration voltage of 5 kV and a working distance of 10.1 mm
for the AuNP modified SPCE and 14.9 mm for the bare SPCE.
The SEM instrument was equipped with an Oxford energy-
dispersive X-ray detector energy-dispersive X-Ray spectroscopy
microscope (EDX). Amperometric and voltammetric measure-
ments were performed with a PalmSens 4 electrochemical
analyzer controlled by PSTrace5.3 software. Surface plasmon
resonance (SPR) measurements were carried out on a Biacore
T200 (GE), and data were analyzed using Biacore T200
Evaluation Software (version 1.0).

Protein expression and purification

The plasmid consisting of the coding region of ybe] (GluBP)
was obtained, and the ybe] gene modified with a coding
sequence for two cysteine residues was amplified by using PCR
(forward primer: GTAGGCATATGGGA
GGCGGCGCAGGCAGCACGCTGGAC and reverse primer:
CTATCTAGATTAACAGCACGCGCCACCGCTAT
AGTTCAGTGC-CTTGTCATTCGGTTC). The PCR product
was subsequently inserted into the pCold I expression vector to
give pCold I-ybeJ and transformed into competent E. coli NEB
Express cells. The cells were grown overnight at 37 °C in
5.0 mL LB broth containing 100 pg/mL ampicillin. The pelleted
cells were then grown for 4 h at 30 °C while shaking at 250 rpm
in 300 mL LB broth containing 100 pug/mL ampicillin. After the
optical density of the culture reached an ODg of 0.9, the cells
were cold-shocked for an hour at 4 °C followed by inducing
them with a final concentration of 1 mM IPTG. The flask was
incubated at 4 °C overnight, and the media was centrifuged at
8000 xg for 20 min at 4 °C. The pellet was then resuspended in
the lysis buffer containing 50 mM Na,HPO,, 300 mM NaCl,
10 mM imidazole, pH 8, and kept at —20 °C until use.

The frozen pellet was thawed and, after the addition of
protease inhibitor, sonicated for 10 min (using 1-s on, 1-s off
pulse sequence for a total of 20 min) and centrifuged at
17,000 xg for 20 min at 4 °C to collect any cell debris. The
supernatant was filtered through a 0.2-um syringe filter and then
purified by immobilized metal affinity chromatography using a
Ni-NTA resin. The GluBP was eluted with a gradient from
10 mM to 180 mM imidazole-containing lysis buffer. The
protein was then dialyzed into 50 mM phosphate buffer saline
(PBS), pH 7.4. SDS-PAGE was used to determine the purity of
the protein, which manifested as a single band in the gel (Figure
S1). The concentration of the protein was measured by the BCA
assay according to the manufacturer's instructions. The protein
was diluted right before use with 50 mM phosphate buffer,
pH 7.4, to reach the final concentration of 5 uM.

Fabrication and characterization of GluBP/AuNP/SPCE

The commercially available SPCEs were pretreated by
sweeping the potential from —1.0 to +1.0 V at a scan rate of
300 mV/s using cyclic voltammetry in 0.5 M sulfuric acid. To
generate  AuNP/SPCEs, 20 uL of different concentrations
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(100 uM, 1 mM, or 10 mM) of gold(IIl) chloride (HAuCly) in
0.5 M H,SO,4 was used to deposit AuNP to the surface of the
pretreated SPCEs.?®*” The AuNP electrodeposition was
conducted through chronoamperometry (CA) for 5 min (Figure
S2) to reduce Au*® to Au® on the surface of the working
electrode.*®** Cyclic voltammograms of the fabricated elec-
trodes were collected (Figure S3). The morphology and
composition of the nanoparticles were examined using SEM
and EDX, respectively. The size of 100 AuNPs was measured as
the longest line of each particle on the micrographs, and the mean
and standard deviation are reported. The cyclic voltammograms
of the AuNP/SPCEs were collected by sweeping the potential
from —0.2 to +1.0 V at a scan rate of 50 mV/s in 50 mM sodium
phosphate buffer (PB); buffers were prepared in the pH range
3.2-8.3 (Figure S4). The presence of a significant reduction peak
in the generated cyclic voltammograms indicated the successful
AuNP deposition on SPCEs. The AuNP/SPCE response is pH-
dependent, and by decreasing the pH, the gold reduction peak
shifts to higher potential (right). The highest peak current was
observed at pH 7.4 at a potential of +0.13 V vs Ag/AgCl. This
pH was chosen for the remainder of the studies, because it is also
compatible with the pH of biological samples. The surface of the
electrodes was rinsed with PB, and then 10 uL of 5 uM GluBP
was drop-cast on the surface of the AuNP/SPCE to generate
GluBP/AuNP/SPCE; the electrodes were sealed and kept at 4 °C
for a minimum incubation time of 3 h to allow the protein to bind
to the AuNPs through thiol-gold bonds. After incubation, the
surface of the electrodes was gently rinsed right before each use
with PB, pH 7.4, to remove unbound proteins. For each
detection step, 30 pL of each sample was placed on the surface
of the electrode, and the response of each electrode was recorded
by CV.

Surface plasmon resonance measurements

GluBP was immobilized on a CM5 chip (medium density
carboxylated dextran surface) in 2.5 mM potassium acetate,
pH 6.0, using standard EDC/NHS coupling procedures. Data
were fitted to a 1:1 binding model of affinity saturation curves
with individual concentrations measured in triplicate. The
running buffer was PBS (150 mM NaCl, 2.5 mM KCI, 81 mM
Na,HPO,, and 14.7 mM KH,PO,) supplemented with 1 mM
MgCl,. Surface regeneration was achieved with exposure to 3 M
MgCl, for 30 s followed by 5 min reequilibration with running
buffer. R« values for different concentrations of glutamate
were determined in triplicate. Measurements shown were carried
out at flow rates of 20 uL/min without indications of flow-rate
dependency when tested at 5-50 pL/min.

Results
Fabrication and characterization of AuNP-modified SPCEs

Three different concentrations (100 uM, 1 mM, and 10 mM)
of HAuCl, were electrochemically deposited on the surface of
SPCEs, and SEM was used to evaluate the size, morphology, and
density of the generated AuNPs on the surface of the SPCEs.
Figure 1, A depicts the surface of the SPCEs before deposition of
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Figure 1. Surface characterization of AuNP-modified SPCEs using scanning
electron microscopy: (A) bare SPCE. AuNP-modified SPCE through
chronoamperometry using (B) 100 uM, (C) 1 mM, and (D) 10 mM gold
(III) chloride solution. (E) Energy-dispersive X-ray spectrum of the AuNP/
SPCE generated using 1 mM gold(III) chloride.

AuNPs. In Figure 1, B-D, SEM images show the increased
density and size of AuNPs as the concentration of the gold (III)
chloride solution increases. The lowest concentration of gold

285
286
287

(TIT) chloride solution (100 uM) generated a lower density of 288

AuNPs with an average size of 20 + 4 nm (Figure 1, B). In
comparison, the concentration of 1 mM generated AuNPs with
an average size of 56 = 17 nm (Figure 1, C). However,
increasing the concentration of the gold (IIT) chloride solution
to 10 mM resulted in a gold aggregate on the surface of the
SPCE (Figure 1, D). These results indicate that the concentration
of the gold solution significantly influences the morphology,
size, and quantity of AuNPs deposited on the SPCEs. The
presence of the gold nanoparticles on the electrodes that were
manufactured with 1 mM starting gold solution was confirmed
using EDX (Figure 1, E).

After each step of biosensor fabrication, the response of the
electrode was measured by sweeping the potential from —0.2 to
1.0 Vin PB, pH 7.4, at a scan rate of 50 mV/s (Figure 2, A-D).
In the absence of AuNPs on the surface of the electrodes, the
SPCEs were redox-inert under these experimental conditions
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Figure 2. Fabrication and analytical performance of the GluBP-based biosensor. Cyclic voltammograms of (A) SPCE, (B) AuNP/SPCE, (C) GluBP/AuNP/
SPCE in PB, and (D) GluBP/AuNP/SPCE in the presence of 1 uM glutamate in PB. Scanning range is from —0.2 V to +1.0 V vs. Ag/Ag/Cl at a rate of 50 mV/s
in 50 mM phosphate buffer, pH 7.4, for all experimental steps. Inset: Schematics of the surface of the working electrode in the process of the biosensor

fabrication.

(Figure 2, A). On the other hand, when the electrodes that had
been modified with AuNPs were subjected to the same
conditions, the generation of gold oxide on the electrode surface
was observed at a peak potential of +0.57 V. The formation of
the gold oxide layer is reversible, and, during the reverse scan,
the gold oxide gets reduced, which was observed as a peak at a
potential +0.13 V (Figure 2, B). The CV response of the AuNP/
SPCEs in the absence of glutamate binding protein was used as
the baseline in the subsequent experiments.

Based on the cyclic voltammograms, the peak current
intensity of the gold redox reaction is directly related to the
size and distribution of the AuNPs on the surface of the
electrodes and, therefore, the effective surface area. Increasing
the concentration of gold solution during the electrochemical
deposition of the AuNPs leads to an increase in the peak current
corresponding to the gold redox reaction (Figure S3). The
smallest AuNP size that has higher surface area per unit mass
generated by electrodeposition using the 100 uM gold (III)
chloride solution showed the lowest signal intensity. Another
parameter to consider for optimizing the sensor response is the
size of the oxidation and reduction peaks of gold; a larger peak
will make it difficult to determine the change in current that is
occurring due to the protein conformational change (explained in
more detail in the analytical performance of the glutamate
biosensor) on the surface of the electrode. This high reduction
and oxidation peaks could be attributed to the aggregation of
gold as observed under SEM, which in turn increases the
background noise from the bare gold on the electrodes. Notably,
the change in the peak current that happens upon glutamate
binding is relatively small in comparison to the bare gold

1000- e
3004 AuNP/SPCE
——  GluBP/AuNP/SPCE
g 600
N 400-

T T 1
0 1000 2000 3000

7'/Q

Figure 3. EIS characterization of SPCE, AuNP/SPCE and GluBP/AuNP/
SPCE in 10 mM [Fe(CN)g] 7, 50 mM PBS buffer at a potential of
+0.18 V vs. Ag/Ag/CL

electrode, and thereby the ratio of this change to that of the bare 335
electrodes must be adjusted in a way to minimize the 336
background. This can be achieved by choosing the appropriate 337
AuNP size and density. The size of AuNPs plays an important 338
role on the performance of the biosensor because it determines 339
the extent of protein conjugation to the AuNP.*® Accordingly, 340
we selected for the remainder of the studies to use electrodes that 341
had nanoparticles deposited by using the 1 mM gold (III) 342
chloride solution; deposition over 5 min under these conditions 343
resulted in AuNP of 56 = 17 nm. 344

Glutamate biosensor 345

The GluBP was genetically engineered to carry two cysteines 346
at the C-terminal to allow the formation of thiol bonds to gold. 347
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Figure 4. X-ray crystal structure of GluBP*> demonstrating the binding pocket with charged amino acid residues stabilizing glutamate and neutral amino acid
residues forming hydrogen bonds with glutamate: three positively charged arginine residues (blue) interacting with glutamate's a-amino group, negatively
charged aspartate residue (red) interacting with glutamate's a-carboxylate group and neutral serine and two threonine residues (gray) forming hydrogen bonds
with glutamate. The X-ray crystal structure of the protein was visualized using Studio Visualizer (BIOVIA) by using the coordinates downloaded from RCSB

protein data bank (PDBID- 2VHA).
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Figure 5. Cyclic voltammograms of AuNP/SPCE in 50 mM PB, pH 7.4, and
GluBP/AuNP/SPCE in the presence of different glutamate concentrations
(0.0, 0.1, 0.5, 0.8, and 1.0 uM) in the same buffer. Inset: calibration plot for
the change in the gold reduction peak current vs glutamate concentration at
+0.13 V in triplicate; data are baseline-subtracted using AuNP/SPCE with R?
value of 0.96 based on the linear portion of the graph.

The presence of the non-conductive protein on the surface of the
electrodes reduces the AuNPs active surface area and, therefore,
causes the reduction in the peak current observed through CV of
GluBP/AuNP/SPCEs (Figure 2, C). The CV response of the
GluBP/AuNP/SPCE was then measured after addition of 30 uL.
of 1 uM glutamate in PB, pH 7.4, on the surface of the electrodes
under the same conditions and additional decrease in the peak
current of gold was observed (Figure 2, D).

Electrochemical impedance spectroscopy (EIS)

The protein—gold conjugation was confirmed with electro-
chemical impedance spectroscopy (EIS). Figure 3 shows the
Nyquist plots for the bare SPCE, AuNP/SPCE, and GluBP-based
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Figure 6. Cross-reactivity of the GluBP-based sensor with other amino acids
and ascorbic acid, a common interfering substance. The data represent the
percent change of current at +0.13 V in triplicate. Data are baseline-
subtracted using AuNP/SPCE.

biosensor, which were obtained in 10 mM [Fe(CN)¢]>™,
50 mM PBS buffer, pH 7.4, in the frequency range of 100
mHz to 100 MHz at a potential of +0.18 V (vs. Ag/AgCl) with
an AC amplitude of 10 mV. A larger semicircle was observed for
the SPCE compared to the AuNP/SPCE, which is attributed to
the lower conductivity of the bare SPCE versus the AuNP/SPCE.
However, after conjugation of the GluBP on the surface of
electrode, an increase in the diameter of the semicircle of the
Nyquist plot was observed. This is attributed to the electron
transfer resistance due to the conjugation of the non-conductive
GluBP on the surface of the AuNP/SPCE.

Analytical performance of glutamate biosensor

The ability of GluBP to bind selectively to glutamate can be
explained by looking at the charge distribution within the
binding pocket of the protein. There are three tightly packed
positively charged arginine residues. There are also four
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Figure 7. Study of immobilized GluBP with SPR. (A) Saturation curve of glutamate binding to immobilized GluBP. The plot shows the R,,,x obtained for the
indicated concentrations in triplicate, and data were fit to a 1:1 binding model. Measurements were carried out over a range from 1 nM to 33 uM. A smaller
selection is shown for presentation purposes. The indicated Kp, and chi? reflect the fit over the entire range. (B) Immobilized GluBP binds glutamate but does not
show significant binding to other potentially interfering compounds when tested at 500 nM. Injection profiles for the different compounds are superimposed for
comparison purposes. The graph represents the response after the baseline was subtracted.

negatively charged glutamic acid residues and two negatively
charged aspartic acid residues dispersed within the binding cleft
of the GluBP (Figure 4). The average charge of the binding
pocket is negative, which can prevent most of the negatively
charged molecules from binding to GluBP. The charge
distribution within the binding pocket is in such a way that the
amino group of glutamate is positioned at the negatively charged
region, and both carboxylate groups are positioned at the
positively charged region.” When glutamate binds to GluBP,
the conformation of the protein changes. The GluBP binding to
glutamate involves a multi-state binding process. The protein
exists in equilibrium between partially closed and open
conformations.*' While the protein is immobilized on the
surface of the AuNP/SPCEs, the change in protein conformation
from the open to the closed state upon binding to glutamate
results in alteration of the surface of the electrode which can be
measured electrochemically.

The CVs were obtained at bare AuNP/SPCE and GluBP/
AuNP/SPCE in the absence and presence of glutamate (Figure 5).
Cyclic voltammograms were collected in the potential range of
—0.2 to +1.0 V vs. Ag/AgCl in PB, pH 7.4, at a scan rate of
50 mV/s. The peak current responsible for the reduction of the
AuNPs, observed at +0.13 V, in GluBP/AuNP/SPCE electrode
decreased in the presence of glutamate in the reverse scan. The
calibration plot of the difference in the peak current intensities
before and after addition of glutamate versus glutamate concen-
tration was plotted, and a linear range of 0.1 uM to 0.8 uM was
observed (Figure 5, inset). The detection limit of 0.15 uM was
calculated as the concentration that corresponds to three standard
deviations above the blank signal,42 and all the measurements were
performed in triplicate with three distinct GluBP/AuNP/SPCEs.

Although the binding pocket of GIuBP is very well adapted
for binding of glutamate, it is possible that some small molecules
could bind and elicit a response from GluBP. Therefore, the
response of the fabricated biosensor was measured in the
presence of other commonly encountered, small molecules that
may interfere with the measurements. Ascorbic acid is a common
interfering substance in electrochemical measurements in
physiological fluids; lysine is a positively charged amino acid

that has the potential to bind to the negatively charged binding 415
pocket of the GluBP, and serine is a small polar/neutral amino 416
acid. Glutamine is a polar amino acid that is structurally similar 417
to glutamate and could potentially interfere with the sensor 418
response. Finally, previous reports demonstrated that GluBP has 419
10-fold preference to glutamate over aspartate.*> The concen- 420
trations of all possible interfering substances were at 1 uM, and 421
the measurements were performed in triplicate with three 422
separately manufactured GluBP/AuNP/SPCEs (Figure 6). The 423
results demonstrate that the sensor has a preferential response to 424
glutamate, and 1 pM aspartate gave a smaller response than 425
0.1 uM glutamate. Even smaller responses were obtained with 426
all other potential interferences tested. 427

The direct binding of glutamate to GluBP was further 428
assessed using surface plasmon resonance (SPR) to confirm the 429
selective binding of GluBP to glutamate. To this end, GluBP 430
was coupled to the surface of a CMS5 chip through EDC/NHS 431
coupling.* In principle, CM5 chips have a gold surface 432
modified with a carboxy-terminated thiol. The EDC/NHS 433
reaction activates the carboxyl group to facilitate binding of 434
the GluBP on the chips through its native amine residues. 435
Glutamate was allowed to flow over the chip and interact with 436
the immobilized GluBP. Figure 7, A shows the result of the 437
effect of different concentrations of glutamate on sensor 438
response (in triplicate). At the selected buffer conditions of 439
PBS with 1 mM magnesium chloride, the curve fit for 1:1 440
binding, shown in Figure 7, A, yields a dissociation constant of 441
2.4 x 107" M. A second chip with immobilized GluBP was 442
evaluated and independently yielded a dissociation constant of 443
2.1 x 107" M under the same buffer conditions (data not 444
shown). 445

The evaluation of glutamate binding to GluBP by SPR 446
yielded a dissociation constant that is comparable to published 447
data® and reproduced in a second independent immobilization 448
of GluBP. During experimental optimization, GluBP demon- 449
strated sensitivity toward harsh surface regeneration procedures 450
of the SPR chip. The best results were obtained with 3 M MgCl, 451
as the regeneration buffer. The addition of 1 mM MgCl, in the 452
running buffer provided a more stable baseline and a 453
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reproducible glutamate—GIluBP interaction. The specificity of
binding was confirmed by comparison to several other
compounds (Figure 7, B).

For the amount of immobilized GluBP, the maximum
relative resonance units (RU) represent approximately 20% of
the maximum anticipated signal. While within an acceptable
range, this value is relatively low for the binding of a small
molecule to its target protein, if steric hindrance were the only
limitation to binding. However, binding of glutamate to GluBP
involves the opening and subsequent closure of a binding site
that is located between the N- and C-terminal domains of
GluBP, and therefore requires significant conformational
changes and may involve a metastable encounter complex.41
The observed 20% activity may reflect the nature of the
immobilization and interference with the required conforma-
tional changes. GluBP couples to a standard CM5 chip with its
carboxylated dextran matrix with very high efficiency, poten-
tially linking it to the immobilized surface in ways that restrict
movement (or block the binding site of the protein) and thus
reduce the number of GluBP molecules capable of binding its
ligand.

Discussion

Here we presented the fabrication and characterization of a
hybrid electrochemical biosensor for direct glutamate detection.
The CV of the fabricated biosensor demonstrated reduction in
peak current of AuNP in GluBP/AuNP/SPCE. The change in the
peak current was proportional to the concentration of glutamate,
which could be explained by the selective binding of glutamate
to the GluBP and the corresponding conformational change of
the protein. The GluBP binds to glutamate through a multi-state
binding process that involves an equilibrium between partially
closed (when bound to glutamate) and open structures.*' Change
in the conformation of the protein from the open to the closed
state causes a change in the accessible surface of AuNPs on the
electrode, which can be detected by CV as a reduction of the
current intensities of both oxidation and reduction peaks of gold.

In conclusion, in this study we demonstrate a new platform
for analyte detection by incorporating a periplasmic binding
protein, GluBP, that undergoes a significant conformational
change upon analyte binding. The fabricated enzyme-free,
GluBP-based biosensor was effective in measuring glutamate
concentrations at physiological pH, with a low limit of detection,
and relatively fast response. The sensor had a dose-dependent
response for glutamate with a linear response in the range of
0.1 uM to 0.8 uM. The ability of the immobilized GluBP to
selectively detect glutamate was explored by both CV and SPR.
The described GluBP biosensor system has the potential to be
used as a platform for detection of glutamate in biological
samples.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2020.102305.
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