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(Gldh-bacteria). Here the cofactor NADP*-specific dependent Gldh was expressed on the surface of
Escherichia coli using N-terminal region of ice nucleation protein (INP) as the anchoring motif. The cell
fractionation assay and SDS-PAGE analysis indicated that the majority of INP-Gldh fusion proteins were
located on the surface of cells. The biosensor was fabricated by successively casting polyethyleneimine
(PEI)-dispersed multi-walled carbon nanotubes (MWNTs), Gldh-bacteria and Nafion onto the glassy
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carbon electrode (Nafion/Gldh-bacteria/PEI-MWNTs/GCE). The MWNTs could not only significantly
lower the oxidation overpotential towards NAPDH, which was the product of NADP" involving in the
oxidation of glutamate by Gldh, but also enhanced the current response. Under the optimized
experimental conditions, the current-time curve of the Nafion/Gldh-bacteria/PEI-MWNTs/GCE was
performed at +0.52 V (vs. SCE) by amperometry varying glutamate concentration. The current response
was linear with glutamate concentration in two ranges (10 WM-1mM and 2-10 mM). The low limit of
detection was estimated to be 2 wM glutamate (S/N=3). Moreover, the proposed biosensor is stable,
specific, reproducible and simple, which can be applied to real samples detection.
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1. Introduction

L-Glutamate plays important roles in many fields including
bioprocess monitoring [1,2], biomedical application [3,4] and food
processing [5]. As a functional amino acid, it is a crucial excitatory
neurotransmitter in the central nervous system. For most eukaryon
and mammalian, 1-glutamate can serve as energy and nitrogen
source [6-8]. In addition, L.-glutamate has been widely used as the
flavor enhancer in foodstuffs such as monosodium glutamate
(MSG), chicken essence, soy sauce and some snack seasonings.
However, excess amount of r-glutamate in vivo might cause
neurological disease such as stroke, Parkinson’s disease [9,10], as
well as some allergic effects like headache and stomachache
[11,12]. Furthermore, it is related to the term “Chinese restaurant
syndrome” caused by ingestion of food in rich of MSG [13-17].
Therefore, the issue on MSG safety was attracted around the world.
The Joint Food and Agriculture Organization of the United Nations/
World Health Organization (FAO/WHO) Expert Committee on Food
Additives suggested that MSG was safe on the condition that the
doses were not higher than 30mgkg~! body weight [18]. The
Chinese Center for Disease Control and Prevention Institute of
Nutrition and Food Safety concluded that consumption of MSG for
adults in China had a certain relationship with overweight. Similar
results were reported by researchers at the University of North
Carolina [19]. So it is very necessary to develop a rapid and
sensitive method to detect L-glutamate in biological and food
samples. So far, much efforts have been devoted to develop
detection methods of L-glutamate, such as high performance liquid
chromatography (HPLC) [20], capillary electrophoresis [21,22],
optical methods [23-25] and electrochemical analyses [26,27].
Among these approaches, electrochemical methods, especially
electrochemical biosensors, have attracted much attention due to
their high sensitivity, rapid response and easy operation [28-31].
However, some electrochemical biosensors had poor selectivity
[32,33]. Glutamate oxidase (GLOX) and glutamate dehydrogenase
(Gldh) were most common enzymes used in the preparation of
L-glutamate biosensors. The GLOx based 1-glutamate biosensors
needs high overpotential and was easily effected by interferents
owing to the detection of generated H,0, [34-37]. Gldh has been
used for the construction of electrochemical glutamate biosensors
[38-41], nevertheless, these sensors experienced either compli-
cated in fabrication, or stability or sensitivity issue, which is
probably ascribed to Gldh in part.

Many studies showed that enzyme could be displayed on the
cell surface of bacteria and retain its relative spatial structure and
biological activity [42,43]. Gldh is widely existed in various living
organisms and involved in amino acid metabolism [44]. Heterolo-
gous expression of Gldh from the terrestrial hyperthermophilic
archaeon Thermococcus waiotapuensis has been reported [45]. The
purified Gldh showed excellent enzyme activity and good thermal
stability. However, the purification of the native or recombinant
enzyme was time-consuming and gave very low yield. The
bacterial cell surface display provides an effective way to overcome
this disadvantage by exposing the target enzyme to the exterior of
biomembrane with good activity and stability [46-49]. For the first
time, we had successfully realized the cell surface displaying of
Gldh from T. waiotapuensis using INP as an anchoring motif. The
cultured bacterial surface displaying Gldh (Gldh-bacteria) exhib-
ited superior Gldh activity, thermostability and selectivity [50].
Further, it was proved to be NADP* (nicotinamide adenine
dinucleotide phosphate) specific dependency, that is, the Gldh-
bacteria can be involved in reaction 1 to generate NADPH. Thus, the
Gldh-bacteria could become the promising candidate for biosens-
ing of L-glutamate, which is based on the measurement of
enzymatically generated NADPH (the reduced form of nicotin-
amide adenine dinucleotide phosphate).

glutamate + NADP' + H,0 Cldh2 —oxoglutarate + NADPH

+NH;3 +H* (1)

In the present work, a L-glutamate biosensor was fabricated by
modifying Gldh-bacteria and multiwalled carbon nanotubes
(MWNTs) onto a glassy carbon electrode (GCE). The proposed
amperometric sensor can detect L-glutamate at 0.52V (vs. SCE)
with good selectivity and stability. Additionally, other amino acids
and common electroactive compounds such as ascorbic acid (AA)
and uric acid (UA) have no interference on the detection of
glutamate. The as-prepared L-glutamate sensor was capable of real
sample measurements.

2. Materials and methods
2.1. Chemicals and reagents

AA, UA and polyethyleneimine (PEI, molecular weight: 80,000)
were bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). NADP" and NADPH were purchased from Bio
Basic Canada Inc. Nafion (perfluorinated ion-exchange resin, 5 wt%
solution in a mixture of lower aliphatic alcohols and water) was
purchased from Aldrich (St. Louis, MO, USA), from which 0.05 wt%
Nafion solution was prepared. Amino acids including L-glutamate
(Glu), -lysine (Lys), L-threonine (Thr), L-serine (Ser), L-argininie
monohydrochloride (Arg), L-methionone (Met), r-valine (Val),
L-histidine (His), L-aspartic acid (Asp), .-phenylalanine (Phe) and
L-leucine (Leu) were purchased from Blue Quarter Science and
Technology Development Co., Ltd. (Shanghai, China). MWNTs were
purchased from Shenzhen Nanometer Port Co., Ltd. (Shenzhen,
China). Ultrapure water was prepared using a Milli-Q system
(Millipore, Billerica, MA, USA). Phosphate buffered saline (PBS, pH
7.4) was used as the supporting electrolyte. All other reagents were
of the highest grade and all solutions were prepared with ultrapure
water.

2.2. Apparatus and methods

All electrochemical experiments were carried out on a CHI660D
electrochemical workstation (CH Instruments, Chenhua, Shanghai,
China) in a conventional three-electrode system using a modified
glassy carbon electrode (GCE, inner diameter of 3 mm) as working
electrode, a Pt wire as counter electrode and a saturated calomel
electrode (SCE) as reference electrode. All potentials in this paper
were reported vs. SCE. All electrochemical measurements were
performed at room temperature (~25 °C). Amperometric detection
was carried out by continuous addition of L-glutamate into the
stirring PBS solution (pH 7.4) under the applied potential. The
effect of dilution on the final concentration has been taken into
consideration.

2.3. Preparation of Gldh-bacteria

The details for the construction of plasmid pTInaPb-N-Gldh and
the production of cell-displayed Gldh have been described in our
recent work [50]. Briefly, E. coli strain BL21 (DE3) harboring
plasmid pTInaPb-N-Gldh was grown to an ODggg within 0.4-0.6 in
LB media with 50 mgL~! kanamycin at 37 °C, then the expression
of INP-Gldh fusion protein was induced with isopropyl-f3-p-
thiogalactopyranoside (IPTG) at a final concentration of 0.4 mM at
25°C overnight. Gldh displayed cells were harvested and
resuspended in 100mM Tris-HCl buffer (pH 8.0). The cell
fractionation and enzyme activity assay were conducted according
to our previous study.
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2.4. Preparation of PEI-MWNTs dispersion

Briefly, the PEI-MWNTSs dispersion was obtained by dispersing
1 mg of MWNTs into 1 mL of 1 mg mL~! PEl aqueous solution under
ultra-sonication for at least 30 min.

2.5. Preparation of modified electrodes

GCEs were sequentially polished on polishing pad with slurries
of 0.5, 0.1 and 0.05 wm alumina particles, and carefully cleaned by
ultra-sonication in ethanol and water during each step. Then, 5 pL
of the PEI-MWNTs dispersion was carefully dropped onto the
inverted GCE, and let to dry at room temperature, followed by 5 L
of 0.05% Nafion was syringed onto the inverted electrode, thus
Nafion/PEI-MWNTs/GCE was fabricated. For the construction of
Nafion/Gldh-bacteria/PEI-MWNTs/GCE, 5L Gldh-bacteria was
dropped onto the PEI-MWNTs membrane covered electrode, with
further drying under ambient condition. Finally, 5 wL of 0.05%
Nafion was syringed onto the inverted electrode. Before use, the
modified electrodes were washed repeatedly with Milli-Q water to
remove the loosely combined modifiers. The Nafion/GCE was
prepared for comparison.

3. Results and discussion
3.1. Cell surface display of Gldh

Gldh encoding gene has been fused into the expression plasmid
of INP cell surface display system in our previous study. After
induction with IPTG, the expressed Gldh was targeted onto the
surface of E. coli through INP-mediated display system. The growth
condition for Gldh-displayed bacteria has been optimized [50]. To
evaluate the expression and transportation of INP-Gldh fusion
proteins, the cell fractionation assay and SDS-PAGE analysis were
conducted. As shown in Fig. 1, the clear target band could be found
in the whole cell and outer membrane fraction, which revealed
that the majority of INP-Gldh fusion proteins were located on the
surface of cells. Gldh originated from T. waiotapuensis is hexamer of
subunits with a molecular weight of ca. 260 kDa. The Gldh on the
cell surface will also be expressed as hexamer. However, during
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Fig. 1. Analysis of INP-Gldh fusion protein by SDS-PAGE. Lane M, protein standard
markers; lane 1, entire cell; lane 2, outer membrane fraction.

SDS-PAGE analysis, SDS, as ionic detergent, might lead to
denaturation of recombinant proteinto form monomer (60 kDa).
The entire cell had a favorable Gldh activity of 3.12 4 0.12 U/ODggo.
Our early thermostability test indicated that the enzymatic activity
of bacterial displayed Gldh almost remained unchanged over a
month at 4°C. Furthermore, the displayed-Gldh exhibited better
specificity than Gldhs from other microbial species reported before
[50].

3.2. Electrocatalytic oxidation of NADPH by Nafion/PEI-MWNTs/GCE

For cofactor (NAD* or NADP*)-dependent dehydrogenase based
sensor, the enzymatically generated NAD(P)H is usually detected.
However, NAD(P)H is reported exhibited high overpotential at bare
electrode [51], which means the direct electrochemical detection
of NAD(P)H will occur at high potential, arising possible interfer-
ence from other easily oxidizable species. Therefore, it is important
to lower the overpotential of NAD(P)H during electrochemical
masurement. The cyclic voltammograms (CVs) of Nafion/PEI-
MWNTs/GCE and Nafion/GCE in the absence and presence of
NADPH were performed. There were no redox peaks in bare PBS
solution for the two kinds of modified electrodes (Fig. 2, curves a
and b). However, in 1 mM NADPH solution, a broad oxidation peak
at about 0.78 V appeared at Nafion/GCE (Fig. 2, curve c), suggesting
the direct oxidation of NADPH. In contrast, a sharp peak with
enhanced current was observed at 0.45V at Nafion/PEI-MWNTs/
GCE in 1 mM NADPH (Fig. 2, curve d), which was 0.33V negative
shift in comparison with that value at Nafion/GCE. Moreover, the
oxidation peak current at the Nafion/PEI-MWNTs/GCE increased
when 2 mM NAPDH was present (Fig. 2, curve e), indicating that
the Nafion/PEI-MWNTs/GCE had better electrocatalytic activity to
NADPH oxidation, which might be resulted from the excellent
catalytic properties of the MWNTSs. Similar results were reported
for electrocatalytic oxidation of NADH (the reduced form of
nicotinamide adenine dinucleotide) at MWNTs modified electro-
des [51,52].

3.3. Electrochemical behavior of Nafion/Gldh-bacteria/PEI-MWNTs/
GCE

Based on Reaction (1), glutamate can be oxidised to
2-oxoglutarate by Gldh in the aid of cofactor of NADP*, which is
then reduced to NADPH. The amount of resultant NADPH is
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Fig. 2. CVs of Nafion/GCE (a), Nafion/PEI-MWNTs/GCE (b) in bare PBS buffer, and
Nafion/GCE in 1 mM NADPH (c), Nafion/PEI-MWNTSs/GCE in 1mM (d) and 2 mM
NADPH (e) buffered with 0.1 M PBS (pH 7.4). Scan rate, 50mVs~".
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proportional to r-glutamate concentration. To investigate the
electrocatalytic activity of different modified electrode to
1-glutamate oxidation, CVs of various modified electrodes were
measured in 0.1 M PBS (pH 7.4) containing 1 mM NADP" in the
absence or in the presence of L.-glutamate. Nafion/PEI-MWNTs/GCE
did not show any oxidition peaks in 0.1 M PBS (pH 7.4) containing
1mM NADP" and ir-glutamate within the potential window of
0-0.8V (data not shown). For the Nafion/Gldh-bacteria/PEI-
MWNTs/GCE, there were no observable redox peaks in solution
containing 1 mM NADP" in the absence of L-glutamate (Fig. 3, curve
a), while a sharp oxidation peak appeared at about 0.54V after
addition of 1mM L-glutamate, which could be resulted from the
oxidation of the resultant NADPH at MWNTs (Fig. 3, curve b).
Further, with the increase of L-glutamate concentration from 1 to
10mM (Fig. 3, curves b-d), the oxidation peak current at 0.54V
enhanced, confirming that the electrocatalytic oxidation of
L-glutamate occurred on the Nafion/Gldh-bacteria/PEI-MWNTs/
GCE.

3.4. Amperometric detection of L-glutamate

The typical current-time response was carried out at an applied
potential of 0.52V by amperometry using Nafion/Gldh-bacteria/
PEI-MWNTs/GCE in the stirring PBS (pH 7.4) containing 1 mM
NADP”" upon successive addition of glutamate. As shown in Fig. 4A,
the oxidation current increased upon successive injection of
L-glutamate from 10 wM to 12 mM. The current response was linear
with L-glutamate concentration in two ranges: one was ranging
from 10 M to 1mM with the linear regression equation of
y=0.037+0.310x (R=0.996) (Fig. 4B). Another linear range was
within 2-10mM with the linear regression equation of
y=0.400+0.067x (R=0.995) (Fig. 4B). The lower limit of detection
(LOD) was estimated to be about 2 M (S/N=3). In this respect,
various methods have been reported with typical linear ranges and
LODs (Table 1). Obviously, the Nafion/Gldh-bacteria/PEI-MWNTs/
GCE showed wider dynamic detection ranges and corresponding
lower detection limit, in comparison with most purified Gldh
based sensors reported so far [40,41,53,54]. The Gldh-bacteria in
present work exhibited high activity, specificity and stability,
which could be used directly without further labored enzyme
extraction and purification, thus greatly improved the stability of
the enzyme and sensitivity of the sensor.
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Fig. 4. (A) Current-time curve of Nafion/Gldh-bacteria/PEI-MWNTs/GCE with
successively addition of i-glutamate into 0.1 M PBS (pH 7.4) containing 1 mM
NADP*. Applied potential: 0.52 V. (B) Typical calibration graph of the biosensor for
L-glutamate.

Table 1
Analytical performance of different methods for L-glutamate detection.
Method Linear range LOD Refs.
(kM) (M)
HPLC 10-200 NA®  [20]
Cu?*-polyamine cage involved fluorescence 5-20 NA*  [55]
detection
GLOx/oxygen electrode 68-1360 68 [56]
Nafion/methyl viologen/GCE 20-750 20 [38]
Poly(o-phenylenediamine)/Gldh/carbon 5-78 3.8 [40]
paste electrode
Ceria/titania nanoparticles/GLOx 5-90 0.59 [34]
Gldh/diaphorase nanocomposite electrode 10-3495 54 [53]
Gldh/chitosan/GCE 5-500 5 [39]
Phenothiazine/methylene green/Gldh/ 50-10,000 5 [41]

carbon paste electrode
Gldh/TiO, sol-gel optical biosensor
Optical array-based TiO, biosensor

40-10,000 55  [54]
10-10,000 2.4  [25]

Gldh-bacteria based optical detection 10-400 6 [50]

Nafion/Gldh-bacteria 10-1000 2 Current
work

/PEI-MWNTs/GCE 2000-10,000

2 NA: not available.
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3.5. Selectivity of the sensor

To study the selectivity of the sensor, the current responses
after successive addition of 0.5 mM L-glutamate and 10 mM other
species by amperometry at 0.52V. The addition of other amino
acids including Lys, Thr, Ser, Arg, Met, Val, His, Asp, Phe and Leu
(each 10 mM) exhibited no current change (Fig. 5, arrows b-k),
indicating the specificity of the Gldh-bacteria [50]. On the other
hand, the addition of AA and UA (each 10 mM) did not generate the
current signal (Fig. 5, arrows |1 and m), suggesting that excess of
these common interfering species had no interference to the
detection of 0.5mM glutamate (Fig. 5, arrow a), probably
orginating from that both UA and AA are negatively charged in
PBS buffer (pH 7.4), exerting electrostatic repulsion with the
negatively charged Nafion film. Finally, the current response was
increased accordingly upon addition of 0.3 mM glutamate (Fig. 5,
arrow n). Taken together, the sensor exhibited a good selectivity to
glutamate.

3.6. Stability of the sensor

To investigate the operational stability of the sensor, the
amperometric response of Nafion/Gldh-bacteria/PEI-MWNTs/GCE
to 1mM L-glutamate was examined at an applied potential of
0.52V over a period of more than 2 h (Fig. 6). The oxidation current
still remained about 95% of the initial response after two hours
recording, suggesting the good operational stability of the sensor.

The long-term stability of the biosensor was also investigated
in1 mM L-glutamate in 0.1 M PBS (pH 7.4) containing 1 mM NADP".
The current response was measured every day and the modified
electrode was stored in 4°C fridge when it was not in use. The
current response reduced slightly, however, 93% of the original
value remained after 15-day measurement (Fig. 7), suggesting the
favorable long-time stability of the sensor.

3.7. Analysis of real samples

The fabricated Nafion/Gldh-bacteria/PEI-MWNTs/GCE was fur-
ther used to detect L-glutamate in real samples. Before measure-
ments, solid samples were dissolved in water and then filtered
through a 0.22 wm membrane; after that the filtrates were
collected and accurately diluted with PBS buffer to fit into the
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Fig. 5. Amperometric response of Nafion/Gldh-bacteria/PEI-MWNTs/GCE with
successive addition of 0.5 mM L-glutamate (arrow a), 10 mM interferents (arrows: b,
Lys; ¢, Thr; d, Ser; e, Arg; f, Met; g, Val; h, His; I, Asp; j, Phe; k, Leu; I, AA; m, UA) and
finally 0.3 mM L-glutamate (arrow n) into 0.1 M PBS (pH 7.4) containing 1 mM
NADP". Applied potential: 0.52V.
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Fig. 7. Storage stability of the biosensor.

linear range of the sensor. Three repetitive detections were
performed for each sample. The glutamate contents of real samples
were calculated based on the calibration graph multiplying the
dilution ratios and shown in Table 2. The relative error values were
within 3% and relative standard deviation for each sample were
within 2.5%, demonstrating that the calibration graph was precise
and reliable for L-glutamate analysis in real samples.

Table 2
Determination of L-glutamate in real samples.

Sample L-Glutamate content (w/w, %) Relative error (%)
This work® Nutrition info

#1° 101.7 £2.5 99.0 +2.7

#2°¢ 712 +£1.8 70.0 +1.7

#34 342407 35.0 -2.3

#4° 4.89+0.13 5.0 -2.2

2 All values referred to the mean of three repetitive measurements plus-minus
standard deviation.

P #1 represents the local MSG.

¢ #2 represents the salted MSG.

d #3 represents the chicken essence seasoning.

¢ #4 stands for the local soy sauce seasoning.
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4. Conclusions

In summary, INP-mediated cell surface displayed Gldh was
prepared. The cell fractionation assay and SDS-PAGE analysis
confirmed the correct location of INP-GIdh fusion proteins. A
sensitive r-glutamate biosensor (Nafion/Gldh-bacteria/PEI-
MWNTSs/GCE) was constructed. The sensor exhibited two linear
parts (10 wuM-1 mM and 2-10 mM) and low detection limit of 2 wM
glutamate. Moreover, this proposed electrochemical microbial
biosensor exhibited stability and selectivity to common interfer-
ents such as AA and UA as well as other amino acids. Moreover, the
as-prepared L-glutamate biosensor was capable of real samples
detection precisely.
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