New Reagentless Glutamate Biosensors Based on
Mesophilic and Thermophilic Glutamate

Dehydrogenases

Valeri Paviov,' Serve Kengen,’ loanis Katakis™

Bioanalysis and Bioelectrochemistry Group, Chemical Engineering, Universitat Rovira i Virgili, E-
43006, Tarragona (Catalonia), Spain, and Laboratory of Microbiology, Department of Biochemical
Science, Wageningen Agricultural University, Hesselink van Suchtelenweg 4, Wageningen NL-6703

CT, Netherlands.

RECEIVED DATE

" To whom the correspondence should be addressed. E-mail: ioanis.katakis@urv.net, Tel: +34 977 55

9655, Fax: +34 977 55 9667.
'Universitat Rovira i Virgili.

*Wageningen Agricultural University.



ABSTRACT. Two novel methods for NAD" and dehydrogenase immobilization on the graphite
electrode surfaces have been developed and applied to the construction of reagentless biosensors for L-
glutamate based on mesophilic glutamate dehydrogenase (GLDH) from bovine liver and thermophilic
glutamate dehydrogenase from Pyrococcus furiosus. The methods rely on modification of graphite
electrodes with new NADH oxidizing polymer [Os(1,10-phenanthroline-5,6-phendione),(PVP)4Cl1]Cl
followed by physical adsorption of dehydrogenase and alginic acid modified with NAD" (NAD'-
alginate) on the surface of electrodes or on entrapment of NAD" and dehydrogenase in the hydrogel
formed in situ by crosslinking of PVP bearing amino groups (‘“binder” polymer) with polyethyleneglycol
diglycedyl ester (PEGDGE) on electrodes. Biosensors constructed with the use of bovine GLDH and
NAD-alginate showed detection limit equal to 0.5 mM and linear range 1.852-6.0 mM. The
immobilization of bovine GLDH in the hydrogel gave sensors with the detection limit equal to 0.33 mM
and the linear range 1.4-4.3 mM. The response time for both configurations was 100 s. When GLDH
from Pyrococcus furiosus was adsorbed together with NAD -alginate on the electrode surface the
resulting sensors showed the detection limit equal to 4 mM and linear range 13-38.5 mM. Crosslinking
of this thermophilic enzyme together with “binder” polymer yielded biosensors demonstrating detection
limit equal to 6 mM and the linear range 6.6-34 mM. The response time of the last two configurations
was 70 s. The 90 °C. The sensors constructed with the use of bovine GLDH demonstrated rapid loss of
response at this elevated temperature. In addition, disposable glutamate sensors based on thermophilic
and mesophilic glutamate glutamate biosensors based on the thermophilic enzyme showed ability to
operate at elevated temperature equal to dehydrogenases mixed with stabilizers have been constructed
and their shelf life time was studied to demonstrate that the use of thermophilic GLDH allows to extend

the shelf stability of glutamate biosensors by 10 times.
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Glutamate determination is very important in the food analysis, pharmacology, and medicine because
L-glutamic acid is an important neurotransmitter' implicated in the development of neurological
diseases such as amnesia, depression, and schizophrenia.2’3 It also is a marker in the diagnosis of
miocardic diseases and hepatitis.* Different analytical methods have been developed for the detection of
glutamate: gas chromatography,” kinetic potentiometry based on the reaction of glutamate with

dinitroflourobenzene,’ high performance liquid chromatography,’ and capillary electrophoresis.®

In order to reduce analysis time bioanalytical methods based on glutamate decarboxylase, glutamate
oxidase, and glutamate dehydrogenase (GLDH) coupled with optical transduction’' have been
developed. Amperometric transduction was employed in biosensors based on glutamate oxidase.'”"'* The
biosensors based on glutamate oxidase are dependent on oxygen. The dependence of biosensensor
response on oxygen can be eliminated by using NAD(P)" dependent GLDH as a biorecognition element.
Glutamate biosensors constructed by the immobilization of GLDH on carbon fiber microelectrodes were
based on direct NADH oxidation on the carbon surface' requiring high applied overpotential (>0.55 V
vs. SCE). The overpotential can be lowered by employing enzymatic NADH oxidation via diaphorase
and NADH oxidase.'®!” Another alternative is the use of mediators catalyzing the electrochemical

oxidation of NAD(P)H. 18

The above mentioned glutamate sensors require NAD' in a sample solution for their operation.
Reagentless biosensors based on dehydrogenases, in general, can be produced by immobilization of
enzymes, NAD" and mediator for the coenzyme reoxidation on the surface of an electrode. Five

strategies for the coenzyme immobilization have been demonstrated in the literature: entrapment in

19,20

hydrogels formed in situ by polymeric macromolecules, adsorption onto pre-prepared polymeric

24-26

membranes,”’ entrapment in electropolymerized films,** entrapment in carbon paste, and attachment



to self-assembled monolayers.”” Biosensors in which NAD" was entrapped in hydrogels formed in situ
have good sensitivities because of very fast transport of analyte to the enzyme, but suffer from low
stability in the reagentless mode of operation due to easy desorption of the coenzyme and the enzyme.
When NAD" was entrapped in electropolymerized films and pre-prepared membranes the sensitivity was
low due to the slow transport of analyte. The most stable reagentless biosensors were produced on the
basis of carbon paste in which a “reserve pool” of the coenzyme was created in the paste, retaining high

sensitivity. Such biosensors are however difficult to miniaturize.

The use of more stable enzyme, such as thermophilic dehydrogenases can improve shelf and
operational stability of biosensors if the enzymatic reaction is the rate-limiting step or stability
determining. Thermophilic glutamate dehydrogenase has been purified from different microorganisms
such as Sulfolobus solfataricus,”™ Pyrococcus furiosus,” archaebacteria AN1,® and Thermococcus
litoralis.>" The enzyme demonstrates high stability at elevated temperatures, for instance, the half life of
GLDH from Thermococcus litoralis at 80°C is 15 h, from Pyrococcus furiosus at 100°C is 12 h, and
from ANI at 90°C is 12.5 h. Thermophilic enzymes can be successfully employed in the construction of
biosensors, so glutamate carbon paste biosensors operating in the range 40-60°C constructed using

GLDH from AN cells have been reported.**

In this work we report on our efforts to solve the problems associated with NAD" dehydrogenase
electrodes. Namely, we use an efficient NADH oxidizing mediator and we show that it is sufficiently
catalytic to permit reagentless dehydrogenase electrodes. We achieve such reagentless sensors by
immobilizing NAD" for continuous and disposable operation. We achieve stable and long shelf life

sensors by using thermophilic enzymes.



RESULTS AND DISCUSSION

Methods for the fabrication of reagentless glutamate biosensors. The glutamate biosensors
described in the present article are based on the oxidation of L-glutamate by NAD" through mesophilic

and thermophilic glutamate dehydrogenase (GLDH) according to the reaction:

GLDH

L-glutamate + NAD" + H,O0 <+ a—ketoglutarate + NADH + NH,"

with the equilibrium constant shifted to the formation of L-glutamate, but the reoxidation of the formed
NADH by the Os-phendione-PVP mediator, which is oxidized in its turn at the graphite surface of a
working electrode at low positive potential of 150 mV vs. Ag/AgCI/KCIl displaces the equilibrium to the
formation of a—ketoglutarate. This principle of operation is shown schematically in Figure 1. The
immobilization of GLDH, NAD" and mediators is the necessary condition for design of reagentless
glutamate biosensors. The group of Lo Gorton reported reagenless glutamate biosensors based on the
immobilization of thermophilic NADP* dependent glutamate dehydrogenase in carbon paste’’”’ in
which NADH was reoxidized electrochemically by a polyethylenimine Toluiden Blue O redox
mediator at applied potential 100 mV vs. Ag/AgCl/KClg,. Unfortunately, carbon paste electrodes can not
be easily miniaturized. Our purpose was to construct cheap reagentless glutamate electrodes which can
be miniaturized hence we opted for thermophilic GLDH from Pyrococcus furiosus which can use NAD"
as cofactor and developed in this work two new methods to produce reagentless biosensors. The
methods rely on NADH oxidation by a new polymer Os-phendione-PVP.** The 1,10-phenanthroline-
5,6-dione moieties in this polymer impart it the capacity for the reversible regeneration of coenzyme.

This fact was confirmed by the electrochemical conversion experiment, described in the experimental
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part, in which 100 % conversion of NADH by the mediator to enzymatically active NAD" was obtained.
This conclusion was drawn by comparing spectrophotometric and coulometric data produced by bulk
electrolysis of NADH with those recorded during spectrophotometric determination of the enzymatic
reconversion of NAD' by glutamate dehydrogenase in the presence of L-glutamate, and taking into
account the spontaneous hydrolysis of NADH under the experimental conditions. This result is in good
agreement with the result of similar study into electrochemical conversion of NAD/NADH couple by
the monomeric osmium complex [Os(4,4’-dimethyl-2,2’-bipyridine),(1,10-phenanthroline-5,6-

dione)](PFe),, which showed 100 % conversion t0o.*®

The first method consisted in physical adsorption of Os-phendione-PVP, GLDH, and polymeric
form of NAD" (NAD-alginate) on the surface of a graphite electrode. Nakamura and co-workers®®
published the procedure for modification of alginic acid with NAD" through carbodiimide reaction,

which yields a water-soluble polymer.

The second method was more complicated because, a graphite electrode was, first, pre-modified
with Os-phendione-PVP, then GLDH and the coenzyme were entrapped in the hydrogel formed in situ
on the electrode surface. The hydrogel was created by crosslinking poly(vinyl pyridine) (PEGDGE)
bearing amino groups (“binder” polymer) with active epoxide functionalities of poly(ethylene glycol)
diglycidyl ether. The immobilization of oxidases in hydrogels based on PEGDGE and redox polymers

bearing amino groups has been utilized in fabrication of a number of biosensors.***!

Electrocatalytic oxidation of L-glutamate. Reagentless glutamate biosensors of these two
configurations demonstrated change in the cyclic valtammetry when glutamate solution was injected
into the cell (Figure 2). In the presence of saturating glutamate concentration the reagentless
configurations demonstrated clear electrocatalytic waves reaching almost a plateau at potentials more

negative than 200 mV vs. Ag/AgCl/KClgy. Our previous study of Os-phendione-PVP proved that the



potential of 150 mV vs. Ag/AgCl/KCls, was sufficient for electrocatalytical oxidation of NADHY

hence the same potential was used in this work.

Effect of pH on the response of glutamate biosensors. The effect of pH on the maximum response
of reagentless glutamate biosensors fabricated by the two methods using mesphophilic and thermophilic
GLDH was studied in steady state mode using 0.1 M phosphate buffer, the pH being adjusted with
aqueous solutions of 1 M NaOH or H3PO4. In Figures 3 and 4 it can be seen that biosensors based on
NAD"-alginate prepared from mesophilic and thermophilic GLDH have maximum response at pH 9.0.
This result is in good agreement with the pH optimum of 8.5-9.0 for glutamate oxidation by free bovine
GLDH in a solution,” and pH optimum of 9.0 for GLDH from Pyrococcus furiosus.” Meanwhile the
biosensors based on the immobilization by crosslinking with the “binder” polymer constructed using
mesophilic and thermophilic GLDH achieved maximum response at pH 9.5. This change in pH optimum
can be explained in by the increased enzymatic stability caused by crosslinking and by the effect of local

buffering due to the presence of pyridine moieties and amino groups in the “binder” polymer.

The rate of reaction between Os-phendione-PVP and NADH slows down with the increase in pH>’
because the formal potential of this mediator in alkaline solutions shifts more negative and it loses the
capacity of NADH oxidation. Os-phendione-PVP is not stable at pH values higher then 6.5, moreover,
the controlled electrodes prepared without GLDH showed increase in non-specific oxidation of
glutamate starting from pH 9.0, hence the pH 7.4 was chosen for further experiments, given the fact that

this is the physiologic value of pH at which the analysis in vivo could be carried out.

Effect of temperature on the response of glutamate biosensors. The effect of temperature on the
response of the reagentless glutamate biosensors is presented in Figures 5 and 6. The thermophilic
GLDH based biosensors, independently of the immobilization procedure, have shown increase in

response to L-glutamate until 88'C (the maximum temperature achieved), still below the optimal
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temperature of 95°C of free thermophilic GLDH. Mesophilic biosensors demonstrated maximum
response at lower temperatures. Biosensors based on NAD'-alginate showed the lowest optimal
temperature of 52'C, binder polymer biosensors had the highest optimal temperature 56'C possibly
because of improvement in thermostability due to crosslinking. This data is in good agreement with the
published thermostability study of bovine GLDH according to which this enzyme starts to lose activity
at 52°'C.* The employment of new immobilization methods allowed to avoid the desintegration of
electrodes at elevated temperatures, which was reported for carbon paste biosensors based on
thermophilic GLDH by the group of Lo Gorton.** The activation energies for the glutamate biosensors
were calculated from Arhenius plots. The activation energies are listed in Table I. Activation energies of
mesophilic GLDH biosensors are significantly higher than the activation energy of free bovine GLDH,
12.9 kJ/mol,” and those of thermophilic GLDH biosensors are lower than the activation energy of
GLDH from Pyrococcus furiosus 79.3 kJ/mol.” This indicates that the response of the glutamate
biosensors is not limited by the kinetics of glutamate oxidation with NAD" through GLDH. The
response of mesophilic biosensors to L-glutamate was studied at 30°C, while the response of
thermophilic biosensors at this temperature was not reproducible hence it was decided to characterize

them at 40°C.

Response curves and operational stability of the glutamate biosensors. The kinetic mechanism of
oxidative deamination catalyzed by bovine GLDH has been debated in the literature. The order of
binding of glutamate and NAD(P)" to the apoenzyme was in the centre of this discussion. Engel and
coworkers arrived to the conclusion that this reaction could proceed via an ordered mechanism, NAD"
being the leading substrate.***® A random order mechanism for of L-glutamate oxidation by NADP" was
offered t00.” Then a random sequential mechanism was shown.*® Later it was suggested that this
reaction proceeds through ordered binding and NADP" leads in complexation with the apoenzyme.*

The latest kinetic study into this controversial deamination mechanism confirmed that bovine

dehydrogenase has an ordered sequential mechanism of substrate binding preceded by complexation
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with NAD"*° therefore the analysis of the response of the glutamate sensors was based on the modified

kinetic model®' for the conversion of substrate B to products Q and R shown in Supporting Information.

The calibration curves and the Eadie-Hofstee plots for the reagentless glutamate biosensors
constructed with the use of mesophilic or thermophilic GLDH based on NAD '-alginate or the “binder”
polymer are shown in Figures S-10 and S-11 (Supporting Information). Their basic characteristics are
represented in Table II. All reagentless glutamate biosensors have demonstrated the concave Eadie-
Hofstee plots (Figures S-10(B), S-11(B)) revealing that the response currents are limited by the rate of

NADH oxidation at the electrode surface through Os-phendione-PVP.

The literature value of the Michaelis constant for mesophilic bovine GLDH determined at 30°C is 2.5
mM,”" and that determined by us for thermophilic GLDH from Pyrococcus furiosus in the presence of

26 mM NADH at 40°C and pH 7.4 is 14 mM.

The biosensors based on mesophilic enzyme showed apparent Michaelis constants which are about 6
times greater than that of the free enzyme. The biosensors based on thermophilic enzyme demonstrated
Michaelis constants greater by 3-4 times than that for free enzyme under the same conditions. Taking
into account the influence of mass transport on the simulated response of biosensors (Figures S-8 and S-
9 and Tables S-II and S-IIl in Supporting Information) one can arrive to a conclusion that the
experimental data imply that the response to glutamate is limited by two factors: the rate of NADH
oxidation at the electrode surface and the mass transport. The fact that thermophilic biosensors based on
the “binder” polymer demonstrated higher apparent current density than those prepared with the use of
mesophilic GLDH implies that the thermophilic enzyme is less deactivated than the mesophilic one by

crosslinking with PEGDGE.

The biosensors based on thermophilic GLDH were operated at higher temperature, which enhanced
the diffusion, and demonstrated shorter response times. The detection limits of thermophilic biosensors

were considerably greater than those of the mesophilic GLDH based biosensors, because of higher



specific activity of mesophilic GLDH at low temperatures. The greater operational linear ranges of
thermophilic biosensors can be explained by the greater Michaelis constant of thermophilic GLDH. The
thermophilic biosensors demonstrated much shorter operational stability than the mesophilic sensors due
to higher temperature of operation (40°C) whereas the operational stability of mesophilic electrodes was
studied at 30°C. The loss of response in both cases was caused by leaching of NAD" from the electrode
surface accelerated at high temperatures. This was proven by injection of NAD" at the end of operational
stability study, which normally lead to the recovery of response current (shown by the sensors of the
same batch in the presence on NAD" in a bulk solution), hence another operational stability study was
performed in the presence of 30 mM NAD" in the bulk solution. This study was performed at elevated
temperature of 65°C to show that the half life of thermophilic GLDH based biosensors was 16 min
whereas mesophilic biosensors instantly and completely lost response at this temperature so the use of
thermophilic enzyme instead of the mesophilic one allowed to increase the operational stability of
glutamate biosensors at elevated temperatures. Cyclic voltammetry of thermophilic biosensors revealed
that 30% of phendione activity was lost in the course of study, on the other hand calibration of
biosensors with fresh glutamate solution in the presence of fresh coenzyme under the same conditions
did not result in increase of response current, therefore the main reason for the lose of current was the
decomposition of Os-phendione-PVP at the electrode surface, the leaching of the enzyme was a less

important factor.

Shelf-life study of glutamate biosensors. In order to compare the efficiency of different ways for the
improvement of operational stability of glutamate biosensors, screen printed electrodes (Figure S-3 in
Supporting Information) were modified by deposition 0.5 pl of a mixture containing GLDH
(thermophilic or mesophilic one), NAD', stabilizing additive, and soluble mediator for the
electrochemical oxidation of NADH [Os(4,4’-dimethyl-2,2’-bipyridine),(1,10-phenanthroline-5,6-
dione)]Cl, as described in Supporting Information. It was found that the best procedure to measure the

response (when the relative standard deviation for 3-5 electrodes was minimized to 10-15 %) was to
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apply 0.5 uL of a sample solution to an electrode heated to 40°C, wait for 20 s, apply the potential of
200 mV and record the current after 30 s. Big batches of glutamate sensors were prepared and kept at
40°C to carry out the accelerated shelf-life study. The response to glutamate was measured as the
difference between response currents to pure buffer and 0.6 M glutamate solution in the same buffer. In
order to take into account the decrease in response originated from the instability of NAD', the response
to samples of 0.6 M glutamate containing 0.18 M NAD" was registered during this stability study. The

results of this study can be found in Figure S-12 and Table S-1V in the Supporting Information.

The common trend for all tested glutamate sensors based on screen printed electrodes was that the
response to pure glutamate was higher by 1.5 times than the response to glutamate samples containing
0.18 M NAD". The controlled electrodes prepared without enzymes showed the response to 6 mg/mL
NADH equal to 0.46 pA whereas the response to NADH of the same concentration in the presence of
0.18 M NAD" was 0.307 pA i.e. once again the ratio was 1.5. According to the literature™ a charge-
transfer complex between a mediator and NADH is involved in the mechanism of electrochemical

oxidation of NADH:

k+1 k+2
NADH +My & [NADHM ] — NAD' + Mg

k.] charge transfer complex

The fact that the overall rate of NADH oxidation can be decreased by addition of NAD" supports the
hypothesis of charge transfer complex and suggests that the parasite complex between NAD' and

[Os(4,4’-dimethyl-2,2’-bipyridine),(1,10-phenanthroline-5,6-dione)]Cl, is formed too.

In order to obtain more experimental data about the influence of NAD" on the rate of electrocatalytic
NADH oxidation by the mediator graphite electrodes were modified with [Os(4,4’-dimethyl-2,2’-
bipyridine)(1,10-phenanthroline-5,6-dione)](PF¢), according to.* Then the effect of NAD'
concentration on the response of modified electrodes to 1.3 mM NADH was studied (Figure S-13 in

Supporting Information). The effect of NAD" is significant starting from 10 mM. In addition the kinetic
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constants k:,, Ky and coefficient £ of NADH oxidation in the presence of NAD" were measured using
graphite rotating disk electrodes modified with the above mentioned mediator.®> Where k is the apparent

coefficient of the following overall reaction:

k
Os-phendione-PVP + NADH —» Os-catechol-PVP+NAD"

The determination of the kinetic constants was performed at pH 7.0 under argon by diluting the initial
1.8 mM NADH solution containing 20 mM NAD" with deaerated phosphate buffer containing only
NAD" of the same concentration in order to avoid the influence of possible electrode fouling. The
obtained experimental data in the form of the Koutecky-Levich plot can be seen in Figure S-14 in
Supporting Information.. The experimental data were treated by the method published elsewhere™ to
yield kNapwi=0 (O.SiO.l)xlO3 M'ls'l, ki 0.6+0.1 s'l, and Ky 1.440.2 mM. According to our previous
study™* this mediator has the following constants under the same experimental conditions but in the
absence of NAD": kNaDH]=0 0.9x10° M'ls'l, ki 0.8 s’l, and Ky 4.3 mM. This decrease in the value of
kinetic constant k., is obviously caused by the interaction of NAD" with the charge transfer complex
between NADH and mediator. The two fold change in knaphj=o0 could be explained by the competition
between NADH and NAD" for the free mediator hence it should be admitted that the oxidized cofactor

is capable to form parasite complex with the molecules of the osmium mediator.

The use of thermophilic GLDH instead of mesophilic enzyme allowed to increase the shelf half
life at 40°C by 11 times (from 7 to 75 h) because of intrinsic thermostability of thermophilic GLDH.
Gorton with coworkers also reported that carbon pastes based on thermophilic GLDH retain 90-100%

of activity at 4°C during 2 weeks.*

In addition a number of compounds such as the copolymer of vinyl-pyrrolidone and dimethylamino
ethyl methacrylate termed as Gafquat® HS100, poly(ethylene imine), trehalose, and glycerol were tested
by us with the respect to improvement of shelf stability (Table S-IV in the Supporting Information).

Electrodes prepared with the use of glycerol proved to be very unstable and lost one half of initial
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response in less then 6 h probably because of denaturing effect of glycerol which stayed on the electrode
surface during the study. Poly(ethylene imine) was not active in improvement of stability of the
thermophilic GLDH based sensors prepared utilizing this polymer as additive, these sensors were less
stable than the sensors based on pure enzyme by 2 times, supposedly due to oxidation of imino groups.
Trehalose had almost no influence on stability of neither mesophilic or thermophilic GLDH based
sensors. Only copolymer of vinyl-pyrrolidine and dimethylamino ethyl methacrylate, Gafquat® HS100,
significantly improved stability of both mesophilic and thermophilic sensors by 4.6 and 3.3 times
respectively. The most important factor contributing to enzyme stability is the control of the relative
water activity at the enzyme surface. We suggest that the latter polyelectrolyte, promoting electrostatic
interactions, forms a protein-polyelectrolyte complex resulting in mimicking aqueous environment of

enzymes.

CONCLUDING REMARKS

Two novel methods for the fabrication of reagentless biosensors based on NAD" dependent
dehydrogenases have been developed and reagentless glutamate biosensors operating at 150 mV vs.
Ag/AgCl/KClg,: have been constructed and characterized by studying response curves, operational
stability, dependence of response on temperature and pH. Their response is limited by the rate of NADH
oxidation at the electrode surface. Use of thermophilic glutamate dehydrogenase and the stabilizing
additive Gafquat® HS100 helped to improve operational and shelf stability of these biosensors. The

hypothesis of charge-transfer complex formed between NADH and a mediator was confirmed.
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FIGURE CAPTIONS
Figure 1. Schematic diagram of the electron transfer steps for the mediated glutamate biosensors.

Figure 2. Cyclic voltammograms of reagentless glutamate biosensors fabricated with the use of
mesophilic bovine GLDH based on NAD"-alginate (A) and the “binder” polymer (B). Experimental

conditions: scan rate 0.4 mV s™', 0.1 M phosphate buffer (pH 7.4), 0.35 M glutamate, temperature 30 C

Figure 3. Effect of pH on maximum response of reagentless glutamate biosensors based on NAD-
alginate fabricated with the use mesophilic (A) and thermophilic GLDH (B). Experimental conditions:
Eapp 150 mV vs. Ag/AgCl/KClgy, 0.1 M phosphate buffer of varied pH, temperature 30°C for mesophilic

biosensors and 40°C for thermophilic ones, glutamate concentrarion was 0.3 M.

Figure 4. Effect of pH on maximum response of reagentless glutamate biosensors based on binder
polymer fabricated with the use of mesophilic (A) and thermophilic GLDH (B). Experimental
conditions: Egp, 150 mV vs. Ag/AgCl/KClg, 0.1 M phospate buffer of varied pH, 0.35 M glutamate,

temperature 30 C for mesophilic biosensors and 40'C for thermophilic ones.
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Figure 5. Effect of temperature on maximum response of reagentless glutamate biosensors based on
NAD"-alginate fabricated with the use of mesophilic (A) and thermophilic GLDH (B). Experimental

conditions: Eapp 150 mV vs. Ag/AgCl/KClgy, 0.1 M phosphate buffer (pH 7.4), 0.35 M glutamate.

Figure 6. Effect of temperature on maximum response of reagentless glutamate biosensors based on
binder polymer fabricated with the use of mesophilic (A) and thermophilic GLDH (B). Experimental

conditions are the same as in Figure 5.
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Table I. Activation energies of the reagentless glutamate biosensors calculated from Arhenius plots.

Methods of NAD" immobilization

E, for mesophilic GLDH / kJ mol

E, for thermophilic GLDH / kJ mol”

NAD "-alginate

53.9

58.24

“binder” polymer

56.9

62.2
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analyte concentration at which the response is three times higher than the background.

Table II. Basic characteristics of reagentless glutamate biosensors calculated from Eadie-Hofstee plots. Detection limit is defined as the

Methods of Mesophilic GLDH
NAD"
immobilization| Jmax» |RSD,|Response| Kgapp, | Limitof Linear Sensitivity, Operatianal
s % time, s mM detection, | range, mM . s half-life time, h
HA cm’ mM PA mM™ cm”
NAD -alginate | 14.26 21 100 14.3 0.5 1.852-6.0 0.496 1.5
Binder polymer 7.8 5.0 100 10.1 0.3366 1.4-43 0.3366 12
Methods of Thermopilic GLDH
NAD"
immobilization| JImax» |RSD, | Response | Kgapp, | Limit of Linear Sensitivity, Operatianal
5 % time, s mM detection, | range, mM ’ 5 half-life time, h
HA em’ mM MA mM ™ ecm”
NAD "-alginate 13.0 14 70 39 4.0 13-38.5 0.0633 0.4
Binder polymer | 19.1 20 70 55 6.0 6.6-34.0 0.214 0.73
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