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INTRODUCTION

As nowadays the industrial branches of medicine, microbiology, food and
environmental protection are rapidly evolving, they require wide variety of analytes and
devices determining their extremely low concentrations and reactors performing
effective conversions. The efficiency and high selectivity of such devices can be ensured
by using a biocatalyst. This role is usually played by enzymes. Yet, despite their
uniqueness, the enzymes are expensive and short-lived. Thus in order to develop long-
term and effective biosensors and bioreactors cheap and optimal enzymes
immobilisation techniques are necessary.

On the other hand, the biosensors and bioreactors should work in the medium which
mainly consists of dispersed and fractionated solutions with various organic compounds.
Here ultrasensitive spectrophotometric methods cannot be used for complicated
qualitative and quantitative detection of the material due to such diverse nature of the
medium. Bioelectrochemical methods can be used instead, as they are very sensitive, fast
and analysis is cheaper in comparison with imunoanalytical methods. Moreover,
transduction element of bioelectrochemical systems could be the same as enzyme
immobilisation matrix and as electrode material. Bioelectrochemical systems are easy to
miniaturize and they can be used to design micro- sized electrode arrays or, on the
contrary, to create bioreactors with high surface area depending on the need of the
modern technology [1-2].

Bioelectrochemical systems are wusually designed using oxidoreductases.
Pyrroloquinoline quinone (PQQ) dependent enzymes are promising in development of
bioelectrochemical systems as their natural electron acceptor isn’t oxygen and some of
them can directly re-oxidize on special electrode surfaces. Several new
bioelectrochemical systems based on PQQ dependent dehydrogenases: membrane bound
alcohol dehydrogenase from Gluconobacter sp. 33 (mADH), soluble alcohol
dehydrogenase from Pseudomonas putida HKS (sADH), soluble glucose dehydrogenase
from Acinetobacter calcoaceticus (GDH) and membrane bound fructose dehydrogenase
from Gluconobacter industruis are studied and proposed in this work. These enzymes
can directly re-oxidize on special electrode surfaces and possess wild range substrate
specificity. These dehydrogenases are also independent on molecular oxygen. Such
enzyme properties are very useful for the design of bioelectrochemical systems, which
can work not only under aerobic but also anaerobic conditions.

However for successful application it is necessary to optimize enzyme behaviour in
bioelectrochemical systems and to know characteristics of these systems. In this case,
one of the most important parts for nano-science and technology is the modelling of the
mechanisms of substrate recognition, charge transfer and estimation of limitative factors
for general bioelectrocatalytic process. Only clear definition of the action of the
molecule, surrounded by other molecules, creates the conditions for the targeted
manipulation of those molecules and predict their performance [3].

In this case new bioelectrochemical systems were designed by aiming several goals:
selecting optimal electrode surface and immobilisation method, optimizing working
conditions of enzymes, estimating effects of heterogeneous, homogeneous and non-
aqueous ambience to enzyme action and studying electron transfer (ET) pathways. The
results were used to design amperometric biosensors for alcohols, sugars and CO
detection. It also was used to construct the bioreactor based on thermophilic arabinose
isomerase from Gluconobacter lituanicus 5 (TAl) for the synthesis of rare sugar — D-(-)-
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tagatose. Two bioelectrochemical methods for D-(-)-tagatose determination were
proposed.

The aim of this work is to study the behaviour of PQQ dependent
oxidoreductases — SADH, mADH, GDH and FDH in homogeneous and heterogeneous
systems and to create new bioelectrocatalytic systems based on these enzymes.

The main objectives of the work were as follows:

1. Analysis of PQQ dependent alcohol dehydrogenases properties: effects of
buffer solution pH, possibilities of ET in heterogeneous systems and influence of non
aqueous solutions on the action of these enzymes in heterogeneous ambience.

2. Study of impedimetric bioelectrochemical systems based on sADH, mADH,
GDH and new  poly(N-(N’,N’-diethyldithiocarbamoylethylamidoethyl)aniline)
(poly(NDDEAEA)) conductive polymer.

3. Design and characterization of new bioamperometric systems possessed
effective bioelectrocatalysis: by using proper electrode material, enzyme immobilisation
technique and electron transfer mediator.

4. Application of these bioamperometric systems for detection of alcohols,
carbohydrates and CO.

The novelty and significance of the work

The properties of PQQ dependent enzymes (sADH, mADH, GDH and FDH), such
as wild range substrate specificity, the possibility of working under anaerobic conditions
and direct re-oxidation on special electrode surfaces are very promising for the
development of devices for biosynthesis or biosensors. However, the properties of these
enzymes in heterogeneous systems have not been investigated thoroughly. Thus, the
influence of the system heterogeneity to substrate specificity of sSADH, mADH, GDH
and FDH, possibilities to enzyme action in ionic liquids and ET pathways in
bioelectrochemical systems with alcohol dehydrogenases were analyzed in this work. In
order to create efficient and stable bioelectrochemical systems, new enzyme
immobilisation techniques, new electrode materials and new mediators were tested. It
was shown, that bioamperometric systems based on SADH and mADH can be applied
for determination of alcohols and CO. Investigation of bioamperometric systems based
on FDH and 2-(3-nitro(phenyl)amino)- cyclohexa-2,5-dien-1,4-dione permitted us to
design a biosensor prototype for D-(-)-tagatose determination.

The defence statements of the work

1) Substrate specificity of immobilised PQQ dependent enzymes differs from
that of native enzymes and depends on properties of heterogeneous system used.
2) It is possible to realize the direct electron transfer (DET) from reduced PQQ

molecule in enzyme active site to the electrode surface in heterogeneous systems, if
energetically favourable way isn’t possible.

3) PQQ dependent enzyme immobilisation on polyvinyl alcohol (PVA)
modified semi-permeable terylene film ensures efficient performance of enzyme for
more than a half year.

4) Bioamperometric system based on FDH and 2-(3-nitro(phenyl)amino)-
cyclohexa-2,5-dien-1,4-dione can be applied for D-(-)-tagatose determination.
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ABBREVIATIONS

1F — 2-(2-fluoro-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione

IM — 2-(2-methoxy-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione

2F — 2-(4-fluoro-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione

2M — 2-(4-methoxy-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione
3D-IDEA - three-dimensional interdigitated electrode array

AFM — atomic force microscopy

AOx — alcohol oxidase

AuME - gold microelectrode

BBen — 2,5-bis-[methyl-(phenyl)-amino]-cyclohexa-2,5-dien-1,4-dione
Ben — 2-[methyl-(phenyl)-amino]-cyclohexa-2,5-dien-1,4-dione

BQ — 1,4-benzoquinone

BSA — bovine serum albumin

ChMA - chemical modified amorphous carbon

Cst — amorphous carbon “Raven M”

CV — cyclic voltammogram

DCPIP - 2,6-dichlorophenolindophenol

DET - direct electron transfer

ET — electron transfer

FDH - fructose dehydrogenase

GDH - glucose dehydrogenase

GO — graphite oxide

IL — ionic liquid

IL; — tetrakis-(2-hydroxyethyl) ammonium trifluoromethane sulfonate
IL, — 1-iso-butyl-3-methyl imidazole dicyanamide

IL3 — 1-iso-pentyl-3-methyl imidazole dicyanamide

mADH — membrane bound alcohol dehydrogenase

MET — mediated electron transfer

MN — 2-(3-nitro-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione
NDDEAEA — N-(N, N¢-diethyldithiocarbamoyl ethyl amido ethyl)-aniline
OG-1P, OG-18S, OG-2P and OG-2S — graphite oxidation products

PF — potassium ferricyanide

PMS — phenazine methosulphate

poly(NDDEAEA) — poly-(N-(N’,N’-diethyldithiocarbamoylethylamidoethyl)-aniline
PQQ — pyrroloquinoline quinone

PVA — polyvinyl alcohol

sADH - soluble alcohol dehydrogenase

TAI — thermophilic arabinose dehydrogenase

Tris — tris(hydroxymethyl)aminomethane



MATERIALS AND METHODS

Enzymes: mADH from Gluconobacter sp. 33, E. C. 1.1.5.5, activity of enzyme
solution 200 U/ml; sADH from Pseudomonas putida HKS, E. C. 1.1.9.1, activity of
enzyme solution 130 U/ml; GDH from Acinetobacter calcoaceticus, E. C. 1.1.5.2,
activity of enzyme solution 1800 U/ml; GDH mutants with different substrate
specificity: Mut33, Mut35 and Mut42; TAI from Geobacilus lituanicus 5, activity of
enzyme solution 28 U/ml. MADH, sADH, GDH, Mut33, Mut35, Mut42 and TAI were
isolated and purified at the Department of Molecular microbiology and biotechnology
(Vilnius University, Institute of Biochemistry) (Lithuania). FDH from Gluconobacter
industrius, E. C. 1.1.99.11, was purchased from “Sigma-Aldrich” (Germany), activity of
enzyme solution 800 U/ml. AOx from Pichia pastoris, E.C. 1.1.3.13, was purchased
from “The Merck Group” (Germany).

Electrode materials: amorphous carbon “Raven M” (Cst) were purchased from
“Columbian Chemicals Co” (USA). Graphite rods were purchased from “Rings-dorff
Werke GmbH” (Germany). Chemical modified amorphous carbon (ChMA) was
synthesized in Department of Inorganic Chemistry (Vilnius University, Faculty of
Chemistry) (Lithuania) by the method described in [4]. Graphite oxide (GO) was
synthesized by the method reported in [5] and graphite oxidation products: OG-1P, OG-
1S, OG-2P and OG-2S were synthesized by using the methods reported in [6] in
Department of Inorganic Chemistry (Vilnius University, Faculty of Chemistry)
(Lithuania). Monomer of conductive polyaniline polymer used N-(N, N-*-
diethyldithiocarbamoyl ethyl amido ethyl)-aniline (NDDEAEA) was synthesized in
Cranfield Biotechnology Centre (Cranfield University, United Kingdom) by the method
reported in [7].

Electron acceptors and mediators: water soluble mediators: potassium ferricyanide
(PF), phenazine methosulphate (PMS) from “Sigma Aldrich” (Germany) and 2,6-
dichlorophenolindophenol (DCPIP) from “Fluka Chemie GmbH” (Germany). New
quinone-type mediators: 2-(2-fluoro-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione (1F),
2-(4-fluoro-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione  (2F), 2-(2-methoxy-phenyl-
amino)-cyclohexa-2,5-dien-1,4-dione  (1M), 2-(4-methoxy-phenyl-amino)-cyclohexa-
2,5-dien-1,4-dione (2M), 2-(3-nitro-phenyl-amino)-cyclohexa-2,5-dien-1,4-dione (MN),
2-[methyl-(phenyl)-amino]-cyclohexa-2,5-dien-1,4-dione (Ben), 2,5-bis-[methyl-
(phenyl)-amino]-cyclohexa-2,5-dien-1,4-dione (BBen) were synthesized in Department
of Bioorganic Compounds Chemistry (Vilnius University, Institute of Biochemistry).

Ionic liquids: room temperature ionic liquids (ILs): tetrakis-(2-hydroxyethyl)
ammonium trifluoromethane sulfonate (IL;), 1-iso-butyl-3-methyl imidazole
dicyanamide (IL,;) and 1-iso-pentyl-3-methyl imidazole dicyanamide (IL;) were
synthesized in Department of Bioelectrochemistry and Biospectroscopy (Institute of
Biochemistry, Vilnius University) (Lithuania).

Another chemicals: 1,2—propanediol, acetic acid, NaOH (“J. T. Baker”, the
Netherlands), ethanol, KCIl (“Riedel — de Haen”, Germany), 1,3-propanediol (“Merc”,
Germany), methanol, 2-propanol, allyl alcohol and 3-methyl-1-butanol (“Reachim-
Pharm Ltd”, Russia), 2-butanol (“Reanal”, Hungary), 2-decanol, polyvinyl dichloride
(“Fluka Chemie GmbH”, Germany), 1,3-diamino-2-propanol, polyvinyl alcohol (PVA)
(“Fluka Chemie GmbH”, USA), D-(+)-glucose, D-(+)-galactose, D-(-)-tagatose, D-(-)-
fructose from (“Merc”, Germany), sodium acetate, CaCl, (“Lachema”, Czech Republic),
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Tris (“Carl Roth GmbH + Co”, Germany), imidazole (“Fluka AG”, Switzerland), 1,4-
benzoquinone, bovine serum albumin (BSA), KCI, K4[Fe(CN)¢], HCI, acetonitrile, N,
(NH4);S,04, dialysis tubing cellulose membrane MWCO 12000 (25 mm thickness)
(“Sigma Aldrich”, Germany), Na,HPO,, 0,1 M citric acid, chloroform, glutaraldehyde,
sodium azide, methane acid (85%), concentrated sulfuric acid (95%) (“AppliChem”,
Germany), sandpaper, terylene film (thickness 12 um, pore size 0.4 um) (“Joint Institute
of Nuclear Research”, Russia); mica (“SPI Supplies Inc”, USA); 1.5ml and 1 cm
thickness “semi-micro PMMA” cuvettes (“Brand GmbH+Co KG”, Germany).

Construction of impedimetric systems

Impedimetric systems based on a three-dimensional interdigitated electrode array
(3D-IDEA) as a transducer were designed by modification of the electrode with poly(N-
(N, N¢-diethyldithiocarbamoyl ethyl amido ethyl))-aniline (poly(NDDEAEA)).
3D-IDEA were fabricated at the IMB-CNM, CSIC (Spain), as described in [8].
3D-IDEA electrodes were modified with poly(NDDEAEA) by NDDEAEA oxidative
polymerization. Oxidative polymerization was performed following the method
published in [7] using (NH,4);S,04 under the following conditions: 0.018 M (NH,);S,0Os,
0.025 M NDDEAEA, 0.225 M HCI, 25% acetonitrile in water, 1.5 h polymerization in
the dark at room temperature. Poly(NDDEAEA)-coated transducers were washed in
three cycles with de-ionised water and dried in a N, flow.

Immobilisation of SADH by entrapment was performed as follows: the reaction
mixture was prepared by mixing 250 pL. of NDDEAEA (0.1 M in acetonitrile) with
207 uL of aqueous solution of (NH,4);S,0g (0.0915 M), 230 uL of HCI (1 M), and
690 uL. of sADH solution (0.9 mM). Polymerisation was carried out for 1.5 h at room
temperature in the dark. Enzyme and polymer modified electrodes were rinsed several
times with de-ionised water and dried in a N, flow. Such impedimetric system was
named as SADH+poly(NDDEAEA).

Immobilisation of sSADH, mADH and GDH by adsorption was done as follows: 2 puL
of enzyme solution were dropped onto pre-modified with poly(NDDEAEA) electrode
surface and kept at +4 °C for 1 h. Enzyme modified electrodes were carefully washed
with de-ionised water and dried in a N, flow. Such designed impedimetric systems
named as SADH_poly(NDDEAEA), mADH_poly(NDDEAEA) and
GDH_poly(NDDEAEA).

Construction of bioamperometric systems

Bioamperometric systems based on a gold microelectrode (AuME) as a transducer
were designed by modification of electrode with poly(NDDEAEA). AuMEs (working
area 1.64 mm®) were fabricated at the IMB-CNM, CSIC (Spain) by deposition of titanium
(10 nm) and gold (100 nm) onto a silicon wafer covered with 1 pm thick silicon oxide
layer. Electrodes were patterned using conventional lift-off technique. Before
experiments AuMEs were rinsed with de-ionised water and sonicated in de-ionised water
for 10 min. Then they were electrochemically cleaned with potential scanning from -0.2
Vto 1.7 V (vs. Ag/AgCl) 10-20 times, 200 mV/s scan rate in 0.5 M H,SO, water
solution until reproducible gold oxide stripping peaks were obtained. AuMEs were
modified with poly(NDDEAEA) by NDDEAEA oxidative polymerization. Oxidative
polymerization was performed by the method published in [7] using (NHy4);S,0s, as
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described above. SADH, mADH and GDH were immobilised by adsorption: 2 pL of
enzyme solution were dropped onto electrode surface and kept at +4 °C for 1 h. Enzyme
modified electrodes were carefully washed with de-ionised water and dried in a N, flow.

Different bioamperometric systems based on carbon paste electrode (CPE) or
graphite rod electrodes (GE) as transducers were designed by modification of electrode
with carbonaceous materials or quinone-type mediators and immobilisation of enzymes.
CPEs were fabricated in Department of Bioanalysis (Vilnius University Institute of
Biochemistry). Electrode surface of rod-type CPEs (working area @ 2.4 mm) and plate-
type CPEs (working area @ 2 mm) was formed by Cst paste, which was prepared by
mixing of Cst powders with polyvinyl dichloride. Bioamperometric systems based on
sADH, mADH, GDH, Mut33, Mut35, Mut42, AOx and FDH were designed using
following methods:

a) Adsorption onto not modified CPEs: 2 ul of sADH, mADH, FDH or GDH
were dropped onto CBE surface and kept at +4 °C for 1 h. These systems are named:
sADH_Cst, mADH_Cst, FDH_Cst and GDH_Cst. Between the measurements the
systems were stored in 50 mM acetate buffer solution, pH 6.0, contained 10 mM KCI
and CaCl, at +4 °C.

b) Adsorption onto CPEs modified with carbonaceous materials. Procedure of
CPE modification with carbonaceous materials: about 1 mg of ChMA, GO, OG-1P, OG-
IS, OG-2P or OG-2S powders was pressed into CPE surface, then not sufficiently
attached powders were removed by strong air flow. Then sADH and mADH were
immobilised on modified CPEs as described above in section a). These systems are
named: mADH_ChMA-Cst, sSADH_GO-Cst, sADH_OG-1P-Cst, sSADH_OG-2P-Cst,
sADH_OG-1S-Cst, sSADH_OG-2S-Cst. Between the measurements the systems were
stored in 50 mM acetate buffer solution, pH 6.0, contained 10 mM KCI and CaCl, at
+4 °C.

c) Adsorption onto modified with quinone-type mediators CPEs and GEs.
Procedure of CPE and GE modification with mediators: 2 pl of 10 mg/ml MN, Ben,
BBen, 1M, 2M, 1F, 2F or BQ solution in chloroform were dropped onto electrode
surface and kept at room temperature for 30 min. FDH and GDH were immobilised on
modified CPEs as described above in section a). These systems are named: FDH_MN-
Cst, FDH_Ben-Cst, FDH_BBen-Cst, FDH 1M-Cst, FDH 2M-Cst, FDH_1F-Cst,
FDH_2F-Cst, FDH_MN-GE and GDH_MN-Cst. Between the measurements the
systems were stored in Mcllvaine’s buffer system with pH 4.6 at +4 °C.

d) Immobilisation onto 0.5% PVA coated semi-permeable terylene film.
Procedure of immobilisation onto PVA coated terylene film: 2 pl of sSADH or GDH were
dropped onto film surface and kept at +4 °C for 1 h to 1 day. Rod-type CPEs were
covered by enzymes modified PVA coated terylene film, so that the enzyme was being
placed between the film and the CPE surface. These systems are named: (PVA)-
GDH/1/-Cst (enzyme immobilisation 1 h), (PVA)-GDH/2/-Cst (enzyme immobilisation
2 h), (PVA)-GDH/4/-Cst (enzyme immobilisation 4 h), (PVA)-sADH/1.5/-Cst (enzyme
immobilisation 1.5 h), (PVA)-sADH/1P/-Cst (enzyme immobilisation 1 day). Between
the measurements the systems were stored in 50 mM acetate buffer solution, pH 6.0,
contained 10 mM KCl and CaCl, at +4 °C.

e) Cross linking using glutaraldehyde on terylene film. Procedure of AOx cross
linking: 5 pl of stock solution, which consist of mixture of 20 ul BSA solution (50
mg/ml BSA in 0.01 M phosphate buffer solution, pH 8.0) with 1.3 mg of AOx, 0.5 mg of
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sodium azide and 5 pl of 5% glutaraldehyde water solution, were dropped onto terylene
membrane and kept at +4 °C for 12 h.

Before experiments prepared bioamperometric systems were carefully washed with
de-ionised water.

Impedance measurements

Characterisation of 3D-IDEA sensors was performed using impedance
measurements in a 100 Hz — 1000 kHz frequency range with a 25 mV (amplitude)
voltage excitation at 25 °C using PARSTAT 2263 Advanced Electrochemical System
(Princeton Applied Research, USA). Impedance measurements and the response of
enzyme modified electrodes to the addition of enzyme substrate were performed in a
0.01 mM CaCl, water solution. The enzyme substrates solutions, containing 100 mM of
ethanol, 100 mM 1.2-propandiol or 100 mM of D-glucose were prepared using 0.01 mM
CaCl, as a background. Z-Plot/Z-View software package (Scribner Associates, Southern
Pines, NC, USA) was used for impedance data treatment and an equivalent circuit
fitting. The Origin Pro 8.0 program (free trial version from http://www.originlab.com,
Origin-Lab Corporation, USA) was used for data analysis and presentation.

Impedance spectra were fitted using one of the two equivalent circuit models of 3D-
IDEA sensor presented in Fig.1.
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Fig.1. Equivalent circuits of a 3D-IDEA sensor. A — equivalent circuit models (1) and
(2). B— Nyquist plot shows impedance spectra characteristic for each of the equivalent circuits.

The first equivalent circuit presented in Fig.1 A (1) was used for spectra fitting when
only one semicircle appears in a spectrum at high frequencies and the low frequency part
on the Nyquist plot is linear. In water solutions where the studied systems showed
spectra with two semicircles as presented in Fig.1 (2), the second equivalent circuit was
used to fit them. The parameter R, is the resistance of the electrodes contacts. Parallel
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combination of the CI1-R1 presents the resistance of the polymer layer and the
geometrical capacitance of the IDEA sensor and CPE1 and R2 present the capacitance
and resistance at the interface between the polymer and the solution.

The accurateness of the fit may be assessed using the chi-squared parameter which is
the square of the standard deviation between the original data and the calculated
spectrum. For all spectra measured in this work the chi-square parameter was typically
smaller than 0.0025.

Chronoamperometry measurements

The potentiostat (Department of Bioanalysis, Vilnius University, Institute of
Biochemistry) with a conventional four-electrode system consisting of a platinum plate
electrode as an auxiliary, a saturated Ag/AgCl electrode as a reference and two AuME or
CBE as a working electrodes were used for chronoamperometric experiments. Same
potential is applied on both working electrodes during measurements.
Chronoamperometry measurements were carried out in 1.65 ml volume electrochemical
cell at 20 °C. The response of the prepared AuMEs to substrate addition were recorded
under potentiostatic conditions at +400 mV in a stirred 100 mM acetate buffer solution,
pH 6.0, containing 10 mM CaCl, and 10 mM KCIl. The response of the systems:
sADH Cst, mADH Cst, GDH Cst, mADH ChMA-Cst, sADH GO-Cst, sADH OG-
1P-Cst, SADH_OG-2P-Cst, sADH_OG-1S-Cst, sSADH OG-2S-Cst, (PVA)-GDH/1/-Cst,
(PVA)-GDH/2/-Cst, (PVA)-GDH/4/-Cst, (PVA)-sADH/1.5/-Cst and (PVA)-sADH/1P/-
Cst to substrate addition were recorded under potentiostatic conditions at +400 mV in a
stirred 50 mM acetate buffer solution, pH 6.0, containing 10 mM CacCl, and 10 mM KCI.
The response of the systems: FDH_MN-Cst, FDH Ben-Cst, FDH_BBen-Cst, FDH_1M-
Cst, FDH 2M-Cst, FDH _1F-Cst, FDH_2F-Cst, FDH_MN-GE and GDH_MN-Cst to
fructose, tagatose or galactose addition were recorded under potentiostatic conditions at
+400 mV in Mcllvaine’s buffer system. The chronoamperometry measurements with
water soluble mediators were performed by adding of 2 mM PF, 0.1 mM DCPIP or 0.2
mM PMS into electrochemical cell.

The storage stability of bioamperometric systems:

GDH_Cst, (PVA)-GDH/1/-Cst, (PVA)-GDH/2/-Cst and (PVA)-GDH/4/-Cst were
checked by response to 3 mM glucose; SADH Cst, (PVA)-sADH/1.5/-Cst and (PVA)-
sADH/1P/-Cst to 1.25 mM 1,2-propanediol; mADH Cst and mADH ChMA-Cst to 1.25
mM ethanol; FDH_ MN-Cst, FDH Ben-Cst, FDH BBen-Cst, FDH 1M-Cst, FDH 2M-
Cst, FDH_1F-Cst ir FDH_2F-Cst and FDH_Cst to 10 mM fructose.

Chronoamperometry measurements of SADH Cst and mADH ChMA-Cst based on
plate-type CPEs were carried out in unstirred ILs water solutions in “one-drop” (60 pl
volume) electrochemical cell. The response of these systems to addition of 8 mM
1,2-propanediol or 8 mM ethanol, respectively, were recorded under potentiostatic
conditions at +400 mV and 20 °C. The 5 mM PF were added into electrochemical cell to
obtain mediated electron transfer (MET).

The Origin Pro 8.0 program was used for data treatment and analysis.

Voltamperometric measurements

The electrochemical system PARSTAT 2273 (Princeton Applied Research, USA)
with a conventional three-electrode system consisting of a platinum plate electrode as an
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auxiliary, a saturated Ag/AgCl electrode as a reference and CBE, GE or AuME as a
working were used for voltamperometric measurements. Cyclic voltamperometric
measurements of modified with quinone-type mediators and FDH GEs and CBEs were
carried out in 0.5 M H,SO, water solution or in Mcllvaine’s buffer system, pH 4.6 at
20 °C. Analysis of cyclic voltammograms (CVs) and data processing were performed by
the Origin Pro 8.0 program. Determination of heterogeneous electron transfer rate
constant was performed by the method described in [9].

AFM measurements

Surfaces of carbonaceous materials were analyzed by using scanning probe
microscope Agilent 5500 AFM/STM (Agilent Technologies Inc, US). Standard AFM
method such as acoustic AC mode surface scanning was used for visualization of the
surface morphology. Imaging was done in intermittent contact mode using a rectangular
‘FESP’ probe (Veeco Instruments Inc., USA, 0.01 — 0.025 Qcm Antimony (n) doped S;
with frequency f.=60 — 100 kHz, spring constants k=1 — 5 N/m, and nominal tip radius
10 nm). Samples for AFM imaging were prepared by the standard method of mechanical
exfoliation [10] of carbonaceous materials on a freshly cleaved mica surface. Surfaces of
carbonaceous materials were characterized by typical roughness parameters: roughness
average (S,), ten point height (S;), surface skewness (S;) and surface kurtosis (Sy).

Surfaces of PVA coated semi-permeable terylene film without and with immobilised
enzymes were analyzed by scanning probe microscope D3100/Nanoscope [Va (Veeco
Instruments Inc., USA) in the State research institute Centre for physical sciences and
technology. Standard AFM methods such as contact and tapping mode surface scanning
were used for visualization of the surface morphology.

The data and images of scanning probe microscopes were processed by the Scanning
Probe Image Processor 5.1.2 (free trial version from http://www.imagemet.com, Image
metrology, DK).

Spectrophotometric measurements

Spectrophotometric measurements were performed on UV 300, UV-Visible
spectrometer (Thermo Spectronic, USA). Activity of the SADH, mADH and GDH was
measured in 50 mM acetate buffer solution, pH 6.0, in the presence of 2 mM 1,2-
propanediol, ethanol or glucose, respectively, at 420 nm if PF (¢ = 1000 cm "M ™) (2
mM) was used or at 600 nm in the presence of DCPIP (¢ = 9300 cm 'M ') (0.1 mM).

The effect of pH to activity of SADH and mADH was measured in 50 mM acetate
buffer solution (pH 4.0 — 6.2), 50 mM imidazole buffer solution ( pH 6.2 — 7.0) and 50
mM Tris buffer solution (pH 7.0 — 11.0) at 420 nm using PF.

Synthesis of carbon monoxide and its influence to activity of native enzymes and
bioamperometric systems

The synthesis of CO was carried out according to the published protocol [11]. The
inactivation procedure was carried out by bubbling 50 mM acetate buffer solution,
pH 6.0, containing native sADH, mADH, GDH or dipped mADH ChMA-Cst and
GDH_Cst with CO for different time.

Dry mADH ChMA-Cst and GDH Cst systems were inhibited by cigarette smoke
for different time. The decrease of systems activity was measured by
chronoamperometric method.
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Galactose bioconversion to tagatose

Isomerisation of D-(+)-galactose to D-(-)-tagatose was catalysed by TAI in stirred
phosphate buffer solution at 60 °C. The reaction was started by addition of 10 mM
galactose. 100 pl of reaction mixture, which were collected for different reaction time,
were analysed with FDH MN-Cst and (PVA)-GDH MN-Cst by the method of
chronoamperometry in Mcllvaine’s buffer system, pH 5.0.

Determination of ethanol in alcoholic beverages

Determination of ethanol in alcoholic beverages was performed by mADH ChMA-
Cst, sADH Cst in 50 mM acetate buffer solution, pH 6.0, and immobilised AOx on
terylene film in 0.01 M phosphate buffer solution, pH 7.5, chronoamperometricaly.
Determination of ethanol by mADH ChMA-Cst and sADH Cst was performed at
+400 mV with two working electrodes potentiostat. Determination of ethanol by AOx
was performed at +600 mV with analyser “Eksan A” (“Analita”, Lithuania) with
conventional three-electrode system consisting of a titanium electrode as an auxiliary, a
saturated Ag/AgCl electrode as a reference and platinum plate electrode as a working.
Before the determination of ethanol concentration in wines (“Beauvillon”, “J. P. Chenet”
(medium dry)), bitter (“Palanga”) and liqueur (“Mariel”), the beverages samples were
diluted 1000 times.
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RESULTS AND DISCUSSIONS
1 Properties of PQQ dependent alcohol dehydrogenases

Soluble and membrane bound PQQ dependent alcohol dehydrogenases, which were
studied in this work, are promising enzymes in application to bioelectrochemical
systems. However, their properties such as pK,, electron transfer pathways in
heterogeneous systems, effect of non aqueous ambience are still unknown.

1.1 Effects of buffer solution pH

In the present work the effect of pH to the activity of native SADH and mADH was
determined spectrophotometrically using PF as electron acceptor. It was found, that the
variation of sADH initial velocity with pH gives a classical “bell-shaped” curve with
maximum enzyme activity in pH range between 7 and 9. The dependence of mADH
initial velocity on pH has two optimums: at pH 5.5 and pH 8.4. These results correspond
to data, which were published in [12-13]. mADH and sADH pK, values were determined
using Dixon method as described in [14] from the plots of logarithms of initial velocity
of enzymes against pH (Fig. 2). pK,; and pK,, of sADH were obtained 6.1 and 10.3,
respectively (Fig. 2, A). pK,; and pK,, of mADH were obtained 4.7 and 5.7, respectively
(Fig. 2, B). pH dependence of initial velocity of mADH also points that more than one
form of enzyme-substrate complex can yield products. The critical point pH value of
mADH at 8.4 (Fig. 2, B) corresponds maximum velocity of second enzyme-substrate
complex breakdown to products. Moreover, deprotonation of enzyme-substrate complex
with pH more than 8.4 irreversibly diminishes the rate of the catalysed reaction. In this
case, H ions are activators of mADH catalysis.

Obtained results show, that mADH and sADH activity is optimal in weakly acidic or
neutral ambiences. This explained the effect of pH to activity of bioelectrochemical
systems based on mADH and sADH, which were published in [4, 15-16].
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Fig. 2. Plots of logarithms of initial velocity of (A) sADH, (B) mADH against pH.
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1.2 Electron transfer pathways in bioelectrochemical systems based on sADH and
mADH

mADH and sADH are quinohemoproteins having prosthetic groups: PQQ and hemes
c. The enzymes structures and assumed one- or two-electron transfer pathways during
bioelectrocatalysis are schematically shown in Fig. 3. As was previously reported, the
oxidized cofactor transforms during bioelectrocatalysis to quinol (PQQH,) by accepting
two electrons and two protons, and re-oxidation proceeds easily by releasing two
electrons [4, 17-20]. Afterwards the electrons might be transferred to the electrode either
via the hemes c groups (one-electron transfer), as it occurs in natural ambience, or via
PQQ (two-electron transfer).

Aiming to investigate electron-transfer pathways in biocatalysis by sADH and
mADH the inhibition of hemes ¢ of enzymes by carbon monoxide was carried out. The
inactivation kinetics was studied using one- and two-electron mediators: PF and DCPIP
in homogeneous and heterogeneous systems.

ELECTRODE ELECTRODE

Fig. 3. Proposed electron-transfer pathways for bioelectrocatalysis by sADH (A) and
mADH (B). One-electron transfer pathway: from PQQ via heme ¢ to the electrode (pointed by
black arrows), and two-electron transfer pathway: from PQQ to the electrode (pointed by dashed
arrows).

sADH and mADH activity during the inhibition procedure was evaluated by analysis
of responses to 1,2-propanediol and ethanol, respectively. For the first, the effect of
inhibition of both enzymes by CO was studied spectrophotometrically in homogeneous
system. It was found that SADH activity decreased during process of inhibition with CO
and also without treatment with CO. The effect of inhibition of mADH by CO was more
effective and mADH was more stable than SADH. In this case, mADH was used for the
next studies of electron transfer. The inactivation kinetics of mADH during biocatalysis
was found to be significantly different for one- and two-electron mediating processes,
using PF and DCPIP, respectively. Besides that, the same inactivation procedure was
performed on GDH, which has no hemes ¢, and no inactivation was observed. The
calculated inactivation constant (k;,) observed for native mADH by using the one-
electron mediator PF (k;, 0.344 min‘l) differed sufficiently from the £;, of the control
sample (0.002 min ' in the absence of CO). This indicates that hemes ¢ were successfully
inhibited and the electron-transfer mechanism via the internal mediators is hardly
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possible, whereas the mediating way by using the two-electron acceptor DCPIP exhibits
a significantly lower inactivation (k; 0.027 min') in comparison with the one-electron
mediating way. This fact implies that an alternative electron transfer way — shunting the
hemes pathway — may be switched on in the presence of two-electron mediators even if
the hemes are blocked.

Aiming to shed light on the proposed alternative electron transfer pathway during
biocatalysis by mADH, the electrochemical measurements were carried out as well. For
this purpose, the bioelectrochemical system mADH ChMA-Cst was constructed and
inactivation kinetics using CO was studied. Inactivation constants for direct
(mediatorless) bioelectrocatalysis (DET) of mADH or one- or two-electron-mediated
processes were calculated in heterogeneous system. Calculated from electrochemical
measurements k;, of the control sample in the absence of CO (0.004 min') correlated
with the k;, of the control sample of native mADH (0.002 min ). Furthermore, in all
cases of inhibition the inactivation process of mADH dependent bioelectrocatalysis can
be divided into the faster and the slower steps characterized by the different inactivation
rates. The calculated 4;, for both stages corresponded to k; obtained
spectrophotometrically of the native enzyme in one-electron (the faster stage) and two-
electron (the slower stage) mediating pathways, respectively. Evidently, the k;, values of
the faster and the slower inactivation processes in both cases of bioelectrocatalysis:
mediatorless or mediated using one-electron mediators differed at least 10 times. Values
of k;, are summarized in Table 1.

Table 1. Inactivation constants calculated for inactivation of biocatalysis by mADH.

Investigation: Spectrophotometric Electrochemical

ki, of one-electron 0.344 0.442 (faster stage of

transfer pathway, min™' (using PF) inactivation of DET)
0.15S (faster stage of

inactivation using PF)

ki, of two-electron 0.027 0.053 (slower stage of

transfer pathway, min™ (using DCPIP) inactivation of DET)
0.026 (slower stage of

inactivation using PF)

0.024 (inactivation of
bioelectrocatalysis using DCPIP)

ki of bioelectrocatalysis 0.002 0.004
without inhibition, min™

It can be concluded that the electrochemical analysis of inactivation kinetics justifies
the fact that the bioelectrocatalysis by mADH in the case of no additional two-electron
mediators proceeds via an energetically favourable way of the internal mediation (Fig. 3,
B one-electron transfer pathway). However, an alternative two-electron transfer pathway
from PQQ to the electrode (Fig. 3, B one-electron transfer pathway) is switched on when
hemes are inactivated. This electron transfer pathway can be realized due to function
groups of the carbon electrode material. Furthermore, two-electron mediators promote
this alternative way of bioelectrocatalysis by mADH independently of the inhibition of
hemes c.
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1.3 Effect of non aqueous ambience on activity of mADH and sADH in
heterogeneous systems

In the present work non aqueous ambience was created with new synthesized room
temperature ionic liquids: IL,, IL, and IL;. Activity of SADH and mADH was evaluated
by analysis of responses to 1,2-propanediol and ethanol, respectively, in the pure ILs and
ILs water solutions and compared with the responses of enzymes, which worked in
typical buffer solution. Both enzymes were immobilised on CPEs. The
chromoamperometry  measurements were performed with sADH Cst and
mADH_ChMA-Cst bioamperometric systems. The direct electron transfer and mediated
electron transfer (MET) with PF were observed.

It was found, that SADH and mADH show no activity in the pure ILs. The response
of both enzymes to substrate addition was decreased by increasing ILs concentration.
The main results of these studies are summarised in Table 2. For the first time it was
shown, that SADH_Cst system is able to work in a 50% IL; water solution by
maintaining up to 50% of enzyme activity.

Table 2. Effect of ILs on activity of sSADH and mADH working in heterogeneous system
expressed in current.

Ambience: 50 mM acetate 50% IL; 50% IL, 50% IL;
buffer solution
Electron
transfer.‘ DET MET DET MET DET  MET DET MET
sADH 290 £45 630=+30 - - - 13015 - 210+25
nA nA nA nA
mADH 76 £ 8nA 1.95+0.13 - - - 7x4nA - 2+08nA
LA

2  Impedimetric systems

Electrochemical impedance spectroscopy is a sensitive tool providing information on
various physical and chemical properties of materials, as well as on interaction processes
occurring in the bulk or at the surface of these materials. The behaviour of PQQ
dependent enzymes immobilised on 3D-IDEA impedimetric sensor covered by new
conductive polyaniline-type poly(NDDEAEA) polymer is studied.

3D-IDEA sensors were modified with poly(NDDEAEA) by chemical
polymerisation. After deposition of the polymer film the sensors show rather small
interelectrode resistivity that is only slightly affected by changes in the solution
conductivity. This is due to the presence of a highly conductive film that shunts the
electrodes and prevents penetration of the electric field into the solution. The resistance
of the film composed by poly(NDDEAEA) and adsorbed sADH, mADH or GDH
becomes several times higher. This means that there is an interaction between PQQ
dependent enzymes and the conductive polymer that affects the electrical properties of
the latter. However, the sensor impedance also was not affected by the solution
conductivity.

No specific resistance changes of 3D-IDEA covered with poly(NDDEAEA) without
immobilised enzymes were observed after addition of enzymes substrates: 1,2-
propandiol, ethanol and D-glucose till 1 mM their concentration in 10° M CaCl,
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(4.62 uS/cm) solution. The study of impedimetric systems with sADH enzyme
immobilised by entrapment during polymerization of poly(NDDEAEA) showed that this
method is not suitable as it results in inactive enzymes.

The sensor with adsorbed sADH, mADH and GDH showed specific response to
addition of the enzyme substrates (Fig. 4). As can be seen, sensors with sSADH, mADH
and GDH show decrease in determined resistance (R1) upon addition of enzymes
substrates. This fact permits to say that all studied enzymes in this work can undergo
direct re-oxidation on poly(NDDEAEA). Re-oxidation processes provoke partial
reduction of poly(NDDEAEA) chain and thereby affect the electrical conductivity of the
polymer layer registered by impedance measurements.

Chronoamperometric measurements were performed using AuMEs to ensure that
PQQ dependent enzymes can be directly re-oxidised on poly(NDDEAEA) surface.
Modification of AuMEs with poly(NDDEAEA) was performed by using the same
method as is used in impedimetric systems. Immobilisation of enzymes was performed
by superficial adsorption. Results obtained on amperometric sensors confirmed results
obtained by impedance measurements and show that studied enzymes can be re-oxidised
on poly(NDDEAEA) via DET from the enzyme active site to the polymer surface.
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Fig. 4. Response of poly(NDDEAEA) modified sensor with adsorbed sADH (A), mADH
(B) and GDH (C) to addition of enzymes substrates, 1,2-propandiol, ethanol and glucose,
respectively.

3  Bioamperometric systems

Aiming to enhance the bioelectrocatalysis of PQQ dependent dehydrogenases the
bioamperometric systems based on different carbonaceous materials were designed. A
key to obtain effective bioamperometric system is the development of a suitable
immobilisation of enzymes technique and optimisation of communication of
dehydrogenases with electrode surface. In this case several new methods of enzyme
immobilisation, new carbonaceous materials and new quinone-type mediators were
tested.

3.1 Systems based on GDH

In the present work the immobilisation of GDH on PVA modified semi-permeable
terylene film was developed. The efficiency of this immobilisation method was

21



compared with simple superficial adsorption on not modified CPE (bioamperometric
system GDH_Cst).

Bio-recognition properties, calibration curve and long term stability of
bioamperometric systems can mainly be related to porous structure of PVA modified
terylene film on which enzyme is immobilised. The characterisation of surface of
terylene film was performed by AFM scanning. The pictures of the front side of PVA
modified film with immobilised GDH and the back side without enzyme are presented at
Fig. 5 A and B, respectively. The front side of the PVA modified film (Fig. 5, A) is
covered by comparatively thick GDH layer through which the surface of the membrane
practically cannot be detected by the AFM scanning. Differences in height on the
enzyme layer can be up to about 1 um, as it is represented by the dark to light scale. The
back side of the PVA modified film remained clear of enzyme molecules after
immobilisation of GDH on the front side of the film, as it is shown in Fig. 5 B. So, after
GDH immobilisation, PVA modified terylene film remained its semi-permeability and
different low molecular weight molecules can easily pass through the film.

®
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Fig. 5. AFM image of the PVA modified terylene film surfaces obtained on the front
side (A) with enzyme GDH layer and the back side (B) without enzyme layer.

GDH immobilisation was performed for different periods of time to optimise the
amount of enzyme on the PVA modified terylene film. The obtained bioamperometric
systems were: (PVA)-GDH/1/-Cst, (PVA)-GDH/2/-Cst and (PVA)-GDH/4/-Cst. These
systems were investigated using water soluble mediator: PMS. The main characteristics
of (PVA)-GDH/1/-Cst, (PVA)-GDH/2/-Cst and (PVA)-GDH/4/-Cst and GDH_Cst were

summarised in Table 3. Kinetic parameters: apparent Michaelis constant (K,"") and

apparent maximum current (I,°7.) were determined using Michaelis and Menten

equation for bioamperometric systems [21].

The systems, which were designed by immobilisation of GDH on PVA modified
terylene film were at least 10 times more stable and generated 4 times higher response to
glucose in comparison to the GDH_Cst system. The sensitivity of immobilised GDH was
also higher than GDH_Cst. However, the immobilisation of GDH extended the response
time of systems (up to more than 4 min). It also should be noted, that inactivation of all
studied systems occurs in two stages, except for (PVA)-GDH/1/-Cst, its inactivation
occurs in one stage. The first inactivation stage could be explained by desorption of not
effective attached enzyme from film or electrode surface, and then the second
inactivation stage defines slow denaturation process of GDH. Among the others (PVA)-
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GDH/2/-Cst system possesses the highest stability, as it responded to addition of glucose
for more than 9 months. These are the best stability results, which were obtained during
the study of bioelectrochemical systems with GDH. Because of its high stability and
efficiency, (PVA)-GDH/2/-Cst can be applied in commercial biosensoric systems or
biological fuel cell elements. For this reason the influence of room temperature changes
to the activity of systems with immobilised GDH on PVA modified terylene film were
evaluated. The magnitude of response to glucose was increased approximately 2.4% by
increasing temperature for 1 degree in the range of 15 — 35 °C. It was also found, that the
activation energy of bioelectrocatalysis by GDH is 26 + 2 kJ/mol (obtained as described
in [22-23]) and is similar to activation energies of bioelectrocatalysis by other
dehydrogenases [24]. It also should be noted, that the thermal inactivation of
bioamperometric systems of immobilised GDH on PVA modified terylene film is
reversible, if the measurements were done at the temperature not higher than 50 °C.

Table 3. The characteristics of bioamperometric systems based on GDH.

Bioamperometric (PVA)-GDH/1/- (PVA)-GDH/2/- (PVA)-GDH/4/- GDH Cst
system: Cst Cst Cst
Apparent maximum 45+5 37+1 46+ 2 11.5+0.7
current density,
,uAcm'2
K]'f;’p, mM 7.2+0.6 3.6+x04 57+0.8 25+£03
Sensitivity, 4.1 4.4 4.5 33
uAcm™mM!
Time of response, 42+0.6 50+2.1 53+1.9 1.5+0.5
min
Linear ranges, mM 0.001 -3 0.001 —4.5 0.001 —4.5 0.001 -1
Decreasing of 50% 4.6 17 20 1.7
response, days
Time of system 50 265 149 15
working, days

1 - 52+0.6 39+0.3 21+5
Kin -110'5, 2 - 0.9+0.1 1.3+0.7 59+0.3
min

3 3.7+0.3 - -

3.1.1 Substrate specificity of GDH

In order to evaluate possible application potential, substrate specificity of GDH was
studied in this work. It is known, that native GDH possesses wild range of specificity to
aldoses [25]. Aiming to enhance specificity of GDH, the GDH mutants: Mut33, Mut35
and Mut42 were constructed. In the present work the substrate specificity of GDH and
its mutants was studied in heterogeneous systems and compared with specificity of
native GDH (in homogeneous system). Enzymes were immobilised on PVA modified
terylene film and their activity was estimated by chronoamperometric measurements
using PMS. The obtained results are presented in Fig. 6. Substrate specificity of wild-
type GDH in heterogeneous system hasn’t changed significantly comparing with the
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same specificity in homogeneous system. Substrate specificity of GDH mutants was
different than of wild-type GDH. Mut33, Mut35 and Mut42 possessed more than 20%
lower response to same carbohydrates comparing with GDH activity in heterogeneous
system. Immobilised enzymes were characterised by main kinetic parameters: K" and

PP PP of GDH mutants for each substrate were at least more than 3 times lower and
19PP

K,/’ were more than 10 times higher than ;7% and K,’ of wild-type GDH,
respectively. K,* of GDH mutants for glucose was more than 20 mM, for lactose —
more than 60 mM, for galactose — more than 100 mM and for maltose — more than 90
mM. This leads to conclusion, that the bioelectrocatalysis of GDH mutants was not
effective. However, neither wild-type GDH nor GDH mutants did not oxidise ketoses:

fructose and tagatose.
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Fig. 6. Substrate specificity of glucose dehydrogenases. Substrate specificity of native GDH
in homogeneous system from [25-26].

3.2 Systems based on sADH

SADH is water soluble protein and similarly to GDH possesses hydrophilic surface.
Aiming to obtain stable and effective bioelectrocatalytic system the immobilisation of
sADH on PVA modified semi-permeable terylene film has been tested. The efficiency of
this immobilisation method was compared to simple adsorption on not modified CPE
(bioamperometric system sADH_Cst). Focusing to optimise the amount of enzyme on
the PVA modified terylene film, SADH was immobilised for different periods of time. It
resulted in two designed bioamperometric systems: (PVA)-sADH/1.5/-Cst and (PVA)-
sADH/1P/-Cst. Investigations of these systems were performed using water soluble
mediator — PF. The summary of obtained main characteristics of SADH_Cst, sADH/1.5/-
Cst and (PVA)-sADH/1P/-Cst were presented in Table 4Table 3. Systems based on
immobilised enzyme (sADH/1.5/-Cst and (PVA)-sADH/1P/-Cst) possessed higher
apparent current density and sensitivity. However system based on adsorbed sADH
(sADH_Cs) was more stable: the response to addition of 1,2-propanediol was obtained
for more than 160 days. As in the case of bioamperometric systems with GDH,
inactivation of sADH_Cst, (PVA)-sADH/1.5/-Cst and (PVA)-sADH/1P/-Cst occurs in
two stages: faster and then slower. The first inactivation stage could be explained by
desorption of not effective attached enzyme, while second inactivation stage defines
slow denaturation process of SADH. Thus, in this case adsorption of SADH determined
more stable systems.
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Aiming to enhance the efficiency of bioamperometric systems based on sADH the
new carbonaceous materials — graphite oxidation products: GO, OG-1P, OG-1S, OG-2P
and OG-2S were used as a transducers and immobilisation matrix of SADH as well.
Enzyme was immobilised on modified by graphite oxidation products CPE surfaces by
adsorption. The following bioamperometric systems: sADH GO-Cst, sADH OG-1P-
Cst, sADH_OG-2P-Cst, sADH_OG-1S-Cst and sADH_OG-2S-Cst were obtained. The
investigations of these systems were carried out without adding of any external mediator.

Table 4. The characteristics of bioamperometric systems based on SADH.

Bioamperometric system: SADH Cst  (PVA)-sADH/1.5/- (PVA)-sADH/1P/-
Cst Cst

Apparent maximum current 46+0.5 12+0.2 13+0.7
density, ,uAcm'Z
KPP, mM 0.80 +0.03 0.4+0.1 22+0.1
Sensitivity, 2.2 18.1 5.1
pAcm?*mM !
Time of response, min 7.4+£1.2 1.0£0.2 1.1£0.3
Linear ranges, mM 0.001 -1.0 0.001-0.3 0.001 - 0.7
Decreasing of 50% response, 4.7 0.1 1.3
days
Time of system working, days 160 60 60
kin107, min™" 1 28 +2 40 = 6 29+2

2 1.5+0.5 7+1 7+1

All obtained reagentless bioamperometric systems based on sADH were
characterized by kinetic parameters: K,;/* and 7", which are presented at the Fig. 7.
The kinetic parameters were compared with parameters of reagentless systems based on
GE and not modified CPE with adsorbed sSADH. As can be seen, no response to addition
of 1,2-propanediol was obtained by bioamperometric systems based on GE and GO,
whereas OG-1P, OG-1S, OG-2P and OG-2S enhanced sADH bioelectrocatalysis more
than 2 times in comparison with Cst. The highest activity of sSADH was obtained with
system based on OG-S2, which apparent maximum current density was at least higher

than 2 pA/cm?’.
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Fig. 7. Kinetic characteristics of reagentless bioamperometric systems with SADH and
different carbonaceous materials.
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It is known, that graphite oxidation products include different amount of basic
groups. However, the efficiency of bioamperometric systems also may depend on three
dimensional structures formed on electrode surfaces by carbonaceous materials.

In order to discover how three dimensional structures of electrode surfaces influence
the efficiency of the bioelectrocatalysis, the analysis of morphology of carbonaceous
materials was done by AFM scanning. The carbonaceous materials morphology was
characterised by typical roughness parameters: roughness average, ten point height,
surface skewness and surface kurtosis (see Table 5). The AFM imaging analysis revealed
differences of these carbonaceous materials. It was found, that graphite oxidation
products formed fine particles, which possess different roughness. The most effective
bioelectrocatalysis by sADH were obtained in the system based on OG-2S, which is
characterised by low S, S; and S; values. However, the clear dependence of efficiency of
bioelectrocatalysis by SADH on some roughness parameters wasn’t observed. This
allows the conclusion, that efficiency of bioelectrocatalysis not only depends on surface
morphology of the carbonaceous materials, but also the content of functional groups is
substantial for creating reagentless enzyme-based bioamperometric systems.

Table 5. Roughness parameters of different carbonaceous materials.
Graphite  Cst GO OG-1P 0G-1S OG-2P 0G-2S§

Sy nm 3 20 3 4 25 4 12
Sk, nm 10 7 153 47 4 55 3
Sy, nm 0.6 -2 3.1 10.9 0.3 29.1 1.1
S0, N 70 361 225 228 175 423 74

3.2.1 Substrate specificity of SADH

The specificity of SADH to alcohols was evaluated in homogeneous (biocatalysis
was performed in buffer solution) and heterogeneous (biocatalysis of immobilised
enzyme on CPE) systems. It was found, that SADH catalyses oxidation of all studied
alcohols in homogeneous system, while the response to addition of 1,3-diamino-2-
propanol, methanol, 2-propanol and 2-decanol wasn’t achieved by immobilised enzyme
(see Fig. 8). The highest response of SADH was obtained to addition of 1,2-propanediol,
allyl alcohol and 1,3-propanediol.
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Fig. 8. Substrate specificity of SADH in homogeneous and heterogeneous systems.
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It was shown, that SADH possessed specificity to wider range of alcohols in
heterogeneous systems then in homogeneous system. This fact can be explained by
conformational changes of sSADH during immobilisation process that changed structure
of enzyme active site, and by different mobility of alcohols in electric field of
bioamperometric system.

3.3 Systems based on mADH

The immobilisation of mADH was performed on hydrophobic CPE surface, to
obtain effective interaction of protein molecule with immobilisation matrix. The
immobilisation of mADH was performed by adsorption on surfaces of modified with
ChMA and not modified CPE. In consequence two reagentless bioamperometric systems
(mADH ChMA-Cst and mADH Cst) were obtained. The determined main
characteristics of mADH ChMA-Cst and mADH_Cst are presented in Table 6. The
bioamperometric system based on ChMA exhibited 6 times higher stability, 15 times
higher I;FF and was more sensitive in comparison with bioamperometric system based
on not modified CPE. It can be concluded, that immobilisation of mADH on ChMA
modified electrode surface is suitable for effective DET from mADH active site to the

electrode surface.

Table 6. The characteristics of bioamperometric systems based on mADH.

Bioamperometric system: mADH ChMA- mADH _Cst
Cst

Apparent maximum current 3.3+0.1 0.2+0.01
density, uAcm™
KJP, mM 0.48 +0.03 0.07 +0.001
Sensitivity, 3.9 0.8
uAcm™mM’
Time of response, min 1.6+0.2 1.8+£0.7
Linear ranges, mM 0.001 -0.3 0.001 - 0.1
Kin 107, min™ 11+2 60 +9

3.3.1 Substrate specificity of mADH

The specificity of mADH to alcohols was evaluated in homogeneous (biocatalysis
was performed in buffer solution) and heterogeneous (biocatalysis of immobilised
enzyme on CPE) systems. The results are shown in Fig. 9. It was found, that mADH
effectively oxidised ethanol, allyl alcohol, 3-methyl-1-butanol and 1,3-propanediol in
homogeneous system. However, the enzyme specificity in heterogeneous system was
different. Here the highest response to addition of ethanol, allyl alcohol, 3-methyl-1-
butanol and methanol were achieved by biocatalysis of mADH. This fact can be
explained by conformational changes of enzyme during immobilisation process and by
different mobility of alcohols in electric field of bioamperometric system.
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Fig. 9. Substrate specificity of mADH in homogeneous and heterogeneous systems.

3.4 Systems based on FDH

According to previous investigations of bioamperometric systems with FDH, the
best results were achieved using a BQ as mediator [27] or modified carbonaceuos
materials [28-29]. However, the main disadvantage of BQ in reagentless mediated
systems was BQ desorption from electrode surface [27]. The aim of this work was to
apply newly synthesized BQ derivates (MN, Ben, BBen, 1M, 2M, 1F, 2F), which
possess much lower solubility in water then BQ, to design reagentless mediated
bioamperometric systems based on CPE and FDH.

All new quinone-type mediators and BQ were characterised by cyclic
voltamperometric measurements. Cyclic voltammograms (CVs) of mediators adsorbed
on GE are shown in Fig. 10.

As can be seen in Fig. 10, three oxidation peaks (marked as 1, 3, 5) and four
reduction peaks (marked as 2, 4, 6, 7) are found in CVs. The oxidation peak 1 and
reduction peak 2 represent quasi-reversible redox processes (in text they are denoted as a
process 1 and 2, respectively). Others peaks could be associated to non intensive
irreversible and quasi-reversible redox processes of quinones. The potentials of oxidation
and reduction peaks (E,q1, Epaz, Epas, Epess Epess Epes Eper), peak separation between £,
and E,.; (AE,.,) and formal redox potential (Ej) of 1 and 2 redox processes are shown in
Table 7. E{ of all studied quinones are quite similar, except for the formal potentials of
BQ, Ben and BBen. This confirms that modification of BQ with aniline groups,
characterized by strong induction effect, reduces activation energy of electron releasing
from atom of quinone oxygen. It was found, that MN possesses good reversibility of 1
and 2 redox processes, which peak potentials are independent from scan rate till 100
mV/s. Linear relationships between anodic peak, cathodic peak currents and square root
of scan rate were observed. The heterogeneous rate constant of electron transfer of 1
oxidation process of adsorbed MN on GE (see Fig. 10) found to be 0.78 s™.
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Fig. 10. Cyclic voltammograms of quinone-type mediators, scan rate 10 mV/s,
0.5 M H,S0Os.

Table 7. Peak potentials (vs. Ag/AgCl) and general characteristics of quinone-type
mediators obtained from Fig. 10.

Oxidation potentials, V' Reduction potentials, V. AE,,, V Ej, V

Epa] Epa3 Epa5 Ech Epc4 Epc6 Epc7
BQ 0.57 0.13 0.73 046 0.09 0.11 0.522
MN 0.36 0.17 0.59 032 0.14 0.05 0.338
IM 0.37 0.19 0.69 0.27 0.13 0.1 0.319
M 0.38 0.13 0.71 026 0.06 046 0.69 0.12 0.324
1F 0.46 0.85 0.18 0.63 0.28 0.323
2F 0.39 0.18 0.61 026 0.09 0.48 0.14 0.324
Ben 0.58 042 0.97 0.28 0.3 0.429
BBen 0.35 0.07 0.69 0.19 0.16 0.271

Bioamperometric systems with FDH were designed on carbon paste electrodes and
investigations were performed in Mcllvaine’s buffer system. In this case the influence of
ambience to electrochemical properties of quinones was estimated. It was found, that
redox processes on CPE were more effective, than on GE, and occurred at lower
potential in buffer solutions.
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Aiming to evaluate the new quinone-type compounds as electron transfer mediators,
the bioamperometric systems with these compounds and FDH were designed:
FDH MN-Cst, FDH Ben-Cst, FDH BBen-Cst, FDH 1M-Cst, FDH 2M-Cst, FDH 1F-
Cst and FDH_2F-Cst. The efficiency of new systems was compared with non-mediated
reagentless bioamperometric system based on CPE (FDH_Cst). It was observed that the
selectivity and stability of new bioamperometric systems are determined by enzyme
nature. The conditions were optimized for the most effective bioelectrocatalytic
processes: working potential +400 mV (vs. Ag/AgCl), Mcllvaine’s buffer system (pH
5.0), and temperature of 20 °C. Activation energy of bioelectrocatalysis was similar of all
system and found to be 28 + 2 kJ/mol. The main characteristics of bioamperometric
systems based on FDH, obtained on optimal conditions, were summarised in Table 8. It
was shown that all bioamperometric systems based on quinone-type mediators possess
2.5-7.5 times higher efficiency comparing with system without mediator (FDH_Cst). An
exception is FDH BBen-Cst, which possessed not efficient re-oxidation of FDH. The
efficiency of bioelectrocatalysis of systems with FDH is determined by formal redox
potential of mediators. Dependence of I,;°F. on E{, possesses linear relationship (slope 9 +
1pAcm™V™, correlation coefficient 0.9043).

Table 8. The characteristics of bioamperometric systems based on FDH. Inactivation
process of FDH MN-Cst and FDH_Ben-Cst possesses two stages: faster and slower, which
were pointed in this table as (1) and (2), respectively.

Bioamperometric Sensitivity, kin 107, Linear Apparent KPP,
system: ,uAcm'ZmM ! min’ ranges, mM  maximum mM
current
density,
,uAcm'Z
FDH Cst 0.003 12+1 0.001 -5 0.28 + 151
0.004
FDH MN-Cst 0.1 (1) 190+ 50  0.001-10 2.8+04 305
(2)2.2+0.8
FDH Ben-Cst 0.05 (1)270 £ 80 0.001 -5 1.7+0.3 37+7
(2)5.1+0.7
FDH BBen-Cst 0.01 87+1.2 0.001 - 15 0.23+0.01 85+0.2
FDH_ IM-Cst 0.4 12+2 0.001 - 0.25 0.8+0.2 4+2
FDH 2M-Cst 0.4 39+5 0.001 - 0.01 1+0.03 0.6+0.1
FDH 1F-Cst 0.01 11+£2 0.001 - 0.5 0.7+0.1 7+2
FDH 2F-Cst 0.01 8115 0.001 - 0.1 1.1+0.2 17+3

It can be concluded, that most effective mediator for bioelectrocatalysis by FDH was
MN.

3.4.1 Substrate specificity of FDH

As reported in [30-33], FDH possesses very high selectivity to D-fructose. However
for the first time it was determined in this work, that bioamperometric systems based on
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quinone-type mediators and FDH are able to oxidised D-(-)-tagatose. Tagatose is one of
the rare natural sugars, which is characterized by low caloric value, possesses probiotic,
low glycemic, antioxidant and cytoprotective promotions [34]. Thus tagatose becomes
very attractive sweetness for food industry. However, determination of tagatose is rather
complicated. Several chemical methods and no one biosensor are supposed for
determination of tagatose [35].

The ability of FDH to oxidise tagatose was evaluated in different heterogeneous
systems, which were obtained by immobilisation of FDH on not modified and modified
by MN, Ben, BBen, 1M, 2M, IF and 2F carbon paste electrodes. The response of each
bioamperometric system to addition of tagatose was recorded and presented in Fig. 11 in
comparison with response to fructose, which was taken as 100%. It was found, that
oxidation of tagatose by FDH is not effective process comparing to oxidation of fructose.
The different bioamperometric systems based on FDH possessed different activity by
oxidation of tagatose. It could be explained by conformational changes of sSADH during
interaction with different electrode surfaces that changed different structure of enzyme
active site. The most effective oxidation of tagatose was obtained with FDH MN-Cst
system, which can be applied for construction of amperometric biosensor for tagatose
determination. However, determination of tagatose by bioamperometric systems based
on FDH is possible, if analyzed medium doesn’t include better FDH substrate — fructose.
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Fig. 11. Substrate specificity of FDH in different heterogeneous systems.
4 Application of bioamperometric systems
4.1 Systems for alcohol determination

The bioamperometric systems SADH_Cst and mADH_ChMA-Cst were tested as
alcohol biosensors. Using these systems the concentration of ethanol in various alcoholic
beverages was determined. The ethanol concentration was also determined by
approbated analyser based on AOx. Results are presented in the Table 9. The ethanol
concentration, determined by system with AOx corresponds to the calculated ethanol
concentration, which is pointed in the labels of beverages. The concentration of ethanol
in beverages determined by the systems with SADH and mADH was slightly higher than
those obtained using analyzer. It was shown in previous investigation, that SADH and
mADH don’t possess high specificity to ethanol and are able to oxidise other alcohols. In
this case, the tested alcoholic beverages can include other alcohols (not only ethanol).
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These results show that bioamperometric systems using mADH and sADH are suitable
for analysis of real medium.

Table 9. Ethanol concentration, which was determined by different bioamperometric systems.

Name of alcoholic beverages, amount of Determined ethanol concentration, M
ethanol which is pointed at the label

Calculated AOx mADH sADH

“Beauvillon” medium sweet white wine, 1.94 1.85 2.3 2.66
11%

“J. P. Chenet” medium sweet white 2.02 1.97 1.97 2.14
wine, 11.5%

Bitter “Palanga”, 40% 7.04 7.07 8.19 8.57
Liquor “Mariel”, 40% 7.04 7.07 8.53 8.28

4.2 CO indicator system

The principle of mADH inhibition by carbon monoxide was applied to design of CO
indicator system. CO was determined by mADH ChMA-Cst and GDH_Cst systems in
cigarettes smoke. It was found, that mADH ChMA-Cst was inhibited by smoke, while
GDH_Cst hasn’t lost their activity during treatment by cigarette smoke. These results
show, that system based on mADH inhibition by CO could be applied to develop of CO
biosensoric systems.

4.3 Systems for D-(-)-tagatose synthesis and determination

System for synthesis of tagatose was designed using newly purified TAI from
Geobacilus lithuanicus 5, which catalyses galactose bioconvertion to tagatose. The
concentration of tagatose during bioconvertion process in reaction medium was
determined directly using FDH MN-Cst bioamperometric system and indirectly — by
decreasing of galactose concentration using (PVA)-GDH-MN-Cst bioamperometric
system. Tagatose concentration was also evaluated spectrophotometrically by chemical
method at the Department of Molecular microbiology and biotechnology (Vilnius
University, Institute of Biochemistry). It was found, that tagatose concentration in
reaction mixture increased, while galactose concentration proportionally decreased. The
obtained results using bioamperometric systems were compared with the ones, obtained
by spectrophotometrical methods (see Fig. 12). Good correlation coefficients equalled
more up to 0.97 indicating applicability of FDH MN-Cst and (PVA)-GDH-MN-Cst for
evaluated concentration of tagatose in real medium. Evidently, the direct
bioamperometric method is more suitable than indirect.
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CONCLUSIONS

. pK,; and pK,, in aqueous solutions were determined for pyrroloquinoline quinone
(PQQ) dependent soluble alcohol dehydrogenase from Pseudomonas putida HKS
(sADH) and membrane bound alcohol dehydrogenase from Gluconobacter sp. 33
(mADH). pK,; and pK,; are 6.1 and 10.3 for sADH; 4.7 and 5.7 for mADH,
respectively. Bioelectrochemical systems based on sADH and mADH are able to
work in a 50% 1-iso-pentyl-3-methyl imidazole dicyanamide water solution by
maintaining up to 50% of enzyme activity.

. After analysis of SADH and mADH electron transfer pathways in homogeneous
and heterogeneous systems it was determined that the direct electron transfer
(DET) from reduced PQQ molecule in enzyme active site of SADH and mADH to
the electron acceptors may occur in heterogeneous systems.

. The DET from reduced sADH, mADH and soluble glucose dehydrogenase from
Acinetobacter calcoaceticus (GDH) active sites to new poly(N-(N’,N’-
diethyldithiocarbamoylethylamidoethyl)aniline was revealed by impedimetric
measurements. The DET was proven by using the chronoamperometric method.

. The effective GDH immobilisation method on polyvinyl alcohol modified semi-
permeable terylene film, which ensures enzyme activity up to 9 months, was
developed. A bioamperometric system based on SADH and graphite oxidation
product, where DET from enzyme active sites to electrode was realized, was
created and characterized. Obtained sensitivity wasl pAcm™mM™. Investigation
of bioamperometric systems based on new quinone-type mediators and membrane
bound fructose dehydrogenase from Gluconobacter industruis (FDH) revealed the
2-(3-nitro(phenyl)amino)- ciclohexa-2,5-dien-1,4-dione (MN) as the most
effective electron transfer mediator with the sensitivity of the system equal to
0,08 pAcm™ mM ™.

. It was shown that bioamperometric systems based on PQQ dependent enzymes
can be applied to determine of alcohols, carbohydrates and CO. For the first time
the bioamperometric system based on FDH and MN is proposed for D-(-)-
tagatose determination (detection range of tagatose is 0.001-0.1 mM).
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OKSIDOREDUKTAZIU VEIKIMO BIOELEKTROCHEMINESE
SISTEMOSE TYRIMAS IR TAIKYMAS

REZIUME

Darbo tikslas:

IStirti nuo pirolo chinolinchinono (PQQ) priklausomy oksidoreduktaziy:
periplazminés alkoholio dehidrogenazeés, iSskirtos 1§ Pseudomonas putida HKS (tADH),
membraninés alkoholio dehidrogenazés, iSskirtos 1§ Gluconobacter sp. 33 (mADH),
periplazminés gliukozés dehidrogenazes, iSskirtos ir Acinetobacter calcoaceticus (GDH)
ir fruktozés dehidrogenazés, iSskirtos 1§ Gluconobacter industruis 1Sorinés membranos
(FDH) veikimg homogeningje ir heterogeningje aplinkose ir jy pagrindu sukurti naujas
bioelektrokatalizines sistemas.

Darbe tirtas nuo PQQ priklausomy dehidrogenaziy veikimas homogeninéje (kuomet
fermentas veiké tirpale) ir heterogeninéje (kuomet imobilizuotas fermentas veiké
bioelektrochemingje sistemoje) aplinkose. Siekiant sukurti efektyviai veikiancias
bioelektrokatalizines sistemas buvo ieSkoma optimalaus fermento imobilizavimo biido,
tinkamos elektrodinés matricos, mediatoriniy medziagy, aiSkinami elektrony pernasos
(EP) keliai ir heterogenings terpés jtaka fermenty savybéms. Buvo iSaiskinta, kad tADH
ir mADH gali veikti skystyjy drusky tirpaluose, o jy elektrony pernaSa (EP)
bioelektrocheminése sistemose gali vykti tiesiai nuo PQQ molekulés, jei nuo hemy ¢ EP
néra galima. Pirmg kartag buvo parodyta, jog fermentai gali tiesiogiai re-oksiduotis ant
poli(N-(N’,N’-dietilditiokarbamoiletilamidoetil)anilino (poliNDDEAEA), nauju budu
oksiduoto grafito, kad naujos p-benzochinono pagrindu susintetintos medZziagos yra
tinkami mediatoriai bioemperometrinéms sistemoms su FDH ir sukurta fermenty
imobilizavimo metodika, leidzianti iSlaikyti GDH aktyvumg iki devyniy ménesiy. Taip
pat sukurta D-(-)-tagatozés sintezés sistema ir pasiilyti du tagatozés koncentracijos
nustatymo biidai bioamperometriniu metodu.

Sie tyrimai leis prognuozuoti, kokiomis savybémis turéty pasizyméti elektrodiné
matrica ir kokiomis sglygomis turi biiti imobilizuojamos tADH, mADH, GDH ar FDH,
norint sukurti bioelektrochemines sistemas tinkancias biojutikliy ir/ar bioreaktoriy
kiirimui. Parodyta, jog kai kurios darbe sukurtos bioelektrocheminés sistemos jau dabar
gali biiti pritaikomos alkoholiy ir angliavandeniy amperometriniy biojutikliy kiirime.

Darbo iSvados:

1. Nustatytos nuo pirolo chinolinchinono (PQQ) priklausomy periplazminés
alkoholio dehidrogenazés, iSskirtos 1§ Pseudomonas putida HKS (tADH) ir
membraninés alkoholio dehidrogenazes, iSskirtos 18 Gluconobacter sp. 33
(mADH) pK,; ir pK,, reikS§més vandeniniuose tirpaluose: tADH yra 6,1 ir 10,25;
mADH — 4,66 ir 5,65. Bioelektrocheminés sistemos su PQQ priklausomomis
alkoholio dehidrogenazémis gali veikti 50% 1-iso-pentil-3-metilimidazolo
dicianamido vandeniniame tirpale, i$laikant iki 50% fermento aktyvumo.

2. Istyrus tADH ir mADH elektrony pernasos (EP) kelius homogeningje ir
heterogeningje sistemose, nustatyta, jog heterogeninése sistemose yra jmanomas
tiesioginis EP kelias nuo redukuotos PQQ molekulés elektrony akceptoriams.

3. IStyrus impedimetrinés fermentinés sistemos su nauju  poli(N-(N’,N’-
dietilditiokarbamoiletilamidoetil)anilinu (poliNDDEAEA) ir tADH, mADH bei
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periplazmine gliukozés dehidrogenaze, iSskirta 1§ Acinetobacter calcoaceticus
(GDH) ant erdviniy adresuojamojo kontakto elektrody matricos, nustatyta
tiesiogine elektrony pernasa nuo Siy fermenty aktyviyjy centry ant
poliNDDEAEA, ir ji patvirtinta chronamperometrijos metodu.

Sukurtas efektyvus GDH imobilizavimo biidas ant polivinilalkoholiu
modifikuotos pusiau pralaidzios lavsano plévelés, uztikrinantis fermento stabily
veikimg iki 9-1y ménesiy. Grafito oksidacijos produkto ir tADH pagrindu sukurta
bioamperometrin¢ sistema veike tiesioginés elektrony pernaSos principu ir
pasizyméjo iki 1 pAcm™mM™’ jautrumu. I$tyrus naujy chinoniniy mediatoriy,
sukurty  p-benzochinono ir aromatiniy aminy pagrindu, veikimg
bioamperometrinése sistemose su fruktozés dehidrogenaze, iSskirta 1S
Gluconobacter industruis iSorinés membranos (FDH), nustatytas efektyviausias
mediatorius — 2-(3-nitro(fenil)amino)- cikloheksa-2,5-dien-1,4-dionas (MN)

(sistemos jautrumas 0,08 pAcm”mM™). Tirty naujy chinoniniy mediatoriy
elektrono akceptorinés savybés didéja didé¢jant jy formaliems redokso
potencialams.

. Parodyta, jog efektyviausiai veikian¢ios bioamperometrinés sistemos su PQQ
priklausomais fermentais gali biiti naudojamos alkoholiy, angliavandeniy ir CO
nustatymui. Pirmg karta parodyta, kad bioamperometrin¢ sistema FDH ir MN
pagrindu, gali buti panaudota tagatozés nustatymui (nustatymo ribos 0,001-0,1
mM).
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