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ABSTRACT

We aim to introduce and describe several glucose biosensor and glucose-
powered biofuel cell technologies. We describe a bio electrochemical
application of electrochemically generated hole-transporting (p-type)
polymeric semiconductors(HTPS), which are based on carbazole derivatives
and triphelamine as direct charge transfer glucose sensors. Electrodes based
on indium tin oxide and graphite were electrochemically modified with a layer
of HTPS and a monolayer of covalently immobilized glucose oxidase (GOX).
The HTPS/GOx-based electrodes were investigated for an evaluation of direct
hole-transfer between the enzyme and electrode at a bio-electrochemically
relevant potential. The broad linear relationship between the peak-current
density and glucose concentration was observed.

The development of high-power biofuel cells has been limited in the past
by slow or indirect charge transfer. Enzymatic biofuel cell (EBFC) systems
were explored with different redox mediator materials used to evaluate their
applicability. Redox mediators of different natures have been selected to
provide a deeper understanding of the charge transfer system and their effects
on the characteristics of biofuel cells. Cytochrome c, Chlorophyll a, and
supernatant of ultrasonically disrupted algae Chlorella vulgaris cells were
examined as potential redox mediators. The effect of heparin on the EBFC
was also evaluated under the same analytical conditions. The measurements
of open circuit potential (OCP) and the evaluation of the current response in
two modes of measurements (i) during potential cycling in cyclic voltammetry
measurements or (ii) at the constant potential value in chronoamperometry
were applied for the evaluation of EBFCs.

Further microbial fuel cells (MFBC) are unique biocatalytic systems,
which transform chemical energy accumulated in renewable organic fuels,
such as glucose into electrical energy. However, not all microorganisms
during metabolic/catalytic processes generate sufficient redox potential. In our
research, we have assessed the applicability of the microorganism Rhizobium
anhuiense as a catalyst suitable for the design of microbial fuel cells. The
Rhizobium anhuiense bacteria were cultivated in a high glucose environment
and to improve the charge transfer, several redox mediators were tested,
namely menadione, riboflavin, and 9,10-phenanthrenequinone (PQ).
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1. INTRODUCTION

Glucose is a carbohydrate, a simple sugar, that is abundant throughout
nature. Produced through the process of photosynthesis by algae and plants, it
is widely utilized as a means of energy storage, as a natural building block,
and for aerobic and anaerobic cellular respiration. As a molecule it is ever
present in our lives in agriculture, natural and industrial products, within our
own bodies. As such it is vital to study it, to expand our understanding of how
it can be further utilized. In this study we focus on electrochemical
technologies for detecting and measuring glucose, as well as technologies that
allow the conversion of glucose to electrical energy.

The ability to detect and measure glucose is of vital importance to the
medical and food industry. Our bodies function by maintaining a narrow
concentration range of glucose in our bloodstream, roughly 5+2 mM, and in
cases where it cannot do so due to illness (such as diabetes) or otherwise, it
must be regulated through external methods. As such technologies to
accurately track glucose concentrations in real time or near real time
conditions were developed. These technologies are also widely used in the
food industry, the amount of glucose present in foodstuff changes overtime
and by tracking these changes we can quantitively analyze the ripeness of
fruits, track fermentation or even assess unwanted microbial growth.

Glucose, being the most common carbohydrate in nature, is also very
appealing for its potential use as a bio-friendly form of electrochemical energy
storage. As the body utilizes glucose for cellular respiration so can we also
utilize it to power industrial or agricultural applications. Energy is ever in
demand and by making use of glucose as a fuel source, we could obtain
alternative ways of utilizing excess waste plant matter, spoiled food... etc. It
could also potentially function as an energy source for electromechanical
devices within living bodies such as pacemakers or sensors.

1.1. Glucose sensor technologies

In this work we focus on second and third generation glucose sensors.
Second generation sensors require a mediator to facilitate charge transfer,
third generation sensor attempt to bypass a mediator and to utilize direct
charge transfer to the electrode. However, the actual probability of “direct CT”
depends significantly on the distance between a redox-active center and the
electrode as well as the nature and/or modification of the electrode surface?.
One of many of such enzymes is glucose oxidase (GOXx) 2, which is the most
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frequently applied in the design of amperometric biosensors as a biological
recognition part * and has a great potential in development of enzymatic
biofuel cells 4. On the other hand, direct CT is the main advantage of the third-
generation biosensors, which leads to a high selectivity and lower operational
potential of the enzymatic electrode. While designing direct CT based
electrodes, a high rate of charge transfer between the active site of enzyme
and electrode surface is the crucial and most challenging factor. Wittekindt et
al. deduced that the aromatic amino acids, such as tyrosine (Tyr) and
tryptophan (Trip) are involved in CT of various biological systems °. Ayranci
et al., have reported that polymers based on thiophene and (1H-pyrrol-1-
ylaniline as monomers can be used as the matrices for the immobilization of
GOx and applied for glucose determination ©. Later, Winkler and Gray
proposed that hole-hopping should protect enzymes from oxidative damage.
This CT mechanism prevents the formation of harmful molecular oxidants "%,
Eventually, this hole-transfer mechanism can be applied to establish CT
between enzymes and electrodes, which are used in the design of biosensors
and biofuel cells. However, according to the best of our knowledge, the hole-
transport mechanism has not been realized and proved in above mentioned
enzymatic devices so far. On the other hand, hole (p-type) transporting organic
semiconductors (for example that are based on carbazole derivatives and
polymers) have been employed in the organic electronics, such as organic light
emitting diodes (OLED) ®*. In our research, an investigation of charge (hole)
transfer between the enzyme and electrode was performed on electrodes based
on indium tin oxide (ITO) and graphite electrochemically modified with a
hole-transporting  (p-type) polymer-semiconductor (HTPS) based on
carbazole derivatives, TPA and covalently immobilized GOx monolayer.
Charge transfer rate constants between HTPS and GOx as well as sensitivity
to glucose were determined.

1.2. Biofuel cell technologies

Biofuel cells are primarily separated into two types — microorganisms-
based biofuel cells > and enzyme-based biofuel cells 3. Enzymatic biofuel
cells are attractive because of the type of catalysts they use. An excellent
feature of enzymes, as catalysts, is that they are highly selective, because—
they catalyze only specific reactions, therefore, most of them are harmless,
active at room and/or human body temperature, and at near to neutral pH
values, hence they can be compatible with living organisms. One of the
advantages is that biofuel cells can produce more energy than conventional
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batteries because the fuel in the system can be constantly renewed almost
without any limitations, which makes such systems very attractive. However,
relatively low power output is still being exhibited. To overcome this problem,
redox mediators are introduced into the system.

1.3. Redox mediated systems

High fuel cell standards require that a biofuel cell must be simple, efficient,
long-lasting, stable, easily compatible, and most importantly, commercially
viable. By changing the types of electrodes **, their modification methods *°,
the composition of the buffer solutions 617, enzymes themselves '8, and
mediators used °, different efficiencies can be obtained, and thus the
characteristics of the biofuel cell can be improved. A considerable amount of
research to make this fuel-producing equipment economically viable is spent
and systems are being improved in various ways. The enzymatic fuel cell can
be mediated and unmediated. Most enzyme-based cells are electrochemically
active, although charge transfer from an enzyme to the electrode can be
facilitated more effectively via the mediators.

A very important characteristic of enzymatic biofuel cells is the efficiency
of electron transfer between the reactive site of the enzyme and the electrode
surface. The key to achieving efficient enzymatic biofuel cells is related to the
speed of this process, and the best performance will depend on the
electrochemical reaction rate. Depending on how the electric connection
between a particular electrode/enzyme pair is realized, enzymatic biofuel cells
can be divided into two main groups, which are based on: (i) direct electron
transfer, where the enzyme is able to communicate directly with the electrode,
(ii) mediated electron transfer, in which redox species either in solution or as
immobilized redox polymers are used to channel the electrons to (and from)
the electrode surface 2°. But the major problem encountered in enzymatic fuel
cell studies is a rather slow charge transfer between the enzyme and the
electrode. To mediate the charge transfer between the enzyme and the surface
of electrode, low molecular weight redox compounds, such as cytochromes,
are used as redox mediators. Higher power generation and minimal
interference effects at a lower cell potential are achieved by using a mediator
in fuel cell systems. A mediator should possess the following characteristics:
fast electrochemical kinetics and oxidation states that do not interfere with the
enzyme and chemical stability. Also, choosing a mediator that has a redox
potential close to that of the fuel increases the power density °.
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In  previous studies, some mediators were described 13
phenanthrenequinone 2! ubiquinone/ubiquinol 2? ferrocene methanol,
methylene blue or 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) 23,
9,10-phenanthroline-5,6-dione 3, or methyl-1,4-naphthoquinone 2* were used
as anodic redox mediators. There are several aspects that should be carefully
considered while selecting appropriate redox mediators for the microbial
biofuel cells. One of them is the solubility of a mediator in the media.
Mediators are categorized according to their solubility in water-based media
or organic solvent-based media. The most often used example of the
hydrophilic mediator is potassium ferricyanide/ferrocyanide. In the case of
microbial biofuel cells, the examples of a lipophilic redox mediator are 1,10-
phenanthroline-5,6-dione or 9,10-phenanthrenequinone.

In this research we have evaluated the applicability of several potential
redox mediators, namely cytochromes, chlorophylls, and the supernatant of
ultrasonically disrupted algae Chlorella vulgaris cells. The applicability of
these materials as redox mediators was evaluated by means of power density,
cyclic voltammetry, and chronoamperometry. During the evaluation of the
cyclic voltammetry results, the focus was on the value of the potential at which
oxidation is observed. Meanwhile, during the evaluation of
chronoamperometry results, the focus was on the changes of current in respect
of glucose concentration in the solution. In addition, the effect of heparin on
the EBFC characteristics also was evaluated.

Cytochromes are heme-based proteins, designed for charge transfer. The
transfer of electrons is facilitated by an oscillation of the heme iron between
the ferrous and the ferric forms 2°. They are a very large class of
metalloproteins. The heme group confers functionality, which can include
oxygen-carrying, oxygen reduction, electron transfer, and other processes 2%,
The heme consists of iron cation bound at the center of the conjugate base of
the porphyrin, as well as other ligands attached to the “axial sites” of the iron.
The iron is typically Fe?* or Fe*. Hemeproteins have diverse biological
functions including oxygen transport, which is completed via hemeproteins
including  hemoglobin, myoglobin, neuroglobin, cytoglobin, and
leghemoglobin. Some hemeproteins — cytochrome P450s, cytochrome ¢
oxidase, ligninases, catalase, and peroxidases — are enzymes. They often
activate O, for oxidation or hydroxylation. Hemeproteins also enable electron
transfer as they form part of the electron transfer chain. Cytochrome a,
cytochrome b, and cytochrome ¢ possess electron transfer functions 27, which
can be well exploited in biofuel cells %. Due to their oxidative reducing
properties, heme proteins are good electron carriers and can therefore be
mutual intermediaries between the electrode and the enzyme. Also, heme iron-
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containing proteins are less sensitive to halides (e.g., chloride and fluoride)
compared to some enzymes such as laccase, and chloride ions are known to
be found in numerous biofuel cell systems 2.

Heparin is a highly sulfated glycosaminoglycan that has been used as a
clinical anticoagulant for more than 90 years 2. Heparin is a carbohydrate that
is part of the glycosaminoglycan family of molecules, which includes a variety
of closely related members such as heparin sulfate. Heparin is usually
processed from porcine or bovine intestine tissues in the pharmaceutic
industry and has various molecular lengths ranging from 2000 up to 40,000
Dalton 2°. Heparin has been found to play a role in a wide variety of cellular
functions, and the importance and diversity of their possible uses have only
recently begun to be fully recognized. Heparin acts by binding to the lysyl
residues on antithrombin and accelerating the rate of the complex formation
30

Chlorophylls are natural green pigments ubiquitously present in the plant
kingdom, which play an important role in the photosynthetic process.
Chlorophylls are found in diverse plants, algae, and cyanobacteria 3.
Chlorophyll is formed up of carbon and nitrogen atoms along with a
magnesium ion in a central position. Chlorophyll is found in almost every
green part of plants, i.e., leaves and stems, within the chloroplast. Chloroplast
can be referred to as the “food factory” of the plant cell because it produces
energy and glucose for the whole plant in association with CO,, water, and
sunlight. Initially, chlorophyll was classified into four classes — Chlorophyll
a, Chlorophyll b, Chlorophyll ¢, and chlorophyll d 2 Chlorophylls play a
pivotal role in photosynthesis. They have a unigque capacity to trap light energy
and utilize it in the photolysis of water molecules to replenish the reducing
power of the cells, this energy is needed in carbon assimilation in subsequent
steps of photosynthesis. This property of the pigment is unique and can be
exploited in various anthropogenic applications. Chlorophyll could be used as
a redox mediator. Apart from this, Chlorophyll has also been observed to
possess other important activities that add to the suitability of the molecule for
different applications. The fluorescence activity of chlorophyll allows it to be
used extensively to develop optical biosensors.

Chlorella vulgaris microalgae store valuable amounts of lipids, especially
the appropriate fatty acid profile, which can be used to produce biofuels. One
of the most desirable particulars is its high growth rate. The Chlorella sp. has
been widely studied from the bioenergy perspective. Also, it is known to fare
well in algae-based biofuel cells studies 3-*°. There are many studies, where
the supernatant of ultrasonically disrupted Chlorella vulgaris cells is used in
biofuel cell cathodes, where bacteria could oxidize organic matter and produce
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e, H*, and CO.. The supernatant of ultrasonically disrupted Chlorella vulgaris
cells in the cathodic area could use CO,, as well as nitrogen and phosphorus
released by the sediment during photosynthesis under the light, and produce
O2, which serves as the electron acceptor for the generation of electricity.
Photosynthesizing algae in the cathode will not only solve the problem of
cathode electron acceptor restriction, but also absorb CO,, nitrogen, and
phosphorus without requiring an additional energy source *¢. Algae-based
systems work well in biomass generation as algae grow faster, have low land
requirements, and have better photosynthetic efficiency. However, algae
systems are sensitive to contaminations, and sudden changes in cultivation
conditions and require careful monitoring and regular harvesting of algae
biomass. On the other hand, plant systems require a higher start-up time
because plants grow slowly and have lower efficiencies but require less
careful maintenance ¥’.

1.4. Microbial biofuel cells

Microbial biofuel cells (MBFC) are bio-electrochemical devices that are
driven by the metabolic activities of microorganisms *, which can produce
electricity through the oxidation of reducing organic substrates during
metabolic processes occurring in the microorganisms and charge transfer to
electrodes *. The selection of the most suitable microorganisms is an
important issue during the development of MBFCs. Both aerobic and
anaerobic microorganisms have been utilized in the MBFCs design and are
serving as biocatalysts in anode compartment. Several research reported great
applicability of redox-active microbes in MBFCs design 340, These
‘electroactive’ microbes can perform extracellular electron transfer via several
different pathways, e.g.: c-type cytochromes (cyt ) #, type IV pili/nanowire
42 chemically incorporated conducting polymers #4344, and redox mediators
4546 Depending on the nature and redox state of the applied redox mediator
and their contribution to redox processes, two main types of MBFCs are
reported: MBFCs based on mediated and on direct electron transfer #.
Shewanella putrefaciens %, Geobacter sulfurreducens, Geobacter
metallicreducens *°, Aeromonas hydrophila *, and Rhodoferax ferrireducens
51 are most commonly used in direct electron transfer-based MBFCs; While
various endogenous and exogenous mediators (e.g.: methylene blue %2,
menadione %3, riboflavin®, and some other redox materials) can be applied in
mediated electron transfer based MBFCs. However, to estimate the fuel cell
efficiency, it is not sufficient just to know the charge transfer principle and the
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rate of fuel conversion into reaction products 5 because some other
characteristics are also critically important during the assessment of MBFCs
performance. The most important characteristics include: (i) metabolic
capacities of the chosen microorganisms; (ii) charge transfer rate from the
microorganism towards electrode; (iii) the efficiency of semi-permeable
membrane; (iv) electrical resistance of applied solutions, electrodes, and some
other parts of the bio-electrochemical system; (v) diffusion rates of used
organic fuel molecules and during metabolic processes generated products *°.
Depending on the operational parameters of the MBFC, different metabolic
pathways of applied bacteria can be exploited for the oxidation of various
organic fuels. These parameters are determined by the selection and
performance of specific microorganisms. The efficiency of MBFCs can be
significantly advanced by the application of 3D electrodes. The
immobilization of microorganisms is an important issue during the
development of MBFCs, various strategies can be applied to solve this
problem, e.g.: electrostatic forces can be exploited to mediate the
interaction/attachment of bacteria to electrodes. In cell wall of gram-negative
bacteria the negatively charged phosphate and carboxyl groups are
outweighing the positively charged amino groups, therefore, these conditions
determines rather low surface zeta potential of mentioned microbes®’.
Ecosystems that can utilize large colonies of microorganisms living in the
natural environment such as water and soil are the most promising for the
design of MBFCs. Some soil bacteria are an auspicious for the design of
MBFCs because they can be easily electrostatically attracted/fixed on the
electrode surface. Rhizobia are among the best-studied soil microbes
associated with plants. This group of bacteria can proliferate free in the soil,
or establish symbiosis with some legumes, mostly with peas 8. Rhizobia
bacteria exhibit an oligotrophic lifestyle, belonging to either a.-proteobacteria
or B-proteobacteria. The interaction is reciprocal where plants selectively
enrich beneficial bacteria attaching to their roots, and the Rhizobia bacteria
infect and colonize plant epidermis, form bacteroids, and then start to fix
atmospheric nitrogen, this process is essential for the development of plants.
In most agroecosystems, Rhizobia are one of the common soil bacteria,
especially if legumes are incorporated into the rotation 8, The Rhizobia related
are gram-negative nitrogen-fixing bacteria and are commonly found across
the whole of Eurasia in an endosymbiotic relationship with the nodule of
legume plants. Rhizobia-related species could serve as good candidates for
MBFCs design because they are a non-pathogenic, facultative anaerobe group
of microbes. Moreover, Rhizobium species have wide capacities decompose
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organic substrates, roots exudates including C4 dicarboxylates (malate,
fumarate, and succinate) and some other short chain fatty acids. In the native
habitat, most of the extracted electrons are usually channeled to nitrogenase
to fix atmospheric nitrogen to ammonia. It is used by legume hosts, and a
small amount is released into the soil. Dicarboxylate decomposition and
nitrogen fixation processes are tightly regulated by metabolic processes
performed within the hosing plant. According to scientific research it is well
known that Rhizobia species are well equipped with highly efficient metabolic
systems capable to extract electrons from organic compounds *°. It should be
noted that in laboratory conditions in the absence of a specific host and
conditions in the surrounding environment, these regulatory signals, which are
inducing nitrogen fixation, will be absent and all captured electrons will
increase the reduction potential of the Rhizobia bacteria-based system. All the
traits indicate that microbes, which interact with plant roots in the rhizosphere,
can be used to develop a new design of microbial fuel cells and Rhizobium
bacteria are among the most attractive candidates for this purpose. However,
despite numerous attempts, MBFCs are still nascent yet promising technology
that could provide solutions to our global energy and environmental problems.
MBFCs are still the only technology, generating electricity from organic waste
and reducing the concentration of hazardous materials. Nevertheless, more
research is needed to tackle some bottlenecks including the complete
utilization of substrate to enable the generation of sufficient voltage and
power. The assessment of microorganisms with strong electron scavenging
capacity can provide solutions for the development of MBFCs.
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1.5. The aim of this study:

To develop and design functioning glucose biosensors and glucose-
powered biofuel cells utilizing direct and indirect charge transfer technologies
and microorganisms.

1.6. The objectives of this study:

To design, create and evaluate a GOx-based bioelectrochemical systems
utilizing direct electron transfer technology.

To design, create and evaluate a GOx-based bioelectrochemical systems
utilizing mediated charge transfer technology.

To design, create and evaluate a microorganism-based bioelectrochemical
systems powered by glucose.
1.7. Academic novelty

P-type polymer semiconductors have been shown to be able to participate
in direct electron transfer with proteins.

One of the first times that cytochrome-mediated bioelectrochemical
systems of glucose have been investigated.

One of the first papers describing the use of nitrogen-fixing bacteria to
generate electricity.
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2. MATERIALS AND INSTRUMENTS
2.1. Reagents

All materials used were of reagent grade unless specifically stated.

D—(+)-glucose, Glutaraldenyde (50% V) Carl Roth (Karlsruhe,
Germany)

The solution of 0.5 M glucose was prepared in distilled water at least
24 h before use to allow for the mutarotation of D-(+)-glucose; to reach
equilibrium between the a- and B-forms.

Glucose oxidase (GOx) from Aspergillus niger with catalytic activity
of 208 U/mg Fluka (Buchs, Switzerland)

2-methyl-1,4-naphthoquinone, riboflavin. Alfa Aesar (Haverhill, MA,
USA).

Sodium molybdate and 9,10-phenanthrenequinone were purchased
from Merck (Darmstadt, Germany).

Tetrabutylammonium  hexafluorophosphate (TBAPHs). Sigma-
Aldritch (Berlin, Germany). Was used as an ion carrier in organic solvents

125 pg/mL heparin medicinal product. Rotexmedica (Trittau,
Germany)

Ethanol. Riedel-de Haén (Seelze, Germany)

Dichloromethane (DCM) was distilled over CaH, and under Ar
atmosphere and stored over 3 A microsieves.

Sodium acetate — acetic acid buffer, pH 4.0, and phosphate-buffered
saline solution, pH 7.2, pH 7.4 (PBS)

Precursors of organic polymers as semiconductors (OS) were
prepared according to the following literature the 9-(oxiran-2-ylmethyl)-9H-
carbazole (CzO) ®°, and 9-(thiiran-2-ylmethyl)-9H-carbazole (CzS) ©, further
organic polymers as semiconductors used were 9-ethyl-9H-carbazole (CzEt),
9-phenyl-9H-carbazole (CzPh), N,N,N-triphenylamine (TPA)

Cytochrome c electrophoresed from lysed spirulina cells. Norsk institut for
vannforskning, (Oslo, Norway).

Chlorella vulgaris preparation was obtained according to protocol:
firstly, Chlorella vulgaris algal cells were broken down ultrasonically. The
ultrasonicated cells were centrifuged; the remaining supernatant after
centrifugation was used in the experiments

Chlorophyll a was extracted manually. 7.2 grams of fresh spinach
were broken down mechanically using a porcelain mortar and pestle while
adding 20 mL of toluene and methanol solution (molar ratio 8:2). The solution
was then filtered through a Buchner funnel. For Chlorophyll, an extraction
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silica gel and toluene were used to load the column up to 15 cm and then the
filtrate was added. The column was washed with toluene until the yellow
fraction containing carotenes was collected. The green fraction containing
Chlorophyll a was collected within 50 mL of a toluene-methanol solution
mixed at a molar ratio of 8:2. The toluene and methanol solutions were
separated from each other using a separator funnel and then the toluene
solution (containing dissolved Chlorophyll a) was evaporated. After the
extraction, the Chlorophyll a was dissolved in methanol.

Yeast cell extract and glucose used for MBFC were of microbiological
grade.
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2.2. Instrumentation

Graphite rods, Sigma-Aldrich (Berlin, Germany) (99.99%, 3 mm in
diameter with an active surface area of 0.071 ¢cm?) and ITO coated glass
(working area 0.65cm?) Sigma-Aldrich (Berlin, Germany) were used as
working electrodes

The voltages were reported with reference to the Ag/AgCl in 3 M KClI
solution electrode in aqueous solutions and against a silver wire electrode
coated with AgCl in non-aqueous-media solutions

Titan plate electrode (partially coated with platinum) with the
electrochemically active-area of 1.0 cm?, platinum wire (working area 0.24
cm?) were used as counter electrodes in aqueous media and graphite rods,
Sigma-Aldrich (Berlin, Germany) (99.99%, 3 mm in diameter with an active
surface area of 2.5 cm?) and platinum wire (working area 0.24 cm?) were used
as counter electrodes in non-agueous media, with a ferocene/ferocenium
couple employed as the external reference.

The electrochemical experiments were performed by using an
Autolab PGSTAT 30 Potentiostat/Galvanostat from Autolab (Utrecht, The
Netherlands) with the Nova v. 1.10 and 2.10 software packages

Attenuated total reflection infrared (ATR IR) spectra were recorded
using a Bruker VERTEX 70 spectrometer. The static contact angle was
measured using a Theta Lite optical tensiometer and contact angle meter from
Biolin Scientific. The atomic force microscopy (AFM) was carried out using
a WITec Alpha300R microscope. Zeta potential was assessed using Zetasizer
Nano series Nano-ZS, Malvern Industries (United Kingdom). Electrodes were
imaged using E-SEM SU-70 scanning electron microscope Hitachi (Japan).
Biofuel cell power measurements were obtained using the benchtop
multimeter UT8802E UNI T from TEM Electronic components (L6dz,
Poland) and Autolab PGSTAT 30 Potentiostat/Galvanostat from Autolab
(Utrecht, The Netherlands)
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3. METHODOLOGY
3.1.Electrode cleaning and preparation

Before further modification of ITO-modified glass electrodes were
cut to size 75 mm by 26 mm, the electrodes were washed with distilled water
and acetone; afterwards they were electrochemically cleaned by 10 potential
cycles in the range from -1000 to +1000 mV vs Ag/AgCl, at 200 mV/s scan
rate in PBS buffer solution.

Graphite rod electrodes were cut to the required size and polished by
hand with abrasives using the Figure 9 method, until an even reflective surface
was obtained.

The counter electrode was treated with fire and cleaned with acetone
and DI water to burn off any accumulation of organic residue in the process
of experimentation.

The surface area of the electrodes was limited and maintained constant
during electrochemical tests using silicone tubing and Teflon tape.

3.2. Modification of electrodes with organic polymers as
semiconductors

The p-type semiconducting polymer was deposited on graphite and
ITO electrodes under potentiodynamic conditions by using the cyclic
voltammetry method. The parameters for the deposition were chosen
experimentally.

CzO, CzS organic polymer precursors were deposited on cleaned ITO
electrodes electrochemically using 10 potential cycles in a solution of 0.5
mg/ml of the organic precursor with 0.1 M TBAPHs dissolved in dry DCM at
the scan rate of 50 mV/s. During this modification (the potential was swept
from -200 mV to +1500 mV vs Ag/AgCI for polymerization of CzO and CzS)
cyclic voltammograms were registered. To clean the newly formed ITO/poly-
CzO and ITO/poly-CzS electrodes they were washed with distilled water
before and after each treatment step. An electrochemical characterization was
performed with the same electrochemical devices and software which were
used for the modification of ITO electrodes.

TPA, CzEt and CzPh organic polymer precursors were deposited on
cleaned graphite electrodes electrochemically using 20 potential cycles in a
solution of 0.5 mg/ml of the organic precursor with 0.1 M TBAPH¢ dissolved
in dry DCM at the scan rate of 50 mV/s. During this modification (the
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potential was swept from -200 mV to +1500 mV vs Ag wire coated with AgCl
for polymerization of TPA, CzEt and CzPh) cyclic voltammograms were
registered. To clean the newly formed graphite/poly-TPA, graphite/poly-
CzEt, graphite/poly-CzPh electrodes were washed with distilled water before
and after each treatment step. An electrochemical characterization was
performed with the same electrochemical devices and software which were
used for the modification of graphite electrodes.

3.3. Crosslinking organic semiconducting polymer modified
electrodes with GOx enzymes

The polymer-modified electrodes were crosslinked with GOx enzyme
by utilizing a two-step process. The electrodes were being incubated for 1 hour
at room temperature in a solution 2.5% of glutaraldehyde in water. The
electrodes were washed with distilled water before and after each treatment
step. Finally, the following electrodes were immersed to a GOx (5 mg/mL)
solution in PBS buffer (pH 7.2) and stored overnight at +4°C temperature.
Prior to the electrochemical measurements, the electrodes were thoroughly
washed with distilled water to remove: the non-immobilized enzyme; the
dissociated GOx cofactor — FAD; and other un/non-immobilized materials,
which were present in the enzyme samples used for electrode modification.
Moreover, an immobilization of the pure FAD cofactor on the ITO/poly-CzS
-electrode was not observed using the UV-vis spectroscopy due to a low
nucleophilicity of the amino group of the FAD cofactor adenine. The prepared
electrodes had been kept in a closed vessel over PBS, at +4°C until they were
used in the experiments.

3.4. Mediated EBFC electrode preparation

3 L of assessed material solution and 5 pL of glucose oxidase. were
physically deposited on the polished graphite electrode surface. The deposited
solution is left to partially evaporate to reduce in volume. We waited until a
drying outer edge could begin to be observed on the electrode’s outer
circumference, but the central section was still wet. Once enough liquid had
evaporated, the system was transferred into a chamber saturated with
glutaraldehyde vapor to chemically bond the structure with the electrode. Such
systems were indicated based on the assessed material: EBFCcc — the system
with Cytochrome ¢, EBFCca — the system with Chlorophyll a, EBFCchv — the
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system with the supernatant of ultrasonically disrupted Chlorella vulgaris
cells, and EBFCyep — the system with heparin.

3.5. MBFC electrode preparation

Gram-negative Rhizobium anhuiense bacteria obtained from
Lithuanian Research Center for Agriculture and Forestry (Vézaiciai,
Lithuania) microbial strain collection. Bacteria were cultivated in Norris
medium €2, in a high glucose environment, pH 7.0, composed of nitrogen-
fixing bacteria strains. Prior to the use in experiments, the Rhizobium
ahnuiense bacteria were reinoculated on an inclined Norris medium
supplemented with agar and left to grow for 48 hours at 28°C. Afterward, 5
uL of an autoclaved Norris medium solution was used to fill the test tube with
inoculums and carefully suspended. The mixture was vortexed for several
minutes to ensure that the majority of the bacteria gets lifted from solid media.
Then, the bacterial suspension was transferred and diluted in a fresh
autoclaved Norris medium to obtain a density of colony-forming units (CFU)
equal to 1 x 107 CFU mL* %, A single chamber MBFC cell was assembled,
where a two-electrode electrochemical system was utilized, a graphite
electrode was used as the working electrode and a large-area platinum wire
served as a counter electrode. Bacterial samples were immobilized on a
graphite electrode by letting it lightly dry for two minutes. A polycarbonate
membrane with 1 um holes was used to separate the specimen from the sur-
rounding environment to ensure attachment to the anode.

3.6. Assessment of Zeta potential

The prepared samples were diluted 10-fold in a medium with
appropriate ionic strength (0.01 mM, 0.05 mM, 0.1 mM, 0.3 mM, 10 mM,
50 mM, 100 mM, 300 mM) and pH of 5.0, 6.0, 7.0 or 8.0 were adjusted
immediately prior to zeta potential measurement. The resulting suspension
was used to fill clear disposable ‘zeta cells’ (ATA scientific, Australia)
immediately prior to zeta potential measurements. The ionic strength was
measured at pH 7.0, while pH investigations were conducted in 0.1 mM PBS
solution. The electrophoretic mobility of bacterial cells was measured with a
zeta potential analyzer at 80 VV (Zetasizer Nano series Nano-ZS; Malvern
Industries Ltd, Malvern, United Kingdom) and converted to zeta potentials 5.
Measurements were performed at 25°C in standard a Norris medium, pH 7.0.
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The sample was measured five times on two separate days to determine the
reproducibility of the results. Between each measurement, electrodes were
rinsed with copious amounts of Milli-Q™ water, followed by the test bacterial
suspension.

3.7. Electrochemical assessment of modified electrode sensitivity
to glucose

A three-electrode system was used to assess the modified electrodes,
with the modified electrode serving as the working electrode (working area
0.071 cm?) and a platinum wire (working area 0.24 cm?) as the counter
electrode. The voltages were measured against a commercial Ag/AgCl
electrode. The functionality and viability of the created GOx-modified organic
semiconductor-based electrodes were assessed using the CV method.
Throughout this experiment, glucose solution was continuously added to the
PBS buffer solution; after each addition, the resulting solution was run through
two cyclic voltammetry cycles from -0.2 V to 0.4 V vs Ag/AgCl at a potential
sweep rate of 30 mVs™. In all the cyclic voltammetry-based assessments, the
data of the second potential cycle was evaluated. For further electrochemical
analysis, the modified electrodes were investigated by CV in the absence of
glucose at potential sweep rates from 5 to 100 mVs™.

Mediated EBFC modified electrodes were assessed using a wider potential
range -1.5V to 1.5V at 50 mVs due to the higher oxidation potential observed
during the experiments. These systems were also assessed using
chronoamperometry at the respective oxidation potential measured in each
system.

3.8. Biofuel cell design

A single chamber cell design using a two-electrode system was used
to assess the modified electrodes for their applicability in biofuel cells. The
modified working electrodes were tested versus a commercial Ag/AgClI
electrode while testing EBFC modified electrodes, and vs a platinum wire
electrode (working area 0.24cm?) in MBFC systems. The chamber was filled
with PBS, pH 7.0, and the systems’ open current potential (OCP) was
measured. Afterward, various external resistors (10 MQ, 1 MQ, 390 kQ, 220
kQ, 180 kQ, 130 kQ, 100 kQ, 68 kQ, 56 kQ, 33 kQ, 10 kQ, 1 kQ) were
connected in parallel to the electrical circuit to imitate external loads and to
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assess the power density of the bacterial samples. The potential changes were
recorded.

29



4. RESULTS AND DISCUSSION

4.1. Formation of poly-CzO/GOx, poly-CzS/GOx modified
electrodes

It is universally accepted that during electrochemical oxidation
carbazole derivatives mostly couple to each other via 3- and 6-position
because these molecules have the highest electron densities at these positions
6, The electrochemical deposition of polymers poly-CzO and poly-CzS on
ITO surface was performed under potentiodynamic conditions (Figure 1a and
b). The onset ionization potentials (IP) of monomer and polymer were
measured during the 1st and 10th potential cycles of electrochemical
polymerization, respectively. The ionization potentials were calculated to be
1.15/1.12 V vs Ag/AgCl (5.61/5.58 eV vs vacuum) and 0.882/0.773 V
(5.34/5.24 eV) for CzO/CzS monomers and poly-CzO/poly-CzS polymers,
respectively. Furthermore, poly-CzS is obtained at a lower ionization potential
than poly-CzO due to the longer polymer chains and their higher conjugations.
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Figure 1. Electrode modification and evaluation. Cyclic
voltammogram (CV) profiles of ITO-electrode during potential cycling based
electrochemical polymerization of (a) CzS and (b) CzO in DCM 0.1 M of
TBAPFsat scan rate of 50 mV s?,1st to 10th cycle (Inset: CV of ferrocene as
external standard), (c) CVs of ITO/poly-CzO and poly-
CzS/amine/aldehyde/GOx in buffer, pH 4.0, (Inset: increased spectral range
from-0.21t0 0.4 V)
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Figure 2. Schematic representation of step-by-step self-assembly-
based immobilization of GOx on ITO/poly-CzO and ITO/poly-CzS
electrodes.

During the verification of the polymer’s chemical structure, both
monomer and polymer films on ITO were analyzed using attenuated total
reflection infrared (ATR IR) spectroscopy. The bending vibrations situated at
747 cmt and 749 cm? for CzO and CzS, respectively, corresponded to the
vibration of carbazyl core. Moreover, the formation of polymeric carbazyl in
electrochemical deposition film was approved by IR spectra in accordance
with the appearance of new peaks at 826 cm™ and 832 cm?, which indicated
the formation of trisubstituted carbazole moieties ®. Furthermore, the stability
of oxirane and thiirane groups during electrochemical deposition was
evaluated by IR. In the spectrum of CzO, medium intensive C-O bond
vibration signals of oxirane group were observed at 861 cm™ and 908 cm,
which correspond to scissoring and symmetric stretching of the oxirane cycle
(Figure 3). After electrochemical polymerization, the peak in poly-CzO
spectra shifted to the 883 cm™ ¢’. For CzS, a band at about 598 cm™ could be
attributed to C-S bond vibrations in thiirane group . The corresponding band
in the spectrum of poly-CzS film at 560 cm™ was indicated (Figure 4). The
results indicate that the successful generation of the polycarbazole films has
been achieved by the polymerization of the CzO and CzS precursors. A step-
by-step covalent-binding-based assembly was applied for the immobilization
of GOx ®°. First, the electrodes with polycarbazole films were incubated in the
aqueous cysteamine solution. At this stage, monolayer containing the amine
groups was formed (Figure 2, Step A).
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Figure 3. ATR-IR spectra of pure CzO, both deposited on ITO/poly-
CzO, ITO/poly-CzO/amine, ITO/poly-CzO/amine/aldehyde.
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Figure 4. ATR-IR spectra of pure CzS, both deposited on ITO/poly-
CzS, ITO/poly-CzS/amine, ITO/poly-CzO/amine/aldehyde.

Secondly, the free terminal amine groups were functionalized with
glutaraldehyde in water (step B) via the aldehyde and amine condensation
reaction to imine at a room temperature. From IR spectra of both
ITO/CzS(O)/amine/aldehyde surfaces, the signal of aldehyde C=0 group
vibration at 1730 cm® was observed (Figure 3 and Figure 4). Finally,
ITO/CzS(0)/amine/aldehyde electrodes were incubated in GOx (5 mg mL™)
solution in buffer, pH 7.2, and stored for 24 hours at +4 °C temperature. It
should be noted that the immobilization of GOx directly on the poly-CzO and
poly-CzS surfaces does not occur because these surfaces are hydrophobic
(evaluated below) and the oxiran(or thiiran)-2-ylmethyl tags are too short
(only 4 A) for imine formation reaction. Moreover, water solvation shell,
which is formed around the hydrophobic side chains on the enzyme surface

33



that is in the range of ~10 A, prevents the reaction with too short tags ™.
ITO/poly-CzS surface is more hydrophilic in comparison to that of ITO/poly-
CzO as can be seen in Figure 5.

ITO/Poly-CzO ITO/Poly-CzS
Angle value = 90 deg. Angle value = 73 deg.
ITO/Poly-CzO ITO/Poly-CzS
after aldehyde immobilization after aldehyde immobilization
Angle value = 84 deg. Angle value = 74 deg.
Figure 5. Water contact angle measurements of 1TO/poly-CzO(S)

electrode before and after the treatment with glutaraldehyde. Measurements
were repeated three times, the mean values are displayed.

Figure 6. AFM images of (a) ITO/poly-CzS and (b) the same surface after
GOx immobilization.
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However, small differences of surface roughness between the
immobilized and pure polymer surfaces were observed by AFM imaging
(Figure 6). It should be noted that the surface wettability is significantly
influenced by surface roughness ™.

4.2. Formation of poly-TPA/GOX, poly-CzEt/GOX, poly-
CzPh/GOx modified electrodes

N,N,N-triphenylamine (TPA), 9-ethyl-9H-carbazole (CzEt) and 9-
phenyl-9H-carbazole (CzPh) were used as starting compounds for the
modification of electrodes by p-type organic semiconductor layers. The
electropolymerization of CzEt and CzPh starts at around 1.1 V vs Ag/AgCl
and some indications of electrochemical formation of polymer film are
observed even in the first cycle of CV. This potential is sufficient for the
oxidation of carbazole moiety into the corresponding radical cation 2. After
the 10th CV cycle, the onsets of anodic process of CV for these samples
stabilize at 0.75 V vs Ag/AgCl. Carbazole based monomers easily oxidize,
and if a substitution is present by the nitrogen atom (in our case, the phenyl
and ethyl groups, respectively), it forms a bicarbazole alongside the 3,6-
positions, which can oxidize further producing oligomers . The oxidation of
the TPA monomer was observed at a slightly lower potential of 0.9 V vs
Ag/AgCl, and it functioned in accordance with other research "4, In all the
deposition cases, when using the three tested monomers, a saturation of
current is reached before the 10th CV cycle, after which a yellow-green
residue for the carbazole-based monomers and a blue-green residue for TPA
could be observed in the solution around the electrodes. Considering the
residue, we can assume that there is a low and finite limit to the amount of
material that can be deposited on the working electrode while utilizing this
system. Moreover, we can still see a clear difference in the SEM pictures of
the electrochemically modified electrodes if compared to the control surface
in Figure 7. All the three tested monomers produce a limited coverage of the
surfaces. The surface of the electrode with deposited CzPh appears to be
patchy with no visible crystallizations, and a gradient in the deposition of the
material can be seen towards the edge, which implies that the oligomers are
much more likely to deposit on rougher surfaces with sharp features. The
surface of the CzEt modified electrode appears to have developed as a coarse
film that is densely covered by small sub 100 nm crystalline particles and the
overall coverage is uniform. The TPA modified electrode displays an
amorphous and continuous surface coverage. This macrostructure appears as
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a “hyphae-like” fractal structure, which has been observed over the electrode
surface. However, all these above-mentioned surface features cannot be
observed on the control electrode, where only the underlying graphite platelets
can be clearly seen.

A D58 x50 2 mm:

a) CzPh

SU70 5.0kV 6.0mm x10.0k SE(U) 5.00um [§ SU70 5.0kV 6.3mm x10.0k SE(U)

A D55 x50 2mm

ISU70 5.0kV 6.9mm x10.0k SE(U)

Flgure 7. Scanning electron mlcroscopy surface images of a) covered
with polymer based on CzPh as a monomer; b) CzEt; c) TPA and d) graphite
as control electrodes.

4.3.Electrochemical evaluation of poly-CzO/GOx, poly-CzS/GOx
modified electrodes

The electrochemical experiments were carried out to verify the
mechanism and efficiency of charge transfer (CT) between the GOx-cofactor
and semiconducting poly-CzS or poly-CzO layers, surface-activity, and the
diffusion rate coefficient. However, the CT from GOx only in ITO/poly-
CzS/GOx-based electrode was observed (Figure 1c) due to a higher
conductivity and lower ionization potential (5.58 eV vs. 5.24 eV) of poly-CzS.
CVs illustrated that CT in ITO/poly-CzS/GOx-based electrode is quasi-
reversible and surface-controlled. Moreover, any new signals in the CVs and
FT-IR spectra were observed in the bare ITO electrode after the
immobilization. Efficiency of charge (either electrons or holes) transfer was
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estimated from the peak shape of CV. It is diagnostic of the homogeneity of
the monolayer and can be evaluated by the full width at half of the peak full
width at half maximum (FWHM) as described by equation 1:

_ 353RT _ 90.6mV (1)
" FWHM xF _ FWHM

where n is the number of charge carriers (electrons or holes), R is an
ideal gas constant, T is an absolute temperature and F is a Faraday constant.

The values of FWHM can be larger or smaller than theoretical FWHM
have been attributed to electrostatic effects incurred by the neighboring
charged species. According to the electrochemical measurements, a quasi-
reversible surface-controlled electrochemical process was observed and the
full width at half of the peaks maximum heights (FWHM) were calculated to
be 115 and 120 mV for the positive and negative signals of the ITO/poly-
CzS/GOx system, respectively, which satisfies the one electron (or one hole)
based charge transfer process. Moreover, the oxidation peaks at pH 4.0 and
7.2 registered at scan rate of 10 mV s was observed at 181 mV and 76 mV
vs Ag/AgCl (4.82 eV and 4.71 eV), what corresponds to the
reversible/monoelectronic oxidation of FADH, to FADH,". To evaluate the
reversible charge transfer phenomenon in more detail, CVs at different scan
rates at pH 4.0 and 7.2 were recorded (Figure 8).
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The surface activity I' (coverage), which in this system is the activity
of the GOx immobilized on the electrode-surface, and it was determined from

the slope of the line of | vs v, using equation 2:

4IRT
r= nzrza (2)

where | is peak current, v is potential sweep rate, A is area of the
electrode. Activity of ITO/poly-CzS/GOx-surface at pH 4.0 and 7.2 without
glucose were calculated from the slope of the linear oxidation current
dependence vs sweep rate to be about 3x 10> mol cm 2. For the calculation of
theoretical surface-coverage, a diameter of GOx monomer of 65 A and a
filling ratio of 0.8 were proposed. Then the theoretical surface-concentration
of the GOx molecules on the surface of electrode (coverage of electrode by
GOx) was calculated to be 4x10-12 mol cm-2. This value is in-line with
experimental T" value. Very similar activity of ITO/poly-CzS/GOx-electrode
was observed after one month storage at +4 °C in the buffer solution.
Therefore, we think that the hole-hopping-based charge-transfer from GOx to
organic semiconductor protected the enzyme from oxidative damage.

In order to determine the effective diffusion-coefficient, the Randles-
Sevcik equation 3 was applied:

[=04463nAF C |22l 3)
RT
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where C is a concentration of enzyme on the surface. Then, Deff was
estimated from the slope of linear dependency of I vs \v in the range of scan
rates of 10-100 mV s-1. The enzyme concentration within the monolayer was
estimated by considering the surface-coverage and thickness (h) of enzyme
(GOx) as C =I'xh™.. This thickness consists of tag length of 15 A and diameter
of enzyme monomer of 65 A estimated from single crystal X-ray analysis of
GOx (Aspergillus niger) 7. Rate constants from the diffusion coefficients data
were calculated employing the equation 4. The summary of diffusion
coefficients and rate constants is presented in Table 1.

1
Der = 6 hirker  (4)
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Table 1. Surface activity, diffusion coefficients and rate constants of
ITO/CzS/GOX structure at different pHs and glucose concentrations.®®

#/pH |C |T x10 |T x10° [ D x10° | D x10° | kep /s | ke /5

(9lu | 2/ mol | %2/ mol | ¥ cm? | 2/ c¢m? | ¢ 1
o) | cm? cm? st st
mM
1]40 |0 |30%0 |28%0. | 1.4+0. | 3.1#02 | 70+10 | 150+2
2 3 2 0

2140 |15 |77+6 25+3 25+3Y | 8.4+0.6 | - -
b

3172 |0 2.5+0. | 2.8+0. | 2.7+0. | 3.5+0.3 | 130+2 | 160+2

3 2 3 0 0
4172 15 | 2.1+0. | 2.8+0. | 2.7+0. | 3.2+0.3 | 130+2 | 150+2
2 2 4 0 0

2 Indexes ‘—’ and ‘«<‘indicate the anodic (oxidation) and cathodic
(reduction) processes, respectively;

® Diffusion coefficients were calculated using Randles-Sevcik equation
and C(glu)= 15 mM.

The monoelectronic oxidation and reduction CT rate-constants were
calculated to be 70+10 s and 150420 s at pH 4.0 and 130+20 s** and 160+20
st at pH 7.2, respectively. For comparison, in the previous reports, the CT
rates of a FAD redox system (i.e., the reduction potentials are about -0.3 V vs
Ag/AgCI) were measured for electron transfer: the rate constants of 0.1 s on
a bare silver electrode 77, 0.03 s on a short self-assembled monolayer on gold
surface 8, 1.6 s on a boron-doped carbon nanotubes modified electrode "
and 350 st on aminophenol nitriloacetic acid modified glassy carbon electrode
& have been determined. Moreover, Willner et al. 8 have reported a method
used to assemble a GOx monolayer on the Au electrode via reconstitution of
the apo-protein with the pyrroloquinoline quinine/FAD monolayer, which
yields a functionalized electrode for electrooxidation of glucose at an
unprecedentedly high rate constant of about 600 s.

The pH influence on the rate-constants of ITO/poly-CzS/GOx
structure at pH 4.0 and 7.2 was investigated and compared. First, the surface-
activities for oxidation and reduction at pH 7.2 and 4.0 are very similar, i.e.,
about 3x 1012 mol cm. Secondly, considering the influence of glucose on the
charge transfer, 1TO/poly-CzS/GOx-electrode at pH 4.0 and 7.2 was
investigated employing a relatively high glucose concentration of 15 mM. The
oxidation and reduction rate constants at pH 7.2 were estimated as being
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statistically of the same value with that one registered in a similar system
without glucose (Table 1, entry 3 and 4) because this is a charge (hole) transfer
process from the HTPS to the cofactor. However, for a system with glucose at
pH 4.0, a new irreversible peak at about 800 mV was observed (Figure 9c).
The first signal at about 180 mV (onset) exhibits oxidation of the cofactor to
the radical cation via holes from the organic semiconductor. The second signal
at about 800 mV can be assigned to the oxidation of the FAD-glucose complex
to gluconic acid and FAD (see below). According to &, the second order rate
constant of glucose oxidation in the presence of GOXx is about 3x10* Ms?,
Therefore, the pseudo-first order rate constant at 15 mM of glucose of this
process was calculated to be 450 s™. The lower kcr of reduction process at pH
4.0 than oxidation of glucose suggests that glucose can moderate the CT
kinetics in the enzyme. Recently, Bartlett and Al-Lolage % have analyzed the
scientific papers, which reported electrochemical biosensors based on glucose
oxidase (GOx), that were purified by different suppliers from different GOx-
producing microorganisms. They have predicted that the redox peaks in cyclic
voltammograms, which are usually attributed to charge transfer of GOx
sometimes arise from free FAD, and possibly from catalase and/or other
impurities, which are present in the as supplied commercial enzyme that are
also adsorbed at the electrode’s surface. It was reported, that in the case of
immobilized catalase, a more negative obvious catalytic reduction peak is
observed 8 when compared to that observed in our recent research. Free FAD
has been washed out by a tough washing procedure of GOx-modified
electrodes. Moreover, the possibility that some free FAD cofactor is released
from the slowly dissociating GOx and can be oxidized/reduced on the
electrode’s surface cannot be excluded, because the cofactor — FAD — binds
with apo-GOx non-covalently, therefore this binding is relatively weak and
holo-GOx tends to dissociate slowly into apo-GOx and FAD.
Volt-amperometric behaviour of ITO/poly-CzS/GOx-electrode was
investigated by cyclic voltammetry in potential range from -200 mV until
+1000 mV in the presence of different glucose concentrations (1-15 mM) in
buffer, pH 4.0, and containing dissolved oxygen (Figure 9a). After addition of
glucose, the difference of current for the oxidation (at 800 mV) peaks was
calculated. A broad linear relationship of the peak-current density and glucose
concentration from 2 to 15 mM was observed (Figure 9a, inset); with
correlation coefficient of 0.982 for the oxidation currents. Moreover, from the
slope of linear fitting, the sensitivity to glucose is estimated to be 0.64+0.03
nA mM* cm, According to %, the second-order rate constant for oxidation
of FADH, in GOx by oxygen at low pH was estimated to be 1.6x106 M s,
Therefore, the pseudo-first order oxidation rate constant at ~0.2 mM of O2
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dissolved in water was calculated to be ~300 s-1. This rate constant is a little
higher but of the same order of magnitude as that for FADH, oxidation by
CzS. In this case, the sensitivity of ITO/poly-CzS/GOx-electrode is average
because oxygen competes with CzS in the oxidation of FADHs.

Based on the obtained results, the mechanism of glucose oxidation via
holes and without involvement of dissolved oxygen was proposed (Figure 9b).
First of all, holes from the electrode in reversible way oxidize the FADH,
cofactor into radical cation — FADH,".

Therefore, the oxidation and reduction peaks are observed in the CV
at around +400 mV and +100 mV, respectively (Figure 8a). A second step is
a nucleophilic addition of glucose to this radical cation (FADH:") and the
formation of transition state (TS). Recently, similar TS of the FAD-glucose
complex has been successfully identified using a mass spectrometry &,
Finally, the formed TS is oxidized by second hole from the electrode to form
initial FADH: and gluconic acid.
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4.4. Electrochemical evaluation of poly-TPA/GOX, poly-
CzEt/GOX, poly-CzPh/GOx modified electrodes

The resulting electrodes were modified with a thin layer of
immobilized GOx by cross-linking with glutaraldehyde, and they were tested
for the response towards glucose; the measurement results are presented in
Figure 10. By adding glucose to the PBS solution, we can observe a
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continuously increasing overall current response in all the tested electrodes.
Starting with the glucose concentration of 0.50 mM and higher for the CzPh-
based polymer (poly-CzPh) modified electrode, 1.0 mM and higher for the
CzEt-based polymer (poly-CzEt) modified electrode, a continuously
increasing and defined oxidation peak-based sensor response has been
observed in the voltammograms at a potential of around 0.15 V vs Ag/AgCI.
The response saturates at higher concentrations of glucose. A peak response
could also be seen while using the polymerized TPA (poly-TPA) modified
electrode, however, the characteristics of the electrode were different. The
oxidation peak observed in CVs was significantly more diffused and less
defined, therefore, the overall signal-to-noise ratio was lower and proportional
potential drift vs the concentration of glucose was observed. Unfortunately,
chronoamperometry method did not provide substantial information during
the attempts to evaluate the variation of current density vs glucose
concentration because too high of a noise level of the current was observed.

The obtained measurement data at the peak position of 0.15 V vs
Ag/AgCI was used to produce the data presented in Figure 11. Responses of
both the poly-CzPh/GOx and poly-CzEt/GOx electrodes appear to be
saturated at around 5 mM concentration of glucose. While the current density
of the poly-TPA/GOX electrode was continuously increasing alongside with
the increasing glucose concentration, we could not obtain enough data points
for a calibration curve. Unexpectedly, a characteristic peak of the poly-
TPA/GOx electrode displayed a significant potential drift while reacting to
glucose concentrations. By increasing the glucose concentration from 0.5 to
14 mM, we measured a 15 mV difference in the observed potential of the CV
oxidation peak. However, the peak’s position could not be identified
accurately at lower concentrations than 0.5 mM for all the electrodes. As it
can be seen in Figure 10, the current response to different concentrations of
glucose for the poly-CzEt/GOx, poly-CzPh/GOx and poly-TPA/GOXx
electrodes appear to be parallel, thus, the largest measurable difference in this
area would always be at the observable peak. Moreover, the preliminary tests
on possible interfering species, such as ascorbic acid, uric acid, lactose,
sucrose, and hydrogen peroxide, indicate that the combined choice of GOx as
a specific catalyst as well as a low working potential of 0.15 V did not display
any signal towards the presence of these interfering materials.

The limits of detection (LOD) were determined from the low
concentration linearity range of the calibration curves according to Equation

(5):
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LOD = 3.00 (5)

slope

where ¢ is the standard deviation of the response. The average
sensitivities were estimated as the slope of the current density vs glucose
contraction which was determined from calibration curves. Values of LOD of
240 and 230 pM by taking signal to noise ratio of 3.0 and the average
sensitivities of 3.3 and 3.7 pA ¢cm™? mM* of the biosensors based on poly-
CzEt and poly-CzPh active layers were calculated, respectively.

By taking the difference in current density at the observed peak
voltage and the base current density (JO is current density at 0 mM glucose),
we have determined the electrode’s sensitivity to glucose. The resulting
calibration curve follows the dependency of Michaelis-Menten kinetics. The
Michaelis constants (KM) values have been calculated by employing the
Lineweaver-Burk approach (Equation 6) 8788

11 Ky

- Jmax  JmaxC

(6)

where Jmax is the maximal current density and C is the concentration
of glucose. Figure 11b shows a linear dependence for all the substrate
concentration points of all the electrodes. Moreover, the Michaelis constants
have been estimated to be 1.1, 2.0 and 1.4 mM for poly-CzPh/GOx, poly-
CzEt/GOx poly-CzEt and poly-TPA/GOx electrodes, respectively. These
constants are one level of magnitude higher than Michaelis constant of native
GOx, which is around 0.3 mM with respect to dissolved oxygen® and it
indicates that the maximum rate in our case has been achieved at a higher
substrate concentration.
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To study the activity of GOx on the electrode surfaces, the activity I'
(coverage) has been determined from the slope of the line of I vs v, by using
Equation 3:7

n?F?AT
v
4RT

I= ()

where n represents the number of charges involved in the reaction, A
(cm?) is the electrode area, F is the Faraday constant, I' (mol cm?) is the
surface density/activity of reactant species, v (V s%) is the potential sweep rate,
R is the ideal gas constant, and T is the absolute temperature. To calculate a

47



charge number, the peak shape of CV has been evaluated. It represents the
homogeneity of the layers which can be evaluated by the full width at half of
the peak’s full height (FWHM) as described in equation 1%

In this case, n is estimated to be around 1 for all the electroactive
materials. We can calculate the surface density of the reactant species by using
the current measurement value in the expected peak position at 0.15 V vs
Ag/AgCIl. As compared to the result obtained in our previous work, the
obtained surface density is in the order of 10°-10%° mol cm, which is
significantly larger (by three orders of magnitude) if compared with that
calculated for the monolayer of GOX (i.e., around 1012 mol cm-2). Such a large
increase can be justified by the fact that when utilizing a different
immobilization method, i.e. by crosslinking the adsorbed GOx molecules on
the surface, we no longer produce a structured surface monolayer of GOx, and
dense unordered agglomerates of GOx on the electrodes’ surface are produced
instead.

Table 2. Comparison of the three produced amperometric glucose
biosensors with data available in literature.

Active layer Linear | Average LOD, | T Kwm, | Ref.

range, | sensitivity, | uM x10" | mM

mM HA  cm? 10

mM-? mol
cm?

Poly- 1-5 3.3 240 35 |20 |This
CzEt/GOx work
Poly- 2-5 3.7 230 3.7 1.1 | This
CzPh/GOx work
Poly- - - - 19 1.4 | This
TPA/GOx work
PEDOT- 0-5 6.4 260 - - 8
NFs/GOx
PEDOT/GOx |0-10 |9.24 100 - 116 | 12
Poly-2,2’- 0.09- |- 30 - - o
BT/GOx 5.2
Poly-4,4’- 0.15- |- 50 - - o
bBT/GOx 5.2
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SBEDOT/GOx | 1-20 | 12.6 - - - 1
Poly-SNS- 1-10 |27 903 |- - 13
NH2/GOx

PPX-GOx 3-8 - - 66 |
Poly-CzS/GOx | 2-15 | 0.46 240 |0.03 |- 20

Abbreviations: NFs: nanofibers; 2,2°-BT: 2,2'-bithiophene; 4,4'-bBT: 4,4'-
bis(2-methyl-3-butyn-2-ol)-2,2'-bithiophene; SBEDO:  sulfobetaine-3,4-
ethylenedioxythiophene; SNS-NH.: 4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-
yhaniline; PPX: p-(10-phenoxazinyl)propionic acid; CzS: 9-(thiiran-2-
ylmethyl)-9H-carbazole.

The obtained analytical parameters of the designed biosensor based
on the carbazole derivatives bio composite have been compared with some
other GOx-based glucose biosensors reported previously, where a linear range
of current — concentration was determined at a positive potential vs Ag/AgCl,
and the data are presented in table 2. The determined linear range, sensitivity,
and detection limit values for the poly-CzEt/GOx and poly-CzPh/GOx-based
biosensor remained at a similar level to the other electrochemical approaches
described in the literature (see Table 2). By comparing our prepared
biosensors, it has been found out that the carbazole-based electrodes have a
higher sensitivity than the triphenylamine-based electrode because these
electropolymers have a more conjugated aromatic system and, as a result,
charge carrier mobilities in these electropolymers are higher than in poly-
TPA. Moreover, the limit of detection (LOD) shows the minimum amount of
analyte that can be detected by biosensors. These values of LOD are equal to
the concentration of oxygen in air-saturated aqueous solution of around 200
uM. Therefore, oxygen molecules compete in the oxidation of reduced
cofactor (FADH?) by the charge carrier (hole) from the electrode in/to GOx.
Although these third-generation biosensors, based on the hole
injecting/transporting materials, have excellent stability, they have a low
sensitivity and a medium linear range because charge tunneling toward the
electrode is a limiting step of overall process in these biosensors.®
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4.5. Assessment of Cytochrome ¢ and Chlorophyll a as natural
redox mediators for EBFCs powered by glucose

4.5.1. Determination of power density

The stability of current, the maximum value of the power output, and
a large electromotive force are three key features of the biofuel cell %. In this
study, firstly an attempt was made to determine a system that generates
sufficient power for the biofuel cell. Hence the power and surface power
density of the biofuel cell were calculated using Ohm’s law and power
calculation formula based on the surface area of the graphite electrode. The
whole-cell OCP was calculated via the following equation 9:

E _Ere
OCP = (Ex-Ee)-(EvEei) ~ OCP = ZEErer) 9)
(Eq Eref)

where Ex is a potential value of the cathode, and Ex is a potential value
of the anode.

The power density of EFC was calculated according to equation P =
U?/R and dividing it by the geometric surface area.

The results of the power density calculations are presented in Figure
12. The highest power density was generated by the system EBFCca. The
surface power density of this system is about 2500 — 4000 nW/cm? (Figure
12). While the power density values generated by the other systems EBFCcc,
EBFCchv, and EBFCrep Were about 10 times lower. As expected, the power
density generated by the system without any redox mediator was the lowest.
Some differences were observed between the values of the carbon composite
resistor load used to obtain the maximum power density. The maximum power
density generated by the system with redox-mediated by Chlorophyll a was
registered at a biofuel cell potential of 125 mV. The power density has
succeeded the comparably high value in the system employing heparin, with
a potential of 35 mV. The potentials generated by other biofuel cells EBFCcc
and EBFCcny, based on cytochromes and the supernatant of ultrasonically
disrupted Chlorella vulgaris cells, were rather similar, but the potential of
EBFCcc was 80 mV and of EBFCchv Was 143 mV.

In a similar system with a substrate of redox-mediated Chlorophyll a,
a power density of 2397 nW/cm? was reached using a mix of water treatment
sludge and fruit juice effluent 3:1 %. In another study, the peak power densities
were compared in different seasons of the year and the power density value of
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5700 nW/cm? was achieved in spring and only 110 nW/cm? MBFCs in
summer using biomass with the Chlorophyll a in the microbial fuel cell . The
biofuel cell system generated a power density of 1510 nW/cm? at a glucose
concentration of 20 g/l in the synthetic wastewater %. Biofuel cell technology
is used for wastewater bio-depuration using Chlorella vulgaris and bio-
electrogenic activity has increased from 2317 nW/cm? to 32767 nW/cm? %,

In conclusion of power density evaluation, it can be noted that
Chlorophyll a substrate in EBFCca is the best choice of the assessed redox
mediators used to construct the EBFC.
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Glucose is considered an ideal ecological fuel for direct-type biofuel
cells. An advantage of glucose is that it can be produced in abundance from
both natural plants and industrial processes. The effect of glucose
concentration on the system power density and the electromotive force was
measured by adding a certain amount of glucose to here evaluated five
systems. Increasing glucose concentration from 0,10 and 100 mM (Figure 13),
has decreased biofuel cell potential, and in the case of a biofuel cell based on
chlorophyll, by increasing the glucose concentration to 100 mM, the system
hardly generates power — the surface power density is very close to 0 nW/cm?.
When cytochrome ¢ was used as the redox mediator in the EBFCcc system
(Figure 13), the power generated increased with increasing glucose
concentration. Although the maximum power density is lower than in EBFCca
or EBFCch systems and reaches about 160 nW/cm?, the signal of this system
increases when the amount of glucose in the electrolyte solution has increased,
and such a system was much more stable.

Control of the study was performed only with a polished graphite
electrode — the maximum surface power density was 24.71 nW/cm? in the
absence of glucose in the system. Increasing glucose concentration reduces
the power density of a biofuel cell. It can be argued that these redox mediators
increase the efficiency of biofuel cells because they generate much higher
maximum surface power.
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Figure 13 compares the power density (Figure 13A) and electromotive
force (Figure 13B) of all biofuel cells at a glucose concentration of 10 mM in
the solution. The voltage decrease usually is registered when the load of the
external circuit increases ¥. Although the power density of such biofuel cells
is usually reported in terms of the active surface area of the electrode, rather
than volume, as it is often the case for many other energy sources because
more advanced calculations are not possible due to problems related to active
surface calculation in the entire volume of the electrode.

45.2. Cyclic voltammetry-based evaluation of mediated EBFCs

During the evaluation of the cyclic voltammetry results, the focus was
on the value of the potential at which oxidation peak is observed in the cyclic
voltammogram (CV). During this experiment the potential was changed in a
rather broad range of the potential values, i.e., the potential was changed from
-1.5V to +1.5 V at the scan rate of 50 mV/s (Figure 14). The potential cycling
in such a broad range of electrode potentials required very careful removal of
dissolved oxygen by degassing the electrochemical system with a nitrogen
stream. It was observed that in the system without any redox mediator (Figure
14A) no clearly distinguished oxidation peak was observed. However, in this
system, it was followed by a slightly expressed current density increase at the
potential value of 1.1 V. The current density changes correspond to the linear
correlation with R2=0.95 and y=0.11x + 1.85. The current density was rather
different in the evaluated EBFC systems. In the EBFCcc (Figure 14B), it was
observed a shift in the oxidation peak potential value. The observed potential
value was shifted to higher potential values with increased glucose
concentration. The potential values were shifted from 0.63 V to 0.77 V.
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Figure 14. Cyclic voltammograms when the working electrode is A.
control of the study; B. EBFCcc; C. EBFCca; D. EBFCchyv; and E. EBFChigp.

Meanwhile no current density dependence on glucose concentration
was observed in this system. Such a shift of the potential value was not
observed in any other evaluated system. During potential cycling at the
increased glucose concentrations, the drop in current density was observed in
the EBFCca (Figure 14C) and EBFCrep (Figure 14E). No current or potential
dependencies were observed in EBFCchy.

Some researchers % revealed the occurrence of ineligible reactions —
parasitic O, reactions. The scientific group described that depending on the
experimental conditions, parasitic reactions may appear when using redox
mediators of extremely negative or positive redox potentials. O, reduction at
redox polymers, which is observed at low potential bioanodes, or the oxidation
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of some other electroactive species, which are observed at high potentials
applied at biocathodes, are objectionable effects.

Table 3. The summary of values of the potential at which occurs
oxidation on EBFCcc, EBFCca, EBFCchyv, and EBFCiep electrodes.

Name of the system The value of the potential at
which occurs oxidation, V

The control of the system 1.1V

EBFCcc 0.6V

EBFCca 0.8V

EBFCchv 0.9V

EBFChep 0.9V

The values of the potential at which occurs oxidation in all evaluated
systems EBFCcc, EBFCca, EBFCchyv, and EBFChep are summarized in table 3.
According to the data displayed in table 3, the value of the potential at which
occurs oxidation was decreased in all systems.

4.5.3. Chronoamperometry-based evaluation of mediated EBFCs

The characteristics of the electrochemical system as a second-
generation biosensor were investigated by chronoamperometry. EBFCcc,
EBFCca, EBFCchv, and EBFCyep responded to changes in glucose at a steady
state. This effect is well seen from the graphs (Figure 15) that when using an
EBFCchv, a constant drop in current is observed, and the equilibrium of the
system is difficult to stabilize. Using an EBFChep, @ constant increase in
current is observed. Such systems are not considered stable enough to develop
a biosensor.

The electrodes EBFCca and EBFCcc were suitable for the development of
EBFC. It was determined that by increasing the glucose content in the system,
the current density increases, and the equilibrium is reached quickly. Due to
the highly variable base levels, it is difficult to assess and compare the systems
directly from the data of the chronoamperometry. Measurement results, which
are presented in Figure 16, are based on the data presented in Figure 15
because by measuring the change in current density we can more easily
compare the efficiency of the tested systems. All the tested systems react to
the addition of glucose, gradually increased glucose concentration increases
the observed change in current density by nearly an order of magnitude, with
the highest overall increase observed in the EBFCcc, when saturated with
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glucose it displayed a 15x times increase in change of current density
compared to the control system. The EBFCcny also displays a large relative
change of current, over an order of magnitude, but appears to saturate quickly,
offering a decreased response range saturating at 20 mM/L of glucose,
whereas all the other tested systems displayed a change in current density
throughout the tested 0 — 100 mM/L glucose range.
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Figure 16. Current density dependency on glucose concentration. AJ,
1og10(Ji — Jo) from the concentration of glucose, where J; — current density is
measured after the addition of glucose, and Jo — current density is measured at
the start of the experiment. 0 — control of the study; 1 — EBFCcc; 2 — EBFCca,
3 — EBFCchyv; and 4 — EBFChgp.

All samples follow expected Michael-Menten Kkinetics curves.
Displayed as such, EBFChep and ‘Control’ samples represent an inaccurate
view due to the nature of their response as seen in the chronoamperometry
data. Both EBFCpep and ‘Control” samples do not reach equilibrium and
continuously increase.
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Figure 17. The dependence of relative change in current density from
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EBFCcrv — the system with the supernatant of ultrasonically disrupted
Chlorella vulgaris cells substrate; 4 — EBFCyep — the system with heparin.

The relative change in current density was calculated according to
equation 10:

Ji—Ji-1
lOglOW (10)

where Ji — current density after the addition of glucose, Ji1 — current
density before the addition of glucose, and Jo — current density measured at
the start of the experiment.

The application of cytochromes in the EBFCcc produced the greatest
relative current response to the further increase of glucose concentration. Also,
it was observed from the Figure 17 that the system retains a high amount of
sensitivity throughout the assessed concentration range, displaying the
increase of registered current up to 50 mM of glucose, with further increases
gradually lowering the current response rate. Increasing glucose concentration
from 20 mM to 50 mM we observed a 167% increase in registered current, by
further increasing the concentration by 50 mM we observed an increase of
80%, and the response rate follows a bell-shaped curve over the entire tested
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concentration range. The high relative sensitivity suggests a possibility for
further iterative improvement, as the system is currently held back only due
to small absolute signal current values.

EBFCca also produced a relatively linear current response to the
increase of glucose throughout the range.

EBFCchv displayed a strong response in the lower boundaries of the
concentration range and plateaus at concentrations above 20 mM. EBFChgp
and control samples had a relatively low response to noise ratio and both
samples reacted strongly in a very limited concentration range in the lower
boundaries of the tested range.
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4.6. Assessment of Rhizobium anhuiense bacteria as a potential
biocatalyst for microbial biofuel cell design

Zeta potential measurements were performed to evaluate the electrical
potential of the cell surface, which depends on environmental conditions .
The surface of the majority of gram-negative bacteria at neutral pH is mostly
negatively charged. This effect is predetermined by negatively charged
phosphate and carboxylate groups containing lipopolysaccharides [39] and
balanced by oppositely charged counter ions present in the surrounding media,
leading to the formation of the electrical double layer.

Menadione (MQ) is a redox cycling compound, with the empiric
CsH4(CO).C2H(CHs) formula, it is also known as a vitamin Kz, and it’s an
analog of 1,4-naphthoquinone having additional methyl group. Menadione is
a prooxidant generating superoxide anion radicals. Rhizobia exposed to
menadione responds by inactivation of free anion radicals generated by this
exposure 2. The optical density growth curve (Figure 18) was used to assess
the doubling period and to check whether bacteria remained metabolically
active.

0.8+

0.6+

ODgq (a.u.)
o
+

0.2+ —e— R. anhuiense
& —8— R. anhuiense + Menadione 50uM
OO T T T T
0 20 40 60 80 100

Time (h)
Figure 18. Growth curve optical density (OD) values of Rhizobium
anhuiense bacteria in Norris medium with or without Menadione.

In this research at low concentration menadione acts as a stressor,
therefore, it did not kills the bacteria but strengthens their resistance and
increases their charge-transfer efficiency after the adaptation period. At ion
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concentration below 1 mM, the zeta potential was independent of ionic
strength (Figure 19A), and the bacteria displayed minor variation of zeta
potential in the presence of menadione, and this effect was not dependent on
the duration of incubation. When ion concentration exceeded 1 mM, then the
zeta potential of all samples increased together with increasing ionic strength.
No meaningful difference in zeta potential was observed between the presence
or absence of various mediators and the duration of incubation. The influence
of pH on the zeta potential of Rhizobium anhuiense was assessed. Considering
that a natural living environment of the bacteria is ~pH 7.0, and due to
metabolic processes and secretion of various metabolites the pH is often
changed to the acidic side, further investigations in pH range between 5.0
and 8.0 were performed. The research revealed that these pH alterations have
not significantly influenced the zeta potential of the bacteria. Zeta potential
remained negative over a wide pH range (Figure 19B). This reveals that the
variation of pH does not influence electrostatic interactions between the
bacteria and anode. The influence of the cultivation medium on the zeta
potential of bacteria was also evaluated (Figure 19C). A Norris medium,
pH 7.0, 25g/L glucose, also positively influenced zeta potential. The average
zeta potential of bacteria increased to —25 mV compared to an average zeta
potential of bacteria, which is —60 mV in PBS-based solutions with low ionic
strength. This phenomenon is observed most likely due to the presence of
different dissolved ions in PBS and Norris medium.

Bacterial cells with inherent negative charges are more favorable to
adhere and subsequently immobilize to the positively charged electrode due
to the electrostatic attraction. In this research, we observed a highly negative
zeta potential in solutions with low ionic strength. Observation suggests that
Rhizobium anhuiense possesses the inherent ability to adhere strongly to the
surface of the anode.
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Figure 19. Zeta potential (mean £ SD) of Rhizobium anhuiense at
mid-logarithmic phase: A) Zeta potential as a function of ionic strength; B)
Zeta potential measured in 0.1 mM PBS as a function of pH; C) Zeta potential
in growing Norris medium, pH 7.0. Measurements were performed in PBS,
pH 7.0, the presence of several redox mediators (5 mM of menadione, 0.2 uM
of riboflavin, and 4 mM of 9,10-phenanthrenequinone) and at anaerobic
conditions.

Open circuit potential (OCP) was determined at loads of external
circuits and power density was calculated using these measurement results.

Power density curves and polarization were gathered for BFC based
on a Rhizobium anhuiense bacteria, which were treated with several redox
mediators in different environments, (Figure 20 and Figure 21).

63



0.40

0.384

0.361

0.34 4

Open circuit potential (V)

0.32 4

0.30+

e o G <G ®
o e e &0
9 ‘\\.\&0 9300 \3@&

Redox mediator

Figure 20. The dependence of capabilities to generate an
electrochemical potential of Rhizobium anhuiense in 0.1 mM PBS, pH 7.0, the
presence of several redox mediators (5 mM of menadione, 0.2 uM of
riboflavin, and 4 mM of 9,10-phenanthrenequinone) and at anaerobic
conditions.

Menadione is serving as an organic hydrophobic redox mediator
enhancing charge transfer 5354, The efficiency of redox mediators at large
extent depends on the oxidation and reduction potentials of the applied redox
mediator. Redox mediators with a higher redox potential will more efficiently
capture electrons from electron donors, however, electron transfer from redox
mediators, which are characterized by a very high redox potential, to the
charge transfer chain is not very efficient %. Electrical potential and power
density of here designed MBFC is displayed in Figure 21.
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Figure 21. Polarization and power density curves of Rhizobium
anhuiense-based BFC in 0.1 mM PBS, pH 7.0, the presence of several redox
mediators (5 mM of menadione, 0.2 uM of riboflavin, and 4 mM of 9,10-
phenanthrenequinone) and at anaerobic conditions.

Riboflavin is known as an endogenous redox mediator facilitating
electron transfer rate promoted less of the generated power. Functional
devices that have their energy supplied by fuel cells need to operate in
conditions up to or equal to the power density maximum to function at high
efficiency. Electrons transferred during this process are directly associated
with the chemical reactions catalyzed by enzymes involved in the metabolic
processes of microorganisms. Bacteria-based fuel cells are characterized by
nonlinear power density. This nonlinearity can be used for efficient energy
saving while adapted to activate performance to a certain set of characteristics.
A larger overall power density at higher potential is a goal during the
development of such systems because at the maximum value of power density
it enables the generation of the greatest amount of electric current.

Application of natural redox mediator — menadione —in MBFC design
enables to increase of both the voltage and power of the designed MBFC and
this well increases their applicability. In contrast, no positive effect was
observed when riboflavin was applied instead of menadione. This effect can
be related to different solubility of both these natural redox mediators, because
menadione is soluble in a hydrophobic environment and enters the
phospholipid membrane, whereas riboflavin is water-soluble and can be
dissolved within the cell, as within the extracellular environment. However,

65



riboflavin is not well suitable to shoot electrons through the cell membrane.
Therefore, we can propose that a menadione can more efficiently shuttle
charge through phospholipid membrane towards the electrodes in comparison
to charge transfer ability of riboflavin (Figure 20).

It is known that Rhizobium anhuiense can function in both anaerobic
and aerobic conditions. Therefore, the ability of power generation of
Rhizobium anhuiense was additionally tested in anaerobic conditions by the
protrusion and saturation of the system with nitrogen gas. However, under
anaerobic conditions, a significant decrease in all power generation-related
characteristics was determined (Figure 18 and Figure 21).

It should be noted that the current density generated by here reported
MBFC, like in most of MBFCs, is not very high, therefore, to increase the
density of current 3D electrode materials 2% and/or conducting polymer-based
structures ° can be applied, which will enable to increase the magnitude of
current by several orders .
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5. CONCLUSIONS

1. We have found that hole-transporting (p-type) organic/polymer
semiconductors can be used in the construction of biosensor electrodes.
Electrochemical experiments have shown that, at relatively low ionisation
potentials, a direct transfer of holes from the electrode to the enzyme occurs.
A broad linear dependence between current density and glucose concentration
from 2 to 15 mM and a high stability of the ITO/poly-CzO/GOx-electrode
were observed, while the highest sensitivity was found for the graphite/poly-
CzPh/GOx-electrode at 3,7 pA cm? mM™,

2. We have constructed and tested redox mediator-based
bioelectrochemical systems utilizing different redox mediators. Chlorophyll
A and cytochrome-mediated systems showed the highest sensitivity to
variable glucose concentrations, with a measured power density of 2.5-4
UW/cm?2, However, these systems were inhibited with further increases in
glucose concentrations. For the chlorophyll-a mediated system, the power
density dropped to < 10 nW/cm? when the glucose concentration was
increased to 100 mM.

3. Using Rhizobium anhuiense bacteria, we further developed fuel cells
based on electrocatalytic processes. In order to improve charge transfer, we
tested several redox mediators: menadione, riboflavin and 9,10-
phenanthrquinone. The best results were found in a Rhizobium anhuiense-
based bioanode cultured in a high glucose environment, mediated by
menadione, with an open circuit potential of 0.385 mV, and a maximum power
density of 5.5 uW/cm?, which generated an anodic current of 50 pA/cm?,
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6. SANTRAUKA

Siame darbe sickiame pristatyti ir aprasyti keleta gliukozés biojutikliy
ir gliukoze vartojan¢iy biokuro elementy technologijy. Aprasome
elektrocheminiu btudu sukurty skylémis perneSanciy (p tipo) polimeriniy
puslaidininkiy (HTPS), kuriy pagrinda sudaro karbazolo dariniai ar
triphelaminas, kaip tiesioginio kriivio perneSimo gliukozés jutikliy
biocheminj taikymga. Indzio alavo oksido ir grafito pagrindu pagaminti
elektrodai buvo elektrochemiskai modifikuoti HTPS sluoksniu ir
kovalentiskai imobilizuotas gliukozés oksidazés (GOx) monosluoksniu.
HTPS ir GOx pagrindu pagaminti elektrodai buvo tiriami siekiant jvertinti
tiesiogini  skyliy perdavimg tarp fermento ir elektrodo esant
bioelektrochemiskai tinkamam potencialui. Pastebéta plati tiesiné
priklausomybé tarp smailés srovés tankio ir gliukozés koncentracijos.

Naujy didelés galios biokuro elementy kiirima praeityje ribojo létas
arba netiesioginis kriivio perneSimas. Siekiant jvertinti jy pritaikomuma, buvo
iStirtos fermentiniy biokuro elementy (EBFC) sistemos su skirtingomis
redokso mediatoriy medziagomis. Skirtingos prigimties redokso mediatoriai
buvo parinkti siekiant geriau suprasti kriivio perdavimo sistemg ir jy poveikj
biokuro elementy savybéms. Citochromas ¢, chlorofilas a ir ultragarsu
suardyty dumbliy Chlorella vulgaris lasteliy supernatantas buvo tiriami kaip
potencialis redokso mediatoriai. Tomis paciomis analitinémis sglygomis
buvo jvertintas ir heparino poveikis EBFC. EBFC vertinti buvo taikomi
atvirosios grandinés potencialo (OCP) matavimai ir srovés atsako jvertinimas
dviem matavimo rezimais: i) ciklinés voltamperometrijos matavimy metu, kai
potencialas cikliSkai keiCiasi, arba ii) esant pastoviai potencialo vertei, kai
taikoma chronoamperometrija.

Mikrobiniai kuro elementai (MFBC) - tai unikalios biokatalizés
sistemos, kurios cheming energija, sukauptg atsinaujinanciuose organiniuose
degaluose, pavyzdziui, gliukozéje, pavercia elektros energija. Taciau ne visi
mikroorganizmai medziagy apykaitos ir (arba) katalizés procesy metu sukuria
pakankamg redokso potencialg. Savo tyrime jvertinome mikroorganizmo
Rhizobium anhuiense, kaip katalizatoriaus, tinkamo mikrobiniams kuro
elementams kurti, pritaikomuma. Rhizobium anhuiense bakterijos buvo
kultivuojamos didelio gliukozés kiekio aplinkoje, o kriivio perdavimui
pagerinti buvo iSbandyti keli redokso mediatoriai: menadionas, riboflavinas ir
9,10-fenantrenchinonas (PQ).
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6.1. Ivadas

Gliukozé - tai angliavandenis, paprastasis cukrus, kurio gausu visoje
gamtoje. Gliukozé gaminama dumbliy ir augaly fotosintezés proceso metu ir
placiai naudojama kaip energijos kaupimo priemoné, natirali statybiné
medZiaga ir aerobiniam bei anaerobiniam lasteliy kvépavimui. Kaip molekulé
jis nuolat aptinkamas misy gyvenime zemés ikyje, gamtiniuose ir
pramoniniuose produktuose, miisy paciy kiinuose. Todél labai svarbu ja
tyrinéti, kad geriau suprastume, kaip ja galima toliau panaudoti. Siame tyrime
daugiausia démesio skiriame elektrocheminéms gliukozés aptikimo ir
matavimo technologijoms, taip pat technologijoms, leidzian¢ioms gliukoze
paversti elektros energija.

Gebéjimas nustatyti ir iSmatuoti gliukoze yra labai svarbus medicinos ir
maisto pramonei. Misy organizmas funkcionuoja palaikydamas siaurg
gliukozés koncentracijos diapazona kraujyje, mazdaug 5+2 mM, o tais
atvejais, kai dél ligos (pvz., diabeto) ar kity priezasCiy to padaryti negali,
gliukozés koncentracija reikia reguliuoti iSoriniais metodais. Todél buvo
sukurtos technologijos, leidzianCios tiksliai sekti gliukozés koncentracija
realiuoju arba beveik realiuoju laiku. Sios technologijos taip pat plaiai
naudojamos maisto pramonéje - gliukozés kiekis maisto produktuose kinta
visa laika, o sekdami Siuos pokycCius galime kiekybiskai analizuoti vaisiy
sunokima, stebéti fermentacijg ar net jvertinti nepageidaujamag mikroby
augima.

Gliukozé, kuri yra labiausiai paplitgs gamtoje angliavandenis, taip pat yra
labai patraukli, nes ja galima naudoti kaip biologiSkai draugiska
elektrocheminés energijos kaupimo forma. Kaip organizmas naudoja gliukoze
lasteliy kvépavimui, taip ir mes galime jg panaudoti pramonéje ar Zemés
iikyje. Energijos nuolat reikia, o panaudodami gliukozg kaip kuro Saltinj,
galétume gauti alternatyvius bidus, kaip panaudoti perteklines augalines
atliekas, sugedusj maistg ir t. t. Gliukozé taip pat galéty biti energijos Saltinis
gyvy kiiny elektromechaniniams prietaisams, pavyzdziui, Sirdies
stimuliatoriams ar jutikliams.

6.1.1. Sio tyrimo tikslas:
Sukurti ir suprojektuoti veikiancius gliukozés biojutiklius ir gliukoze

varomus biokuro elementus, naudojant tiesioginio ir netiesioginio kriivio
perdavimo technologijas ir mikroorganizmus.
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6.1.2.  Sio tyrimo tikslai:

1. Suprojektuoti, sukurti ir jvertinti GOx pagrindu veikiancias
bioelektrochemines sistemas, naudojancias tiesioging elektrony
perdavimo technologija.

2. Suprojektuoti, sukurti ir jvertinti GOx pagrindu veikiancias
bioelektrochemines sistemas, naudojancias tarpininkaujama kriivio
perdavimo technologija.

3. Suprojektuoti, sukurti ir jvertinti mikroorganizmy pagrindu
veikiancias bioelektrochemines sistemas, maitinamas gliukoze.

6.1.3. Mokslinis naujumas

Irodyta, kad P-tipo polimeriniai puslaidininkiai gali dalyvauti tiesioginés
elektrony pernaSos sistemoje su baltymais.

Vienas i§ pirmyjy karty, kai buvo istirtos cytochromomis medijuojamos
gliukozés bioelektrocheminés sistemos.

Vienas pirmyjy darby aprasanciy azota fiksuojanciy bakterijy panaudojima
elektros energijos generavimui.

6.2. Metodika

6.2.1. Elektrody valymas ir paruoSimas

Pries$ tolimesne modifikacija ITO modifikuoto stiklo elektrodai buvo
supjaustyti iki 75 mm x 26 mm dydZio, elektrodai buvo nuplauti distiliuotu
vandeniu ir acetonu; po to jie buvo elektrochemiskai valyti 10 potencialo cikly
nuo -1000 iki +1000 mV pries Ag/AgCl, esant 200 mV/s skenavimo grei¢iui
PBS buferiniame tirpale.

Grafitiniai strypiniai elektrodai buvo supjaustyti iki reikiamo dydzio
ir poliruojami rankiniu biidu naudojant abrazyvus pagal 9 pav. metods, kol
buvo gautas tolygus atspindintis pavirSius.

PrieSpriesinis elektrodas buvo apdorotas ugnimi ir nuvalytas acetonu
bei DI vandeniu, kad eksperimento metu buty sudegintos organinés liekanos.

Atliekant elektrocheminius bandymus elektrody pavirSiaus plotas
buvo ribojamas ir palaikomas pastovus naudojant silikoninius vamzdelius ir
teflono juosta.
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6.2.2. Elektrody modifikavimas organiniais polimerais kaip puslaidininkiais

P tipo puslaidininkinis polimeras buvo nusodintas ant grafito ir ITO
elektrody potenciodinaminémis salygomis, taikant ciklinés
voltamperometrijos metodg. Nusodinimo parametrai buvo parinkti
eksperimentiskai.

Cz0, CzS organiniy polimery pirmtakai buvo nusodinti ant i§valyty
ITO elektrody elektrocheminiu biidu, naudojant 10 potencialo cikly 0,5 mg/ml
organinio pirmtako tirpale su 0,1 M TBAPHgs , istirpintame sausame DCM,
esant 50 mV/s skenavimo greiciui. Sios modifikacijos metu (potencialas buvo
kei¢iamas nuo -200 mV iki +1500 mV pries Ag/AgCl, kad biity galima
polimerizuoti CzO ir CzS) buvo registruojamos ciklinés voltamperogramos.
Siekiant i8§valyti naujai suformuotus ITO/poli-CzO ir ITO/poli-CzS
elektrodus, prie§ kiekvieng apdorojimo etapg ir po jo jie buvo plaunami
distiliuotu vandeniu. Elektrocheminis charakterizavimas atliktas naudojant
tuos pacius elektrocheminius prietaisus ir programing jranga, kurie buvo
naudojami ITO elektrodams modifikuoti.

TPA, CzEt ir CzPh organiniy polimery pirmtakai buvo nusodinti ant
iSvalyty grafito elektrody elektrocheminiu biidu, naudojant 20 potencialo
cikly 0,5 mg/ml organinio pirmtako tirpale su 0,1 M TBAPHs , istirpintame
sausame DCM, skenuojant 50 mV/s grei¢iu. Sios modifikacijos metu
(potencialas buvo kei¢iamas nuo -200 mV iki +1500 mV prie§ Ag viela,
padengta AgCl, skirta TPA, CzEt ir CzPh polimerizacijai) buvo
registruojamos  ciklinés voltamperogramos. Siekiant iSvalyti naujai
suformuotus  grafito/poli-TPA,  grafito/poli-CzEt,  grafito/poli-CzPh
elektrodus, pries kiekviena apdorojimo etapg ir po jo jie buvo plaunami
distiliuotu vandeniu. Elektrocheminis charakterizavimas atliktas naudojant
tuos pacius elektrocheminius prietaisus ir programing jrangg, kurie buvo
naudojami modifikuojant grafito elektrodus.

6.2.3. Organiniy puslaidininkiniy polimery, modifikuoty GOx fermentais,
kovalentiné imobilizacija

Polimerais modifikuoti elektrodai buvo susieti GOx fermentu
naudojant dviejy etapy procesa. Elektrodai 1 valandg kambario temperatiiroje
buvo inkubuojami 2,5 % glutaraldehido tirpale vandenyje. Prie$ kiekvieng
apdorojimo etapg ir po jo elektrodai buvo plaunami distiliuotu vandeniu.
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Galiausiai Sie elektrodai buvo panardinti j GOx (5 mg/ml) tirpala PBS
buferiniame tirpale (pH 7,2) ir laikomi per naktj +4 °C temperatiiroje. Prie§
atliekant elektrocheminius matavimus, elektrodai buvo kruops¢iai nuplauti
distiliuotu vandeniu, kad biity pasalinti: neimobilizuotas fermentas;
disocijuotas GOx kofaktorius - FAD; ir kitos neimobilizuotos medziagos,
kuriy buvo fermenty méginiuose, naudotuose elektrodams modifikuoti. Be to,
gryno FAD kofaktoriaus imobilizacija ant 1TO/poli-CzS elektrodo nebuvo
pastebéta naudojant UV-vis spektroskopija dél mazo FAD kofaktoriaus
adenino aminogrupés nukleofiliSkumo. Paruosti elektrodai buvo laikomi
uzdarame inde su PBS, +4 °C temperatiroje, kol buvo naudojami
eksperimentams.

6.2.4. EBFC elektrody ruoSimas

Ant poliruoto grafito elektrodo pavirSiaus buvo fiziskai nusodinta 3
uL vertinamos medziagos tirpalo ir 5 pL gliukozés oksidazés. Nusodintas
tirpalas paliktas i§ dalies iSgaruoti, kad sumazéty jo turis. Laukéme, kol ant
elektrodo iSorinio perimetro pradés matytis dzilistantis iSorinis krastas, taciau
centriné dalis vis dar buvo drégna. Kai i§garavo pakankamai skyscio, sistema
buvo perkelta j kamers, prisotintg glutaraldehido gary, kad chemiskai sujungty
struktiira su elektrodu. Tokios sistemos buvo nurodytos pagal jvertintg
medziagg: EBFCcc - sistema su citochromu ¢, EBFCca - sistema su chlorofilu
a, EBFCcrv - sistema su ultragarsu suardyty Chlorella vulgaris lgsteliy
supernatantu ir EBFCep - Sistema su heparinu.

6.2.5. MBFC elektrody paruosimas

Gramneigiamos Rhizobium anhuiense bakterijos, gautos i$ Lietuvos
agrariniy ir misky moksly centro (Vézaiciai, Lietuva) mikroby padermiy
kolekcijos. Bakterijos buvo auginamos Norriso terpéje 2, didelio gliukozés
kiekio aplinkoje, pH 7,0, sudarytoje i$ azotg fiksuojanciy bakterijy padermiy.
Prie$s naudojant eksperimentams, Rhizobium ahnuiense bakterijos buvo
perskiepytos j pasvirusia Norris terpeg, papildyta agaru, ir paliktos augti 48 val.
28 °C temperatiiroje. Po to 5 ul autoklavuoto Norriso terpés tirpalo buvo
uzpildytas mégintuvélis su inokuliu ir atsargiai suspenduotas. MiSinys keleta
minuciy buvo sukamas stikuriniu judesiu, kad didzioji dalis bakterijy pakilty
i§ kietosios terpés. Tada bakterijy suspensija buvo perkelta ir praskiesta
Sviezia autoklavine Norris terpe, kad kolonijas sudaranciy vienety (KVV)
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tankis biity lygus 1 x 107 KVV mL 1%, Buvo surinkta vienos kameros MBFC
celé, kurioje buvo panaudota dviejy elektrody elektrocheminé sistema, grafito
elektrodas buvo naudojamas kaip darbinis elektrodas, o didelio ploto platinos
viela - kaip priesinis elektrodas. Bakterijy méginiai buvo imobilizuoti ant
grafito elektrodo, leidziant jam lengvai i§dziiiti dvi minutes. Bandiniui atskirti
nuo jj supancios aplinkos buvo naudojama polikarbonato membrana su 1 pm
skylutémis, kad biity uztikrintas prisitvirtinimas prie anodo.

6.2.6. Zeta potencialo jvertinimas

Paruosti méginiai buvo 10 karty praskiesti -terpéje su atitinkama
jonine jéga (0,01 mM, 0,05 mM, 0,1 mM, 0,3 mM, 10 mM, 50 mM, 100 mM,
300 mM), o pries pat zeta potencialo matavimg buvo sureguliuotas pH 5,0,
6,0, 7,0 arba 8,0. Gauta suspensija uzpildytos skaidrios vienkartinés "zeta
kameros" (ATA scientific, Australija) prie§ pat zeta potencialo matavimus.
Joniné jéga buvo matuojama esant pH 7,0, o pH tyrimai atlikti 0,1 mM PBS
tirpale. Bakterijy lasteliy elektroforetinis judrumas buvo matuojamas 80 V
jtampos zeta potencialo analizatoriumi (Zetasizer Nano series NanoZS-;
Malvern Industries Ltd, Malvern, Jungtiné Karalysté) ir perskaiciuojamas i
zeta potencialus ®. Matavimai buvo atlickami 25 °C temperatiroje
standartingje Norriso terpéje, pH 7,0. Siekiant nustatyti rezultaty
atkuriamuma, méginys buvo matuojamas penkis kartus dvi skirtingas dienas.
Tarp kiekvieno matavimo elektrodai buvo skalaujami dideliu kiekiu MilliQ™
vandens, po to - tiriamoji bakterijy suspensija.

6.2.7. Modifikuoto elektrodo jautrumo gliukozei elektrocheminis
jvertinimas

Modifikuotiems elektrodams jvertinti buvo naudojama trijy elektrody
sistema, kurioje modifikuotas elektrodas buvo darbinis elektrodas (darbinis
plotas 0,071 ¢cm? ), o platinos viela (darbinis plotas 0,24 cm? ) - prieSinis
elektrodas. Jtampos buvo matuojamos lyginant su komerciniu Ag/AgCl
elektrodu. Sukurty GOx modifikuoty organiniy puslaidininkiy pagrindu
sukurty elektrody funkcionalumas ir gyvybingumas buvo jvertintas CV
metodu. Viso eksperimento metu j PBS buferinj tirpalg nuolat buvo pilamas
gliukozes tirpalas; po kiekvieno papildymo gautas tirpalas buvo paleidziamas
per du ciklinés voltamperometrijos ciklus nuo -0,2 V iki 0,4 V pries Ag/AgCl,
kai potencialo svyravimo greitis buvo 30 mVs? . Atliekant visus ciklinés
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Atlikus cikline voltamperometrija, buvo vertinami antrojo potencialo ciklo
duomenys. Tolesnei elektrocheminei analizei modifikuoti elektrodai buvo
tiriami CV metodu sistemoje be gliukozés, kai potencialo kitimo greitis buvo
nuo 5 iki 100 mVs? .

EBFC modifikuoti elektrodai buvo vertinami naudojant platesnj potencialy
diapazong -1,5V-1,5V esant 50 mVs? dél eksperimenty metu pastebéto
didesnio oksidacijos potencialo. Sios sistemos taip pat jvertintos naudojant
chronoamperometrija, esant atitinkamam kiekvienoje sistemoje iSmatuotam
oksidacijos potencialui.

6.2.8. Biodegaly elementy projektavimas

Siekiant jvertinti modifikuoty elektrody pritaikomumg biokuro
elementuose, buvo naudojamas vienos kameros elementas su dviejy elektrody
sistema. Atlieckant EBFC modifikuoty elektrody bandymus, modifikuoti
darbiniai elektrodai buvo iSbandyti lyginant su komerciniu Ag/AgCl
elektrodu, o MBFC sistemose - su platinos vieliniu elektrodu (darbinis plotas
0,24 cm?). Kamera buvo pripildyta PBS, pH 7,0, ir i$matuotas sistemy atviros
srovés potencialas (OCP). Véliau prie elektrinés grandinés lygiagreciai buvo
prijungti jvairs iSoriniai rezistoriai (10 MQ, 1 MQ, 390 kQ, 220 kQ, 180 k€,
130 kQ, 100 kQ, 68 kQ, 56 kQ, 33 kQ, 10 kQ, 1 kQ), sickiant imituoti iSorines
apkrovas ir jvertinti bakterijy méginiy galios tankj. Buvo registruojami
potencialo poky¢iai.

6.3. Rezultatai ir aptarimas

6.3.1. Poli-CzO/GOx, poli-CzS/GOx modifikuoty elektrody
formavimas

Elektrocheminés oksidacijos metu karbazolo dariniai dazniausiai jungiasi
tarpusavyje per 3 ir 6 pozicijas, nes Siose padétyse Siy molekuliy elektrony
tankis yra didziausias ®°. Elektrocheminis polimery poli-CzO ir poli-CzS
nusodinimas ant ITO pavirsiaus buvo atliktas potenciodinaminémis sglygomis
(la ir b pav.). Monomero ir polimero jonizacijos pradzios potencialai (IP)
buvo iSmatuoti atitinkamai 1-0jo ir 10-ojo elektrocheminés polimerizacijos
potencialo cikly metu. ApskaiCiuota, kad CzO/CzS monomery ir poli-
CzO/poli-CzS polimery jonizacijos potencialai atitinkamai yra 1,15/1,12 V
pries Ag/AgCl(5,61/5,58 eV pries§ vakuuma) ir 0,882/0,773 V (5,34/5,24 eV).
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Be to, poli-CzS gaunamas esant mazesniam jonizacijos potencialui nei poli-
CzO dé¢l ilgesniy polimery grandiniy ir didesnio jy konjugavimo.

Tikrinant polimero cheming struktiirg, tick monomero, tiek polimero
plévelés ant ITO buvo analizuojamos naudojant susilpnintg visiskojo
atspindzio infraraudonaja (ATR IR) spektroskopija. Lenkiamieji virpesiai,
esantys ties 747 cmt ir 749 cm? atitinkamai CzO ir CzS, atitiko karbazilo
branduolio  virpesius. Be to, polimerinio karbazilo susidaryma
elektrocheminio nusodinimo pléveléje patvirtino IR spektrai pagal naujy
smailiy atsiradimg ties 826 cm™ ir 832 cm? , o tai rodo, kad susidaré
tripakeistos karbazolo dalys . Be to, oksirano ir tiirano grupiy stabilumas
elektrocheminio nusodinimo metu buvo jvertintas IR metodu. CzO spektre
pastebéti vidutinio intensyvumo oksirano grupés C-O rySio virpesiy signalai
ties 861 cm™ ir 908 cm™ | kurie atitinka oksirano ciklo Zirklinj ir simetrinj
tempima (3 pav.). Po elektrocheminés polimerizacijos poli-CzO spektry
smailé pasislinko j 883 cm 7. CzS atveju juosta ties mazdaug 598 cm™ gali
biiti priskirta tiirano grupés C-S rysio virpesiams %, Poli-CzS plévelés spektre
buvo nurodyta atitinkama juosta ties 560 cm™ (4 pav.). Gauti rezultatai rodo,
kad polikarbazolo pléveles pavyko sukurti polimerizuojant CzO ir CzS
pirmtakus. GOx imobilizacijai buvo pritaikytas laipsniSkas kovalentiniu
jungimu pagrjstas surinkimas . Pirmiausia elektrodai su polikarbazolo
plévelémis buvo inkubuojami cisteamino vandeniniame tirpale. Siame etape
susidaré monosluoksnis, kuriame yra amino grupiy (2 pav., A etapas).

Antra, laisvosios terminalinés amino grupés buvo funkcionalizuotos
glutaraldehidu vandenyje (B etapas) per aldehido ir amino kondensacijos
reakcija iki imino kambario temperatiiroje. Is abiejy
ITO/CzS(O)/amino/aldehido pavirsiy IR spektry matyti aldehido C=0O grupés
virpesiy  signalas ties 1730 e¢m? (3 ir 4 pav.). Galiausiai
ITO/CzS(O)/amino/aldehido elektrodai buvo inkubuoti GOx (5 mg ml? )
tirpale buferiniame tirpale, pH 7,2, ir 24 valandas laikomi +4 °C
temperattiroje. Reikéty pazyméti, kad GOx imobilizacija tiesiogiai ant poli-
CzO ir poli-CzS pavirsiy nevyksta, nes §ie pavirsiai yra hidrofobiski (jvertinta
toliau), o oksiran(arba tiiran)-2-ilmetilo zymés yra per trumpos (tik 4 A) imino
susidarymo reakcijai. Be to, vandens solvatacijos apvalkalas, kuris susidaro
aplink hidrofobines $onines grandines fermenty paviriuje, siekiantis ~10 A,
neleidzia vykti reakcijai su per trumpomis zymémis °. ITO/polis-CzS
pavirSius yra hidrofiliskesnis, palyginti su ITO/polis-CzO pavirSiumi, kaip
matyti 5 pav.

Taciau atliekant AFM vaizdavima pastebéti nedideli pavirSiaus Siurkstumo
skirtumai tarp imobilizuoto ir gryno polimero pavir§iy (6 pav.). Reikéty
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pazyméti, kad pavirSiaus drékinamumui didele jtaka daro pavirSiaus
Siurkstumas *.Poli-TPA/GOX, poli-CzEt/GOX, poli-CzPh/GOx modifikuoty
elektrody formavimas

N,N,N-trifenilaminas (TPA), 9-etil-9H-karbazolas (CzEt) ir 9-fenil-9H-
karbazolas (CzPh) buvo naudojami kaip pradiniai junginiai modifikuojant
elektrodus p tipo organiniy puslaidininkiy sluoksniais. CzEt ir CzPh
elektropolimerizacija prasideda esant mazdaug 1,1 V jtampai prie§ Ag/AgCl,
o tam tikri polimero plévelés elektrocheminio susidarymo pozymiai pastebimi
jau pirmajame CV cikle. Sio potencialo pakanka karbazolo daliai oksiduotis j
atitinkamg radikalo katijong . Po desimtojo CV ciklo $iy bandiniy anodinio
proceso pradzios CV stabilizuojasi ties 0,75 V prie§ Ag/AgCl. Karbazolo
pagrindo monomerai lengvai oksiduojasi, o jei prie azoto atomo yra pakaitalas
(mtisy atveju atitinkamai fenilo ir etilo grupés), Salia 3,6 padéciy susidaro
bikarbazolas, kuris gali oksiduotis toliau, susidarant oligomerams 3. TPA
monomero oksidacija buvo stebima esant Siek tieck mazesniam 0,9 V
potencialui prie§ Ag/AgCl ir veiké pagal kitus tyrimus "7, Visais nusodinimo
atvejais, kai naudojami trys tirti monomerai, srovés prisotinimas pasiekiamas
iki 10-ojo CV ciklo, po kurio tirpale aplink elektrodus buvo galima pastebéti
geltonai zalig karbazolo pagrindu pagaminty monomery liekang ir mélynai
zalia TPA liekang. Atsizvelgiant | lickanas, galima daryti prielaida, kad
medziagos, kurig galima nusodinti ant darbinio elektrodo naudojant $ig
sistema, kiekis yra nedidelis ir ribotas. Be to, vis tick matome aisky skirtuma
elektrochemiskai modifikuoty elektrody SEM nuotraukose, jei palyginsime
jas su kontroliniu pavirSiumi, pavaizduotu 7 paveiksle. Visi trys tirti
monomerai sukuria ribota pavir§iy padengima. Elektrodo su nusodintu CzPh
pavirSius atrodo netolygus, be matomy kristalizacijy, o medziagos nusédimo
gradientas matomas link krasto, o tai reiskia, kad oligomerai daug dazniau
nuséda ant SiurkStesniy pavirS§iy su astriais bruozais. Atrodo, kad CzEt
modifikuoto elektrodo pavirSius susidaré kaip Siurksti plévelé, kuria tankiai
dengia mazos, mazesnés nei 100 nm kristalinés dalelés, o bendras padengimas
yra tolygus. TPA modifikuotas elektrodas pasizymi amorfiniu ir vientisu
pavirSiaus padengimu. Si makrostruktira atrodo kaip fraktaliné struktiira,
panasi | "hifg", kuri buvo pastebéta elektrodo pavirSiuje. Taciau visy $iy
minéty pavirSiaus savybiy negalima pastebéti ant kontrolinio elektrodo, kur
aiSkiai matyti tik po juo esancios grafito plokstelés.
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6.3.2. Poli-CzO/GOx, poli-CzS/GOx modifikuoty elektrody
elektrocheminis jvertinimas

Elektrocheminiai eksperimentai buvo atlieckami siekiant patikrinti kriivio
perdavimo tarp GOx-kofaktoriaus ir puslaidininkiniy poli-CzS arba poli-CzO
sluoksniy mechanizmg ir efektyvuma, pavirsiaus aktyvuma ir difuzijos greicio
koeficientg. Taciau dél didesnio laidumo ir mazesnio poli-CzS jonizacijos
potencialo (5,58 eV, palyginti su 5,24 eV) buvo stebimas tik ITO/polis-
CzS/GOx elektrodo CT i8 GOx (1¢ pav.). CV parodé, kad ITO/poly-CzS/GOx
pagrindu sukurto elektrodo KT yra kvaziteisminé ir kontroliuojama
pavirSiaus. Be to, po imobilizacijos nepridengtame ITO elektrode nepastebéta
jokiy naujy signaly CVs ir FT-IR spektruose. Pagal CV smailés formg buvo
jvertintas kriivio (elektrony arba skyliy) perdavimo efektyvumas. Jis yra
monosluoksnio homogeniskumo diagnostinis rodiklis ir gali biiti jvertintas
pagal smailés pilnajj plotj ties puse maksimumo (FWHM), kaip aprasyta 1
lygtyje:

_ 353RT _ 90.6mV (1)
" FWHM xF  FWHM

kur n - krtivio neséjy (elektrony arba skyluciy) skaicius, R - idealiyjy dujy
konstanta, T - absoliutiné temperatiira, o F - Faradéjaus konstanta.

FWHM reik§més gali biiti didesnés arba mazesnés uz teorines FWHM
reikSmes, nes tai susije su gretimy jkrauty riisiy elektrostatiniais efektais.
Remiantis elektrocheminiais matavimais, buvo stebimas kvazigrjZtamasis
pavirSiaus valdomas elektrocheminis procesas, o apskaiciuotas pilnas plotis
ties puse maksimalaus smailés auks¢io (FWHM) yra 115 ir 120 mV
atitinkamai  1TO/poli-CzS/GOx sistemos teigiamiems ir neigiamiems
signalams, o tai atitinka vienu elektronu (arba viena skyle) pagrista krtivio
pernasos procesd. Be to, oksidacijos smailés, uzregistruotos esant pH 4,0 ir
7,2, kai nuskaitymo greitis 10 mV s, buvo pastebétos 181 mV ir 76 mV prie$
Ag/AgCl (4,82 eV ir 4,71 eV), o tai atitinka grjZztamajg (monoelektroning)
FADH; oksidacijag ] FADH," . Siekiant i§samiau jvertinti grjZztamojo krtvio
pernasos reiskinj, buvo uzfiksuoti CV, esant skirtingiems skenavimo
grei¢iams, esant pH 4,0 ir 7,2 (8 pav.).
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Pavirsiaus aktyvumas I" (apréptis), kuris Sioje sistemoje yra ant elektrodo
pavirSiaus imobilizuoto GOx aktyvumas, buvo nustatytas pagal I ir v tiesés
nuolydj, naudojant 2 lygti:

4IRT

r= nZFZAV (2)

kur | - didZiausia srové, v - potencialo svyravimo greitis, A - elektrodo
plotas. 1TO/poli-CzS/GOx pavirSiaus aktyvumas esant pH 4,0 ir 7,2 be
gliukozés buvo apskaiCiuotas pagal tiesinés oksidacijos sroves
priklausomybés nuo §vytuoklés grei¢io nuolydj, kuris buvo apie 3 x 10"12 mol
cm? . Apskai¢iuojant teorinj pavir$iaus padengima, buvo pasiilyta, kad GOx
monomero skersmuo bity 65 A, o uzpildymo santykis - 0,8. Tada
apskaiciuota, kad teoriné GOx molekuliy pavirSiaus koncentracija elektrodo
pavirsiuje (elektrodo padengimas GOx) yra 4x10-12 mol cm-2. Si verté
atitinka eksperimenting G vertg. Labai panasus ITO/poli-CzS/GOXx elektrodo
aktyvumas buvo stebimas ir po vieno ménesio laikymo +4 °C temperatiiroje
buferiniame tirpale. Todél manome, kad skylémis gristas krtivio perneSimas
1§ GOx j organinj puslaidininkj apsaugojo fermentg nuo oksidacinés pazaidos.

Siekiant nustatyti efektyvy difuzijos koeficienta, taikyta Randleso ir
Sevciko 3 lygtis:

NnFvDesy

[=04463nAF C |—L 3)
RT

kur C - fermento koncentracija pavirSiuje. Tada Deff buvo apskai¢iuotas
pagal tiesinés priklausomybés I nuo Vv nuolydj 10-100 mV s-1 skenavimo
greiCiy intervale. Fermento koncentracija monosluoksnyje buvo jvertinta
atsizvelgiant j fermento (GOX) pavir§iaus padengima ir storj (h) kaip C=Txh"
1 §j storj sudaro zymés ilgis 15 A ir fermento monomero skersmuo 65 A,
apskaiciuotas pagal GOx (Aspergillus niger) monokristalo rentgeno spinduliy
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analize. Greicio konstantos pagal difuzijos koeficienty duomenis

apskaiCiuotos taikant 4 lygti. Difuzijos koeficienty ir greic¢io konstanty
santrauka pateikta 1 lenteléje.

1
Der = A h%TkCT (4)
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koeficientai buvo apskai¢iuoti pagal Randleso-Sevciko lygtj, o C(glu)= 15
mM.

Apskaiciuotos monoelektroninés oksidacijos ir redukcijos CT greicio
konstantos yra atitinkamai 70£10 s ir 150+20 s* , kai pH 4,0, ir 130+20 s
ir 160420 s* , kai pH 7,2. Palyginimui, ankstesniuose pranesimuose buvo
iSmatuoti FAD redokso sistemos (t. y. redukcijos potencialai yra apie -0,3 V
prie§ Ag/AgCl) elektrony pernasos CT greiciai: 0,1 s™ grei¢io konstantos ant
pliko sidabro elektrodo (Wen, Ye ir Zhou 1997), 0,03 s’ ant trumpo savaime
susiformavusio monosluoksnio ant aukso pavirSiaus (J. Liu, Agarwal ir
Varahramyan 2008), 1,6 s' ant boru legiruoty anglies nanovamzdeliy
modifikuoto elektrodo ™ ir 350 s ant aminofenolio nitriloacto riigStimi
modifikuoto stiklinés anglies elektrodo. (Demin ir Hall 2009) buvo nustatyti.
Be to, Willneris ir kt. 8! prane$é apie metodg, naudojamg GOx monosluoksniui
ant Au elektrodo surinkti, apo-baltyma atstatant pirolochinolino chinino/FAD
monosluoksniu, kurio déka gaunamas funkcionalizuotas elektrodas, skirtas
gliukozés elektrooksidacijai su precedento neturincia didele grei¢io konstanta
- apie 600 st .

Istirta ir palyginta pH jtaka ITO/poli-CzS/GOx struktiiros grei¢io
konstantoms esant pH 4,0 ir 7,2. Pirma, oksidacijos ir redukcijos pavirSiaus
aktyvumas esant pH 7,2 ir 4,0 yra labai panasus, t. y. apie 3x10*2 mol cm? .
Antra, atsizvelgiant j gliukozés jtakg krivio perdavimui, ITO/poli-CzS/GOx-
elektrodas, esant pH 4,0 ir 7,2, buvo tiriamas naudojant palyginti didele
gliukozeés koncentracijg - 15 mM. Apskaiciuota, kad oksidacijos ir redukcijos
greiCio konstantos, esant pH 7,2, statistiSkai yra tos pacios vertés kaip ir
uzregistruotos panasioje sistemoje be gliukozés (1 lentelé, 3 ir 4 jrasai), nes
tai yra kriivio (skylés) perdavimo procesas i§ HTPS | kofaktoriy. Taciau
sistemoje su gliukoze, esant pH 4,0, pastebéta nauja negrjZztamoji smailé ties
mazdaug 800 mV (9¢ pav.). Pirmasis signalas ties mazdaug 180 mV (pradzia)
rodo kofaktoriaus oksidacija i radikalo katijona per skyles i§ organinio
puslaidininkio. Antrajj signalg, esantj mazdaug 800 mV, galima priskirti FAD
ir gliukozés komplekso oksidacijai iki gliukono rugsties ir FAD (Zr. toliau).
Pagal #, antros eilés gliukozés oksidacijos grei¢io konstanta, esant GOx, yra
apie 3x10* M1 s Todél apskaiciuota, kad §io proceso pseudopirmosios eilés
grei¢io konstanta, esant 15 mM gliukozés, yra 450 s . MaZesné redukcijos
proceso ket , esant pH 4,0, nei gliukozés oksidacijos, rodo, kad gliukozé gali
suSvelninti fermento KT kinetikg. Neseniai Bartlett ir Al-Lolage ® iSanalizavo
mokslinius straipsnius, kuriuose aprasomi elektrocheminiai biojutikliai,
pagristi gliukozés oksidazés (GOx), kuri buvo iSgryninta skirtingy tiekéjy 18
skirtingy GOx gaminanéiy mikroorganizmy, pagrindu. Jie numaté, kad
ciklinése voltamperogramose esancios redokso smailés, kurios paprastai
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priskiriamos GOx kriivio perdavimui, kartais atsiranda dél laisvo FAD ir
galbiit dél katalazés ir (arba) kity priemaiSy, esanciy tiekiamame
komerciniame fermente, kuris taip pat adsorbuojasi ant elektrodo pavirsiaus.
Buvo pranesta, kad imobilizuotos katalazés atveju stebimas labiau neigiamas
akivaizdus Kkatalitinés redukcijos smailés taSkas (Salimi, Noorbakhsh ir
Ghadermarz 2005) palyginti su miisy naujausiais tyrimais. Laisvas FAD buvo
iSplautas taikant griezta GOx modifikuoty elektrody plovimo procediirg. Be
to, negalima atmesti galimybés, kad dalis laisvo FAD kofaktoriaus i$siskiria
i§ létai disocijuojancio GOx ir gali biiti oksiduojamas/redukuojamas elektrodo
pavirsiuje, nes kofaktorius - FAD - su apo-GOx jungiasi nekovalentiskai,
todél $is rySys yra palyginti silpnas ir holo-GOx linkes 1étai disocijuoti | apo-
GOx ir FAD.

ITO/poli-CzS/GOx elektrodo voltamperometriné elgsena buvo tiriama
ciklinés voltamperometrijos metodu potencialy diapazone nuo -200 mV iki
+1000 mV, esant skirtingoms gliukozés koncentracijoms (1-15 mM)
buferiniame tirpale, kurio pH 4,0 ir kuriame yra istirpusio deguonies (9a pav.).
Pridéjus gliukozés, apskaiciuotas oksidacijos (esant 800 mV) piky sroviy
skirtumas. Pastebéta plati tiesiné smailés srovés tankio ir gliukozeés
koncentracijos nuo 2 iki 15 mM priklausomybé (9a pav., intarpas); oksidacijos
sroviy koreliacijos koeficientas 0,982. Be to, is tiesinio priderinimo nuolydzio
nustatyta, kad jautrumas gliukozei yra 0,64+0,03 pA mM™ cm? . Pagal ®,
apskaiciuota, kad antros eilés FADH, oksidacijos grei¢io konstanta GOx
oksiduojant deguonimi esant zemam pH yra 1,6x106 M? st . Todél
apskaiciuota, kad pseudo pirmos eilés oksidacijos greicio konstanta esant ~0,2
mM vandenyje itirpusio O2 yra ~300 s-1 . Si grei¢io konstanta yra Siek tiek
didesne, bet tos pacios eiles kaip ir FADH2 oksidacijos, kurig vykdo CzS,
grei¢io konstanta. Siuo atveju ITO/poli-CzS/GOx-elektrodo jautrumas yra
vidutinis, nes deguonis konkuruoja su CzS oksiduojant FADH, .

Remiantis gautais rezultatais, buvo pasiilytas gliukozés oksidacijos
mechanizmas per skylutes ir nedalyvaujant iStirpusiam deguoniui (9b pav.).
Pirmiausia skylutés i§ elektrodo grjztamuoju biidu oksiduoja FADH>
kofaktoriy j radikalo katijong - FADH," .

Todél CV stebimos oksidacijos ir redukcijos smailés atitinkamai ties +400
mV ir +100 mV (8a pav.). Antrasis zingsnis - nukleofilinis gliukozés
prisijungimas prie $io radikalo katijono (FADH>" ) ir pereinamosios biisenos
(TS) susidarymas. Neseniai panaSi FAD ir gliukozés komplekso TS buvo
sékmingai identifikuota naudojant masiy spektrometrijos %. Galiausiai
susiformavusi TS oksiduojama antrosios skylés i$ elektrodo, kad susidaryty
pradinis FADH; ir gliukono raigstis.
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6.3.3. Poli-TPA/GOX, poli-CzEt/GOX, poli-CzPh/GOx modifikuoty
elektrody elektrocheminis jvertinimas

Gauti elektrodai buvo modifikuoti plonu imobilizuoto GOx sluoksniu, ji
susiejant glutaraldehidu, ir iSbandyta jy reakcija ] gliukoze; matavimo
rezultatai pateikti 10 paveiksle. | PBS tirpalg pridéjus gliukozes, visuose
tirtuose elektroduose stebimas nuolat didéjantis bendras srovés atsakas. Nuo
0,50 mM ir didesnés gliukozés koncentracijos CzPh polimeru (poly-CzPh)
modifikuotame elektrode, 1,0 mM ir didesnés - CzEt polimeru (poly-CzEt)
modifikuotame elektrode, voltamperogramose pastebétas nuolat didéjantis ir
apibréztas oksidacijos smailémis pagristas jutiklio atsakas, esant mazdaug
0,15 V potencialui pries Ag/AgCl. Atsakymas jsisotina esant didesnei
gliukozés koncentracijai. Smailyjj atsakg taip pat buvo galima pastebéti
naudojant polimerizuota TPA (poli-TPA) modifikuota elektroda, taciau
elektrodo charakteristikos skyrési. Oksidacijos smailé, stebima CV, buvo
gerokai labiau iSsklaidyta ir maziau apibrézta, todél bendras signalo ir
triukSmo santykis buvo maZzesnis ir buvo stebimas proporcingas potencialo
poslinkis,  priklausomai  nuo  gliukozés  koncentracijos.  Deja,
chronoamperometrijos metodas nesuteiké esminés informacijos bandant
jvertinti srovés tankio kitima priklausomai nuo gliukozés koncentracijos, nes
buvo stebimas per didelis srovés triuk§mo lygis.

Gauti matavimo duomenys, kai smailés padétis yra 0,15 V, palyginti su
Ag/AgCl, buvo panaudoti 11 paveiksle pateiktiems duomenims gauti. Tiek
poli-CzPh/GOX, tiek poli-CzEt/GOx elektrody atsakas atrodo prisotintas esant
mazdaug 5 mM gliukozés koncentracijai. Nors poli-CzP/GOx elektrodo
srovés tankis nuolat didéjo kartu su didéjancia gliukozés koncentracija,
nepavyko gauti pakankamai duomeny tasky kalibracinei kreivei sudaryti.
Netikétai, reaguojant j gliukozés koncentracijg, poli-TPA/GOXx elektrodui
budinga smailé pasizyméjo Zymiu potencialo nuokrypiu. Padiding gliukozés
koncentracija nuo 0,5 iki 14 mM, iSmatavome 15 mV stebimo CV oksidacijos
smailés potencialo skirtumg. Taiau smailés padéties nepavyko tiksliai
nustatyti esant mazesnei nei 0,5 mM koncentracijai visuose elektroduose.
Kaip matyti 10 pav. 10, srovés atsakas j skirtingas gliukozés koncentracijas
poly-CzEt/GOx, poly-CzPh/GOx ir poly-TPA/GOx elektrody atrodo
lygiagretus, todél didziausias iSmatuojamas skirtumas Sioje srityje visada biity
ties stebimu smailés taSku. Be to, preliminariis bandymai su galimomis
trukdanciomis medziagomis, tokiomis kaip askorbo rtigstis, Slapimo rugstis,
laktozé, sacharozé ir vandenilio peroksidas, rodo, kad GOx, kaip specifinio
katalizatoriaus, ir Zemas 0,15 V darbinis potencialas nerodé jokio signalo apie
$iy trukdanciy medziagy buvima.
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Aptikimo ribos (LOD) buvo nustatytos pagal mazos koncentracijos
kalibravimo kreiviy tiesiSkumo intervalg pagal (5) lygti:

LOD = 300 (5)

slope

kur o yra atsako standartinis nuokrypis. Vidutinis jautrumas buvo
jvertintas kaip srovés tankio ir gliukozés susitraukimo nuolydis, kuris buvo
nustatytas pagal kalibravimo kreives. Buvo apskaic¢iuotos 240 ir 230 uM LOD
vertés, imant signalo ir triuk§mo santykj 3,0, ir atitinkamai 3,3 ir 3,7 pA cm™
mM? biojutikliy, kuriy pagrindg sudaro poli-CzEt ir poli-CzPh aktyvieji
sluoksniai, vidutiniai jautrumo rodikliai.

Paéme srovés tankio skirtuma esant stebimai maksimaliai jtampai ir
baziniam srovés tankiui (JO - srovés tankis esant 0 mM gliukozés), nustatéme
elektrodo jautruma gliukozei. Gauta kalibraciné kreivé atitinka Michaelio-
Menteno kinetikos priklausomybe. Michaelio konstantos (KM) vertés buvo
apskaiciuotos taikant Lineweaver-Burk metodag (6 lygtis) 87%8;

1 1 Ky

1= B ()

- Jmax  JmaxC

Kur Jmax - didziausias srovés tankis, o C - gliukozés koncentracija. 11b
paveiksle parodyta tiesiné visy elektrody substrato koncentracijos tasky
priklausomybé. Be to, apskaiCiuota, kad Michaelio konstantos poli-
CzPh/GOx, poli-CzEt/GOx poli-CzEt ir poli-TPA/GOx elektrody atveju yra
atitinkamai 1,1, 2,0 ir 1,4 mM. Sios konstantos yra vienu laipsniu didesnés uz
gimtojo GOx Michaelio konstanta, kuri iStirpusio deguonies atzvilgiu yra apie
0,3 MM.® ir tai rodo, kad didZiausias greitis miisy atveju buvo pasiektas esant
didesnei substrato koncentracijai.

Tiriant GOx aktyvumg ant elektrody pavirsiy, aktyvumas I (apréptis) buvo
nustatytas pagal I ir v tiesés nuolinkj, naudojant 3 lygtj:"

n?F2AT

I = eV @)

kur n - reakcijoje dalyvaujanciy kriiviy skaicius, A (cm? ) - elektrodo
plotas, F - Faradéjaus konstanta, I" (mol cm?) - reaguojanéiyjy riisiy pavirsinis
tankis / aktyvumas, v (V s) - potencialo svyravimo greitis, R - idealiyjy dujy
konstanta, T - absoliutiné temperatiira. Norint apskaiCiuoti kriivio skaiciy,
buvo jvertinta CV smailés forma. Ji parodo sluoksniy homogeniskuma, kurj
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galima jvertinti pagal pilnajj plotj ties puse smailés auks¢io (FWHM), kaip
apraSyta 8 lygtyje:*®°

3.53RT 90.6 mV
n= = (8)
FWHM xF FWHM

Siuo atveju apskaiéiuota, kad visoms elektroaktyviosioms medziagoms n
yra mazdaug 1. Reaguojanciyjy rusiy pavirSinj tankj galime apskai¢iuoti pagal
srovés matavimo vert¢ numatomoje smailés padétyje esant 0,15 V jtampai
prie§ Ag/AgCl. Palyginti su ankstesniame darbe gautais rezultatais, gautas
pavirsiaus tankis yra mazdaug 10 -102° mol cm, kuris yra gerokai didesnis
(trimis eilémis), palyginti su GOx monosluoksniui apskaiciuotu tankiu (t. y.
mazdaug 10?2 mol cm? ). Tokj didelj padidéjima galima pagrjsti tuo, kad
taikant kitokj imobilizavimo metoda, t. y. adsorbuotas GOx molekules ant
pavirSiaus susiejant kryZminiais saitais, nebesusidaro struktiirizuotas
pavirSinis monosluoksnis 1§ GOx, o elektrody pavir§iuje susidaro tankis
netvarkingi GOx aglomeratai.

Gauti suprojektuoto biojutiklio, pagrjsto karbazolo dariniy biokompozitu,
analitiniai parametrai buvo palyginti su kai kuriais kitais anksc¢iau apraSytais
gliukozés biojutikliais, pagristais GOx, kai buvo nustatytas tiesinis srovés -
koncentracijos diapazonas esant teigiamam potencialui pries Ag/AgCl, o
duomenys pateikti 2 lentel¢je. Nustatytas linijinis diapazonas, jautrumas ir
aptikimo ribos vertés poli-CzEt/GOX ir poli-CzPh/GOx pagrindu sukurtiems
biojutikliams isliko panaSios j kity literatiroje aprasyty elektrocheminiy
metody (zr. 2 lentele). Palyginus misy paruostus biojutiklius, nustatyta, kad
karbazoly pagrindu pagaminty elektrody jautrumas yra didesnis nei
trifenilamino pagrindu pagaminty elektrody, nes Sie elektropolimerai turi
labiau konjuguota aromating sistema, todél kriivininky neSikliy judrumas
Siuose elektropolimeruose yra didesnis nei poli-TPA. Be to, aptikimo riba
(LOD) rodo maziausig analités kiekj, kurj galima aptikti biojutikliais. Sios
LOD wvertés yra lygios deguonies koncentracijai ore prisotintame
vandeniniame tirpale - apie 200 uM. Todél deguonies molekulés konkuruoja
dél redukuoto kofaktoriaus (FADH> ) oksidacijos, kurig vykdo kriivio nes¢jas
(skylé) i§ elektrodo j/i§ GOx. Nors Sie treciosios kartos biojutikliai, pagrjsti
skylutes perneSanciomis medziagomis, pasizymi puikiu stabilumu, jy
jautrumas mazas, o linijinis diapazonas vidutinis, nes kriivininky tuneliavimas
link elektrodo yra ribojantis viso proceso etapas Siuose biojutikliuose.*
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6.3.4. Citochromo c ir chlorofilo a, kaip nattiraliy gliukoze maitinamy
EBFC redokso mediatoriy, jvertinimas

Srovés stabilumas, didziausia i8¢jimo galios verte¢ ir didelé
elektromagnetiné jéga yra trys pagrindinés biokuro elemento savybés %
Siame tyrime pirmiausia buvo bandoma nustatyti sistema, kuri generuoja
pakankamg biokuro elemento galig. Taigi biokuro elemento galia ir pavirSinis
galios tankis buvo apskaiCiuoti taikant Omo désnj ir galios apskai¢iavimo
formule pagal grafito elektrodo pavirsiaus plota. Viso elemento OCP buvo
apskaiciuotas pagal $ig 9 lygtj:

(Ek_Eref)

OCP = (Ex -Eret )-(Ea -Erer) OCP = (Ea—Eref)

(9)

kur Ex yra katodo potencialo verté, o Ea yra anodo potencialo verté.

EFC galios tankis buvo apskaiiuotas pagal lygtj P = U? /R ir padalytas i$
geometrinio pavirsiaus ploto.

Galios tankio skaiCiavimy rezultatai pateikti 12 paveiksle. DidZiausig
galios tankj generavo sistema EBFCca . Sios sistemos pavirsinis galios tankis
yra apie 2500-4000 nW/cm? (12 pav.). Kity sistemy EBFCcc , EBFCchy ir
EBFChrep sukurto galios tankio vertés buvo mazdaug 10 karty mazesnés. Kaip
ir tikétasi, sistemos be jokio redokso mediatoriaus generuojamas galios tankis
buvo maziausias. Pastebéti tam tikri skirtumai tarp anglies kompozito
rezistoriaus apkrovos verciy, naudoty didZziausiam galios tankiui gauti.
Didziausias galios tankis, kurj generavo sistema su redokso tarpininku
chlorofilu a, uzfiksuotas esant 125 mV biokuro elemento potencialui. Galios
tankis pavyko pasiekti palyginti didele vertg sistemoje, kurioje naudojamas
heparinas, esant 35 mV potencialui. Kity biokuro lasteliy EBFCcc ir EBFCchy
, kuriy pagrindg sudaro citochromai ir ultragarsu suardyty Chlorella vulgaris
lasteliy supernatantas, generuojami potencialai buvo gana panasiis, taciau
EBFCcc potencialas buvo 80 mV, 0 EBFCchy - 143 mV.

PanaSios sistemos su redokso substratu chlorofilu a, naudojant vandens
valymo dumblo ir vaisiy sul¢iy nuoteky misinj 3:1, pasicktas 2397 nW/cm?
galios tankis. . Kitame tyrime didziausias galios tankis buvo lyginamas
skirtingais mety laikais ir pavasarj buvo pasiekta 5700 nW/cm? galios tankio
verté, o vasarg - tik 110 nW/cm? MBFC, naudojant biomase su Chlorofilu a
mikrobinio kuro elemente %. Biokuro elementy sistema sukiiré 1510 nW/cm?
galios tankio verte, kai gliukozés koncentracija sintetinése nuotekose buvo 20
g/l. . Biokuro elementy technologija naudojama nuotekoms biologiskai
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nusausinti naudojant Chlorella vulgaris, o bioelektrogeninis aktyvumas
padidéjo nuo 2317 nW/ecm? iki 32767 nW/cm 2%,

Apibendrinant galios tankio vertinimg, galima pazymeéti, kad chlorofilo a
substratas EBFCca  yra geriausias pasirinkimas i§ jvertinty redokso
mediatoriy, naudojamy kuriant EBFC.

Gliukozé laikoma idealiu ekologisku kuru tiesioginio tipo biokuro
elementams. Gliukozés privalumas yra tas, kad ji gali biiti gausiai gaminama
tiek i8 natiiraliy augaly, tiek i§ pramoniniy procesy. Gliukozés koncentracijos
poveikis sistemos galios tankiui ir elektromagnetinei jégai buvo iSmatuotas |
penkias jvertintas sistemas pridéjus tam tikra gliukozés kiekj. Didinant
gliukozés koncentracijg nuo 0,10 ir 100 mM (13 pav.), sumazéjo biokuro
elemento potencialas, o chlorofilo pagrindu veikiancio biokuro elemento
atveju, padidinus gliukozés koncentracija iki 100 mM, sistema beveik
negeneruoja galios - pavirsinis galios tankis yra labai artimas 0 nW/cm? . Kai
EBFCcc sistemoje kaip redokso mediatorius buvo naudojamas citochromas ¢
(13 pav.), didéjant gliukozés koncentracijai generuojama galia didéjo. Nors
didziausias galios tankis yra mazesnis nei EBFCca ar EBFCch Sistemose ir
siekia apie 160 nW/cm? , $ios sistemos signalas didéjo, kai didéjo gliukozés
kiekis elektrolito tirpale, ir tokia sistema buvo daug stabilesné.

Kontrolinis tyrimas atliktas tik su poliruotu grafito elektrodu - didziausias
pavirsinis galios tankis buvo 24,71 nW/cm? , kai sistemoje nebuvo gliukozés.
Did¢jant gliukozés koncentracijai, mazéja biokuro elemento galios tankis.
Galima teigti, kad Sie redokso mediatoriai didina biokuro elementy
efektyvuma, nes jie generuoja daug didesne maksimalia pavirSing galig.

13 pav. lyginamas visy biokuro elementy galios tankis (13A pav.) ir
elektromagnetiné jéga (13B pav.), kai gliukozés koncentracija tirpale yra 10
mM. Jtampos sumazéjimas paprastai registruojamas, kai padidéja iSorinés
grandinés apkrova ¥. Nors tokiy biokuro elementy galios tankis paprastai
nurodomas pagal elektrodo aktyviojo pavirSiaus plota, o ne tiirj, kaip daznai
btina daugelio kity energijos Saltiniy atveju, nes pazangesniy skaiCiavimy
nejmanoma atlikti dél problemy, susijusiy su aktyviojo pavirSiaus skai¢iavimu
visame elektrodo tiiryje.

6.3.5. Tarpininkaujant EBFC atliekamas ciklinés voltamperometrijos
jvertinimas

Vertinant ciklinés voltamperometrijos rezultatus, daugiausia démesio buvo
skiriama potencialo vertei, kuriai esant ciklinéje voltamogramoje (CV)
pastebimas oksidacijos smailé. Sio eksperimento metu potencialas buvo
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kei¢iamas gana pla¢iame potencialo veréiy diapazone, t. y. potencialas buvo
kei¢iamas nuo -1,5 V iki +1,5 V, kai skenavimo greitis buvo 50 mV/s (14
pav.). Potencialo keitimas tokiame plac¢iame elektrody potencialy diapazone
reikalavo labai kruopstaus istirpusio deguonies pasalinimo degazuojant
elektrocheming sistema azoto srautu. Pastebéta, kad sistemoje be jokio
redokso tarpininko (14A pav.) nebuvo pastebétas aiskiai iSsiskiriantis
oksidacijos smailé. Taciau Sioje sistemoje po jo seké Siek tiek iSreikstas sroves
tankio padidéjimas esant 1,1 V potencialo vertei. Srovés tankio pokyciai
atitinka tiesing koreliacijg, kurios R? = 0,95 ir y = 0,11x + 1,85. Jvertintose
EBFC sistemose srovés tankis buvo gana skirtingas. EBFCcc (14B pav.)
pastebétas oksidacijos maksimumo potencialo vertés poslinkis. Didéjant
gliukozés koncentracijai, stebéta potencialo verté pasislinko j didesnes
potencialo vertes. Potencialo vertés pasislinko nuo 0,63 V iki 0,77 V.

Tuo tarpu srovés tankio priklausomybés nuo gliukozés koncentracijos Sioje
sistemoje nepastebéta. Tokio potencialo vertés poslinkio nepastebéta jokioje
kitoje vertintoje sistemoje. Vykstant potencialo ciklui, kai gliukozés
koncentracija padidéjo, srovés tankio sumazéjimas buvo stebimas EBFCca
(14C pav.) ir EBFChep (14E pav.). EBFCchv nepastebéta jokiy srovés ar
potencialo priklausomybiy.

Kai kurie tyréjai % atskleidé netinkamy - parazitiniy O, reakcijy -
atsiradima. Mokslininky grupé aprasé, kad, priklausomai nuo eksperimentiniy
salygy, parazitinés reakcijos gali atsirasti naudojant itin neigiamo arba
teigiamo redokso potencialo redokso mediatorius. O2 redukcija redokso
polimeruose, kuri stebima esant zemo potencialo bioanodams, arba kai kuriy
kity elektroaktyviyjy rusiy oksidacija, kuri stebima esant aukStam potencialui,
taikomam biokatodams, yra nepageidaujami reiskiniai.

Potencialo, kuriam esant vyksta oksidacija visose jvertintose sistemose
EBFCcc , EBFCca , EBFC ,chv ir EBFChgp , vertés apibendrintos 3 lenteléje.
Remiantis 3 lenteléje pateiktais duomenimis, potencialo, kuriam esant vyksta
oksidacija, verté sumaz&jo visose sistemose.

6.3.6. Chronoamperometrija pagristas tarpininkaujamy EBFC
vertinimas

Elektrocheminés sistemos, kaip antros kartos biojutiklio, charakteristikos
buvo tiriamos chronoamperometrijos metodu. EBFCcc , EBFCca , EBFCchy ,
ir EBFChep reagavo j gliukozés poky¢ius esant pastoviai biisenai. Sis poveikis
gerai matomas i§ grafiky (15 pav.), kad naudojant EBFCchv , Stebimas
pastovus srovés kritimas, o sistemos pusiausvyrag sunku stabilizuoti.
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Naudojant EBFChep , stebimas pastovus srovés didéjimas. Tokios sistemos
nelaikomos pakankamai stabiliomis, kad biity galima sukurti biojutiklj.

Elektrodai EBFCca ir EBFCcc buvo tinkami EBFC kiarimui. Nustatyta,
kad didinant gliukozés kiekj sistemoje, srovés tankis didéja, o pusiausvyra
pasiekiama greitai. D¢l labai kintanciy bazés lygiy sunku tiesiogiai jvertinti ir
palyginti sistemas pagal chronoamperometrijos duomenis. Matavimy
rezultatai, pateikti 16 paveiksle, grindziami 15 paveiksle pateiktais
duomenimis, nes, matuojant srovés tankio pokytj, galima lengviau palyginti
tirty sistemy efektyvuma. Visos bandytos sistemos reaguoja j gliukozés
pridéjima, palaipsniui didinant gliukozés koncentracijg stebimas srovés tankio
pokytis padidéja beveik viena eile, o didziausias bendras padidéjimas
stebimas EBFCcc , kai ji prisotinta gliukoze, srovés tankio pokytis, palyginti
su kontroline sistema, padidéjo 15 karty. EBFCchv taip pat rodo didel;
santykinj srovés tankio pokytj, daugiau nei eilés tvarka, taciau atrodo, kad ji
greitai pasisotina, nes sumazgjes atsako diapazonas pasisotina esant 20 mM/L
gliukozeés, o visos kitos bandytos sistemos rodé srovés tankio pokytj visame
bandytame 0-100 mM/L gliukozés diapazone.

Visi méginiai atitinka tikétinas Michaelio-Menteno kinetikos kreives. Taip
pateikti EBFCrep ir "kontroliniai" méginiai yra netikslus vaizdas dél jy
reakcijos pobudzio, kaip matyti i§ chronoamperometrijos duomeny. Tiek
EBFChrep , tiek kontrolinis méginys nepasiekia pusiausvyros ir nuolat didéja.

Santykinis srovés tankio pokytis apskai¢iuotas pagal 10 lygti:

Ji—Ji-1
loglOJ—O*loo% (10)

kur Ji - srovés tankis jpylus gliukozés, Ji1 - srovés tankis pries§ jpylus
gliukozgs ir Jo - srovés tankis, iSmatuotas eksperimento pradzioje.

Naudojant citochromus EBFCcc , buvo gautas didziausias santykinis
srovés atsakas j tolesnj gliukozés koncentracijos didinima. Be to, i§ 17 pav.
pastebéta, kad sistema iSlaiko didelj jautrumag visame vertinamame
koncentracijos diapazone, rodydama registruotos srovés padidéjima iki 50
mM gliukozés, o toliau didinant srovés atsaka palaipsniui mazéja. Didinant
gliukozeés koncentracija nuo 20 mM iki 50 mM pastebétas 167 % registruotos
srovés padidéjimas, toliau didinant koncentracija iki 50 mM - 80 %, o atsako
greitis visame tiriamame koncentracijos intervale atitinka varpo formos
kreive. Didelis santykinis jautrumas rodo tolesnio iteracinio tobulinimo
galimybe, nes $iuo metu sistema stabdoma tik dél mazy absoliuciy signalo
srovés verciy.
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EBFCca taip pat pasiZzyméjo santykinai linijiniu srovés atsaku j gliukozés
koncentracijos didéjimg visame diapazone.

EBFCchv pasizyméjo stipriu atsaku Zemutingje koncentracijos intervalo
dalyje, o esant didesnei nei 20 mM koncentracijai - ploksciajuosciu atsaku.
EBFChgp ir kontroliniy méginiy atsako ir triukSmo santykis buvo palyginti
mazas, abu meéginiai stipriai reagavo labai ribotame koncentracijos diapazone
apatinése tiriamojo diapazono ribose.

6.3.7. Bakterijy Rhizobium anhuiense kaip potencialaus
biokatalizatoriaus mikrobiologiniams biodegaly elementams
kurti jvertinimas

Zeta potencialo matavimai buvo atliekami siekiant jvertinti lasteliy
pavirsiaus elektrinj potenciala, kuris priklauso nuo aplinkos salygy %.
Daugumos gramteigiamy bakterijy pavirSius, esant neutraliam pH, dazniausiai
yra neigiamai jkrautas. Tokj poveiki lemia neigiamai jkrautos
lipopolisacharidy sudétyje esancios fosfatinés ir karboksilatinés grupés y ir
subalansuojamas prieSingai jkrautais prieSprieSiniais jonais, esanciais
supancioje terpéje, todél susidaro dvigubas elektrinis sluoksnis.

Menadionas (MQ) yra redokso ciklo junginys, kurio empiriné formulé yra
Cs Ha (CO), C2 H(CH3), jis taip pat zinomas kaip vitaminas K3, ir yra 1,4-
naftochinono analogas, turintis papildoma metilo grupe. Menadionas yra
prooksidantas, generuojantis superoksido anijony radikalus. Rizobijos,
veikiamos menadiono, reaguoja inaktyvuodamos dél Sio poveikio
susidariusius laisvuosius anijony radikalus 2.

Siame tyrime maa menadiono koncentracija veikia kaip stresorius, todél
jis nenaikina bakterijy, bet stiprina jy atsparumg ir didina kriivio perdavimo
efektyvuma po adaptacijos laikotarpio. Esant mazesnei nei 1 mM jony
koncentracijai, zeta potencialas nepriklausé nuo jony stiprumo (19A pav.), o
esant menadionui bakterijos pasizyméjo nedideliu zeta potencialo svyravimu
ir 8is poveikis nepriklausé nuo inkubacijos trukmés. Kai jony koncentracija
vir§ijo 1 mM, visy méginiy zeta potencialas didéjo kartu su didéjancia jonine
jéga. Nepastebeéta reikSmingo zeta potencialo skirtumo tarp jvairiy mediatoriy
buvimo ar nebuvimo ir inkubacijos trukmés. Buvo jvertinta pH jtaka
Rhizobium anhuiense zeta potencialui. Atsizvelgiant | tai, kad natarali
bakterijy gyvenamoji aplinka yra ~pH 7,0, o d¢l medZziagy apykaitos procesy
ir jvairiy metabolity sekrecijos pH daznai pakinta j riigS§ting puse, tolesni
tyrimai atlikti pH intervale nuo 5,0 iki 8,0. Tyrimai atskleid¢, kad Sie pH
poky¢iai neturéjo didelés jtakos bakterijy zeta potencialui. Zeta potencialas
iSliko neigiamas plac¢iame pH diapazone (19B pav.). Tai atskleidzia, kad pH
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kitimas neturi jtakos bakterijy ir anodo elektrostatinei sgveikai. Taip pat buvo
jvertinta auginimo terpés jtaka bakterijy zeta potencialui (19C pav.). Norriso
terpé, pH 7,0, 25 g/l gliukozés, taip pat teigiamai veiké zeta potenciala.
Vidutinis bakterijy zeta potencialas padidéjo iki -25 mV, palyginti su vidutiniu
bakterijy zeta potencialu, kuris yra -60 mV PBS pagrindu pagamintuose
tirpaluose su maza jonine jéga. Sis reiskinys pastebétas grei¢iausiai dél
skirtingy iStirpusiy jony buvimo PBS ir Norris terpéje.

Bakterijy lastelés, turinCios neigiamg kriivj, dél elektrostatinés traukos
lengviau prilimpa ir véliau imobilizuojasi prie teigiamai jkrauto elektrodo.
Siame tyrime pastebétas labai neigiamas zeta potencialas maZo joninio
stiprumo tirpaluose. Stebéjimas rodo, kad Rhizobium anhuiense turi jgimta
gebéjimg stipriai prilipti prie anodo pavirSiaus.

Atvirosios grandinés potencialas (OCP) buvo nustatytas iSoriniy grandiniy
apkrovose, o galios tankis apskaiCiuotas remiantis Siais matavimo rezultatais.

Galios tankio ir poliarizacijos kreivés buvo surinktos BFC, pagrjstos
Rhizobium anhuiense bakterijomis, kurios buvo apdorotos keliais redokso
mediatoriais skirtingose aplinkose (20 ir 21 pav.).

Menadionas tarnauja kaip organinis hidrofobinis redokso mediatorius,
didinantis kriivio perdavimg %**. Redokso mediatoriy efektyvumas didele
dalimi priklauso nuo taikomo redokso mediatoriaus oksidacijos ir redukcijos
potencialy. Redokso mediatoriai, kuriy redokso potencialas didesnis,
efektyviau pagauna elektronus is elektrony donory, ta¢iau elektrony pernasa
1§ redokso mediatoriy, kuriems biidingas labai didelis redokso potencialas, |
kriivio perdavimo granding néra labai efektyvi %. Cia suprojektuoto MBFC
elektrinis potencialas ir galios tankis pavaizduotas 21 paveiksle.

Riboflavinas yra zinomas kaip endogeninis redokso mediatorius,
palengvinantis elektrony perdavimo greitj, skatinantis mazesnj generuojamos
energijos kiekj. Funkciniai prietaisai, kuriems energija tiekia kuro elementai,
turi veikti salygomis, lygiomis didziausiam galios tankiui arba jam lygiomis,
kad veikty labai efektyviai. Sio proceso metu perduodami elektronai yra
tiesiogiai susij¢ su cheminémis reakcijomis, kurias katalizuoja
mikroorganizmy medziagy apykaitos procesuose dalyvaujantys fermentai.
Bakterijomis pagrjstiems kuro elementams biidingas netiesinis galios tankis.
Si netiesiskumg galima panaudoti efektyviam energijos taupymui, tuo pat
metu pritaikant aktyvinimo naSumg prie tam tikro charakteristiky rinkinio.
Kuriant tokias sistemas siekiama didesnio bendro galios tankio esant
didesniam potencialui, nes esant didziausiai galios tankio vertei galima
generuoti didziausig elektros srovés kiekj.

Natiiralaus redokso mediatoriaus - menadiono - panaudojimas MBFC
konstrukcijoje leidzia padidinti suprojektuoty MBFC jtampg ir galig, o tai
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padidina jy pritaikomuma. PrieSingai, nepastebéta jokio teigiamo poveikio,
kai vietoj menadiono buvo naudojamas riboflavinas. Sis poveikis gali biiti
susijes su skirtingu $iy nattraliy redokso mediatoriy tirpumu, nes menadionas
tirpsta hidrofobinéje aplinkoje ir patenka j fosfolipiding membrana, o
riboflavinas tirpsta vandenyje ir gali bati iStirpintas lastelgje, kaip ir
ekstralgstelingje aplinkoje. Taciau riboflavinas nelabai tinka elektronams per
lastelés membrang perstumti. Todél galime teigti, kad menadionas gali
veiksmingiau pernesti kriivi per fosfolipiding membrang link elektrody,
palyginti su riboflavino gebé¢jimu pernesti krivi (20 pav.).

Zinoma, kad Rhizobium anhuiense gali veikti ir anaerobinémis, ir
aerobinémis sglygomis. Todél Rhizobium anhuiense gebéjimas generuoti
energija buvo papildomai iStirtas anaerobinémis salygomis, iSstumiant ir
prisotinant sistema azoto dujomis. Taciau anaerobinémis salygomis nustatytas
reik§mingas visy su energijos generavimu susijusiy charakteristiky
sumazéjimas (18 pav. ir 21 pav.).

Reikéty pazyméti, kad Cia apraSomo MBFC generuojamos srovés tankis,
kaip ir daugumoje MBFC, néra labai didelis, todél norint padidinti srovés
tankj 3D elektrody medziagos % ir (arba) laidziy polimery pagrindu sukurtos
struktiiros 1% gali biiti panaudotos elektrodinés konstrukcijos, kurios leisty
padidinti srovés stiprj keliomis eilémis. .

6.4.1Svados

1. Nustatéme, kad biojutikliy elektrody konstrukcijoje galima taikyti
skyles perneSanciy (p tipo) organinius/polimerinius puslaidininkius. Atlikus
elektrocheminius eksperimentus nustatyta, kad, esant palyginti mazam
jonizacijos potencialui, vyksta tiesioginis skyliy pernesimas i§ elektrodo j
fermentg. Pastebéta plati tiesiné priklausomybé tarp srovés tankio ir gliukozés
koncentracijos nuo 2 iki 15 mM ir didelis 1TO/poli-CzO/GOx-elektrodo
stabilumas, o didziausias jautrumas nustatytas grafito/poli-CzPh/GOx-
elektrodo - 3,7 pA cm? mM,

2. Sudaréme ir iStyréme redokso tarpininky pagrindu veikianCias
bioelektrochemines sistemas su skirtingais redokso mediatoriais. Chlorofilo A
ir Citochromomis medijuojama sistema pasizyméjo didziausiu jautrumu }
sistemos gliukozés koncentracija, iSmatuotas galios tankis buvo 2,5-4
HUW/cm?. Taciau didinant gliukozés koncentracija, $iy sistemy veikimas buvo
slopinamas. Chlorofilu A medijuojamos sistemos, padidinus gliukozés
koncentracijg iki 100 mM, galios tankis nukrito iki < 10 nW/cm?.
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3. Naudodami Rhizobium anhuiense bakterijas, toliau kiiréme kuro
elementus, pagristus elektrokatalitiniais procesais. Siekdami pagerinti kriivio
perdavimg, iSbandéme keletg redokso mediatoriy: menadiona, riboflaving ir
9,10-fenantrenchinong. Nustatyta, kad geriausi rezultatai pasiekti Rhizobium
anhuiense pagrindu sukurtame bioanode, kultivuotame didelio gliukozés
kiekio aplinkoje, tarpininkaujant menadionui, iSmatuotas 0,385 mV atviros
grandinés potencialas, bei i¥§matuotas maksimalus 5,5 pW/cm? galios tankis,
kuris generavo 50 pA/cm? anoding srove.
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