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INTRODUCTION
Enzymatic biofuel cells (EBFCs) are a type of fuel cells that use purified redox

enzymes as catalysts to convert chemical energy into electrical energy via
biochemical reactions [1].The use of highly substrate-specific and highly active
redox enzymes as biocatalysts, the exploitation of cheap, renewable, and
ecological biofuel oxidised at minimal overpotential, and mild EBFC reaction
conditions raise a special interest and possibilities to employ EBFCs in very
delicate niches such as implantable/attachable  devices, e.g.,
implantable/attachable power sources and self-powered biosensors [2], and low
energy consuming devices, e.g., small portable electronic devices [3]. Most
prominent are so-called glucose/oxygen (O,) powered EBFCs since glucose
and O, are involved in metabolism of most living organisms, and thus these
EBFCs might be used for biomedical purposes, e.g., self-powered biosensors in
blood, tears, saliva, etc.

Despite the aforementioned advantages, the development of practically
beneficial EBFCs is still challenging due to relatively low power output and
short-term operational stability. Unlike abiotic FCs, which typically afford
power densities in the order of mW cm™ to kW cm™ [4], EBFCs generate
power densities in the order of pW cm™ to mW cm? [5, 6]. It is also well
addressed in scientific literature that portable EBFCs should approximately be
stable in operation for at least one week or, in the case of a surgical procedure,
for more than one year [3]. As reported in some research, the operational
stability of EBFC electrodes may last for a few weeks or months [7] but not
several years as it is required for the biomedical devices intended for
implantation.

The general knowledge from the development of EBFCs is that in the
majority of cases anodic electrodes limit the performance of overall
carbohydrate/O, EBFCs [8]. Thus, the way to improve the characteristics of an
overall EBFC is first the optimisation of the operation of an anodic part of the
EBFC. For this reason, the main focus when designing carbohydrate/O, EBFCs

has been devoted to study the bioelectrocatalysis on an anodic electrode. In this



work two quite different anodic enzymes considering many different aspects,
i.e., glucose oxidase (GOx) and cellobiose dehydrogenase (CDH), have been
chosen to design mediated and direct electron transfer (ET) based
carbohydrate/O, EBFCs. GOx has been the first enzyme employed in EBFC
design [9]. It demonstrates high catalytic activity and selectivity to glucose
[10]. Unfortunately, its active center is located deep inside the insulating
protein shell of the enzyme [11], and, thus, the electrons from the GOx cannot
be transferred to the electrode surface via direct ET [12]. For this reason,
different ET mediator molecules are employed to pick up the electrons from
the redox centre of GOx and deliver them to an electrode [13]. Especially the
usage of ET mediators, partly insoluble in aqueous solvents, should be
emphasised, since they can be immobilised on an electrode in order to avoid
their leaking from the electrode surface. ET mediator properties of five
phenanthroline derivatives with different functional groups were investigated
using GOx immobilised on graphite rod electrodes (Chapter 3.2.). While
seeking the improvement of the stability of GOx-modified electrodes, the
advantage of GOx catalysed enzymatic polymerisation of conductive polymers
was taken. The GOx immobilised on the surface of the electrode is then
covered by the thin layer of conducting polymer (Chapter 3.1.).

In comparison to GOx, CDH enzyme is an advantageous enzyme due to
its broad spectrum of substrate, low sensitivity to O,, and the ability of direct
ET (DET). While a weakness of utilising CDH enzyme is the fact that glucose
Is not the natural substrate of the enzyme. Thus, the catalytic efficiency is
significantly lower compared to GOx based EBFCs. However, the enzymes
which are able to demonstrate DET in combination with differently prepared
three-dimensional (3D) nanostructures have great perspectives in the area of
biomedical applications.

Enzyme molecules arranged in 3D structures may not only increase the
current density but also improve the apparent stability of EBFCs. In the present
work negatively charged citrate-coated gold nanoparticles (AuNPS) were

exploited as they are stable, electrically conductive, and biocompatible



building blocks for nanostructuring of surfaces. It is very important that for the
careful fundamental studies of enzyme bioelectrocatalysis on a single AuNP
level, the size, shape, and surface characteristics of AuNPs can relatively
simply be controlled and monitored. As a model enzyme for these studies, the
laccase (Lc) enzyme was employed since it shows DET on AuNPs, but not on
planar gold surfaces. Moreover, it is a relatively cheap, widely studied enzyme,
and its physichochemical properties are well characterised.

It should be pointed out that the basic principles of EBFCs and seeking to
fulfil their stability and power demands have been under investigation for a
while, and some progress has been achieved [14]. So far, the flexibility of
EBFC electrodes has not been investigated at all and, thereby, in this work the
very first studies addressing the flexibility problem have been performed. It is
very important to be aware if EBFCs deposited, e.g., on catheters, withstand
mechanical load as well as how does the flexibility correlate with the
functionality of biomedical devices.

The objectives of the doctoral thesis were following:

1. to design carbohydrate/O, enzymatic biofuel cells (EBFCs);

2. to determine the factors limiting the performance of EBFCs;

3. to characterise the bioelectrochemical properties of the enzymes
adsorbed onto conductive AuNP nanostructures and evaluate the
viscoelasticity of the nanostructures.

Therefore, the tasks of the present thesis were formulated as follows:

1. to exploit carbohydrate oxidising enzymes (GOx, CDH) in the design of

anodic electrodes;

2. to employ immobilised GOx enzyme for the enzymatic polymerisation

of polythiophene;

3. to utilise O, and hydrogen peroxide reducing enzymes (bilirubin
oxidase, horseradish peroxidase, and laccase) in the development of

cathodic electrodes;
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4. to develop mediated and direct ET based carbohydrate/O, EBFCs;

5. to assess the reactions and processes limiting the performance of

separate anodic and cathodic electrodes;

6. to determine the number of the laccase molecules adsorbed on a single
AuUNP, as well as evaluate the Kkinetic constants characterising O,

reduction on laccase-modified AUNP monolayers of different density;

7. to assemble the mono- and multi-layer nanostructures of AuNPs on
planar thiol/polyelectrolytes modified gold surfaces while controlling

the assembly by the ionic strength of AuNP dispersion;

8. to assess the viscoelastic properties of the nanostructures consisted of

AUNPs using different inter-linker molecules (thiols, polyelectrolytes);

9. to compare the bioelectroreduction of O, at mono- and multi-layer

structures of AuNPs modified with laccase enzyme.
Scientific novelty:

1. The very first enzymatic polymerisation of polythiophene was carried

out using GOx immobilised on the surface of an electrode;

2. For the first time 1,10-phenanthroline derivatives (PDs) were employed
as ET mediators for GOx enzyme. The best ET mediator, 5-amino-1,10-
phenanthroline (5AP) compound, when cross-linked with GOx, was

utilised in the design of the anodic electrode of a glucose/O, EBFC;

3. A positively charged bi-functional thiol,  N-(6-mercapto)
hexylpyridinium (MHP), for the first time was exploited to
electrostatically attach the cellobiose dehydrogenase (CDH) enzymes
from Corynascus thermophilus (CtCDH) and Humicola insolens
(HICDH) to the AuNP surface. This coupling enabled the DET between

the enzymes and the AuNP modified gold surface;
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4.

6.

The DET between the HICDH enzyme the surface of AuNPs was
established for the first time. Accordingly HICDH was used as an
anodic biocatalyst in the designing DET based carbohydrate (lactose,
glucose)/O, EBFCs;

The evaluation of bioelectrocatalysis on a single laccase-modified
AuUNP  was unprecedentedly  performed when  combining
electrochemical methods and Quartz crysral microbalance with
dissipation technique (E-QCM-D);

For the first time the QCM-D analysis was ulitilised to assess the

viscoelastic properties of AuNP-enzymes based biocatalytic structures.

Statements for defence:

1.

GOx enables enzymatic polymerisation of polythiophene via its
catalytic cycle during glucose oxidation. PTP coated GOx enzyme
demonstrates improved stability characteristics;

5AP acts as an ET mediator for GOx enzyme, and can accordingly be
exploited to design an anode of mediated glucose-powered EBFC when
crosslinked with GOx;

MHP compound enables direct ET based coupling of CDH enzymes on
the surface of AuNPs;

HICDH demonstrates the resistance to substrate inhibition by lactose.
Thus, the enzyme might be employed as an anodic biocatalyst in the
designing of EBFC operating in the presence of high carbohydrate
concentration;

Combining electrostatically driven assembly of AuNPs on surfaces and
E-QCM-D measurements enable the assessment of bioelectrocatalysis at
a single Lc modified AuNP. The bioelectrocatalysis at a single NP
depends on the surface density of NPs;

PLL/AUND based multilayer is a highly conductive nanostructure

suitable for DET based immobilisation of Lc enzyme.
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1. LITERATURE REVIEW

1.1. Enzymatic biofuel cells

Fuel cells are electrochemical devices which convert chemical energy into
electrochemical energy via chemical reactions [4]. Biofuel cells (BFCs) are a
type of fuel cells that use biocatalysts instead of inorganic or organic, i.e.,
metal and carbon, catalysts to catalyse chemical reactions [15]. Three types of
biocatalysts can be employed in BFC design: complete living cells [16],
purified enzymes [8], and organelles [17]. This work was solely focused on the
studies of enzyme catalysed so-called enzymatic biofuel cells (EBFCs)

including the design and characterisation of their separate electrodes.

1.1.1.Operating principle
To ensure a high reaction velocity of oxidation-reduction reactions at EBFC

electrodes, oxidoreductases (redox enzymes) are used in the electrode
construction. Redox enzymes usually catalyse biochemical oxidation-reduction
reactions in a very selective manner and, thereby, extract electrical energy
from a very specific biological compounds [18]. In some cases redox enzymes
can be employed in multi-enzyme cascades together with enzymes belonging
to other classes in order to extract electrical energy from more complex
substances [19].

Like a traditional abiotic fuel cell [4], an EBFC is a galvanic cell
consisted of two electrodes: an anode and a cathode. At the anode biofuel
oxidation occurs and the electrons, extracted during this process, are provided
to the electrode. On the contrary, at the cathode biooxidant reduction takes
place and the electrons, consumed during the reaction, are taken from the
electrode (Fig. 1) [15, 20, 21]. When EBFC electrodes are immersed in an
electrolyte solution, containing a certain amount of biofuel and biooxidant, and
connected through an external circuit, electrons flow from the anode to the

cathode and thus generate electrical power [15].
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Figure 1. General scheme of the operating principle of an EBFC. Adopted from [20].

Any substance which is oxidised by a living organism, e.g., various
carbohydrates, amino acids, alcohols, etc., can be utilised as a biofuel since it is
obvious that a certain enzyme (or even a few enzymes) catalysing oxidation of
each specific compound must exist, while O, and peroxides are usually
exploited as a biooxidant [1].

Most prominent are so-called glucose/O, powered EBFCs since both
glucose and O, are involved in metabolism of most living organisms, and, thus,
these EBFCs might be used for biomedical purposes, e.g., self-powered

biosensors in blood, tears, saliva, etc.

1.1.2. Key performance characteristics

The prime parameter which is considered in EBFC design is power output. The
power output (P,,,;;) of an EBFC is directly proportional to the current achieved
at different cell voltages and thus is calculated after multiplying the values of
the current (I) and the EBFC voltage (U.). These parameters are

experimentally obtained from so-called EBFC polarisation curve [22]:

Peeyt = Ugey X 1 (1)
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The power output is often divided by the surface area (4) of an EBFC

electrode in order to uniformly characterise the performance of EBFCs:

Pcell

Power density =

(2)

A polarisation curve is a plot of potential as a function of the current (or
the current density) generated by the EBFC while altering external electric load
or vice versa. This means that polarisation curves can either be recorded
potentiostatically (an external potential is changing) or galvanostatically (an
external current is varying). Polarisation curves themselves are used for better
understanding of the limitations (later denoted as overvoltage loses) of EBFCs
such as enzyme kinetics, internal resistance drop, mass transport (Fig. 2a), etc.,
while their recalculation to power curves enables the estimation of the maximal
power (or power density) of EBFCs (Fig. 2b) [23].

Cell (a) Cell (b)
voltage power 1
! ! Maximum
A ' £ A
Open —=> I 12 i power
o c 1 1 © !
circuit 0 ; 'E '
I @ 1
2 .
i 5 i
Lo (&) z
S.hcr‘t_)__________'__ W TR e e S -0 >
circuit Cell current 1 ¢ Cell voltage A
Maximum  Short Open
cell current circuit circuit
Electrocatalytic oxidation ( C)
of fuel at the anode
Electrocatalytic /
current Overpotential
+ for onset of E (oxidant/reduced product)
Abiofuel reducti .
1 «—> Open circuit voltage Applied
e e i —===Z2e—i— > potential
! Cell voltage and >
v current that give Overpotential for onset

maximum power of oxidant reduction

E (biofuel/oxidised product) Electrocatalytic reduction of
oxidant at the cathode

Figure 2. Different ways for plotting the data of EBFC performance characteristics: (a)
polarisation curve (current-voltage) of the complete EBFC with the different polarisation
types indicated; (b) power curve vs. cell voltage; (c) polarisation curves of individual EBFC
bioelectrodes. Adopted with changes from [1].
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The highest voltage in a polarisation curve, termed open-circuit voltage
(OCV), is achieved at open circuit conditions when there is no current flow (no
work is done) in an external circuit. OCV provides the information about
thermodynamics of an EBFC. The OCV value for a particular EBFC is
experimentally determined by the difference between the onset potential for
biocatalysis at the cathodic and anodic electrodes, respectively (Fig. 2c) [1].
Theoretically the voltage (or the OCV in the case of open circuit conditions) of
a cell is defined as the difference between thermodynamic potentials of the
biooxidant/reduced product redox couple at a cathode and biofuel/oxidised
product redox couple at an anode, adjusted to all nonstandard conditions of
EBFC operation:

Uce = Ecathode — Eanoae (3)

However, the experimentally estimated value of U, is usually lower
than that theoretically expected as the result of overpotential at separate EBFC
electrodes.

Thereby, the overpotential () of individual electrodes can be described as the
difference between the experimentally measured potential (E,,oqsureq) @and the
equilibrium (E,, ) potential [22]:
N = Emeasurea = Eeq. (4)
The equilibrium potential is in turn related to the formal potential (E,)

for a redox couple according to well-known Nernst equation [24]:
RT  /co
Feq = Bl +-—1n (3) ),

where R denotes the universal gas constant (8.314 J mol™ K™), T stands for the
absolute temperature (K), n is the number of electrons involved in a reaction, F
denotes the Faraday constant (96485.4 C), c, and cy are the concentrations of
oxidised and reduced species (M) .

There are three types of n contributing to the total overvoltage (1:ota1)
across an EBFC, i.e., activation (n,.:), ohmic (n;z), and concentration (1.onc)
[15]:

16



Ntotal = Nact T Nir T Neonc (6)

Each type of n contributes to the overall shape of a polarisation curve for an
EBFC, as illustrated in Fig. 2a. n,.. predominantly arises at low current due to
a finite rate of reaction at an electrode which is determined by the rate of
heterogeneous ET. 7z, called either ohmic or internal resistance drop,
describes the polarisation that occurs in an EBFC at higher current due to
resistances associated with the electrolyte and electrical connections. And,
finally, 1., describes the mass transport limitations of a bioelectrochemical
reaction and it is the predominant contributor to electrode polarisation at large
currents. For bioelectrochemical reactions that proceed with small activation
overpotentials, the concentration of reagent at the surface of the electrode
rapidly approaches zero [15].

Many redox enzymes, when comparing with metal catalysts, operate very
close to the thermodynamic potential of their substrate/product couple having
minimal 7. Yet some enzymes demand a larger n than others to catalyse the
same reaction. For example, the reduction of O, by plant laccases [25] requires
several hundred mV larger n than fungal laccases [26]. The former are less
advantageous biocatalysts to use them in EBFC design since they lower the
value of U,,; of a complete EBFC.

When anodic and cathodic electrodes are fully electrically connected
through so-called short circuit without an applied load, U, is equal to zero,
and no useful work is performed. Thereby, significant power output may be
achieved only when an EBFC operates between two limiting cases of an EBFC
polarisation curve, i.e., between open and short circuit conditions, when U,
is between OCV and 0 (Figs. 2a and 2Db).

In conclusion, the maximum power density and thus current density as
well as the OCV describe the performance of an overall EBFC. The
operational stability of an EBFC should also be considered as an important

parameter since it describes the viability of an EBFC.
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1.1.3. Application niches
The use of highly substrate-specific and highly active redox enzymes as

biocatalysts, the exploitation of cheap, renewable, and ecological biofuel
oxidised at minimal overpotential, and mild EBFC reaction conditions raise the
special interest and possibilities to employ EBFCs in very delicate niches such
as implantable/attachable devices, e.g., implantable/attachable power sources
and self-powered biosensors [2], and general low energy consuming devices,
e.g., small portable electronic devices [3].

Specifically, the general requirement for all above mentioned devices is
the miniaturisation of their electric power source as it constitutes the biggest
part (size and weight) of complete devices. This is only possible to accomplish
using EBFCs since redox enzymes are usually characterised by very high
substrate-selectivity and thus EBFC construction does not necessitate
separating anodic and cathodic parts. The absence of a separation membrane
automatically leads to the diminution in the EBFC size. Other electric power
sources such as abiotic FCs or batteries do not comply with the requirements of
further reduction in device size because: (i) conventional FCs do not provide
sufficient substrate selectivity (e.g., one of the most widely used metal catalyst
platinum catalyses both glucose oxidation and O, reduction, thereby, glucose
and O, must be supplied in separated containers to make the oxidation process
solely possible on one electrode and the reduction process, respectively, on
another), (ii) batteries are closed electrochemical systems having electrolyte
storage containers and thus the energy capacities of batteries do not scale with
size due to the need for casings and seals.

Also, enzymes are attractive biocatalysts due to their ability to utilise
abundant biological fuels (e.g., glucose) along with ubiquitous O, as a
bioxidant and operate in physiological conditions, where conventional FCs are
inefficient. Thereby, EBFCs as self-contained devices, i.e., self-powered and
wireless gadgets, might be integrated into biologically relevant technologies or

products, e.g., as monitoring devices in cell culture applications, in food
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storage and manufacture technologies, as well as attached to or implanted in
living organisms for different purposes, viz., sensing, stimulation, delivery, etc.

Moreover, EBFCs might power small portable electronic devices in on
site conditions, e.g., by simply refuelling with lemonade or any other
carbohydrate containing solution, if carbohydrate/O,EBFC was integrated as a
power source. In 2010 Sony company reported a glucose/O, EBFC unit with
multi-stacked structure which successfully operated a radio-controlled car
(16.5 g) as well as in the memory-type Walkman (Fig. 3a). [27].

Figure 3. Some examples of EBFCs as a part of (a) a mp3 player [28] and (b) contact lense
[29], or inserted in (c) a cactus [30] and snail [31]

Taking advantages of EBFC properties, EBFCs were inserted and tested
in rats [32], cockroaches [33], clams [34], snail [31] (Fig. 3) or lobsters [35].
Katz and co-workers demonstrated that EBFCs connected in series or in
parallel deliver enough power to supply an electric motor [34] and a cardiac
pacemaker [35]. Flexer and Mano attached EBFC electrodes to a cactus in

order to monitor photosynthesis process (Fig. 3) [30]. In light of these
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examples, one of the promising EBFC application niches seems to be their use
in non-invasive contact situations e.g., contact lenses [29], where most of in
vivo shortcomings (immunoresponse, etc) are evaded (Fig. 3).

There are some more merits of EBFCs which make their use
advantageous over the employment of abiotic FCs and batteries. For example,
enzyme production is renewable and relatively inexpensive when comparing
with the high cost and future scarcity of noble metals employed as catalysts in
most of FC devices. Also, redox enzyme themselves and the products of
enzymatic reactions can be considered as relatively safe in implantable
situations as well as being ecologically disposable, while batteries cause
ecological problems due to the toxicity of their waste if disposed improperly.

In summary, EBFCs are not yet used in everyday applications, but this
may change in the future if EBFCs having better performance characteristics,

such as power density and operational stability, are developed.

1.1.4. Demands and problems in the design of practically beneficial EFCs

Despite the aforementioned advantages, the development of practically
beneficial EBFCs is still challenging due to relatively low power output and
short-term operational stability. Unlike abiotic FCs, which typically afford
power densities in the order of mW cm™ to kW cm™ [4], EFCs generate power
densities in the order of pW cm™to mW cm (Fig. 4) [5, 6]. Even though the
power output provided by already existing EBFCs is sufficient to power some
small low-energy consuming electronic devices, if generated at a high enough
cell voltage, there is still the deficiency in power output to use EBFCs in more

general applications demanding power output of 10-100 mW cm™ [3, 22].
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Figure 4. Schematic representation of the power ranges provided by biosensors, biofuel cells,
inorganic FCs and batteries showing the free room for further EFC development. Adopted
from [22].

It is also well addressed in scientific literature that portable EBFCs
should approximately be stable in operation for at least one week or, in the
case of a surgical procedure, for more than one year [3]. As reported in some
research articles, the operational stability of EBFC electrodes may last for a
few weeks or months [7] but not several years as it is required for implantable
biomedical devices.

In order to improve the performance of EBFCs and their operational
stability, several potent factors should be considered. First of all, the
biocatalytic activity and stability of enzymes bound to the surface of EBFC
electrodes should be high enough. Secondly, the electron transfer (ET) between
the enzyme active centre and electrically conducting electrode materials should
be rapid. These two considerations can be only useful if a high quantity of
enzyme molecules can be immobilised on the electrode surface. However, the
majority of redox enzymes are unable to achieve efficient direct ET (DET)
between their active centre and a planar electrode surface as their redox centres
are deeply imbedded in their protein shells [36]. This means that only a limited
number of enzymes are available for the construction of direct ET based

EBFCs. Moreover, even though enzymes are capable of very high activity in
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comparison to conventional metal or carbon catalysts, generally reaching
catalytic turnover numbers of 10° s or higher [37], they are usually rather
large molecules which results to low activity to volume ratio. The maximal
theoretically possible current density which might be achieved assuming the
complete monolayer coverage by fully active and properly connected enzyme
molecules of 58 nm? cross section with an activity of 600 s™, is only in the
range of 200 pA cm™ as stated by Katz [38]. Thereby, multilayers of enzymes
are likely to be demanded in order to increase the current density. Enzyme
molecules arranged in three-dimensional structures may also increase the
apparent stability of EBFCs. All these improvements are possible if the
maximal current density of an EBFC is limited by the enzyme kinetics. In the
case, when the high amount of enzyme is immobilised, the maximal current
density is limited by substrate diffusion rather than enzyme kinetics, and thus
some enzyme molecules can detach from the electrode surface or lose their
catalytic activity without changing the magnitude of the maximal current
density. Additionally, the relatively high values of Michaelis constant (K,,,) of
carbohydrate oxidising enzymes (often greater than 10 mM, Chapter 1.2.3.), do
not allow the maximal turnover of enzyme to be exploited, especially
considering in vivo conditions where low substrate concentration is present.
For example, the concentration of glucose in human blood is approximately 5
mM [39] or even lower in other human physiological fluids such as saliva
(~0.08 mM) [40] and tears (0.001-0.005 mM) [41]. This means that the active
sites of glucose oxidising enzymes are not substrate saturated by the levels of
glucose available in human physiological fluids. O, powered -cathodic
biocatalysts are characterised by quite high K,,, value as well.

An incomplete biofuel oxidation is another important problem from a
power-density perspective. The complete oxidation of glucose molecule to
water and CO, with a release of 24 electrons involves around 10 enzymes
which carry out particular chemical transformations [42]. When one enzyme,
e.g., glucose oxidase, is employed for partial glucose oxidation, only two

electrons are extracted from one glucose molecule. Thereby, multi-enzyme
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cascade based EBFCs holds a great perspective in the designing of EBFCs with
enhanced power output [6].

It should be pointed out that the basic principles of EBFCs and seeking to
fulfil their stability and power demands have been under investigation for a
while, and some progress has been achieved [14]. So far, the flexibility of
EBFC electrodes has not been investigated at all and, thereby, in this work the
very first studies addressing the flexibility problem have been performed. It is
very important to be aware if EBFCs deposited, e.g., on catheters, withstand
mechanical load as well as how does the flexibility correlate with the

functionality of biomedical devices.

1.1.5. Development perspectives
The continuous interest in EBFC development is motivated by the fact that

there are many enzymes capable of all sorts of chemical transformations in a
variety of conditions, and that most of them are yet to be discovered and
exploited for energy conversion. Further, as genomics and proteomics become
more sophisticated, one can expect that the ability to engineer enzymes for
power generation will also improve [43]. Moreover, new electrode materials
are recently being rapidly developed as well as rational ways to electrically
connect enzymes to electrodes [44]. Finally, the knowledge gained from
research on EBFCs is important from a purely scientific perspective in order to
understand how activity and stability of enzymes can be controlled by the

interface between the adsorbed enzyme and the surface.

1.2. Redox enzymes

Oxidoreductases, often abbreviated to redox enzymes, are a large class of
enzymes catalysing oxidation-reduction reactions in microbial, plant or animal
organisms where electrons are selectively transferred from one biological
molecule (a reductant) to another (an oxidant) [18, 45]. Replacing the oxidant
molecule by an anodic electrode and the reductant molecule accordingly by a
cathodic electrode, redox enzymes, thereby, can be employed in EBFC

development. So far, there are about 1500 enzymes referred to
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oxidoreductases (http://www.enzyme-database.org/stats.php), yet only a small
fraction of them can successfully be utilised as EBFC biocatalysts due to the
difficulty to achieve sufficient (if at all) electrical contact between their redox

active centre and the electrode surface.

1.2.1. General structural properties

Generally enzymes are rather large globular protein molecules formed by a
polypeptide chain which is a consecutive sequence of interlinked amino acids.
To accomplish their biocatalytic activity, redox enzymes employ various
redox-active centres [46]. The redox centres are shielded by the polypeptide
backbone which can modulate their substrate-selectivity, catalytic activity,
stability, and inhibition-resistance. Common redox centres include particular
amino acids (e.g., tyrosine or cysteine) and non-proteinaceous part so-called
cofactor which can either be classified as organic (e.g., FAD) or inorganic
(e.g., metal ions) [18]. Cofactors tightly bound to enzymes are called prosthetic
groups, while those loosely bound to enzymes and releasing from redox centres
during the catalytic reaction are referred to coenzymes. The intact active
enzyme with its cofactor is called a holoenzyme, while solely protein part

without cofactor is called an apoenzyme [37].

1.2.2. Main aspects of biocatalysis

On the whole, some enzymes catalyse one-substrate enzymatic reactions
accordingly yielding one product and the native enzyme, while others catalyse
more than one substrate enzymatic reactions via more complex biocatalytic
mechanisms accordingly releasing more than one product. Specifically, redox
enzymes catalyse redox reactions including two substrates and thus produce
two products via two possible mechanisms: sequential or non-sequential. In the
sequential mechanism, both substrates bind to the enzyme (in a certain order or
randomly) and the reaction proceeds releasing two products from the enzyme.
Whilst, in the non-sequential mechanism, also known as the Ping-Pong
mechanism, the second substrate does not bind to the enzyme before the first

product is dissociated. The enzyme changes its characteristics (e.g., oxidation
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state, conformation) during the reaction with the first substrate, and recovers its
native state after the reaction with the second substrate (Fig. 5) [37]. Thereby,
the enzyme is involved in the reaction but not consumed.

P, S,
L B =—FE'S,— > E+P,

E+S, =— ES;—E'P,

Figure 5. Schematic representation of a Ping-Pong mechanism. E and E” denote the native
and the intermediate state of an enzyme, S; and S, stand for the first and the second substrate,
P; and P, define the first and the second product.

All the redox enzymes studied in this thesis catalyse redox reactions via
Ping-Pong mechanism (Chapters 1.2.3.-1.2.5.).
The rate of a simple one-substrate enzymatic reaction, that is, the rate of

product formation (v) is described by well-known Michaelis-Menten equation:

[S]

V= Va1 = (7),

where, v,,,, is the maximal rate of enzymatic reaction (M min™), [S] stands
for the substrate concentration (M), and the K,, is the Michaelis constant
representing the substrate concentration at which the reaction rate is a half of
Umax (M).

The initial enzymatic reaction rate increases with increasing substrate
concentration as long as it achieves the maximal value when all enzyme
molecules are saturated by substrate molecules, that is, under conditions when
the enzyme concentration is much lower than the substrate concentration (Fig.
6).
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Initial velocity, Vo (uM/min)

m

Substrate concentration, [S] (mMm)
[F?jglg]ljre 6. Dependence of an enzymatic reaction on substrate concentration. Adopted from
Thereby, the maximal rate is directly proportional to the enzyme concentration
and the rate constant limiting the whole enzymatic reaction which is generally
denoted as a reaction rate limiting constant k_;:
Umax = Kcar X [E] (8)

The constant k., is a first-order rate constant and hence has units of reciprocal
time (s). It is also called the turnover number. It is equivalent to the number
of substrate molecules converted to product per second on a single enzyme
molecule when the enzyme is saturated with a substrate [37].

The rate equation for the enzymatic reactions including two-substrate

binding via the Ping-Pong mechanism is more complicated and expressed as

follows:
vmax
K 9,
T+ + 1
S S5

where K' and K2 are Michaelis constants for the first and second substrate,
respectively.

However, in the case when the saturation concentration for one of the two
substrates is achieved, the enzyme catalysed redox reaction can be simply

described by the former Michaelis-Menten equation (Eq. 7).
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1.2.3. Redox enzymes for glucose oxidation
The most common and intuitive biofuel for EBFCs is glucose due to its high
abundance in nature and essential role in human metabolism. It is an
aldohexose carbohydrate and from the two stereoisomers only the
dextrorotatory (D-glucose) is biologically active. Glucose is involved in the
glycolysis metabolic pathway, where it is oxidised to pyruvate, which further
enters the citric acid cycle. Eventually, after series of chemical transformations
with a release of energy, glucose is broken down to CO, and water [47].

Most glucose-oxidising enzymes target the C1 hydroxyl group of B-D-
glucopyranose (hereafter referred to simply as ‘glucose’, Fig. 7), liberating two

electrons and forming D-gluconolactone which spontaneously hydrolyses to D-

gluconate.
OH OH
O
Ho/\i/'\‘/‘\/ _
OH OH OH OH o
D-glucose D-gluconate
“ hydrolysis
C1 hydroxyl group
OH OH
HO 0 oxidation . HO 0O
HO OH) . ~ Ho
OH OH
B-D-glucopyranose D-gluconolactone
‘glucose’

Figure 7. Biologically relevant forms of D-glucose and its oxidased product D-glucolactone.
Adapted with changes from [1].

The oxidation reaction of glucose is catalysed by a range of oxidase and
dehydrogenase enzymes that differ in their cofactors and natural electron
acceptors (Table 1). Enzymes using O, as the electron acceptor are classified
as oxidases, whereas those using another acceptor, such as a heme-based

protein (cytochrome), are classified as dehydrogenases.
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Table 1. Enzymes catalysing the oxidation of glucose.

Enzyme EC Cofactor Half-Cell Reaction
Number
Glucose 1.1.34 FAD Glucose — glucono-5-lactone
oxidase (GOX) +2H" + 2¢°
Glucose 1.1.1.47 NAD See above
dehydrogenase
(GDH)
Glucose 1.15.2 PQQ See above
dehydrogenase
(GDH)
Cellobiose 1.1.99.18. FAD, See above
dehydrogenase heme
(CDH)

Below, the particular glucose oxidising enzymes, which were
investigated in this work, are discussed with the purpose of giving the
understanding of their biological, structural, and electrochemical nature.
1.2.3.1. Glucose oxidase
Glucose oxidase (GOx), B-D-glucose:O, 1-oxidoreductase; EC 1.1.2.3.4, is an
extracellular flavoprotein, naturally found in many sources such as red algae
[48], citrus fruits [49], bacteria [50], insects (e.g., bees) [51], and fungi (e.g.,
Aspergillus and Penicillium) [52, 53], etc. The main biological function of
GOx is the protection against bacterial and fungal pathogens through the
production of peroxide as the result of its catalytic activity (Egs. 10-11) [54].
In this work the fungal GOx from Aspergillus niger was used.

While playing still not well appreaciated role in the nature, GOx has
become a very important enzyme in the biotechnology industry [54]. It has
been the first enzyme employed in EBFC design [9], and it is further widely

28



employed in the development of glucose biosensors and EBFCs due to its long-
term stability when immobilised [55] as well as high catalytic activity and
selectivity to glucose [10]. Moreover, GOx production is cheap since the
effective recombinant technology to produce the enzyme using
microorganisms, specifically yeast from Saccharomyces cerevisiae, has been
developed [56].

GOx from Aspergillus niger is a homodimer of around 5 x 6 x 8 nm
consisting of two identical 80 kDa subunits, each containing a flavin adenine
dinucleotide (FAD) as a prosthetic group [11]. The enzyme, like many
extracellular proteins, is highly glycosylated and contains approximately 16 %
of neutral sugar and 2 % of amino sugars [57]. GOx also contains 3 cysteine
residues and 8 potential sites for N-linked glycosylation [58]. The crystal
structure of GOx monomer as well as oxidised (native) and reduced forms of
the cofactor FAD, which is responsible for the catalytic function of GOx, are
shown in Fig. 8.

GOx catalyses the oxidation of PB-D-glucose to D-glucono-6-lactone
while the fused ring structure of flavin mononucleotide (the isoalloxazine ring)
Is undergoing reversible reduction, thus a hydrogen atom is being bound to
each of the two doubly bound nitrogen in the flavin group (Fig. 8b and Eq. 10).
Then reduced GOXx recovers its native (oxidised) form using molecular oxygen
as an electron acceptor (Eg. 11), and D-glucono-é-lactone spontaneously

hydrolyses to gluconic acid (Eq. 12) [59].
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Figure 8. (a) Crystal structure of the monomer of the GOx from Aspergillus niger (PDB ID:
1CF3) [11]. The proteinaceous backbone is shown as light grey ribbons, the carbohydrates
are represented as dark grey sticks, and cofactor FAD is depicted as yellow spheres.
Abbreviations: FAD - flavin adenine dinucleotide, FMN - flavin mononucleotide, AMP —
adenosine monophosphate. (b) Molecular structure of FAD including its oxidised and
reduced forms.

Catalytic reactions:

GOx(FAD) + B — D — glucose
— GOx(FADH,) + D — glucono — 6 — lactone (10)

GOx(FADH,) + 0, — GOx(FAD) + H,0, (11)
Spontaneous non-catalytic reaction:
D — glucono — 6 — lactone + H,0 — D — gluconic acid (12)
Overall reaction:
p — D — glucose + 0, + H,0 — D — gluconic acid + H,0, (13)

The FAD cofactor is located deep inside the insulating protein shell of the
enzyme [11]. Thus, the electrons from the reduced FAD cannot be transferred
to the electrode surface via DET [12]. For this reason, different ET mediator

molecules, such as ferrocene derivatives, can be employed to pick up the
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electrons from the redox centre of GOx and deliver them to an electrode [13].
In such electrode designs, glucose oxidation reaction (Eg. 10) is followed by

redox reactions:

GOx(FADH,) + 2ETM(0ox) — GOx(FAD) + 2ETM (red) (14)
2ETM(red) — 2ETM (ox) + 2e~ (at electrode) (15)

where ETM(ox) and ETM(red) are oxidised and reduced forms of ET
mediator.
Different strategies for the immobilisation of RMs on the surface of electrodes
have been used to prevent the diffusion of RMs in a solution, i.e., their leaking
out from the enzyme-electrode interface. For example, RMs were attached to
osmium polymers [60], conducting polymers such as polypyrrole [61] or
directly connected to the electrode surface via bi-functional binding agents
[38].
Considering the possibility to use the GOx enzyme in the designing of
implantable EBFCs, it is important to keep in mind that the optimal conditions
for the catalytic activity of GOx differ from those existing, e.g., in human
blood. Specifically, the concentration of glucose and NaCl in human blood is
approximately 5 mM and 150 mM, respectively, and pH is around 7.4 [39].
While GOx has an optimal pH of 5-6 [62], is specific for f-D-glucose with a
K,, of 33-110 mM [59, 63] and can be inhibited by halide ions, but with a
much higher effect at lower pHs [64].
1.2.3.2. Enzymatic polymerisation of conducting polymers by GOx: polythiophene

synthesis
Polythiophene (PTP) is composed of thiophene molecules, which are 5-

membered heterocyclic compounds with sulphur as a heteroatom. Investigation
related to the preparation of PTP compounds and the characterisation of their
electrochemical properties has intensified only during the last few decades [65,
66].

PTP can be synthesised by means of photoinduced [67], chemical [68]
or electrochemical [69] synthesis. In electrochemical polymerisation, a

potential is applied across a certain electrolyte solution containing thiophene,
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producing a conductive PTP film on the anode. During electrochemical
synthesis thin and predictable polymer layer forms on the electrode surface but
the conditions of the reaction (strongly acidic solution, high monomer
concentration, high potential of polymerisation reaction initiation) might have
a negative influence on the enzyme conformation, which is entrapped within
the PTP layer, formed during this polymerisation reaction [70, 71]. On the
other hand, chemical synthesis is superior owing to a wider choice of
monomers and using certain catalysts, as it is possible to synthesise less
branched polymers. Some examples of oxidisers initiating polymerisation of
PTP are FeCls, H,0,, CuClQy, etc. [72, 73]. It is possible to entrap a variety of
molecules into the PTP-based layer in order to change its parameters, such as
electrical conductivity [74]. Owing to the diffusional permeability of the
polymer, a decent substrate and product mobility towards/outwards the enzyme
Is retained. Consequently, the resulting PTP polymer layers serve as an
excellent basis/matrix to design stable and electrochemically effective
biosensors or biofuel cells. However, it is impossible to obtain reproducible
thin polymer layers by chemical synthesis, since during this process amorphic
polymer suspension is formed [75].

In order to avoid problems, which occur during electrochemical and
chemical PTP synthesis, an excellent alternative method is enzyme catalysed
polymerisation. This simple technique does not require a highly acidic
medium, strong oxidising agent and, the enzyme acts as a catalyst for the
polymerisation reaction. Enzymatic synthesis also allows the control of
regioregularity and stereochemistry of the resulting polymer [76]. Enzymatic
polymerisation has been proven by polypyrrole and polyaniline synthesis using
horseradish peroxidase [77-80], laccase [81, 82], soybean peroxidase [83],
royal palm tree peroxidase [84] and GOx [85, 86], enzymes, which mostly
catalyse the generation of respective monomer free radicals. These free
radicals undergo coupling to produce dimmers. Successive oxidation and
coupling reactions lead to a polymer formation. In previous studies an

advantage of the enzymatically by glucose oxidase (GOx) produced hydrogen
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peroxide to polymerise aniline and pyrrole in a broad pH conditions ranging
from 2.0 to 9.0 was taken [85-90].

In the dissertation environmentally friendly green PTP synthesis was applied
since no hazardous oxidisers and/or polymerisation initiators were exploited
for the initiation of polymerisation reaction. Polymerisation solution used for
the coating of graphite rod electrodes (GRE) with adsorbed GOx by PTP layer
was composed of three main components: thiophene, glucose and dissolved O,.
GOx immobilised on a GRE catalysed oxidation of glucose by O,, while
glucone lactone (Eg. 10) and hydrogen peroxide (Eq. 11) were produced. Then,
glucono-1,5-lactone was hydrolysed to gluconic acid (Eqg. 12). Owing to the
formation of these compounds, solution pH near the surface of immobilised
enzyme decreased, while hydrogen peroxide gradient increased. These
conditions favoured the formation of PTP film in close proximity to the
electrode surface and, thereby, covering the GOx adsorbed on the GRE surface

with a thin polymer layer (Fig. 9).

Gluconic
acid

Gluconic
acid

Figure 9. Schematic representation illustrating the coating of the GRE/GOX electrode by PTP
layer.

The proper incorporation of biomolecules, e.g., enzymes, within
conducting polymer layer may provide many advantages such as enhanced
biocatalytic stability, easy protection against the negative environmental
Impact, e.g., contamination by microbes and undesirable electrochemical

interactions, and allows the application of modified electrodes in a wider range
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of experimental conditions (pH and temperature) [86]. This routine can be used
to modulate bioelectrokinetic parameters, e.g., K,, and maximal rate of
biochemical reactions in a certain range [86, 88]. These kinetic parameters are
very important in biosensor design. For such purpose polypyrrole, polyaniline,

and polythiophene are most commonly used [91].

1.2.3.3. Cellobiose dehydrogenase
Cellobiose dehydrogenase (CDH), cellobiose: acceptor 1-oxidoreductase; EC

1.1.99.18, is an extracellular flavocytochrome protein secreted by wood-
degrading, phytopathogenic or saprotrophic fungi within the phyla of
Basidiomycota and Ascomycota [92]. The biological function of CDH has been
under discussions for a few recent years while it was generally suggested that
the enzyme takes a part in the degradation of the ligno-cellulose matrix in
wood. This assumption was supported by the identification of novel electron
acceptors for CDH [93, 94].

CDH is a monomeric enzyme consisting of two distinct domains, a
dehydrogenase domain (CDHpy) with FAD as a prosthetic group and a
cytochrome domain (CDHc 1) carrying haem b as a prosthetic group. The
larger CDHpy domain serves as a catalytically active site, whereas the smaller
CDHcr domain acts as an ET protein between CDHc,r and a terminal electron
acceptor. The domains are connected through a flexible linker of 20 amino
acids which allows efficient inner ET between the domains. The crystal
structure of the intact enzyme is not available yet, but the two domains have
been separately crystallised for Phanerochaete chrysosporium CDH, and their
structure was then revealed by X-ray crystallography [95, 96]. In the following
description it is assumed that different species of CDH have a similar crystal
structure. The crystal structure of the enzyme along with the redox
transformations of its cofactors are shown in Fig. 10. The molecular mass of
CDH ranges from 85 up to 101 kDa depending on the degree of glycosylation

which can account for up to 16 % of the molecular mass [97].
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Figure 10. (a) Crystal structure of CDH, presented using the CDHpy (PDB ID: 1KDG [96])
and the CDHcr (PDB ID: 1D7B [95]) domains of Phanerochaete chrysosporium CDH. The
proteinaceous backbone is shown as light grey ribbons, the carbohydrates are represented as
dark grey sticks, the cofactors FAD and haem b are depicted as yellow and red spheres,
respectively. Redox transformations of the cofactors (B) haem b and (C) FAD (only showing
the part involved in the redox reaction).

CDH preferably oxidises the p-1,4-linked disaccharides, such as
cellobiose, lactose, or cello-oligosaccharides. However, depending on the
origin of the enzyme, may also oxidise some monosaccharides including
glucose although with lower catalytic efficiencies than di- or oligo-saccharides.
Thereby, CDHs extracted from different origins have been divided into two
classes. The class | includes CDHs from Basidiomycetes which demonstrate
narrow substrate specificity, comprising mainly oligo- and disaccharide
oxidation, and have the highest catalytic activity in slightly acidic pHs (~3.5-
4.0). Whilst, the class Il emerges CDHs from Ascomycetes that display broader
substrate spectrum, i.e., are also able to oxidise monosacharides, e.g., glucose,
with fairly high K,,, values, and show a great variety in their optimal pH for
IET [97, 98]. Specifically, according to pH-dependent pattern of the

biocatalytic activity, the class Il referred CDHs are further divided into three
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groups featuring acidic, intermediate, or neutral-alkaline pH optima [99]. The
acidic group exhibits a narrow activity at around pH 5, the intermediate group
also has a maximum activity at around pH 5-6, but a much broader pH profile
and, the last neutral-alkaline group demonstrates a pH optimum between 6 and
9 [100, 101]. The highest biocatalytic activity at neutral pH makes the third
group CDHs, i.e., CDHs from Humicola insolens (HIiCDH), Corynascus
thermophilus (CtCDH), especially valuable as bioanode enzymes in the
designing of glucose powered EBFCs aiming their use in physiological
solutions [29]. In comparison to GOx, CDH is an advantageous enzyme due to
its broad spectrum of substrate, low sensitivity to O,, the ability of DET and
unlike GDH does not require a soluble cofactor. Additionally, the production
of HICDH and CtCDH enzymes is already possible at large scale as well as the
genetic engineering protocols are available to regulate specificity, activity, and
glycosylation of the enzymes [102, 103].

In CDHpy domain an aldose, e.g., glucose, is oxidised at the C1 position
(only the B-anomer is a substrate for CDH) into its corresponding lactone and
concurrently the FAD in the active site of the CDHpy is fully reduced to
FADH, (Fig. 11).

p-D-glucose

A
e ete
FADH, £
CAT IET A
w
i’ e e
D-glucono-5-lactone

Figure 11. ET in CDH from the substrate, e.g., glucose, to various terminal electron
acceptors. One- and two-electron acceptors (EA) can be reduced directly by the FADH; in the
CDHpy. Alternatively, electrons can be transferred by IET to the haem b in the CDHcyr,
which works as a relay for the reduction of macromolecular electron acceptors like glycosyl
hydrolases, cyt ¢ or an electrode.
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Re-oxidation of CDHpy can occur either directly at the (reduced) CDHpy
domain by transfer of reduction equivalents to a two- (e.g. quinones) and one
(e.g., Os** complex) electron acceptor or, alternatively, electrons can be
sequentially shuttled from the reduced FAD to the haem b cofactor, followed
by consecutive reduction of two one-electron acceptors (ferric iron complexes,
cytochrome c, glycosyl hydrolases) or donation of the electrons directly to the
electrode (Fig. 11). Cyt c is one of only a few one-electron acceptors which

solely act with CDHcv, thereby can be used to evaluate IET [97].

1.2.4. Redox enzymes for O; reduction
O, is a typical oxidant in abiotic FCs used in the form of pure gas or air. On the

other hand, O, is essential for the respiration in all aerobic organisms and its
ubiquity in human physiological solutions directs its application as an oxidant
in potentially implantable EBFC systems. Moreover, O, has a high reduction
potential (+0.818 V) which thus enables high voltage output of the complete
EBFC. The respective half-cell reactions and enzymes used for the

bioelectrochemical reduction of O, are listed in Table 2 below.

Table 2. Enzymes catalysing the reduction of O,.

Enzyme EC Cofactor Half-Cell Reaction
Number
Laccase 1.10.3.2 Cu O, +4H" + 46>
2H,0
Bilirubin 1.3.35 Cu See above
oxidase
Cytochrome 1.9.3.1 Cu, See above
c oxidase Fe/heme
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Since laccase or bilirubin oxidase enzymes catalyse the O, reduction reaction
and exhibit DET at electrodes, they were used and investigated as a cathode

enzymes in this work.

1.2.4.1. Laccase
Laccase (Lc), benzenediol: O, oxidoreductase; EC 1.10.3.2, is multi-copper

protein typically found in plants and fungi [104]. Lc is among of a few
enzymes that have been studied since the late 19th century when discovered in
the Japanese lacquer tree Rhus vernicifera in 1883 [105]. It was the first redox
enzyme for which DET based bioelectrocatalysis was demonstrated [106].
Plant Lcs participate in the radical-based formation of lignin [107], whereas in
fungi Lcs have been shown to be associated with a large number of
physiological processes including morphogenesis, pathogenicity, stress
defence, and lignin degradation [108]. There are also some reports describing
Lc activity in insects [109] and bacteria [110] where its function is still quite
controversial.

Lcs belong to the group of blue multicopper oxidases (BMCOs),
characterised by the presence of at least four Cu atoms as a prosthetic group,
which play an important role in the enzyme catalytic mechanisms. Cu atoms
are distributed in different binding sites and are classified into three types,
according to specific spectroscopic (UV/visible and electronic paramagnetic
resonance (EPR) spectroscopy) and functional characteristics: one Cu ion in
type 1 (T1) site, together with at least three additional Cu ions, i.e., one Cu ion
in type 2 (T2) site and two Cu ions in type 3 (T3) site, arranged in a tri-nuclear
T2/T3 cluster (TNC) (Fig. 12a). T1 Cu at its oxidised resting state absorbs the
light at approximately 610 nm and thus gives rise to a noticeable blue colour of
the enzyme. T2 Cu does not confer colour but is EPR detectable, and T3 Cu bi-
nuclear gives a weak absorbance in the near UV region but no detectable EPR
signal [108, 111].
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Figure 12. (a) The crystal structure of the Lc from Trametes hirsuta (PDB ID: 3V9C). The
proteinaceous backbone is shown as light grey ribbons, the carbohydrates are represented as
dark grey sticks, and the Cu ions are depicted as blue spheres. (b) Catalytic cycle of the Lc
enzyme. Adopted from [104].

In general, Lc catalyses a one electron oxidation of a wide variety of organic
and inorganic compounds, including mono-, di-, and polyphenols,
aminophenols, methoxyphenols, aromatic amines, etc. The oxidation proceeds
at the T1 site, and the extracted electrons are transferred through a highly
conserved His-Cys-His tri-peptide motif, to the T2/T3 site, where the four
electron reduction of O, to water concomitantly occurs (Fig. 12b). The Lc
enzyme has low specificity for reducing substrates, in contrast to its strong
preference for O, as an oxidising substrate [112]. The one electron substrate
oxidation is coupled to the four electron reduction of O,, thus the reaction
mechanism is not straightforward. Lc must operate as a battery, storing
electrons from individual substrate oxidation reaction to reduce O, [113]. The
overall reaction describing the O, bioreduction to water is written in Table 2.
Lcs extracted from different organisms show considerable heterogeneity
in their structural, physicochemical, and kinetic properties such as redox
potential (T1 site), molecular weight, glycosylation extent, pl, optimal catalysis

conditions, etc., which are possibly attributed to the diversity of their natural
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environmental conditions and the function they perform. The redox potential of
the T1 Cu site varies between 430 and 780 mV (vs. NHE) as determined by
potentiometric titrations of different Lcs [114]. Consequently, all Lcs can be
divided into three groups depending on the potential value: low, middle and
high potential Lcs [115]. Both Lcs studied in this work, i.e., Lc from Trametes
hirsuta (ThLc) [116] and recently discovered Lc from Trichaptum abietinum
(TaLc), are fungal Lcs referred to high potential Lcs. Only a few studies were
performed to evaluate the redox potential of T2 and T3 Cu sites due to the
difficulty of finding the conditions at which redox processes at these sites
limits the catalysis. As mentioned above, fungal Lcs are of special interest in
bioelectrochemistry due to their high redox potential comparing to, e.g., plant
Lcs [25, 26] as well as due to the simplicity of their discovery and purification.
Most fungal Lcs are extracellular proteins, but intracellular Lcs have also been
described in fungi [117]. The localisation and a broad substrate selectivity of
the enzyme is probably connected with the diversity of its physiological
functions. It is worth to mention that several Lc isoenzymes have been detected
in many fungal species. A fungal Lc is typically a monomeric protein. The
molecular mass varies in the range of 60-70 kDa with a significant part
comprised of carbohydrates. The extent of glycosylation usually ranges
between 10 % and 25 %, but in some Lcs carbohydrates constitute more than
30 % of the total weight of the enzyme, (e.g., in Coriolopsis fulvocinnerea - 32
% [118]) [104]. A few fungal Lcs, however, exhibit a homodimeric [119] or
even oligomeric structure [120]. The electrostatic surface potential distribution
of fungal Lcs reveals a dominance of negative charges, which is in accordance
with the acidic pl of around pH 4.0 (range = 2.6-6.9) [121].

In many bioelectrocatalytic applications the heterogeneous DET from an
electrode to the T1 site of Lc typically occurs if the enzyme is properly
oriented. DET is possible to achieve because the T1 centre is located only ~ 6A
away from the protein surface. This distance is small enough for tunnelling of
electrodes quite efficiently [114]. Interesting is the fact that the electron
tunnelling distance from the T1 site to the T2/T3 TNC is ~ 13A, which is the

40



same as the distance between the FAD cofactor in GOx and the surface of the
enzyme. In GOx, the 13A distance makes DET extremely difficult, while
BMCOs can easily transfer electrons across this distance due to an efficient
electron coupling between Cu T2/T3 and T1 sites [122].

Despite feasible DET, fungal Lcs have a few key obstacles to be
functional biocatalysts in physiological conditions or fluids which have pH
close to the neutral. Firstly, fungal Lcs typically exhibit pH optima in the
acidic pH range, even though they are more stable in alkaline than in acidic pH
range [123]. Secondly, the activity of Lc is inhibited by anions such as halides
[124]. Yet, for operation in living organisms, where the pH is lower, e.g.,
grapes, high redox potential Lcs are the most suitable cathodic biocatalysts
[125]. Also, the Lc enzyme is an extremely interesting enzyme for the

fundamental study of DET process.

1.2.4.2. Bilirubin oxidase
Bilirubin oxidase (BOx), bilirubin: O, oxidoreductase; EC 1.3.3.5, is a

subgroup of BMCOs naturally found in fungi [126] and bacteria [127]. The
enzyme was first discovered and described in the early 80’s [126, 128]. Similar
to Lcs, the BOx enzyme has 4 Cu ions as a prosthetic group in its active centre,
typically arranged to T1, T2/T3 sites (Fig. 13a), as well as catalyses the
reduction of O, to water (without formation of highly reactive O, species) via
reaction presented in Table 2 [129]. A natural reducing substrate of BOX is
bilirubin, a breakdown end product of heam metabolism, which is accordingly
oxidised to biliverdin (Fig. 13b) while concomitantly reducing O, to water
(Fig. 13a) [126].
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Figure 13. (a) The crystal structure of BOx from Myrothecium verrucaria (PDB ID: 2XLL)
[130]. The proteinaceous backbone is shown as light grey ribbons, the carbohydrates are
represented as dark grey sticks, and the Cu ions are depicted as blue spheres. (b) The
oxidation of bilirubin to biliverdin.

A wide range of other substrates can be also oxidised in a one-electron process,
e.g., 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic  acid)  (ABTS,
commonly used with BMCOs to assess reaction Kinetics), syringaldazine, or
2,6-dimethoxyphenol [131].

At first sight, both fungal Lcs and BOxs, having a redox potential up to
780 mV [114] and 670 mV [132], respectively, seem to be extremely
interesting to employ them as O, reducing biocatalysts for the designing of
implantable EBFCs. However, as mentioned above (Chapter 1.2.4.1), Lcs from
fungi have pH optima in the acidic region as well as are inhibited by halide
ions which make them unsuitable for biocathodes in the designing of EBFCs
supposed to operate in vertebrate (e.g., human) tissues and fluids. Whilst, BOx
is tolerant to CI" ions and demonstrates high catalytic activity in neutral pH,
though its redox potential is lower ~100 mV comparing with fungal Lcs [131].
According to these circumstances, most probably determined by a protein part
of enzyme (apoenzyme), the BOx enzyme is considered as the best cathodic
biocatalyst so far operating in physiological conditions. BOx as an O,

biocatalyst of an EBFC was first employed by Ikeda and co-workers in 2001,
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who demonstrated that the enzyme catalyses the reduction of O, to water at
potentials higher than 0.7 V in the presence of ABTS as a redox mediator
[133]. Prior to this, BOx had widely been used in an enzymatic amperometric
bilirubin biosensors [134]. Even though the usage of redox mediators can
significantly increase a current density of an EBFC, soluble mediators are
undesirable in the design of implantable EBFCs. Thus, suitable wiring and
orientation of BOx molecules are required instead. DET between BOx and
different electrode materials (metal and carbon, etc.) has been achieved using
different immobilisation strategies in attempts to appropriately orient the
enzyme for efficient ET [135]. Cathodes based on BOx can often generate
current densities in the mA cm™ range; the maximum current being limited by
O, diffusion to the electrode surface [14].

Highly purified BOx from Myrothecium verrucaria (MvBOXx) was employed in
these studies to create biocathode of a mediator-less carbohydrate/ O, EBFCs.
MvBOx is a slightly glycosylated monomeric enzyme having a molecular
weight of about 60 kDa [136] and an pl of ~4.1 [128].

1.2.5. Peroxidase/oxidase based cathode
The concept of peroxidase/oxidase biocathodes powered by the reduction of

hydrogen peroxide, in situ generated by oxidases, can be an alternative to
BMCO based cathodes of EBFCs. In general, depending on the oxidase
enzyme co-immobilised with peroxidase, EBFCs can be powered by different
substrates such as glucose [137] or ethanol [138]. In glucose EBFCs, glucose
oxidase (GOx) co-immobilised with different peroxidases (e.g., horseradish
peroxidase, microperoxidase-8, and microperoxidase-11) has been generally
employed. The choice of redox enzymes for a bi-enzyme based cathode is
determined by their catalytic activity in conditions where they are intended to
operate. For example, the main requirement for the bi-enzyme couple imposed
to be used in human samples, such as blood, saliva, is their high catalytic
activity and stability in physiological conditions.

Peroxidase/oxidase bi-enzyme system acts via a consecutive mechanism.

First, the reducing substrate, e.g., glucose, is oxidised by an oxidase while
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forming hydrogen peroxide. Second, the produced hydrogen is accordingly
used as a substrate for a peroxidase. The peroxidase catalyses the reduction of
hydrogen peroxide to water and, during this reaction, the oxidised state of the
enzyme is recovered to its reduced state accepting electrons from the electrode
(Fig. 14).

H,0+1/20, Substrate

Oxidase %

+ Oxidized
Substrate

Peroxidase

2H,0

Figure 14. Schematic illustration of the mechanism of a peroxidase/oxidase based cathode.
Adopted from [139]

In this work the horseradish peroxidase (HRP)/GOx enzymatic couple
was employed and studied as a biocathode in glucose powered EBFC. The
choice of these enzymes was mainly based on their commercial availability,
low price, and high stability and activity in physiological conditions. More
information about GOx and HRP enzymes is provided in Chapters 1.2.3.1 and

1.2.5.1., respectively.

1.2.5.1. Horseradish peroxidase
Horseradish peroxidase (HRP, EC 1.11.1.7) is isolated from horseradish roots

(Amoracia rusticana) and belongs to the ferroprotoporphyrin group of
peroxidases. The root of the plant contains a number of distinctive peroxidase
isoenzymes of which the C isoenzyme (HRP C) is the most abundant [140],
and was employed in this work to construct a peroxidase/oxidase based

biocathode.
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HRP C is a monomeric enzyme which consists of 308 amino acid
residues and two different types of metal centre, i.e., iron (I11) protoporphyrin
IX (usually referred to as the ‘haem group’) and two Ca*" ions (Fig 15a) [141].
Both are essential for the structural and functional integrity of the enzyme. For
example, the loss of one Ca®" ion decreases the enzyme activity by 40 %.
[142].

. (’ )
Ased

haem edge

Figure 15. (a) The crystal structure of HRP C (PDB ID: 1H5A) [142]. The haem cofactor is
presented as red sticks and Ca*" ions as blue spheres, respectively. (b) The molecular
structure of the haem cofactor. Aromatic substrates are oxidised at the exposed haem edge
without binding to haem iron. Adapted with changes from [142].

The enzyme contains four highly conserved disulfide bridges and is
considerably glycosylated (~21% by weight). The carbohydrate composition
consists of galactose, arabinose, xylose, fucose, mannose, mannosamine, and
galactosamine depending upon the specific isoenzyme. Their constitution
affects the stability of the enzyme [143]. Its molecular weight (~44 kDa)
includes the polypeptide chain (33890 Da), haem plus Ca?* ions (~700 Da),
and carbohydrates (~9400 Da). The isoelectric point for HRP C is
approximately 9.0 [141]. The optimal pH is 7.0 [144], and the enzyme
demonstrates high stability in the pH range of 5.0-9.0 [145].
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Horseradish peroxidase catalyses the oxidation of small organic and inorganic
molecules by hydrogen peroxide that are able to approach the Fe-porphyrin.
Most reactions catalysed by HRP C and other horseradish peroxidase

isoenzymes can be expressed by the following equation:

H,0, + 2AH, — 2H,0 + 2AH* (16)
in which AH, and AH® represent a reducing substrate and its radical product,
respectively. Typical reducing substrates include aromatic phenols, phenolic
acids, and indoles [140].

Many physiological roles have been assigned to HRP isoenzymes
including indole-3-acetic acid metabolism, lignification, cross-linking of cell
wall polymers, suberin formation and contribution to defence against infection
[140].

It was previously shown that the distance between the haem cofactor and
the surface of the HRP enzyme is ~ 10 A, which enables quite effective DET.
So far, the DET between HRP and different electrodes, e.g., carbon [146],
graphite [147], gold [148], has been established. In the respect of DET
properties, HRP has been employed as a biocatalyst to power cathodes by
hydrogen peroxide reduction when immobilised alone [149] or co-immobilised
with oxidase in the construction of bi-enzyme system [137] (Chapter 1.2.5.). It
can be noticed that HRP has an enormous number of applications in the area of
diagnostic, biosensing, and biotechnology due to its high stability in aqueous

solution. Thus, HRP is one of the most studied redox enzymes [140].

1.3. Design considerations of EBFC electrodes
To increase the lifetime of EBFC a substantial amount of enzymes at the

surface of an electrode must immobilised. Considering the fact that enzymes
are proteins, they display a weak three-dimensional structure; thus, the
immobilisation methodology must provide the enzyme with an adequate
microenvironment that enables its native structural conformation to ensure the
high catalytic activity of an immobilised enzyme [42, 150]. The proper

orientation of enzyme molecules has also to be kept in mind during the
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immobilisation procedure in order to achieve appropriate electrical contact
between the enzyme active centre and the electrode. The ET contact is one of
the most critical points when constructing mediator-less, that is, DET based
EBFCs [151]. DET based bioelectroacatalysis is only possible to establish
using a small group of redox enzymes. This is established by the structure of
the proteinaceous environment determining the presence or absence of natural
ET pathways (Fig. 16a; Chapter 1.3.3.) [152]. In all other cases, when DET is
not sufficient enough (or not achievable at all), redox compounds so-called
mediators must be employed to shuttle the electrons between an enzyme and an
electrode (Fig. 16b; Chapter 1.3.2.) [153].

(b ]

electrode electrode
electron ‘ \
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substrate product
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Figure 16. Two approaches to transfer the electrons between the active site of an enzyme and
an electrode: (a) DET and (b) ET via ET mediator.s Adopted from [154].

1.3.1. Electron transfer mechanisms in redox enzymes

From a bioelectrochemical point of view, in the early 1990s Guo and Hill
divided redox enzymes into two groups, i.e., intrinsic and extrinsic, and
characterised them as follows [155]. In intrinsic redox enzymes, the catalytic
reaction occurs within deeply localised redox-active sites which are very often
buried into the protein matrix. The latter is generally assumed to behave as an
electric insulator. Since intrinsic redox enzymes do not have natural built-in
redox partners as well as ET pathways connecting the redox centres to their

surface, for these enzymes efficient DET reactions at electrodes are less
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probable and may require either: (1) the sites of the catalytic reaction to be
close to the protein surface, (2) the deformation of an enzyme without loss of
its catalytic activity, (3) the projection of an electrode surface into the enzyme,
or (4) the introduction of ET pathways by modification of an enzyme [155].
GOx, which belongs to the intrinsic group of redox enzymes, has its FAD
cofactor deeply hidden into the glycoproreinaceous shell and, thus, the enzyme
or the electrode needs to be modified to achieve DET (Chapter 1.2.3.1.). For
example, it is believed that the deglycosylation of GOx enabled the
establishment of significant DET [156]. Yet, some intrinsic redox enzymes,
e.g., peroxidases, demonstrate DET due to the cofactor exposed on their
surface (heam in this case) leading to short distances of electron tunnelling
(Chapter 1.2.5.1.) [147]. In extrinsic redox enzymes a built-in natural redox
mediator or polypeptide based ET pathways exist within the enzyme
connecting the active site to the enzyme exterior; this naturally facilitates DET
[155]. To realise efficient DET, a proper orientation of the redox enzyme onto
the electrode so that the site of the electron-tunnelling pathways faces the
electrode becomes important [152]. According to this definition, CDH is a
good example of an extrinsic enzyme (Chapter 1.2.3.2).

Much work has been done to understand the factors which determine
electron flow through enzymes. According to quantum mechanical theory, the
rate of ET (kgr) from a donor to an acceptor is expressed as follows:

AG + 1)?
kgr = (HDA)Z exp(—ﬂ(d - do)) €xp <_ %) (17),

where Hp, 4 is the electron-nuclear coupling at the distance d,, g is a tunnelling
decay factor for a given electron donor/acceptor pair in a defined medium, d
and d,, are the actual distance and van der Waals distance (the closest distance)
between a donor and an acceptor, AG is the free energy change, and A is the
reorganization energy accompanying the ET process [157]. This equation is
called Marcus equation and, among other ET-determining parameters,
describes, e.g., exponential dependence of ET rate on the distance between an

electron donor and acceptor. Conclusion from this dependence is that the kg
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becomes negligible at donor-acceptor separation beyond 1.5 nm [158]. This
means that DET can only take place when an electrode is placed within this
distance to an enzyme cofactor in the active site; whereas a shorter distance
makes the ET so efficient that the enzymatic reaction kinetics becomes a rate-

determining step [159].

1.3.2. Mediated electron transfer based coupling

In the case of mediated electron transfer (MET), synthetic or biological charge
carriers so-called ET mediators are used to shuttle electrons between the active
centre of an enzyme and an electrode. ET mediators can exchange electrons
with a variety of redox enzymes instead of natural electron donor or acceptor.
It is usually a small organic dye molecule or organometallic complex, which
may be dissolved in solution or immobilised on the electrode through the linker
which allows its free movement but no escape from the surface. In this work
for mediated systems both an insoluble mediator and redox enzymes were
attached to the electrode in order to avoid mediator leaking from the electrode
surface.

There are both advantages and disadvantages to using ET mediators. In their
favour, they are essential if the active centre of an enzyme is hidden into the
apoenzyme and is consequently unable to exchange electrons directly with the
electrode surface (e.g., intrinsic redox enzymes). Analogously, they are also
requisite if the enzyme preferentially attaches in a nonelectroactive orientation
on the electrode surface, however, this attachment may be very stable. Finally,
mediators are necessary for coupling to multilayers of enzyme on the electrode
surface (raising the catalytic density) because, otherwise, only the lower layer
will lie within the electron tunnelling distance from the electrode surface. In
these cases, redox polymers can be used to create a conductive matrix
extending from the electrode surface, hence, 3D-electrode.

Characteristic requirements of mediator species include stability and selectivity

of both oxidised and reduced forms of the species and the redox chemistry
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must be reversible, thus, requiring low overpotential [42]. The absence of pH —
dependence of redox potential is also desired.

In MET, the thermodynamic redox potential of mediator now dictates the
maximum voltage of an EBFC. In practice, a redox potential which is more
positive for oxidative biocatalysis (at anode) and more negative for reductive
biocatalysis (at cathode) is required in order to provide a driving force for ET
between enzyme active site and mediator. These both requirements result to the
voltage losses in an EBFC. A major challenge in MET is, therefore, to achieve
the best compromise between driving force and current, in order to maximise
power output [21]. Other possible difficulties connected with the utilisation of
MET in the designing of EBFCs are briefly mentioned in Chapter 1.3.3.

1.3.2.1. An example of ET mediators: 1,10-phenanthroline derivatives
In the thesis, five different 1,10-phenanthroline derivatives (PDs), i.e., 1,10-

phenanthroline  monohydrate; 5-nitro-1,10-phenanthroline; 5-amino-1,10-
phenanthroline; 5-amino,6-nitro-1,10-phenanthroline and 5,6-diamino-1,10-
phenanthroline, having different functional groups have been investigated
electrochemically in order to determine their ability to act as ET mediators for
glucose oxidase (GOXx). Afterwards, 5-amino-1,10-phenanthroline, as the best
ET mediator for GOx among the investigated PDs, was employed to construct
GOx based anode in the designing a complete glucose powered EBFC
(Chapter 3.3.1.).
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Table 3. The abbreviations and molecular structures of phenanthroline derivatives used in the
present studies.

Abbreviation Name of the PDs Molecular structure

PMH 1,10-Phenanthroline monohydrate

5NP 5-Nitro-1,10-phenanthroline
5AP 5-Amino-1,10-phenanthroline
5A6NP 5-Amino,6-nitro-1,10-phenanthroline
05N NH,
56DAP 5,6-Diamino-1,10-phenanthroline

PDs are classic bi-dentate ligands chelating transition metal ions which
play an important role in coordination chemistry. PDs are rigid planar,
hydrophobic, hetero-atomic systems in which nitrogen atoms are well placed to
act cooperatively in the binding of metal ions [160]. Chemical properties of
PDs depend on the positions and characteristics of the substituting radicals
bound to 1,10-phenanthroline [161, 162]. Due to the combination of structural
and chemical properties the PD-metal complexes (mainly PD-osmium and PD-
ruthenium) have been actively studied for their spectroscopic, redox, and
electrochemical properties [163-165]. However, most of these metal complexes
are not commercially available and their synthesis is very complicated as well
as time-consuming. Due to relatively simple and rapid preparation of PDs their

use as ET mediators in the designing of new biosensors and biofuel cells was
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tested in this thesis. So far, despite of some bioelectrochemical studies devoted
to the investigation of PDs-metal complexes [163, 166], there have been no
published studies on similar investigations of PDs that were not involved into

metal complexes.

1.3.3. Direct electron transfer based wiring of redox enzymes

Although, DET was already first demonstrated for several redox enzymes in
the 1970s [106] and had afterwards been used in electroanalytical applications,
it had not been employed in EBFC design until 2006 when researchers
developed biocathodes for the reduction of O, using laccase [167] and bilirubin
oxidase [168], and bioanodes employing glucose oxidase [169]. The DET
based design allows significant simplification and improvement in the
construction of EBFCs; no soluble compounds need to be added, mediator
caused voltage losses can be avoided, and possibly toxic mediator compounds
can be excluded. These factors also simplify miniaturisation and practical
realisation of efficient and simple biodevices [20].

Generally, in order to classify a redox enzyme as DET active, when
immobilised on the surface of an electrode, an electrochemical signal should be
observed in the absence of an enzyme substrate revealing the electrochemistry
of the enzyme-bound cofactor (Fig. 17a), and a catalytic current should be

registered in the presence of an enzyme substrate (Fig. 17b) [152].

Substrate Product

(a) (b)

Figure 17. Schematic representation of the electron transfer pathway in DET between a
redox enzyme and an electrode: (a) in the absence of the enzyme substrate, (b) in the presence
of the enzyme substrate.
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As it has already been mentioned in chapter 1.3.1., DET across the
enzyme-electrode interface is solely possible using those intrinsic redox
enzymes in which active centre appears close enough to the protein surface,
(Fig. 18a) or, extrinsic enzymes having intermolecular ET pathways and the
centres of electron relay (or small proteins as built-in redox mediators) which
lie close to each other as well as to the surface an enzyme (Fig. 18b).
According to the Marcus equation (Eq. 17), the critical separation distance,
which allows to achieve a sufficiently high rate of ET for the enzyme
bioelectrocatalysis demonstrating turnover frequencies in the range of 10-10* s
1is~15 A [158].

Substrate Product

Substrate Product Active

centre \
Maximum ET \>
distance<15 A
Electron relay
o Modification to <« centre
attach an enzyme
“

Figure 18. Cartoon depicting an enzyme molecule immobilised on an electrode surface in
DET contact to the electrode: (a) the active site itself or (b) the centre of electron relay
appears close to the protein surface.

DET pathway can be established by linking these enzymes strongly to the
electrode in the proper orientation, either by directed covalent or strong, non-
covalent bonding, such as multisite electrostatic interactions. Strong
attachment can lead to enhanced stability of the enzyme immobilised on an
electrode, and may also increase the electro-active surface coverage by
assuming only the most favourable orientation. For this purpose, the surface
functionalisation procedures by different reactive compounds are generally

performed.

53



1.3.3.1. Exploitation of nanotechnologies

In the case of DET based bioelectrocatalysis, only the lowest layer of
immobilised enzyme molecules, i.e., monolayer, lies within the electron
shuttling distance. Thus, nanostructured i.e., high-surface area, surfaces must
be used to increase the surface area of an electrode and adsorb sufficient
amount of enzyme molecules. Another strategy could be the immobilisation of
the enzyme inside a highly conductive matrix such as nanoporous material, in
which DET can occur in any direction [23]. In addition, some research efforts
have also been made to improve the activity and stability of immobilised
enzymes by using nanostructures [14]. It is also worth mentioning, that the
direct adsorption of enzymes on bulk electrode surfaces may frequently result
in their denaturation and loss of biocatalytic activity [170]. While, the
adsorption of enzymes on the surfaces of nanomaterials, having nano-size
dimensions comparable to those of biomolecules, can maintain the natural
conformation/structure of enzymes and, hence, their functionality.

The attractiveness of nanomaterials relies not only on their ability to act
as effective immobilisation matrices, but also on their unique electronic,
magnetic, optical, physical, and chemical properties that are completely
different from bulk materials, and can advantageously be combined with the
functioning of biomolecules, thus contributing to improved bioelectrode
performance in terms of power of the EBFCs [44]. All above mentioned
properties are influenced by the percentage of the total number of atoms in the
nanomoterial that are interfacial. For example, if gold nanoparticles are
assumed to be spherical, a 1.3 nm diameter gold particle has 88% of its atoms
on the surface; a 2.0 nm particle has 58% surface atoms; a 5 nm particles has
23% surface atoms; a 10 nm particle has 11.5% surface atoms; a 50 nm particle
has 2.3% surface atoms; a 100 nm particle has 1.2% surface atoms; and a 1000
nm particle has 0.2% surface atoms [171].

It is now fairly inexpensive to purchase or synthesise many different
types of nanomaterials, such as nanoporous media, nanotubes, nanoparticles,
and nanofibers [172] (Fig. 19).
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Figure 19. lllustration of nanostructured materials. Shown are transmission electron
microscope (TEM) images of nanoporous silica (top panel) and magnetic nanoparticles
(bottom panel), as well as scanning electron microscope (SEM) images of electrospun
nanofibers (middle panel). Adopted from [173].

In this work gold nanoparticle modified gold electrodes were used to
construct DET based wiring of redox enzymes in order to construct
membraneless carbohydrate/O, EBFCs, as well as evaluate the DET based

bioelectrocatalysis at a single nanoparticle modified with Lc molecules.

1.4. Gold nanoparticles
To design high current density mediatorless EBFCs, gold nanoparticles

(AuNPs) have often been used as a stable, electrically conductive, and
biocompatible nanomaterial [8, 14, 29]. This choice can be justified by the fact
that synthesis protocols of stable, size-shape-controlled monodispersed AuNPs
are well developed (Chapter 1.4.1.). Additionally, surface charge and other
surface properties, such as hydrophobicity/hydrophilicity, of AuNPs can easily
be regulated using self-assembled monolayers (SAMSs) of small surface active

compounds, e.g., thiols, which provide additional advantages in optimising
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DET reactions of bioelectrodes (Chapter 1.5.) [174]. It is very important that
for the careful fundamental studies of enzyme bioelectrocatalysis on a single
AUNP, the size, shape, and surface characteristics of AuNPs can simply be

controlled and monitored.

1.4.1. Synthesis of gold nanoparticles
The synthesis methods of AuNPs described in this chapter follow the so-called
“bottom-up” strategy. (“Top-down” techniques, which are mechanically or
anywise based on diminishing processes using bulk metals, will not be
considered here). “Bottom-up” strategies predominantly employ chemical or
electrochemical reduction of metal salts in solution [175]. Here are two main
protocols of the chemical synthesis of AuNPs reviewed, which provide the
formation of AuNPs of well-defined shape and size, thus making them
excellent building blocks for the controllable construction of nanostructures.
The first and, so far, the most popular method used for chemical AuNP
synthesis is the reduction of gold salt (AuCl,") in aqueous solution containing
sodium citrate where citrate ions act as both synthesis initiators (while
reducing AuCl,) and AuNP size controllers and stabilizers (when capping on
the surface of the emerged AuNPs). This a very simple approach, introduced
by Turkevich et al. in the 1950s [176] and later refined by Frens [177], yields
roughly spherical AuNPs in a tuneable range of the sizes of 15-150 nm [177].
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Figure 20. Electron micrographs of the gold sols with sizes of 16 nm (A), 24.5 nm (B), 41
nm (C), 71.5 nm (D), 97.5 nm (E), 147 nm (F). Adopted from [177].

The size is controlled by the initial citrate to AuCl, ratio, where higher
ratios give smaller particles. For the preparation of smaller AuNPs (<10 nm),
the use of an additional reductive agent, e.g., tannic acid is optimal [178].
During the synthesis, citrate ions adhere loosely to the gold core, providing the
AUNP surface with a negative net charge that stabilizes the NP in the solution.
However, the stability is susceptible to the binding of charged compounds, pH
changes, and addition of salts and that, in turn, as are further discussed in the
following chapters, takes an advantage to be exploited to assembly the mono-
and multi-layers of AuNPs of different density as well as well distinct

physicochemical properties (i.e, conductivity, flexibility, etc.).

57



The second commonly used method for AuNP synthesis was established
in 1994 by Brust et al. [179]. In this method, the reduction of AuCl, is not
performed in aqueous solution, but the salt is transferred to an organic solvent
using a transfer agent. In the organic solvent, the Au ions are reduced by
addition of a reducing agent, commonly NaBHy,. In the presence of long-chain
alkane thiols, which bind to the nanoparticle surface, the nanoparticles are
stabilized due to steric interaction between alkane chains of different particles.
In contrast to the Turkevich-Frens method, this protocol yields particles that
are thermally and air stable, and can easily be transferred between different
organic solvents. By altering the thiol to AuCl, ratio in the preparation, AUNPS
with narrow size distributions having mean core diameters ranging between 1.5
and 5.2 nm can be produced [180]. The core size decreases with increasing
thiol to gold ratio. Alkanethiol stabilised AuNPs have gained attention since
they constitute a NP analogue to the flat substrate SAMSs. As the conventional
SAMs, these NPs have shown promising results regarding the possibility to
provide surface functionality to the particles [181]

Since the AuNPs using the former Turkevich-Frens method are obtained
in water, thus, being compatible with enzyme immobilisation, this synthesis
approach was utilised to prepare negatively charged citrate-coated AuNPS in
the range of 15-40 nm. AuNPs were used to construct conductive platforms
for DET based coupling of enzymes in this work.

1.4.2. Adsorption of redox enzymes on AuNP surface: improved
bioelectrocatalysis
For the adsorption of enzymes on AuUNP modified surfaces, different
approaches, such as direct immobilisation [182, 183], immobilisation using
self-assembled monolayers of thiols [184], polyelectrolyte films, etc., have
been used, as well as reconstitution on the surface via apo-enzyme was
exploited [185, 186]. In all these cases, DET based bioelectrocalysis was
established. The observed DET can simplistically be explained by the fact that
a AUNP comes into close contact with the active centre of an enzyme and

functions as an intermediate electron hopping site in the heterogeneous ET
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pathway [187]. It is worth noting that quite few enzymes, e.g., bilirubin
oxidase [182], laccase [183], can achieve very effective bioelectrocatalysis
when immobilised directly on unmodified, i.e., negatively charged citrate-
coated AuNPs. In most of other cases, the AuUNP surface has to be modified by
particular surface active compounds to optimise the enzyme adsorption on the
surface; otherwise, the enzymes adsorb in improper orientation or/and lose
their native conformation (hence, their activity) due to random and

nonoptimised positioning on the AuNP surface (Fig. 21).

Figure 21. Enzymes immobilised by non-specific absorption (left) and in an orientated way
on a chemically functionalised surface (right). Adopted from [188].

Besides chemical patterns, enzyme conformation (and, of course,
bioelectrocatalysis) is also affected by the surface topology and size of AuNPs.
On the whole, it is difficult to predict how bioelectrocatalysis of different
enzymes correlates with the size of AuNPs, since in some cases higher
bioelectrocatalytic currents were observed at smaller NPs [189] while in other
ones, oppositively, at larger AUNPs [190]. The current understanding is that the
bioelectrocatalytic activity of the enzymes, adsorbed on different size AuNPs,
is dependent not only on the enzyme-AuNP interaction, but also on other
components of the bioelectrocatalytic layers, e.g., thiols or polyelectrolytes
used to (inter)link AuNPs [191].

The selection of conditions for the successful DET based wiring of
enzymes on the AuNP surface mainly depend on the enzyme size and
structural as well as surface properties, such as pl, the degree of
hydrophobicity/hydrophilicity. In general, adsorption of enzymes (proteins) on

solid surfaces is a very complex process, which involves structural changes in
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the enzyme, dehydration of parts of the enzyme and the surface, and direct
interactions (electrostatic, hydrogen bond formation, van der Waals

interactions) between the enzyme and the surface [192].

1.5. Surface functionalization of a planar gold and AuNPs

In this chapter the functionalization approaches of the surface of a planar gold
(Au) and AuNPs, employed to design DET based EBFC electrodes, are briefly
described. The aim of the modification of the surface of a planar Au with
certain chemical groups is directed to optimise the effective assembly of
AUNPs by a rational approach (Chapter 1.6.3.) While the chemical treatment of
the surface of AuNPs may be prerequisite for the establishment of a suitable
environment for the DET based binding of certain redox enzymes
(Chapter 1.4.2.) or, for the (inter)linking of another layer of AuNPs in the case
of the assembly of 3D AuNP structure. In fact, any mono- or bi-functional
molecule that has a tendency to bind with Au and AuNP surfaces has potential
to be used as an (inter)linker or a binding ligand, respectively. The choice of a
particular chemical compound, envisaged to be used for surface
functionalization, mainly depends on surface properties of both the surface
used for the modification (a planar gold and/or AuNPs) and the elements
intended to be attached to that surface (AuNPs and/or enzymes). Additionally,
operational conditions such as solution pH, ionic strenght, etc., should be
considered.

In this work the advantage of surface modification by self-assembled
monolayers of thiols and polyelectrolyte films has been taken. More detailed
explanations of gold/AuNP surface functionalization by thiols and
polyelectrolytes in general, as well as the justification of the choice of a
particular thiol and polyelectrolyte used to functionalise the gold and
negatively charged citrate-coated AuNP surfaces in the present studies, are

given in the following sections of this chapter.
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1.5.1. A planar gold: an advantageous electrode material in EBFC design

In the studies of DET based bioelectrocatalysis, a planar gold (Au) was used as
a bulk electrode material due to the several main reasons. First of all, thin films
of Au are common surfaces used for a number of existing spectroscopic and
other analytical techniques, including quartz crystal microbalance with
dissipation (QCM-D) technique. QCM-D was used for the careful
characterisation of bioelectrocatalysis of EBFC electrodes in this work.
Second, Au is a reasonably inert metal: it does not oxidise at temperatures
below its melting point, as well as does not react with atmospheric O, and most
chemicals. Third, Au is known as a reasonably biocompatible material which
does not show toxicity to eukaryotic cells [193]. This property is especially
valuable considering the fact that the EBFCs, containing gold electrodes in
their construction, may be used in vivo conditions. Finally, as described
bellow, Au binds different thiols and polyelectrolytes with a high affinity, thus,
the functionalised Au surface can be exploited to assembly 3D structures as
scaffolds for the designing of beneficial DET based EBFC electrodes [171].

1.5.2. Self-assembled monolayers of thiols
In general, self-assembled monolayers (SAMs) of organic molecules are

molecular assemblies formed spontaneously on surfaces by adsorption and
further organised into more or less ordered domains [171]. In this section the
main features of the SAM of thiols, as well as their formation and properties on
AU/AUNP surfaces are reviewed.

Thiols are organic sulphur-based compounds that contain a sulfhydryl
head group —SH and an alkyl chain which represents an alkane, alkene, or
other carbon-containing group of atoms (Fig. 22). Considering the number of
functional groups involved in the structure of a thiol molecule, thiols are
accordingly divided into mono- and bi-functional thiols. Mono-functional
thiols are consisted of hydrophilic sulfhydryl group as a head group and an
alkyl chain as a hydrophopic tail. While bi-functional thiols contain either two
distinct functional groups, i.e., a sulfhydryl head group and other hydrophilic

terminal group, or two sulfhydryl groups considering so-called di-thiols.

61



Intermolecular interactions
interactions between

terminal groups

alkyl chains

sulfur head groups

L COECTTTTRTRRTRED) >

Terminal groups

Alkyl chains
Substrate-molecule
interaction A
a »  Sulfur head groups

interactions between H P )
sulfur and Au surface 'V

Au substrate

Figure 22. Schematic diagram of single-crystalline SAM of alkanethiolates supported on a
gold surface with a (111) crystal structure. The characteristics of the SAM are highlighted.
Adopted from [171].

SAMs of thiols has become a very common approach to functionalise Au
surfaces (both planar and curved, e.g., AuNPSs) since thiol molecules organise a
stable structure on gold surfaces via strong covalent interaction between a
sulphur and gold atoms (S-Au®) [194]. The order of a SAM on the surface is
affected by intermolecular interactions, e.g., van der Waals interaction between
the alkyl chains, and electrostatic interactions between the sulphur head groups
and between charged or polar terminal groups (in the case of bi-functional
thiols) (Fig. 22). A SAM on a solid surface can be easily prepared by adding
the drop of a certain thiol solution on a surface and just letting the thiol
molecules to rearrange to a SAM for a few hours. A simple preparation
procedure, good stability under ambient conditions, and easy control of
chemical properties (polarity, surface charge, etc.) of the surface, when
choosing the particular terminal groups of a thiol molecule, enables the usage
of SAMs to optimise the surface environment for the immobilisation of
enzymes in DET facile orientation. The attachment of enzymes on the surface
may be performed via hydrophobic, electrostic, or covalent interactions.

Usually hydrophobic interaction leads to enzyme unfolding and denaturation.
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Thus, the positioning of enzymes on the surface of an electrode using either
electrostatic or covalent interactions is desired. For this reason, bi-functional
thiols having charged terminal groups, such as amino or carboxyl, are
commonly used for enzyme immobilisation on an electrode without losing
their bioelectrocatalytic activity.

SAMs are themselves nanostructures with a number of useful properties
(Fig. 22). For example, the thickness of a SAM is typically 1-3 nm; they are
the most elementary form of a nanometer-scale organic thin-film material.

In this work a novel bi-functional thiol, N-(6-mercapto)hexylpyridinium
(MHP), was used, which contains a positively charged pyridinium group as a
terminal group. MHP possesses a pH independent positive charge and
effectively attracts negatively charged species from the solution [195, 196].
AuNPs modified by the SAM of MHP was exploited to electrostatically attach
cellobiose dehydrogenase (CDH) enzymes at neutral pH where a total charge
of these enzymes is negative (pl of CDH is ~4.2). The SAM of MHP was also
exploited as an (inter)linker layer for the formation of mono- or multi-layers of

negatively charged AuNPs by layer-by-layer assembly (Chapter 3.5.).

z

Figure 23. The molecular structure of N-(6-mercapto) hexylpyridinium (MHP).

1.5.3. Polyelectrolyte films
Polyelectrolytes (PEs) represent a unique class of polymers, which are
macromolecules bearing highly charged groups. According to the charge they
possess, PEs can be referred to polyanions, polycations, and polyampholytes
(possess both cationic and anionic repeat groups). The fractional charge of the
PE may be varied by changing the pH, counter-ion concentration, or ionic
strength of the solution [197].

The electrostatic interaction between PEs and charged surfaces plays an

important role in a large number of applications of interest in colloid and
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interface science [197]. An example is the layer-by-layer (LbL) deposition,
where a PE film acts as an (inter)layer to build different multi-layered
structures on solid surfaces. The thickness of those multi-layered structures can
be expanded from nanometres to micrometers. The self-assembly method of
constructing layers from oppositely charged PEs and NPs is currently a very
prospective approach with novel application possibilities in electrochemistry
[198]; especially, when DET based bioelectrocatalysis is exploited and 3D
conductive scaffolds for enzyme immobilisation are desired.

In this work a linear cationic biological polymer, poly-L-lysine (PLL)
(Fig. 24), was employed to assembly mono- and multi-layers of negatively
charged AuNPs using the consistent LbL methodology (Chapter 1.6.3.). The
isoelectric point of PLL is ~9.0, thus it is an excellent positively charged
(inter)linker (modifier) of negatively charged surfaces in the solutions of pHs
lower than 9.0. It is also important to emphasise that PLL is a biocompatible
PE [199]. The two above mentioned facts are especially important for

justifying the use of PLL films in the nanostructures intended to be used for

.|

Ho

biomedical applications.
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Figure 24. The molecular structure of repeating units in poly-L-lysine (PLL).

1.6. Assembly of mono- and multi-layers of AuNPs on solid surfaces
The crucial point in the preparation of conductive AuNP scaffolds for enzyme
immobilisation, which enables effective DET based bioelectrocatalysis, has
been the development of simple, reliable assembly routes to form highly dense
AuNP films. However, the deposition of densily-packed AuNP films is
complicated due to the fact that charged AuNPs are normally surrounded by
so-called electric double layer, which strongly limits their approach to one
another. Interactions between NPs and other types of interfaces can be
predicted by the DLVO theory briefly described in the following chapter [200].
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The following ways to overcome this limitation and to form highly dense
AUNP structures in this work were used: (i) simple drop-casting of AuNP
dispersion and allowing noncontrolled self-assembly during solvent
evaporation (Chapter 1.6.2.); (ii) the layer-by-layer (LbL) assembly (higly
controllable adsorption) driven by the optimisation of the AuNP-surface
interaction when chemically modifying the surface as well as additionally
reducing the interparticle repulsion while increasing ionic strength of the
AUNP dispersion. The precise control over the assembly conditions using LbL
deposition is responsible for the range of novel properties (e.g., flexibility) of

the assembled AuNP nanostructures (Chapter 1.6.3.).

1.6.1. DLVO theory: the role for NP stability and assembly

The Derjaguin, Landau, Verwey and Overbeek (DLVO) theory [201] of
colloidal stability defines an electrostatic repulsion and van der Waal’s
attraction as two main factors governing stability of the colloidal suspension.
In addition to these two balancing potential energy contributions, steric
interactions due to the coating play an important role when polymers or
proteins are present on the colloid surface [192]. Within the DLVO-
framework, all interactions between colloids and surfaces with electrostatic
origin are treated and described in terms of distance-dependent interaction
potentials, i.e. U(D) where U is the free energy and D is the surface separation.
The sum of attractive and repulsive interactions gives the characteristic total
potential profile with a peak in the repulsive regime at a few nanometers of

separation.
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Figure 25. Distance dependent interaction potentials between two surfaces in accordance
with DLV O-theory. The solid line is the sum of the attractive Van der Waals interactions and
repulsive double layer interactions.

The interaction potential is commonly scaled to thermal energy, k,T, where k,
Is the Boltzman constant and T is the temperature. For considerations regarding
particle stability, this scaling is highly relevant since the kinetic energy of
approaching particles will be in the same range. Thus, it can be intuitively
understood that in order to retain stability of particle dispersion for longer

periods, the peak describing the repulsive potential must exceed a few k,T.

1.6.2. Drop-casting self-assembly

A densely-packed self-assembly of NPs can be achieved on a solid surface by
drop-casting approach when a solution of NPs is spread on a solid surface and,
upon evaporation of the solvent, the long-range dispersion forces between the
NPs or between the NPs and the surface cause the NPs to self-organise into
mono- or multi-layer structures. At higher concentrations NP form multilayer

regions rather than a monolayer with long range order [202].
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Figure 26. Self-assembly of colloidal NPs by drop-casting.

It has been demonstrated that simply drop-casted 3D structures of
AuUNPs, which were then impregnated with enzymes, enabled superior
bioelectrocatalysis, that is, high current density and superior operational
stability of enzymatic bioelectrodes [14, 203, 204]. These findings suggest that
this simple approach of AuNP-nanostructure assembly could be employed to
prepare efficient and possibly commercially competitive scaffolds of
bioelectrochemical devices. Nevertheless, it should be kept in mind that the
drop-casted films of AuNPs may have the problem of the reproducibility in
surface coverage and thickness and, thereby, be not suitable for the careful
fundamental studies and optimisation of enzyme bioelectrocatalysis, e.g., down
to a single NP level. In the studies of the present work, drop-casted AuNP
films were solely used to modify electrodes for the designing of
carbohydrate/O, EBFCs for a proof-of-concept demonstration and performance
characterisation, but not for the careful characterisation of the kinetics of

bioelectrocatalytic processes at enzyme-single AuNP level.

For the latter studies, AuNP layers prepared by highly controllable stepwise

assembly, described in the next chapter, were used.

1.6.3. Layer-by-layer self-assembly
The well-defined adsorption of charged AuNPs on a surface can be driven by
electrostatic (or covalent) layer-by-layer (LbL) self-assembly, where a thin
layer of an oppositively charged film, e.g., a SAM of thiols or polyelectrolyte
film, is employed as an (inter)linker to adsorb AuNPs through electrostatic (or

covalent) attraction (bonding).
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Figure 27. Schematic illustration of electrostatically driven self-assembly of colloidal NPs.

AuUNP arrangement on the surface driven by electrostatic interaction can
often be described by the model of random sequential adsorption (RSA). RSA
results in non-crystalline patterns with short-range order [205]. In the simple
RSA model particles adsorb sequentially at random positions on the surface;
however, any adsorption event that leads to particle overlap is discounted. The
limiting coverage in RSA is around 55% of the area, i.e., after that point it is no
longer possible to adsorb more particles [206]. More detailed RSA model

description is provided in chapter 1.6.3.1.

One of the main advantages of LbL deposition is the possibility to control
the density of AuNP films, e.g., by changing the pH or ionic strength of AuUNP
dispersion.Thus, the method enables the possibility to assess the correlation
between the surface density of AuNPs and the bioelectrocatalytic activity of
enzymes adsorbed on the AuNP surface. Moreover, stepwise electrostatic self-
assembly provides an opportunity to assemble well-ordered 3D
bioelectrocatalytic structures of different thickness, as well as allows a variety
of materials to be incorporated within the film structures. Therefore, the LbL
assembly can be regarded as a versatile bottom-up nanofabrication technique in
the designing of highly powerful DET based EBFC electrodes. It is also worth
mentioning that the usage of different (inter)linkers to build a multilayer allows

controlling not only bioelectrocatalytic but also viscoelastic properties of this
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structure. The viscoelasticity/flexibility of the biolectrocatalytic structures
should be taken into account when considering their application for biomedical
purposes. For this reason, two typical positively charged chemical compounds
of different molecular weight, poly-L-lysine (PLL) and N-(6-mercapto)
hexylpyridinium (MHP), were employed in the present work to
electrostatically connect citrate stabilised negatively charged AuNPs. The
difference in molecular weight between PLL and MHP is believed to play a
crucial role in the adsorption of AuNPs, packing density, and viscoelastic
properties of AuNP layer assembled on surfaces chemically modified by these

compounds.

1.6.3.1. RSA model for interacting NPs in controlled assembly

Random sequential adsorption (RSA) assumes that NPs are placed one by one
at random locations on a surface with uniform binding affinity [205]. In the
case of hard NPs, each placement yields an irreversible and fixated NP unless
the NP does not overlap with another already bound NP. If so, the placement is
unsuccessful and the NP disappears from the surface. The maximum surface
coverage that can be obtained by a RSA process is 54.7 % given that all objects
are perfectly spherical, have the same size and only interact via their hard
surfaces (Fig. 28) [206]. Initially all NPs that reach the surface will bind and
the early adsorption will therefore be limited by the diffusion of NPs to the
surface. Many studies show, that initially NP adsorption is a first-order rate
process with respect to the NP concentration [207]. As the surface coverage
increases and exclusion effects become important, the deposition rate quickly

decreases and saturation coverage will be reached in the limit of long times.
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Figure 28. Schematic illustration of randomly adsorbed NPs deposited at different conditions
defined by the screening parameter ka. For xa<l, the double-layer exceeds the hard core
radius, thus acting as a soft shell surrounding the particles. Characteristic curves describing
the Kkinetics of the random sequential adsorption are presented in the lower right corner.
Adopted from [208].

As demonstrated in several studies, NPs interacting via double-layer repulsion
were seen to assemble onto surfaces in accordance with the RSA process.
However, according to the model introduced by Adamczyck, because of the
electrical double-layers these NPs should be treated as soft spheres with hard
cores, rather than purely hard NPs [209]. With decreasing ionic strength, the
Debye length (k1) increases and the distance of closest approach between
particles will increase as well. Within the RSA approximation, increased long-
range interactions are equivalent with a thicker soft shell around each particle.
Thus, deposition at low ionic strength will give rise to saturation coverage (8)
well below the theoretical jamming limit of 55%. This effect is most relevant
for the smallest nanometer-sized NPs, i.e. ka<l (a is the NP radius) whereas it
becomes negligible for larger micrometer-sized particles, i.e. ka>>1, where the

hard core exclusion effects dominate.
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The dependence Avs. k- ryp can be modelled by Eq. 18, where ryp is a

geometric (“hard”) radius of NPs and «is a reciprocal of Debye length.

2 2 2
! I K f
0= ejam n = ejam( N J = ejam( w _1j (18)
Mp eff Ne K+4 e +4-x

2,2
o 2F°z'c (19)
& RT

F and R are Faraday and Molar gas constants, respectively; z; and c; are
the valence and the concentration of electrolyte ions; & and &, are the dielectric
constant of the solution and vacuum, respectively; and T is absolute
temperature.

In Eq.18 @,n,=0.547 [206]. Effective (“soft”) radius, rypesr, Of
nanoparticles (Eg. 18) accounts for the repulsive as well as other forces acting
between NPs, which result into a diluted NP monolayer, i.e., < @,,. In case
of electrostatic repulsion of NPs the effective radius can be estimated as a
multiple of Debye screening length, Ax* (Eq. 18). Parameter A, to the highest
degree, accounts for the effect of electrical surface potential of NPs on & [210,
211]. However, A depends also on x and ryp [211] and obviously is dependent
on all interactions that should be taken into theoretical modelling of inter-
particle interaction potential at the interface. Kooij [212], however,
demonstrated that accounting only for particle-particle electrostatic repulsion
satisfactorily describes € for diluted NP monolayer. Following this, the
parameter A was calculated by assessing inter-particle distance at which
particle-particle electrostatic energy, Uppd', Is equal to KT.

Lé—.sr:’=%-exp[—x-mp&—zn (20)
where r=r_/r,is the centre-to-centre distance between two nanoparticles

divided by a geometric radius of NP. The coefficient By, is given by:
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The equations describing electrostatic interparticle interaction were, in this
work, used for assessing theoretical dependence of surface coverage,d, by
AuUNPs on the ionic strength of the solution. It should be mentioned that =1
corresponds to hexagonal, close pacting of AuNPs, when the maximal packing
by RSA (8.m) reaches only 0.547 of the packing.

1.7. Characterisation of bioelectrocatalytic AuNP-enzyme
nanostructures by E-QCM-D technique

The understanding the physicochemical properties, e.g., bioelectrochemical
and viscoelastic properties, of AuNP-enzyme nanostructures and particularly
their relationship to the structure and composition is a key step in order to
manipulate and optimise their effective application in bioelectrochemistry.
However, it is not a simple task to determine the total amount of the elements
of each layer involved into bio-nanostructure. Electrochemical methods can in
general only detect redox proteins and AuNPs that are in electronic contact
with an electrode. In the present work electrochemical methods were thus
combined with quartz crystal microbalance with dissipation (QCM-D)
technique for quantifying the total amount of AuNPs and enzyme molecules
attached to the surface of a gold sensor, as well as evaluate the
bioelectrocatalytic properties of the AuNP-enzyme layer. Moreover, QCM-D
also enabled the assessment of viscoelastic (rheological) characteristics of 2D

and 3D nanobiostructures.

1.7.1. QCM-D method: the principle
The QCM-D technique is based on measuring the resonance characteristics of

a quartz crystal oscillator operating in shear mode. Due to its piezoelectric
properties, the mechanical oscillation of the quartz can be excited by applying
an oscillating electric field across the crystal. Once excited, the free
mechanical oscillation can be monitored by measuring the decaying electric

field (i.e., mechanically caused voltage oscilations). From the analysis of
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voltage decay curve the resonance frequency, f, and the dissipation, D, are
deduced (Fig. 29). Tracking the changes of the two parameters, Af and 4D,
induced by the material adsorbing on the crystal (gold surface), allows
characterizing adsorption processes and structural changes of the surface
adlayer in real time. The time resolution of the QCM-D technique is in
principle limited by the decay time of the oscillation which is in the range of

range of milliseconds.

a) b) c)
d) e) ”® ——
i' —
y X  ———

Figure 29. Schematic presentation of the QCM-D working principle. The piezoelectric quartz
crystal is sandwiched between two gold electrodes (a). The application of an electric field
across the crystal results in shear motion of the crystal (b). Resonance in the shear motion can
be excited with an oscillating field (applied voltage) of appropriate frequency (c). After
disconecting the driving circuit, the freely decaying oscillation of the crystal is monitored by
measuring a voltage decay on the electrodes (d, e). The temporal change in the crystal’s
movement, A(t), can be fitted to the dependence 4(z) = A exp(—=nfDt)sin(2xft +¢ ) in order to
extract the resonance frequency, f, and the dissipation, D. The attachment of a rigid mass (d)
to the crystal’s surface will mainly lead to a decreases in f (D ~ 0) , while a soft (viscoelastic)
mass (e) will strongly affect D. Monitoring changes in f and D allows thus to follow
interfacial processes in real time.

1.7.1.1. Sauerbrey equation
In 1959 Sauerbrey published a paper [213] describing the linear relationship

between applied load on the oscillating quartz crystal and the induced Af,.

According to the Sauerbrey equation the mass can be calculated from Af,
according to:

r =%-Afn 23)
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where 4 £, I, and n represent frequency change, adsorbed mass per unit area,
and overtone number, respectively. C is the mass sensitivity constant (17.7
ng/cm?® x Hz™*). The relation holds under the assumption that the adsorbed mass
is less than the mass of the crystal, is uniformly distributed and rigidly attached
with no slip or deformation during the oscillation of the crystal. In other words

it is applicable for non-dissipative, homogeneous stiff adsorbed films.

1.7.1.2. Modelling

Appropriate selection of analytical models to interpret QCM data is critical,
and recent advances have allowed a more structured approach for specific
experimental situations.

Most films dissipate energy due to their viscoelastic properties, therefore
applying the Sauerbrey equation will result in an underestimation of the mass.
The viscoelastic Voigt model provides a modelling from which the correct
mass together with viscous and elastic components of the adsorbed film can be
determined by including the dissipative energy loss in the fitting of Af, and

AD,, at several overtones (n =3, 5, and 7 )[214].

2 2
(hfpfw — 2hy (Z—Z) o ) (24)

g

1
2mpghg

Af = —

_ 1 m\* Ko
AD = 2nfpghq <2hf (Sb) ﬂ%‘i’(ﬂzn%) (25)

where o is the angular frequency of oscillation (w = 2rf), u the shear
elasticity and # the shear viscosity. The viscous penetration depth of the shear
wave in the bulk is denoted as d, and film thickness as h.

Strictly speaking, the underlying assumption for the viscoelastic model apply
to a homogenous film [215], however, it is also used in the calculation of mass

of films consisting of discrete NPs.
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1.7.1.3. Model independent analysis (MIA)

For the adsorption of discrete NPs it was demonstrated by finite element
modelling (FEM) that the dissipative energy loss originates from
stiffness/strength of interaction in the surface-particle interface and the liquid
surrounding the particle, also known as the hydration shell [216], that is
dragged around by the particle during the crystal oscillation [217]. Therefore
during deposition of particles the fractional amount of liquid surrounding the
particles should decrease as the surface coverage increases and by that the
dissipative energy loss [216]. Tellechea et al [218] presented so called a model
independent analysis (MIA) of QCM-D data in which the theoretical 100%
surface coverage is obtained as the intercept of Af.,/n from AD,/Af, vs Af,/n
plot. Since the fractional trapped liquid is assumed to be diminished to occupy
only the void spaces between the densely packed NPs the Sauerbrey relation
holds for the calculation of the mass from the intercept of Af./n since the
dissipation energy is assumed to approach zero. Using this method Ohlsson et
al [219] has shown that the mean particle diameter can be determined as the
apparent thickness of the adsorbed layer by dividing the Sauerbrey mass with
the particle density (calculated as hexagonal prism average density). However
the method requires a surface coverage of approximately 10-20 % as it is under
these conditions the particles are close enough to share their hydration shells
and by that decrease AD./(4f,/n) [220]. In this work the method was used to
investigate if it holds for NPs adsorbed on different linkers and if it is

applicable also at higher surface coverages.
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2. MATERIALS, EQUIPMENT, AND METHODS

2.1. Materials
2.1.1. Reagents
All the chemicals were of analytical grade.

Table 4. The list of chemical reagents used for the PhD project and the sources where they
were obtained:

Reagent Source

Absolute ethanol (>99 %) Kemetyl AB (Haninge, Sweden)

Ammonium sulphate ((NH4),SO,)

2,2"-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt (ABTS)

(C18H24N60684)
HgC‘\
03S {N
O3 S N=
NH;@iNFN s 8Os
\cH, el
Citric acid monohydrate | sjgma-Aldrich (St. Louis, MO,
(HOC(COOH)(CH,COOH),-H,0 The USA)
0oy ©
HOJI\)LOH
07 oH *HO

2,6-dichloroindophenol sodium salt
hydrate (DCIP)
(C12H6C|2NNa02‘H20)

cl

0 ONa
“ @ . XHQO
Cl N

Hydrogen peroxide (H,0,)

Hydrogen tetrachloroaurate(l11)
trihydrate (HAuCl,3H,0)
Potassium chloride (KCI)
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Sodium chloride (NaCl)

Sodium phosphate (Na,HPO,)

Sodium phosphate dibasic dihydrate
(NaH,PO42H,0)

Sodium sulphate (Na,SQOy)

Poly-L-lysine (C¢H14N,0,) 0.1 % (wi/v)
in water with MW of 70-150 kDa (for
calculations the MW  of

110 kDa was taken).

average

Q H

NH, .

Sigma-Aldrich (Irvine, Ayrshire, The UK)

90% phenazine methosulfate

o) _N
M
HyCO-§-0 Q @
3 Il \N“'
@] [
CHs

Absolute ethanol (95%)

Sigma-Aldrich (Berlin, Germany)

Sodium fluoride (NaF)

Sulphuric acid (H,SOy,)

Thiophene

B

S

Trisodium citrate
(C6H5Na307' 2H20)
0

dihydrate

0 ONa *H:0

NaO - ONa .H,0
0]

Merck (Darmstadt, Germany)

25% glutaraldehyde

O )
H H

D-(+)-glucose

AppliChem GmbH (Darmstadt, Germany)
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[-lactose

HO
oCH
HO OH

HO OO OH
OH

OH

2.1.2. Solutions
Buffers and all other solutions were prepared using ultra high quality (UHQ)

water (18.2 MQ<cm) purified with PURELAB UHQ Il system from ELGA

Labwater (High Wycombe, UK).

Nitrogen (N,), used to establish anaerobic conditions while bubbling through

the working solutions, was obtained from AGA Gas AB (Sundbyberg,

Sweden) and additionally purified using Gas Clean Filters from Varian BV

(Middelburg, The Netherlands).

Buffer solutions used:

0] PBS (pH 4) - 50 mM phosphate buffer solution, pH 4, with 100 mM
sodium sulphate, (pH adjusted with citric acid monohydrate);

(i)  C-PBS (pH 3.4-5.4) - 50 mM citrate-phosphate buffer solution with 100
mM potassium chloride;

(iii)  PBS (pH 6.4-8.2) - 50 mM phosphate buffer solution with 200 mM
potassium chloride;
(iv)  A-PBS (pH 6) - 50 mM acetate- phosphate buffer solution, pH 6.0, with

100 mM KCI.
The 1M solutions of glucose were prepared in a certain buffer solution at
least 24 h before use to allow glucose to mutarotate and to reach the

equilibrium of a- and B- forms.

2.1.3. Redox enzymes
Seven preparations of redox enzymes were used in the thesis work: (i) three

anodic enzymes, viz., cellobiose dehydrogenases (CDHs) from Corynascus
thermophilus (CtCDH) and Humicola insolens (HICDH), and glucose oxidase
(GOx) from Aspergillus niger, and (ii) four cathodic enzymes — laccases (Lcs)

from Trametes hirsuta (ThLc) and Trichaptum abietinum (ThLc), horseradish

78



peroxidase (HRP), and bilirubin oxidase from Myrothecium verrucaria
(MvBOx). CDH, GOx, BOx, and HRP enzymes were exploited for the
designing and characterisation of the complete glucose/O, EBFCs, whereas

Lcs — for separate cathode studies on the 2D and 3D nanostructures of AuNPs.

2.1.3.1. Anodic redox enzymes

Highly purified CtCDH, kindly provided by Dr. Roland Ludwig (BOKU:
University of Natural Resources and Life Sciences, Vienna, Austria), was
purified from the culture supernatant of ascomycete Corynascus thermophilus,
CBS 405.69, which was obtained from the Centralbureau voor
Schimmelcultures (Baarn, The Netherlands). The enzyme stock solution of 8.4
mg ml™ in a 20 mM sodium acetate buffer, pH 5.5, was stored frozen at -18 °C
and used without further purification and characterisation.

HICDH, recombinantly produced in the culture of ascomycete
Aspergillus oryzae according to previously reported protocols [221], was
provided by Novozymes A/S (Bagsvaerd, Denmark). The homogeneous
preparation of HICDH with a MW of 97 kDa, as confirmed by SDS-PAGE
(Fig. 30), was stored in a 50 mM sodium acetate buffer, pH 5.5, at -18 °C.

97 kDa
66 kDa

45 kDa

30 kDa

20 kDa

14 kDa

Figure 30. SDS-PAGE of HiCDH. Line 1 - molecular mass rulers; lines 2-4 correspond to
HiCDH preparations (0.6 pg, 1.3 pg, and 2.5 pg, respectively) applied on SDS-PAGE.
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For electrode biomodification stock solutions of the CDH enzymes were
thawed at +4 °C and diluted with UHQ water until 6 mg ml™ concentration was
achieved.

GOx powder of 295 U mg* enzymatic activity was purchased from
Appli-Chem GmbH (Darmstadt, Germany) and used without further
purification and characterisation. When needed, the GOx solution was freshly
prepared in a A-PBS (pH 6) from lyophilised powder of the enzyme.
2.1.3.2. Cathodic redox enzymes
MvBOXx was recombinantly produced in Aspergillus oryzae, in accordance with
previously reported protocols [222] was provided by Novozymes A/S
(Bagsvaerd, Denmark). The highly purified preparation of the enzyme, as
confirmed by SDS-PAGE (Fig. 31), was stored in a 50 mM Tris/acetate buffer,
pH 8 at -18 °C.

97 kDa

-
66 kDa e

45 kDa

30 kDa

20 kDa

14 kDa e

Figure 31. SDS-PAGE of MvBOx preparation. Line 1 - molecular mass rulers; lines 2-4
correspond to MvBOXx preparations (0.6 ng, 1.3 ug, and 2.5 ug, respectively) applied on SDS-
PAGE.

For biocathode modification stock solution of the MvBOx enzyme was thawed
at +4 °C and diluted with UHQ water until 6 mg ml™ concentration was

achieved.
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HRP of 1000 U mg™ enzymatic activity, (for ABTS and 95% ethanol
were obtained from Sigma-Aldrich (Berlin, Germany)). When needed, HRP

solution was freshly prepared from lyophilised enzyme powder in A-PBS
(pH 6).

Lc obtained from the basidiomycete Trametes hirsuta (ThLc), strain T.
hirsuta 56, was provided by the laboratory collection of the Moscow State
University of Engineering Ecology (Moscow, Russia). The homogeneous
preparation of the enzyme with MW of 70 kDa (glycosylation 12%, pl 4.2) as
verified by SDS-PAGE was isolated from a culture medium as described
previously [116]. The stock solution of ThLc with 14.4 mg ml™ enzyme
concentration in 100 mM phosphate buffer, pH 6.5, was stored frozen at -
18 °C.

The homogeneous TalLc was purified at the Department of Molecular
Microbiology and Biotechnology of VU Institute of Biochemistry (Vilnius,
Lithuania). The purified enzyme appeared as a single band on 14 % SDS-
PAGE (Fig. 32) showing MW of 51 kDa.

kDa Mr E
116
66.2

T. abietinum
- laccase

45

35 | —

25—

184

144

Figure 32. SDS-PAGE of the purified TalLc. Line Mr - molecular mass rulers; E -
corresponds to the preparation of TaLc applied on SDS-PAGE.
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2.2. Equipment
Potentiostats:

a) Potentiostat PGSTAT 30 with GPES3 v3.2 software ECO-Chemie/Autolab
(Utrecht, The Netherlands);

b) Compact potentiostat lvium CompactStat from Ivium Technologies
(Eindhoven, Netherlands);

c) Potentiostat EC Epsilon 50 from BASi (West Lafayette, IN, the USA).
Spectrophotometers:

Simultaneous electrochemical and quartz-crystal microbalance with dissipation
(E-QCM-D) measurements  were  performed using the QWEMA401
electrochemistry cell (Q-Sense, Gothenburg, Sweden).

NICOMP™ submicron particle sizer from Nicomp 380 ZLS (Santa Barbara,

California).

2.3. Methods

2.3.1. Synthesis of N-(6-mercapto) hexylpyridinium chloride
N-(6-mercapto) hexylpyridinium (MHP) chloride was synthesised at the

Department of Organic Chemistry, Centre for Physical Sciences and
Technology (Vilnius, Lithuania). The synthesis scheme (SI, Fig. S1) and
detailed description of synthesis procedure as well as analytical data of
synthesised compounds are provided in Supplementary Information. MHP was
dissolved in water at a concentration of 1 mM and used for experiments

without further dilution

2.3.2. Synthesis of phenanthroline derivatives

1,10-phenanthroline monohydrate was commercial and the other
phenanthroline derivatives (PDs) were synthesised by the procedure described
[223]. The PDs were presented as PMH, 5NP, 5AP, 5A6NP, and 56DAP. Their
full titles and chemical structures are given in Table 3. The 10mM solutions of

PDs were prepared in organic solvent — acetonitrile.
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2.3.3. AuNP synthesis
The dispersion of spherical gold nanoparticles (AuNPs) was prepared by

following the reduction procedure of HAuCI, with sodium citrate in aqueous
solution as reviewed elsewhere [224]. Briefly, 50 ml of 1 mM HAuCI, solution
in water was heated to about 90 °C while stirring. Then, a certain amount
(depending on a desired size of AuNPs, Fig. 33) of 1% (w/w) trisodium citrate
solution was added to HAuUCI, solution under vigorous stirring. The heating

was continued for 15 min with stirring, and 10 min without stirring.

Amount of 1% trisodium citrate to add, ml

20 40 60 80 100 120

AuUNP size expected, nm

Figure 33. Graph for careful selection what volume of 1% (w/w) trisodium citrate solution
should be added to 50 ml of 1 mM HAuUCI, solution to get the desired size AuNPs. The
method was derived experimentally by initial guidelines provided in [225].

For the E-QCM-D analysis, where experiments were carried out using the
dispersions of AuNPs of different ionic strength, while changing the
concentration of NaCl from 0 to 20 mM, sodium citrate was removed by
dialysis procedure using cellulose membrane with a cut-off size of 12-14 kDa
against UHQ water in the volumetric ratio of 1:50 for 12 h at +4 °C.

For electrochemical measurements solely, the non-dialysed AuNP
dispersion was concentrated by centrifugation at 10000xg for 30 min in 1 ml
Eppendorf tubes. Then, about 98 % of supernatant was removed, and the
precipitated AuNPs were re-suspended by ultrasonication for 7 min using
Transsonic 460/H from Elma GmbH&KG sonicator (Singen, Germany).

Samples were then stored as 50 times concentrated AuNP dispersion at +4°C.
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2.3.4. AuNP size estimation

2.3.4.1. Surface plasmon absorbance spectrophotometry
The size of AuNP was evaluated by comparing (overlapping) the optical

absorption spectra against the extinction efficiency vs. wavelength generated
by MiePlot software: http://www.philiplaven.com/mieplot.ntm [226].

2.3.4.2. Atomic force microscopy

AUNP mean diameter and uncertainty as standard deviation was determined by
recording NP diameter distribution using atomic force microscopy after drying
their dispersion on mica surface pre-treated with PLL. Commercial AFM
(MultiMode 8 SPM with a NanoScope V control unit, Bruker AXS, Santa
Barbara, USA) was set to tapping mode in air and settings were continuously

adjusted by the Scan Asystauto control software.

2.3.5. AuNP &-potential estimation by electrophoretic light scattering

A measurement cuvette and electrodes were cleaned with UHQ water. The
cuvette was filled with 2.5 ml of AuNP dispersion (no dilution).Then the
cuvette was connected with the electrodes and loaded in the instrument. The
applied voltage was automatically set by the software and the 3 cycles of 100 s

were applied.

2.3.6. Enzyme homogeneous activity measurements

The ThLc activity and electrochemical measurements were performed in 50
mM phosphate buffer (pH 4.0) containing 0.1 M Na,SO, (adjusted by citric
acid). The appearance of a coloured product during the oxidation of ABTS
catalysed by ThLc was exploited to evaluate the activity (turnover number) of
ThLc

2.3.7. Electrode preparation

2.3.7.1. Graphite rod electrode preparation
Graphite rod electrodes (GRES) (99.999%, low density, 0.3 cm diameter with
active surface geometric area of 0.071 cm?), used as working electrodes, were

purchased from Sigma-Aldrich (Berlin, Germany).
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In order to obtain a smooth and clean surface of GREs before their
modification, the electrodes were hand-polished with fine emery paper, rinsed
with ethanol and UHQ water, and dried in air at room temperature. The basic
method for rapid and simple electrode modification with a mediator and an
enzyme was reported in the previous study [227].
2.3.7.2. Graphite rod electrode modification by GOx, and the GOx modified electrode
coating by polythiophene layer
In order to prepare GOx-coated GREs, 3 pl of 40 mg ml™ GOx solution were
deposited on the electrode surface, later allowing the water to evaporate at
room temperature. Afterwards, electrodes were stored for 20 h over the 5%
solution of glutaraldehyde at +4 °C in a closed vessel as described in our
previous studies [227] to cross-link enzymes adsorbed on the electrode surface.
Before the experiments, the GOx-modified electrodes were washed with UHQ
water to remove non-cross-linked enzyme molecules and the side surface of
the electrodes was sealed into epoxy to prevent its contact with the solution.

To prepare GOx-modified GREs covered with additional polythiophene
(PTP) layer (Chapter 3.1.), the electrodes were immersed into polymerisation
solution, i.e.,, 50 mM A-PBS, pH 6.0, containing 200 mM of dispersed
thiophene and 50 mM of dissolved glucose at room temperature, for a definite
period of time. Additionally, control electrodes were prepared keeping the
GRE/GOx-modified electrodes in A-PBS in the abcense of one of the
components, i.e., glucose or thiophene, essential for PTP polymerisation
process. The first control electrode was incubated in A-PBS containing 50 mM
of glucose (‘control solution I’) and the second one in A-PBS containing 200
mM of thiophene (‘control solution II’), respectively. Prior to amperometric
measurements, the GOx and GOx/PTP-modified GREs, further in the text
denoted as GRE/GOx- and GRE/GOx/PTP-modified electrodes, respectively,
were thoroughly washed with UHQ water.

85



2.3.7.3. Graphite rod electrode modification by 1,10-phenanthroline derivatives and
enzymes

In order to screen different phenanthroline derivatives (PDs) as ET mediators
for GOx enzyme (Chapter 3.2.), the cleaned GREs were consequently modified
by PDs and GOx (GRE/PDs/GOXx). For this purpose, 3 ul of 10 mM solution of
a certain PD was dropped and distributed on the GRE surface for three times.
After each drop, the electrode was dried at room temperature. The next drop
was only added after completely drying the previously added one. The PDs-
treated GRE surfaces were then modified with the 3 pl solution containing 10
mg ml™ GOx and dried at room temperature. Then these modified electrodes
were stored for 20 h over a 5% solution of glutaraldehyde at +4 °C in a closed
vessel.

PDs/GOx-modified GREs were compared with the GRE, which was only
modified with GOx. The six different surfaces that were prepared are further
abbreviated in the thesis as follows: (i) GOx-modified GRE (GRE/GOX); (ii)
PMH and GOx-modified GRE (GRE/PMH/GOX); (iii) 5AP and GOx-modified
GRE (GRE/5AP/GOX); (iv) 5NP and GOx-modified GRE (GRE/5NP/GOX);
(v) 5A6NP and GOx-modified GRE (GRE/5SA6NP/GOx) and (vi) 56DAP and
GOx-modified GRE (GRE/56DAP/GOX).

The GRE/SAP/GOx bioanodic electrode used in the designing of a
complete glucose powered EFC (Chapter 3.3.1.) was prepared on the cleaned
GRE three times dropping 3 pL of both the 10 mM of 5AP and 10 mg ml™ of
GOx solutions, respectively. After each drop (5AP and GOX, respectively), the
electrode was dried at room temperature. The 5AP-, GOx-, and HRP-modified
GREs were simply prepared three times putting and drying 3 pL of a certain
solution (10 mM of 5AP, 10 mg ml™ of GOx or 10 mg ml™ of HRP) on the
unmodified GRE surface. The biocathodic electrode based on a bienzyme
system (GRE/HRP/GOx) was prepared by a similar drying procedure as
described above, on the GRE surface adding one drop of the 10 mg ml™* of
HRP and GOx solutions, respectively. The modified electrodes were kept for

15 min over a 25 % glutaraldehyde solution at +4 °C in a closed vessel.
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All modified electrodes were thoroughly rinsed with UHQ water to
remove non-cross-linked enzyme molecules, dried at room temperature and,
lastly, their lateral surface was isolated with a silicone tube. The prepared
electrodes were stored in a closed vessel over A-PBS buffer, pH 6.0, at +4 °C

until they were used in experiments.

2.3.7.4. Gold electrode cleaning and their modification by AuNPs and enzymes
Polycrystalline gold (Au) disk electrodes from Bioanalytical Systems (BASI)

(West Lafayette, IN, the USA) with geometric areas of 0.031 cm? were
mechanically cleaned by polishing on Microcloth from Buehler (Lake Bluff,
IL, USA) using a 0.1 um alumina suspension from Struers (Copenhagen,
Denmark) to produce a mirror-like surface. The electrodes were rinsed with
UHQ water, immersed in freshly prepared Pyranha solution (mixture of
volumetric 3:1 concentrated H,SO4 and 30% H,0, solution) for 20 min, and
after washed with Milli-Q water. After that the Au electrodes were
electrochemically cleaned in 0.5 M H,SO,4 by cyclic voltammetry; 20 cycles
between -0.1V and +1.9 V vs. NHE at a scan rate of 0.1V s™. Finally, the
electrodes were rinsed with Milli-Q water and dried under the air flow before
modification by gold nanoparticles (AuNPs). Three-dimensional (3D) AuNP
modified Au electrodes were fabricated by the drop casting method, as
reported in previous publications [8, 14, 29, 204]. Briefly, 1.5 ul of the
concentrated AuNP dispersion was pipetted on top of the cleaned Au electrode
and dried at room temperature. The casting and evaporation steps were
repeated 5 times to build 3D AuNP layer on planar Au electrode; resulting
electrode is denoted as Au/AuNP. Thereafter, the electrodes were rinsed with
UHQ water.

For the cathode biomodification (Chapter 3.3.2.2.), 10 ul of MvBOx
solution (6 mg ml™) was applied onto the Au/AuNP electrode surface. The
electrodes were covered with an Eppendorf tube and left for incubation for 2 h.
Afterwards, the electrodes were carefully rinsed with 50 mM phosphate buffer,
pH 7.4.
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For the anode biomodification (Chapter 3.3.2.1.), a positively charged
thiol, i.e., MHP, was adsorbed on the Au/AuNP electrode surface before the
CDH enzyme immobilisation. Specifically, 10 pl of 1 mM MHP solution was
deposited on AuNP modified Au electrode and kept for 1 h under moisturised
atmosphere at room temperature. The resulting thiol modified Au/AuNP
electrode was thoroughly rinsed with UHQ water, and then a 3 pl drop of CDH
enzyme solutions (6 mg ml™) was deposited on the thiol modified Au/AuNP
electrodes as described above. The electrodes were kept under moisturised

atmosphere for 30 min at room temperature, and then allowed to dry in air.

2.3.8. Evaluation of formed PTP layer by ATR-FTIR spectroscopy

IR spectroscopy measurements were performed by Frontier ATR-FTIR
spectrometer from Perkin Elmer (The USA), which was equipped with
mercury cadmium telluride (MCT)/liquid-nitrogen detector. Scanning
resolution of 2 cm™ was applied and the interval of scanning was in the range
from 600 cm™ to 4000 cm™. The PTP samples (Chapter 3.1.2.) for ATR-FTIR
were prepared in aqueous solutions containing: (i) 200 mM of dispersed
thiophene, 1 mg ml™* of dissolved GOx and 50 mM of glucose; (ii) 200 mM of
dispersed thiophene and 5 mM of dissolved H,0O,. The polymerisation lasted
for 48 h at room temperature. After the polymerisation samples were
lyophilised in order to get dried products of reaction. According to the same
procedure a control sample containing only 200 mM of dispersed thiophene

was prepared.

2.3.9. Electrochemical measurements

2.3.9.1. Electrochemical detection of PTP deposition
In order to verify the formation of PTP layer on the GOx modified electrode

and its influence on the activity (Chapter 3.1.1.) and stability (Chapter 3.1.3.)
of the enzyme, an amperometric sensor model was chosen. The relationship
between amperometric signal and the substrate glucose was analysed using a
two variable hyperbolic equation, which is in agreement with Michaelis-

Menten kinetics (Eq. 7). Kinetic parameters, i.e., Kpapp) and the maximal
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current intensity (lnax), Mmeasured in glucose containing A-PBS, were
correspondingly equated to the hyperbolic function parameters a and b. The
raising Kinpp, and decreasing I« values were considered as the main evidence
that GOx was covered by polymerisation products, which most likely formed a
diffusional barrier for substrate glucose and/or EP mediator phenazine
methosulfate.

Three-electrode electrochemical cell system was used for all
amperometric measurements. GRE/GOx- and GRE/GOx/PTP-modified
electrodes were used as working electrodes. Pt wire was used as a counter
electrode. An Ag/AgCI electrode in 3 M KCI (Ag/AgCIl/3M KCI) was used as
a reference electrode. Anodic current (GOx- and GOx/PTP-modified GRES)
dependence on glucose concentration was studied at +300 mV vs Ag/AgCl/3M
KCI. All experiments were carried out inside a Faraday-cage in 50 mM A-PBS,
pH 6.0, containing 100 mM KCI at ambient temperature (at 25 °C). Solution in
electrochemical cell was stirred by magnetic stirrer at rotation rate of 120 rpm.
Between the measurements, electrodes were stored in appropriate solutions
(polymerisation solution, control solution I or I1) at room temperature or, in the

case of stability test, kept over A-PBS, pH 6.0, at 4°C in a closed vessel.

2.3.9.2. Amperometric and potentiometric studies of phenanthroline derivatives

Three-electrode electrochemical cell system was used for amperometric and
accordingly two-electrode system for potentiometric measurements. The
GRE/GOx or GREs/PDs/GOx were used as a working, Ag/AgClg (0.197 V
vs. NHE) as a reference, and Pt wire was used as an auxiliary electrode. All
amperometric and potentiometric experiments were performed at room
temperature in A-PBS (pH 6). The solution was stirred continuously.
Amperometric signal dependence on substrate concentration was studied at
+600mV vs. Ag/AgClg,. and the responses were presented as plots representing
changes in current vs. glucose concentration. In order to investigate the usage

of PDs for the design of biofuel cells, the potentiometric measurements with
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PDs-modified GRE/GOx electrodes and PDs non-modified GREs were

performed.

2.3.9.3. Cyclic and linear voltammetry
Cyclic voltammograms used to characterise of the bioelectrochemical

characteristics of individual EBFC electrodes were recorded using a three-
electrode electrochemical cell in quiescent solutions. More details, e.g., scan

rates and solution compositions, are given in captions of particular figures.

2.3.9.4. EFC performance characterisation
The main parameters of a complete EFC were obtained in a two-electrode

electrochemical cell connecting a biocathode as a working electrode and a
bioanode as a combined reference and counter electrode. Polarisation curves
were obtained recording the current in the circuit while changing the voltage
from open-circuit voltage (OCV) to 0 mV with a scan rate of 0.1 mV s™. The
OCV was recorded as an absolute value. The power outputs of the EFC were
calculated after multiplying the values of a current density and potential.
Operational stability tests were performed in chronoamperometric mode at a
potential corresponding to the potential of the EFC at its maximal power
density. All measurements were performed in quiescent solutions, under
aerobic conditions.The standard deviations using three separate measurements
were calculated as an uncertainty of basic electrochemical parameters of

complete EFCs.

2.3.10. E-QCM-D measurements and data analysis
In chapter 3.4. to quantify AuNPs and ThLc molecules attached to the surface,

and to evaluate the bioelectrocatalytic properties of the AuNP-Lc layer on a
planar gold electrode, simultaneous electrochemical and QCM-D
measurements were performed using the QWEM401 electrochemistry cell (Q-
Sense, Gothenburg, Sweden). All measurements were made at +22+0.02 °C.
The planar surface of gold covered QCM-D sensor (Augcm-p) Was modified
with PLL, AuNPs and the enzyme by the following procedure. PLL was
adsorbed on the QCM-D sensor and then ThLc was deposited. The resulting
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structure was noted as Augcwm-p-PLL-ThLc. Afterwards, the AuNP layer was
adsorbed following by adsorption of ThLc (Augcm-p-PLL-ThLc-AuNPs-ThLc).
We assumed that this final ThLc adsorption step resulted into the enzyme
adsorption only on AuNPs since adsorption of ThLc directly on PLL covered
gold sensor was already blocked by the first ThLc adsorption step.

The primary data from the QCM-D measurements are the changes in the
resonant frequency (Af) and the dissipation (AD) of energy of the oscillating
QCM-D sensor. These changes have been recorded at the fundamental
frequency of the crystal and three overtones (3", 5", and 7™). An example of
data from the typical experiment is shown in Fig. 55. Dissipation is defined as
D = Egis/(2nEy), with Egs being the energy dissipated during one period of
oscillation and Eg being the energy stored [228]. The dissipation is
dimensionless with dissipation units (DU). One DU corresponds to the ratio
Eqi/(2nEs) being equal to 10°.

Prior to use, the QCM-D gold sensor was rinsed with 99.5% pure
ethanol and water, then dried under a flow of nitrogen gas, and placed in the
Harrick plasma cleaner, model PDC-32G, for 10 min at the highest plasma
intensity setting. For measurements the sensor was mounted into a QCM-D cell
module and a stable baseline, i.e., Af and AD response vs. time, was obtained in
water at a fixed flow rate of 100 pL/min. Except for enzyme adsorption, when
the flow was stopped, all further steps of the experiment were carried out using
the same flow rate. After the stabilisation of the baseline, PLL adsorption on
the surface of the QCM-D gold sensor was obtained by pumping 0.002% PLL
solution in water for 5 min. Next, the sensor was rinsed by pumping water for
10 min, which was sufficient to reach a new stable frequency and dissipation
reading. The same washing procedure was repeated after adsorption of ThLc
and AuNPs. Adsorption of the enzyme was achieved by filling the chamber
above the electrode with 0.7 mg ml™ ThLc in buffer solution (pH 4) and
keeping it over the surface for 15 min while mixing occasionally (switching on
pumping for a half minute each three minutes). AuUNP assembly was conducted

by passing the AuNP dispersion with different salt concentrations over the
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electrode surface for 30 - 90 min. The Af and AD values obtained after rinsing
with water were used for calculations of mass since after rinsing the bulk
density and viscosity remained the same as during the monitoring of the
baseline.

Adsorption of PLL on Augcm-p and the first layer of ThLc resulted in
relatively small Af and negligible AD. Thus, the adsorbed mass of PLL was
calculated using both Sauerbrey equation and Voigt modelling [229]. During
AUNP and the second ThLc layer adsorption measurements with QCM-D quite
large Af and AD were observed (Fig. 55). Even though the magnitude of
changes in D and f during the assembly of separate components of the PLL-
ThLc-AuNPs-ThLc structure (especially, for the AuNP adsorption step) was
quite different, the D/f ratio ranged from 0.001 (PLL) to 0.05 (ThLc and
AUNPs) revealing that the entire structure was rigid (Fig. S4). The mass of all
the PLL-ThLc-AuNPs-ThLc structure components could be evaluated using
Sauerbrey formula but, to obtain better estimates of the adsorbed mass of the
AuNP-enzyme layers, the Voigt viscoelastic model was fitted to the QCM-D
data as it is recommended for the structures having significant D and f changes
[230].

During the viscoelastic modelling the adsorbed layer density (or
thickness) and two viscoelastic parameters, i.e., shear viscosity and shear
modulus, were set as fitting parameters. The fluid density (p = 1 g/cm®), fluid
viscosity (u =1 g/ms), and thickness (or density) of adsorbed layer were set
constant. The modelling was performed with QTools software using the 3", 5",
and 7" overtones.

The mass of the enzyme layer on the PLL treated QCM-D sensor, i.e.,
ThLc in structure Augcm-po-PLL-ThLc, was calculated as a mass difference of
the total mass of PLL and ThLc (protein) layer minus the mass of PLL layer
measured before enzyme adsorption. The calculation of masses was done using
Voigt modelling.

In order to fit the data of the adsorbed AuNP and ThLc layers having

extremely different properties modelling was performed using a two-layer
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system, i.e., “layer 1” and “layer 2”. “Layer 1” corresponded to a structure
Augem-p-PLL-ThLc, and “layer 2” consisted of the AuNP layer in the structure
Augcm-p-PLL-ThLc-AuNPs. In order to evaluate the viscoelastic properties and
thickness of the PLL-ThLc layer (“layer 17), it was assumed that the density of
the adsorbed protein layer was 1.20 g/cm® [231]. All modelled “layer 17
parameters were set as constant parameters, then “layer 2” was included and
the properties of the AuNP layer were modelled. The thickness, i.e., the
diameter (22 nm) of AuNPs, was set as a constant parameter of the modelled
AuUNP layer. For the evaluation of the thickness of the enzymatic layer
adsorbed on AuNPs, similarly as in the previous modelling analysis, the fitted
viscoelastic properties and thickness of the PLL-ThLc-AuNP layer were used
for modelling as fixed parameters. Note that for the ,,background* modelling of
the adsorbed PLL-ThLc-AuNP layer the thickness was arbitrarily chosen and
was assumed to be a constant. However, as demonstrated by Larsson et al
[232], the adsorbed layer thickness primarily affects the density value of the
adsorbed layer and not the adsorbed mass, or shear modulus and shear
viscosity. Thereby, the fitted viscoelastic properties of the structure Augcm-p-
PLL-ThLc-AuNPs could be assumed as fixed parameters to estimate the
correct mass of AuNP bound layer of ThLc.

The best fit between the Voigt model and the experimental data for all
the overtones was obtained considering the minimum value of the error
function »° The mass (g cm?) was obtained after multiplying the modelled
values of density and thickness.

The experimental number of adsorbed AuNPs and ThLc molecules per
geometric area was estimated by dividing the sensed mass by the mass of one
AUNP or the mass of Lc molecule, respectively. The mass of one AuNP was
obtained by calculating the mass of a sphere with a diameter of 22 nm and
density of 19.3 g/cm®,

After each adsorption step, i.e., for QCM-D electrode structure denoted as
Augcm-p-PLL-ThLc, Augem-p-PLL-ThLc-AuNPs, and Augcwm-p-PLL-ThLc-

AuUNPs-ThLc, the electrode was assessed by linear sweep voltammetry (LSV)
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at 1 mV/s potential scan rate using compactstat from IVIUM (Eindhoven,
Netherlands). Ag/AgCI/3 M KCI inserted into the outlet of the QCM-D flow
cell served as a reference and a sputtered ring of platinum on the glass window
of the cell as a counter electrode, respectively. The volume above the sensor
was about 100 pl. LSVs were recorded under the flow (100 uL/min) of the
buffer solution in the QCM-D cell.

2.3.11. Evaluation of kinetic constants characterising bioelectrocatalytic
reduction of O; at laccase modified AuNPs
The Kinetic currents, ipgt and iyjo, given by Egs. 26-27 were described based on

the Kkinetic scheme presented in Fig. 54, i.e., adopting the approach elaborated
by Climent et al [233]. Following this work the maximal bioelectrocatalytic
current of oxygen reduction as well as current dependence on the applied

potential is described by the following equations:

rex = NFATK; _nFAF% (26)

_ KealO,]
7K, +[O]( 7)
i= o (28)

F k aF
1 E—E? } -5 [ E-E }
+9Xp[ ( Tl) + K, exp RT ( Tl)

These equations were fitted to the experimentally recorded current dependence
on the applied potential measured by LSV measurements (as exemplified by
Fig. 59). For the fitting Mathcad version 15.0 was used. The parameters used
for the fitting and the results are summarised in the text of chapter 3.4.3,,
Table 7.
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3. RESULTS AND DISCUSSION

3.1. Enzymatic polymerisation of polythiophene by immobilised
glucose oxidase
In this study a self-encapsulation of glucose oxidase (GOx) from Aspergillus

niger within polythiophene (PTP) layer was investigated. The
polymerisation of thiophene was initiated by hydrogen peroxide (H,O,)
produced in GOx catalysed glucose oxidation reaction. H,O, acted as an
oxidiser generating free radicals, which initiated the polymerisation reaction
(See chapter 1.2.3.2.). The influence of PTP layer on GOXx bioelectrocatalytic
activity and stability was determined by the evaluation of amperometric signal.
The formation of enzymatically induced formation of the PTP layer over GOx
modified graphite rod electrode (GRE) was confirmed by attenuated total
reflectance — Fourier transform infrared (ATR-FTIR) spectroscopy based
investigation.

3.1.1. Dependence of Kmpp,)and Imax values of GRE/GOx/PTP-modified electrodes
on the duration of PTP polymerisation

The GOx was immobilised on a GRE as described in chapter 2.3.8.2. and the
amperometric signal was registered gradually increasing glucose concentration
from 0.25 to 100 mM. This experiment was conducted in order to verify the
quality of the freshly prepared GRE/GOx-modified electrode, which was later
used for PTP polymerisation. Afterwards, the GRE/GOx-modified electrode
was rinsed with UHQ water and then immersed for a certain period of time into
the 50 mM A-PBS, pH 6.0, containing 200 mM of thiophene and 50 mM of
glucose (polymerisation solution). Lastly, the GRE/GOx/PTP-modified
electrode was washed with UHQ water and the current response to different
glucose concentrations in an electrochemical cell was measured. This route
was repeated at certain time intervals as long as completely vanishing anodic

currents were observed (Fig. 34a).
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Figure 34. (a) Amperometric glucose calibration curves obtained with GOx modified GRE
before (curve 1) and after immersing into the A-PBS, pH 6, containing 200 mM thiophene
and 50 mM glucose (polymerisation solution) at room temperature (curve 2-2h,3-16 h, 4 -
39 h,5-63 h, and 6 - 85 h). Amperometric measurements were performed at 300 mV vs.
Ag/AgCl/3 M KCI in A-PBS, pH 6.0, containing 2 mM of PMS, continuously stirring at

room temperature. Estimated Kpapp) (D) and Ina (c) values for glucose vs. duration of
incubation in polymerisation solution (curve 1) as well as in ,control solution I (curve 2) and
,control solution 1€ (curve 3) at room temperature

It was estimated that for GRE/GOx-modified electrode (before its
covering by PTP) lna was equal to 64.2+2.0 pA and Kpppy accordingly to
18.942.0 mM (Fig. 344, curve 1; Table 5). While after keeping this electrode in
polymerisation solution for 85 h, the values of I, and Ky changed to
21.1£12.1 pA and 714.0£38.2 mM (Fig. 34a, curve 6; Table 5), respectively.
Hence, after 85 h of polymerisation, the I, decreased three times, while the
Km@pp) Increased approximately 37 times when comparing to the values
determined for GRE/GOx-modified electrode. Due to these changes it is evident
that the GRE/GOx/PTP-modified electrode operated in diffusion-limited mode,
whereas GRE/GOx-modified electrode before its coverage with PTP layer

operated in Kinetic-limited mode. It is important to mention that the higher
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Kmpp) Value, thereby, extended linear concentration range for glucose detection
using GRE/GOx/PTP-modified electrodes might be advantageous for designing
glucose biosensors working in media with high glucose concentrations, e.g.,
food or beverage products.

Table 5. Kn@pp) and Inax Kinetic constants calculated for GRE/GOx/PTP-modified electrode

vs control electrodes | and Il incubated in "control solution I" and "control solution 11",
respectively.

Time (h) GOX/PTP electrode Control electrode | Control electrode |1
Kmn@pp)s  lmaxs HA Kin(app.)s Imax, LA Kin@ppy  lmaxs HA
mM mM mM
0 18.9+£2.0 64.2+£2.0 18.2+2.0 63.0£2.0 18.5£2.0 63.8+2.0
2 29.242.3 69.4+2.1 29.1£2.5 69.1+£1.8 18.9+£2.0 63.3+£2.2
16 125+13  57.8+4.7 57.8+4.1 45.8+1.3 21.5£2.0 66.6+2.2
39 379428  32.5+£2.3 86.0+6.6 18.3+0.7 38.7£7.5 62.8+5.5
63 412439  28.6+£6.8 97.1+4.1 10.2+0.22 21.9£3.6 54.2+£2.9
85 7144382 21.1+12.1 173+£23 9.69+0.81 252434 51.9+£2.5

In order to determine whether the significant increase in Kpgapp) Was
caused by a diffusional barrier formed by the polymer layer or because of some
other effects, e.g., GOx inactivation or detachment from the surface of an
electrode, etc., control measurements were performed. During the preparation
of control electrodes the same approach was applied as discussed before, the
only one difference was the composition of incubation solution. Two different
control solutions were prepared: one without thiophene and another one
without glucose. Any polymer layer was formed on the electrode surface in
both cases due to the absence of one of the components essential for the
polymerization reaction (Fig. 9).

For this purpose, the first control measurement was performed with the
GRE/GOx-modified electrode, which was incubated in ‘control solution I’ (A-
PBS, pH 6.0, containing glucose only) by the same time periods as it was done
in the case of polymerisation. It was found that before the electrode incubation
in ‘control solution I’ the estimated lna was 63.0£2.0 pA and Kyapp) Was
18.2+2.0 mM, and after 85 h of incubation the |, decreased approximately by
6.5 folds to 9.69+0.81 pnA, while the Ky pp) increased approximately by 9 folds
to 173.0£23.0 mM (Table 5; curve 2 in Figs. 34b and 34c). Kypp,) €valuated
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for the GRE/GOx-modified electrode after its incubation in ‘control solution I’
for 85 h was more than 5 times higher, while 1., was almost twice lower when
comparing to those parameters obtained with GRE/GOx-modified electrode
incubated for the same period of time in polymerisation solution
(GRE/GOx/PTP-modified electrode). Changes of both kinetic parameters of
the GRE/GOx/PTP-modified electrode clearly indicated that: (i) the deposited
PTP layer increased diffusional hindrances for GOx substrates (glucose and/or
PMS) and (ii) at the same time formation of PTP layer did not influence the
enzymatic activity of GOX, i.e., the estimated I, retained relatively high even
if the Kiyapp) Value decreased significantly; this was not in the case when GOXx-
modified electrode was incubated in ‘control solution I’. Whereas the
GRE/GOx-modified electrode after its incubation for 85 h in ‘control solution
I’ (A-PBS, pH 6.0, containing thiophene only) was characterised by the values
Of Imax and Kiyapp,) corresponding to 51.9+2.5 nA and 25.2+3.4 mM. During the
85 h period the value of I, decreased by 1.2 times, while the Kpp,) increased
by 1.3 times (Table 5; curve 3 in Figs. 34b and 34c). It is evident that there was
no significant increase of the Kypp,) during 85 h period, compared to that case
when the GOx was covered by the PTP layer. Therefore, the formed PTP layer

Is main factor that caused the changes of both considered kinetic parameters.

3.1.2. ATR-FTIR evaluation of PTP formed by GOx and H;0: induced
polymerisation
In order to evaluate PTP formed by GOXx induced polymerisation two samples

of PTP were investigated: (i) PTP enzymatically formed by GOx (Fig. 35,
spectra 1) and (ii) PTP chemically formed by H,0O, (Fig. 35, spectra 2) induced
polymerization. The obtained ATR-FTIR spectra of polymerized PTP were
comparable with IR spectra observed for chemically formed PTP [234] and
PTP derivatives [235, 236] evaluated by other authors. The spectra of not
polymerized thiophene treated in the same way as other two aliquots did not
show any features that are characteristic of the PTP and are present in the
ranges of 1400-1500 cm™ and 2600-2900 cm™ (Fig. 35, spectra 3). Moreover,
ATR-FTIR spectra of PTP formed by both GOx and H,0O, induced
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polymerisation seemed very similar, because in both cases the H,0, performed
the role of the initiator of polymerisation reaction. The only difference was
that, in the case of application of GOx, the H,O, was produced in enzymatic

reaction while in another case H,O, was directly added to polymerisation

W
W

3

solution.

Relative transmission

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber, cm™
Figure 35. ATR-FTIR spectra of: (1) polythiophene synthesised by GOXx induced

polymerisation; (2) PTP synthesised by H,O, induced polymerisation; (3) not polymerised
thiophene treated and lyophilised in the same way as samples 1 and 2.

3.1.3. Stability of GRE/GOx/PTP-modified electrodes
As presented in Table 5, the Kpgpp) value of GRE/GOx/PTP-modified

electrode increased tenfold after the incubation of GRE/GOx-modified
electrode in polymerisation solution for 16 h. Therefore, GRE/GOx-modified
electrodes modified with PTP layer by 20 h lasting polymerisation were chosen
for following stability measurements since it was a sufficient period of time to
form a thick enough polymer layer on the GRE/GOx-modified electrode
surface. The measurements of stability of GRE/GOx/PTP-modified electrode
generated current were performed within 624 h (Table 6; Fig. 36). Between
measurements the electrodes were stored at +4 °C in a closed vessel above a
drop of 50 mM A-PBS, pH 6.0.

The values of Kyapp) and I of GRE/GOx-modified electrode before
its modification by PTP were estimated to be 19.0+2.0 mM and 63.24+2.0 pA,
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respectively. While after the electrode incubation in polymerisation solution
for 20 h and the formation of PTP layer, the Kyagp) Value increased to 100£6.0
MM and |« decreased to 38.0+1.4 uA (Table 6). Afterwards, within 624 h the
Km@pp, Varied relatively insignificantly up to 1.3 times, while a consistent
decrease in I, Wwas observed, and at the end of the experiment it decreased
fourfold.

Table 6. Kyand I, constants calculated for GOx/PTP-modified electrode, ‘control electrode
I’ and ‘control electrode II” during stability measurements.

Time (h  GOx/PTP electrode Control electrode | Control electrode Il
Kmpp):  lmaxs LA Kin(app» Imax, LA Kinapp» Imax, LA
mM mM mM
-* 19+£2 63.2+2.0 18.8+£2.0 61+2.0 19.24£2.0 65£2.0
0** 100+6 38.0t1.4 13348 27.5+1.2 14.6+x1.5 46.5%+1.2
24 102+7 30.4+1.1 119+7 22.2+0.7 16.6+1.8 42.7+1.3
48 13112 29.2+1.7 115+6 17.8+0.6 13.8€1.5 43.6+1.2
96 132+7 22.7+0.9 129+5 15.1£0.4 14.2+1.7 43.7£1.4
168 141£10  23.6+1.1 14145 13.7+0.3 17.0£1.4 34.4+0.8
312 164+14  18.0+1.1 13943 13.7+0.2 20.7£1.5  29.5+0.7
432 138+8 15.5+0.6 166+6 15.8+0.4 27.8£1.7 32.3x0.7
624 12445 9.35+0.26 13245 9.61+0.23 25.6£2.4 24.6+0.8

*Freshly prepared GOXx electrodes.
** GOx electrodes after their incubation for 20 h in particular solution (polymerisation
solution or control solution I and I).

Control electrodes were prepared for stability experiments as well. For
the ‘control electrode I’, which before stability measurement was incubated in
‘control solution I’ for 20 h, the kinetic parameters were as follows: Kyapp)
=133.0£8.0 mM, |,x=27.5£1.0 pA. While at the end of stability experiment,
i.e., after 624 h period, the parameters changed accordingly to Kyapp)
=132.0£5.0 mM, |y =9.61£0.23 pA. The maximal generated current
decreased approximately by 3 times, therefore GOXx stability after incubation in

‘control solution I’ was not high (Curve 2 in Figs. 36b and 36c).
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Figure 36. (a) Glucose calibration curves vs. time obtained with the GOx/PTP maodified
GRE. The GRE/GOx electrode was covered by PTP layer while incubating into the A-PBS,
pH 6, containing 200 mM tiophene and 50 mM glucose (polymerisation solution) at room
temperature for 20 h. The numbers show time intervals between stability measurements
(curve1-0h,2-24h,3-48h,4-96h,5-168 h, 6 — 312 h, 7 — 432, 8 — 624 h) which
were performed at +300mV vs. Ag/AgCI/3M KCI in A-PBS, pH 6.0, containing 2 mM of

PMS, continuously stirring at room temperature. Calculated Kpyapp.) (b) and Ina, (€) values vs.
time for GRE/GOx electrodes before stability measurements incubated in polymerisation
solution (curve 1) as well as in ‘control solution I" (curve 2) and ‘control solution II" (curve
3), respectively, for 20 h at room temperature.

For the control electrode 11, i.e., GRE/GOx-modified electrode incubated in
‘control solution II’ for 20 h, the evaluated Kppp) and Ina corresponded to
14.6+1.5 mM and 46.5+1.2 pA, respectively, while after 624 h the parameters
changed t0 Kpapp) =25.6£2.4 MM, 17,,=24.6+0.8 pA. The generated current
decreased approximately by 2.15 times within 624 h (Table 6; curve 3 in Fig.
36b and 36b). The data show good stability of the control electrode Il. One of
the reasons for this exceptional stability might be the absence of glucose in the
‘control solution II’. Glucose is one of the best growth stimulating components
for bacteria; therefore, this solution very likely has the lowest risk to be
invaded by microorganisms. Furthermore, thiophene is an undesirable medium

component for many bacteria, which prevents their growth and further

101



increases the stability of the electrode after being immersed in that solution.
Moreover, in the presence of glucose the GOx was always in catalytic-action
and significant amount of H,O, was produced in incubation vessel; the H,0,
was forming free radicals, which in long term are highly likely to damage the
GOx and in this way to reduce their enzymatic activity [237]. However, if
thiophene is present in the same solution (polymerisation solution) then the
concentration of H,O, is reduced by involvement of this compound in

polymerisation reaction of thiophene

3.2 Evaluation of 1,10-phenanthroline derivatives as ET mediators
for anodic biocatalyst glucose oxidase

This study was focused on possible application of some 1,10-phenanthroline
derivatives (PDs) as partly insoluble EP mediators in the development of
glucose biosensors and EBFCs. Differently from some other studies, the PDs
that were not involved into structures of metal complexes were investigated.
Five PDs [1,10- phenanthroline monohydrate (PMH); 5-nitro-1,10-
phenanthroline (5NP); 5-amino-1,10-phenanthroline (5AP), 5-amino,6-nitro-
1,10-phenanthroline (5A6NP) and 5,6-diamino-1,10-phenanthroline (56DAP)]
were selected for this study (Table 3). These PDs as a ligand form were
investigated amperometrically and potentiometrically with respect to their

ability to act as EP mediators for GOx.

3.2.1. Amperometric studies
In this study the cross-linking method for the immobilisation of PDs/GOx on

the GRE surfaces has been chosen and the cross-linking was performed in the
vapor over the media of 5 % glutaraldehyde (Chapter 2.3.8.3). The effect of pH
is based on one of the several factors: (1) the effect of pH on electrocatalytic
properties of EP mediator, and (2) the effect of pH on the activity of enzyme.
During pH optimisation it was found that optimal pH for this system is around
pH 6.0. Thus, the redox behavior of GOx- and PDs/GOx-modified GREs at
different glucose concentrations were investigated amperometrically in A-PBS,
pH 6 (Fig. 37).
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Figure 37. Amperometric responses of GRE/GOx and GRE/PDs/GOx electrodes vs. glucose
concentration: (1) GRE/5AP/GOx, (2) GRE/56DAP/GOx, (3) GRE/SNP/GOx, (4)
GRE/SABNP/GOX, (5) GRE/PMH/GOX, and (6) GRE/GOX; differently modified GRE were

tested at +0.6V vs. Ag/AgCqs (197 mV vs. NHE) upon successive addition of glucose.

Well-defined amperometrical signals vs. increasing glucose concentration
were registered for the GRE/5AP/GOx, GRE/5S6DAP/GOx, and
GRE/SNP/GOx electrodes (Fig. 37, curves 1-3, correspondingly). While
5A6NF and PMH showed miserable ET-mediating properties (Fig. 37, curves
4 and 5, correspondingly), and amperometrical signals were similar to that
obtained with GRE/GOy electrode (Fig. 37, curve 6) in the same conditions.
The results of amperometrical measurements (Fig. 37, curves 1-3) illustrate
that some PDs could be applied as ET mediators to shuttle the electrons
between GOx and the GRE surface. The ET-mediating activity differs from
one derivative to another, and this effect relays on the presence of different
functional groups in the PDs structure. Achieving the DET from/to redox
enzymes, which contain the redox centre embedded deep within the shell is a
challenge [238]. To prove this fact GOx-modified GREs were prepared and

investigated amperometrically in the presence of different glucose
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concentrations. The current changes by GRE/GOx electrode were negligible
(Fig. 37, curve 6). The bare GRE surface is not involved in ET from redox
center of GOx. Thereby, electrode interfaces for GOx need to be modified by
establishing an efficient ET pathway. Particularly in this case the surface of
GRE is covered with a multi-layer of PDs molecules that are at some extent
soluble in water [239, 240]. Positive potential applied to the electrode (+0.6V
vs. Ag/AgCls) leads to the formation of interface containing high surface-
concentration of oxidised and/or semi-oxidised PD molecules. The PD
molecules are in close proximity with the conducting GRE surface. The redox-
mediating activity of 56DAP and 5AP is positively influenced by inductive
activity of -NH, (amino) groups, which increase electron density in the
aromatic structure of PMH. Higher redox-mediating activity was achieved in
the case of 5AP, which contains a single -NH, group, with the highest
probability that the second -NH, group adds a negative steric-effect to 56DAP.
Thus, 56DAP seems less sterically efficient when compared with SAP. Due to
increased electro-negativity, both 56DAP and 5AP seem relatively efficient for
re-oxidation of the FAD-cofactor, which is reduced during catalytic action of
GOx (Eg. 10). Significantly lower ET mediating activity was obtained with the
GRE/SNP/GOx electrode because nitro groups exhibit negative induction
effect and extract the electrons from the aromatic structure of PMH, which
makes such compound less attractive for reduced form of GOXx. Yet this effect
theoretically renders the compound more easily oxidisable on the surface of an
electrode. For this reason this compound shows relatively good redox-
mediating properties. The 5A6NP contains -NO, and -NH, groups in its
structure, these two groups exhibit very different induction effects: the -NH,
delivers electrons towards the aromatic structure of PMH and the -NO, extracts
electrons from the PMH. These two opposite induction effects at least partially
compensate each other. The electron density in an aromatic structure of 5SA6NP
is similar to that in PMH. The absence of clear oxidative or reductive potentials
makes these compounds electrochemically less active [241] and may be for
these reasons the 5A6NP-based electrodes (GRE/5SA6NP/GOx) were
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completely inactive as well as GRE/GOx electrodes. The results illustrate that
mediating characteristics of PDs mainly depend on electron accepting and/or

electron-donating properties of substituting ligands.

3.2.2. Potentiometric studies
In order to demonstrate applicability of PDs for the design of EBFCs, the

potentiometric measurements with PDs-modified GRE/GOx electrodes and
PDs non-modified GREs were performed. The dependence of potentiometrical

signal on glucose concentration is presented in corresponding plots (Fig. 38).
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Figure 38. Potentiometric response of differently modified GRE: (1) GRE/5AF/GOX, (2)
GRE/56DAP/GOX, (3) GRE/SNP/GOX, (4) GRE/SA6NP/GOX, (5) GRE/PMH/GOXx and (6)
GRE/GO¥, at open circuit upon successive addition of glucose.

The best potentiometric response was registered with 5AP-based electrode.
Slightly lower potentiometric response was monitored using the electrode
modified with 56DAF, and some potential differences were obtained using the
electrodes modified with 5SNP and 5A6NP. Due to significant current density
and ability to generate efficient potential, the electrodes based on 5AP and
56DAP could be applied in the development of GOx-based biosensors and/or
of anodes of EBFCs.
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3.3. Development and characterisation of glucose powered EBFCs
The whole chapter is focused on the development and studies of both MET

(Chapter 3.3.1.) and DET (Chapter 3.3.2.) based glucose powered EBFCs
including their separate electrode characterisation in order to evaluate the
limiting factors of an overall EBFC performance.

3.3.1. Mediated glucose-powered EBFC based on anode and cathode modified by
GOx

A single compartment EBFC based on an anode and a cathode powered by the
same fuel glucose was designed and studied. GOx from Aspergillus niger was
applied as a glucose consuming biocatalyst for both anode and cathode of the
EFC. The 5-amino-1,10-phenanthroline (5AP) modified graphite rod electrode
(GRE) with cross-linked GOx was used as the bioanode, and the GRE with co-
immobilised horseradish peroxidase (HRP) and GOx was exploited as the
biocathode of the EBFC (Fig. 39).
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H,0, GA2H  GlA«2H ¥ ‘H 0,
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5AP : 5-Amino-1,10-Phenanthroline  Glc: Glucose
GOx : Glucose oxidase GIA : Gluconic acid

IIRP : Horseradish peroxidase

Figure 39. Representation of the EBFC configuration based on the GRE/SAP/GOx anode
and GRE/HRP/GOx cathode.
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3.3.1.1. Individual electrode characterisation

The functionality of the GRE/5AP/GOx bioanode (Fig. 40a) and
GRE/HRP/GOx biocathode (Fig. 40b) were individually evaluated by means of
cyclic voltammetry (CV) in air saturated A-PBS with (solid black cycles) or
without 100 mM glucose (solid grey cycles). In the absence of glucose no
biocatalytic activity for both bioelectrodes was observed. When glucose was
added to the A-PBS, well defined bioelectrocatalytic currents were observed
for both the bioanode and biocathode. The bioanodic electrode was observed to
have the onset potential at around 0 V, while the biocathodic electrode at +0.5
V vs. Ag/AgCI/KClg,, respectively, which is comparable to the onset potential
of the HRP/GOx bienzyme system adsorbed on GRE additionally pre-treated

with carbon nanotubes and carbon microfibers [137].
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Figure 40. Cyclic voltammograms of differently modified electrodes performed in the
potential range of bioanode (A) and biocathode (B). Cyclic voltammograms were carried out
in quiescent A-PBS containing 100 mM KCI, pH 6.0, at ambient temperature (25 °C) with a
scan rate of 10 mV/s.

Significant attenuation of the GRE/HRP/GOx cathode generated
bioelectrocatalytic current was achieved under anaerobic conditions (Fig. 40D,
dotted cycle), since the lack of O, in the solution hampers the formation of
H,O, during glucose bioelectrocatalysis by GOx (Chapter 1.2.4.1., Eqg. 11).
Additionally, as a control study for the bioanodic electrode, CV measurements
were conducted in air saturated 100 mM glucose containing A-PBS using
GREs modified only with GOx or 5AP (Fig. 40a, dashed and dashed-dotted

cycles, respectively). No bioelectrocatalytic glucose oxidation current was
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observed on the GRE/GOx-modified electrode, confirming that the DET
between GOx and unmodified GRE (Fig. 40a, dashed cycle) cannot be
achieved as it was concluded in previous studies [242]. While testing the 5AP-
modified GRE, only significant peaks characterising the 5AP redox reactions
were registered (Fig. 40a, dashed-dotted cycle). The same testing experiments
were performed for the biocathode, using GREs modified either with HRP or
GOx (Fig. 40b, dashed-dotted-dotted and dashed cycles). Only relatively high
charging currents were observed at this potential range coinciding with that
ones on GRE/HRP/GOx-modified electrodes in the absence of glucose or in

the case if O, was removed.

3.1.1.2. Evaluation of the complete EBFC performance
The glucose EBFC was designed and characterised by combining the

GRE/S5AP/GOx based anode and GRE/HRP/GOx based cathode in a one
compartment. The schematic depiction of the prepared EBFC is presented in
Fig. 39.

The maximal registered open-circuit voltage of the EBFC exceeded 0.45
V at glucose concentration 16 mM or higher. Fig. 41a shows the dependence of
the cell voltage vs. the power (a) and current (b) densities of the designed
EBFC. In a quiescent A-PBS containing 16 mM glucose the maximum power
density was 3.5 W cm™ at 0.3 V of the cell voltage. With increasing glucose
concentration, the power output achieved its maximal value equal to 16.3 pW
cm™? at 150 mM glucose concentration (Fig. 41b). The previously reported
studies show that the major parameters of glucose powered EBFCs vary in a
broad range, e.g., the power output ranges from 2.8 uW cm™ [8] up to 1300
uW cm™ [5], and open-circuit voltage from 0.12 V [243] up to 0.95 V [5].
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Figure 41. (a) Typical dependence of power (a) and current (b) densities on an operating
voltage of the EBFC in quiescent A-PBS, pH 6, containing 16 mM glucose under aerobic

conditions. Linear sweep voltammograms were recorded with a potential scan rate of 0.1 mV
s'. (b) Dependence of power output on glucose concentration measured in

chronoamperometric mode at a potential corresponding to the potential of the EFC at its
maximal power density.

According to the maximal power generated by EBFC designed in this
research it can be concluded that some improvement is still needed because it
is in the range of 3.5 uW cm™. However, it should be noted that the generated
power strongly depends on the activity of applied enzymes and their
immobilisation efficiency. These issues were not optimised in this research,
therefore, there is still a lot of space for improvement of the EBFC
performance. The maximal voltage of the designed EBFC was in the range of
0.45 V, which is relatively good in comparison to some other research [138,
243-246].
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The stability of the OCV of the EBFC on 1st, 2nd, 3rd, 5th, and 11th days

was examined (Fig. 42a).
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Figure 42. (A) Stability of the open circuit voltage generated by the complete EBFC in A-
PBS containing 16 mM glucose (a); variation of the open circuit potentials within the time of
individual GRE/HRP/GOx (b) and GRE/HRP (c) biocathodes in A-PBS (pH 6.0, with 100
mM KCI) containing 16 mM of glucose and 0.25 mM of hydrogen peroxide, respectively. (B)
Time dependence of power output of the EFC submerged into 16 mM glucose containing A-
PBS. All stability experiments were performed in quiescent A-PBS (pH 6.0, 100 mM KClI),
under aerobic conditions.

Potentiometric stability tests of the complete EBFC showed that
approximately only 10 % of the OCV of the EBFC was lost within 11 days
(Fig. 42a, data a). The stability of open-circuit potential generated by
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GRE/HRP/GOx (Fig. 42a, data b) and GRE/HRP (Fig. 42a, data c) cathodes
was also examined. It was found that after 11 days the stability of the
GRE/HRP/GOx electrode decreased by 7% and the GRE/HRP electrode by
19%. The higher stability of the GRE/HRP/GOx cathode in comparison with
the GRE/HRP electrode could be associated with the additional GOx layer
surrounding HRP, which was deposited on the electrode surface. This layer
might decrease the chances of HRP molecules to diffuse away from the
electrode surface. Consequently, we can predict that the limited stability of the
EBFC was mostly influenced by the instability of HRP present in the
GRE/HRP/GOx-based cathode design. On the other hand, the GRE/HRP/GOx
cathode generated significantly higher open-circuit potential if compared to
that registered for GRE/Microperoxidase-8/GOx cathode [138, 245]. This
observation is in line with other research based on the evaluation of HRP/GOx
based cathodes [137].

Operational  stability of the EBFC was characterised in
chronoamperometric mode at a potential corresponding to the potential of the
BFC at its maximal power density. The half-life time of its power output was

estimated to be at least 5 h in 16 mM glucose containing A-PBS.

3.3.2. Mediator-less carbohydrate/0; EBFCs with improved CDH based bioanode
According to the previous studies developing CtCDH-MvBOXx based EBFCs it

can be concluded that the bioelectrocatalytic current generated by the
biocathode of the studied EBFCs was much higher compared to the current
demonstrated by the bioanode, thus, the bioanode being limiting electrode for
the EBFC performance in vitro. Moreover, the DET based coupling of CtCDH
was complicated and required modification of the AuNP surface with a SAM
consisted of two thiols followed by cross-linking with glutaraldehyde [8, 29].
Thereby, the main purpose of this study was to address the above mentioned
problems and challenges. Specifically, (i) to simplify the preparation of CDH
based bioanode, (ii) to improve the DET based performance of AuNP/CDH
bioanode, and (iii) finally, by combining the AUNP/MHP/CDH based bioanode
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and AuNP/MvBOXx based biocathode in one compartment, to desing a

membrane- and mediatorless carbohydrate/O, EBFC (Fig. 43).
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Figure 43. Schematic representation of the EBFC based on the Au/AuNP/MHP/CDH
bioanode and the Au/AuNP/BOx biocathode. The three-dimensional structure of BOx is a
model based on the structure of M. verrucaria BOx (PDB 3ABG). The schematic structure of
CDH is a model constructed from the structures of the dehydrogenase (PDB 1NAA) and
cytochrome (PDB 1D7C) domains of P. chrysosporium CDH. The proteins are shown as grey
ribbons and the carbohydrates are shown as grey sticks. The T1 copper site and the T2/T3
copper cluster of BOx are shown as blue spheres, the FAD in CDH as yellow spheres, and the
heme as red spheres, respectively.

3.3.2.1. Characterisation Au/AuNP/MHP/CDH bioanodes
HICDH or CtCDH were immobilised on 3D Au/AuNP electrodes and DET

based bioelectrocatalytic oxidation of two carbohydrates, viz., glucose and
lactose, was compared. To enable simple and improved DET based wiring of
CDH enzymes on an electrode, for the first time a positively charged thiol, N-
(6-mercapto) hexylpyridinium (MHP), was used. Before making appreciation
of the results it should be kept in mind that DET based bioelectrocatalysis
using CtCDH has been realised on several types of electrodes including bare

graphite [247], single-walled carbon nanotube modified graphite [248], thiol
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modified Au/AuNP electrodes [8, 29], etc. Recently published results have
indicated that CtCDH is one of the best enzymes for realising efficient DET
based bioelectrooxidation of carbohydrates [35]. In contrast, only negligible
DET based bioelectrocatalysis using HICDH was demonstrated at graphite and
thiol modified gold electrodes [101].

Bioelectrocatalytic oxidation of carbohydrates at CDH modified
electrodes was investigated by cyclic voltammetry (CV). Fig. 44 summarises
the data of CV measurements recorded using CtCDH (a, ¢) and HiCDH (b, d)
modified Au/AuNP/MHP electrodes in PBS solution with or without 5 mM

glucose (a, b) and 10 mM lactose (c, d), respectively.
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Figure 44. Cyclic voltammograms of (a, ¢) CtCDH and (b, d) HIiCDH modified
AU/AuNP/MHP electrodes. Conditions: (a, b) glucose; (c, d) lactose; (solid grey lines) air
saturated quiescent 50 mM PBS, pH 7.4, containing 100 mM KCI; (solid black lines) PBS

with carbohydrates; and (dashed black lines) PBS with carbohydrate and DCIP. Scan rate: 2
mV s™.

In the absence of carbohydrates the voltammograms (Fig. 44, grey solid
lines) were featureless and reflected relatively high charging current of the

electrodes. High charging current usually masks the current of electrochemical
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redox conversion of CDH bound heme cofactor, i.e., the non-turnover signals
[249]. When glucose or lactose was present in the buffer solutions, well-
defined bioelectrocatalytic oxidation currents (Fig. 44, dark solid lines) were
observed at the electrodes modified with either enzyme. As can be seen the
bioelectrochemical oxidation started at ca. 0.05V vs. NHE. This potential is
close to the formal potential of heme in CDH enzymes, e.g., in case of CtCDH
the formal potential of the heme is equal to 0.075 V [8]. The described features
of the voltammograms are in agreement with the current understanding of DET
based bioelectrocatalysis at CDH modified electrodes; carbohydrates are
oxidised by the FAD subunit of the CDH enzyme, then the electrons from the
FAD are transferred to the heme subunit, which finally delivers the electrons to
the electrode, as depicted in Fig. 43.

The results prove that the electrode modification with MHP is important
since no bioelectrooxidation of lactose was observed, if the enzyme was
immobilised directly on Au or Au/AuNP (Fig. 45). This observation is in
agreement with previous studies showing that proteins tend to denature or
adsorb in an unfavourable orientation for DET reactions at bare Au surfaces
[170]. It should be pointed out that direct electrochemical oxidation of
carbohydrates is possible at bare Au/AuNP, i.e. electrodes which neither
modified with the enzyme nor thiol. This was confirmed by a control study,
where lactose was efficiently electrooxidised on the Au/AuNP electrode at
0.32 V (Fig. 45). However, the adsorbed MHP or the CDH enzyme blocks the
electrocatalytic properties of AuNPs, which is in agreement with previous
studies [250].
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Figure 45. Dependence of current density on lactose concentration recorded using (m) an
unmodified Au/AuNP electrode, and Au/AuNP electrodes modified with (A) MHP, (e)
CtCDH or (o) HiCDH only. The chronoamperometric measurements were performed at
0.32 V vs. NHE, while stirring 50 mM PBS, pH 7.4, containing 0-5 mM lactose.

Experimental results presented in Fig. 44 prove that both CtCDH and
HiCDH can catalyse DET based bioelectrochemical oxidation of carbohydrates
at AU/AUNP/MHP electrodes. To compare CtCDH vs. HICDH modified
electrodes, DET based bioelectrooxidation of lactose and glucose have been
studied by chronoamperometry. Amperometric responses at different lactose
concentrations are presented in Figs. 46a and 46b. It can be concluded that
immobilised CtCDH demonstrated a maximal activity at 2 mM lactose which,
unfortunately, was inhibited at higher lactose concentrations (Fig. 46a). In
contrast, adsorbed HICDH reached close to a maximal activity at ca. 10 times
higher lactose concentration, i.e., 20 mM, with no inhibition at the
concentration up to 50 mM (Fig. 46b). The absence of the lactose inhibition of
HICDH is definitively an advantage for designing EBFC working in the media
with high lactose concentrations, e.g., milk or milk products containing up to
150 mM of the carbohydrate [251]. In the presence of 5 mM lactose both CDH
modified Au/AuNP/MHP electrodes generated similar current densities of

approximately 20 pA cm (Fig. 46a and 46b).
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Figure 46. Dependence of current density on (a, b) lactose or (c, d) glucose concentration
recorded using Au/AuNP/MHP electrode modified with (a, ¢) CtCDH or (b, d) HICDH. The
measurements were performed (o) with and (e) without 0.1 mM 2, 6-dichlorindophenol
sodium salt hydrate (DCIP) as a mediator under the same conditions as in Figure 45.

The obtained current densities are half of those previously reported for CtCDH
modified electrodes, where the enzyme was adsorbed on Au/AuNP electrodes
modified with the mixture of two-thiols and additionally cross-linked with
glutaraldehyde [8]. Nevertheless, the presented amperometric results show a
considerable improvement in preparation of CDH modified electrodes. This is
supported by the facts that (i) comparable bioelectrocatalytic currents can be
obtained by using a single thiol, i.e., MHP, for DET coupling of the CDH
enzymes and that (ii) the current at HICDH modified electrodes is not
decreased at high lactose concentrations.

Contrary to the above discussed differences (particularly inhibition effect) of
amperometric responses of CtCDH and HiCDH modified Au/AuNP/MHP
electrodes to different lactose concentrations, a very similar, monotonically

increasing response was observed for both electrodes while increasing glucose
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concentration (Figs. 46¢ and 46d). The electrodes were assessed at glucose
concentration in the range of 0-10 mM. The current density at 5 mM glucose
generated by the Au/AuNP/MHP/HICDH electrode was equal to 11 pA cm,
being higher than 7 pA cm™ obtained with Au/AuNP/MHP/CtCDH electrode.
The amperometric response of CtCDH modified electrode is comparable to
previously reported results [8], while the current generated by
AU/AuNP/MHP/HICDH electrodes is approximately 1.5 times higher. Higher
amperometric response of HICDH modified electrodes to glucose and the
absence of lactose inhibition point to the fact that HICDH might become an
important enzyme for the future development of EBFCs.

The efficiency of DET reactions between CDH and AuNP/MHP modified
Au electrodes was assessed by comparing the CV measurements recorded with
electrodes in carbohydrate solution in the absence and in the presence of
soluble redox mediator. Dichloroindophenol (DCIP) was used as a mediator
since it is stable in the presence of O, at pH lower than 7.5 [252]. As can be
seen from Fig. 44 (dashed lines) the bioelectrocatalytic current in the presence
of DCIP was higher, when both glucose and lactose were used as enzyme
substrates. The increased current of the electrodes in the presence of DCIP was
also registered by chronoamperometry (Fig. 46). The increase of the electrode
current in the presence of DCIP shows that additional improvement of DET
based wiring of CtCDH and HIiCDH is possible; it could be that a certain
population of the adsorbed CDH enzymes is not in DET contact with the Au
electrodes. Nevertheless, the results discussed above undoubtedly point to the
efficient DET coupling of HICDH to AuNPs. This provides a basis for making
HICDH modified electrodes which, in some cases, generate a higher current (in
glucose solution, at high concentration of lactose) than to date reported the best
CtCDH modified electrodes.

Additional measurements with rotating disk electrodes (RDES) revealed
that the observed current of the HICDH modified electrodes was almost
independent on the electrode rotation rate (Fig.47). This shows that the

bioelectrocatalysis was not limited by the diffusion of the carbohydrates to the
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electrode surface. Moreover, the bioelectrocatalytic current was almost
independent on the applied potential at higher than 0.1V over the formal
potential of heme in CDH. All these results indicate that the bioelectrocatalytic
process at CDH modified Au/AuNP/MHP electrodes was limited by the
enzyme kinetics at FAD subunit or intermolecular ET between the FAD and

the heme domains.
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Figure 47. Current densities obtained using Au/AuNP/MHP/HICDH modified RDE in air saturated
50 mM PBS (pH 7.4) containing (a) 5 mM glucose or (b) 10 mM lactose. LSV measurements were
performed (solid black lines) without and (dashed black lines) with rotation of 500 rpm in the presence
of carbohydrates, as well as (solid grey lines) without rotation in absence of carbohydrates using a scan
rate of 0.1 mV s™.

Keeping in mind the previously suggested mechanism of CDH function
[95] and the fact that DET based bioelectrocatalytic current decreases at lower
pH for HICDH modified electrodes (Fig.48) it could be concluded that
intramolecular ET (IET) between the FAD and the heme subunits of HICDH
most probably is a rate limiting step of the bioelectrocatalysis at
Au/AuNP/MHP/HICDH electrode.
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Figure 48. The pH dependencies of the current density of (a, b) Au/AuNP/MHP/HICDH
electrode registered at 0.32 V vs. NHE in air-saturated buffer solutions containing (e) 5 mM
glucose or (o) 10 mM lactose.

3.3.2.2. Characterisation of the Au/AuNP/MvBOXx biocathode
Biocathodes were prepared by adsorption of MvBOx on 3D Au/AuNP

electrodes (see Chapter 2.3.8.4.). Fig. 49 shows data from CV measurements
using AuNP modified cathodes under anaerobic and aerobic conditions. Well-
pronounced bioelectrocatalytic reduction of O, at Au/AuNP/MvBOXx electrodes
submerged into air saturated PBS, pH 7.4, was obtained (Fig. 49, black solid
line). The onset and half-wave potentials were 0.72 and 0.69 V vs. NHE,
respectively, coinciding with the redox potential of the T1 site of the enzyme
[253, 254]. Addition of 5 mM glucose or 10 mM lactose did not change the
biocathode performance (Fig. 49, black dotted and dashed lines). No current
was observed under anaerobic conditions at MvBOx modified electrodes
(Fig. 49, inset, black line) or in the presence of O, without MvBOXx
modification (Fig. 49, inset, grey line) of Au/AuNP electrodes. All these
experiments prove that observed electroreduction of O, was due to DET
between the T1 copper centre of MvBOXx and the electrode [114, 254], as
illustrated in Fig. 44.
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Figure 49. Cyclic voltammograms of Au/AuNP/MvBOX electrodes in 0.05 M PBS, pH 7.4.
Conditions: (solid line) air saturated quiescent 50 mM PBS, pH 7.4, containing 100 mM KClI,
(dotted line) 5 mM glucose containing PBS; and (dashed line) 10 mM lactose containing
PBS. Scan rate: 2 mV s™. Inset: control experiments with (grey line) Au/AuNP electrode in
air saturated PBS and with (black line) Au/AuNP/MvBOX electrode in N, saturated PBS.

Amperometric measurements employing rotating Au/AuNP/MvBOX
electrodes revealed that the observed bioelectrocatalytic current was limited by
O, diffusion to the electrode; the current considerably increased with the
increasing rotation velocity. The condition of electrode limitation by MvBOx
Kinetics was achieved at 1000 rpm generating the current density of 180 pA
cm?, which was five times higher than the current density registered without
rotation (Fig. 50).
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Figure 50. Current densities obtained using Au/AuNP/MvBOx modified RDEs in air
saturated 50 mM PBS, pH 7.4. LSVs were recorded with a potential scan rate of 0.1 mV s™.
The Au/AuNP/MvBOXx system was evaluated (solid black line) without rotation, (dashed
black line) at 500 rpm, (dotted black line) 1000 rpm and (dash-dotted black line) 1500 rpm.
The solid grey line represents the LSV of Au/AuNP/MvBOx modified RDE in N, saturated
PBS (O, removed by purified N, bubbling for 20 minutes).

Figs 51a and 51b show pH dependencies of bioelectrocatalytic currents
obtained using Au/AuNP/MvBOXx electrodes. The maximal currents were
obtained at pH 6.4.
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Figure 51. The pH dependencies of the current density of (c, d) Au/AuNP/MvBOX electrode
at 0.45 V vs. NHE in air saturated buffer solutions. Rotation speed was set to 1000 rpm in
order to eliminate possible diffusion limitations. Measurements were performed in air
saturated 50 mM citrate-phosphate (pH 3.4-5.4) and phosphate (pH 6.4-8.2) buffers
containing 100 mM KCI.
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To conclude, it can be stated that the bioelectrocatalytic reduction current
at MvBOx modified Au/AuNP electrodes was significantly higher than the
bioelectrocatalytic oxidation current generated at HICDH modified electrodes
(Figs. 47 and 50). It could be mentioned that biocathodes delivering current
densities up to 5 mA cm on 3D AuNP structures [14] and up to 10 mA cm™
on carbon materials [255] in saturated oxygen solutions have been reported
confirming that the biocathode is usually not the limiting electrode in the
performance of EBFC.
3.3.2.3. Evaluation of the complete EBFC performance
By combining the Au/AuNP/MHP/HICDH bioanode and Au/AuNP/MvBOXx
biocathode in one compartment, an EBFC operating in different biofuels, viz.,
lactose and glucose, was constructed (Fig. 52). The following parameters for
the complete EBFC were obtained in quiescent air saturated PBS, pH 7.4,
containing: (i) 5 mM glucose - open-circuit voltage (OCV) of 0.65+0.011 V
and the maximal power density of 4.77+1.34 uW cm™ at operating voltage of
0.50 V; or (ii)) 10 mM lactose - OCV of 0.67+0.006 V and the maximal power
density of 8.64+1.91 uW cm™ at operating voltage of 0.50 V (Fig. 52).
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Figure 52. Typical dependences of current and power densities on operating voltage of the
HiCDH-MvBOx based FCs in air saturated carbohydrate containing 50 mM PBS, pH 7.4.
Conditions: PBS containing (a and ¢) 10 mM lactose and (b and d) 5 mM glucose. LSVs were
recorded with a potential scan rate of 0.1 mV s™.
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Comparing with previously reported results, the present EBFC
configuration demonstrated the maximal power density approximately 1.5
times higher if compared to CtCDH-MvBOx based FC immobilised on
spectrographic pyrolytic graphite (SPG) [247] and AuNP electrodes [8]. The
improved power output was achieved for HICDH-MvBOXx based FC with
glucose as a biofuel, specifically, in PBS, pH 7.4, containing 5 mM glucose.
The open circuit voltage of the HICDH-MvBOXx based FC was practically the
same as those reported for CtCDH-MvBOXx based FCs, i.e., in the range of
0.62-0.68 V. However, much higher power densities can be achieved for those
EBFCs where enzymes of high biocatalytic activity, such PQQ-dependent
glucose dehydrogenase or glucose oxidase, are employed as anodic
biocatalysts. For example, PQQ glucose dehydrogenase (PQQ-GDH)/BOx
based EBFCs, when adsorbed at carbon nanotube modified gold electrodes in
20 mM glucose solution, pH 6.5, generated an OCV of 0.60 V and
demonstrated a power density up to 23 pW cm? [256]. Nevertheless, the
immobilisation procedure of PQQ-GDH bioanode is quite complicated, i.e.,
time- and reagent-consuming, as well as the enzyme lose approximately 50 %
of its bioelectrocatalytic activity when operating at pH 7.5 [256]. Very exciting
performance parameters were registered for GOx/laccase based EFC where the
enzymes were incorporated in carbon nanotube disks by mechanical
compression. The EFC delivered a power density up to 1.3 mW cm™ and an
OCV of 0.95 V in physiological conditions [5]. However, there is still an
ongoing debate whether the true DET mechanism is realised or the
bioelectrocatalytic current is observed due to naturally mediated glucose
oxidation by free FAD, which has diffused out from the active centres of some
partly denatured enzyme molecules. Moreover, an additional problem with
using GOx in implantable conditions is the fact that O, is the natural electron
acceptor, and the enzyme produces hydrogen peroxide in the presence of O,,
which is toxic, and hence requires additional modifications for their operation
in vivo, e.g., co-immobilisation of catalase, which makes the bioelectrode

design much more complicated.
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According to the maximal power generated by a EFC designed in this
research in glucose containing solutions it can be concluded that a weakness of
utilising CDH enzyme is the fact that glucose is not the natural substrate of the
enzyme. Thus, the catalytic efficiency is significantly lower compared to GOx
based biodevices. Thereby, there is still a lot of space for improvement of the
HICDH/MvBOx EFC performance by improving the kinetics at FAD subunit
or/fand intermolecular ET between the FAD and the heme domains of the
HICDH enzyme which might be done employing genetic engineering
manipulations.

With lactose as a biofuel (10 mM lactose in PBS), the HICDH-MvBOXx
based FC showed 1.7 times lower power output. Increased power density can
be achieved by using higher concentration of lactose since HICDH bioanode is
not inhibited by high lactose concentrations, while the inhibition of CtCDH
based bioanode already starts at 2 mM lactose concentration [8]. Keeping in
mind that milk and its products might contain up to 150 mM lactose the
HICDH-MvBOXx based FC might be advantageous in some real applications.

Operational stabilities of HICDH-MvBOx FCs were characterised by
half-life times of their power outputs (at 1 MQ external resistance load) of at
least 13 h and 44 h in glucose and lactose containing PBS, respectively. In the
non-loaded situation, i.e., when OCV was monitored, only a 20 % drop in
voltage of the biodevice was registered after 100 h in PBS containing 5 mM
glucose (Fig.53). In our previously published reports on CtCDH-MvBOX
based FCs in glucose containing solutions half-times of 6 h and 30 h are stated
[8, 247]. The 30 h half-time was achieved by crosslinking the bioanode
enzyme with glutaraldehyde. The BFC in the current work had a half-time of
13 h, indicating that the stability of the design could be further improved, e.g.,
by cross-linking of the adsorbed enzyme, which slows down gradual

desorption and deactivation of the surface bound enzyme molecules.
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Figure 53. Time dependent decrease (in %) of power outputs and open circuit voltages of the
HiCDH-MvBOXx based FCs in air saturated quiescent PBS, pH 7.4: (solid line) OCV of the
biodevice in 5 mM glucose containing PBS; (broken line) power output of the biodevice in
5 mM glucose containing PBS; and (dotted line) power output of the biodevice in 10 mM
lactose containing PBS.

3.4. Bioelectrocatalytic reduction of O: by laccase at AuNP
monolayers

Being aware that if designed properly, stable and high current density
providing 3D biocathodes might be assembled by using Lc and AuNP building
blocks, the DET studies of the Lc from Trametes hirsuta (ThLc) at AuNP-
modified surfaces have been performed to understand the limitations and
improvement possibilities of bioelectrocatalysis at the AUNP-ThLc assemblies.
For this purpose the following questions were addressed in this chapter: (i)
How many ThLc molecules adsorb at a single AuNP? (ii) What is an
approximate current magnitude of O, bioelectroreduction at a single AuNP
modified with ThLc? (iii) How do these characteristics correlate with the
density of AuNP monolayer? (iv) What is the rate of the limiting reaction
which defines oxygen bioelectroreduction at the AuUNP-ThLc structure
(Fig. 54)?

125



04 02 03 04 05 06 07
E/V (vs. Ag/AgCI)

Figure 54. The schematic representation of DET between a Lc molecule (green ribbons) and the AuNP
modified planar gold electrode. The T1 copper site and the T2/T3 copper cluster in Lc are presented as
blue dots. Red arrows represent the direction of ET and the reaction of oxygen reduction to water at the
applied potential below 0.65 V (vs. Ag/AgCI/3M KCI). The scheme represents a sketch summarising
the mechanism of bioelectroreduction of oxygen at the electrode as described by Egs. 32-36.

To quantify the total amount of the AuNPs attached to the surface of a
gold electrode (Augcm-p), assess the number of ThLc molecules absorbed on
the surface of AuNPs, as well as evaluate the bioelectroreduction of O, at
AUNP-ThLc layer, electrochemical methods combined with the quartz crystal
microbalance with dissipation (QCM-D) technique were employed. The
density of the monolayers of AuNPs was varied by changing the ionic strength
of AuNP dispersion.

The mass was monitored for surface structures obtained by the following
adsorption sequence: Augcm-p-PLL (PLL adsorbed on the QCM-D sensor
surface), Augcm-o-PLL-ThLc (PLL adsorption was followed by ThLc
adsorption ), Augcm-p-PLL-ThLc-AuNPs (AuNPs were adsorbed on PLL-ThLc
treated QCM-D sensor surface), and Augcm-p-PLL-ThLc-AuNPs-ThLc (ThLc
was adsorbed on surface modified by PLL-ThLc-AuNPs). We should mention
that notations of surface structures, e.g., Augcm-p-PLL-ThLc-AuNPs-ThLc,
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reflect rather the sequence of the surface modification than the real layer

structure, which is much less ordered (Fig. 55).
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Figure 55. The dependence of change in frequency (Af) and dissipation (AD) vs. time during the
adsorption of poly-L-lysine (PLL), laccase (Lc), gold nanoparticles (AuNPs) and laccase (Lc) on the
surface of QCM-D gold sensor. The data are recorded by QCM-D instrument when AuNPs assembly
was carried at 20 mM NaCl. Time intervals when appropriate compound solution was pumped through
the QCM-D gold sensor are indicated by PLL, ThLc, AuNP, and ThLc. In between these intervals the
sensor was washed with water or/and buffer as specified in the text below.

It was experimentally found that AuNPs did not adsorb on the ThLc modified
planar Augcm-p electrode if the modification with PLL was omitted. These
experiments revealed that AUNP assembly is due to the AuNP interaction with
PLL layer. The PLL-AuNP interaction was also negligibly affected by the
ThLc layer adsorbed on Augcm-p-PLL surface structure since there was no
noticeable difference in the amount of adsorbed AuNPs on Augcm-p-PLL and
Augcm-o-PLL-ThLc surface. This indicates that the majority of ThLc molecules
adsorb on PLL non-covered planar Augcm.p sensor surface. Due to the
importance of PLL for the assembly of the AUNP-ThLc layer, PLL adsorption

Is discussed as well.

3.4.1. Adsorption of PLL
The measurement of PLL adsorption onto a gold coated quartz crystal by

QCM-D showed very small changes in f and hardly any observable variation in

D. The average ratio of AD/Af at 3" overtone was equal to 0.001, which
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indicated the formation of a very rigid PLL film [257], justifying the Sauerbrey
formula based calculation of the adsorbed mass [229]. The adsorbed PLL
mass, calculated using the Sauerbrey formula was 93422 ng cm?
(0.84+0.2 pmol cm™ assuming that with the molecular weight of 70-150 kDa
has an average MW of 110 kDa). This amount is less than ellipsometrically
determined surface concentrations (120-400ng cm?) of a monolayer of
average size proteins on gold [258], or PLL on methacrylate (400 ng cm™), and
on polyvinylchloride (170 ng cm™) surfaces [259]. It could be stated that the
dry mass of the adsorbed PLL practically must be less than 100 ng cm™, if we
take into account that the mass measured by QCM-D also accounts for 50-80%
of water coupled to the layer [260]. A low surface concentration and very small
AD/Af ratio indicate that PLL molecules adsorb in a flat, rod-like
conformation. Such a PLL structure in the film can be explained by a strong
PLL interaction with the gold surface and high electrostatic repulsion between
the positively charged lysine monomers in PLL, particularly because PLL was

adsorbed from water.

3.4.2. Sequential adsorption of Lc, AuNPs, and Lc
After the PLL layer was adsorbed on Augcwm-p sensor and rinsed with water the

ThLc solution was pumped through the QCM-D flow cell. QCM-D
measurements revealed that ThLc adsorbed on top of PLL and probably
directly on the PLL unoccupied gold surface. The surface concentration of the
enzyme calculated using the Voigt model was equal to 3.5+0.8 pmol cm™
which was much higher than the concentration of adsorbed PLL (0.8+0.2 pmol
cm?, see chapter 3.5.1.). Higher adsorption of the enzyme is reasonable
because ThLc is a globular protein compared to the coil-shaped PLL. ThLc is
slightly net positively charged (pl = 4.2) at pH 4 (in the adsorption conditions).
Though the electrostatic PLL-ThLc interaction might not be expected at this
pH, locally, it still might take place between negatively charged areas of the
protein and PLL, especially, at higher ionic strength. The concentration of

adsorbed ThLc is comparable to the surface concentration (~2.6 pmol cm) of
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BSA (a globular protein of similar MW) on gold surfaces as previously
measured by ellipsometry [258].

After the Augcm.p sensor surface was pre-treated with PLL and ThLc,
the layer of AuNPs was assembled on the sensor surface. The adsorption
sequence is denoted by abbreviation Augcm-p-PLL-ThLc-AuNPs. Experimental
conditions were chosen to assemble the AuNP layer with NP packing density
lower than monolayer, i.e., diluted monolayer. This was done by adsorbing
AuNPs from NP dispersion with the same NP concentration, but with a
different NaCl concentration. Our experiments showed (Fig. 56) that the
degree of monolayer coverage, 6 (Eq. 29), depended on the NaCl concentration
present in the AuNP dispersion. @ is defined as the ratio of experimentally
determined surface concentration of NPs, C,, to their surface concentration
maximally possible by hexagonal packing, C,ma. FOr 22 nm diameter AuNPs

Camax IS estimated to be equal to 0.396 pmol cm.

0= C, (29)
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Figure 56. The degree of monolayer coverage (6) by 22 nm diameter AuNPs: (a)
experimental and (b) theoretical &dependencies vs. the product of the Debye screening length
(™) and NP radius (ryp). =1 corresponds to complete 2D hexagonal packing. Theoretical
dependence (b) is calculated for random sequential adsorption model, Eg. 30. A values are
presented in Table S1, supplementary materials. Arrows mark the concentration of NaCl in
AUNP dispersion used during AuUNP assembly.
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It is hard to believe that the adsorption sequence PLL-ThLc-AuNPs
results into an idealised layered structure as can be interpreted from the
abbreviation Augcm-p-PLL-ThLc-AuNPs. However, the appraisal of the
Augem-p-PLL-ThLc-AuNP  surface structure is very important for later
interpretation of bioelectrocatalysis down to a single AuNP level. This is why
we analysed the dependence of 8 on the concentration of NaCl (Fig. 56) in the
light of idealised AuNP adsorption model which considers electrostatic
repulsion between the AuNPs as the major factors determining surface density
of NPs [206]. It should be noted that more comprehensive theoretical models,
additionally accounting for van der Waals inter-particle interactions [261] or
double layer effect of planar surface [209], were not used in the rationalisation
of our data because the evaluation of these interactions is beyond the scope of
this study.

The dependence @ vs. dimensionless multiple of xryp shown in Fig. 56
can be modelled by Eq. 30 (Fig. 56, curve b), where ryp is a geometric (“hard”)
radius of NPs and « is a reciprocal of Debye length (Eq. 31).

2 2 2
0= gjam(rN_PJ = gjam(rNP—'KJ - gjam(m—PlJ (30)
Mp eff e K+4 e +A4-K

2,2
o 2F°z'c, (31)
\} & RT

F and R denote Faraday and Molar gas constants, respectively; z; and c;
denote the valency and the concentration of electrolyte ions; ¢ and & denote
the dielectric constant of the solution and vacuum, respectively; and T stands
for absolute temperature.

In Eq. 30 &, is a jamming limit of @ for a random sequential adsorption
of NPs experimentally determined to be equal to 0.547, i.e., 8, = 0.547 [206].
Effective (“soft”) radius, rypes, OF nanoparticles (Eq. 30) accounts for the
repulsive forces between the NPs resulting into a diluted NP monolayer
coverage, i.e., for < @,y In case of electrostatic repulsion of NPs the

effective radius can be estimated as a multiple of Debye screening length, ™
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(Eq. 30). Parameter A, to the highest degree, accounts for the effect of
electrical surface potential of NPs on & [262]. However, A depends also on «
and ryp [209] and obviously includes all interactions that are included into
theoretical modelling of inter-particle interaction potential at the interface.
Kooij [212], however, demonstrated that accounting only for particle-particle
electrostatic repulsion satisfactory describes & for diluted NP monolayer.
Following mathematical formalism justified by Kooij [212] A values were
calculated to increase from A =1.05 (at 0.1 mM NacCl) to 4 =1.68 (at 20 mM
NaCl) for 22 nm diameter NPs (ryr =11 nm) with the surface potential of
0.05 V. Mathematical formulas used in the calculation are summarised in the
supplementary materials including full set of A values. By substituting these A
values in Eg. 30 a theoretical #vs. x ryp dependence is drawn in Fig. 56 (curve
b).

From Fig. 56 it can be seen that AUNP assembly from dispersion dialyzed
against water (concentration of NaCl is 0mM) results in a surface
concentration corresponding to 6= 0.33. Increasing NaCl concentration in
AUNP dispersion up to 20 mM obviously diminishes the repulsion between
AuNPs allowing higher AuNP packing density on the surface. A nearly
complete, i.e., #=0.8, AUNP monolayer coverage was reached using the
AuUNP dispersion containing 10 mM NaCl. While in the presence of 20 mM
NaCl the estimated surface coverage approached 8= 1 (Fig. 56). It should be
noted that AuNP dispersion containing 20 mM NaCl was not stable for longer
than 30 min and hence the onset of multilayer formation might be expected. In
SEM images it can also be seen that the surface coverage was increased with
ionic strength to almost full coverage already at 10 mM as presented in Fig.
57b. Imaging was conducted on the same quartz crystal sensor as used in the
QCM-D experiments. It is important to note that after each finished QCM-D
experiment the sensors were rinsed with UHQ water for 20 min before they
were removed from the QCM-D module and dried with N,. Then they were

glued and prepared for the SEM experiments.
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From Fig. 56 it can be seen that the theoretical dependence of & on the
dimensionless product xry (Fig. 56, curve b) describes the experimental
points rather poorly. This indicates that the model of random sequential
adsorption with jamming of NPs does not explain AuNP adsorption on the PLL
treated surface. The model of random adsorption with jamming of NPs seems
to suit relatively well for the surfaces modified with the compounds of small
molecular weight, e.qg., silanes [209, 212] or thiols [263].

(@) (b)

i) ZE1ss) e ZE1ss)
H WO= 80mm Proto No, = 672 Time 14:48:17 H WO= 80mm Photo No, = 674 Time :1450.:56

s ZE1ss)
H WO = 80mm Photo No, = 676 Time :16:1266

Figure 57. SEM images of monolayers of AuNPs adsorbed on Au/ PLL/Lc (a) from 0 mM
NaCl, (b) from 10 mM NacCl and (c) from 20 mM NaCl solution. An additional layer of Lc is
adsorbed on the AuNPs deposited on PLL. However, this does not affect the packing density
during the adsorption of AuNPs but might rather affect the resolution of the SEM image.

However, it does not explain AuNP adsorption on PLL modified

surfaces. Similar conclusion was drawn in an earlier study of ferritin
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adsorption on PLL modified polystyrene [206]. The authors found more than
monolayer coverage of ferritin on the PLL treated surface. Taking into account
previously published results and our data presented in Fig. 56 we can assume
that certain parts of long PLL molecules probably detach from the planar gold
surface and wrap AuNPs. This phenomenon is highly likely to enable the
higher surface density of AuNP as it is allowed by random sequential
adsorption model. Pointing that PLL can wrap AuNPs becomes important
when the explanation of bioelectrocatalysis per single AuUNP modified with
ThLc is discussed below.

Assembly of bioelectrocatalytic multi-component system was completed
by adsorbing the second layer of ThLc. The final structure is denoted as
Augcm-p-PLL-ThLc-AuNPs-ThLc. The surface concentration of the last ThiLc
layer was dependent on the coverage of AuNPs. Specifically, the estimated
surface concentrations were 9+1, 8.9+1.9, 9.9+1.6, 14+4, and 24+5 pmol/cm2
(geometric sensor area, i.e., Augcm-p) at AUNP coverage @ of 0.33, 0.35, 0.49,
0.81, and 1, respectively. It can be noted that adsorption of ThLc bound on the
AUNP surface (at AUNP @ of 1) was approximately 7 times higher if compared
to the first ThLc layer adsorbed on Augcm-p-PLL surface (3.5+0.8 pmol cm®).
It is important to emphasize that a part of the mass accounted for ThLc can
come from the mass of coupled water sensed by QCM-D. A typical part of
coupled water for different proteins can vary from 30% to 90% [264]. We have
neglected the mass of coupled water (taken as 0%) when assessing the number
of ThLc molecules adsorbed per single AuNP (Fig.58). From Fig. 58,
especially at 4> 0.4, it can be concluded that experimentally found number of
ThLc molecules adsorbed per single AuNP is close to the theoretical estimate
of 44 laccase molecules per 22 nm diameter NP. Reasonably, this number is
practically independent on AuNP monolayer coverage. The theoretical ThlLc
number per AuNP was calculated assuming that each ThLc molecule (PDB

database: 3FPX) occupies a 6.4x5.4 nm? rectangle.
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Figure 58. The number of ThLc molecules r(ThLc) adsorbed per one AuNP at a different
AUNP monolayer coverage. The solid line shows 44 theoretically expected ThLc molecules
per one AuNP.

3.4.3. Evaluation of Kinetic constants of bioelectrocatalytic reduction of O at Lc
modified AuNPs

DET characteristics of ThLc enzyme at AuNPs were investigated by running
LSVs after each modification step of Augcwm.p electrode. Fig. 59 shows LSVs
recorded for the case of the AuNP layer with =1, i.e., the electrode which

generated the highest current of bioelectrocatalytic oxygen reduction.
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Figure 59. LSVs obtained using the Augcwm-p electrode modified with the PLL-ThLc-AuNP-
ThLc biocatalytic structure. The assembly of AUNP was made from 20 mM NaCl (resulting &

= 1). Potential scan rate: 1 mV s™; flow rate: 100 uL min™; 50 mM citrate - phosphate buffer,
pH 4.0.
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From Fig. 59 it can be seen that decreasing the applied potential causes
the increase of the reduction current starting at approximately 0.65 V and
reaching the maximum at 0.40 V. It is well established that the current is due to
the bioelectrocatalytic reduction of oxygen at the ThLc-AuNP modified
electrode [183]. Inhibition of laccase by NaF (Fig. 59, dotted curve) entirely
diminishes the current. Practically, no bioelectrocatalytic current was observed,
if the electrode had been modified only by ThLc (structure Augcm-p-PLL-
ThLc, Fig. 59, grey curve) or AuNPs (structure Augcm-p-PLL-ThLc-AuNPs,
Fig. 59, solid curve). The bioelectroreduction current was higher at a higher
AUNP monolayer coverage (Fig. 60) as expected due to a higher amount of

AUNPs modified with ThLc molecules at the electrode.

(a)

jl (pAlcm?)
A

Figure 60. The dependence of bioelectroreduction of oxygen on AuNP monolayer coverage
(6): (a) current density per geometric electrode area (Augcwm-p); (b) the absolute current at a
single AuNP. The values of the bioelectrocatalytic current are taken at E = 0.4 V vs. Ag/AgCl
using the data of LSV experiments (See Fig. 59 for = 1). The geometric electrode area was
0.785 cm®. Current per NP was evaluated dividing the measured current density by the AUNP
number at cm? estimated by QCM-D measurements

Dividing current density (Fig. 60a) by a known amount of AuNPs at the

electrode, the bioelectroreduction current at a single AuNP was calculated
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(Fig. 60b) which reached the maximum of 31-10™ A. Surprisingly, the current
per AUNP modified with ThLc molecules depended on the NP density, or &, on
the electrode surface. To explain this dependence (Fig. 60b) we considered
three limiting steps of bioelectrocatalysis, which determine the
bioelectrocatalytic current, i, at the electrode:

1 1 1 1

TET— o+t

| IDET Iloio Imt (32)

where ipgT, ibio, and iy, are electrode current which is limited by DET between

the ThLc and AuNP, catalytic activity of ThLc, and mass transfer of oxygen,
respectively. The limitation of the electrode current by the diffusion of oxygen
(i) can be easily excluded from the consideration as experimentally
increasing the rate of solution flow at the electrode has not increased the
electrode current. The kinetic currents, iper and iy, Were described based on
the Kkinetic scheme presented in Fig. 54, i.e., adopting the approach elaborated
by Climent et al [233]. The equations defining the currents are provided below
and the final formulas used for fitting the experimental results are presented in

the supplementary information.

iDEr = FAr[kl(l_ P1) - kzpl)]

(33)
=k opl-a - (E~E%)] (34)
K, =k, oP[L-a) - (E~EX)] (35)
Iy, = NFATK, = nFAFM (36)

Ky +[0,]
In Egs. 33-36 F is Faraday constant, A is a geometric area of the electrode, 7”is
surface concentration of AuNP-bound ThLc molecules, k; and k, are potential
dependent DET rate constants defined by the Butler-Volmer formalism
(Egs. 34 and 35). P1 represents a fraction of NP-bound ThLc molecules with
the reduced, Cu(l), T1 copper centre. kg is the standard heterogeneous ET rate

constant, R is the gas constant, T is temperature, E is applied potential, E?; is
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the formal redox potential of the T1 copper centre, « is the transfer coefficient.

n=4 is a number of electrons of the reaction (see Fig.54), k_ Is a

cat
homogeneous catalytic rate constant (turnover) of the enzyme, [O,] is oxygen
concentration (substrate) at the electrode surface and K, is a Michaelis-Menten
constant.

Fitting the experimental bioelectrocatalytic currents obtained at the
electrodes characterised by different & of AuNPs (e.g., Fig. 59 for 6= 1) to the
Egs. 33-36 k. and ko constants were assessed. The calculation results are
presented in Table 7.

Table 7. Kinetic constants, k., and ko, characterising bioelectrocatalytic reduction of O, at
electrodes modified with ThLc and AuNPs. The constants were calculated using Eqgs. 33-36.
Parameters = 0.5; K;, =100 uM; and [O;] =250 uM were fixed. Columns summarise the
following: [NaCl] - sodium chloride concentration in water during the assembly of AuNPs, &
- degree of monolayer coverage by AuNPs, 7" - surface concentration of ThLc on AuNPs,

Er," - the formal potential of the T1 copper site estimated by fitting procedure
(supplementary materials).

[NaCl], 0 I pmol/lcm®  Keat, ™ ko, s~ Er" vs.
mM Ag/AgCl, vV
0 0.33 2.37 1.40 0.38 0.63
1 0.35 1.4 141 0.39 0.64
5 0.49 0.99 2.75 0.55 0.66
10 0.81 0.89 9.10 4.2 0.66
20 1 0.91 13.0 6.1 0.66

As can be seen from Table 7, k., and ky increase by approximately 10 and 16
times when @ increases from 0.33 to 1. This apparently means that the enzyme
becomes more active at higher & as well as DET coupling improves
considerably when the AuNP density on the surface increases. The dependence
of the constants on @ cannot be explained considering that ThLc-AuNP
interaction remains the same at a different AuNP density on the electrode
surface. For reasoning the dependence of the constants on &, we can put
forward several hypotheses. The first, yet hardly probable, is that an unknown

impurity occupies the surface of AuNPs, when NP density on the surface is
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low. The second hypothesis is that PLL probably partly lifts from the planar
Augem-p surface and wraps up the surface of AuNPs impairing proper
orientation of ThLc on AuNPs. PLL acts as an “impurity” limiting the DET
coupling between the enzyme and AuNP as well as the amount of ThLc in
DET contact, though similar ThLc amount adsorbs per AuNP at different &
(Fig. 58). This explanation is also in line with the observation of much higher
AUNP coverage than jamming limit, which is practically possible if PLL partly
wraps AuNPs bound at the planar Augcm-p-PLL surface. As can be seen from
Table 1 the maximal values of k. =13 s and ky=6.1s™ were obtained in
conditions when AuNP assembly was carried out from the NP dispersion
containing 20 mM NaCl (€= 1). The constants can probably be underestimated
since the mass of coupled water measured by QCM-D cannot be excluded from
the determined mass of the ThLc layer. If we accept that about 50% of the
mass in the ThLc layer comes from the coupled water, then the estimated K.q
could be twice as high. Nevertheless, comparing this to the ke (190 s™) known
from the homogeneous activity assays, it can be concluded that DET coupling
of ThLc to AuNP by simple adsorption still could be improved. To deeper
understand DET of laccases at AUNPs we continue with the measurements of

the dependence of oxygen bioelectrocatalysis on the size (radius) of AuNPs.

3.5. Evaluation of physicochemical properties of mono-and multi-
layers of AuNPs

In the studies described in this chapter the assembly of mono (2D)- and multi
(3D)-layers of AuNPs formed on a planar gold surface was performed using
layer-by-layer (LbL) deposition method. Negatively charged citrate-coated
AUNPs of an average diameter of 22 nm were (inter)linked on the surface via
positively charged high- or low- molecular weight (inter)linkers, i.e., poly-L-
lysine (PLL) or 1-(6- mercaptohexyl) pyridinium (MHP), respectively.
Additionaly, AuNP adsorption on PLL-ThLc bi-layer, used to attach AuNP
monolayer on a gold electrode for the studies carried out in chapter 3.4., is

mainly discussed in the context of rheological properties. Physicochemical
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characteristics, such as a surface concentration and structural properties, of
resulting AuNP structures, were evaluated using raw data obtained from QCM-
D measurements while adsorbing AuNPs from dispersions of different ionic
strength and, thus, varying the surface coverage of AuNPs. The use of AuNPs
as building elements in 3D structures provides an advantage of being a well-
defined object to obtain direct rheological information about the linker-NP
interface, since the size AuNP is known, and they have a spherical form which

Is not expected to deform upon adsorption.

3.5.1. MHP and PLL adsorption
The adsorption of two different compounds, i.e., a small MHP compound of

low MW assembling to a SAM and a long linear PLL macromolecule of high
MW forming a homogenous film with flexible chains, was used to attach
AUNP on a planar gold surface or interlink AuNP layers into 3D structure. The
characterisation of these structures is briefly discussed. Their adsorption
features are compared with the adsorption characterictics of PLL-ThLc bi-layer
previously used for the formation 2D AuNP structure (Chapter 3.4.) which is
consisted of long flexible PLL molecules and globular ThLc proteins. Some
ThLc molecules (or most of them) are suspected to attach directly to a gold
surface unoccupied by PLL.

The normalised frequency change (Af) and the energy dissipation change
(4D) associated with the adsorption of MHP (0.1 mM solution), PLL (0.002 wt
% solution) and ThLc (0.7 mg ml™) was recorded at 7 overtones and analysed
in order to determine the mass of the adsorbed films. The adsorption process
was rapid for all investigated compounds, though slightly faster for MHP
molecules.

The finite Af for MHP, PLL, and PLL-ThLc bi-layer (ThLc adsorbed on
PLL), after rinsing of losely attached molecules, were following: -2.5+0.9 Hz, -
1.1+0.4, and -12.8+3.8 Hz, respectively. Considering the small dissipation
change (< 0.2-10° per 5 MHz for MHP and PLL, and ~ 0.6-10°® per 5 MHz for
PLL-ThLc) for all pre-adsorbed films the adsorbed masses presented in Table 8
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were calculated according to the Sauerbrey equation (using the values of MW
presented above). The estimated area occupied by an adsorbed MHP molecule
(Table 8) can be compared to the area captured by an alkane chain of diameter
of 0.45 nm [265] occupying an area of 0.15 nm? in a SAM [266]. Comparing
with the values presented in other studies of alkanes, the area (0.68 nm?)
occupied by a MHP molecule is reasonable since the presence of a charged
pyridine ring destabilised the layer yielding a less ordered non-crystalline
SAM. From ellipsometry measurements the dry mass and thickness of MHP
was estimated to be 120 ng cm™ and 1.5 + 0.1 nm, respectively, as reported
elsewhere [267]. The calculated density of 0.80 g cm™ is in the range of 0.75-
1.050 g cm typical for oils. PLL and ThLc occupy a much larger space as
expected since the molecules are larger. For the ThLc the occupied area is in
good agreement what is expected for the molecule dimensions (53x76x129 A):
http://www.rcsb.org/pdb/explore/explore.do?structureld=3PXL).

Table 8. The mass and calculated area per molecule as measured with QCM-D for monolayer
of MHP, PLL and ThLc adsorbed on Au. ThLc is adsorbed on a pre-adsorbed layer of PLL,

however, the presented mass and area is solely for ThLc. The mass of the adsorbed films are
mean values of at least 3 separate experiments.

Mass (ng cm?)

nm’ per molecule

Density (g cm™)

MHP 47.8+0.2 0.68 0.8
PLL 18.8+6.3 972 -
Thlc 226.7+66.5 51.3 -

3.5.2. Self-assembly of AuNP monolayers
Analysis of AD/Af-plots reveals the information about structural changes of an

adsorbed layer since during adsorption time independent correlation between
AD and Af is studied. In a typical homogeneous film the AD is expected to
linearly increase with the thickness/mass, i.e., with grow of the absolute value

of Af.

140


http://www.rcsb.org/pdb/explore/explore.do?structureId=3PXL

BSM (mucin type I-S from bovine submaxillary gland, BSM, prod. No.
3895, Sigma) adsorption on Augcm-p sensor was carried out from a 100 mM
acetate buffer, pH 7, and the overtones for n= 3, 5, and 7 are presented. Typical
BSM adsorption shows a linearity of increasing dissipation with decreasing Af
and overlapping overtones that is typical for homogenous film in absence of
structural changes during adsorption.The adsorption pattern of AuNPs on
MHP, PLL, and PLL-ThLc pretreated Augcwm-p in the presence of 1 mM of
NaCl was pretty similar in all the cases demonstrating the decrease in slope of

AD with increasing mass load (decrease in Af).
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Figure 61. AD/Af-plots for the adsorption of a model protein BSM forming homogeneous
layer (a), AuNPs on MHP (b), AuNPs on PLL (c), and AuNPs on PLL-Lac (d) in the
presence of 1 or 10 mM of NaCl.

This tendency indicates the limitation of AuNP movement at the NP-
surface interface as the number of particles adsorbed per surface area
increased. At higher ionic strength, i.e., in the presence of 10 mM NacCl, the

AD/ Af-plots for the adsorption of AuNPs on PLL shows a trend of increasing
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slope with decreasing frequency meaning that the system becomes more
dissipative as the mass increases. This might be an effect of the flexibility of
the PLL chain that gives the AuNPs a higher rate of movement in the AuNP-
PLL interface. The increase was not seen at 10 mM for PLL-ThLc and might
be absent due to interaction between PLL-ThLc that limits the flexibility of the
PLL chain.

In order to further characterise the structure of the adsorbed film the
behaviour of f and D changes as AD/Af vs Af plots can be analysed while as L-
b-L deposition is monitored in order to elucidate information about the
uniformity of the film. In Figure 62 the adsorption of AuNPs is illustrated and

compared to that of BSM and how it is affected with regard to the structure of

a linker.
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Figure 62. AD/Af vs. Af - plots for the adsorption of a model protein BSM forming
homogeneous layer (a), AuNPs on MHP (b), AuNPs on PLL (c), and AuNPs on PLL-Lac (d)
in the presence of 1 or 10 mM of NaCl.

In homogenous film the AD/Af ratio is expected to increase, or be
constant, with decreasing Af, i.e., with increasing mass as illustrated for BSM.
However, the ratio for the adsorption of AuUNPs on MHP, PLL and PLL-ThLc
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shows a different trend. At low ionic strength a distinct decrease in AD/Af with
increasing Af demonstrates a build-up of heterogeneous layer. At higher ionic
strengths the influence of closer packing and higher surface coverage was
believed to transform the QCM-D response from heterogeneous to
homogenous signal. However, only a negligible tendency to reach a constant
AD/ Af change vs Af was observed for AUNP adsorption on PLL and PLL-ThLc.
The plots presented in Fig. 62 can be used to estimate surface concentration of
NPs by so called model independent analysis [REF]. Full explanation of this
calculation is beyond the scope of this thesis. However, the preliminary results
(Table 2) are included in this thesis for comparison with a surface confined NP
mass calculated by Sauerbrey equation and Voight model.

Table 9. Total mass of AuNPs adsorbed on MHP, PLL, and PLL-ThLc at different ionic
strengths calculated with the Sauerbrey equation, the Voigt model and model-independent
analysis (MIA). In MIA mass determination all data point or just a linear part of AD/Af vs. Af

was used for making linear regression and intercept (on Af axis) calculation. Masses in MIA
is calculated as the average of liner regression from three overtones (n= 3, 5, and 7).

NaCl | Sauerbrey Voigt Difference MIA MIA
(mM) | (mgm? | (mgm? | Sauerbrey | (mg/m? | linear
vs. Voigt (mg m?)
(%)

MHP-AuUNPs 0 43.0 49.7 135 98.8 98.8

1 43.9 48.9 10.2 98.3 98.3

5 64.4 68.2 5.6 109.1 111.5

10 104.2 106.3 2.0 120.8 97.8

20 98.2 103.2 4.8 164.8 107.6

PLL-AuNP 0 45.3 52.7 14.0 74.5 74.5

1 70.9 86.4 17.9 104.4 94.2

10 138.6 155.2 10.7 259.0 104.6

PLL-ThLc- 0 95.0 102.0 6.9 145.7 116.4

AUNPs

1 70.1 76.5 8.4 125.7 121.7

5 142.4 150.0 5.1 227.4 131.9

10 210.1 222.3 55 493.8 205.3

20 284.1 303.2 6.3 1034.2 289.1

PLL- 20 42.8 52.7 18.8 - -
AuNPs+ThLc

As can be seen, Table 9, the adsorption of AUNPs on MHP and PLL three
trends are revealed: (1) the Af intercept increase with ionic strength, (2) the

AD/ Af values were in the same range when adsorbed on both MHP and PLL
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and (3) the Af intercept was larger for AUNPs adsorbed on PLL than on MHP.
In a previous study it was shown that the AD/Af ratio decreases with particle
size [218] and stiffness of the particle-surface linker[217]. Putting that in
context of the observations made in Fig. 62 the following conclusions can be
made for the adsorption of AuNPs on MHP and PLL: (1) the electrostatic
attraction between the MHP-AUNP/PLL-AUNP is decreased with increased
ionic strength giving the particle more freedom to slip on the surface hence the
higher dissipation, (2) the attractive electrostatic interactions between MHP
and AuNPs are stronger or more specific than those between PLL and AuNPs
since the intercept is smaller indicating a stiffer interaction in the particle-

surface interface.

Additionally, comparing the masses obtained with the Sauerbrey equation
and the Voigt model an increase in mass with increasing ionic strength is
observed for all pre-adsorbents. However the trend is more pronounced for
AuUNPs adsorbing on MHP and PLL than on PLL-ThLc. The mass difference
between Sauerbrey and Voigt mass is decreasing with increasing ionic strength
for AuNPs adsorbed on both MHP and PLL whereas when adsorbed on PLL-
ThLc no distinct difference is observed. When AuNPs adsorb on PLL-ThLc the
formed film is likely to be more homogenous already from the beginning than
for MHP-AUNP and PLL-AuUNP, since the underestimation of the mass using
the Sauerbrey equation is similar at all ionic strengths. This might suggest that
adsorption of an interlayer of smaller globular molecules fills up the interspace
between the particles and thus work as a steric barrier for interparticle
interaction. This observation is important in explaining bioelectrochemical

reactions in multilayer systems as discussed below.

3.5.3. Self-assembly of AuNP multilayers

In Fig. 63 AD/Af vs. Af plots for the L-b-L assembly of AuNPs from the
dispersion of AuNPs containing 1 and 10 mM of NaCl, respectively, using
MHP (a) and PLL (b) as an (inter)linker at 1 and 10 mM is presented. It can be

seen that varying changes of the AD/Af ratio with increasing layer number was
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observed in the presence of 1 and 10 mM of NacCl, respectively. The observed
results indicate that the behaviour of the AuNP multilayers changes from
heterogeneous, i.e., from a discrete adsorbed film to behave more as a
homogenous film. This means that the analysis of the adsorbed film can be
conducted in different ways. For the first layer the mass of the adsorbed
entities and, thereby, the surface coverage can be calculated using the
Sauerbrey equation. With increasing ionic strength and layer number that is,
when the 2" linker-AuNP layer is deposited, the Voigt model can be used to

calculate mass and viscoelastic properties of the adsorbed multilayer film.
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Figure 63. AD/Af vs.Af plots for the adsorption of multilayers of AuNPs on MHP (a) and
PLL (b) pretreated electrode in the presence 1 and 10 mM mM of NaCl.

3.6. Biolectrocatalytic reduction of O: by laccase differently
incorporated into AuNP multilayers
In the last part of the research two different approaches of the assembly of

AuUNPs and TaLc enzymes into multilayer (3D) bionanostructures were studied
seeking to prepare optimally functioning bioelectrocatalytic AuNP-Talc
structures; specifically, to attain the bioelectroreduction of O, in the entire
volume of 3D electrodes. For this purpose, the incorporation of TaLc into 3D
(4 layers) AuNP nanostructures was done by: making a (Fig. 64a) 3D AuNP
nanostructure first, and then loading this structure with the TalLc, or (Fig. 64b)
assembling AuNP-TaLc conjugates into a 3D nanobiostructure. The multilayer
assembly was performed using the AuNPs of an average size of 20 nm by L-b-

L method (Chapter 1.6.3.) while utilising PLL as an (inter)linker.
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Figure 64. Two approaches of AUNP and TalLc assembly into 3D AuNP-TalLc
bionanostructures.

Additionally, the bioelectroreduction of O, was investigated when TalLc
was adsorbed on a monolayer (2D structure) of AuNPs in order to compare the

bioelectroreduction of O, in 2D and 3D format.

More effective AuNP assembly and, at the same, the significant O,
bioelectroreduction was observed for the 3D AuNP-TaLc nanostructure which
was build using the AuNP dispersion free of the enzyme (Figs. 65a, 66a).
When comparing the quantity of AuNPs adsorbed on the surface in each
particular case, it can be summarised that in the case of Lc-free AuNP
multilayer formation, the surface concentration of AuNP multilayer was three
times as high as the one prepared using AuNP-Lc conjugates. The surface
concentration of TaLc adsorbed on the PLL/AuUNP structure was twice higher
when comparing with the quantity of TaLc deposited on the PLL/AuNP-TalLc

bionanostructure.
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Figure 65. Monitoring of adsorption kinetic of the 3D nanostructures consisted of PLL,
AUNP, and TalLac. The assembly of AuNP or AuNP-TaLc was made from 20 mM NaCl
solution. The mixture of AuNPs and TalLc was prepared 15 min before the QCM-D
experiment.

A very negligible and potential-dependent bioelectrocatalytic current for
the electrode prepared using AuNP-TaLc conjugates shows that 3D structure
assembled from AuNP-enzyme building elements hampers the DET of TalLc

adsorbed on top of the structure.
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Figure 66. TaLc assisted bioelectrocatalytic reduction of oxygen in differently prepared 3D
AUNP structures. The assembly of AuNP or AuNP-TalLc was made from 20 mM NaCl
solution. Potential scan rate: 1 mV s™; flow rate: 100 pL min™; 50 mM citrate-phosphate
buffer, pH 4.0.

It is important to emphasise the fact that, when TaLc was adsorbed on top
of the PLL/Lc free-AuNP multilayer, PLL interlayers did not affect the
conductivity of the AuNP nanostructure since in this case a very high

bioelectrocatalytic current was registered. The current was approximately 5
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times higher comparing with the one obtained when TalLc was adsorbed on
AuUNP monolayer (Fig 67).
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Figure 67. LSVs obtained with AuQCM-D electrode modified with the PLL-ThLc-
AuNP(monolayer)-ThLc bionanostructure. The assembly of AuNP was made from 20 mM
NaCl. Potential scan rate: 1 mV s™; flow rate: 100 pL min™; 50 mM citrate - phosphate
buffer, pH 4.0.

Nevertheless, comparing the quantity of TalLc incorporated into the 2D
and 3D AuNP structures it can be concluded that no significant penetration of
TalLc was observed when the attempt was made to impregnate 3D AuNP
structure with the enzyme. Nevertheless, the 3D PLL/AuNP nanostructure is an
advantageous scaffold for the DET based coupling of TaLc enzyme, though it
does not allow the TalLc molecules effectively penetrate into the entire
structure.

To explain poor assembly of AuNP-TaLc conjugates into 3D structures
zeta potential of AuNP-TaLc was measured and was found to be
approximately -20 mV. This value is almost the same as for not modified
AuNPs and, thus, should have been sufficient for electrostatically driven 3D
assembly of AuNP- TaLc/PLL structure. Poor assembly, however, could be
prevented if TaLc molecules on AuNP impose steric hindrance for AUNP and
PLL interaction. This steric hindrance is probably the reason for poor assembly
and bioelectrochemical performance of the structure made from AUuNPs

modified with Lac molecules.
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CONCLUSIONS
1. GOx enabled the enzymatic polymerisation of polythiophene (PTP) via

its catalytic cycle during glucose oxidation. PTP coated GOx enzyme
demonstrated improved stability characteristics;

2. The best ET mediators for GOx enzyme have been found the PDs
containing amino groups: 5-amino-1,10-phenanthroline (5AP) and 5,6-
diamino-1,10-phenanthroline. While 5-amino,6-nitro-1,10-
phenanthroline and [1,10-phenanthroline monohydrate showed
miserable redox-mediating properties;

3. BAP compound cross-linked with GOx enzyme on a graphite rod
electrode (GRE) was employed as an anode while GRE with co-
immobilised horseradish peroxidase (HRP) and GOx was exploited as a
cathode in order to design a glucose powered EBFC;

4. A positively charged bi-functional  thiol,  N-(6-mercapto)
hexylpyridinium (MHP), enabled DET based coupling of CDH enzymes
from Corynascus thermophilus (CtCDH) and Humicola insolens
(HICDH) to the AuNP surface. HICDH enzyme, demonstrating the
resistance to substrate inhibition by lactose, was employed as an anodic
biocatalyst in the designing of a mediatorless carbohydrate (glucose or
lactose)/O, EBFC. The biocathode of the EBFC was based on bilirubin
oxidase from Myrothecium verrucaria directly immobilised on the
surface of AuNPs. This EBFC configuration is advantageous for the
designing EBFC working in the media with high lactose concentrations,
e.g., milk or milk products;

5. When separate electrodes of the designed EBFCs were studied, it was
estimated that the anodes were the limiting electrodes of the
performance of both mediated and direct ET based EBFCs;

6. Assembling the monolayers of AuNPs with different degree a AuNP-
monolayer coverage, ¢ ranged from 0.33 to 1. In every case of & close to
theoretically possible 44 ThLc molecules adsorbed at 22 nm diameter

AuNP. The maximum current reached at a single AuNP was 31-107° A

149



which corresponds to the enzyme turnover (K.y) 13 s . This rate is
lower than the homogeneous ThLc turnover (190 s %) suggesting partial
denaturation of ThLc upon adsorption or that some ThLc are not in DET
contact with the electrode;

. Measurements of energy dissipation at AuNP monolayer (2D) and
multilayer (3D) structures showed that viscoelastic properties of entire
layer changes during the adsorption of NPs, i.e., the viscoelastic
properties change with growing of the 2D or 3D AuNP structure. This
was compared with the adsorption of mucin, which gives a surface
confind protein layer of constant viscoelasticity during the entire growth
of the protein film;

. PLL/AuUNP based multilayer (four layers) is a highly conductive
nanostructure suitable for DET based immobilisation of Lc enzyme,
though it does not allow the ThLc molecules effectively penetrate into

the entire structure.
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SUPPLEMENTARY INFORMATION

1. Synthesis and Characterization of N-(6-mercapto)hexylpyridinium
(MHP)

MHP was synthesized as shown in Supplementary Figure S1.

+
q NH,CSNH, NH, ¢

1 -
[\-‘_ A Cl{N_
GAArg —— o g AN :,>
3

NaOH or NaHCO; Ar

Supplementary Figure S1. Synthesis scheme of N-(6-mercapto)hexylpyridinium (MHP)
chloride (compound 3).

1.1. General procedures

Acetonitrile (HPLC grade) was purchased from Sigma Aldrich. Chloroform,
1,6-dichlorohexane, pyridine, 2-propanol, thiourea, and NaOH were obtained
from Across Organics. Ethyl ether and acetone was purchased from Spolchim.
Millipore purified water (18.2 MQ cm) was used through the work. *H and *C
NMR spectra were recorded in CDCl; DMSO-dg and CD3;OD on Bruker
Avance III 400 NMR spectrometer (8 in ppm, J in Hz) at 'H operating
frequencies of 400.13 MHz and 100.61 MHz for *3C; spectra were referenced
using the solvent or TMS signal as internal standard. Elemental analyses were

carried out on a Perkin-Elmer 2400-B microanalyser.

1.2. Synthesis of 2-(6-chlorohexyl)isothiouronium chloride (compound 1)

93 g (0.6 M) of 1,6-dichlorohexane and 11.4 g (0.15 M) of thiourea were added
to the 1 L of 2-propanole and the mixture was boiled for ~20 h. After that the
reaction mixture was cooled and the formed crystals were collected by
filtration. Then the solvent and excess of 1,6-dichlorohexane was distilled off;
the residue was infused with 200 mL of acetone and boiled. After cooling the
formed crystal was filtered off and after re-crystallisation from dry acetonitrile,
compound 1 was collected as white solid (29 g, 71%). Mp. 98-100°C; ‘H
NMR (CD;OD): 1.46-1.51 (4H, m, CICH,CH,CH,CH,), 1.68-1.82 (4H, m,
CICH,CH,CH,CH,CH,), 3.16 (2H, t, J 7.16, SCH,), 3.56 (2H, t, J 6.34,
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CICH,). ™C (DMSO-dg): 25.01 (SCH,), 27.35 (SCH,CH,), 28.97
(CICH,CH,CH,), 29.52 (SCH,CH,CH,), 31.94 (CICH,CH,), 45.33 (CICH,).
Elemental analyses (%). Found: C, 81.25; H, 7.25; CI, 30.57; N, 12.05; S,
13.75. Calc. for C;H3CI,N,S (231.19): C, 81.39; H, 7.19; CI, 30.67; N, 12.12;
S, 13.87.

1.3. Synthesis of 6-chlorohexane-1-thiol (compound 2)

23.1 g (100 mM) of compound 1 was dissolved in 150 mL of water. Under the
protection of argon at room temperature, a solution of 4.4 g (110 mM) of
NaOH in 100 mL of water was added dropwise to the reaction mixture during
an hour. Then the reaction mixture was stirred for another 8-10 h at 60 °C. The
reaction mixture was cooled down to room temperature, acidified with HCI to
pH ~ 7, and the product was extracted with chloroform (3x100 mL), washed
with water to neutral pH and dried over anhydrous MgSO,. After that the
solvent was distilled in argon atmosphere the product was distilled in vacuum
to give compound 1 as colorless liquid (10 g, 65%). Bp. 82—83°C/5 mm, np?°
1.4842); *H NMR (CDCl;, TMS): 1.29 (1H, t, J 7.75, SH), 1.36-1.42 (4H, m,
HSCH,CH,CH,CH,), 1.57 (2H, g, J 7.30, SCH,CH,), 1.73 (2H, q, J 7.53,
CICH,CH,), 2.44-2.51 (2H, td, HSCH,), 3.48 (2H, t, J 6.60, CICH,). **C
(CDCIy): 24.40 (CICH,CH,CH,), 26.23 (SCH,CH,CH,), 27.48 (SCH,CH,),
32.35 (SCH,), 33.67 (CICH,CH,), 44.89 (CICH,). Elemental analyses (%).
Found: C, 47.11; H, 8.67; CI, 23.17; S, 21.15. Calc. for C¢H3CIS (152.69): C,
47.20; H, 8.58; CI, 23.22; S, 21.00.

1.4. Synthesis of N-(6-mercapto)hexylpyridinium chloride (compound 3)

The mixture of 3.95 g (50 mM) of dry pyridine and 1.53 g (10 mM) of
compound 2 at argon atmosphere was refluxed (115 °C) 20 min under the
assistance of microwave irradiation (450W). The excess of pyridine was
distilled off in vacuum at the argon atmosphere. The residue was re-
crystallized from dry acetonitrile and dry ethyl ether 1:10 and compound 3 was
collected as white solid (8 g, 80%). Mp. 115-116°C; *H NMR (CDCl3, TMS):
1.42 (1H, t, J 7.89, SH), 1.30-1.51 (4H, m, HSCH,CH,CH,CH,), 1.59 (2H, q,
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J 6.88, SCH,CH,), 2.09 (2H, q, J 7.46, N*CH,CH,), 2.47-2.54 (2H, td,
HSCH,), 5.08 (2H, t, J 7.75, NCH,), 8.13-8.18 (2H, m, Py-3,5), 8.49-8.54
(2H, m, Py-4), 9.71-9.73 (2H, m, Py-2,6). “C (CDCly): 24.40
(NCH,CH,CH,), 25.40 (SCH,CH,CH,), 27.51 (SCH,CH,), 31.94 (SCH,),
33.38 (NCH,CH,), 61.72 (NCH,), 128.37 (Py-3,5), 144.85 (Py-2,6), 145.39
(Py-4). Elemental analyses (%). Found: C, 56.79; H, 7.92; CI, 15.12; N, 5.87;
S, 13.90. Calc. for C1;H15CINS (231.79): C, 57.00; H, 7.83; Cl, 15.30; N, 6.04;
S, 13.83.

2. Evaluation of the QCM-D electrode working area by cyclic
voltammetry
The working area of the QCM-D gold electrode has been measured by cyclic

voltammetry (CV). Electrochemical QCM-D cell was filled with 40 uM of
ferricyanide solution in 50 mM phosphate buffer (pH 4.0) containing 0.1
M Na,SO, (adjusted by citric acid). CVs were run at 5 and 10 mV/s sweep rate
of applied potential. The examples of CVs are presented in Fig. S2. Working
area of the electrode was calculated by using Randles-Sevcik equation. The
experimentally obtained value for the electrode area was 0.84+0.06 cm?,
presented as a mean value + standard deviation of four measurements. The
experimentally obtained area of the electrode is very close to its geometric area
of 0.785 cm?.

5 mVis

— 10 mVis
2 4
L

0 0.3 0.4 0.5
-2 E/V (vs. Ag/AgCl)
-4 4
6

Supplementary Figure S2. Cyclic voltammograms of ferricyanide recorded with QCM-D
gold electrode in QCM-D electrochemical cell at 5 and 10 mV/s sweep rate of applied
potential. The QCM-D electrode was modified with monolayer of AuNPs assembled from
10 mM NacCl solution (for modification details see the main text of the article). Concentration
of ferricyanide was 40 uM in 50 mM phosphate buffer (pH 4.0) containing 0.1 M Na,SO,.
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3. Surface concentration of nanoparticles: parameter A
Using Egs. 19-22 1 and @ values were calculated numerically at condition

where U,," = kT, taking surface potential of NPs equal to y;, = -0.05 V and ryp
= 11'10° m. The values are summarised in Table S1 and presented in Fig. S3
as A and @vs. k ryp.

Supplementary Table S1. Debye screening length (™), xrwe, A, and @ values calculated at
experimentally relevant concentration of NaCl in AuNP dispersion. NP diameter is 22 nm

(rve = 1110° m) and surface potential was assumed to be equal to -0.05 V (yp = -0.05V).
Calculations are based on Egs. S1-S5.

C, M k1 nm ae K Py 0
0,0001 30,58 0,36 1,05 0,036
0,001 9,67 1,14 1,37 0,113
0,005 4,33 2,54 1,56 0,210
0,01 3,06 3,60 1,63 0,259
0,02 2,16 5,09 1,68 0,309
0,04 1,53 7,19 1,72 0,356
0,08 1,08 10,17 1,76 0,398
0,16 0,76 14,39 1,78 0,433
0,32 0,54 20,34 1,78 0,463
1.8 r— 05
1.6 4 0.4 4
0.3 4
~< 1.4 4 >
0.2
1.2
0.1 4
01 1 10 100 01 1 10 100
K-lyo K-Iyp

Supplementary Figure S3. Theoretical dependence of A and &vs. xryp constructed
from data summarised in Table S1.

From Table S1 and Fig. S3 it can be concluded that parameter A varies less than two
times in the chosen concentration range of NaCl in solution. It is interesting to

compare (TableS1) that at the same conditions Debye screening length,
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dimensionless product xryp, and even & show much stronger dependence on NaCl

concentration in NP dispersion.

4. Af-AD plot for the PLL-ThLc-AuNPs-ThLc film

0.06

0.05 -

0.04 4

0.03 -

AD 1(10°®)
AD / AF

0.02

0.01 -

0 L L) L)
0 -500 -1000 -1500 -2000 0 50 100 150 200

Af I Hz t/ min
Supplementary Figure S4. (a) The Af-AD plot for the PLL-ThLc-AuNPs-ThLc film
when AuNP assembly was carried at 20 mM NaCl. The behaviour of the 3", 5" and
7" harmonics is shown; (b) the AD/Af ratio of the 3™ overtone during the adsorption
of the entire structure. To avoid a bulk effect of the buffer on the experimental data,

AfIAD changes during washing steps are not shown.
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