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“Most people say that it is the intellect
which makes a great scientist.

They are wrong: it is character.’

A. Einstein

To Whom warmly believed and supported Me...
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POPULAR ABSTRACT

Il lavoro svolto durante 1 tre anni di dottorato ¢ stato indirizzato verso lo
sviluppo di nuovi metodi di sintesi ed elettrosintesi di nanomateriali metallici o
carboniosi per il miglioramento del trasferimento elettronico diretto tra 1’enzima e
I’elettrodo. Questo miglioramento si traduce in un notevole incremento della sensibilita,
stabilita e selettivita dei biosensori sviluppati nonché della potenza generata da una pila
enzimatica a biocombustibile, (Biofuel Cell).

La prima parte della tesi riguarda lo studio e I’ottimizzazione del trasferimento
elettronico diretto della cellobiosio deidrogenasi (CDH), un enzima appartenente alle
flavoemeossidoreduttasi, costituito da due subunita dotate rispettivamente di cofattore
FAD (subunita I) e heme b (subunita II). In questa parte abbiamo sintetizzato
nanoparticelle di oro e di argento con un nuovo metodo “green”, che impiega come
agente riducente la quercetina, un noto flavonoide presente in numerosi alimenti e
bevande (es. te, capperi, mirtilli, etc.). La reazione ¢ stata condotta a temperatura
ambiente e a pressione atmosferica senza ulteriore purificazione in quanto la quercetina
¢ nota avere un comportamento stabilizzante delle sospensioni colloidali. Le suddette
nanoparticelle sono state impiegate nella costruzione di biosensori per la
determinazione del lattosio e di una pila a biocombustibile glucosio/ossigeno.
Successivamente, abbiamo sviluppato un nuovo metodo per 1’elettrodeposizione di
nanoparticelle di oro in modo da ottenere una superficie nanostrutturata ordinata che ha
portato allo sviluppo di un biosensore per la determinazione del glucosio nella saliva.

La seconda parte della tesi riguarda lo studio del meccanismo del trasferimento
elettronico diretto della fruttosio deidrogenasi (FDH), con particolare attenzione rivolta
all’influenza dei cationi monovalenti e bivalenti, all’influenza della forma delle
nanoparticelle sulla catalisi enzimatica, all’individuazione dei siti “heme” coinvolti nel
trasferimento elettronico diretto attraverso 1’accesso ad una porzione idrofobica
dell’enzima, ed infine allo sviluppo di un biosensore per la determinazione del fruttosio

realizzato immobilizzando la FDH su elettrodi di oro altamente poroso.



SCIENTIFIC ABSTRACT

The aim of this thesis is the study and the enhancement of the direct electron
transfer of two different dehydrogenases, by means of a proper nanostructuration of the
electrodes, for biosensors and enzymatic fuel cells (EFCs) development.

Cellobiose dehydrogenase (CDH) is an extracellular enzyme belonging to the
oxidoreductase group. CDH contains two subunits: (a) subunit I is the dehydrogenase
domain (DHcpn), similar to the domain of other oxidoreductases, which belongs to the
glucose-methanol-choline (GMC) oxidoreductase superfamily with a flavin adenine
dinucleotide (FAD) co-factor covalently bound to the enzyme structure; (b) subunit II is
the cytochrome domain (CYTcpn), which contains a heme b and acts as a built-in
mediator by shuttling the electrons to a modified electrode. Both subunits are connected
through a flexible linker responsible of the modulation of the internal electron transfer
(IET) rate by varying the experimental conditions, such as changes of pH and divalent
cations the concentration.

Fructose dehydrogenase (FDH) is a membrane-bound flavocytochrome
oxidoreductase which also belongs to the hemoflavoproteins family. FDH is a
heterotrimeric membrane-bound enzyme complex with a molecular mass of 146.4 kDa,
consisting of three subunits: (a) subunit I (DHgpy) is the catalytic domain with a
covalently bound flavin adenine dinucleotide (FAD) cofactor, where D-(-)-fructose is
involved in a 2H"/2e” oxidation to 5-dehydro-D-(-)-fructose; (b) subunit I (CY Tgpy)
acts as a built-in electron acceptor with three heme ¢ moieties covalently bound to the
enzyme scaffold and two of them involved in the electron transfer pathway; (c) subunit
III is not involved in the electron transfer but plays a key role for the enzyme complex
stability.

The central target of the present thesis is the possibility to improve the electron
transfer through the electrode nanostructuration, which can be realized by exploiting
new nanomaterials as well as new nanostructuration methods (e.g. “green” synthesized
metal nanoparticles, electrodeposition etc.).

In the thesis much attention has been paid also to the understanding of the
electron transfer pathway of FDH, which would be of fundamental interest in the near

future for the development of highly sensitive biosensors and efficient EFCs. The



biosensors realized and optimized in this thesis are prototypes of devices that,

hopefully, will be commercially available on the market in the next future.
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1. INTRODUCTION

1.1 Biosensors & Biofuel cells: general aspects

A biosensor has been defined for the first time as an analytical device
integrating a biological element/bioreceptor (e.g. tissues, organelles, cells, plants,
enzymes, antibody, aptamer, DNA) with a physicochemical transducer (e.g. electrical,
acoustic, mechanical, photometric etc.), which produces either discrete or continuous
electronic digital signal directly related to the analyte(s) investigated. The general
scheme of a biosensor is reported in Figure 1.1 [1, 2].

The bioreceptor produces a physicochemical signal due to the selective
interaction with the analyte, while the transducer converts the biochemical recognition
reaction into a quantifiable output signal [3]. Both the bioreceptor and the transducer are
crucial issues for the development of a sensitive biosensor [4]. However, the
physicochemical changes may be considered (i) the variation of the heat due to a
chemical reaction which can be estimated as enthalpy (AH), entropy (AS) or Gibb’s
energy (AG); (i1) the movement of electrons generated through a redox reaction; (iii) the
variation of the light absorbed as consequence of a chemical reaction; (iv) the change of
the mass due to a biorecognition reaction. Based on the different transduction methods,
the biosensors can be divided into several groups: calorimetric, electrochemical, optical,
piezoelectric devices, ion channel switch, field-effect transistor (FET) etc. [5-9]. Due to
their high sensitivity, selectivity and short time of detection, the electrochemical
transducers have been the most widely used during the past history of biosensors [10-
12].

In 1962, Leland Clark Jr. and Champ Lyons referred for the first time about an
enzyme based biosensor for glucose detection, as schematically reported in Figure 1.1.

In this work, the authors immobilized glucose oxidase (GOx) by using a permeable

11



membrane, where GOx was oxidizing B-D-glucose to p-D-glucono-8-lactone through
the simultaneous reduction of its redox cofactor, the flavin adenine dinucleotide (FAD),
giving FADH, (hydroquinone form). Thus, the FADH, was oxidized from the final
electron acceptor, the molecular oxygen (O;), giving hydrogen peroxide (H,O,) with the
final hydrolyzation of p-D-glucono-6-lactone to D-gluconic acid. According to this
reaction mechanism, the proposed biosensor was monitoring the O, consumption
through the combination of the GOx immobilized onto the permeable membrane and a

Clark’s oxygen electrode [13, 14].

Sample
o A >— Amplifier
A &
*@ ® )™  Bioreceptor | Microelectronics
) ¢ ‘ | (e.g. tissues, | Transducer |
. ‘ organelles, cells, ‘ (e.g. electrical, ‘
* A plants, enzymes, acoustic, mechanical,
| | antibody, aptamer, | photometric etc.) |
o, ) T T |
(B) Connections
to amplifier
poxy seal
Hole to add

. loomMka
electrolyte

Silver wire Pt wire melted to give
coated with bead at the end, sealed
AgCl in glass, ground down to
. expose a flat surface
Plexiglass E
cylinder L
B-D-glucose FADH, H,0, E
O,-permeable
membrane, (4
held in place T
with R
O-ring in A
groove : . o
< b -clucono-b.lact FAD 0, b
Sal<y | B-D-glucono-8-lactone
¥ ?}}W B-D-dl E
4 + H,0
T v
vy

D-gluconic acid

Figure 1.1 (A) General scheme of the biosensor; (B) schematic representation of the first glucose
biosensor based on Clark’s oxygen electrode combined with an O,-permeable membrane modified with

GOx.
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During 1960s, the biosensor field has attracted an increasing interest by the
scientific community mainly due to the possibility of an instantaneous and continuous
monitoring of metabolites, drugs and proteins by using miniaturized and portable
devices, rising up to 1972-75, when it was successfully commercialized the first
biosensor for glucose detection in whole blood from Yellow Springs Instruments.
Afterwards, the economic interest toward other biomarkers (e.g. lactate, hydrogen
peroxide, lactose, alpha-fetoprotein etc.) boosted the interest of many start-up
companies (today multinational corporations) to find out the best solution for a fast,
sensitive, selective and non-invasive clinical trial [15-17].

Another intriguing field during the last century is represented from the
biological fuel cells (BFCs) [18]. Since the world energy consumption has dramatically
increased mainly due to the world population enhancement, there was a boost in the
transition between the non-renewable resources and the renewable “green” resources
[19]. In addition, there was a trend toward the miniaturization and portability of
computing and communications devices. Both “green” energy and small dimensions
require mini-, lightweight power sources which are able to sustain operation over long
periods of time. An ideal BFCs should provide a solution due to their small dimensions,
lightweight and sustainable power sources by using renewable fuels (e.g., alcohols,
sugars). These devices have three main features: high conversion efficiency, operability
at room temperature and possibility to scale down. In particular, the most effective
advantage is the scalability due to the recent progress in medical sciences, with an
increasing development of implantable electrically operated devices (e.g., pacemakers),
which need small power sources that can supply energy over a long period of time,
avoiding any maintenance and replacement issues that would require a surgery [20, 21].

BFCs can be classified on the basis of the different biological entities used in
the anodic part, enzymatic fuel cells (EFCs) based on the redox enzymes and microbial
fuel cells (MFCs) based on the whole microbial cells that catalyze the electrochemical
fuel oxidation [22, 23]. MFCs require continuous maintenance of whole living cells to
sustain physiological process, severely limiting the working conditions in order to
produce an adequate power output. Promising results can be achieved by using the
EFCs, based on the redox enzymes, obtained through the extraction and purification
from the living organisms, and directly applied as a biocatalyst in a BFCs [24].

In principle, the EFCs work as a fuel cell, so it consists of an oxidative electrode

called anode, and a reductive eclectrode called cathode. The anode and cathode are

13



connected externally through a circuit. Since anode and cathode work in a different
electrochemical environment, they are separate through ion-selective membrane to
distinguish the anodic and the cathodic compartments. Nevertheless, the ion-selective
barrier plays a key role because it prevents immediate crossover of fuel and oxidant
from one compartment to the other (i.e., low permeability) and also because it serves to
manage the flow of positive ions from the anode compartment to the cathodic
compartment (i.e., high ionic conductivity) so as to maintain a balance of charge during
the flow of electrons from the anode to the cathode through an external circuit [25]. A

schematic representation of EFCs is reported in Figure 1.2.

Nafion membrane

Figure 1.2 Schematic representation of EFCs work flow: the sugar (e.g. glucose) is oxidized at the anode
donating two electrons that are forced into the external circuit flowing to the cathode in which the oxygen

is reduced to water. In the end it results in the conversion of chemical energy into electrical energy.
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1.2. Aim of the thesis

This thesis is devoted to the study and the improvement of the direct electron
transfer (DET) of two sugar oxidizing enzymes, namely cellobiose dehydrogenase
(CDH) and fructose dehydrogenase (FDH). In this regard, the thesis is mainly focused
on the development of new synthesis methods of nanomaterials (e.g. metal
nanoparticles) and new chemical electrode modification approaches in order to
drastically improve the electron transfer (ET) rate between the enzymes and the
electrodes, which would largely affect the sensitivity of the developed biosensors.

The thesis has been organized either following the division according to the
analyte detected, so far lactose, glucose and fructose, or considering the enzymes used
in this project, CDH and FDH. In the first part of the thesis metal nanoparticles (MNPs)
have been synthesized by using quercetin as reducing agent developing a new “green”
synthesis approach. The MNPs have been used in the first three papers with three
different immobilization methods (e.g. adsorption, chemical modification and physical
entrapment) in order to develop two biosensors for lactose detection and an EFC in
which CDH was combined with a multi-copper oxidase namely laccase as biocathode.
Afterwards, methods for both metal nanostructures electrodeposition and
electrochemical modification of nanostructured electrodes have been developed and
optimized. The continuous research of new approaches to enhance the ET rate by
exploiting only the surface modification had a clear influence on the output of this
thesis. Nevertheless, both theoretical and practical aspects concerning the topics will be

deeply discussed in the following chapters.
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2. BASICS OF BIOELECTROCHEMISTRY

2.1 Enzymes

Enzyme is a word of Greek derivation, which means “en” in, and “zymg” yeast, literally
“in the yeast”. Enzymes are big biological molecules catalysing a lot of life-sustaining
chemical reaction. Enzymes are able to convert a substrate to a product with high
selectivity and low energy barrier. The selectivity was explained by Emil Fisher as an
interaction between two complementary parts [26, 27].

Generally, enzymes are globular proteins consisting of polypeptide chains. The
amino acids sequence gives the final structure and function once folded [28]. The
enzyme active site corresponds to the site in which the conversion from substrate to
product takes place. Some enzymes need a cofactor in order to be fully active in
catalysis; the cofactor could be both an organic (e.g. flavin) and inorganic molecule
(e.g. metal ion or iron-sulfur cluster). The inorganic cofactors are bound to the enzyme
while the organic cofactors can be either bound, so called prosthetic groups, or released
during the reaction, so called coenzymes, like nicotinamide adenine dinucleotide
(NADH) or adenosine triphosphate (ATP). Without the cofactor the enzyme is called
apoenzyme while when the cofactor is bound it is called holoenzyme.

The enzyme activity is defined in terms of international units as the amount of
enzyme able to produce a micromole of product per minute under specific experimental
conditions [29]. The enzymes are classified based on the reaction catalyzed (divided
into 6 groups) and get a number called “enzyme commission number, E.C. number):
E.C. 1 Oxidoreductases catalyze oxidation/reduction reactions like CDH, FDH,
multicopper oxidases, which are the most used in the thesis;

E.C. 2 Transferases transfer a functional group from one compound to another;
E.C. 3 Hydrolases give two products from one molecule of substrate through

hydrolysis;

16



E.C. 4 Lyases perform a non-hydrolytic addition/removal of a functional group from a
compound;

E.C. 5 Isomerases catalyze intramolecular rearrangements;

E.C. 6 Ligases merge two molecules through C-O, C-N, C-S or C-C bonds formation
with the ATP cleavage.

By considering the above mentioned classification, it is possible to guess a
systematic name for the identification of new enzymes. Nevertheless, it is possible to
use other identifiers on other protein data banks (PDB), where thousands of amino acids
sequences are available to identify new proteins.

The present thesis is mainly devoted to exploit two cellobiose dehydrogenases
(CDH) from Trametes villosa and Corynascus thermophilus (recombinant and C291Y
mutant), fructose dehydrogenase (FDH) from Gluconobacter japonicus and laccase
from Trametes hirsuta, which belongs to the multi copper oxidoreductases group. These
enzymes have been used to realize biosensors and EFCs based on lactose, glucose and
fructose as substrates. The two dehydrogenases have a lot of similarities with other
glucose-methanol-choline (GMC) oxidoreductases due to the presence of the cofactor

FAD.

2.1.1 Cellobiose dehydrogenase (CDH)

Cellobiose dehydrogenase (CDH; E.C 1.1.99.18) is an extracellular enzyme,
belonging to the oxidoreductase group, secreted by wood-degrading, phytopatogenic
and saprotrophic fungi within the phyla of Basidiomycota and Ascomycota [30]. In
1974, Westermark and Eriksson reported for the first time about the enzymatic activity
in Trametes versicolor and Phanaerochaete chrysosporium observing the oxidation of
guiacol while adding cellobiose [31]. During the last 40 years, a lot of efforts have been
addressed to elucidate the full electron transfer mechanism, enzyme catalytic activity
towards several substrates (e.g. cellobiose, lactose, glucose etc.), enzyme structure and
bioengineering pathways to adapt the enzyme to some commercial/industrial purposes
[32, 33].

CDH is the only extracellular flavocytochrome oxidoreductase belonging to the
hemoflavoproteins family which includes also mandelate dehydrogenase, fumarate
dehydrogenase, bacterial cytochrome P-450, nitric oxidase synthase and

flavocytochrome b,. CDH contains two subunits: subunit I is the dehydrogenase domain
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(DHcpn) similar to DH domain of other oxidoreductases belonging to the glucose-
methanol-choline (GMC) oxidoreductase superfamily with a flavin adenine dinucleotide
(FAD) co-factor covalently bound to enzyme structure; subunit II is the cytochrome
domain (CYTcpn), which contains a heme b and acts as a built-in mediator by shuttling
the electrodes to a modified electrode [34, 35]. Both subunits are connected through a
flexible linker responsible for the modulation of the internal electron transfer (IET) rate
by varying the experimental conditions such as changing the pH or the concentration of
divalent cations [36-38]. The oxidation of the natural substrate cellobiose fully reduces
FAD in a 2e/2H" process and the electrons are sequentially transferred one by one
through IET to the CYT¢pn domain resulting in reduced heme b, finally donating the
electrons to the electrode [39].

Based on the phyla of fungi secreting CDH, it is possible to divide them into two
classes: class I and class II, from Basidiomycota and Ascomycota, respectively. The
CDHs belonging to class 1 exhibit a shorter enzyme sequence (c.a ) and a lower
molecular weight (c.a. 80 kDa) compared to class II as well as a highly conserved linker
region, an acidic working pH (3.5-4.5) and a poor oxidizing capacity towards glucose
and monosaccharides.. Conversely, class Il CDHs are able to oxidize both disaccharides
and monosaccharides, exhibit a more complex and longer enzyme sequence (including
also a cellulose binding module), a higher molecular weight (c.a. 115 kDa) and some

have a neutral working pH (7.4) [40-42].

Flexible linker ;§

FAD

Figure 2.1 Schematic representation of cellobiose dehydrogenase (CDH): in green the DHcpy domain
with the FAD cofactor in pink, in violet the CYTcpy domain with the heme b cofactor in orange, in blue
the flexible linker responsible for the modulation of internal electron transfer (IET) and in red all the

potential glycosylation sites.
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The crystal structure of the separated domains of CDH has been reported for the
first time by the group of C. Divne for Phanerochaete chrysosporium (PcCDH)
considering separately CYTcpy domain (PDB 1D7C) and then DHcpy domain (1KDG)
[43, 44], as shown in Figure 2.1. Unfortunately, only one crystal structure is now
available for the whole enzyme, which is Neurospora crassa CDH published by the
same group in 2015 [45]. Nevertheless, the crystal structure of CYTcpn showed a
sandwich fold of two antiparallel 3 sheets with an exposed heme b cofactor, like in
cytochromes. The heme b is hexacoordinated so that the propionate residues are
sufficiently exposed and affecting the internal electron transfer (IET). FAD cofactor and

heme b cofactor present a chemical structure reported in Figure 2.2.

(A) (B)

Figure 2.2 (A) chemical structure of FAD cofactor; (B) chemical structure of heme b cofactor

From the bioelectrochemical aspect according to the theory by Guo and Hill, the
enzymes can be classified in intrinsic enzymes, where the ET occurs close to the
prosthetic group, and extrinsic enzymes with redox acceptors allowing the electron-
tunnelling towards the electrode [46, 47]. Therefore, CDH is defined as an extrinsic
redox enzyme due to its built-in electron transport chain in which the electrons are
transferred between the DHcpy domain and the CYTcepy domain. The electrons are
transferred from the substrate oxidation occurring at DHcpy either to the built-in
mediator (CYTcpuy domain) or to redox soluble mediators (e.g. quinones, Fe(CN)63'/4')

and redox polymers immobilized onto the electrode surface.
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The electron transfer reaction between the DHcpy domain and the electrode
occurs mainly according to three different routes [48]. In a first reaction the sugar
substrate, an aldose, 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

DHcpy 1s fully reduced to FADH,-DHcpp, as shown in Reaction (2.1):
aldose + FAD-DHcpy — lactone + FADH,—DHcpy (2.1)

The reoxidation of FADH»-DHcpy can be accomplished by a 2e ", 2H "™ acceptor such as

quinone (Q) or an equivalent aromatic redox compound according to Reaction (2.2):
FADH,-DHcpy + Q = FAD-DHcpy + QH, (2.2)

the reduced quinone, QH,, will be reoxidised at the electrode if the applied potential

o1

(Eapp) 1s set higher than the formal potential of the Q/QH, redox couple, E , as in
Reaction (2.3);
QH, —fmFoor (4 2H" + 2¢
(2.3)

alternatively a le”, non-H' acceptor, e.g., an Os’ -complex (Os”"), accepts the electrons
sequentially from the FADH,-DHcpy, whereby Os*'-complex (Os>") and the enzyme
stabilised semiquinone of the bound FAD, FADHe*-DHcpy, are formed in Reaction
(2.4);

FADH,-DH_,, + Os™ — FADH<*-DH_,, + Os** + H"

(2.4)
this reaction is then followed by the second electron transfer to a second Os®", whereby
the fully oxidised DHcpy is regained, as shown in Reaction (2.5);

FADHe*-DH_,, + Os® — FAD-DH_,, + Os* + H* 25)

The two Os®* formed will be reoxidised at the electrode if E,yp is set higher than the

or

3+/2+

formal potential of the Os redox couple, E according to Reaction (2.6);

O S3+/2+ b

2 Eop>E0 30 ;
20s* —mTad? 5 2()g* 4 Qe

(2.6)
the electrons can also be transferred from FADH,-DHcpp to the CYTepn sequentially in

an internal electron transfer(IET) process, according to Reaction (2.7);

FADH,-DH_,, - CYT,,, —— FADH<*-DH,, - CYT.,,* +H" (2.7)
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this first electron transfer step is followed by the reoxidation of the reduced CYTcpy,
CYTcpn®, by an e acceptor such as Os*™ or cytochrome ¢ (or by the electrode, see
below), however, the second electron from the DHcpy will then be transferred to the
CYTcpn simultaneously, as shown in Reaction (2.8);
FADH*-DH_,- CYT.,, ¢ +Os™ — FAD-DH_,, - CYT.,,* +Os™

(2.8)
Finally the last electron will be transferred from the CYTcpy to a second 1 e acceptor
molecule, as in Reaction (2.9),
FAD-DH,,-CYT., *” +Os” — FAD-DH_,,,-CYT, + Os™

(2.9)
When CDH is immobilised on the electrode surface and in the absence of any
competing e acceptors, the reoxidation of the reduced enzyme can be summarised as
follows, as shown in Reaction (2.10);
FADH,-DH_,,-CYT,,,, —*=2— FADH*-CYT.,, *

(2.10)

this step is followed by a first electron transfer (ET) step to the electrode, which is
immediately followed by a second IET step delivering the second electron from the

DHcpn to the CY Tepn, according to Reaction (2.11);

—~CYT o Ist ET to electrode and 2nd IET step FAD-DH

CDH CDH

FADH *-DH

cou —CYT, ¢ + e (electrode)

(2.11)
Finally, the second electron is then delivered to the electrode, as reported in Reaction

(2.12).

FAD-DH_, - CYT,, o~ —2dEloderde , AN DH .~ CYT,,+ e (clectrode)
(2.12)

In the present thesis, CDH has been widely employed to develop biosensors for lactose
and glucose detection (PAPERS I, II, IIT and IV). In PAPERS I and II, a CDH from
Trametes villosa (basidiomycete, class 1) and a CDH from Corynascus thermophilus
(ascomycete, class II) have been used in order to develop lactose biosensors with
enhanced electron transfer thanks to the different approaches of electrode
nanostructuration. Afterwards, a mutant of CfCDH with an enhanced turnover number
for glucose and reduced cross-reactivity with maltose, namely CfCDH C291Y, has been

used to develop a glucose biosensor for the detection of glucose in human saliva
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(PAPER 1V) and an EFC tested as proof of concept in saliva, as a possible future
application of self-powered biosensors (PAPER III).

2.1.2 Fructose dehydrogenase (FDH)

Fructose dehydrogenase (FDH; EC 1.1.99.11) is a membrane-bound
oxidoreductase extracted by bacteria belonging to the acetic acid bacteria (AAB)
family, which is a group of Gram-negative bacteria able to oxidize sugars and ethanol to
produce acetic acid during fermentation [49]. Among the AAB family, only two genera
of AAB exhibited oxidizing activity towards D-fructose producing 5-keto-D-fructose,
which are Acetobacter and Gluconobacter [50]. In particular, Acetobacter can oxidize
ethanol to carbon dioxide and water through Krebs cycle enzymes, while
Gluconobacter does not oxidize ethanol due to lack of some Krebs cycle enzymes. In
1960, Weidenhagen and Bernsee isolated from Acetobacter suboxydans a D-fructose
oxidation product identified as 6-aldo-D-fructose. Subsequently, Terada and his co-
workers isolated from Gluconobacter cerinus a similar dicarbonylhexose, described as
5-keto-D-fructose. Afterwards, Whiting’s and Avigada’s groups gave a great
contribution in the field confirming that the oxidation product is 5-keto-D-fructose, as
previously hypotized by Terada et al.[51].

FDH is a membrane-bound flavocytochrome oxidoreductase also belonging to
the hemoflavoproteins family. FDH from Gluconobacter japonicus NCBR 3260 is a
heterotrimeric membrane-bound enzyme complex with a molecular mass of 146.4 kDa,
consisting of three subunits, namely: subunit I (DHppp) is the catalytic domain with a
covalently bound flavin adenine dinucleotide (FAD) cofactor, where D-(-)-fructose is
involved in a 2H"/2¢” oxidation to 5-dehydro-D-(-)-fructose; subunit IT (CY Tgpy) acts as
built-in electron acceptor with three heme ¢ moieties covalently bound to the enzyme
scaffold and two of them involved in the electron transfer pathway; subunit Il is not
involved in the electron transfer but plays a key role for the enzyme complex stability
[49].

Unfortunately, the crystal structure of FDH is not yet available because it is not
so easy to obtain crystals of a membrane bound protein with a high molecular weight
(ca. 146 kDa). Although the obvious difficulties, in the last few years a lot of efforts

have been addressed in this regard considering new crystallization methods. The crystal
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structure would be a fundamental finding to clarify the electron transfer mechanism of
this enzyme with particular attention to the co-factor involved.

The last part of the PhD thesis (PAPERS VI, VII and VIII) has been addressed
on the investigation of the electron transfer mechanism in order to improve it through a
correct orientation of the enzyme onto the electrode surface. In PAPER VI, the possible
influence of monovalent and divalent cations on the catalytic current by means of
structural changes has been investigated. Since other research groups supposed that only
two of the three heme ¢ are involved in the whole ET mechanism, we studied the
hydrophobic region, which is actually located in the subunit II close to two heme ¢
groups herein contained (PAPER VII), as shown in Figure 2.3, and isolated the
contribution of two heme ¢ groups in the ET mechanism. Finally, in PAPER VIII
different enzyme orientations by means of electrostatic interaction between the enzyme

and the different re-charged highly porous gold electrode were carefully studied and

evaluated
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Figure 2.3 Cyclic voltammograms performed in 50 mM NaAc pH 4.5 in absence (black) and in presence

t

(green) of 10 mM D-fructose at scan rate 10 mV s”. In the turnover measurement (green), it is clearly

visible the contribution of each heme c to the catalysis (PAPER VII).
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2.1.3 “Blue” multi-copper oxidases

Copper plays a key role as cofactor in many living systems, which are involved
in the metabolism of O, and NOy compounds [52]. Among all the copper forms in terms
of oxidation state, Cu’" is not biologically relevant due to its high formal potential,
while Cu®" owns a six-coordinate tetragonal (distorted octahedral) geometry or five-
coordinate (square-pyramidal or bipyrimidal) geometry, and Cu’ contributes to the
reduction of O,, with a formal potential (E*”) up to 500 mV but highly affected by the
coordination geometry and the amino acids involved as linker. This E* value is
certainly much higher compared to E” for Cu*"/Cu’ couple in water (+150 mV vs.
NHE) [53]. Moreover, the “biological” copper sites are divided into three classes based
on their spectroscopic features strictly related to the geometric and electronic structure
of the active site: type 1 (T1) or blue copper (e.g. azurin), type 2 (T2) or normal copper
(e.g. galactose oxidase), and type 3 (T3) or coupled binuclear copper centres. The most
representative proteins for each different type of copper are reported below [54, 55].
Type 1 — Azurin is a small copper protein with a low MW (9-14 kDa) containing a
mononuclear copper of T1 type. The crystal structure of azurin is well-known in which
the copper is coordinated by cysteine, two histidines and an axial methionine. The redox
potential of azurin depends on the origin and ranges from 270 to 320 mV vs. NHE. The
most characterized azurin is from Pseudomonas aeruginosa [56].

Type 2 — Galactose oxidase (GalOx) was first isolated in 1959. This protein is a single
polypeptide with a MW of 68 kDa arranged in three domains, in which the active site
contains a T2 Cu located in the solvent accessible surface of domain II. GalOx exists in
three different redox states, namely oxidized/active (Cu®” and C-Ye), semi-
oxidized/inactive (Cu®" and C-Y) and reduced (Cu’ and C-Y). The E* for the redox
couple Cu*"'Cu” was found to be 159 mV vs NHE at pH 7 [57].

Type 3 — Tyrosinase exhibits a coupled binuclear copper active site (T3 site). This
enzyme is able to catalyze the hydroxylation of monophenols (Figure 2.4, small
pathway) and two-electron oxidation of o-diphenols to o-quinones (Figure 2.4, big
pathway). Tyrosinases are produced in a large number of eukaryote systems (e.g. plant,
animal and fungi). The two copper atoms in the active site react with oxygen giving a

highly reactive intermediate, which interacts with the o-diphenol (e.g. catechol)
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presenting a similar activity to catechol oxidase, being grouped as polyphenol oxidases

[58].
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Figure 2.4 Schematic representation of reaction patterns of T3 type copper based proteins for the

hydroxylation reaction (small pathway) and for the two electrons oxidation of o-diphenols to o-quinone.

Contrary to single type of copper oxidases, “blue” multicopper oxidases are able
to oxidize their substrates by accepting the electrons at the mononuclear centre T1 and
transferring them to a trinuclear centre T2/T3 type, in which O, binds giving a 4
electron reduction to two molecules of water. The family of “blue” multicopper
oxidases includes: ceruloplasmin, laccase, bilirubine oxidase, ascorbate oxidase and
nitrite reductase. Particular attention has been paid in this thesis to laccases [59, 60].

Laccase (benzendiol: oxygen oxidoreductases, E.C. 1.10.3.2) is able to catalyze
the oxidation of ortho- and paradiphenols, amino-phenols, polyphenols, polyamines,
lignins and aryl diamines as well as some inorganic ions coupled to the reduction of
molecular dioxygen to water. Laccase was first described by Yoshida in 1883 [61]. The
enzyme owns a broad substrate specificity considering also the redox mediators, and for
this reason it is considered a promising enzyme for many applications. Laccases are
classified into two groups according to their source: plant and fungi [60]. Nevertheless,
laccases have been identified also in bacterial microorganisms [62]. The laccase from

fungi is a monomer, which could be divided into 3 domains structurally similar to
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azurin and plastocyanin, although there are some differences like the loop in the
substrate-binding pocket. The key characteristic of laccases is the standard redox
potentials of their redox centres, T1, T2, and T3 sites. The value of the redox potential
of the T1 Cu-site has been determined using potentiometric titrations with redox
mediators for a great number of different Lcs and varies between 430 and 780 mV
versus NHE [63]. Recently, laccases have been divided into three classes according to
the formal potential of T1 site: low, middle and high potential laccases [53]. The low
potential group includes laccases from trees, e.g., Rhus vernicifera with a potential of
the T1 site of about 430 mV vs. NHE. The middle group includes laccases from
basidiomycetes like Myceliophthora thermophile, Rhizoctonia solany, and Coprinus
cinereus. The enzymes have a potential of the T1 site ranging from 470 to 710 mV
versus NHE. The high potential laccases (e.g., those from Trametes (Polyporus,
Coriolus) hirsuta (hirsutus), T. versicolor, T. villosa) all have a potential of the T1 site
of about 780 mV vs. NHE [64].

The direct electron transfer of high potential laccases has been widely
investigated due to their importance from the application point of view as a potential
cathode in an EFC [65]. Laccase ET was deeply investigated also in presence of
inhibitors like fluoride ions and azide showing different behaviors for low and high
potential laccases: for low potential laccases no changes in the cyclic voltammograms
were observed while for the high potential ones an increase in the cathodic and anodic
peaks was observed. Moreover, we should take into account that the direct electron
transfer (DET) mechanism is rather different based on the electrode material like carbon
based and gold electrode. From recent findings, it seems that the DET at carbon
electrodes occurs through the T1 site, while at gold surface it occurs through the T2/T3
site [66]. Finally, laccases ET have been widely investigated due to their role both for
biosensors development (e.g. polyphenol detection, dopamine detection, etc.) and for
EFC development especially considering the high redox potential laccases used as
potential biocathode [67].

In this regard, Trametes hirsuta laccase has been used in PAPER III,
immobilized through a drop-casting procedure on a AuNPs/graphene modified screen
printed electrode (SPE) to develop a potential biocathode for an EFC. The EFC was
further scaled-down and reduced on one SPE, in which the laccase was deposited onto
the counter electrode used in combination with CtCDH, deposited onto the modified

working electrode, as shown in Figure 2.5.
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Figure 2.5 Schematic representation of one-SPE enzymatic fuel cell.

2.2 Electron transfer in redox protein

The electron transfer (ET) is the most important processes in chemistry and
biology [68-71]. ET has been widely investigated during the XX century and classified
into inner-sphere ET and outer-sphere ET. ET is defined according to IUPAC as: “The
transfer of an electron from one molecular entity to another, namely the acceptor A and
the donor D, or between two localized sites in the same molecular entity”.

The inner sphere or bonded electron transfer is a redox chemical reaction
proceeding through a covalent bond between the acceptor and the donor. In the inner
sphere (IS) electron transfer (ET), a ligand bridges the two redox centers during the
electron transfer event, so far rare in biological systems, where A and D are usually
shielded by the protein scaffold. The bridging ligand could be virtually any entity that
can convey electrons. Typically, such a ligand has more than one lone electron pair,
such that it can serve as an electron donor to both A and D. Common bridging ligands
include halides, pseudohalides, such as hydroxide and thiocyanate, oxalate, malonate
and pyrazine. The ET occurs once the bridged complex is formed. The inner sphere ET
mechanism was discovered by H. Taube, awarded the Nobel Prize in Chemistry in 1983
[72]. His findings were resumed as follow “When Co(NH3)sCI*" is reduced by Cr*" in
IM HCIlO4, 1 Cl appears attached to Cr for each Cr(Ill) which is formed or Co(III)
reduced. When the reaction is carried on in a medium containing radioactive Cl, the

mixing of the CI attached to Cr(IIl) with that in solution is less than 0.5%. This
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experiment shows that transfer of ClI to the reducing agent from the oxidizing agent is
direct...”

Contrary to the inner sphere ET, in the outer sphere ET the chemical species D
and A are not connected to each other. This process is commonly observed in biological
systems like redox enzymes.

The first accepted model to describe the outer sphere ET was proposed by
Rudolph A. Marcus in 1956 [73, 74]. This theory is based on the Franck—Condon
principle concerning the separation of fast electronic motion and slow nuclear motion.
According to this model, the electrons are transferred by tunnelling between two
chemical species producing nuclear vibrational surfaces. The activation energy for the
process arises from the reorganization of the nuclear and solvent coordinates required to
bring the reactant system to a configuration in which the electron can transfer

adiabatically to the product surface. The rate constant for the outer sphere ET is:

0,142
2n HB, -G
ko = ———=24_ 4ART 2.1
ET h VATART € ( 3)

where kgr i1s the electron transfer rate, % is the reduced Planck constant, R is the
universal gas constant and T is the absolute temperature in K [75]. The reorganization
energy (A) includes the vibrational components (inner-sphere or intramolecular
reorganizational energy, A;) and components from the polarization changes in the
dielectric solvent environment (outer-sphere or solvent reorganization energy, Ao). ET is
mainly affected by the driving force, which depends on the Gibbs free energy AG'=-
nFAE" of a redox reaction, so directly obtained from the difference between the
reduction potentials of D and A, and by the reorganization energy (\) occurring during
the ET. The theory states two regions where kgt decreases when -AG® changes while the
maximum corresponds to -AG’=\. Hp, is the function describing the probability for
electron tunneling between D and A. The model has been developed for inorganic
species but it can be considered valid also for redox proteins [76].

ET in redox enzymes has been widely investigated during the last 30 years. This
is a key issue for the development of biosensors and EFCs and represent one of the
important aspects of the thesis. From a bioelectrochemical point of view, the enzymes
can be divided in intrinsic and extrinsic enzymes. In the former, the ET takes place
within the vicinity of the prosthetic group, while for the extrinsic ones an electro-
donating/accepting centre (e.g. cofactor) is required to create an ET pathway between

the enzyme active site and the electroactive part, which would interact with the
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electrode surface [77]. Therefore, the ET can occur with intrinsic enzymes only if the
catalytic site is close to the protein surface and if there is a deformation without any
activity loss, good orientation of the active site towards the electrode surface, and

through enzyme bioengineering [77, 78].

2.3 Kinetic models for enzyme

The first kinetic models for enzyme have been introduced by Michaelis and
Menten at the beginning of the last century, successively adapted by Briggs and Aldane
to more general conditions (1923) [79, 80]. The Michaelis-Menten reaction for the
enzymatic conversion of a single substrate (S) into its product (P) can be resumed as
follows in Equation 2.14:

k; ky

E+S == ES » E + P
k. (2.14)

In the first step the substrate (S) reacts with the enzyme (E) forming the enzyme-
substrate complex (ES) with a reaction rate of k;; then the ES complex may be
converted in product (P) and leave the enzyme (E) in its native state, with a reaction rate
of ky, if ko> >k_;, otherwise the reverse equilibrium can give back the dissociation of the
ES complex with a reaction rate of k_;. This mechanism can be proposed by assuming a
few boundary conditions: constant enzyme concentration, enzyme concentration lower
than substrate concentration and product concentration equal to zero at the beginning.
According to the aforementioned boundary conditions, at low substrate
concentration, the reaction rate is linearly dependent on [S] (first-order kinetics), while
proceeding at higher concentrations the half maximum rate (V),,,/2) corresponds to the
Michaelis-Menten constant Kj,. At high substrate concentrations, it asymptotically
approaches its maximum rate, being independent of [S] (zero-order kinetics), as shown

in Figure 2.6.
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Figure 2.6 Variation of th initial velocity with the substrate concentration for a single substrate-enzyme
interaction.
By considering the formation of the ES complex as the rate limiting step, it is
possible to use the following equation:
d[ES]

A = Ky [F1IS] = k- [ES] = ko [ES] @19)

At steady state [ES] would be constant, therefore % = 0, which means that the rate

of formation and decomposition of ES is the same, thus we can write:

&

=

“
|

k_,[ES] — k,[ES] = 0 (2.16)
k_1[ES] + ky = (k_y + k,)[ES] 2.17)

=
[N
=
“
1

The enzyme concentration is defined as follow:

[ET=[E7]-[ES] (2.18)

where [E;] is the total enzyme concentration and [ES] the enzyme-substrate complex.
Therefore, it is possible to re-write equation 2.17 by substituting [£] with equation 2.18,

as follows:

ki ([E¢] — [ESDIS] = (k_1 + kz)[ES] (2.19 a)

ki[E[S] — ky [ES][S] = (k_y + k3)[ES] (2.19b)

ki[E[S] = (k_q + k)[ES] + k([ES][S] (2.19¢)

[ES] = % (2.19 d)
kx[E¢][S]

[ES] = s (2.19 ¢)
k1 +?

[ES] = % (2.19 )

which is re-written by considering the Michaelis-Menten constant, K

K, = ("%*:"2) (2.20)
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_ B[]
[ES] =0 (2.20 a)

Ky 1s defined as the substrate concentration at which half of the enzyme molecules are
complexed to give ES complex. Moreover, the K, gives also an estimation of the
affinity enzyme-substrate. Therefore, small Kj, implies a strong ES complex so far
giving a small linear range in the V) vs. [S] plot, while large K, implies a weak ES
complex, giving a larger linear range.

By substituting equation 2.20a into ¥, namely the rate of P formation, it is possible to

write:

_ kalE¢][S]
v, = “2ld (221 b)

By considering [ES]=[E/] at the saturation we can define V,,~k:[E;], thus writing the

Michaelis-Menten equation:

_ Vmax[s]
Vo =4, 4081 (2.22)

Finally, with the experimental data fitted by using the Michaelis-Menten equation it is
possible to determine V., and K. The fitting is carried out by using the linear form

considering the Lineweaver-Burk, Eadie-Hofstee or the Hanes equations:

e Lineweaver-Burk —=——+4 M (2.23)
V Vmax Vmax [S]

e Eadie-Hofstee V="V, — Ky [—Z] (2.24)
* Hanes Bl_ 51 4 Ku (2.25)
V Vmax Vmax

All three equations will result in linear graphs by plotting 1/V vs. 1/[S] for Lineweaver-
Burk, V vs. V/[S] for Eadie-Hofstee and [S]/V vs. [S] for Hanes. Nevertheless, these

graphs will exhibit a linear trend if the enzymatic reaction is controlled by the enzyme
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kinetics. However, the Lineweaver-Burk equation [81] may deviate from linearity if the
enzymatic reaction is mass transfer controlled and the Eadie-Hofstee [82, 83] or the
Hanes equations are usually preferred if the reaction is not strictly kinetically controlled
[84]. In this PhD thesis (from PAPER I to PAPER VIII), the Lineweaver-Burk
equation was used to calculate the kinetic parameters related to cellobiose
dehydrogenases (CDH) from Trametes villosa and Corynascus thermophilus
(recombinant and C291Y mutant), fructose dehydrogenase (FDH) from Gluconobacter
Jjaponicus and laccase from Trametes hirsuta, such as Ky and V4.

Generally, the redox enzymes obey the ping-pong mechanism, which is a non-
sequential mechanism because the enzyme bounces back and forth from an intermediate
state to its standard state. Therefore, the oxidoreductases change their oxidation state
while reacting with the first substrate, going back to the initial oxidation state after the

reaction with the second substrate [85-87].
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3. ELECTROCHEMICAL TECHNIQUES

The aim of this chapter is to give a short introduction in the field of
electrochemistry, referring for further details to two excellent books: ‘Electrochemical
Methods: Fundamentals and Applications’ by Allen J. Bard and Larry R. Faulkner, and
for practical aspects ‘The Handbook of Electrochemistry’ edited by Cynthia G. Zoski
[88, 89].

Electrochemistry is a branch of physical chemistry dealing with the study of the
interaction between electrical energy and chemical change occurring at the
solution/electrode interface. A lot of basic principles and relationships have been
completely elucidated prior to the electron discovery by Joseph J. Thompson in 1893.
At the beginning of XIX century, Alessandro Volta invented the first battery, then
known as a voltaic pile, which consists of two electrodes, namely copper and zinc,
separated by paper soaked in a diluted solution of H,SO4. Since this discovery, the
electrochemistry rapidly became a top subject in physical and analytical chemistry. In
1835, Michael Faraday defined a few basic concepts such as anode, cathode, electrode,
electrolyte and ion in order to make possible a comprehensive description of
electrochemistry, while the positive and negative mathematical convention for electrical

charge was attributed to Benjamin Franklin.

3.1 Fundaments of electrochemistry

Electrochemical techniques can be divided into two major classes, static (i = 0,
e.g. potentiometry) and dynamic (i # 0, amperometry, cyclic voltammetry etc.)
techniques, as reported in Table 3.1. In the present thesis dynamic techniques have
mainly been utilized.
The electrodes used to perform the electrochemical measurements can also be classified
into two groups: ideal polarized electrodes (IPE) and ideal non-polarized electrodes

(InPE). In the IPE no actual charge crosses the electrode-electrolyte interface, regardless
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of the applied potential, behaving like a capacitor, while InPEs allow free and

unimpeded exchange of charges across the electrode-electrolyte interface (e.g. Ag|AgCl

reference electrode). None of existing electrodes behaves as an IPE, but under particular

experimental conditions a few electrodes approach this behaviour, like a mercury

electrode immersed in a deaerated potassium chloride solution, or gold surface modified

with a self-assembled monolayer.

Potential step

Amperometry

Chronoamperometry; Double

Potential Step Chronoamaperometry

Chronocoulometry; Double Potential Step Coulometry

Sampled Current Voltammetry; Differential Pulse

Voltammetry; Square Wave Voltammetry

Linear Sweep
Voltammetry
Stationary
Cyclic
Controlled
Voltammetry
Potential .
Potential Rotating Disk
Voltammetry
Sweep Electrode;
Hydrodynamic ) .
Rotating Ring
Disk Electrode
Anodic Stripping Voltammetry
(Stationary/Hydrodynamic)
Constant Stirred Solution
Bulk Electrolysis
Potential Flow Electrolysis
Constant Current
Linearly Increasing Current
Chronopotentiometry
Controlled Current Reversal
Current Cyclic
Coulometry Coulometric Titration
Electrolysis
Controlled )
Charge Step Coulostatic Methods
Charge
Impedence AC Voltammetry (AC Polarography)
Techniques Electrochemical Impedence Spectroscopy

Table 3.1 Scheme of the dynamic techinques used in electrochemistry.
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A capacitor, also know as a condenser, is able to store the electrical charge
between two metal plates separated by a dielectric material, so called capacitance,
which can be defined as q/E=C, where q is the charge, E is the potential between the
electrode and the solution and C is the capacitance. In a similar way, the electrode-
solution interface behaves as a capacitor and a model for this interface was created.
According to this model, when an electrode is immersed into a solution, a special
phenomenon called double layer effect occurs at the electrode/electrolyte interface.
Therefore, two layers of polarized ions are generated by applying a voltage: one in the
surface lattice structure of the electrode, and the other one, with opposite charge, comes
from the solvated ions distributed in the electrolyte, as represented in Figure 3.1. These
two layers are separated by a monolayer of solvent molecule, called inner Helmoltz
plane (IHP), adsorbed onto the electrode surface, which behaves as a molecular

dielectric.

Stern —»re— Gouy or diffuse layer —pg— Bulk
@ . Layer Solution

2]

(2]

@

S

Inner Outer Shea Gouy
Helmboltz  yaimholtz planc plane
plane plane

specifically adsorbed co-ion O Solvent molecule

@ Counter-ion

Figure 3.1 A schematic representation of the electrical double layer.
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The inner electrode charge is exactly balanced by an equal amount of opposite
charges in the outer Helmholtz plane (OHP), finally forming the electrical double layer.
The double layer capacitance can be defined as a non-faradic process. Conversely, in a
faradic process there is an electron transfer from the solution to the electrode due to a
redox reaction governed by Faraday’s Law, which says that the amount of chemical
reaction caused by the flow of current is proportional to the amount of electricity
passed.

There are two different electrochemical cells where faradic processes can occur,
the Galvanic and the electrolytic cell. The Galvanic (Voltaic) cell produces electrical
energy by means of chemical redox reactions spontaneously occurring at the electrodes.
For example, in PAPER III two enzyme based electrodes, reacting with carbohydrates
(anodic side) and molecular oxygen (cathodic side), are used combined in an EFC to
produce electricity. This topic will be further treated in the next chapter. On the other
hand, the electrolytic cell is an energy consuming device, where the applied potential
affects the redox reactions at the electrode/electrolyte interface.

A simple redox reaction can be written as follows:

Ox + ne” = Red (3.1
where Ox is the oxidized species, Red the reduced one, and n the number of electrons
transferred between Ox and Red. The Gibbs free energy relationship for the

aforementioned equilibrium is:

AG = AG® + RT In R4 (3.2)

aox

where R is the gas constant (8.3145 J mol” K') and T (K) is the temperature. By
considering the ratio between ag.s and aoy, the Gibbs free energy can be expressed as:

AG = —nFE (3.3)
where E is the maximum potential difference between the two electrodes, the open
circuit potential (OCV) or the equilibrium potential, present when no current flows
through the cell. F is the Faraday’s constant (1F = 96 485.3 C mol™"). Under standard
conditions it can be written:

AG® = —nFE®° (3.4)
Afterwards, by substituting AG and AG” with equation 3.3 and 3.4 it is possible to

obtain equation 3.5:

—nFE = —nFE® + RT In2Red (3.5)

aox
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which would be further rearranged through several mathematical steps to give the

Nernst equation as reported in 3.6:

E=E° 420 (3.6)

nF  ARed
By assuming a=y[I] and y=1 so a,=[I] therefore it is possible to exchange the standard

potential with formal potential and rewrite the Nernst equation in the final form:

— 0r RT [0x]
E=E”+5mi 3.7)

Finally, the cell potential can be estimated by combining the half-cells reactions:
E = E athode — Eanoae (3-8
In order to estimate the rate of a redox reaction taking place in an electrochemical cell,

the relationship between the faradic current and the electrolysis rate:
=22 (3.9)
where i (A) is the faradic current for the redox reaction considered in a certain time ¢ (s),
while Q (C) is the charge given by Faraday’s law:
Q =nFN (3.10)
with F (Faraday’s constant, 1F = 96 485.3 C mol™), n the number of electrons
transferred per mole of product, N. By deriving the above reported equation by the time,

it is possible to write:

=40 _ o pdN _ -1
P=—"= nF ol Rate (mol sec™) (3.11 a)

This equation is valid for heterogeneous reactions occurring at the interface electrode-

solution. In this case, equation 3.9 should be normalized by the electrode area 4 (cm™):

Rate (mol sec”*cm™2) = ﬁ = :—F (3.11b)

where j is the current density (A cm™).
Moreover, the redox reaction rate at the electrode surface is governed by four
main factors, as shown in Figure 3.2:
1. Mass transfer from/to the bulk solution to/from the electrode surface;
2. Kinetics of the electron transfer (ET) at the electrode surface;
3. Homogeneous and heterogeneous chemical reactions preceding or following the
ET;

4. Surface phenomena such as adsorption, desorption and crystallization.
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Figure 3.2 Schematic representation of the ET at the electrode/solution interface.

In general terms, the electrochemical systems can be controlled by kinetic and mass-
transfer effects. In the first case there is a slow ET, while for the mass-transfer
controlled system the ET rate constant is usually high at the electrode/solution interface
where the rate limiting step can be the movement of molecules through the double layer
and the bulk solution. The mass transfer can be achieved in three ways:

1. Migration of charged particles under the influence of an electrical field;

2. Diffusion along a concentration gradient;

3. Convection of molecules, e.g. by stirring.
The Butler-Volmer equation can be used to estimate the current of a system as a
function of the overpotential without any mass-transfer limitation. Assuming the

general redox reaction (for a 1 electron process according to Butler-Volmer):
ky
Ox + e~ =Red (3.12)
ky

where k¢ (cm sec™) and k, (cm sec”) are the heterogeneous rate constants for the
forward and backward reaction, respectively. The total current can be defined as the

difference between the cathodic and the anodic current:

i=1i.— I, (3.13)
Both currents are related to the corresponding heterogeneous rate constant:

ic = FAksCp(0,t) (3.14)

iq = FAk,Cr(0,t) (3.15)

where F is Faraday’s constant, 4 (cm®) is the area of the electrode, and Ci(x,t) (mol
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cm™) is the concentration of species j at the distance x (cm) from the electrode the time t
(s). The equation can be written as the ratio between the forward and backward rate

constant:

KO =12 = fEE) (3.16)
f

where f'is a factor containing (R7/nF). The complete current-potential characteristic
can be written through the combination of the last equations:

i = FAK®[Cy (0, )e~ (E=E) — (0, t)e1-®)f (E-E°)] (3.17)
where a is the electron transfer coefficient. This equation is used for every assumption
on the heterogeneous electrode kinetics, including the Butler-Volmer equation. By
considering a system in equilibrium, there is no net current:

ip = lig| = lic| (3.18)
where 1y is the exchange current:

ip = FAK® (3.19)
where C;* (mol cm™) is the bulk concentration for the j species. From the equations the
current-overpotential equation is defined:

i = io[%g't)e_“f" _ %g't)e(l—a)fn] (3.20)

where n is the overpotential. By considering an efficient mass-transfer the concentration
of the bulk solution would be equal to the solution at the electrode surface and it is
possible to obtain the Butler-Volmer equation:

i =iy[e” M — e(l-a)fn] (3.21)
Finally, we should consider two approximations:
-a low overpotential: i = —i,fn

-high overpotentials well-known as the Tafel behaviour: i = iye~*/"

which could be rearranged in a simple form: n=a + b log i , where a = % logi, and

2.

3RT
b=-—
aF

allowing the extraction of kinetic parameters from 7Tafel plot.

3.2 Potential step techniques

Chronoamperometry (CA)
Potential step methods include techniques in which the potential of the working
electrode is stepped and the resulting current from faradic process is recorded vs. time

such as chronoamperometry (CA). In particular, the shape of the curve is mainly
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affected by the mass-transfer from/to bulk solution/electrode surface. Whenever the
potential is applied, the current achieves its highest value (high concentration of
electroactive species at the electrode surface), decreasing after the steady state
(electroactive species are consumed at the electrode surface) under diffusion control. In
these experimental conditions, the Cottrell equation [90], derived from Fick’s second
law, can be used to predict the current trend with time. The current is then diffusion
controlled. This equation is valid for a planar macroscale electrode:

_ nFADY*ch

= —nan (3.22)
where Do (cm™ sec™) is the diffusion coefficient for O, F is Faraday’s constant (1F = 96
485.3 C mol™), n the number of electrons involved in the faradic process, C; (mol
cm™) is the bulk concentration for O and 4 (cm?) is the electrode area. This is the
general Cottrell equation but for large amplitude potentials steps also the geometry of
the electrode should be taken into account. Plotting the steady-state current i vs. r”?

diffusion coefficients and electroactive area of electrodes can be calculated.

Chronoamperometry (CA) under convection: Flow Injection Analysis (FIA)

Flow injection analysis (FIA) is accomplished by injecting a plug of sample into
a continuously flowing carrier stream. The sample is transported by the carrier stream
through a detector to a waste container. FIA was first developed by Ruzi¢ka and Hansen
in Denmark in the mid *70 [91-93]. FIA instrumentation consists of a pump, used to
move the carrier stream through a narrow tube and an injection port, through which a
well-defined volume of a sample solution is injected into the carrier stream in a
reproducible manner. Finally, the sample is sensed by a flow-through detector (in this
thesis an enzyme based electrode) and recorded with a potentiostat. A bypass loop
allows passage of carrier when the injection valve is in the load position, as reported in
Figure 3.3. A typical recorder output has the shape of a sharp asymmetric peak. Once
the sample is injected, it will be affected by the laminar flow, which is a combination of
diffusive forces contributing to the sample dilution before reaching the detector. The

dilution is highly reproducible by using FIA.
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Figure 3.3 Schematic representation of FIA system.

The dispersion can be controlled through the dispersion factor (D), defined as the ratio
of the analytical read out before (C%) and after (C™™) the dispersion process in the

carrier stream:

cO
cmax

D =

(3.23)

The value D is then used to correct the concentration values obtained during the
experimental work. Dispersion is classified into limited (D = 1 to 3), medium (D = 3-
10) and large (D > 10). In this thesis all the amperometry experiments were performed
under limited dispersion.

The thesis reported the use of a FIA system combined with a wall-jet cell where
an enzyme based electrode was used as the amperometric detector. A wall-jet cell
consists of two halves constructed to be screwed together [94]. The distance between
the working electrode and the inlet can be varied continuously by screwing the two
halves more or less apart [95]. The inlet section of the cell contains the Ag|AgCl
reference electrode (R.E.) in a circular chamber filled with 0.1 M KC1 from an external
syringe. The chamber is connected with sample stream through four holes. The working

electrode (W.E.) is fitted into a Teflon holder in order to expose the top of the electrode

41



to the carrier stream while the counter electrode (C.E.) is a platinum wire encircling the
outlet chamber. In FIA measurements a selected constant potential (Eqpp) is applied to
the WE in order to achieve the highest current possible.

The equation which describes the steady-state current recorded in a wall-jet cell when
the inlet diameter is much smaller than the electrode has been reported by Yamada and

Matsuda:
i = 0.898nFCD?/3y=5/12q=1/2p3/8y3/4 (3.24)

where a is the diameter of the inlet nozzle, 4 is the electrode surface area, C is the
concentration of the electrochemically active compound, F' is the Faraday constant, D is
the diffusion coefficient, v is the kinematic viscosity, U is the average volume flow rate,
n is the number of electrons involved in the faradic process [96].

Finally, FIA is a powerful analytical tool since it exhibits several advantages such as a
fast, precise and accurate read out, it requires low sample volumes, it shows a low

signal to noise ratio, and it is highly reproducible, easy and cheap.

3.3 Potential sweep techniques

During the experimental work of the thesis, several potential sweep techniques
have been used such as linear sweep voltammetry (LSV) in which the potential is swept
from the starting potential (E;) to the end potential (E,) recording the current. In a
similar way, also cyclic voltammetry (CV) is a sweep technique but in this case the

potential is reversed once reached the E,.

Cyclic voltammetry for diffusing species

In CV the potential is swept vs. the time between two limiting potentials
recording the resulting current. A redox reaction can be defined as a Nernstian system
when the electron transfer kinetics is faster compared to the sweep rate. In a general CV
experiment, where the electron transfer at a planar electrode is diffusion-controlled, the
curve starts at E;, increases while approaching to the formal potential (E*”) of the redox
couple due to the oxidation reaction therefore the surface concentration of reduced
species drops, hence the flux to the surface and the faradaic current increases. After that,
the potential is switched back and the reduction half-reaction occurs, as shown in the

graphs reported in Figure 3.4.
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Figure 3.4 Graphical representation of CV. (A) the potential waveform and (B) a typcal CV for an
electrochemical reaction where E," and E,° stand for anodic and cathodic peak potentials, respectively,

while i," and i," are the anodic and the cathodic peak current.

The electrochemistry of this method is governed by Randles-Sev¢ik equation [97-99],
where the faradic peak current is proportional to the square root of the sweep rate. By
considering a few boundary conditions like a reversible system in semi-infinite linear
diffusion (planar diffusion-controlled process), it is possible to solve the equation as

follows:

i, = (2.69 10%)n3/2AD}/* Chv'/2 (3.25)
The plot i, vs. v should be linear and considering its slope and intercept it is possible
to obtain the diffusion coefficient.

The peak potential can be defined as:
RT o
Ep = Eyjp —1.109— = 285/, my at 25 °C (3.26)
where, F is the Faraday constant, R the constant of the ideal gases, T temperature [C],
Dy diffusion coefficient of the oxidized species [mol cm™], Co* the concentration of the

oxidized species [M], v the sweep rate [V/s] and i, the peak current [A].

A reversible system should match all the following criteria:

i o /2 (3.27)

E, non — dependent of v (3.28)

AE, = Eyq — Eye = 2 mV at 298 K (3.29)
|Ey — Epj2| =ZmV at 298 K (3.30)

T =1 (3.31)
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Ey,q or Ep, should be independent on v with the increase in v
E; > %mV beyond E,, then E, is independent on v (3.32)

In case the system does not fulfill all the aforementioned conditions, some kinetic
restriction should be considered (quasireversible or irreversible systems). In case of
irreversible system, the following equations should be applied:

ipg OT ipe < V2 (3.33)

la

*1 (3.34)

ic
E,q or Ep,c should shift to higher overpotentials with an increase inv  (3.35)

|Ep

— Eypo| = =>mV at 298 K (3.36)
Since the fully reversible ET is always mass-transfer controlled it is hard to calculate £
using CV. Nevertheless, it should be possible for quasireversible and irreversible
systems, with a slower rate of ET compared to the reversible ones.

For a one-step quasireversible electrochemical reaction in which the kinetic
parameter W=k’/xDnvF/(RT)]""? is varied up to 0.1 and (AEp x n) not exceeding 200
mV, the Nicholson and Shain method [100] can be used considering the working curve
W-AEp x n followed by a W-v' plot. On the other hand, Klingler and Kochi method
[101] allows calculation of the ET rate constant &° for an irreversible system by

following the equation below reported:

1
= BZnF
Kk =2.18 %} e~ Crr ) ES—Ep) (3.37)

where f is the ET coefficient for the redox process considered and E,*-E, the peak-to-
peak separation between the anodic and the cathodic peak, which should be higher than
200 mV out of Nicholson and Shain method. In the present thesis, the evaluation of the
ET rate constant k&’ was performed by using an extended method reported from
Lavagnini et al., which can be applied to all redox systems (quasireversible and
irreversible) over the whole peak separation interval [102]. The equation 3.37 was

rearranged as follows:

1
= BZF
Y =218 [ﬁ] e~ T AEp (3.38)
T
where the symbols have their usual meaning. Finally £° could be easily calculated from

the slope of the graph ‘I’—[ﬂDnF/(RT)]’”2 v, This method has been employed in
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PAPER 1, II, III and IV to evaluate the ET kinetic parameters of the modified

electrodes considering the redox couple ferri/ferrocyanide Fe(CN)g ™.

Cyclic voltammetry for immobilized species

The CV of an electroactive layer adsorbed onto the electrode surface is different
compare to the CV of the same dissolved species freely diffusing. In this cases, we must
consider the assumptions about (a) the degree to which adsorption equilibrium is
attained before the start of the electrochemical experiment (i.e., how long after the
formation of a fresh electrode surface the experiment is initiated) and (b) the relative
rate of electron transfer to the adsorbed species compared to that for the dissolved
species.

By assuming that the net reaction involves the electrolysis of diffusing O as well
as O adsorbed on the electrode, to produce R that diffuses away and R that remains

adsorbed, the mass-transfer equation resulted to be:

where T, (t) and T, (t) are the amounts of O and R adsorbed at time ¢ (mol/cm?), while
Co(x,t) and Cr(x,t) are the concentration of O and R dissolved (freely diffusing) and
the other constants have their usual meaning. The introduction of these terms requires
additional equations relating I' to C. Most frequently, the Langmuir isotherms can be

used, as reported below:

_ Bol'0,sCo(0,t)
To ) = 14+ BoCo(0,6)+BRrCR(O,L) (3.40)

_ BrRTRsCR(0,Y)
Fr(t) = 1+ BoCo(0,t)+BRCR(O) (3.41)

with initial conditions I'o=I'p* and I'y = 0. By considering a sweep rate larger compare
to the diffusion rate, so that O does not have time to diffuse appreciably to the electrode

surface, it is possible to write the equation 3.42 as follows:

_aTo(®) _ OTR(D) _ i
at a8t  nFA (3.42)

Equation 3.42 implies that reduction of adsorbed O produces adsorbed R with no
adsorbtion/desorption occurring during the scan. The previous equation along with the

initial conditions yields
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To(t) + Tr(t) = T (3.43)

By considering the Langmuir isotherms, it is possible to write:

To(t) _ Bol'o,sCo(0.t) _ boCo(0t) (3.44)
Tr(t)  BrRTRsCr(Ot)  brCRr(0,t) '

where by = Bplp s and bgr = PRIy s. By considering a nernstian process, it is possible

to write:

Co(0,t) _ F ’

caton) =~ &P |Gr) (& =) (3.45)
further rearranged substituting equation 3.44 into 3.45, as follows:

To(t) _ b_ ﬂ _ l

% B (bZ) €xp [(RT) (E E° )] (3.46)

By using the previous equation with equation 3.42, it is possible to obtain the equation

for the i-E curve:

- ez AT (52) exp| (p) (55"

RT bo nF 112 (347)
[1+(52) exel () (5-=")]
when E = E”, the peak current is given by:
ip = vAT, (3.48)
The peak potential is obtained by:
— g0 _ (BT bo
E,=E (nF) In (bR) (3.49)

The peak current, and indeed the current at each point on the wave, is proportional to v,

in contrast to the v

dependence observed for nernstian waves of diffusing species. For
an ideal nernstian reaction under Langmuir isotherm conditions, E,, = E, and the total

width at half-height of either the cathodic or anodic wave is given by:

RT _ 906 o
AEp 1/, =353~ = Z2mV at 25 °C (3.50)

However, for the case where adsorbed O undergoes a totally irreversible one-step
reduction, the langmuirian-nernstian boundary condition reported in equation can be

replaced by kinetic one, obtaining a different expression for the i-E curve:
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i = FAkT; exp[(50) ()] (3.51)

The shape of the i-E curve is independent of v and £° so that the peak values are given

by

aF?

I, = Py VAT, (3.52)
, RT RT k©

Ep = EO - (E) In (57) (353)

AEp1/; = 2447 = Z2mV at 25°C (3.54)

where « is the electron transfer coefficient while the other constants have their usual
meaning. The heterogeneous electron transfer rate constant (k;) for adsorbed species can

be calculated as follows:
logks; = alog(l—a)+ (1 —a)log(RT/nFv) —a(l —a)nFAE,/2.3RT  (3.55)

where « is the electron transfer coefficient while the other constants have their usual
meaning. In this equation we should consider two different cases:

* nAE, > 200 mV «a can be calculated considering the graph E,=f(log v), where
there are two straight lines with a slope equal to m.=-2.3RT/anF for the cathodic
peak, and m,=2.3RT/(1-a)nF for the anodic peak;

* nAE, <200 mV o= 0.5 can be used because AE, does not depend very much on

Q.
The equation 3.55 was used in PAPERS 11, III, IV and VII to evaluate the ET rate of
CDH and FDH adsorbed onto modified electrodes.
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4. BIOELECTRONICS

There are three different ways to pursue the increasing of the performance of
bioelectronics in terms of ET and current output. The first is the protein engineering, the
second is the electrode nanostructuration and the third is the immobilization method.
The present thesis is mainly devoted on the design and development of different

nanostructuration and immobilization methods.

4.1 Electrode material, nanostructuration and modification

The ET rate and the amount of protein immobilized onto the electrode surface
could be highly increased through an efficient nanostructuration of the surface by using
several nanomaterials, such as metal nanoparticles (e.g. gold nanoparticles AuNPs,
silver nanoparticles AgNPs), highly porous gold (h-PG), graphene, single and multi-
walled carbon nanotubes (SWCNTSs) or their combination as nanocomposite materials,
like for example graphene decorated with AuNPs. These improvements would affect
directly the analytical and electrochemical performance of bioelectronics such as
biosensors and EFCs in terms of catalytical properties, sensitivity, chemical and
electrochemical stability, selectivity, anti-fouling properties and introduction of other
functional groups for further electrode modification. The aforementioned
nanostructuration methods used in the thesis will be further discussed. For deeper
insight into the nanomaterials several papers reported in literature are highly

recommended [103-106].

Electrode materials
Graphite (PAPERS I and VI), glassy carbon (GC, PAPERS IV and VII),
screen-printed (PAPER III) and gold polycrystalline (AuE, PAPERS II and VIII)

based electrodes have been employed.
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Graphite electrodes consist of several graphene sheets in a polycrystalline
arrangement in which both planes, basal and edge plane sites, are present on the
electrode surface with a random composition. However, graphite electrodes own high
porosity and high charging current. On the electrode surface there are several oxygen
functionalities or electrochemically active quinone groups, which may act as mediators
with enzymes, so they should be consider during control experiments in order to
exclude their contribution in the electrochemical process [107].

Glassy carbon (GC) electrodes merge glassy and ceramic properties with
graphite properties. GC electrodes exhibit low density, low porosity and low electrical
resistance. Their structure has been widely discussed in the last 50 years proposing
several models, assuming the presence of both sp® and sp® carbon atoms or the presence
of only sp” hybridized carbon or a fullerene like structure, but further investigations are
needed to clarify this debate. GC electrodes are inert for the hydronium ion reduction
[108].

In the last twenty years, screen-printed electrodes (SPEs) have received great
attention for the on-site monitoring as a good compromise between high-volume and
low-cost electrodes production, although not yet highly reproducible and reliable single-
use sensors. Therefore, the use of screen-printing technology in the serial production of
disposable low-cost electrodes for the electrochemical determination of a wide range of
substances is currently undergoing widespread growth. Furthermore, SPEs are highly
customizable in terms of working electrode modification (e.g. graphite, gold, palladium,
copper, graphene, MWCNTs and AuNPs etc.), combined with the possibility to
miniaturize the electrochemical cell [16, 109, 110].

Polycrystalline gold electrodes (AuE) own a really well-defined surface, lower
charging current and a better reproducibility when comparing with graphite electrodes.
Since gold is an inert material, it would prevent the formation of heterogeneous oxygen
species which would affect the catalysis. AuEs need a pre-modification step with
polymers or SAM because the protein directly adsorbed onto the metal surface gets

easily denatured giving poor results in terms of electrochemistry [111, 112].

Metal nanoparticles (MNPs)
Nanosized metals exhibit a larger range of optical and electronic properties compared to
relative bulk metals, such as larger surface area-to-volume ratio, larger surface energies,

plasmon excitation, quantum confinement, etc [113, 114]. Due to its unique properties
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gold is the most widely investigated metal. The properties of gold nanoparticles are
strongly dependent upon size and shape. From the historical point of view, the most
famous archaeological finds made of gold nanoparticles mixed with molten glass is
certainly the Lycurgus Cup (4th century, roman empire age), which was changing colour

depending on the location of the light source [115].
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Figure 4.1 (A) Synthesis reaction of AuNPs and AgNPs; (B) TEM image of AuNPs with size distribution
graph; (C) TEM image of AgNPs with size distribution graph (PAPER I). Reproduced with permission
of Whiley & Co. from reference [121].
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Nevertheless, the scientific community attributed the first colloidal gold to
Michael Faraday (1857), who prepared colloidal gold by reducing a solution of gold
chloride with phosphorus, then called “activated gold” [116]. This discovery was then
followed by Richard Adolf Zsigmondy [117] (1898), who prepared the first colloidal
gold diluted solution, Theodor Svedberg for the ultracentrifugation and Gustav Mie
(1908) for his fundamental contribution on the theory for scattering and adsorption by
spherical particles [118, 119]. During the last century, metal nanoparticles have
attracted a great interest of the whole scientific community concerning both theoretical
and practical aspects. The synthesis methods are generally divided into three main
groups: chemical, physical and electrochemical methods [120].

In PAPERS 1, II, III and IV, chemical and electrochemical methods have been
used to synthesize metal nanoparticles. Chemical methods usually involve the chemical
reduction of a metal precursor solution (e.g. gold chloride, silver nitrate etc.) in aqueous
or organic solvent by using a reducing agent, like sodium borohydride (NaBHj), sodium
citrate or others. The synthesized MNPs present a “coating” layer which ensures a high
dispersion in the colloidal suspension. A chemical method can be considered as a
bottom-up approach proceeding through several steps from the reduction occurring to
the metal ions, followed by nucleation taking place because the supersaturated solution
is thermodynamically unstable, and finally the growth. The primary growth occurs after
the nuclei formation from the solution through the deposition of soluble species onto the
solid surface (molecular addition). Generally, the synthesis should be quit before any
secondary growth process take place to avoid aggregation phenomena (combination of
stable particles with smaller unstable nuclei). The size and the shape of metal
nanoparticles are affected mainly by pH and type of reducing agent. Nowadays, also the
synthesis of MNPs has been addressed toward green chemistry in order to minimize the
use and the generation of hazardous chemicals. In this regard, the method used in this
work involves the reduction of chloroauric acid (HAuCly) for AuNPs (PAPERS 1, 11
and III) and silver nitrate (AgNO;) for AgNPs (PAPER 1 and II), respectively [121,
122]. The reaction was carried out in aqueous solvent by using quercetin as reducing
agent, as reported in Figure 4.1. Quercetin is a plant polyphenol from the flavonoid
group, found in many fruits, vegetables, leaves, and grains. Quercetin reduces AuCly
ions to neutral gold atoms and Ag' ions to neutral silver atoms, which start to aggregate

in sub-nanometer particles followed by a final growth to appropriate dimensions. Thus,
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the reaction was quit after 20 minutes obtaining AuNPs with a core diameter of ~ 5 nm
and after 30 minutes obtaining AgNPs of ~8 nm under mild experimental conditions,

like room temperature and neutral pH.

Figure 4.2 SEM images of AuNPs-modified GCEs obtained by sweeping the potential between 1.1 and
—0.1 V vs. Ag|AgClg, for a given number of scans in 10 mM HAuCl, (0.5 M H,SO,): (a) 5, (b) 10, (¢) 15,
(d) 20, (e) 25, (f) 30 and (g) 35 (PAPER 1IV). Reproduced with permission of MDPI from reference [125].

Besides the classical synthesis methods for MNPs, also the electrochemical
deposition methods have been widely used to synthesize MNPs. The electrodeposition
is realised directly on the electrode surface immersing the electrode in the precursor
solution [123, 124]. Herein, the metal precursor concentration, the supporting
electrolyte, the applied potential and the electrodeposition time are affecting the size,
shape and thickness of the NPs layer. The electrochemical methods can be divided into
potential sweep methods and potential step methods. In the first methods the electrode
is scanned over a certain number of cycle (cyclic voltammetry), while in the latter case
the potential is stepped for a certain time (chronoamperometry). In this PhD thesis,
AuNPs have been electrodeposited onto glassy carbon electrodes studying the effect of
the cycle number on the NPs layer thickness, performing the electrodeposition in 10
mM HAuCly solution in 0.5 M H,SOs (PAPER 1V) [125]. Figure 4.2 shows the
morphology of the electrode surface while increasing the scan number by 5, each time
leading to aggregates and multi-layers which negatively affected the ET rate of the
modified electrode.

MNPs are generally characterized by using several surface techniques like

scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic
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force microscopy (AFM) or other techniques like X-Ray diffraction spectroscopy
(XRD), dynamic light scattering (DLS) and UV-Vis spectroscopy [126-129].
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Figure 4.3 CtCDH/MNPs/BPDT/AuE platform and DET between CfCDH and the modified electrode
(PAPER II). Reproduced with permission of Elsevier Ltd. from reference [122]

After a preliminary characterization, MNPs are widely used in biosensors
construction especially in combination with redox enzymes according to different
modification pathways. In particular, the first approach was the drop-casting of AuNPs
and AgNPs onto graphite rod electrodes (PAPER I). In PAPER II both AuNPs and
AgNPs have been covalently linked to the gold electrode surface by using a rigid SAM,
diphenyl-4,4’-dithiol (BPDT), as shown in Figure 4.3, which exhibits high conjugation
through the two aromatic rings (high conductivity) and a certain rigidity considering
only the rotation along the o bond connecting the phenyl rings as possible molecular
rearrangements. Moreover, AuNPs have been used also in combination with graphene
to develop an efficient CDH based bioanode using a cross-linking photopolymer to
immobilize the AuNPs onto the modified electrode (PAPER III). Then, the AuNPs

obtained through the electrochemical method were further modified using a mixed
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SAM based on 4-mercaptobenzoic acid (4-MBA) and 4-mercaptophenol (4-MPh) as
reported in PAPER IV.

Highly porous gold (h-PG)

Highly porous gold (4-PG) has been widely studied during the last twenty years
mainly due to its particular properties, such as low bulk density, great specific surface
area, low thermal conductivity, good penetrability, etc. [130-132]. Among all synthesis
methods, de-alloying, free-template electrochemical deposition, template
electrochemical deposition, self-assembly, sputter, and spray are the most commonly
used. In PAPER VIII particular attention has been addressed to the free-template
electrodeposition, which gives a multimodal distribution of 4-PG, performing a two

steps electrodeposition in 10 mM HAuCly in 2.5 M NH4Cl, as shown in Figure 4.4.

A

Figure 4.4 SEM images at different magnification (A) 100 um (B) 10 pm (C) 1 pm of h-PGE obtained
through a two steps electrodeposition: i) sweeping the potential for 25 scans between +0.8 V and 0 V vs.
Ag|AgClsat, ii) applying a fixed potential -3 V vs. Ag|AgClg, for 120 s; both steps have been carried out
in 10 mM AuCl;-H,O containing 2.5 M NH4C1 (PAPER VIII).

The first step is responsible for the homogeneous deposition of a gold layer by
cycling the electrode in the precursor solution while in the second step a negative
potential is applied for 120 s in order to ensure the hydrogen bubbling at the electrode
surface. In this procedure the hydrogen bubbles work as a template since the gold is
electrodeposited in the interstitial space. Free-template electrodeposition is a time-

saving method compared to the template electrodeposition since the template-removal
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step is not needed. The so prepared /-PG electrodes were further modified with
different SAM of 4-MBA, 4-MPh and 4-mercaptoaminothiophenol (4-APh) in order to
obtain a different charged porous surface allowing a reorientation of the enzyme

through electrostatic interactions.

Carbon nanomaterials
Carbon is a versatile atom which can be involved in sp, sp® and sp’ hybridized
structures. Carbon (C) itself exhibits a lot of allotropes such as diamond (where C atoms
are bonded in tetrahedral lattice), graphite (C atoms arranged in several sheets with
honeycomb lattice structure), graphene (which is one layer of graphite structure) and
fullerenes (C atoms arranged in spherical or tubular structures). The most widely used
carbon based nanomaterials in biosensors development are single walled carbon
nanotubes (SWCNTs), multi walled carbon nanotubes (MWCNTs) and graphene (GPH)
[133, 134]. CNTs are perfectly straight tubules with a diameter in the nanometer range.
CNTs were accidentally discovered by Sumio lijiama in 1991, giving to rise new input
in carbon research through new structures [135]. CNTs own particular electronic
properties due to the honeycomb lattice network developed along the diameter to give
tubules with a certain helicity, which introduces several changes in the electronic
density of states [136, 137]. Moreover, CNTs exhibit a lot of mechanical properties like
high stability, strength and stiffness, low density and finally offer a great chemical
features due to the introduction of terminal groups used for further reactions [138].
Among CNTs, there are two types which differ for the arrangement of graphene
cylinders. MWCNTs are based on several concentric cylinders while SWCNTs are
based on one cylinder. In order to modify these structures, several reaction approaches
can be adopted:
= Covalent bond (sidewall halogenation, cycloaddition, electrophilic additions,
nucleophilic addition, grafting of polymers etc.);
= Non-covalent adsorption (polymers);
* Encapsulation of biomolecules;
» Other side reaction.
In PAPER VII, a GC electrode was modified through drop-casting of a
SWCNTs suspension, then grafted with 2-aminoanthracene (2-ANT) through the
diazonium coupling technique in order to get access to the hydrophobic portion of the

redox protein close to the heme ¢ groups thus enhancing the ET rate.
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Another intriguing carbon based nanomaterial is GPH. GPH exhibits as single- or
double- layer of carbon atoms linked by sp” bond in a honeycomb lattice. The different
graphene layers are held together by weak Van der Waals interactions along the
distance of 3.35 A. However, graphene displays peculiar properties mainly due to the
chemical structure where each carbon atoms is sp” covalently linked with other 3 carbon
atoms in the 2D-plane, so that one electron is freely moving in the third dimension

generating high electronic conduction, as shown in Figure 4.5 [139].

Figure 4.5 Structure of graphene.

During the last decade, several methods to synthesize graphene have been
developed. There are basically two different classes of methods which can be resumed
in top-down methods (e.g. graphite exfoliation through physical, chemical or
electrochemical procedures) and bottom-up methods (e.g. chemical vapor deposition
CVD). The top-down methods are based on mechanical procedures which reduce
interatomic Van der Waals interactions between the graphene sheets while the bottom-
up methods consider mainly a chemical production with a low yield which does not
allow to scale up the procedure to an industrial production. The raw material mainly
employed to synthesize graphene is graphite which is naturally available with purity
levels ranging between 80% and 98% due to the presence of nickel or iron as impurities,
while considering the synthetic graphite is possible to achieve purity levels above 99%

depending on the quality of carbon source and its thermal treatment [105, 140].

56



Historically, graphene was synthesized the first time by using the mechanical
exfoliation which allowed the fabrication of graphene sheets with minimal structural
defects as detailed reported from Andre Geim and Konstantin Novosolev (both awarded
with Nobel prize in Physics in 2010) using adhesive tape to separate graphene sheets
from crystalline graphite [141, 142]. Unfortunately, this method cannot be used for
large scale production while it is useful to investigate physical properties and for some
selected applications (e.g. field-effect transistor). The exfoliation can be also realized
through the electrochemical oxidation of a carbon-based working electrode (e.g. highly
oriented pyrolytic graphite HOPG) in a three-electrodes electrochemical setup (working,
reference and auxiliary electrode usually platinum). The oxidation experiment is carried
out in electrolyte diluted such as sulfuric acid or surfactant solution like
poly(styrenesulfunate) in water diluted sodium dodecyl sulfate (SDS), which acts
during the intercalation process of negative charge from the electrolyte.

In PAPER III, a GPH based SPE was further modified through drop-casting
with a colloidal suspension of gold nanoparticles to support the enzymatic layer of
CtCDH immobilized by using a cross-linked photopolymer, called poly(vinyl alcohol),
N-methyl-4(4’-formylstyryl)pyridinium methosulfate acetal (PVA-SbQ).

Self-Assembled monolayers (SAMs)

Self-Assembled monolayers (SAMs) reaction occurs through the spontaneous
and ordered adsorption of organic molecules onto the electrode surface. SAMs are
generated through the chemisorption of head groups of the molecules followed by a
slow organization of tail groups. The organization step takes place because of some
forces acting between the spacer chain and the tail groups mainly Van der Waals,
electrostatic and steric interactions [103, 143]. Thiols and dithiols are widely used as
SAMs due to their spontaneous chemisorption on metal electrodes like gold. SAMs are
really popular for biosensors development mainly because of the ease of preparation,
long term stability, relatively low toxicity, wide potential window and dense monolayer
formation. Moreover, SAMs present a lot of functional groups as tail groups like
carboxyl, hydroxyl, amino etc. SAMs offer multiple choices concerning the spacers,
which could be aromatic or aliphatic and in terms of length representing a really
versatile and easy procedure to chemically modify the electrode surface [144, 145].

In the thesis work SAMs have been actively employed in PAPERS 11, IV and
VIIL. In particular, in PAPER II biphenyl-4,4’-dithiol (BPDT) was used to covalently
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link AuNPs and AgNPs followed by the enzyme drop-casting. In PAPER 1V a mixed
SAM namely 4-MBA and 4-APh was deposited onto the AuNPs/GC modified electrode
where the CtCDH was cross-linked by using glutaraldehyde (GA). Finally, in PAPER
VIII the h-PG electrodes were further modified with 4-MBA, 4-MPh and 4-APh used
separately to exploit the electrostatic interaction between the charged electrode surface

and the enzyme namely FDH.

Covalent reactions at carbon electrodes

Carbon based electrodes can be modified through chemical and electrochemical
methods. On the surface of carbon electrodes there are a lot of oxygen containing
functionalities like carboxylic, hydroxyl or ketones groups. Covalent bonds with
—COOH usually occur with amines or alcohols. Also ketones and aldehydes can react
with amines on the surface of the enzymes. Moreover, the spontaneous reaction of
diazonium cations and carbon based electrodes is described [146, 147].

Since the first report of carbon based electrode modification using diazonium
salts on 1992, a very large number of publications can be found using this method for
surfaces modification [148-150]. Diazonium coupling offers a lot of modification
possibilities with different functional groups that can influence the enzyme orientation.
This aspect is important for biosensors and EFCs development. The electrochemical
reduction of aryl diazonium salts is normally made in an aprotic medium with a
supporting electrolyte or in acidic water conditions at room temperature. Besides the
classical methods like ultrasound, microwave or UV light, it is possible to
electrodeposit the in situ generated aryl diazonium cations, as shown in Figure 4.6. The
thickness of this layer is mainly affected by the number of cycles applied to the carbon

based electrode.
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Figure 4.6 Diazotation of the aniline derivate, followed by the electroreduction of diazonium cation with

a final covalent linkage.
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In PAPER VII, SWCNTs suspension was drop-cast onto the GC electrode surface and
let it dry; afterwards, the in situ generated diazonium cation of 2-amino anthracene was
electrochemical reduced onto the electrode surface making the surface highly
hydrophobic in order to get access to the hydrophobic region of the subunit II through
nt-1t interaction. This approach allowed to exploit the contribution of each heme on the
catalytic behaviour of FDH arising a current density two times higher compared to the

electrode modified with SWCNTSs on which FDH is randomly oriented.

4.2 Immobilization of the enzymes

Besides the electrode materials employed, nanostructuration and modification,
enzyme immobilization represents a key issue in biosensors and EFCs development.
The enzyme immobilization consists of a confinement onto the support surface (e.g.
electrode), being a different phase from the one for substrates and products. An ideal
immobilization matrix should be affordable, inert, robust, stable [151-153], increase the
enzyme specificity/activity and reduce the product inhibition, non-specific adsorption
and microbial contamination. The immobilization methods can be divided into three
main categories: adsorption, chemical methods (e.g. covalent bond and cross-linking)
and physical entrapment (e.g. polymers like chitosan, collagen, nafion or PVA-SbQ). In
the present thesis, adsorption (PAPERS I and VI), cross-linking (PAPERS 1IV) and
physical entrapment (PAPER III) methods have been used features, advantages and

drawbacks of each method will be clarified below

Adsorption

Enzyme adsorption is mainly due to hydrophobic interactions and salt linkages
by easily drop-casting the enzyme onto the support and let it dry [154]. Thereafter the
molecules that are not adsorbed are washed away. This is a really weak immobilization
method but easy to perform. Considering its reversibility, it should be taken into
account that changes in pH, ionic strength, substrate concentration and temperature
would contribute to detach enzyme molecules from the electrode surface. Carbon based
electrodes (e.g. graphite, SWCNTs etc.) but also gold porous electrodes due to their
porosity are suited for this kind of immobilization method. Therefore, it was used in

PAPERS I and VI on graphite electrodes.
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Cross-linking

Cross-linking is a strong chemical coupling method which requires the use of a
cross-linking reagent, like glutaraldehyde or polyethylene glycol to link the
biomolecules to the modified electrode surface [155, 156]. In this case, the main
disadvantage is related to the activity loss of the enzyme. Cross-linking was used in
PAPER 1V to link CfCDH to the electrode surface modified with a mixed SAM 4-
MBA/4-APh by using glutaraldehyde. The so prepared biosensor was further

characterized and used to detect glucose in human saliva.

Physical entrapment

Enzymes can be immobilized in three-dimensional matrices such as an
electropolymerized film, an amphiphilic network composed of polydimethylsiloxane
(PDMS), a photopolymer, a silica gel, a polysaccharide or a carbon paste. This
immobilization is easy to perform. Enzyme, mediators and additives can be
simultaneously deposited in the same sensing layer [157, 158]. There is no modification
of the biological element so that the activity of the enzyme is preserved during the
immobilization process. Biosensors based on physically entrapped enzymes are often
characterized by increased operational and storage stability. However, limitations such
as leaching of biocomponent and possible diffusion barriers can restrict the
performances of the systems. In this regard, the N-methyl-4(4’-formylstyryl)pyridinium
methosulfate acetal (PVA-SbQ) has been used to entrap C*CDH (PAPER III) onto the

modified electrode surface through photopolymerization, as shown in Figure 4.7.

60



\/—{.;(OOOCH_, .
’/__(’4 b nzyme
0 /

OH == E

PVA-SbQ l

Photopolymerization

Figure 4.7 PVA-SbQ entrapment of the enzyme.

4.3 Enzyme biosensors

Besides the general concept of “biosensors” previously discussed in the
introduction section, the catalytic or enzymatic biosensors that catalyse the conversion
of the substrate (analyte) in product will be deeply explored [159, 160]. According to
the communication way between enzyme and electrode, enzymatic biosensors can be
divided into 1* generation, ond generation and 31 generation biosensors [161-163], as
shown in Figure 4.6.

In the 1** generation biosensors, the substrate is converted into a product, which is an
electroactive molecule oxidised/reduced onto the electrode surface. The main problem
is represented by the interferences for the analytical detection [164]. These
interferences can be reduced by using an artificial mediator immobilized onto the
electrode surface, which is able to shuttle the electrons between the active site and the
electrode surface, giving rise to the 2" generation biosensors [165]. Finally, some
enzymes have their active sites or a redox ET pathway very close to the surface of the
enzyme. In this case the electrode is able to electrically contact the enzyme without the

use of any other molecule. This mechanism is called direct electron transfer (DET) and
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the biosensors are called 3™ generation biosensors [166, 167]. All three generations are
reported in Figure 4.8.

substrate product
substrate product

substrate product

Figure 4.8 Biosensors types. Left, first generation, center second generation and right, third generation.

For biosensors based on DET, third generation biosensors, the absence of
mediators is the main advantage, providing them with superior selectivity, both because
they should operate in a potential window closer to the redox potential of the enzyme
itself, and therefore, less prone to interfering reactions and also because of the lack of
other reagents in the reaction sequence [168]. Another attractive feature of the systems
based on DET is the possibility of modulating the desired properties of an analytical
device using protein modification with genetic or chemical engineering techniques on
one hand, and novel interfacial technologies on the other hand. The very first reports on
DET with a redox active protein were published already in 1977 when Eddowes-Hill
[169] and Yeh-Kuwana [170] independently showed that cytochrome ¢ with gold and
tin doped indium oxide electrodes, respectively, showed virtually reversible
electrochemistry as revealed by cyclic voltammetry [169].

The development of amperometric biosensors was boosted from the big request
of glucose sensors on the market mainly due to the increase of diabetes in the world
population. Nowadays a lot of glucose sensors are available on the market mainly based
on 1% or 2" generation biosensors with PQQ-dependent GDH or FAD-dependent GDH
with a mediator (e.g. glucocontour XT from Bayer) [171, 172]. Recently, the first 3"
generation lactose biosensor kit has been commercialized by DirectSens GmbH.

In the present thesis third generation biosensors for lactose detection (PAPERS
I and II), glucose detection (PAPER IV) and fructose detection (PAPERS VII and
VIII) have been developed
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4.4 Enzymatic fuel cells (EFCs)

As already discussed in advance, a fuel cell is a galvanic cell. It consists of a fuel
compartment and an oxidant compartment where two electrodes are submerged. The
fuel is oxidised at the anode while the oxidant is reduced at the cathode, with electrons
flowing from the anode towards the cathode generating electrical power to power-up
electronic devices [173]. Over the last 30 years’ biofuel cells (BFCs) have received
great attention because they work in mild experimental conditions, without separator
between the two halves and offer some possibilities towards the miniaturization process
compares to classical fuel cells [20, 174, 175]. In the BFCs there is substitution of metal
catalysts in both compartments with enzymes or microorganisms able to oxidize the fuel
and reduce the oxidant. The limiting aspect is the power output, which is in the milli- or
micro-Watts [176], rather lower than the one obtainable from classical fuel cells. The
main advantage is represented from the mild operational conditions like normal
temperature and pressure.

To date, the first enzymatic fuel cell was reported by Yahiro and co-workers in
1964. The cell consisted of platinum based electrodes immerged in phosphate buffer
solutions for both compartments separated by a membrane. Glucose and glucose
oxidase were placed into the anodic compartment while the cathodic side was purged
with oxygen. With this setup, the cell gave an open circuit potential (OCV) of about
625-750 mV with a small current density [21]. The poor performance was probably the
result of the absence of any mediator to transfer electrons between glucose oxidase and
the electrode. It is well known that glucose oxidation at Pt occurs at high potential,
therefore it is unclear whether the enzymes were functioning at all. This work was
followed by Hill and co-workers in 1981 reporting a methanol-oxidizing fuel cell based
on bacterial methanol dehydrogenase in which the performances were not so satisfying
due to the low OCV but higher current density close to 0.5 mA cm™. Other research
groups have been contributing to the improvement of EFCs like Yue and Lowther,
Willner and co-workers, and Armstrong, who demonstrated the first EFCs for the H;
oxidation as well as Karyakin and his co-worker [177-181].

Few parameters should be considered for a completed EFCs characterization

[182], as below listed:
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* Power output: power generated from the EFC calculated from P=E x I as a
derivation of the Ohm’s law (I=V/R);

* Open circuit voltage (OCV): maximum voltage associated with the EFC, also
called resting potential or zero-current potential, because it is the potential at
which no net current is flowing in the circuit;

* Short circuit potential: the potential at which the anode and the cathode are
electrically connected without an applied load, no useful electrical work is done.

An example of EFCs characterization is shown in Figure 4.9.

As already discussed the ET between enzymes and electrodes takes place either
in a DET- or a MET-pathway. MET based EFCs give in general much higher current
densities due to the efficient ET between the active site of the enzyme and the electrode.
Nevertheless, the use of DET compared to MET has many advantages, like less
components (e.g. no mediators) and higher open-circuit potential (OCV) due to direct
connection of the enzyme resulting in the OCV as the difference between the formal
potential of cathode and anode. This makes DET EFC the most advantageous ones for
future miniaturization and implantation in the human body [183-185].

In the present thesis work, the anode construction based on a nanocomposite
material (graphene and AuNPs) has been optimized with different immobilization
methods, drop-casting, nafion membrane and PVA-SbQ, which showed the best results.
This electrode was used in combination with a Trametes hirsuta laccase based electrode,
as biocathode The EFC was further scaled down according to three steps: (i) two SPEs
separated by a proton-exchange membrane, (ii) two SPEs without any separator, (iii)
only one SPE, which has been tested as proof-of-concept in saliva (PAPER III), as

better described in the next paragraphs
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Figure 4.9 Voltage and current response for a pair of fuel cell electrodes tested separately (A) or

operating together in a fuel cell (B and C). Features that determine fuel cell performance are highlighted.
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5. SUMMARY OF RESEARCH

In the first part of the thesis has been focused on the “green” synthesis of metal
nanoparticles to modify the electrode surface through different immobilization
approaches, like drop-casting (PAPER 1), covalent modification of gold surface
through SAM (PAPER II) and physical entrapment by using a photopolymer,PVA-
SbQ (PAPER III).

In PAPER 1 a facile, cost effective and environmental friendly green synthesis
method of gold and silver nanoparticles (NPs) by using quercetin as reducing agent has
been reported The obtained NPs were characterized by transmission electron
microscopy (TEM), energy dispersive spectroscopy (EDS), dynamic light scattering
(DLS) and UV-Vis spectroscopy and parameters such as pH, ionic strength and
temperature, effectively affecting shape and size of NPs, have been carefully studied
and optimized. The obtained results showed that the synthesized NPs were circular in
shape with an average diameter of 5 and 8 nm for AuNPs and AgNPs, respectively. The
“green” NPs, showing increased electroactive areas (Aga) and electronic transfer rate
constants (k”), were successively used to fabricate a novel third generation lactose
biosensor based on cellobiose dehydrogenase from Trametes villosa (TvCDH). The
TvCDH/AuNPs based lactose biosensor revealed the best results showing very efficient
DET and a detection limit for lactose of 3.5 uM, a large linear range from 10 to 300 puM,
a high sensitivity (5.4 pA uM™' cm™) and long-term stability.

In PAPER 1I, an efficient direct electron transfer (DET) between cellobiose
dehydrogenase from Corynascus thermophilus (CtCDH) and a novel gold electrode
platform was achieved through the covalent linking of the “green” AuNPs and AgNPs
modified with a dithiol self-assembled monolayer, consisting of biphenyl-4,4-dithiol
(BPDT). The green AuNPs and AgNPs were synthesized using quercetin as reducing
agent at room temperature. TEM experiments showed that AuNPs and AgNPs were
circular in shape with an average diameter of 5 and 8 nm, respectively. Cyclic

voltammetry of CtCDH immobilized onto AuNPs/BPDT/AuE and AgNPs/BPDT/AuE
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electrode platforms was carried out and compared with naked AuE, BPDT/AuE,
AuNPs/AuE, and AgNPs/AuE. A pair of well-defined redox waves in neutral pH
solution due to the efficient DET of CtCDH was present with both MNPs/BPDT/AuE
platforms. No DET communication was found with platforms without MNPs linked to
BPDT. The apparent heterogeneous electron transfer rate constants (ks) of C*CDH were
calculated to be 21.5 = 0.8 s and 10.3 £ 0.7 s', for the AuNPs/BPDT/AuE and the
AgNPs/BPDT/AuE platforms, respectively. The modified electrodes were successively
used to develop an eco-friendly biosensor for lactose detection. The
CtCDH/AuNPs/BPDT/AuE based biosensor showed the best analytical performances
with an excellent stability, a detection limit of 3 uM, a linear range between 5 and 400
uM and a sensitivity of 27.5 + 2.5 A cm > mM . Such performances were favourably
compared with other lactose biosensors reported in literature. The biosensor was
successively tested to quantify lactose content in real milk and cream samples. No
significant interference present in the sample matrices was observed.

In PAPER III, the development of a new direct electron transfer based-
miniaturized glucose/oxygen enzymatic fuel cell (EFC) has been described. The
operating ability of the proposed EFC has been tested in real human saliva samples. The
bioanode and biocathode are a graphene working electrode and a graphite counter
electrode localized on the same screen printed electrode (SPE) modified with poly(vinyl
alcohol)  N-methyl-4(4'-formylstyryl)pyridinium  methosulfate  acetal (PVA-
SbQ)/cellobiose  dehydrogenase from  Corynascus  Thermophilus  (CtCDH)
C291Y/AuNPs and with Trametes Hirsuta laccase (ThLac)/AuNPs, respectively.

In order to optimize the bioanode, several CDH immobilization procedures were
adopted, such as drop-casting, use of Nafion membrane and PVA-SbQ photopolymer.
The photopolymer showed the best performance in terms of stability and reliability. The
biocathode was a partially optimized laccase electrode modified with nanomaterials
drop-casted onto the gold nanoparticles (AuNPs) modified SPE, in order to reduce the
overpotential of O,/H,O redox reaction catalyzed by Trametes Hirsuta Laccase (ThLac).
The performances of bioanode and biocathode were tested separately. Initially the two
enzymes were immobilized onto separated graphene SPEs. An efficient direct electron
transfer was achieved for both elements, obtaining an apparent heterogeneous electron
transfer rate constant (k) of 0.99 = 0.05 s for CtCDH C291Y and 5.60 = 0.05 s for
ThLac. Both electrodes were then assembled in a two compartments EFC obtaining a

maximal power output of 5.16 + 0.15 uW cm™ at a cell voltage of 0.58 V and an open
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circuit voltage (OCV) of 0.74 V. Successively, the bioanode and biocathode were
assembled in a non-compartmentalized EFC and a remarkable 50% decrease of the
maximum power output at the value of 2.15 = 0.12 pW cm™ at cell voltage of 0.48 V
and an OCV of 0.62 V at pH 6.5 was registered. In order to reduce the cell dimensions
for possible integration in biomedical devices, the bioanode and biocaythode were
realized by immobilization of both enzymes onto the same SPE. Theminiaturized EFC
delivered a maximal power output of 1.57 = 0.07 uW cm” and 1.10 = 0.12 pW cm™
with an OCV of 0.58 V and 0.41 V in a 100 uM glucose solution and in human saliva,
respectively.

In PAPER 1V, an efficient direct electron transfer (DET) between a cellobiose
dehydrogenase mutant from Corynascus thermophilus (CtCDH C291Y) and a novel
glassy carbon (GC)-modified electrode, obtained by direct electrodeposition of gold
nanoparticles (AuNPs) was realized. The electrode was further modified with a mixed
self-assembled monolayer of 4-aminothiophenol (4-APh) and 4-mercaptobenzoic acid
(4-MBA), by using glutaraldehyde (GA) as cross-linking agent. The CrCDH
C291Y/GA/4-APh,4-MBA/AuNPs/GC platform showed an apparent heterogeneous
electron transfer rate constant (ks) of 19.4 = 0.6 s, with an enhanced theoretical and
real enzyme surface coverage (ineor and Trear) 0f 5287 % 152 pmol cm™ and 27 + 2 pmol
cm, respectively. The modified electrode was successively used as glucose biosensor
exhibiting a detection limit of 6.2 M, an extended linear range from 0.02 to 30 mM, a
sensitivity of 3.1 = 0.1 pA mM™' ecm? (R* = 0.995), excellent stability and good
selectivity. These performances compared favourably with other glucose biosensors
reported in literature. Finally, the biosensor was tested to quantify the glucose content in
human saliva samples with successful results in terms of both recovery and correlation
with glucose blood levels, allowing further considerations on the development of non-
invasive glucose monitoring devices.

PAPER V presents the results obtained during the last 20 years by combining
new nanomaterials and hybrid nanocomposites with various CDHs in order to increase
the overall performances of electrical devices ( biosensors, EFCs etc.). It has also been
shown that nanomaterials can be further chemically modified to facilitate electron
transfer pathways between the biocomponent and the electrodes. Both carbon and metal
based nanomaterials and their combinations have been used together with CDH to

improve the performance.
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The second part of the thesis regards the study of the ET mechanism of fructose
dehydrogenase (FDH), highlighting the following points: a) the influence of divalent
and monovalent cations on the catalytic current through structural changes (PAPER
VI) b) the chemical modification of carbon based electrodes to get access to the
hydrophobic region contained in the subunit II of FDH (PAPER VII); c) the
modification of highly porous gold with different SAM to get various orientations of
FDH through different electrostatic interactions between the enzyme and the re-charged
surface to develop the most sensitive fructose biosensor (PAPER VIII).

In PAPER VI the influence of monovalent and divalent cations on the catalytic
current and enzyme structure by using both spectrophotometric assays and
amperometric  measurements has been investigated. In  particular, the
spectrophotometric assays were carried out by using a monoelectronic acceptor namely
cytochrome ¢ and successively a bielectronic acceptor, which is 2,6-dichloroindophenol
(DCIP). In the first case, it was possible to observe a remarkable increase of the
absorbance up to 200% adding 10 mM of CaCl,. By increasing the concentration of
CaCl, up to 50 mM and 100 mM, it was possible to observe a decrease of the
absorbance with a slight inhibition in correspondence of the highest CaCl,
concentration. MgCl, showed surprisingly no effect on the ET as well as for the
monovalent cations. Contrary to the previous assay, none of the cations tested seem to
affect the catalysis with DCIP. These results were further confirmed through
amperometric measurements in which the electrode was replacing the cytochrome ¢ in
terms of electron acceptor, so far interacting with the subunit II through the direct
electron transfer mechanism. In order to confirm the results obtained by
spectrophotometric assays and amperometric measurements, circular dichroism (CD)
measurements have been performed showing a great structural change while increasing
CaCl, concentration up to 50 mM, when the enzyme molecules start to agglomerate
hindering the substrate access to the active site probably due to chelation reaction
occurring at the enzyme surface with glutammate residues.

In PAPER VII, an efficient direct electron transfer (DET) between fructose
dehydrogenase and a carbon based electrode SWCNTs/GC further modified through
diazonium coupling was achieved. The diazonium salt was synthesized following the
reaction of 2-amino anthracene with NaNO; in acidic media (0.5 M HCI) for 5 minutes
at 0 °C. After the in situ reaction, the 2-amino anthracene diazonium salt was

electrodeposited by running cyclic voltammograms from +1000 mV to -1000 mV vs.
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Ag|AgClg. Themodified electrode was further incubated with FDH. CVs of FDH/2-
ANT/SWCNTs/GC were performed showing two couples of redox peaks possibly
ascribed to heme ¢; and heme c3. Nevertheless, in presence of 10 mM fructose it was
possible to observe two catalytic waves clearly related to heme c. On the other hand, for
the SWCNTs/GC electrode only one catalytic wave and one couple of peaks were
observed, while in the absence of SWCNTSs no electrochemistry of FDH was observed
with also a slight catalytic effect. These findings could be explained by considering the
hydrophobic pocket close to heme ¢; and heme c3. The access to the heme groups is
possible through the anthracene aromatic structure via m-; interactions between the
aromatic sides chains of the amino acids present in the hydrophobic pocket of FDH.
PAPER VIII showed a new method to electrodeposit highly porous gold
without any templates. The electrodeposition is carried out first cycling the electrode in
10 mM HAuCly with 2.5 M NH4Cl and then applying a negative potential for the
production of hydrogen bubbles at the electrode surface. After that the modified
electrode was characterized in sulphuric acid to estimate the real surface area (Arcar)
close to 30 cm®. The electrode was further incubated overnight with different SAMs,4-
mercaptobenzoic acid (4-MBA), 4-mercaptophenol (4-MPh) and 4-aminothiophenol (4-
APh) in order to obtain different re-charged electrode surface. All modified electrodes
were investigated by using cyclic voltammetry both in non-turnover and turnover
conditions showing the best performance for the FDH/4-MPh/h-PG/AuE observing a
clear electrochemistry of heme ¢, and heme c; and a great catalytic effect (about 1000
uA cm? in presence of 10 mM fructose), probably due to the correct orientation of FDH
through the electrostatic interaction enzyme-modified electrode. The FDH/4-MPh/h-
PG/AuE based biosensor showed the best analytical performances with an excellent
stability (90% of retained activity over 90 days), a detection limit of 0.3 uM, a linear
range between 0.05 and 5 mM and a sensitivity of 175 £ 15 pA cm > mM . Such
performances were favourably compared with other fructose biosensors reported in
literature. The biosensor was successively tested to quantify fructose content in food
and beverage samples. No significant interference present in the sample matrices was

observed.
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6. CONCLUSIONS AND FUTURE
PERSPECTIVES

My PhD thesis deals with the ET processes between enzymes and electrodes. [
have really enjoyed the time looking for new nanostructuration methods for biosensors
and EFCs development and new synthesis method for metal nanoparticles, like the
“green” synthesis by using quercetin. This work is a continuation of 25 years of
research about the direct electron transfer of dehydrogenases, in particular CDH and
FDH, because of their key role from the analytical and energetic points of view.

In this thesis I have presented new approaches on the nanostructuration as tools
to improve the DET of dehydrogenases, first using chemical and then electrochemical
methods. In the chemical approach, I have developed a “green” protocol to obtain
AgNPs and AuNPs in a short time at normal temperature and pressure. Afterwards, I
used the electrochemical methods for both metal and carbon based electrodes to obtain
high reproducibility in the electrode modification.

The modified electrodes have been employed to obtain “bioelectronics”, highly
sensitive and selective biosensors for lactose, glucose and fructose detection employed
as valid analytical screening methods for clinical and food samples like saliva, blood
and dairy products.

The ET process of another dehydrogenase namely FDH was also explored,
considering a great similarity for subunit I compare to all the GMC-oxidoriductases DH
domains. On the other hand, the subunit II resulted to be rather different. One of the last
findings is related to the fact that only two heme c are involved in the ET process, so for
future investigations a series of FDH mutant should be investigated in order to fully
understand the ET pathway that in this case is much more complex compared to CDH.

As future perspectives on the development of the best glucose/fructose biosensor
and glucose/fructose EFC, I think that several approaches can be exploited in order to

improve the ET of redox enzymes: (a) discovery of new nanomaterials and new
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nanostructuration methods; (b) modify the nanostructured electrode matching the
chemical-physic properties of the enzymes (e.g. isoelectric point pl, particular region
surface exposed like hydrophobic region) in order to create a favourable environment
for the enzyme immobilization preventing enzyme denaturation; and (c) the enzyme
engineering through deglygosylation (reducing the enzyme dimensions the ET should
be improved) or introducing redox groups or nanomaterials like gold nanoparticles in

the vicinity of the prosthetic group.
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Abstract: In this paper we report on a facile, cost effec-
tive and environmental friendly green synthesis method
of gold and silver nanoparticles (NPs) by using quercetin
as reducing agent. The obtained NPs were characterized
by transmission electron microscopy (TEM), energy dis-
persive spectroscopy (EDS), dynamic light scattering
(DLS) and UV-Vis spectroscopy and parameters such as
pH, ionic strength and temperature, effectively affecting
shape and size of NPs, have been carefully studied and
optimized. The obtained results showed that the synthe-
sized NPs were circular in shape with an average diame-

ter of 5 and 8 nm for the AuNPs and the AgNPs, respec-
tively. The “green” NPs, showing increased electroactive
areas (Agp,) and electronic transfer rate constants (k),
were successively used to fabricate a novel third genera-
tion lactose biosensor based on cellobiose dehydrogenase
from Trametes villosa (TvCDH). The TvCDH/AuNPs
based lactose biosensor revealed the best results showing
very efficient DET and a detection limit for lactose of
3.5mM, a large linear range from 10 to 300 mM, a high
sensitivity (5.4 pAmM 'cm?) and long-term stability.

Keywords: Green synthesis - Gold nanoparticles - Silver nanoparticles - Lactose biosensor - Cellobiose dehydrogenase

1 Introduction

Nanotechnology is one of the most active areas of
modern research. New applications of nanoparticles
(NPs) and nanomaterials are emerging rapidly. In the last
decade metal nanoparticles (MNPs) have played an im-
portant role in the development of biofuel cells, ion bat-
teries and (bio)sensing devices [1-4] especially in the
medical diagnostics field. MNPs are commonly described
as nanosized metals with dimensions within 1-100 nm
with many opto-electronic properties such as larger sur-
face area-volume ratio compared to their corresponding
bulk material, large surface energies, plasmonic excitation
and quantum confinement [5]. Historically, gold, silver
and copper MNPs were the most largely synthesized, be-
cause of the particular properties of the noble metals, fol-
lowed by iron oxide MNPs for their magnetic properties
[6-8].

The integration of green chemistry principles to nano-
technology is one of the key issues of nanoscience re-
search. Green synthesis has become the way for a sustain-
able and safe production of NPs and it has been proven
to be an advantegeous method due to its slower kinetics,
easy manipulation and control over crystal growth for sta-
bilization of NPs [9,10].

The use of environmentally friendly materials, in partic-
ular plant extracts, fungi, bacteria and enzymes, for the
synthesis of MNPs showed numerous benefits in pharma-
ceutical and other biomedical applications [11-13]. Green
synthesis resulted also in being very cost effective and
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therefore can be used as a cheep suitable alternative for
large-scale production of MNPs.

Several approaches have been reported in the literature
using extracts from a variety of different plant species in
combination with a variety of acids and metal salts. For
example aqueous extracts of Ferocactus echidne have
been used to reduce silver nitrate (AgNO;) to form silver
nanoparticles (AgNPs) within 6 h. It has been reported
that both polyphenols and ascorbic acid present in aque-
ous Ferocactus echidne extracts can easily reduce silver
ions and can also act as capping agents to prevent the ag-
glomeration of AgNPs [12]. Recently, gold nanoparticles
(AuNPs) have been synthesized within 30 min by reduc-
ing sodium tetrachloroaurate (NaAuCl,) with extracts of
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Darjeeling tea leaves. In that study it was demonstrated
that catechins present in the extract acted as reducing
agents, with epicatechins and epigallocatechins as stabiliz-
ing agents [14]. Alternatively, AuNPs were obtained by
reduction of tetrachloroauric acid (HAuCl,) with gallic
acid at room temperature within 30 min. These NPs were
successively modified with 3’- and 5’-alkanethiol-capped
12-base oligonucleotides to form two different nucleic
acid probes [15]. The flower extract of Rosa damascena
was used to produce AuNPs and AgNPs by reducing
HAuCl, and AgNO; within 5 min and successively em-
ployed for electrode modification in order to increase the
electroactive surface area and the electron transfer rate
[16].

It has been demonstrated that the principal biomole-
cules present in plant extracts responsible for the reduc-
tion of metal ions to form NPs are proteins, polyphenols,
vitamins and sugars, in particular L-ascorbic acid, caffeic
acid, gallic acid and quercetin [17] However, most syn-
thesis methods utilizing these biomolecules require high
temperatures such as the synthesis using starch and glu-
cose as reducing agents at high temperature for 20 h [18]
or the synthesis using L-ascorbic acid at 80°C [19,20] or
they require microwave assistance [21,22]. Moreover
these methods are influenced by several variables which
are difficult to control and can affect the method repro-
ducibility [23-25].

Quercetin (QUC, 3,3’,4°,5,7-pentahydroxyflavone) be-
longs to the class of flavonoids, well-known polyphenolic
compounds widely distributed in fruits, vegetables and
plant-derived beverages such as green tea and red wine
[26,27]. QUC is one of the most important flavonols
present in nature and has attracted the attention of many
researchers because of its biological and pharmaceutical
properties. Many of the beneficial effects of QUC are re-
lated to its antioxidant properties, which may result from
its ability to scavenge free radicals (e.g., peroxyl radicals)
and in chelating metal ions (e.g., Fe*™?", Cu*", Ag")
[28]. Generally, the radical scavenging occurs through
electron donation or hydrogen atom donation from free
hydroxyls and the chelation has been attributed to the
presence of 5-hydroxypyran-4-one, rather than the 3’,4’-
dihydroxy groups in the B ring. The ability of QUC in
chelation depends on pH and the metal-ligand ratio [29].
The two catechol hydroxyl groups on the B ring can be
oxidized at a very low positive potential and also this re-
action is pH-dependent [30].

In this paper, we first report the synthesis of AuNPs
and AgNPs by reduction of gold and silver ions using
quercetin as reducing agent via a quasi-reversible reaction
by donating electrons and protons from the 3’-4’-dihy-
droxyl groups in the B ring. The NPs were successively
characterized by UV-Visible (UV-Vis), transmission elec-
tron microscopy (TEM), dynamic light scattering (DLS)
and energy dispersive spectroscopy (EDS). Afterwards,
the “green” NPs were used to modify graphite electrodes
by a drop-casting procedure and the resulting NPs modi-
fied electrodes were characterized with cyclic voltamme-
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try and electrochemical parameters such as electroactive
surface area and electron transfer rate constants were
carefully evaluated. Finally, cellobiose dehydrogenase
(CDH) was physically adsorbed onto the AuNPs and
AgNPs modified electrodes to fabricate a third genera-
tion lactose biosensor. The characterization and optimiza-
tion of the proposed biosensors are also presented in this
work.

2 Experimental

2.1 Reagents and Equipment

Cellobiose dehydrogenase (CDH; cellobiose: (acceptor)
1-oxidoreductase; EC 1.1.99.18) from T. villosa was puri-
fied at University of Natural Resources and Applied Life
Sciences Vienna, Austria (volumetric activity (DCIP
assay, pH4.5, 30°)=724UmL™, specific activity=6.
5Umg™h).

Chloroauric acid (HAuCl, 3H,0), silver nitrate
(AgNO;), potassium hexacyanoferrate(III) (K;Fe(CN)g),
hexaammineruthenium chloride(I1I) (Ru(NH,)sCl;), quer-
cetin (QUC, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-
4H-chromen-4-one), [-lactose, acetic acid (100%),
sodium acetate (CH;COONa), sodium phosphate mono-
basic (NaH,PO,), sodium phosphate dibasic (Na,HPO,)
and potassium chloride were obtained from Sigma Al-
drich Chemicals (Stockholm, Sweden). All chemicals
were of analytical reagent grade and were used without
further  purification.  Milli-Q  water  (Millipore
182 MQcm™!, Millipore, Bedford, MA, USA) was used
for all experiments.

UV-Visible spectra were recorded on a Shimadzu UV-
2401 PC spectrophotometer (Kyoto, Japan) with samples
contained in a quartz cuvette, operating at a resolution of
1 nm from 400 to 700 nm for AuNPs, and from 300 to
500 nm for AgNPs and quercetin. Milli-Q water was used
as blank. The spectra recorded were re-plotted using
GraphPad Prism 6.

The elemental composition was determined by using an
energy dispersive detector on scanning electron microsco-
py (SEM)/Zeiss EVO MA10 Oxford instruments (Bucks,
England). For performing EDS measurements two drops
of the synthesized colloidal samples were deposited on
a polymer thin copper grid followed by solvent evapora-
tion under vacuum.

The shape and size of the NPs were investigated by
using Philips/FEI BioTwin CM120 TEM transmission
electron microscopy (Hillsboro, OR, USA). For doing
TEM measurements two drops of the synthesized colloi-
dal samples were deposited on a polymer thin copper
grid followed by solvent evaporation under vacuum.

The particle size range of the NPs along with their
polydispersity and the zeta potential were determined
using a particle size analyser (Zetasizer Nano ZS90, Mal-
vern Instruments Ltd, Malvern, United Kingdom). Parti-
cle size is based on measuring the time dependent fluctu-
ation of scattering the laser light by the NPs undergoing
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Brownian motion, whereas the zeta potential measure-
ment is based on the direction and velocity of the NPs
under the influence of a known electric field.

All electrochemical measurements were performed
using a PalmSens potentiostat (model Emstat, Palm In-
struments BV, Utrecht, The Netherlands) equipped with
PSTrace, version 4.5. A conventional three-electrode elec-
trochemical cell was used for all experiments performed
with an Ag|AgCl (sat. KCl) as reference electrode, a Pt
wire as counter electrode and bare-graphite or modified
graphite electrodes as working electrodes. Graphite rods
(Alfa Aesar GmbH & Co KG, AGKSP grade, ultra “F”
purity, and 3.05 mm diameter, Karlsruhe, Germany) were
polished on wet emery paper (Turfbak Durite, P1200)
and then carefully rinsed with Milli-Q water. The experi-
ments to evaluate the electroactive area and the electron-
ic transfer rate constant were carried out at scan rates
from 5mVs™ to 1000 mVs™', whereas the experiments to
investigate the electrocatalytic oxidation of NADH in
plain buffer or with added CaCl, were performed at
a scan rate of 1mVs™. All measurements were per-
formed in solutions saturated with N, at room tempera-
ture. The pH measurements were carried out with a Met-
rohm 827 pH LAB pH-meter (Metrohm Nordic AB, Kris-
tianstad, Sweden) at room temperature. For FIA experi-
ments a 50 mM acetate buffer (pH 4.5) was used as carri-
er buffer with a constant flow rate of 0.5mLmin™' by
a peristaltic pump (Minipuls 2, Gilson, Villier-le-Bel,
France). An electrically controlled six-port valve
(LabPRO, Rheodyne EV750-100, USA) with a 50 pL in-
jection loop was used for the injection of analytes into
the carrier flow.

2.2 Synthesis of AuNPs and AgNPs

The synthesis of AuNPs and AgNPs was carried out using
quercetin (QUC) to reduce HAuCl, and AgNO; for

(a)

HO
2HAuCly +3

~_—

-_—

OH O

Scheme 1.
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AuNPs and AgNPs, respectively. HAuCl, and AgNO;
were solubilized in 50 mM PBS buffer at pH 7; quercetin
was solubilized in a 1 M NaOH solution with a final con-
centration of 1 mM, then diluted in 50 PBS buffer at
pH 7, adjusting the pH of the final solution to pH 7.0.
The synthesis of both kinds of NPs was performed at
a fixed QUC concentration of 50 uM and varying the
concentration of HAuCl,; and AgNO; from 10 uM to 500
uM, in a total reaction batch volume of 10 mL. The syn-
thesis was realized at room temperature in 50 PBS buffer
at pH7, obtaining colloidal solutions of AuNPs and
AgNPs.

2.3 Electrode Modification

NPs colloidal solution was drop-casted onto the top of
graphite rods electrodes and then left to dry overnight at
room temperature. Enzyme-modified electrodes were
prepared by allowing 5 uL of a Trametes villosa cellobiose
dehydrogenase solution (volumetric activity (DCIP assay,
pH 4.5, 30°)=72.4 UmL"", specific activity=6.5 Umg™")
to physically adsorb on the top of the NPs/graphite rod
electrodes and to evaporate overnight at 4°, as described
elsewhere [31].

3 Results and Discussion

3.1 Green Synthesis and Characterization of AuNPs and
AgNPs

Both AuNPs and AgNPs were synthesized using QUC as
reducing agent at room temperature, according to the re-
actions shown in Scheme 1. The reduction of Au and Ag
ions to form NPs was monitored by UV-Vis spectropho-
tometry. The UV-Vis spectra of QUC, AuNPs and AgNPs
clearly show the two typical absorption bands for QUC at
A=322 nm and A=360 nm, and the characteristic surface

2 A + 3 + 8 HCI

2 Ag® +

OH O

“2H,0

Synthesis of metal nanoparticles through reduction of metal cations by quercetin: (a) HAuCl, and (b) AgNO;.
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plasmon resonance (SPR) bands for AuNPs and AgNPs
recorded at A=>515 nm and A=403 nm, respectively, as re-
ported previously [32,33] (Figure S1, supplementary ma-
terial).

Two important reaction parameters, reaction time and
concentration of metal precursor, have been optimized
with UV-Vis spectrophotometry. The reaction time was
studied by following the change in absorbance at fixed
wavelengths, A=515nm for AuNPs and A=403 nm for
AgNPs, versus time. The absorbance reached the maxi-
mum value after 20 min and 30 min for AgNPs and
AuNPs, respectively, in the concentration range of 300-
350 uM for both metal precursors (data not shown). In
order to optimize the metal precursor concentration, UV-
Vis spectra were recorded by following the absorbance of
the colloidal solutions of AuNPs and AgNPs obtained
through varying the concentrations of HAuCl, and
AgNO;, respectively, in the range of 50-500 uM (Fig. 1,
a and b). It is possible to observe an increase in absorb-
ance of the SPR band with a maximum in the concentra-
tion range of 300-350 uM. Therefore, 300 and 350 uM
were chosen as optimal metal precursor concentrations
for the synthesis of both AuNPs and AgNPs.

The concentrations of AuNPs were calculated using
both 300 and 350 uM solutions of HAuCl, and found to

20 —— AgNO, (50 uM)
(a) AgNO, (100 M)
. — AgNO; (150 uM)
’ AgNO; (200 M)
AgNO (250 pM)
§ 1.0+ AgNO; (300 pM)
— AgNO; (350 uM)
. — AgNO; (400 pM)
0.5-/\//\-/<—\ 3
’ — AgNO; (450 uM)
] AgNO; (500 M)
0.0
300 350 400 450 500
rlnm
(b)
2.04 — HAUCI, (50 M)
—— HAUCI, (100 uM)
—— HAUCI, (150 uM)
1.51 —— HAUCI, (200 uM)
—— HAUCI, (250 uM)
5 1.1 e HAUCI, (300 M)
— HAUCI, (350 M)
—— HAUCI, (400 M)
0.5 HAUCI, (450 M)
HAUCI, (500 M)
0.0 T
300 400 500 600 700 800
Al nm
Fig. 1. (a) UV-Vis spectra of colloidal solutions of AgNPs after

20 min (diluted 1:4) in 50 mM PBS at pH 7; (b) UV-Vis spectra
of colloidal solutions of AuNPs after 30 min (diluted 1:4) in
50 mM PBS at pH 7.
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be 2.37 nM and 2.72 uM by using a molar extinction coef-
ficient of 1.10x10'M'em™ (A, 515 nm). Similarly, the
concentrations of AgNPs were found to be 0.70 and
0.71 uM obtained with 300 and 350 uM solutions of
AgNO; calculated using a molar extinction coefficient of
4.18x10° M 'em™ (Ao =405 nm) [34,35]

It is interesting to note in Fig. 1 that the A, values,
515 and 403 nm for AuNPs and AgNPs, respectively, are
in good agreement with values reported in the literature
for NPs with a diameter of about 5 nm [36,37], as it is
known that the SPR band shows a clear A shift to higher
wavelengths from 515 to 530 nm and from 400 to 450 nm
for AuNPs and AgNPs, respectively, when increasing the
NPs diameter from 5 and 40 nm.

EDS spectroscopy of the MNPs was used in order to
check the elemental composition of the colloidal suspen-
sions. The patterns obtained perfectly match with the typ-
ical pattern of AuNPs and AgNPs reported in the litera-
ture (Fig. S2, a and b, Supplementary Material) [38,39].

In order to characterize the shape, the dimensions and
size distributions of the MNPs, transmission electron mi-
croscopy (TEM) measurements were performed. The best
results were obtained for AuNPs and AgNPs synthesized
using a 300 uM metal precursor concentration, as shown
in Fig. 2, a and b, where both samples show an almost ho-
mogeneous size distribution, spherical form and crystal-
line structure without aggregates and clusters, otherwise
present in AuNPs and AgNPs samples obtained with
a 350 mM metal precursor (data not shown) [40,41]. The
real diameter of AuNPs and AgNPs resulted to be 5.5+
0.6 and 8.4+0.3 nm, respectively.

In order to confirm the results obtained with TEM
measurements, dynamic light scattering (DLS) experi-
ments were carried out allowing the determination of the
hydrodynamic diameter, called Z-average [42,43]
(Fig. S3, a and b, supplementary material). Then, the zeta
potential was measured to get some informations on the
surface charge and the stability of the colloidal suspen-
sion [44,45]. It is possible to observe that the hydrody-
namic diameter of both NPs is larger than the core diam-
eter but the Z-average of AgNPs was similar to that of
AuNPs, in particular 10.0£0.6 nm for AgNPs and 9.5+
0.4 nm for AuNPs, with a low polydispersion index in
both cases. The colloidal suspension of the AgNPs
showed a zeta potential value of —39.04+1.3 mV, slightly
lower than that registered for the AuNP suspension,
—28.5+1.4 mV (measured at pH 7), which entails a major
stability of the colloidal suspension of the AgNPs com-
pared to AuNPs. It is possible to hypothesize that the col-
loidal suspension of AgNPs is more negatively charged,
because of the presence of remaining QUC molecules ad-
sorbed onto the surface of the AgNPs (see below), which
are able to form chelates with AgNPs through a polymeri-
zation reaction [28,46]. The initial step of this reaction is
the conversion of the catechol moiety in the B-ring to o-
quinone with different condensation products depending
on the pH. On the contrary, at the same quercetin con-
centration, in the synthesis of AuNPs, all ligand molecules
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(a) TEM image of a colloidal solution of AuNPs deposited on a copper grid (left) and size distribution (right); (b) TEM

image of a colloidal solution of AgNPs deposited on a copper grid (left) and size distribution (right).

are involved in the reduction of Au®" cations, because of
the stoichiometry of the synthesis reaction (Scheme 1)
and are not available for complexation reactions with the
NPs [29]. The quinone produced according to the reac-
tion sequence might contribute to the stabilization of the
colloidal suspension of AuNPs, as also suggested by
Huang et al. for the synthesis AuNPs using plant tannins
as reducing agent [47]. Moreover, the synthesis of both
NPs was carried out at pH 7, above the isoelectric point
of quercetin, which can explain the negative charge of
both NPs.

3.2 Electrochemical Characterization of Green AuNPs
and AgNPs

After the preliminary characterization of NPs, cyclic vol-
tammetry experiments were carried out in order to verify
the possible employment of both kinds of NPs for devel-
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opment of electrochemical biosensing platforms. The NP
suspensions were deposited onto the top of graphite rods
electrodes by a drop casting technique. The amount of
suspension was carefully optimized. This is a key issue in
a surface nanostructuration process, because too large
a volume of NPs may cause aggregation that can lead to
the formation of metal multilayers, which in turn may
hinder the electron transfer between the redox probe and
the electrode surface [48,49]. The optimal volume of the
suspension of NPs to be deposited onto the surface in
order to prevent any cluster formation resulted in 4 pL
for AuNPs and 6 uL. for AgNPs. These results were ob-
tained with cyclic voltammetry experiments using two dif-
ferent probes, Ru(NH,)s*™?" and Fe(CN),"* and both
of them showed the same optimal volume of suspension
of the respective NPs (Fig. S4, a and b, Supplementary
Material). The most electrochemically reversible perfor-
mance was obtained with (Ru(NH,)s>™*") for both NPs.
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This result can be ascribed to the fact that both NPs are
negatively charged and Ru(NH;),*?" is positively
charged whereas Fe(CN) " is negatively charged and
therefore to a possible adsorption effect due to electro-
static accumulation of Ru(NH;)¢> "> onto the electrode
surface [50].

Successively, the electrochemically active area (Ag,)
and the electron transfer rate constant (k’) have been
evaluated with cyclic voltammetry experiments varying
the scan rate form 5mVs™' to 1000mVs™' in 1 mM
Ru(NH;)¢* " (results not shown). The Ag, was calculat-
ed by plotting the peak current vs. square root of the scan
rate (v'?) and inserting the slope obtained into the Ran-
dles-Sevcik equation [51]. The k” was evaluated by plot-
ting the peak potential (E,) vs. log v'? for both anodic
and cathodic peaks by using a method that merges the
Klingler & Kochi and Nicholson & Shain methods, as re-
ported previously [52]. These experiments were repeated
at different pHs in the range of pH 2-8 in 50 mM citrate-
phosphate buffer and the results are shown in Fig.3,
a and b. The best A, and k” values for AuNPs were ob-
tained at pH7 and resulted in Ap,=0.159+0.008 cm?

0.008-
(a)

0.006-

0.004+

K/cms™

—o— AuNPs/graphite electrode

0.002- —a— AgNPs/graphite electrode

0.000

pH

0.20+

(b)

0.15+

Agyl cm?
o
?

—— AuNPs/graphite electrode

0.051 —=— AgNPs/graphite electrode
0.00 T T T T 1
0 2 4 6 8 10
pH
Fig.3. (a) Electron transfer rate constant (k") vs. pH of

a AuNPs/graphite electrode (red line) and a AgNPs/graphite
electrode (black line) in 1 mM Ru(NH;)Cl; in 50 mM citrate-
phosphate buffer, pH 2-8. Measurements were performed with
cyclic voltammetry (CV) at scan rates from 5mVs™ to
1000 mVs™'; (b) electroactive area (Ag,) vs. pH of a AuNPs/
graphite electrode (red line) and a AgNPs/graphite electrode
(black line) in 1 mM Ru(NH;)¢Cl; in 50 mM citrate-phosphate
buffer, pH 2-8. Measurements performed with cyclic voltamme-
try (CV) at scan rates from 5 mVs~' to 1000 mVs™'.
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and k’=72402x10"7cms™!, respectively, while for
AgNPs the best results were recorded at pH 6.5 resulting
in Ap,=0.1214+0.004 cm® and k’=5.6+0.5%x10" cms !,
respectively. Therefore, both metal NPs showed better
electrochemical performances then graphite naked elec-
trode (Ag,a=0.097£0.007 cm®> and k’=0.62+0.01x
103 cms™!) at about neutral pHs.

In order to investigate any possible presence of remain-
ing QUC molecules onto the NPs surface NADH oxida-
tion experiments were carried out by using cyclic voltam-
metry [53,54], as QUC is known to be a mediator for the
electrocatalytic oxidation of NADH. It is known from the
literature that Ca’" ions can increase the oxidation cur-
rent of NADH if hydroxyl groups are present in the
structure of the mediator, because of the formation of
particular complexes between Ca*" and —OH groups [55]
making the mediator positively charged, which has a very
beneficial effect on the rate between NADH and the me-
diator [56]. Figure 4 shows the voltammetric curves ob-
tained with an AuNPs/graphite electrode (Fig. 4a) and an
AgNPs/graphite electrode (Fig.4b) in 50 mM Tris-HCI
buffer at pH 7 (black curves), in the presence of 10 mM
NADH before (blue curves) and after adding 20 mM
CaCl, (red curves). As for the graphs performed with the
AuNPs/graphite electrode, the cyclic voltammogram re-

(2) gpo-
—— 50mM TRIS-HCIpH 7
—— 10mM NADH
_ 4 —— 10mM NADH + 20 mM Ca?*
§
<
=
S 2004
0
T T T T 1
00 02 04 06 08 10
E/Vvs NHE
(b) goq-
—— 50mM TRIS-HCIpH 7
4004 —— 10mM NADH
‘*g —— 10mM NADH + 20 mM Ca*
<
=
S 2004
0_
= T ® T ¥ T . T . 1
00 02 04 06 08 10
E/VvsNHE
Fig.4. (a) Cyclic voltammograms of a AuNPs/graphite elec-

trode performed in 50 mM TRIS-HCI buffer, pH 7 (black line),
in presence of 10 mM NADH (blue line) and 10 mM NADH +
20 mM Ca®* (red line) at a scan rate of 1 mVs™'; (b) cyclic vol-
tammograms of a AgNPs/graphite electrode performed in
50 mM TRIS-HCl buffer, pH7 (black line), in presence of
10mM NADH (blue line) and 10 mM NADH+20 mM Ca**

(red line) at a scan rate of 1 mVs™.
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corded in buffer solution shows no oxidation or reduction
waves (black curve, Fig. 4a) and it is possible to observe
a small difference in shape between the blue and the red
curves recorded in absence and in presence of CaCl,, re-
spectively, thus allowing to state that there are no remain-
ing quercetin molecules on the surface of the AuNPs. In
contrast, in the case of the AgNPs/graphite electrode
a quasi-reversible redox process with a formal potential
(E) of 0.323 V vs. NHE (pH 7) is observed in buffer so-
lution (Fig. 4b, black curve) pointing to the fact that some
QUC molecules remain adsorbed onto the surface of the
AgNPs. Moreover, the large difference in shape and the
large increase in the oxidation current of NADH shown
by the blue and the red curves obtained before and after
the addition of CaCl, (Fig.4a and b) represent a clear
confirmation of the presence of QUC molecules adsorbed
onto the surface of the AgNPs.

It is interesting to note that the E®’ value obtained with
the graphite electrode modified with AgNPs (E*’=0.323
vs. NHE) is substantially lower than that obtained with
50 uM QUC in 50 mM Tris-HCl buffer at pH7 with
a graphite electrode (Fig.S5, Supplementary material)
which shows a quasi-reversible voltammogram with an
E® value of 0.459 vs. NHE. The substantial shift in E’-
value indicates that the oxidized rather than the reduced
form of QUC is more strongly bound to the surface of
the AgNPs than on graphite. This result can be expected
as it is known in literature that the surface nanostructura-
tion can shift the E®’ value of redox substances immobi-
lized onto the electrode surface [16,57,58].

ELECTROANALYSIS

3.3 Electrochemical Characterization of TvCDH/AuNPs/
Graphite Electrodes and 7vCDH/AgNPs/Graphite
Electrodes

Figure 5 shows the CVs of TvCDH drop-cast onto
a naked graphite electrode, an AuNPs/graphite and an
AgNPs/graphite electrode carried out in 50 mM acetate
buffer pH4.5. In the absence of substrate, no wave
(anodic or cathodic) from the cytochrome domain is visi-
ble. When substrate is added it is possible to observe an
oxidative, catalytic current due to the catalysis of the DH
domain and the DET between the cytochrome domain of
CDH and the electrode. In particular a small electrocata-
lytic current was registered with both 7vCDH/graphite
(black curve) and TvCDH/AgNPs/graphite electrodes
(blue curve) while a very large catalytic current density
was obtained with the 7vCDH/AuNPs/graphite electrode
(red curve). This result could be ascribed to the fact that
the AuNPs are slightly more positive charged than the
AgNPs at pH 4.5 (the zeta potential values measured at
pH4.5 are 293+1.7mV and 21.1+1.5mV for AuNPs
and AgNPs, respectively), due to some QUC molecules
(pl 6.4) adsorbed onto the AgNPs surface, creating a less
electrostatic repulsive environment for the cytochrome
domain of CDH (pI 4.2), thus enhancing DET and allow-
ing the enhancement of enzyme loading onto the elec-
trode surface without influencing the electrochemical be-
havior of the enzyme.

3.4 Lactose Biosensor

Calibration curves for TvCDH/AuNPs/graphite electrode,
TvCDH/AgNPs/graphite electrode and 7vCDH/graphite

3001 -
' A (B)
o 200 2001
P o
: 100 §
< 1001 1004
L k!
= ; b
’ " ﬁ
-100 T T T T -100 T T T T 1
0.0 05 1.0 0.0 05 1.0
E/V vs NHE E/Vvs NHE
300+
©
200
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0.0 0.5
E /V vs NHE

Fig. 5.

1.0

Cyclic voltammograms of a TvCDH/graphite electrode (black curves) (A), TvCDH/AgNPs/graphite electrode (blue curves)

(B) and TvCDH/AuNPs/graphite electrode (red curves) (C) in the absence and in presence of 0.01 M (-lactose in acetate buffer at

pH 4.5. Scan rate 10 mV s ™.
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Fig. 6. Calibration curves for -lactose with a TvCDH/graphite
electrode (black line), a TvCDH/AuNPs/graphite electrode (red
line) and a TvCDH/AgNPs/graphite electrode (blue line), re-
corded amperometrically in a flow injection analysis (FIA)
system. Buffer: 0.05 M acetate buffer at pH 4.5. Applied poten-
tial: 250 mV vs Ag| AgClL

electrode were carried out with different lactose concen-
trations with FIA measurements and the results are
shown in Fig. 6. The calibration curves show a linear
range of 10-300 uM for the TvCDH/AuNPs/graphite elec-
trode, 25-200 uM for the 7TvCDH/AgNPs/graphite elec-
trode and 25-100 uM for the TvCDH/graphite electrode,
with a correlation coefficient (R?) of 0.99. The detection
limit was found to be 3.5 uM for TvCDH/AuNPs/graphite
electrode and 10 uM for both TvCDH/AgNPs/graphite
electrode and TvCDH/graphite electrode, calculated
using the relation 3 x S. D.a/b, where S. D.a is the absolute
standard deviation of the intercept, and b is the slope of
the calibration curve. The sensitivity was calculated to be
54403 pAmM 'cm™ for TvCDH/AuNPs/graphite elec-
trode, 2.94+0.4 yAmMecm ™ for TvCDH/AgNPs/graph-
ite electrode and 2.6+0.2yuAmM 'cm™* for TvCDH/
graphite electrode. The results clearly show a better per-
formance with an extended linear range, lower LOD and
higher sensitivity with the AuNPs/graphite platform con-

ELECTROANALYSIS

firming the better communication between CDH and the
electrode.

Table 1 shows the apparent kinetic parameters (/..
K,,"") obtained by fitting the calibration curves. It is pos-
sible to observe a sensible reduction of the apparent Mi-
chaelis-Menten (K,,"”) with the AuNPs/graphite platform
compared to the other two platforms with a value of
4329 uM +/—-SD, which is smaller than that obtained
with CDH immobilized onto aryl diazonium modified
single wall carbon nanotubes deposited on a glassy
carbon electrode (0.7 mM) [59,60].

Table 1. Apparent kinetic parameters of 7vCDH immobilized
on modified AuNPs/graphite, AgNPs/graphite and naked graph-
ite electrode platforms with with (3-lactose as substrate.

TvCDH/AuNPs/ TvCDH/ TvCDH/

graphite AgNPs/graphite graphite
Joo/MA cm? 21.01£0.33 11.88+0.21 11.45+£0.28
Ky luM 43294245 592.1+354 655.1+52.5

The stability of the T7vCDH/AuNPs/graphite electrodes
was also tested. The decrease in the electrocatalytic cur-
rent densities after 24 h of continuous injections was
about 15.4%. The lifetime of the biosensor was also stud-
ied by consecutive measurements of the current densities
with a 5mM lactose concentration. The biosensor re-
tained about 90% of its initial activity after 1 day of a 8h/
day operation and about 50% after 1 week, under dry
storage conditions, therefore showing a very good stabili-
ty if compared to other lactose biosensors [60,61].

For comparison, in Table 2 are shown the analytical
characteristics of different lactose biosensors reported in
the literature. Among the results obtained with the bio-
sensor based on different types of CDH enzymes, it is in-
teresting to observe that the modification of the graphite
electrode with the green Au/NPs results in a marked im-
provement of the sensitivity of the sensor. It is interesting
to note also the comparison with a bi-enzymatic lactose
biosensor based on [(-galactosidase and glucose oxidase
immobilized on a gold electrode [62]: it shows a very
good sensitivity and the widest linear range but the detec-
tion limit is much higher than those reported for CDHs
based biosensors. Moreover, it must be remembered that

Table 2. Comparisons between the main analytical parameters of lactose biosensors.

Biosensor platform Linear range LOD Sensitivity (WA mM ™ Response time E (V) vs Ag-  Reference
(LM) (uM) cm™?) (s) |AgCl
B-Gal-GOx-HRP/TTF/AuE 13-1000 3.8 11 300 0 [62]
CDH/MWCNTSs/SPCEs 0.5-100 0.2 - 65 0.10 [63]
CDH/NH,-PD/SWCNTs/GC 1-100 0.5 4.8 - 0.10 [60]
CDH/PEI@AuNPs/AuE 1-100 0.3 3.9 3 0.25 [64]
CDH/AuNPs/graphite 10-300 35 54 25 0.10 this work

Abbreviations: AuE, solid gold electrode; (3-Gal, (3-galactosidase; CDH, cellobiose dehydrogenase; GC, glassy carbon electrode;
GOx, glucose oxidase; HRP, horseradish peroxidase; MPA, 3-mercaptopropionic acid; MWCNTs, multi wall carbon nanotubes; NH,-
PD, p-phenylenediamine; SPCE, screen printed carbon electrode; SWCNTs, single wall carbon nanotubes; TTF, tetrathiafulvalene.
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the bi-enzymatic biosensor is based on the use of an arti-
ficial mediator to facilitate the electron transfer between
the oxidising enzyme and the electrode (2nd generation
biosensor) and not on DET as in the case of all CDHs
based lactose biosensors [65].

4 Conclusions

Green synthesis was successfully employed to synthesize
AuNPs and AgNPs using QUC as reducing agent in aque-
ous solution at room temperature. The key aspect is that
the green pathway allowed the synthesis of the MNPs
with a very small diameter, 5 nm for AuNPs and 8 nm for
AgNPs, values absolutely comparable to those typical of
the NPs obtained with traditional synthetic methods, but
avoiding toxic waste products and the use of harmful
chemicals. The other important issue is that the green
process is cost effective and time saving as QUC is a natu-
ral flavonol present in many cheap food stuffs and bever-
ages and the time required for the synthesis is only about
20 min for making the AgNPs and 30 min for the AuNPs.
The main advantages related to the use of quercetin as
reducing agent are therefore i) no need of extreme exper-
imental conditions, ii) short reaction time, iii) high reac-
tion yield and iv) great reproducibility.

The synthesized AuNPs and AgNPs were extensively
characterized in terms of morphology, crystalline nature,
structural and electrochemical properties. They showed
great electrochemical properties such as enhanced elec-
troactive surface and high electron transfer rate constants.
Both types of green NPs were used to prepare a lactose
biosensor based on cellobiose dehydrogenase from Tra-
metes villosa. The TvCDH/AuNPs/graphite biosensor
gave the best result, showing a good linear range, low de-
tection limit, high sensitivity, good stability and a fast re-
sponse time. For these reasons, the green synthesis of
AuNPs could be a promising low cost and eco-friendly
synthesis method to obtain performing nanomaterials for
the development of lactose biosensors for possible use in
food industries.
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Figure S1. (a) UV-Vis spectra of a colloidal solution of AgNPs (diluted 1:4) in 50 mM PBS buffer at pH 7 and
quercetin 50 uM; (b) UV-Vis spectra of a colloidal solution of AuNPs (diluted 1:4) in 50 mM PBS buffer at pH 7 and
quercetin 50 pM.
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Figure S2. (a) Energy dispersive spectra of a colloidal solution of AUNPs deposited on a copper grid; (b) Energy

dispersive spectra of a colloidal solution of AgNPs deposited on a copper grid.
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Figure S3. (a) Size distribution of a colloidal solution of AuNPs (diluted 1:4) in 50 mM PBS buffer at pH 7; (b) Size
distribution of a colloidal solution of AgNPs (diluted 1:4) in 50 mM PBS buffer at pH 7.
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Figure S4. (a) Amperometric current response of AuNPs/SPGE in 1 mM KsFe(CN)s (red line) and in 1 mM
Ru(NH3)¢Cl3 (blue line) in 50 mM PBS buffer, pH 7. Measurements performed with cyclic voltammetry at a scan rate
of 50 mV s*; (b) Amperometric current response of AgNPs/SPGE in 1 mM KzFe(CN)g (red line) and in 1 mM
Ru(NH,)¢Cls (blue line) in 50 mM PBS buffer, pH 7. Measurements performed with cyclic voltammetry at a scan rate

of 50 mV s,
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Figure S5. Cyclic voltammograms carried out in a 50 uM quercetin solution in 50 mM TRIS-HCI buffer, pH 7 with
graphite electrode at a scan rate of 10 mV s,
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ARTICLE INFO ABSTRACT

Efficient direct electron transfer (DET) between cellobiose dehydrogenase from Corynascus thermophilus
(CtCDH) and a novel gold electrode platform, obtained by covalent linking of green AuNPs and AgNPs modified
with a dithiol self-assembled monolayer, consisting of biphenyl-4,4’-dithiol (BPDT), was presented. The green
AuNPs and AgNPs were synthesized using quercetin as reducing agent at room temperature. TEM experiments
showed that the AuNPs and AgNPs were circular in shape with an average diameter of 5 and 8 nm, respectively.
Cyclic voltammetry of CtCDH immobilized onto the AuNPs/BPDT/AuE and the AgNPs/BPDT/AuE electrode
platforms were carried out and compared with naked AuE, BPDT/AuE, AuNPs/AuE, and AgNPs/AuE. A pair of
well-defined redox waves in neutral pH solution due to efficient DET of CtCDH was present with both MNPs/
BPDT/AuE platforms. No DET communication was found with platforms without MNPs linked to BPDT. The
apparent heterogeneous electron transfer rate constants (ks) of CtCDH were calculated to be 21.5 + 0.8 s and
10.3 £ 0.7 s7}, for the AuNPs/BPDT/AuE and the AgNPs/BPDT/AuE platforms, respectively.

The modified electrodes were successively used to develop an eco-friendly biosensor for lactose detection.
The CtCDH/AuNPs/BPDT/AuE based biosensor showed the best analytical performances with an excellent
stability, a detection limit of 3 uM, a linear range between 5 and 400 uM and a sensitivity of 27.5 +
2.5 uA em 2 mM~!. Such performances were favorably compared with other lactose biosensors reported in
literature.

The biosensor was successively tested to quantify lactose content in real milk and cream samples. No
significant interference present in the sample matrices was observed.

Keywords:

Cellobiose dehydrogenase
Direct electron transfer
Gold nanoparticles

Silver nanoparticles
Biphenyl-4,4’-dithiol
Lactose

(Minteer et al., 2012; Wang et al., 2012; Mazzei et al., 2015; Taurino
et al., 2016), including single- and multi-walled carbon nanotubes (Liu

1. Introduction

Studies of direct electron transfer (DET) between redox enzymes
and electrodes represent an area of extensive research for developing
bioelectronic devices such as biosensors and biofuel cells. However, it
is well known in the literature that most redox enzymes are not able to
reveal DET, because the active site of the enzyme is usually deeply
buried within the protein structure (Ghindilis et al., 1997).
Nanomaterial based electrodes are able to promote efficient DET
reactions because of their large surface area for protein loading as well
as their excellent biocompatibility (Pumera et al., 2007; Jianrong et al.,
2004; Bollella et al., 2016).

Several approaches of electrode nanostructuration have been
developed in order to increase the electroactive area of the electrode

* Corresponding author.
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et al., 2005; Favero et al., 2015), graphene (Pumera, 2011; Carbone
et al., 2015) and metal nanoparticles (Wang et al., 2004; Pingarron
et al., 2008).

Among all kind of nanomaterials, metal nanoparticles (MNPs) play
an important role in making electrode modifications, because of their
high surface area-to-volume ratios and high surface energy, which
facilitate the immobilization of several kinds of proteins, allowing to act
as electron conducting pathways between the prosthetic groups of the
enzymes and the electrode surface (Yanez-Sedeno et al., 2005; Ludwig
et al., 2010; Loo et al., 2012; Katz and Willner, 2004; Chen et al.,
2012). Another advantage of the use of MNPs is the improved stability
of enzyme based electrodes. This can be due to a reduced enzyme
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leaching from the electrode because of the strong adsorption of
proteins onto the uncoated nanometer-sized colloidal MNPs allowing
the protein to retain its biological activity (Baudhuin et al., 1989).

Green synthesis of MNPs has recently become a cheep alternative
way for a sustainable and safe production of MNPs (Shah et al., 2015;
Cinelli et al., 2015). Several approaches have been reported in the
literature, which employ extracts from a variety of different plant
species in combination with a variety of acids and metal salts
(Ghoreishi et al., 2011; Elia et al., 2014; Makarov et al., 2014). The
principal biomolecules present in plant extracts utilized as reducing
agents to form MNPs are proteins, polyphenols, vitamins and sugars,
such as r-ascorbic acid, gallic acid and quercetin (Wang et al., 2007;
Nune et al., 2009; Iravani, 2011). However, most synthesis methods
utilizing these biomolecules require high temperatures such as the
synthesis using starch and glucose as reducing agents at high tem-
perature for 20 h (Raveendran et al., 2003) or the synthesis using L-
ascorbic acid at 80 °C (Mat Zain et al., 2014; Xiong et al., 2011) or the
need of microwave assistance (Valodkar et al., 2011; Singh et al.,
2016). Moreover these methods are influenced by several variables
which are difficult to control and can affect the method reproducibility
(Nadagouda and Varma, 2008; Philip, 2010; Zargar et al., 2011).

MNPs can be deposited onto an electrode surface by different
approaches: drop-casting (Krueger et al., 2011), covalent linkage (Yang
et al.,, 2006) or electrodeposition directly from the metal precursor
(Saha et al., 2012). One of the easiest ways to perform electrode
modification is the covalent linkage by using the self-assembled
monolayer (SAM) technique (Chaki and Vijayamohanan, 2002; Arya
et al,, 2009). In recent years, MNPs were self-assembled into two-
dimensional or three-dimensional superstructures by using several
cross-linkers such as dithiols, diamines, thiolsiloxanes etc. (Wink et al.,
1997; Wang et al.,, 2004). It has been recently demonstrated that
aromatic dithiols work better than alkanedithiols because of their
enhanced conductivity and low suppleness. In particular it has been
found that biphenyl 4,4’-dithiol (BPDT), compared with alkanethiol
molecules, is more conductive and forms a monolayer with a vertical
molecular configuration, probably because of the rigid structure of the
phenyl rings and the s stacking of the molecule (Liang et al., 2007;
Matei et al., 2012).

Cellobiose dehydrogenase (CDH) is receiving great attention in
recent years in the development of biosensors and biofuel cells (Ludwig
et al.,, 2010; Ludwig et al., 2013) because of its ability to show DET
(Lindgren et al., 2001; Schulz et al., 2016; Matsumura et al., 2012;
Tasca et al., 2011) for a large number of substrates including sugars,
such as glucose and lactose (Tasca et al., 2013; Harreither et al., 2007).
CDH is an extracellular flavocytochrome secreted by wood degrading
fungi (Zamocky et al., 2006). It consists of a catalytically active flavin
adenine dinucleotide (FAD) containing dehydrogenase domain
(DHcppy) connected via a flexible linker region to an electron mediat-
ing, heme b containing cytochrome domain (CYTcpy). The oxidation of
the natural substrate cellobiose fully reduces FAD and the electrons are
successively transferred by an internal electron transfer mechanism
(IET) to the CYTcpy domain resulting in reduced heme b (Schulz et al.,
2014). CYT¢py acts as a built-in mediator, which shuttles the electrons
to suitable electrodes (Schulz et al., 2016). CHDs are expressed by
fungi from the dikariotic phyla Basidiomycota (class I CDHs) and
Ascomycota (class II CDHs) with different protein sequences (Ludwig
et al., 2013; Zamocky et al., 2008). All CDHs accept cellodextrines,
cellobiose and lactose as substrates, some class II CHDs also show
activity for glucose (Harreither et al., 2011). CDH obtained from the
ascomycete Corynascus thermophilus (CtCDH) belongs to class II
CDHs (Zafar et al., 2012). Unlike CDHs from basidiomycetes and most
class II CDHs that show more efficient DET at acidic pHs, CtCDH
catalyzes the oxidation of the mono- and disaccharides at neutral pHs,
thus allowing DET at physiological conditions.

The aim of this work was to improve the DET efficiency between
CtCDH and a novel gold electrode platform, obtained by covalent
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Scheme 1. CtCDH/MNPs/BPDT/AuE platform and DET between CtCDH and the
modified electrode.

linking of green AuNPs and AgNPs with a dithiol self-assembled
monolayer, biphenyl-4,4’-dithiol (BPDT). The AuNPs and AgNPs were
synthesized using quercetin as reducing agent in aqueous solution at
room temperature. The novelty of this approach is the use of green
MNPs together with BPDT, which allowed an ordered linkage of MNPs
because of the low suppleness of its molecule. The so modified
electrode was used to develop an eco-friendly biosensor for lactose
detection. To the best of our knowledge this is the very first time that
BPDT has been used with MNPs for the development of a lactose
biosensor. The modified electrode platforms, CtCDH/AuNPs/BPDT/
AuE and CtCDH/AgNPs/BPDT/AuE, shown in Scheme 1, were com-
pared with naked gold electrode, BPDT/AuE and MNPs/AuE in
absence and in presence of lactose. The study aimed at investigating
the effects of the different electrode modifications on DET between
CtCDH and the electrode surface. The electrochemical characterization
and optimization of the lactose biosensor obtained with the CtCDH/
AuNPs/BPDT/AuE platform is also presented in this work. Finally the
applicability of the developed biosensor was tested for lactose detection
in real milk and cream samples.

2. Experimental
2.1. Chemicals and reagents

3-(N-morpholino)propanesulfonic acid (MOPS), B-lactose, sulfuric
acid (H,SO4), hydrogen peroxide (H,0,), p-glucose, p-cellobiose,
biphenyl-4,4’-dithiol (BPDT), chloroauric acid (HAuCl,-3H>0), quer-
cetin (QUC), silver nitrate (AgNOs3), sodium phosphate monobasic
(NaH,PO,), sodium phosphate dibasic (Na,HPO,) and potassium
chloride (KCl) were obtained from Sigma Aldrich (St. Louis, MO,
USA), calcium chloride (CaCl,) was purchased from Merck KgaA
(Darmstadt, Germany), dialysis membranes (Spectrapor, MWCO 12—
14 kDa) were purchased from Spectrum Medical Industires (CA, USA).
CtCDH (E.C. 1.1.99.18) (volumetric activity with cytochrome c at pH
7.5=53 U ml™}, protein concentration=8.4 mg ml™*) was used for elec-
trode modification. CtCDH was purified from the culture supernatant
of the ascomycete Corynascus thermophilus (CBS 405.69) obtained
from the Centralbureau voor Schimmelcultures (Baarn, The
Netherlands). Cultivation and purification of the enzyme were similar
to previously reported protocols for Myriococcum thermophilum CDH
(Zamocky et al., 2008). The enzyme was stored in a 50 mM acetate
buffer (pH 5.5 at —80 °C).

Real samples (2% lowfat milk, light cream, whipped cream and 80%
lactose-reduced milk) were bought in a local supermarket and carefully
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diluted in 50 mM MOPS buffer at pH 7.4 in a ratio 1:250, before
analysis. All solutions were prepared using Milli-Q water (18.2 MQ cm,
Millipore, Bedford, MA, USA).

2.2. Synthesis of green AuNPs and AgNPs

The synthesis of AuNPs and AgNPs was carried out using quercetin
(QUC) to reduce HAuCl, and AgNOs3, respectively. HAuCl, and AgNO;
were solubilized in 50 mM PBS buffer at pH 7; quercetin was
solubilized in a 1M NaOH solution with a final concentration of
1 mM, then diluted in 50 PBS buffer at pH 7, and adjusting the pH of
the final solution to pH 7.0. The synthesis was performed by mixing a
50 uM solution of QUC with a 300 uM solution of HAuCl, or AgNO3, in
a total reaction batch volume of 10 ml, at room temperature in 50 PBS
buffer at pH 7. In both cases the mixture changed color from orange to
deep purple for AuNPs and to yellow for AgNPs within a few seconds,
because of the formation of the MNPs colloidal solutions. A complete
characterization of the synthetized NPs was carried out and reported
completely in our previous paper (Bollella et al., submitted).

2.3. TEM experiments

Transmission electron microscopy (TEM) was undertaken with a
Philips/FEI BioTwin CM120 TEM microscopy (Hillsboro, OR, USA).
Two drops of the synthesized colloidal samples were deposited on a
polymer thin copper grid followed by solvent evaporation under
vacuum.

2.4. Electrode preparation and modification

Polycrystalline gold electrodes (diameter=1.6 mm, BASi, West
Lafayette, IN, USA) were cleaned by incubation in Piranha solution
for 2 min (1:3 mixture of conc-H>0, with H»SO4, CAUTION: Piranha
solution is especially dangerous, corrosive and may explode if
contained in a closed vessel, it should be handled with special care),
then with polishing cloths with deagglomerated alumina slurry of 1 ym
diameter (Struers, Ballerup, Denmark), successively sonicated in
ultrapure water for 5 min and finally electrochemically cleaned in
0.5 M H,SO, by cycling 20 times between —0.3 and 1.7 V vs. Ag|AgClg,,
ka1 at a scan rate of 300 mV/s.

The electrode modification was carried out by immersing the
electrodes in a 10 mM ethanolic solution of biphenyl-4,4’-dithiol
(BPDT) overnight at room temperature. The electrodes were succes-
sively gently rinsed with ultrapure water and dried under a stream of
N,. MNPs colloidal solutions were drop-cast onto the top of gold
electrodes and left to dry at room temperature for 20 min, then gently
rinsed with water to avoid any excess of MNPs unreacted with the
SAM. Finally, 3 puL of the CtCDH solution were drop-cast onto the so
modified surface, left to dry, and then entrapped by covering it with a
pre-soaked dialysis membrane, which was fixed with a plastic holder
(Haladjian et al., 1994).

AuNPs/AuE and AgNPs/AuE electrodes were obtained following
the same procedure described above without the step of BPDT
immobilization. Figure SM1 (Supplementary material) shows the
SEM images of AuNPs/AuE and AgNPs/AuE electrodes before and
after washing, thus confirming that the MNPs remain onto the
electrode surface after the washing procedure.

2.5. Electrochemical measurements and electrochemical apparatus

Cyclic voltammetry experiments were carried out using a PalmSens
potentiostat (model Emstat?, Palm Instruments BV, Utrecht, The
Netherlands) equipped with PSTrace, version 4.5. A conventional
three-electrode electrochemical cell was used for all experiments
performed with an Ag|AgCl (sat. KCl) as reference electrode, a
platinum wire as counter electrode and a modified gold electrode as
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working electrode.

Flow injection experiments were performed with a three electrode
potentiostat (Zédta Elektronik, Ho6r, Sweden). The enzyme-modified
gold electrode, inserted into a wall-jet flow-through amperometric cell
and positioned at a constant distance (1-2 mm) from the inlet nozzle
(Appelgvist et al., 1985), was used as working electrode, an Ag|AgCly ;
kal electrode as reference electrode and a platinum wire as counter
electrode. The electrochemical cell was connected to a flow injection
system consisting of a peristaltic pump (Gilson, Villier-le-Bel, France)
and a six-port valve electrical injector (Rheodyne, Cotati, CA, USA). A
50-11 aliquot of the substrate was applied by a loop mounted onto the
injector. The resulting electrical current was recorded on a strip chart
recorder (Kipp & Zonen, Utrecht, The Netherlands). All measurements
were performed at room temperature.

3. Results and discussion
3.1. Green synthesis and characterization of AuNPs and AgNPs

Both AuNPs and AgNPs were synthesized at room temperature
using QUC as reducing agent and HAuCl, and AgNO; as metal
precursors, respectively, according to the reactions shown in Figure
SM2 (see Supplementary material). The solution turned from orange to
purple and yellow color, indicating the formation of AuNPs and AgNPs,
respectively. The most important reaction parameters, reaction time
and metal precursor concentration, have been optimized with UV-Vis
spectrophotometry, as already described in a previous paper (Bollella
et al., submitted). The reaction time was very short (20 min for AgNPs
and 30 min for AuNPs) and the synthesis showed a high reaction yield
and great reproducibility. MNPs were characterized by transmission
electron microscopy (TEM), in order to study their shape, dimensions
and size distributions and the results are shown in Fig. 1. Both AuNPs
and AgNPs show an almost homogeneous size distribution, spherical
form and crystalline structure without aggregates and clusters. The real
diameter of the AuNPs and AgNPs resulted in 5.5+ 0.6 and 8.4 +
0.3 nm, respectively. A more detailed characterization of the MNPs
(EDS spectroscopy, dynamic light scattering, zeta potential) is reported
in our previous work (Bollella et al., submitted).

3.2. Electrochemistry of CtCDH on modified MNPs/BPDT/Au
electrodes

In order to demonstrate the influence of an ordered nanostructura-
tion on the efficiency of DET communication between CtCDH and the
electrode surface, CVs experiments were initially carried out with CDH
immobilized onto a bare Au electrode. As shown in Fig. 2a (black
curve), no redox waves relative to DET communication between the
CYTcpu domain and the electrode surface are visible. The AuE surface
was then modified by self-assembling biphenyl-4,4’-dithiol, in order to
allow a proper orientation of the enzyme onto the electrode surface.
However, once again, no clear redox waves were obtained, as shown in
Fig. 2b (black curve). The modification with a bifunctional reagent
generally largely enhances the analytical response as the SAM molecule
links the enzyme facilitating a DET reaction with the electrode surface
(Ludwig et al., 2010). This unexpected result can be ascribed to the fact
that BPDT has a terminal -SH group instead of the terminal alcohol or
acid groups of most SAMs, which can covalently link only a very small
amount of enzyme; moreover at the working pH (7.4) the -SH groups of
BPDT are negatively charged (pK,=6.6) and create an electrostatic
repulsion with CtCDH, which is in its anionic form (pI=3.8), thus not
favoring the electron transfer from CtCDH to the electrode surface.

Fig. 2(c and d, black curves) shows the CVs of the CtCDH/AuNPs/
AuE (C) and CtCDH/AgNPs/AuE (D). With the modification of the
electrode with MNPs without SAM a pair of redox waves start to
become visible, indicating DET communication of CtCDH, favored by
the MNPs. The efficiency of DET is increased with the nanostructura-
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Fig. 1. (a) TEM image of a colloidal solution of AuNPs formed by reduction of Au®* ions using quercetin (left) and size distribution (right); (b) TEM image of a colloidal solution of
AgNPs formed by reduction of Ag™ ions using quercetin (left) and size distribution (right).

tion of the electrode surface, because there is a higher probability that
the enzyme is immobilized in the correct orientation for DET.

Successively, AgNPs and AuNPs were drop-cast onto the BPDT
modified electrode. Fig. 2(e and f, black curves) shows CVs relative to
CtCDH/BPDT/Au electrodes modified with AgNPs (Fig. 2e) and AuNPs
(Fig. 2f). As expected, a pair of well-defined high redox waves,
originating from the oxidation and reduction of the heme b cofactor
located in the CYTcpy, are visible in both cases. DET is now favored by
a combined effect of a higher fraction of immobilized CtCDH molecules
in DET orientation and a larger number of CtCDH molecules immo-
bilized, due to the presence of the MNPs linked to the SAM, which
allow an ordered nanostructuration of the electrode surface. The formal
potential (E°’) of the heme b group of CYTcpy, evaluated as the
midpoint of the oxidation and reduction peak potentials, resulted to be
approximately —96 mV and -114 mV vs. Ag|AgClg,: ka1 for AuNPs and
AgNPs, respectively, close to literature values for CtCDH immobilized
onto gold electrodes (Harreither et al., 2012a, 2012b). The peak
separation between the anodic and cathodic peak potentials were
44 mV and 50 mV at v=1 mV s™* for AuNPs and AgNPs, respectively,
in good agreement with the typical values of a surface confined redox
process (Haladjian et al., 1994; Laviron, 1979).

It should be noted that with AuNPs modified electrodes the redox
peak currents are almost ten times higher than those with AgNPs
modified electrodes. This result may be ascribed to the fact that the
AuNPs are smaller and slightly more positively charged than the AgNPs
at pH 7.4 (zeta potential values —28.5 + 1.4 mV and -39.0 + 1.3 mV for
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the AuNPs and the AgNPs, respectively) (Bollella et al., submitted). A
less electrostatic repulsive environment for the CYTcpy (pI 3.8) is
created with AuNPs, thus enhancing DET and allowing a larger enzyme
loading onto the electrode surface without influencing the electroche-
mical behavior of the enzyme.

The electroactive area (Ags) and the roughness factor of the
electrode surface of the different platforms were studied. Both para-
meters exhibited to be largely enhanced with the MNPs/BPDT/AuE
platforms, thanks to the ordered nanostructuration Table SM1, (see
Supplementary material). Even though the geometrical surface areas
are identical, the electrode modified with MNPs linked to BPDT shows
a higher real surface area for CDH immobilization compared to naked
Au electrodes and to the electrodes modified with the cross-linker agent
BPDT or MNPs, separately (Ward et al., 2013).

The scan rate effect was investigated on the DET reaction of the
immobilized CtCDH at the MNPs/BPDT/Au electrodes. The CVs at the
AuNPs/BPDT/AuE and AgNPs/BPDT/AuE are presented in Fig. SM3a
and b (see Supplementary material). It is possible to see that the anodic
and cathodic peak currents were linearly proportional versus the scan
rate in the range 5-300 mVs™! (Fig. SM3c), indicating a surface
controlled electrochemical process.

Further analysis of the CVs allowed calculating the apparent
heterogeneous electron transfer rate constants (ks) for the redox
reaction between CtCDH and AuNPs/BPDT/AuE and AgNPs/BPDT/
AuE electrodes using the Laviron's method (Laviron, 1979). From the
slopes of the linear part of the trumpet plot reported in Fig. SM4d the
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Fig. 2. CVs of CtCDH immobilized onto AuE (a), DPDB/AuE (b) AgNPs/AuE (c), AuNPs/AuE (d), AgNPs/DBDP/AuE (e), AuNPs/DBDP/AuE (f) in absence (black curves) and in
presence (red curves) of 5 mM lactose in 50 mM MOPS buffer pH 7.4. Scan rate 1 mV/s. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

values can be determined to be 0.49 and 0.47 for the AuNPs and the
AgNPs modified electrodes, respectively. Thereafter, the ks values were
calculated according to Laviron's derivation of the Butler-Volmer
theory (Eq. (1)) (Laviron, 1979) for a two-electron reaction of a surface
confined electroactive species and resulted in 21.5 + 0.8 s™* and 10.3 +
0.7 s7! for the AuNPs and the AgNPs modified electrodes, respectively
(v between 5 and 300 mV s™1):

logk=a log(1 = @)+(1 = a)log(RT/nFv)-a(l = @)nFAE,2. 3RT ()

where a is the electron transfer coefficient, n is the number of electron,
AE, is the separation of the redox peak potentials, v the scan rate and
F, T and R have their usual meanings (F=96.493 C mol™!; T=298 K;
R=8.31Jmol ' K™).
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3.3. Electrocatalytic behavior of CtCDH on modified Au electrodes

The electrocatalytic behavior of CtCDH modified electrodes was
studied by performing CV experiments in the presence of lactose
(Fig. 2, red curves) with the different electrode platforms: AuE
(Fig. 2a), BPDT/AuE (Fig. 2b), AgNPs/AuE (Fig. 2c), AuNPs/AuE
(Fig. 2d), AgNPs/BPDT/AuE, (Fig. 2e) and AuNPs/BPDT/AuE
(Fig. 2f). The CVs clearly show the effects of different electrode
modifications towards the electrocatalytic current recorded in the
presence of substrate and perfectly agree with the results obtained
for DET of CtCDH in the absence of substrate.

With the bare AuE no significant electrocatalytic current is ob-
served, probably because the CtCDH molecules are not properly
orientation for DET (Fig. 2a, red curve). With the BPDT/AuE platform
a small electrocatalytic current is noted after the addition of substrate
(Fig. 2b, red curve) as expected when a cross-linking agent is used,
although the current is very low, possibly because of the strong



P. Bollella et al.

repulsion between the enzyme and the self-assembled monolayer, both
negatively charged at pH 7.4 (Gadogbe et al.,, 2015). With the
modification of the electrode with MNPs the electrocatalytic current
for lactose can be observed with a maximum at around 0 V vs. Ag|AgCl,
due to the effect of the nanostructuration of the electrode surface
(Fig. 2¢ and d, red curves). AuNPs modified electrodes showed a
definitely higher electrocatalytic current probably because at pH 7.4 the
AgNPs are less negatively charged than the AgNPs and therefore create
a less electrostatic repulsive effect for CtCCDH. With the BPDT/MNPs
modified electrodes the catalytic currents were higher than with the
other electrode platforms (Fig. 2e and f), in accordance with the
observations reported in the previous paragraph. These excellent
performances can be ascribed to the synergistic effect of nanostruc-
turation and cross-linking, which create a highly packed and ordered
nanostructured surface responsible for the enhanced electron transfer.
AgNPs and AuNPs are linked through strong covalent bonds with the
-SH groups of the SAM, which favor the electron transfer to the
electrode thanks to its two aromatic rings. The rigid structure of the
molecule, which does not allow any bending onto the electrode surface
is another factor that might promote the fast electron transfer from the
enzyme. It is easily noted that the AuNPs modified electrode exhibited
an electrocatalytic current more than 10 times higher (Fig. 2f, red
curve) than that obtained with AgNPs modified electrodes, always
probably because the AuNPs are smaller and less negatively charged
than the AgNPs.

The results showed that the best electrode platform was shown to
be the CtCDH/AuNPs/DBDP/AuE and therefore this platform was
used for further experiments.

3.4. Lactose biosensor development

In order to investigate the electroanalytical and kinetic parameters
of the CtCDH/AuNPs/BPDT/AuE and CtCDH/AgNPs/BPDT/AuE
platforms, the amperometric response to lactose was studied with flow
injection analysis (FIA) by successively injecting lactose solutions into
the neutral MOPS buffer solution. The fastest peak response was
obtained with the AuNPs/BPDT/AuE (3 s), compared to the AgNPs/
BPDT/AuE (5 s), probably due to the better electrochemical commu-
nication between CtCDH and the electrode surface. Calibration curves
for the CtCDH/AuNPs/BPDT/AuE and the CtCDH/AgNPs/BPDT/AuE
platforms showed linear response ranges from 5 to 400 pM and from
10 to 400 uM for AuNPs/BPDT/AuE and AgNPs/BPDT/AuE, respec-
tively (R®=0.99 for both). At higher concentrations the response is no
longer linear, thus indicating enzyme saturation (Fig. 3a). The inset in
Fig. 3a shows the strict linear response of the biosensor versus lactose
concentration. The detection limit was found to be 3 uM for AuNPs/
BPDT/AuE and 7.5 uM for AgNPs/BPDT/AuE (S/N=3). The sensitivity
for lactose was 27.5 pA mM ™! em~2 with the AuNPs/BPDT/AuE plat-
form, almost three times higher than that obtained with the AgNPs
modified electrode (10 pA mM ™ em™2).

The characteristics of the lactose biosensor are presented in
Table 1. The apparent kinetic parameters (I,;qx, Kas“PF), obtained
by fitting the calibration curves, show a sensible reduction of the
apparent Michaelis-Menten constant (K»,“PP) obtained with AuNPs
(844.2 M) compared to AgNPs ordered nanostructuration
(2553.3 uM), suggesting an enhanced enzymatic affinity for the sub-
strate when AuNPs are used. This result can also be explained taking
into account that the modification of the electrode with AuNPs creates
a more favorable environment for CtCDH compared to AgNPs, allow-
ing the enzyme to correctly orientate its redox centers for an efficient
DET.

To date, only a few lactose biosensors have been reported in the
literature based on various CDHs (Table SM2) (see Supplementary
material) while most other lactose biosensors are based on a cascade of
two or three different enzymes (Stoica et al., 2006). In Table SM2 are
reported the main analytical characteristics of lactose biosensors based
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on different types of CDHs. It is interesting to note that the proposed
AuNPs/BPDST/AuE biosensor shows a clear extension of the linear
range, an enhanced sensitivity and a lower response time compared to
other lactose biosensors reported in the literature.

3.5. Stability measurements, interferences evaluation and real
samples analysis

The stability and lifetime of the CtCDH/AuNPs/BPDST/AuE bio-
sensor was studied by FIA by measuring the decrease in the electro-
catalytic currents after successive injections of lactose. It is possible to
observe in Fig. 3b a decrease in the response signal of only 24.3%
during continuous injections for 20 days. This result can be due to the
ordered nanostructuration of the electrode surface achieved with the
concomitant use of BPDT and AuNPs and also to the very small AuNPs
dimensions, which can prevent the leaching/detaching of the immobi-
lized enzyme from the electrode surface thus allowing a long term
stability of the biosensor.

In order to evaluate the performance of the proposed biosensor for
the detection of lactose in real samples, the selectivity of the biosensor
was studied by comparing the signal obtained adding equal quantities
of interfering compounds (Ca®*, p-cellobiose and p-glucose) and
lactose (Harreither et al., 2007). The results are reported in Fig. 3c.
It can be observed that the amperometric signal of Ca®* is less than
20% of the response of lactose, while p-cellobiose about 75% and
glucose about 15%. As cellobiose and glucose are not present in milk
samples, the proposed biosensor can be utilized for lactose detection in
real samples with no significant interference. Table 2 shows the results
obtained on four different real samples (2% lowfat milk, light cream,
whipping cream and 80% lactose-reduced milk). The biosensor
CtCDH/AuNPs/BPDT/AuE biosensor allowed the detection of lactose
in all samples analyzed with a satisfactory recovery in the range 90—
98% (RSD values lower than 4.7%).

4. Conclusions

This work demonstrates the feasible achievement of an efficient
DET of a CDH thanks to the ordered electrode nanostructuration
realized with a gold electrode modified with a self-assembled mono-
layer and MNPs. This is the very first time, to the best of our
knowledge, that BPDT has been used with AuNPs and AgNPs for the
development of a lactose biosensor. The best performances were
obtained with the CtCDH/AuNPs/BPDT/AuE platform because
AuNPs are smaller and less negatively charged than AgNPs, thus
allowing a better orientation and wiring of the enzyme onto the
electrode surface. The proposed lactose biosensor can be prepared by
a simple and eco-friendly procedure as the MNPs were synthesized
according to a green reaction pathway using quercetin as reducing
agent which allowed a synthesis at room temperature with a short
reaction time, without harmful and expensive reagents, and with high
reproducibility. The lactose biosensor was fast-responding and showed
a very good stability, excellent sensitivity and a broad linear range. Milk
and dairy product matrices did not affect the performance of the
biosensor. It can be operated at neutral pH and, unlike lactose
biosensors based on class I CDHs, it can also detect glucose. For this
reason, the proposed biosensor holds great promises for possible
applications as a biofuel cell bioanode suitable to work at human blood
conditions.
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Table 1

Electroanalytical and kinetic parameters of CtCDH biosensors employing different
electrochemical platforms obtained by FIA amperometry in 50 mM MOPS buffer, pH
7.4. Applied potential: +0.250 V vs. Ag|AgClsar.

Table 2
Measurements of lactose in real samples diluted 1:250. Experimental conditions: 50 mM
MOPS buffer pH 7.4; applied potential: +0.250 V vs. Ag|AgClga.

Samples Found value Nominal value Recovery (%)
AuNPs/BPDT/AuE AgNPs/BPDT/AuE (M) (uM)

Eapp/(V vs Ag|AgCly,) 0.250 0.250 2% Lowfat milk 368.6 + 14.5 384.3+29.2 95.91
Knr*PP/(uM) 844 + 30 2553 + 39 Light Cream 440.7 + 36.9 478.8 + 53.1 92.04
Iimax/(UA) 2.1+0.05 0.8+0.04 Whipping Cream 535.3+34.8 594.2+21.6 90.08
LOD/(uM) 3 7.5 80% Lactose-reduced  114.9+12.5 117.3+15.7 97.95
Linearity range/(uM) 5-400 10-400 Milk

Sensitivity/(LA mM ™! cm™?) 27.5+2.5 101

RZ 0.990 0.991
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Fig. SM1. SEM images of (A) AuNPs/AuE before washing, (B) AgNPs/AuE before washing, (C)
AuNPs/AuE after washing and (D) AgNPs/AuE after washing.
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Fig. SM2. Green synthesis of metal nanoparticles through reduction of metal cations by quercetin:

(a) HAuCl,; and (b) AgNOs.
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Fig. SM3. CVs of CtCDH immobilized onto AuNPs/DBDP/AuE (a) and AgNPs/DBDP/AuE (b) in
50 mM MOPS buffer pH 7.4 at different scan rates ranging from 1 to 300 mV s™'. (c) Plot of the
peak current (I,) versus scan rate (v). (d) Variations of E, versus log v for CfCDH modified

electrodes.



Table SM1.
Electroactive area (Aga) and roughness factor (p) values of different electrochemical platforms
with 5 mM Fe(CN)s*'* in 50 mM PBS buffer pH 7.4.

Aga (cm?) p
AuE 0.036 £0.013 1.80
AuE/BPDT 0.042 £0.018 2.10
AuE/AuNPs 0.054 +0.016 2.70
AuE/AgNPs 0.039+0.010 1.95
AuE/BPDT/AuNPs 0.078 £0.026 3.90
AuE/BPDT/AgNPs 0.045+£0.014 2.25
Table SM2.
Comparisons between the main analytical parameters of lactose biosensors based on different CDH
enzymes.

List of abbreviations: AuE, solid gold electrode; GC, glassy carbon electrode; MWCNTSs, multi-
walled carbon nanotubes; MUDOH, 11-mercaptoundecanol; NH»-PD, p-phenylenediamine; SPCE,
screen printed carbon electrode; SWOCNTs, single-walled carbon nanotubes; GA-Tri,
glutaraldehyde-Triton; PsCDH, cellobiose dehydrogenase from Phanerochaete sordida; TvCDH,
cellobiose dehydrogenase from Trametes villosa.

Linear
LOD/ Sensitivity/ Response E/(V vs.
Biosensor Platform Range/ ’ R Reference
@wM) (WA mM cm™) Time/ (s) Ag/AgCl)
(uM)
PsCDH/MWCNTSs/SPCEs 0.5-100 Safina et
0.2 - 65 0.10
TvCDH/MWCNTSs/SPCEs 0.5-200 al., 2010
PsCDH/NH,- Tasca et al.,
1-100 0.5 4.8 4 0.10
PD/SWCNTs/GC 2013
PsCDH/MUDOH/AuE 1-100 1 17.8 4 0.30 Stoica et
al., 2006
PsCDH/GA/Tri/MWCNTs/ Glithero et
2-200 2 - - -
SPCEs al., 2013
CtCDH/AuNPs/BPDT/AuE 5-400 3 27.5 3 0.25 this work
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This paper presents a new direct electron transfer based-miniaturized glucose/oxygen enzymatic fuel
cell (EFC) whose operating ability has been tested in real saliva samples. The bioanode and biocathode
are a graphene working electrode and a graphite counter electrode localized on the same screen printed
electrode (SPE) modified with poly(vinyl alcohol) N-methyl-4(4’-formylstyryl)pyridinium methosulfate
acetal (PVA-SbQ)/cellobiose dehydrogenase from Corynascus Thermophilus (CtCDH) C291Y/AuNPs and
with Trametes Hirsuta laccase (ThLac)/AuNPs, respectively.

In order to optimize the bioanode, several CDH immobilization procedures were adopted, such as
drop-casting, use of Nafion membrane or PVA-SbQ photopolymer. The photopolymer showed the best
performance in terms of stability and reliability. As biocathode a partially optimized laccase electrode was
employed with the variant that the used nanomaterials allowed to reduce the overpotential of O;/H,0
redox reaction catalyzed by Trametes Hirsuta Laccase (ThLac), drop-casted onto the gold nanoparticles
(AuNPs) modified SPE.

The performances of bioanode and biocathode were tested separately, initially immobilizing the two
enzymes onto separated graphene SPEs. An efficient direct electron transfer was achieved for both ele-
ments, obtaining an apparent heterogeneous electron transfer rate constant (ks) of 0.99 +0.05s~! for
CtCDH C291Y and 5.60 + 0.05s~! for ThLac. Both electrodes were then assembled in a two compartment
EFC obtaining a maximal power output of 5.16+0.15 wW cm~2 at a cell voltage of 0.58V and an open
circuit voltage (OCV) of 0.74 V. Successively, the bioanode and biocathode were assembled in a non-
compartmentalized EFC and a remarkable 50% decrease of the maximum power output at the value of
2.1540.12 wW cm~2 at cell voltage of 0.48V and an OCV of 0.62V at pH 6.5 was registered. In order to
reduce the cell dimensions in view of its possible integration in biomedical devices, the bioanode and
biocaythode were realized by immobilization of both enzymes onto the same SPE. The so miniaturized
EFC delivered a maximal power output of 1.57 +0.07 W cm? and 1.10+0.12 wW cm~2 with an OCV of
0.58V and 0.41V in a 100 wM glucose solution and in human saliva, respectively.

© 2017 Elsevier B.V. All rights reserved.

* Corresponding authors.

1. Introduction

Over the past two decades there was a growing demand for
energy along with a need to have increasing “green” and sustain-
able energy resources [ 1-3]. Furthermore, the exponential growth

E-mail addresses: riccarda.antiochia@uniromal.it (R. Antiochia),
franco.mazzei@uniromal.it (F. Mazzei).

in the use of miniaturized and portable computing and communi-
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cations devices [4] has determined the development of a number of
technologies addressed to implement space-saving power sources,
more preferentially “environmentally friendly” [5,6]. Among the
various technologies, the realization of biological fuel cells (BCFs)
appears to be particularly interesting for some of their peculiar
characteristics such as small dimensions, lightweight and sustain-
able power sources by using renewable fuels (e.g., alcohols, sugars).
These devices have three main advantages: high conversion effi-
ciency, operability at room temperature and the possibility to scale
down. The most effective advantage is the scalability as evidenced
by the recent progresses in medical sciences, with an increas-
ing development of implantable electrically operated devices (e.g.,
pacemakers), which need a small power sources that can supply
energy over a long period of time, avoiding any maintenance and
replacement issues that would require a surgery [7-9].

BFCs can be classified on the basis of the different biological
entities used in the anodic part: enzymatic fuel cells (EFCs) based
on redox enzymes and microbial fuel cells (MFCs) based on whole
microbial cells, both catalysing the fuel oxidation [10-13]. MFCs
require continuous maintenance of whole living cells to sustain
physiological process, severely limiting the possibility to produce
an adequate power output [14]. Interesting results can be achieved
by using EFCs, based on redox enzymes, obtained through extrac-
tion and purification from living organisms, and directly applied as
a biocatalysts in a BFCs [15,16].

The EFCs can be divided into two main groups: (a) mediated
electron transfer (MET) devices, in which redox species are used to
transport the electrons between enzyme and electrode surface; (b)
direct electron transfer (DET) based biodevices, where the enzyme
is able to communicate directly with the electrode. In order to
enhance the overall performances of EFCs, several nanomateri-
als, such as carbon nanotubes (single- or multi-walled) [17,18],
metal nanoparticles (gold-, silver- or platinum-NPs) [19,20] and
graphene [21,22], have been employed taking advantage from the
high surface/volume ratio improving the enzyme loading as well as
the electron transfer at the electrode surface. Most EFCs reported
in the literature employ redox mediators to establish a fast elec-
tron transfer between enzymes and electrodes [16]. However, the
immobilization of a mediator showed a decrease of the theoret-
ical open-circuit potential (OCP) of the biofuel cell. Hence, great
attention has recently been given to EFCs based on direct electron
transfer (DET) [16].

In this context graphene is considered an ideal material for
electrode modification mainly due to its high electron conduc-
tivity in the 2D-plane and for its simple and low cost fabrication
[23,24]. These extraordinary properties could be improved through
coupling graphene with gold nanoparticles (AuNPs), to consider-
ably increase the real surface area, thus stabilizing the protein
layer immobilized according to different procedures such as
drop-casting, physical entrapment with a polymer membrane
or chemical cross-linking [25,26]. Moreover, the combination of
graphene and AuNPs could act as electron shuttles of electrons
from the prosthetic group of redox proteins to the electrode surface
[27-30].

DET-based devices have several advantages over MET-based
devices, preventing the voltage losses arising from the potential
difference between the active site of the enzyme and the media-
tor, as well as, allowing a simplification in the EFCs development
thus making miniaturization easier. Among the enzymes able to
perform DET with the electrode surface as bioanode electrode in
the development of biofuel cells, cellobiose dehydrogenase (CDH)
is receiving great attention [30,31] thanks to its ability to show
DET [32-35] with many substrates including sugars, such as glu-
cose and lactose [36,37]. CDH is an extracellular flavocytochrome
secreted by wood-degrading fungi [38]. It consists of a catalytically
active flavin adenine dinucleotide (FAD) containing dehydrogenase

domain (DHcpy) connected via a flexible linker region to an elec-
tron mediating, heme b-containing cytochrome domain (CYTcpy).
The oxidation of the natural substrate cellobiose fully reduces FAD
and the electrons are successively transferred by an internal elec-
tron transfer mechanism (IET) to the CYT¢py domain resulting in
reduced heme b [39].

In the case of biocathode development using enzymes, such as
laccases or bilirubin oxidase, the crucial point is the achievement of
a low overpotential for the four proton/four electron reduction of
oxygen into the water at pH = 7. In the neutral pH range, considering
the thermodynamic O,/H,0 redox potential of +0.93V NHE, it is
required to have overpotential values within the range 30-70 mV
to obtain an efficient electron transfer (ET) [40-45].

In the last twenty years, screen-printed electrodes (SPEs)
have received great attention for the on-site monitoring as a
good compromise between high-volume and low-cost electrodes
production, although not yet highly reproducible and reliable
single-use sensors. Therefore, the use of screen-printing technol-
ogy in the serial production of disposable low-cost electrodes for
the electrochemical determination of a wide range of substances is
currently undergoing widespread growth [46,47].

The aim of this work is to realize a miniaturized high-power
biofuel cell based on efficient DETs between CtCDH C291Y mutant
and Trametes Hirsuta Laccase, respectively, using the same screen-
printed electrode modified with “green” AuNPs. The electrodes
were characterized separately by calculating all the parameters
concerning the direct electron transfer, in order to optimize the
construction of the enzymatic fuel cell. The device was studied
in three different configurations: i) by using two separate SPEs
as bioanode and biocathode in a two separate compartments
cell; ii) by using two separate SPEs as bioanode and biocath-
ode in a membrane-less one-compartment EFC; iii) by using one
SPE for both bioanode and biocathode in a membrane-less one-
compartment EFC. Finally, the single-SPE EFC was tested in human
saliva samples.

2. Materials and methods
2.1. Chemicals and reagents

Catechol, 2,2’-azino-bis-(3-ethylbenzotiazoline-6-solfonate)
(ABTS), potassium ferricyanide (K3[Fe(CN)g]), potassium chloride
(KCl), sodium phosphate monobasic (NaH,;PO,4), sodium phos-
phate dibasic (NayHPOy4), sodium citrate monobasic (CgH7NaO>),
sulfuric acid (H,SO4), D-glucose 99,8%, [3-lactose 99%, quercetin
~95%, tetrachloroauric acid (HAuCly), gold nanoparticles (AuNPs,
d=5nm stabilized with 0.1 mM PBS, reactant free), Nafion® 117
(~5% in a mixture of lower aliphatic alcohols and water) were
purchased from Sigma-Aldrich (Buchs, Switzerland).

Poly(vinyl alcohol) N-methyl-4(4’-formylstyryl)pyridinium
methosulfate acetal (PVA-SbQ) was purchased from Polysciences
Inc. (Warrington PA,USA).

Orthophosphoric acid ~85% (H3PO4), boric acid (H3BO3), acetic
acid (CH3COOH), sodium hydroxyde (NaOH) were purchased from
Merck (Darmstadt, Germany).

CtCDH (E.C. 1.1.99.18) (volumetric activity with cytochrome c
at pH 7.5=53Uml"!, protein concentration=8.4mgml-1) solu-
tion was used for electrode modification. CtCDH was purified from
the culture supernatant of the ascomycete Corynascus thermophilus
(CBS 405.69) obtained from the Central bureau voor Schimmelcul-
tures (Baarn, The Netherlands). Cultivation and purification of the
enzyme were similar to previously reported protocols for Myrio-
coccum thermophilum CDH [48]. The enzyme was stored in a 50 mM
acetate buffer (pH 5.5 at —80°C).
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ThLac (E.C. 1.10.3.2) (volumetric activity with ABTS at pH
4.5=421Uml"!, protein concentration=3.9 mgml~!) produced in
its native host was purified in two chromatographic steps basically
as described [49]. The concentrated and buffer exchanged culture
filtrate from Trametes hirsuta strain VTT D-95443 was applied to
a DEAE Sepharose Fast Flow anion exchange column equilibrated
with 15 mM sodium acetate pH 5.0. Proteins were eluted with a lin-
ear 50-150 mM NacCl gradient. Laccase-positive fractions (on ABTS)
were pooled and Na;S0,4 was added to the sample to a final concen-
tration of 0.5 M. The sample was applied to a Phenyl Sepharose Fast
Flow hydrophobic interaction column equilibrated with 20 mM cit-
rate buffer pH 5.0 containing 0.5 M Na,;SO,. Proteins were eluted
with a linear decreasing Na,SO,4 gradient (500-50 mM). Laccase
containing fractions were pooled and concentrated (Millipore;
PM10 membrane) [50].

All solutions were prepared using Milli-Q water (p=18.2 M2 cm
a25°C; TOC<10 ug L1, Millipore, Molsheim, France).

2.2. Synthesis of gold nanoparticles (AuNPs)

The synthesis of AuNPs was carried out by using quercetin
(QUCQ), as reducing agent, to reduce the metal precursor, HAuCly.
The metal precursor was solubilized in 50mM PBS at pH 7;
quercetin was solubilized in a 1M NaOH solution with a final
concentration of 1mM, then diluted in 50 mM PBS buffer at pH
7, adjusting the pH to pH 7.0 by using 6 M HCI/NaOH solutions.
The reaction was performed by mixing a 50 uM solution of QUC
with a 300 wM solution of HAuCly in a total reaction batch vol-
ume of 10 mL, at room temperature in 50 mM PBS buffer at pH 7,
the solution changed color from orange to deep purple within a
few seconds, for the formation of the AuNPs colloidal solutions. A
detailed characterization of the synthesized AuNPs was carried out
and reported in our previous paper [51].

2.3. Electrochemical measurements

Cyclic voltammetry, linear sweep voltammetry and chronoam-
perometry experiments were performed by using a pAutolab III
potentiostat (Eco Chemie, The Netherlands) controlled by GPES
Manager program (Eco Chemie, The Netherlands) with a con-
ventional three electrodes configuration. Screen-printed working
electrodes (DropSens, Oviedo, Spain) with a surface diameter
of 4mm, formed of the following materials, graphite (G) Cat.
DRP-110, gold (Au) Cat. DRP-220AT and graphene (GPH) Cat.
DRP-110GPH were used. A saturated calomel electrode (SCE,
244mV vs. NHE, Cat. 303/SCG/12, AMEL, Milano, Italy) and a
glassy carbon rod electrode (d =2 mm, Cat. 6.1241.020, Metrohm,
Herisau, Switzerland) were used as reference and counter elec-
trodes, respectively. The polarization curves have been recorded
by running linear sweep voltammetry (LSV) at 1TmVs~! from
the open circuit potential (OCV) to 0 connencting the bioan-
ode namely PVA-SbQ/CtCDH/AuNPs/GPH as working electrode and
ThLac/AuNPs/GPH (in the first two steps of enzymatic fuel cell
assembly, below reported) or ThLac/AuNPs/G (in the third step
when a single-SPE EFC was assembled) as a combined reference
and counter electrode. In the first step the measurements have been
carried out in U-glass tube equipped with a proton-exchange mem-
brane, placing in one compartment the bioanode (5mM glucose,
50 mM PBS buffer pH 7.4+150 mM NaCl) while in the others the
biocathode (air-satured 50 mM Britton-Robinson buffer pH 5.5).
After a careful pH optimization carried out in air-saturated 50 mM
citrate-phosphate+ 150 mM NaCl at different pH values ranging
between 4.5 and 7.5, the proton-exchange membrane has been
removed placing both electrodes in a becker containing 50 mM
citrate-phosphate buffer pH 6.5 (5 mM glucose). Finally, the mea-
surements with the single-SPE EFC were carried out placing 50 pL

of fuel solution onto the so modified SPE (100 .M glucose, 50 mM
citrate-phosphate pH 6.5+ 150 mM NacCl).

2.4. Electrodes modification

For either bioanode and biocathode preparation, graphene
(GPH) screen printed electrodes (SPE) Cat. DRP-110GPH from
DropSens (Oviedo, Spain) were used. In the bioanode development
the following different procedures for the immobilization of the
CtCDH C291Y were used and compared:

- Method 1) drop-casting (CtCDH C291Y/AuNPs/GPH): 5 p.L of AuNPs
colloidal suspension (50% v/v diluted in 50 mM PBS buffer pH 7.4)
were drop-casted onto the SPE electrode surface through a layer
by layer deposition method (4 layers) and left to dry at room
temperature for 20 min after each deposition. After that, 5 L of
CtCDH 291Y were spread onto the SPE and left to dry at room
temperature for 20 min and then in an desiccator for about 2 h
before use.

- Method 2) nafion (Nafion/CtCDH C291Y/AuNPs/GPH): a Nafion 117
solution (5%, w/v) was diluted with ethanol and NaOH solution to
give a stock solution of 1%, pH 5.0. 10 L of the Nafion solution was
mixed with 5 L of AuNPs colloidal suspension (50% v/v diluted
in 50 mM PBS buffer pH 7.4) and 5 p.L of CtCDH C291Y. 5 p.L of the
resulting solution were drop-casted onto the electrode surface
and left to dry at room temperature over 2 h.

- Method 3) PVA-SbQ (PVA-SbQ/CtCDH C291Y/AuNPs/GPH): 5 p.L of
a CtCDH C291Y enzymatic solution with 8 L of PVA-SbQ solu-
tion (50 mg of PVA-SbQ solubilized in 400 L of AuNPs colloidal
suspension 50% v/v diluted in 50 mM PBS buffer pH 7.4) were
drop-casted onto the electrode surface. The modified SPEs were
exposed for 20 min under a UV lamp (A =365 nm) at room tem-
perature to allow the physical immobilization of the enzyme by
photopolymerization.

In the biocathode development the drop-casting method was
employed to immobilize Trametes Hirsuta Laccase (ThLac) thanks to
the strong interaction between the enzyme and the carbon based
electrode as previously described [52].

All the modified electrodes were stored at 4 °C before use.

2.5. Enzymatic fuel cell assembly

EFC has been assembled and studied in different configurations
eventually leading to a compact space-saving single-SPE EFC, in
particular the EFC was obtained by using GPH SPEs as follows:

e two separate SPEs as bioanode and biocathode in a two separate
compartments cell;

e two separate SPEs as bioanode and biocathode in a membrane-
less one-compartment EFC;

e one SPE for both bioanode and biocathode in a membrane-less
one-compartment EFC. Finally, the single-SPE EFC was tested in
human saliva samples.

While in the first two cases the electrodes were prepared sep-
arately as already described in previous section, in the latter one
a single SPE was used for biofuel cell assembly using the work-
ing electrode as bioanode and the counter electrode as biocathode;
both electrodes have different geometries but the same electroac-
tive area as experimentally verified (data not reported). 5L of
diluted AuNPs suspension were drop-cast onto the graphene work-
ing electrode and graphite counter electrode surfaces and let to
dry, the procedure was repeated depositing 4 layers for each elec-
trode (working and counter). Afterwards, 5 L of a CtCDH C291Y
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Table 1

Electrochemical parameters: electroactive area (Aga, mm?), electron transfer rate
constant (k% cms~!) and roughness factor for different modified and unmodified
electrodes. List of abbreviations: “green” gold nanoparticles (AuNPs), gold SPE (Au),
graphene SPE (GPH), graphite SPE (G), sigma gold nanoparticles (AuNPsgjgm, ).

Electrodes kOapp (cm s~1) Aga (mm?) p

G 1.1+0.1 54+0.8 0.4+0.2
G+ AulNPs 1.3+0.1 6.4+0.5 0.5+0.1
Au 0.1+0.1 6.2+04 0.5+0.1
Au+AuNPs 0.2+0.1 7.6+0.5 0.6+0.1
GPH 1.5+0.1 8.0+0.7 0.6+0.2
GPH + AuNPs 3.5+0.1 9.8+0.8 0.7+0.2
GPH + AUNPS (sigma) 0.8+0.1 84+0.8 0.7+02

enzymatic solution with 8 L of PVA-SbQ solution (50 mg of PVA-
SbQ solubilized in 400 wL distilled water) were drop-cast onto
the working electrode surface, and further exposed for 20 min
under a UV lamp (A =365nm) at room temperature to allow the
physical immobilization of the enzyme by photopolymerization.
Successively, the biocathode was modified by drop-casting 5 L
of ThLac solution onto the electrode surface by simple adsorption.
The pseudo-reference electrode of SPE was not connected to the
potentiostat.

2.6. Analysis on saliva samples

Saliva samples collection was performed at 8.30 a.m. from one
healthy female patient refrained from eating, drinking and oral
hygiene procedures (at least for 1 h before). The patient was given
drinking bottled water and asked to rinse well her mouth. After
5 min, the patient was asked to spit whole saliva (WS) into a 50 mL
sterile Falcon” tube, once a minute for up to 10 min until sampling
5mL of WS [53]. Measurement on real sample was repeated three
times.

3. Results and discussion
3.1. Electrochemical characterization of AuNPs modified SPEs

AuNPs modified screen-printed electrodes were characterized
by cyclic voltammetry experiments at different scan rates in a solu-
tion of 1.1 mM Fe(CN)g3~, calculating the electroactive area (Agp),
the electron transfer rate constant (k%) and the roughness factor
(electroactive/geometrical area ratio, p) taking into account that
the higher is the roughness factor the higher is the electrocat-
alytic activity and consequently the electron transfer rate [54,55].
Screen-printed electrodes (SPEs) of different materials (graphite,
gold and graphene) were tested before and after the modifica-
tion with four layer of “green” AuNPs and the results are shown
in Table 1. The Aga was calculated by plotting the peak current
vs. square root of the scan rate (v'/2) and inserting the slope
obtained into the Randles-Sevcik equation [56]. The k? was eval-
uated by plotting the peak potential (Ep) vs. log v'/2, for both
anodic and cathodic peaks by using a method that merges Klingler &
Kochi and Nicholson & Shain methods, as previously reported [57].
From Table 1 it is possible to observe that the best performance
is achieved with the GPH+AuNPs electrode (Aga =9.8 +0.9 mm?,
k®=35+0.1 103cms~! and p=0.7+n0.2) taking into account
that as the roughness factor increases also the nanostructura-
tion increases thus enhancing electrochemical activity. For further
comparison, GPH electrodes were modified also with a AuNPs
commercial colloidal suspension (AuNPs(sjgra)) (same diameter,
d=5nm)instead of self-prepared ones. The results (k9 =3.5 4+ 0.1 vs.
0.8 +£0.1) demonstrated that the NPs synthesized according to the
procedure reported in our previous paper [51] gave the best results,
possibly due to the presence of quercetin as stabilizing agent, which

prevents the natural AuNPs aggregation onto the electrode surface,
after drop-casting. This is also confirmed by the results obtained
using a different number of layers (either of “green” or commer-
cial AuNPs) as reported in Fig. 1(A) SM: although up to three layers
no particular differences can be evidenced, when the number of
layers increases the “green” AuNPs appear to aggregate less than
the commercial ones being four layers the optimal modification
condition.

Successively, the dilution effect of the colloidal suspension was
also studied. The Ags values were calculated and reported in Fig.
1(B) SM; the best results were obtained with the 50% v/v diluted
AuNPs suspension.

3.2. Electrochemical characterization of bioanode CtCDH
(C291Y/AuNPs/GPH modified SPEs with different immobilization
methods

In order to assess the synergic effect of nanostructured mate-
rials (graphene and AuNPs) on the DET efficiency between CtCDH
C291Y and SPE electrode, several CVs experiments were carried out
in pH 7.4 phosphate buffer solution (PBS) containing 150 mM Nacl
to evaluate the three different enzymatic immobilization methods:
drop-casting (Method 1), Nafion (Method 2) and PVA-SbQ (Method
3). Moreover, also the electrocatalytical behaviour of the afore-
mentioned modified electrode platforms have been investigated
by performing CV experiments in pH 7.4 phosphate buffer solu-
tion (PBS) containing 150 mM NaCl in presence of 10 mM lactose,
as substrate.

Method 1: In Fig. 2A SM (black curve) in the nonturnover CV no
redox waves relative to DET communication between the CYTcpy
domain and the electrode surface are visible, while a couple of peaks
with EO” about 0.450V vs. NHE are clearly observed, probably due
to some impurities in the graphene layer of the SPE. In presence of
substrate, it was observed a slight catalytic wave, probably due to
the weak immobilization method (Fig. 2A SM, red curve).

Method 2: As shown in Fig. 2B SM (black curve), in the non-
turnover CV, a couple of peaks relative to DET communication
between the CYTcpy domain and the electrode surface are now
clearly visible with E9” of 0.090V vs. NHE. A small enhancement of
the catalytic wave was observed with Nafion membrane (Fig. 2B
SM, red curve) probably due both to the slow substrate diffusion
through the membrane and to the hindering of internal electron
transfer (IET) of the enzyme after immobilization occurred.

Method 3: The immobilization through the photopolymer
PVA-SbQ showed the best results (Fig. 1A, black curve) in the non-
turnover conditions, with a well-defined couple of redox peaks of
the heme b cofactor located in the CYTcpy with E?” of 0.100 vs.
NHE, which is consistent with the values reported in the literature
[19,58].When adding lactose (Fig. 1A, red curve), the PVA-SbQ mod-
ified electrode showed a clearly visible catalytic wave relative to the
sugar oxidation, approximately estimated to be 20 wA cm~2, mainly
due to the mobility of the enzyme into the PVA-SbQ layer as well
as to a correct orientation through the interaction between CtCDH
C291Y and AuNPs. Since the CtCDH C291Y mutant has an enhanced
turnover for glucose as substrate, the electrocatalytic behaviour
study with PVA-SbQ/CtCDH C291Y/AuNPs/GPH platform (Fig. 1A,
blue curve) has been carried out also with 10 mM glucose solution,
showing a clear catalytic wave for glucose oxidation. Therefore, a
kinetic characterization of the PVA-SbQ/CtCDH C291Y/AuNPs/GPH
has been performed with these two different substrates, lactose
in the range 0.1-10 mM and glucose in the range 0.1-100 mM by
applying a potential E=+0.450V vs. NHE with an injection time
of 60s. The apparent kinetic parameters, the maximum current
density and the apparent Michaelis-Menten constant (Imax, Ky 9%PP),
obtained by fitting the calibration curves of lactose and glucose (Fig.
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Fig. 1. (A) CVs of CtCDH C291Y immobilized onto PVA-SbQ/AuNPs/GPH in absence (black curve), in presence of 10 mM lactose (red curve) and 10 mM glucose (blue curve),
in 50 mM PBS buffer pH 7.4+ 150 mM NaCl. Scan rate 5mVs~!; (B) CVs of AuNPs/GPH (black curve) and ThLac/AuNPs/GPH (red curve) in presence of 50 wuM ABTS in 50 mM
B-R buffer pH 5.5. Scan rate 5mVs~'; (C) CVs of AuNPs/GPH (black curve) and ThLac/AuNPs/GPH (red curve) in presence of 50 .M catechol in 50 mM B-R buffer pH 5.5. Scan
rate 5mV s, (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4 A and B SM), for PVA-SbQ/CtCDH C291Y/AuNPs/GPH platform are
presented in Table 1 SM.

In both latter cases, namely with Nafion and PVA-SbQ, the DET
is favored by a combined effect of (i) a higher fraction of immo-
bilized CtCDH C291Y molecules, due to the physical entrapment
of the enzyme, and (ii) a favorable orientation of the enzyme onto
the electrode surface ascribable to the AuNPs. In fact, the so pre-
pared AuNPs present an isoelectric point (pl) of 6.4, measured
and reported previously [19,51], whose value is much more pos-
itive if compared to the pl of CtCDH C291Y (pI=3.8) and it is well
documented in literature that, upon these conditions, a suitable
electrostatic interaction positively affects the enzyme orientation
[20,35]. With the PVA-SbQ immobilization method, it was also pos-
sible to observe higher current densities for the CYTcpy compared
to the Nafion immobilization method. Thereafter, the integration
of the redox peaks relative to DET of CYTcpy, allowed to evaluate
the enzyme surface coverage for both immobilization methods by
using the Faraday’s law (Eq. (1)):

Q
= (M
where ['7 is the total surface concentration of electroactive protein
in molcm=2, A is electrode area in cm?, F is Faraday’s con-
stant (96 485.34Cmol~! of electrons), Q is the charge underlying
the redox wave and n is the number of electrons transferred
in the reaction [59]. I't resulted to be 312+21pmolcm~2 and
433 +27 pmol cm~2 for Nafion/CtCDH C291Y/AuNPs/GPH and PVA-
SbQ/CtCDH C291Y/AuNPs/GPH, respectively.

The effect of the scan rate for the PVA-SbQ/CtCDH
C291Y/AuNPs/GPH platform is reported in Fig. 2A. The results
allowed to calculate the apparent heterogeneous electron transfer
rate constants (ks) for the redox reaction between CtCDH C291Y
and AuNPs/GPH SPE by using the Laviron’s method (Laviron, 1979).
From the slopes of the linear part of the trumpet plot it was pos-
sible to determine the electron transfer coefficient o =0.47 +0.07.
The ks value was calculated according to Laviron’s derivation of
the Butler-Volmer theory [60] for a two-electron reaction of a

Ir

surface confined electroactive species (Eq. (2)) and resulted to be
0.99+0.05s"! (v between 5 and 100mVs~—1):

log ks =alog(1-a)+(1-a)log (RT/nFu) —a(1-a)
nFAEp/2.3RT (2)

where « is the electron transfer coefficient, n is the number of elec-
trons, AE, is the separation of the redox peak potentials, v the scan
rate and F, T and R have their usual meanings (F = 96 485.34C mol~!;
T=298K; R=8.31Jmol~1K~1).

With the aforementioned results, it was possible to demonstrate
that the modified electrode is a potential candidate as bioanode ele-
ment for EFC if compared to other electrode platforms reported in
literature [61,62], mainly due to the proper electrode modification
and to the enhanced turnover towards glucose for CtCDH C291Y
mutant.

3.3. Electrochemical characterization of biocathode
ThLac/AuNPs/GPH

The  characterization of the biocathode element
ThLac/AuNPs/GPH was performed by studying the electron
transfer in nonturnover conditions and in mediated electron
transfer conditions, for comparison, by using ABTS and catechol as
electron donors. CVs experiments carried out in 50 mM PBS pH 6.5
with ThLac/GPH (Fig. 6 SM, black curve) and ThLac/AuNPs/GPH (Fig.
6 SM, red curve) clearly demonstrated the synergic contribution of
both nanomaterials towards the electron transfer in nonturnover
conditions (absence of O,), as it is possible to observe the presence
of a couple of peaks only when the GPH electrode is modified with
AuNPs. No redox peaks were observed for ThLac/GPH (Fig. 6 SM,
black curve), probably due to the insufficient nanostructuration of
the electrode surface.

Therefore, CVs experiments were realized to evaluate DET rate
constant for ThLac/AuNPs/GPH, as reported in Fig. 2B; ks values
were calculated by using the Laviron’s method, as reported in Eq.
(2).From the slopes of the linear part of the trumpet plot, it was pos-
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Fig. 2. (A) CVs of CtCDH C291Y immobilized onto PVA-SbQ/AuNPs/GPH in 50 mM
PBS buffer pH 7.4+ 150 mM NacCl, varying scan rates from 5mVs~! to 100mVs~',
Inset: linear dependence of current density (J, .A cm-2) upon scan rates (v, mVs=1);
(B) CVs of ThLac immobilized onto AuNPs/GPH (T1 site) in 50 mM PBS buffer pH 6.5,
varying scan rates from 5mVs~! to 100mVs~1, Inset: linear dependence of current
density (J, WA cm-?) upon scan rates (v, mVs~1).

sible to determine the electron transfer coefficient o« =0.51 & 0.06,
thus allowing to assess a ks of 5.6+0.05s~1 (v between 5 and
100mvVs—1).

The electrocatalytic behaviour of ThLac/AuNPs/GPH was studied
in 50 mM Britton-Robinson buffer pH 5.5, by using ABTS and cat-
echol, as shown by red curves in Fig. 1B and C, respectively. From
both experiments, it was possible to observe an efficient electro-
catalysis even in the presence of small amounts of both electron
donors, starting both at Egpset =0.800V vs. NHE.

The electroanalytical and kinetic  parameters for
ThLac/AuNPs/GPH were evaluated performing chronoampero-
metric experiments in the presence of ABTS and catechol in the
range 0.1-2.5mM by applying E=+0.1V vs. NHE with an injection
time of 60 s. The apparent kinetic parameters, the maximum cur-
rent density and the apparent Michaelis-Menten constant (Imax,
Ky ?PP), obtained by fitting the calibration curves in the presence
of ABTS and catechol (Fig. 4 SM) for ThLac/AuNPs/GPH platform
are presented in Table 1 SM. With the above-mentioned results,
it was possible to demonstrate that the so modified electrode is a
valid candidate as biocathode element to be coupled to previously
characterized CtCDH-based bioanode for EFC assembly.

In sum, it should be pointed out that in order to assemble an effi-
cient cell, the obtainable maximum current density (Jmax ) from both
anode and cathode should be comparable as for instance occurs in
this case (compare the numerical values of Jhax reported in Table 1
SM that are always comprised in the range 7-16 wA cm—2 for both

bioanode and biocathode and the substrates considered); other-
wise, should one of them display different order of magnitude in
Jmax, the worst behaving electrode would the limiting factor of the
fuel cell [63,64].

3.4. Assembling, optimization and characterization of the EFC:
PVA-SbQ/CtCDH C291Y/AuNPs/GPH and ThLac/AuNPs/GPH

The selected bioelectrodes, PVA-SbQ/CtCDH C291Y/AuNPs/GPH
and ThLac/AuNPs/GPH were assembled as bioanode and biocahode
to obtain an enzymatic fuel cell, in a U-tube two compartments
cell separated by a proton-exchange membrane. As first approach,
the solutions contained in the two compartments were different,
due to the different optimization conditions found for the two
enzymes: the PVA-SbQ/CtCDH C291Y/AuNPs/GPH bioanode, was
immersed in a 50mM PBS pH 7.4+ 150mM NaCl solution con-
taining 5 mM glucose while the ThLac/AuNPs/GPH biocathode was
dipped in air-saturated 50 mM B-R buffer pH 5.5. In the conditions
reported above, the OCV was found to be about 0.74V, close to the
potential difference between bioanode and biocathode, as shown in
Fig. 3A. A maximum power density of 5.16 +0.15 wW cm2 at a cell
voltage of 0.58 V was obtained in the above reported experimental
conditions. The stability of the EFC was further evaluated by run-
ning polarization curves in the same experimental conditions every
hour, upon a range of 8 h, as shown in Fig. 3B and C. It is possible to
observe a performances decrease in terms of either OCV (30%) and
maximum power output (90%), respectively, achieving a constant
maximum power density of 0.67 + 0.08 wW cm~2 after 8 h (Fig. 3C).
This behaviour can be mainly attributed to the progressive reduc-
tion of the enzymes activity and partially also to the fact that the
two elements were working in different compartments separated
by a proton-exchange membrane [65].

As further step towards EFC thorough development, both elec-
trodes were dipped in the same electrochemical cell (without
the proton-exchange membrane) containing 5mM glucose solu-
tion and several polarization curves were recorded varying the pH
range between 4.5-7.5 in 50 mM citrate-phosphate buffer contain-
ing 150 mM Nacl (Fig. 5B SM). From the graph reported in Fig. 5A
SM, it was possible to observe that the highest maximum power
output of 2.1540.12 wW cm~2, obtained at cell voltage of 0.51V
and an OCV of 0.66V, was registered at a pH value of 6.5. It must
be noted that pH 6.5 is not the optimum pH for the bioanode and
therefore this could be reasonably taken as the reason of the loss
of performances of about 50% compared to the EFC working with
two different solution separated by the proton exchange mem-
brane; anyway, the need to optimize the operating conditions in
a single-compartment cells thus employing the enzyme selectivity
to separate reduction and oxidation reactions, is mandatory in view
of the possible application of the EFC to real cases, even at the cost
of an obvious contraction in performance.

3.5. Single-SPE EFC: characterization and application in human
saliva

In order to obtain a compact version of the developed EFC,
a new configuration of the bioelectrodes has been realized (see
Section 2.5) by placing both bioanode and biocathode onto the
same SPE [56]. The resulting | PVA-SbQ/CtCDH C291Y/AuNPs/GPH
|| ThLac/AuNPs/G| device was dipped in air-saturated 100 .M
glucose solution that corresponds to physiological glucose con-
centration in human saliva (50 mM citrate-phosphate buffer pH
6.5+ 150 mM Nacl) and the polarization curves were recorded. The
maximum power density obtained in a 100 wM glucose solution
was 1.57 £ 0.07 puW cm~2 with an OCV of 0.58 V (Fig. 4A), i.e. above
the voltage 0f 0.4V, a crucial value for practical applications because
of the requirements for modern electronics [66]. The power output
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Fig. 3. (A) Polarization curve recorded for glucose/oxygen EFC in 5 mM glucose solution (50 mM PBS buffer pH 7.4+ 150 mM NaCl, left part bioanode) and 50 mM B-R buffer
pH 5.5 (air saturated). The plot was obtained from linear sweep voltammetry at 1 mVs~'; (B) Power output profiles recorded for two-compartment glucose/oxygen EFC in
5mM glucose solution (50 mM PBS buffer pH 7.4+ 150 mM Nacl, left part bioanode) and 50 mM B-R buffer pH 5.5 (air saturated), during 8 h. The plots were obtained from
linear sweep voltammetry at 1 mVs~'; (C) Power output trend (black line) and OCV trend (red line) upon 8 working hours. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (A) Polarization curve recorded for SPE-miniaturized glucose/oxygen EFC in 100 wM glucose solution (50 mM citrate-phosphate buffer pH 6.5 + 150 mM NacCl); (B)
Polarization curve recorded for SPE-miniaturized glucose/oxygen EFC in human saliva. The plots were obtained from linear sweep voltammetry at 1mVs-1.

decrease obtained with the single-SPE EFC compared to the EFC
with separated SPEs is possibly ascribable not only to the lower
glucose concentration but also to the fact that the biocathode is in
this case made of graphite instead of graphene, since this type of
commercial SPEs have graphene electrodes as working electrodes
and graphite electrodes as counter electrodes.

Finally, the so obtained single-SPE EFC was tested in human
saliva samples containing low amounts of glucose from 30 to
100 wM. Many factors should be taken into account when saliva
is used as real sample, because of the extremely variable amounts
of glucose, depending on health and diet conditions, as well as the
presence of interfering compounds, such as other carbohydrates,
urea, amino acids, peptides, proteins and lipids [67]. Moreover, the
pH value in human saliva is ranging between 6.5 and 7.5 [68,69].
Fig. 4B reports the polarization curve recorded in a saliva sample,
kindly provided by a female volunteer, showing a maximal power
outputof 1.10 £ 0.12 wW cm~2 at cell voltage of 0.095 V and an OCV
of 0.41V.

A comparison of the results with others obtained with EFCs
based on DET of CtCDH as bioanode and Myrothecium verrucaria
bilirubine oxidase (MvBOD) as biocathode has been reported in
Table 2 [58,67,70,71]. It can be observed that the power density
output and the OCV values are always higher compared to the other

ones even exceeding, in the case of power output, up to ten times
the values reported in literature; the only exception is an EFC oper-
ating in lactose [58]. The loss of performances detected once the EFC
is assembled using a single SPE leads anyway to values comparable
with the similar examples reported in literature and operating in
biological fluids.

4. Conclusions

In this work we have demonstrated the feasible achievement
of an efficient DET of CtCDH C291Y and ThLac thanks to the syner-
gic effect of graphene and AuNPs as nanostructured materials. Two
modified enzymatic electrodes were optimized and characterized
in order to achieve the best results and then coupled to assemble an
enzymatic fuel cell (EFC). To the best of our knowledge, this is the
really first time that an EFC is assembled by using screen printed
electrodes (SPE) and further miniaturized onto the same SPE con-
taining both bioanode and biocathode. The biodevice was finally
tested in real saliva samples showing good performances (power
output of 1.10 £ 0.12 wW cm~2 at cell voltage of 0.095 V and an OCV
0of 0.41 V), where the maximal power output was mainly influenced
by the amount of glucose in the specific sample. This kind of biode-
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Comparison of potentially implantable DET-based glucose/oxygen EFCs. Abbreviations: Corynascus thermophilus cellobiose dehydrogenase (CtCDH), flexible transparent
polymer electrode (FTPE), gold electrode (AuE), gold microwires electrode (AuMWs), gold nanoparticles (AuNPs),graphene based screen-printed electrode (GPH), graphite
based screen-printed electrode (G), graphite electrode (SPGE), Myrothecium verrucaria bilirubine oxidase (MvBOD), poly(vinyl alcohol) N-methyl-4(4'-formylstyryl)pyridinium
methosulfate acetal (PVA-SbQ), Trametes hirsuta laccase (ThLac).

BFC Conditions OCV (V) Power output Operational stability References
CtCDH/MvBOD 50 mM PBS buffer pH 7.4 containing 0.63 0.6 puWem=2 at 0.35V Half-life>12h [70]
AuNPs/FTPE-based 5mM glucose and 150 mM NaCl
CtCDH/MvBOD 50 mM PBS buffer pH 7.4 containing 0.62 ~3puWem—2 at 0.37V Half-life>6h [71]
SPGE-based 5mM glucose and 150 mM NacCl

Human serum 0.58 ~4uWcem=2 at0.19V Half-life<2h
CtCDH/MvBOD 50 mM PBS buffer pH 7.4 containing 0.68 33pWem—2 at0.52V ~20%drop in 12 h of [58]
AuNPs/AuE-based 5mM glucose and 150 mM NacCl continuous operation

50 mM PBS buffer pH 7.4 containing 0.68 149 pWcem=2 at 0.52V Half-life>12h

5mM lactose

Human blood 0.66 2.8 uWem2 at 045V Half-life<3h

Human plasma 0.63 3uWcem—2 at 047V Half-life<8h
CtCDH/MvBOD Sweat 0.58 0.26 pWcem—2 at 0.5V Half-life>10h [67]
AuNPs/AuMWs-based Sweat+500 wM glucose 0.61 0.47 pWem—2 at 0.5V -

Saliva before lunch 0.56 0.1pWem—2 at 0.5V -

Saliva after lunch 0.56 02puWem=2at 0.5V -

Saliva after lunch + 500 wM glucose 0.60 0.46 pWcem—2 at 0.5V -
PVA- Compartimented: 50 mM PBS buffer 0.74 5.16 puWcm~2 at 0.58 V Half-life>8h This
SbQ/CtCDH/ThLac pH 7.4 containing 5 mM glucose and work
AuNPs/GPH- 150 mM NacCl (anode); 50 mM B-R
based buffer pH 5.5 (cathode)

Non-compartimented: 50 mM PBS 0.66 2.15pWem=2 at 0.51V -

buffer pH 6.5 containing 5 mM glucose

and 150 mM NaCl
PVA- Single SPE: 50 mM PBS buffer pH 6.5 0.58 1.57 uWem=2 at 0.31V - This
SbQ/CtCDH/AuNPs/GPH|| containing 100 wM glucose and work
ThLac/AuNPs/G 150 mM Nacl
(on a single SPE) Saliva 0.41 1.10 pWcem=2 at 0.10V -

vice could be used as non-invasive autonomous biodevice, possibly
providing great benefits for several biomedical applications.
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Fig. 1 SM (A) Electroactive area (Aga) trend upon different numbers of AuNPs layer drop-casted
for AuNPs green (filled square, solid line) and AuNPs sigma (empty square, dashed line); (B)
Electroactive area (Aga) trend upon different dilution factor. The plots were obtained recording
CVs in 1.1 mM Fe(CN)s™ (100 mM PBS buffer pH 7.4 + 100 mM KCI) varying scan rates from 5
mV s to 1000 mV s™.
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Fig. 2 SM (A) CVs of CtCDH C291Y immobilized onto AuNPs/GPH in absence (black curve) and
in presence (red curve) of 10 mM lactose in 50 mM PBS buffer pH 7.4 + 150 mM NaCl. Scan rate
5 mV s; (B) CVs of C+CDH C291Y immobilized onto Nafion/AuNPs/GPH in absence (black
curve) and in presence (red curve) of 10 mM lactose in 50 mM PBS buffer pH 7.4 + 150 mM NaCl.

Scan rate 5 mV s
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Fig. 3 SM Calibration curves for lactose (A) and glucose (B) in 50 mM PBS buffer pH 7.4 + 150
mM NaCl. The graphs were obtained by recording CVs in presence of different substrate
concentrations, 0.1-10 mM for lactose and 0.1-100 mM for glucose, respectively. Eqpp= +0.450 V

vs. NHE with an injection time of 60 s, (n=3).
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Fig. 4 SM Calibration curves for ABTS (filled square, solid line) and catechol (empty square,
dashed line) in 50 mM B-R buffer pH 5.5. The graph was obrained by recording chronoaperograms
in presence of different substrate concentration, 0.1-2.5 mM for both ABTS and catechol. E,p=

+0.100 V vs. NHE with an injection time of 60 s, (n=3).
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Fig. 5 SM (A) Polarization curve recorded for membrane-less glucose/oxygen EFC in 5 mM
glucose solution (50 mM citrate-phosphate buffer pH 6.5 + 150 mM NacCl). The plot was obtained
from linear sweep voltammetry at 1 mV s™'. The distance between the electrodes was kept constant

throught all experiments (1 cm); (B) Power output trend upon pH.
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Fig. 6 CVs of ThLac/GPH (black curve) and ThLac/AuNPs/GPH (red curve) in 50 mM PBS buffer
pH 6.5. Scan rate 5 mV s



Substrate Smax K™ Tnax/ K™

(nA cm™) (mM) (A mM™' cm?)
Lactose 11.9+1.0 0.4 +0.1 27.6 0.3 Corynascus thermophilus
cellobiose dehydrogenase
Glucose 7.9 0.6 103 0.8 0.8+0.2 (CtCDH)
Jmax I(Mapp Jmax/KMapp
Substrate (A cm) (uM) (WA mM! cm?)
ABTS 158 +1.7 40 = 10 394+04 )
Trametes hirsuta laccase
(ThLac)
Catechol 7.9+0.7 40 = 10 19.7+0.3

Tab. 1 SM Electroanalytical parameters for PVA-SbQ/CtCDH C291Y/AuNPs/GPH for lactose and
glucose and the electroanalytical parameters for 7hLac/AuNPs/GPH for ABTS and catechol.
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Abstract: Efficient direct electron transfer (DET) between a cellobiose dehydrogenase mutant
from Corynascus thermophilus (CtCDH C291Y) and a novel glassy carbon (GC)-modified electrode,
obtained by direct electrodeposition of gold nanoparticles (AuNPs) was realized. The electrode
was further modified with a mixed self-assembled monolayer of 4-aminothiophenol (4-APh) and
4-mercaptobenzoic acid (4-MBA), by using glutaraldehyde (GA) as cross-linking agent. The CtCDH
C291Y/GA /4-APh,4-MBA /AuNPs/GC platform showed an apparent heterogeneous electron
transfer rate constant (k) of 19.4 4 0.6 s~!, with an enhanced theoretical and real enzyme surface
coverage (Tneor and Tpeqr) of 5287 & 152 pmol cm 2 and 27 + 2 pmol cm ™2, respectively. The
modified electrode was successively used as glucose biosensor exhibiting a detection limit of 6.2 uM,
an extended linear range from 0.02 to 30 mM, a sensitivity of 3.1 £ 0.1 pA mM~! cm~2 (R? = 0.995),
excellent stability and good selectivity. These performances compared favourably with other glucose
biosensors reported in the literature. Finally, the biosensor was tested to quantify the glucose content
in human saliva samples with successful results in terms of both recovery and correlation with
glucose blood levels, allowing further considerations on the development of non-invasive glucose
monitoring devices.

Keywords: cellobiose dehydrogenase; gold nanoparticles; electrodeposition; glucose biosensor;
human saliva

1. Introduction

Glucose monitoring has attracted great attention in several fields, ranging from biomedical
applications to ecological fields [1]. In particular, for clinical trials, glucose monitoring has been
considered one of the key factor in early diagnosis of diabetes mellitus, which is a main cause
of death or other diseases around the world. Diabetes is a metabolic disease generally related to
non-/under-production of insulin in the pancreas and hyperglycemia, reflected by blood glucose
concentrations higher or lower than the normal range of 80-120 mg dL~! [2]. It is possible to distinguish
between three types of diabetes: (i) type 1, which most affects young people, with non-production
of insulin in the pancreas and involves about 10% of diabetic people [3]; (ii) type 2, which occurs in
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middle-age or old people, with low production of insulin or when the body does not use the insulin
produced and involves about 90% of diabetic people [4]; (iii) gestational diabetes, which occurs during
the pregnancy, with a connected risk of diabetes development for both mother and child [5].

In the last century, several approaches for early diagnosis of diabetes mellitus mainly focused
on glucose monitoring have been developed such as capillary zone electrophoresis (CZE) [6], gas
chromatography (GC) mainly coupled with mass spectrometry (MS) [7], high performance liquid
chromatography/mass spectrometry (HPLC-MS) [8], enzymatic spectrophotometric assays [9], Fourier
transform near-infrared spectroscopy (FI-NIR) [10] and proton NMR.

However, these methods require expensive equipment and complicated operations and therefore
they cannot be applied to home-based care [11]. Most diabetic patients need to test their blood glucose
levels periodically, even several times a day. Biosensors may represent a valid alternative as they allow
time-saving, accurate, repeatable and cost-effective determination of glucose in blood [12]. Typically,
a blood test for analysis is realized through a finger prick, which may cause physical and mental
stress to patients, especially to young children and elderly people. Therefore, there is a great need for
the developing of a point-of-care non-invasive glucose monitoring system [2]. A positive correlation
between blood glucose (80-120 mg dL~') and salivary glucose (0.6-1.8 mg dL~!) has been revealed in
many studies [4].

Saliva shows great advantages compared to other biological fluids such as blood, tears, urine, etc.
because its sampling is not invasive and it is recognized as the most sensitive one, containing also
other disease biomarkers in a concentration larger than in blood. Moreover saliva sampling involves a
simple collection method that allows easy storage and transport.

It is well known that electrochemical enzymatic glucose biosensors are divided into three classes
depending on the electrochemical communication between the enzyme and the electrode: (i) first
generation biosensors, where glucose is considered as co-substrate of glucose oxidase (GOx) with a
subsequent generation of hydrogen peroxide (H,0O,), which is oxidised at the electrode surface at quite
high redox potential (e.g., 0.6 V vs. Ag| AgCls,; for carbon modified electrodes, 0.4 V Ag | AgClsat for
gold electrodes and 0.7 V vs. Ag| AgClg,; for platinum electrode; (ii) second generation biosensors,
where oxygen was replaced with a non-physiological electron acceptor (mediator) able to shuttle the
electrons from the enzyme redox center to the surface of the electrode; (iii) third generation biosensors,
where the mediator was eliminated to develop a reagentless glucose biosensor transferring the electrons
from glucose to the electrode through the active site of the enzyme, with a low operating potential, close
to that of the redox potential of the enzyme itself [13]. The electrode nanostructure plays a key role,
particularly for third generation biosensors, thanks to the increased electroactive area and roughness
factor [13]. Among the various nanostructured materials, carbon nanotubes, graphene [14] and metal
nanoparticles (MNPs) showed very promising results [15], because of their high surface/volume
ratio, thus allowing a better communication between the electrode and the prosthetic group of the
enzyme [16]. Recently, several MNPs deposition approaches have been developed to modify the
electrode surface, such as drop-casting [17,18], covalent linkage [19,20] or direct electrodeposition [21].
Among these methods, the electrodeposition allows a fast and easy MNPs synthesis with the possibility
to monitor the MNPs geometry and size [22], especially by sweeping the potential [23] instead of
applying a fixed potential [24]. Moreover, MNPs can grow directly onto the electrode surface without
the need of further sample preparation, being surfactant-free and cost-effective and allowing to tune
the nature of the nanoclusters by changing electrolyte composition and deposition parameters [24].

Unfortunately, despite the electrode nanostructure, only a few enzymes are able to directly transfer
electrons from their active sites to the electrode [25,26]. Cellobiose dehydrogenase (CDH) has received
great attention for biosensors [27] and biofuel cell development [28] because of its ability to show DET.
CDH is a flavocytochrome oxidoreductase expressed by the dikaryotic phyla of Basidiomycota (Class I)
and Ascomycota (Class II and Class III), consisting of two domains [29]. The first domain, called
dehydrogenase domain (DHcpyy), contains a flavin adenine dinucleotide (FAD) cofactor, connected
through a flexible linker to a second subunit containing a heme-b cofactor, called cytochrome domain
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(CYTcpn) [30]. DHepy domain is structurally similar to the FAD domain of most GMC-oxidoreductase
enzymes and is fully reduced by di-/mono- saccharides, transferring the electrons through internal
electron transfer (IET) to the CYTcpy, which finally shuttles the electrons to properly modified
electrodes [31]. Among II class CDHs, Corynascus thermophilus CDH (CtCDH) was genetically mutated
in its active site (CtCDH C291Y mutant) to enhance its sensitivity toward glucose and reduce the
maltose cross-reactivity [32].

In this work, we report an improved DET efficiency between CtCDH C291Y and a novel GC
modified electrode, obtained through direct electrodeposition of gold nanoparticles (AuNPs) on the GC
electrode, further modified with a mixed self-assembled monolayer of 4-aminothiophenol (4-APh) and
4-mercaptobenzoic acid (4-MBA) using glutaraldehyde as cross-linking agent, as shown in Scheme 1.
The proposed electrodeposition method allowed to monitor the nanoparticles surface coverage as
well as the surface area available for the biomodification, which is directly related to the biosensor
sensitivity. The so modified AuNPs/GC electrode was used to develop a third generation biosensor
for glucose detection. The performances of the proposed biosensor were investigated in human saliva
samples, demonstrating that the constructed AuNPs/GC biosensor has great potentials to realize
electrochemical devices for non-invasive diabetes mellitus monitoring.

Electrodeposition of AuNPs
by sweeping potential

COOH OH

H H / I 7 SH SH
Glutaraldehyde 2.5 % S~
s s s s s

Cross-link reaction

CtCDH C291Y

Scheme 1. The electrode modification pathway for CtCDH C291Y/GA /4-APh,4-MBA /AuNPs/GC
platform has been reported. Initially, AuNPs were directly electrodeposited onto cleaned GC electrode
by sweeping the potential. Afterward, the electrode was incubated in a thiol mixture (1:1 v/v 4-APh
and 4-MBA) overnight, followed by cross-linking reaction (glutaraldehyde GA: cross-linking agent) to
covalently link the enzyme (CtCDH C291Y) to the so modified electrode surface.

2. Experimental Section

2.1. Chemicals

Sulfuric acid (H»SOy4), D-glucose, D-(+)-maltose monohydrate, ascorbic acid, calcium chloride
(CaClp), chloroauric acid (HAuCly-3H,O), potassium ferricyanide (Ks[Fe(CN)g]), potassium
ferrocyanide (K4[Fe(CN)g]), sodium acetate (CH3COOH), 3-(N-morpholino)propanesulfonic acid
(MOPS), tris(hydroxymethyl)aminomethane (TRIS), urea, cortisol, 4-aminothiophenol (4-APh),
4-mercaptobenzoic acid (4-MBA), glutaraldehyde (GA), potassium chloride (KCl) and Glucose (GO)
Assay Kit were purchased from Sigma Aldrich (St. Louis, MO, USA).

CtCDH C291Y (E.C. 1.1.99.18) was purified from the culture supernatant of the ascomycete
Corynascus thermophilus (CBS 405.69) obtained from the Centralbureau voor Schimmelcultures
(Baarn, The Netherlands) (volumetric activity with cytochrome c at pH 7.5 = 54 U mL~1, protein
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concentration = 16 mg mL~!). All solutions were prepared using Milli-Q water (R = 18.2 MQ c¢m at
25°C;, TOC <10 pug L1 Millipore, Molsheim, France).

2.2. Electrode Preparation and Modification

GC electrodes (Bioanalytical Systems Inc., West Lafayette, IN, USA, d = 3 mm) were polished
with alumina slurries (Al,Os, particle size of 1 and 0.1 um) on cloth pads wet with Milli-Q water
(Struers ApS, Ballerup, Denmark), thoroughly rinsed with Milli-Q water and further sonicated for
5 min between each polishing step. GC electrodes were successively modified by electrodeposition of
gold nanoparticles (AuNPs) by sweeping the potential between 1.1 and —0.1 V vs. Ag| AgCls, for
a given number of scans (5, 10, 15, 20, 25, 30, 35 scans) in 10 mM HAuCly [33]. Then, the modified
electrodes were activated in 0.5 M HySO4 by running 25 scans between 0 and +1.7 vs. Ag| AgCls,t at a
scan rate of 0.1 V s~! until a well-defined cyclic voltammogram (CV) was obtained. The best modified
electrode was selected on the basis of the electroactive and real surface area, heterogeneous electron
transfer rate constant (k°, cm s~!) and roughness factor (p), calculated from CV measurements carried
out in 10 mM Fe(CN)¢3~/4~ (50 mM TRIS buffer pH 7.4). It was further dipped into a volumetric 1:1
mixture of 1 mM 4-APh/4-MBA ethanol solution. Then, the electrode was thoroughly rinsed with
ethanol and dried under N, stream. For the biomodification, 1 uL. of GA solution (2.5% v/v in distilled
water) and 3 uL of CtCDH C291Y solution (16 mg mL~!) were drop-cast, gently mixed on the top of
thiol-modified AuNPs/GC electrode and allowed to react in a moisturised atmosphere for 2 h to avoid
evaporation of the reactants. Finally, the so modified electrode was gently rinsed with 50 mM TRIS
buffer (pH 7.4) in order to remove any possible unbounded enzyme molecule [34].

2.3. Whole Saliva and Blood Samples Collection and Analysis

Saliva samples collection was performed at 8.30 a.m. from three healthy male and female patients
refrained from eating, drinking and oral hygiene procedures (at least for 1 h before). The patients were
given drinking bottled water and asked to rinse well their mouths. After 5 min, the patients were
asked to spit whole saliva (WS) into a 50 mL sterile Falcon® tube, once a minute for up to 10 min until
sampling 5 mL of WS [35]. At the same time the patients were punched on their fingers to collect a
drop of blood sufficient to measure glucose with the commercial GlucoContour XT (Bayer, Leverkusen,
Germany) used by diabetic patients for self-monitoring and with the glucose oxidase-peroxidase
method [36,37] by using the Glucose (GO) Assay Kit, which is the standard reference method for WS
samples [38].

2.4. SEM Experiments

Scanned electron microscopy (SEM) measurements were performed with a JSM-7600F Schottky
Field Emission Scanning Electron Microscope (JEOL Nordic AB, Sollentuna, Sweden). All samples
were prepared according to the electrodeposition protocol, reported in Section 2.2, using glassy carbon
plates (25 x 25 x 1 mm, ALS Co. Ltd., Tokyo, Japan) instead of GC electrodes. The samples were
paced on a clip SEM sample holder (JEOL Nordic AB).

2.5. Electrochemical Measurements and Electrochemical Apparatus

Cyclic voltammograms (CVs) were recorded by using a PGSTAT 30 potentiostat (equipped with
GPES 4.9, Autolab, Utrecht, The Netherlands). CVs were performed in a three-electrode electrochemical
cell containing a standard silver chloride electrode (Ag| AgCl, sat. KCl), a platinum wire counter
electrode and a modified glassy carbon (GC) electrode as working electrode. The temperature
controlled experiments were carried out by using a cryostatic bath (T &+ 0.01 °C, LAUDA RM6, Delran,
NJ, USA). Flow injection analysis (FIA) data have been collected by using an analogic potentiostat
(Zata Elektronik, Ho6r, Sweden) connected with a strip chart recorder (Kipp & Zonen, Utrecht,
The Netherlands). The modified GC electrode, an Ag|AgCl (0.1 M KCI) reference electrode and
a platinum wire counter electrode were fitted into a wall-jet cell. The electrochemical system was
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equipped with a flow system consisting of a peristaltic pump (Gilson, Villier-le-Bel, France) and a
six-port valve electrical injector (Rheodyne, Cotati, CA, USA).

3. Results and Discussion

3.1. SEM and Electrochemical Characterization of AuNPs Modified GC Electrodes

SEMs were used to evaluate the physical appearance and surface characteristics of the AuNPs
on the electrode surfaces for a given number of scans. Figure 1a—g show the SEM images relative to
increasing number of scans. It is clearly visible that the surface coverage of the AuNPs increases with
increasing number of scans until 25 scans, when the electrode surface is completely covered by a single
layer of AuNPs. For electrodes prepared with 30 and 35 scans (Figure 1f,g), it is possible to observe
multiple layers of AuNPs with possible formation of AuNPs agglomerates.

Figure 1. SEM images of AuNPs-modified GCEs obtained by sweeping the potential between 1.1 and
—0.1 Vvs. Agl AgClg,; for a given number of scans in 10 mM HAuCly (0.5 M HpSOy4): (a) 5, (b) 10,
(c) 15, (d) 20, (e) 25, (f) 30 and (g) 35.
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All AuNP-modified electrodes were successively characterized by cyclic voltammetry (CV)
experiments in a solution of Fe(CN)¢3~/4~ (data not shown) in order to calculate the electroactive area
(Aga, cm?), the heterogeneous electron transfer rate constant (k% cm s~ 1) and the roughness factor
(electroactive/geometrical area ratio, p) and in 0.5 M H,SO4 (Figure 2) in order to calculate the real
surface area (A,q;). All data are shown in Table 1. The Aga has been evaluated using the Randles-Sevcik
equation by the slope of the peak current vs. square root of scan rate (v/2) [39], whereas the real
surface area (A,,,;;) was calculated by integration of the peak current related to the gold oxide reduction
process occurring by running CVs in 0.5 M H;SOy [40,41]. The theoretical charge density considered
for gold oxide reduction is 390 £+ 10 uC cm 2 [42]. k° was calculated using the extended method
which merges the Klingler-Kochi and Nicholson-Shain methods for totally irreversible and reversible
systems, respectively [43,44]. It is possible to observe in Table 1 that all the electrochemical parameters
are highly influenced by the number of scans, showing the best results after 25 scans with an Aga
of 12.96 + 0.18 cm? and a roughness factor of 183.6 + 1.2, probably related to the increase in AuNPs
surface coverage with the scan number. With electrodes prepared with 30 and 35 scans the decrease in
the electrochemical parameters reported in Table 1 might be due to the presence of multiple layers and
possible AuNPs agglomeration (Figure 1f,g).

100
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S —— 15 scans
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1504 25 scans
—— 30 scans
-200f —— 35scans
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0.0 0.3 0.6 0.9 1.2 1.5 1.8

E/V vs. AglAgCI_,

Figure 2. Cyclic voltammograms of AuNPs modified GCE electrodes with different number of scans
(from 0 scans to 35 scans) in 0.5 M HySOj. Scan rate 100 mV s~ 1. T = 25 °C.

Table 1. Characterization of AuNPs on GC modified electrodes for different numbers of cyclic scans
(N) during the electrodeposition step. Experimental conditions: 10 mM Fe(CN)g3~ /4~ in 50 mM TRIS
buffer pH 7.4 with 0.1 M KCl for electroactive area (Ag4), real surface area (A,,,), electron transfer rate
constant (k%) and roughness factor (p) determination; 0.5 M H,SOy at a scan rate of 100 mV s~1, for
Aypq determination.

Scan Numbers (N) Aga/em? Ayparlem? koa,,,,llo_2 ecms~!  Roughness Factor (p)

0 0.09 + 0.01 - 46+01 1.3+0.1

5 2.72+0.21 2.93 + 0.07 52403 38.5+0.3
10 3.92 £0.12 4.13 £ 0.06 79+04 555+ 0.3
15 4.13+0.19 4.46 £+ 0.06 134+ 0.6 58.5+0.5
20 8.74 £ 0.25 9.26 £ 0.04 182+ 0.7 123.8 £ 0.8
25 12.96 £ 0.18 13.83 £ 0.04 26.8 £0.3 183.6 £1.2
30 4.18 + 0.06 4.39 £+ 0.08 153+ 0.8 59.2 £0.7

35 3.26 £0.12 3.99 + 0.06 10.6 £ 0.5 462 +£1.3
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3.2. Electrochemistry of CtCDH C291Y on Modified GA/4-APh,4-MBA/AuNPs/GC Electrode

After preliminary characterization, the modified AuNPs/GC electrode obtained after 25 scans
of electrodeposition was further modified with CtCDH C291Y covalently linked through GA with a
mixed SAM consisting of 4-APh and 4-MBA. Figure 3a depicts the typical CVs of the enzyme electrode
at different scan rates, showing an increased peak-to-peak separation (AE,) between the anodic and
cathodic peak potentials. The modified electrode exhibited a clear linear dependence of both anodic
and cathodic peak current densities versus the scan rate over the range 2-500 mV s, as shown in the
inset of Figure 3a. The presented results fitted with thin-layer electrochemical behaviour, as generally
reported for immobilized systems.
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Figure 3. (a) CVs of CtCDH C291Y/GA/4-APh4-MBA /AuNPs/GC in pH 7.4, 50 mM TRIS (0.1 M KCl)
in the potential range of —0.6 V to 0.35 V, scan rates from 2 mV s71 t0 500 mV s~ 1. Inset: linear
part of cathodic (Jpc) and anodic peak current densities (Jpa) vs. scan rate (v). (b) CVs of CtCDH
C291Y/GA/4-APh, 4-MBA /AuNPs/GC in absence (black) and in presence of 5 mM glucose (red) in
50 mM TRIS buffer, pH 7.4 (0.1 M KCl) at a scan rate of 5 mV s L. T=25°C.

It is possible to observe in Figure 3b (black curve) a couple of peaks related to DET of CDH through
the CYTcpy subunit containing the heme b, which displayed a midpoint potential (E?") of —98 mV
vs. Agl AgClsat, close to the values reported in the literature for Ascomycota CDHs immobilized on
gold electrodes [19]. The apparent heterogeneous electron transfer rate constant (ks) was calculated by
considering an electron transfer coefficient of 0.53, obtained by fitting the linear part of the trumpet
plot, as shown in the inset of Figure 3a. Therefore, the ks value was estimated to be 19.4 + 0.6 577,
according to Laviron’s equation [45] reported below:

logks = alog(1l—a)+ (1 —a)log(RT/nFv) —a(l —a)nFAE,/2.3RT 1)

where « is the electron transfer coefficient, n the number of electrons, AE, the separation of the redox
peak potentials and v the scan rate (F = 96.495 C mol~!, T =298 K, R = 8.31  mol ! K 1).

By integration of the redox peaks relative to the DET of CYTcpy it was possible to evaluate the
enzyme surface coverage using the Faraday’s law below reported in Equation (2):

_Q
rT—m )
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where I't is the total surface concentration of electroactive protein (mol cm~2), A the electrode
area (cm?), F the Faraday’s constant (96 495 C mol~! of electrons), Q the charge underlying the
redox wave and n the number of electrons [46]. The theoretical surface coverage (I'iheor) Was
estimated to be 5287 £ 152 pmol cm 2 (Ageom = 0.073 cm?), while the real surface coverage (I'yeq)
resulted to be 27 £ 2 pmol cm ™2 (Ayq = 13.83 & 0.04 cm?, as shown in Table 1). Afterwards,
the electrocatalytic behaviour of the CtCDH C291Y/GA /4-APh,4-MBA /AuNPs/GC electrode was
studied by performing CVs in the presence of 5 mM glucose as substrate (Figure 3b, red curve),
showing excellent performances with a current density of about 30 A cm ™2, probably due to the high
nanostructuration of the electrode surface and the covalent immobilization of the enzyme.

3.3. Glucose Biosensor Development

The amperometric response to glucose was studied by injecting glucose solutions at
different concentrations by using the flow injection analysis (FIA) system, in order to
investigate the electroanalytical and kinetic parameters of the modified CtCDH C291Y/GA /4-APh,
4-MBA /AuNPs/GC electrode. The biosensor showed a fast peak response (5 s), probably due to
the enlarged surface area related to the electrodeposition of the AuNPs and the cross-linking of the
enzyme, which ensure high number of immobilized enzyme molecules and stable enzyme layer.

The calibration curve displayed a linear response range between 0.02 and 30 mM (R? = 0.995,
n = 5) with a sensitivity of 3.1 & 0.1 pA mM~! cm~2, as shown in the inset of Figure 4a. At higher
concentrations the amperometric response is no longer linear due to the saturation of the enzyme active
site. The detection limit for CtCDH C291Y/GA /4-APh,4-MBA / AulNPs/GC biosensor was found to be
6.2 uM, calculated using the relation 30/S, where o is the absolute standard deviation of the intercept
and S is the slope of the calibration curve [47]. The analytical performances of the glucose biosensor
and the kinetic parameters are listed in Table 2. The apparent kinetic parameters (Imax, Kp*F) are
in good agreement with the values reported in the literature for nanostructured electrodes [48]. It is
interesting to underline that today very few third generation glucose biosensors based on Ascomycota
CDHs have been reported in the literature while most other glucose biosensors are based on first and
second generation electron transfer mechanism of other GMC oxidoreductase enzymes (e.g., GOx).

Table 2. Electroanalytical and kinetic parameters of the CtCDH C291Y /GA /4-APh,4-MBA / AuNPs/GC
biosensor obtained by FIA amperometry in 50 mM TRIS buffer, pH 7.4. Applied potential: +0.250 V vs.

Agl AgClsat.
CtCDH C291Y/GA/4-APh,4-MBA/AuNPs/GC
Eapp/(V vs. Agl AgClsat) +0.250
Ky?PP/mM 11.7 £ 1.2
Jmax/HA cm ™2 126.9 &+ 3.0
LOD/uM 6.2
Linear range/mM 0.02-30
Sensitivity / pA mM~! em—2 31401
R? 0.99

The proposed CtCDH C291Y/GA /4-APh,4-MBA / AuNPs/GC biosensor shows a clear increase
in terms of sensitivity, selectivity, stability, extended linear range and lower detection limit compared
to other second and third generation glucose biosensors reported in the literature, as shown in Table 3.
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Figure 4. (a) Glucose biosensor calibration graph of CtCDH C291Y/GA /4-APh,4-MBA /AuNPs/GC
in 50 TRIS buffer pH 7.4 (0.1 M KCI); Egpp = 0.250 vs. AglAgClsat; flow rate 0.5 mL min~1; inset:
linear part of the calibration curve; (b) biosensor response over the pH range (4.5-8): 50 mM acetate
buffer (black), 50 mM MOPS buffer (red) and in 50 mM TRIS buffer (blue), with Egpp = 0.250 vs.
Ag | AgClgay; flow rate 0.5 mL min~!; (c) biosensor response over the T range (20-45 °C) in TRIS buffer;
(d) lifetime of CtCDH C291Y/GA /4-APh,4-MBA /AuNPs/GC biosensor in presence of 750 uM glucose
solution; (e) influence of interfering compounds on glucose response in presence of 750 uM glucose,
maltose, cortisol, ascorbic acid, Ca2*. Experimental conditions (c-e): 50 TRIS buffer pH 7.4 (0.1 M KCI),
Eqpp = 0.250 vs. Ag| AgClsat; flow rate 0.5 mL min~1; injection volume 50 uL; T =25 °C.
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Nevertheless, it exhibits a lower sensitivity compared to the first generation glucose biosensors,
probably because of some issues related to the DET [49-55]. On the other hand, first and second
generation biosensors have known drawbacks, such as their instability and the toxicity of the

medjiator layer.
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Table 3. Comparison between glucose biosensors based on mediated (MET) and direct electron
transfer (DET). List of abbreviations: 1,1’-dimethylferrocene (DMFc), 1,2-diaminobenzene (p-DAB),
4-aminophenol (4-APh), 4-mercaptobenzoic acid (4-MBA), Corynascus thermophilus cellobiose
dehydrogenase (CtCDH), Corynascus thermophilus cellobiose dehydrogenase C291Y mutant (CtCDH
C291Y), ferrocene-COOH (Fc-COOH), glassy carbon electrode (GC), glucose oxidase (GOx),
glutaraldehyde (GA), gold (Au), gold nanoparticles (AuNPs), osmium (bpy),poly (1-vinylimidazole)
(PVI-Os), Prussian Blue (PB), screen-printed carbon electrode (SPCE), single walled carbon nanotubes
(SWCNTs), titanium nanotubes (TiNTs).

g EapplV vs. Linear Sensitivity/uA .
Modified Electrode AglAgClee  Range/mM LOD/uM mM~—1 cm—2 Stability Reference
(GOx/Au/pDAB)-PB/ _ B o ,,
AuNPs/TiNTs (1! generation) 0.35 0.01-0.70 3.2 248.0 >90% after 1 month [49]
GOS:(_GA/P].B/H —0.05 0.01-1 5 80.0 83.3% after 23 days [50]
(1%* generation)
GSX/PB/SI.)CE —0.30 0.25-2 10.0 17.0 72% after 45 days [51]
(1%* generation)
GOx/Fe-COOH/SPCE +0.25 1-5 180.0 2.0 ~80% after 3 weeks [52]
(2"¢ generation)
GOx/DMFc/G -
(2" generation) +0.16 1-30 300 - - [53]
GOX'SWISlNTS'PVI_' Os/SPCE +0.30 02-75 0.07 32 ~90% after 30 days [54]
(2"¢ generation)
CtCDH/GA/SWCNTs/SPCE +0.10 0.1-30 10.0 . ~90% after 7.5 h [55]

(31 generation)
CtCDH C291Y/GA /4-APh,
4-MBA/AuNPs/GC +0.25 0.02-30 6.2 3.1 ~90% after 20 days this work
(3™ generation)

3.4. Effect of pH and Temperature, Interferences and Stability Studies

The effects of pH and temperature on the proposed glucose biosensor were evaluated and
the results are reported in Figure 4b. The optimum pH resulted to be pH 7 in TRIS buffer at a
temperature of 35 °C. A significant decrease in the current densities occurs below pH 5.5 and above
8, in perfect agreement with the data reported in the literature about the optimum pH of the free
CDH [56]. The dependence on the temperature is shown in Figure 4c where it is possible to see that the
amperometric response increased from 20 to 30-35 °C and drastically decreased above 37 °C, due to a
possible inactivation of the enzyme caused by the temperature.

The stability and lifetime of the CtCDH C291Y /GA /4-APh,4-MBA / AuNPs/GC biosensor was
evaluated using the FIA system by monitoring the signal decrease within 20 days when the biosensor
is used for one measurement per day, as reported in Figure 4d. The modified biosensor seems to retain
about 90% of its initial activity after 20 days, probably due to the stability of the enzyme layer directly
related to the nanostructuration of the electrode surface.

Finally, the selectivity of the proposed biosensor was studied in order to see the influence of
possible interfering compounds generally present in human saliva such as maltose, cortisol, ascorbic
acid, urea and calcium ions (Ca?*). The signal obtained for a fixed concentration of glucose (750 uM)
was compared to that obtained with a sample containing the same glucose concentration plus equal
amounts of the possible interfering compounds. The amperometric signal is lower than 10% for
all compounds tested with the exception of Ca?* ions, which potentially may interfere in real
measurements (30% of glucose signal), probably because of its interaction with some amino acid
residues present between the DHcpy and CYTcpy domains [56].

3.5. Glucose Detection in Human Saliva

In order to demonstrate the feasibility of the modified electrode for the non-invasive detection
of glucose, the proposed biosensor was used to detect the concentration of glucose in human
saliva samples. The samples were collected according to the procedure reported in Section 2.3,
referred to literature on saliva analysis. The reliability of the amperometric biosensor platform CtCDH
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C291Y/GA /4-APh,4-MBA /AulNPs/GC was evaluated by comparing the results with those obtained with
the glucose oxidase-peroxidase method. The proposed biosensor showed satisfactory results in all samples
tested with a recovery between 95.0 and 97.4% (RSD values lower than 4%), as reported in Table 4.

Table 4. Glucose measurements in human saliva with the CtCDH C291Y/GA /4-APh, 4-MBA / AuNPs/GC
biosensor and with the glucose oxidase-peroxidase kit (GlucoContour XT), as reference method.
Experimental conditions: 50 mM TRIS buffer pH 7.4, Eqpp = +0.250 V vs. Ag | AgClsat.

Biosensor/mg dL~! Reference Method/mg dL—! Recovery/%
Sample 1 (male) 0.77 + 0.03 0.79 + 0.03 97.4
Sample 2 (male) 0.96 + 0.02 1.00 + 0.04 95.7
Sample 3 (male) 0.89 &+ 0.03 0.92 +0.05 96.9
Sample 1 (female) 0.74 + 0.03 0.75 £ 0.03 98.8
Sample 2 (female) 0.71 £ 0.01 0.74 £ 0.02 95.0
Sample 3 (female) 0.77 £ 0.02 0.80 £ 0.01 96.5

The glucose content was measured also in blood samples collected from the same healthy
patients with a commercial self-monitoring system (GlucoContour XT) in order to evaluate the
correlation between glucose saliva and blood levels, for future potential development of devices
for non-invasive glucose monitoring [57]. Figure 5 shows a good correlation between salivary and
blood glucose concentration, opening the doors to the development of possible self-non invasive
glucose monitoring devices.
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Figure 5. Correlation between glucose blood and saliva glucose concentration in 6 healthy patients at
fasting state. Salivary glucose was detected with the CtCDH C291Y/GA /4-APh,4-MBA /AuNPs/GC
biosensor, blood glucose was detected with the commercial GlucoContour XT.

4. Conclusions

We have demonstrated the possibility to carefully monitor the surface coverage of AuNPs on
the electrode surface through a direct electrochemical deposition method of AuNPs onto a glassy
carbon electrode which allows to achieve an efficient DET thanks to the effective nanostructure and the
cross-linking of CDH molecules. AuNPs resulted to be very efficient for retaining the enzyme activity
and promoting the electron transfer. The CtCDH C291Y/GA /4-APh,4-MBA / AuNPs/GC biosensor
showed great performances in terms of extended linear range and higher sensitivity, selectivity and
stability compared to other glucose biosensors. The promising platform allowed the detection of
glucose in human saliva with results in very good agreement with those obtained with the standard
spectrophotometric method showing also a good correlation with glucose blood levels. For these
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reasons, the proposed biosensor may represent the basis for the development of a portable non-invasive
device for glucose monitoring in diabetes mellitus patients.
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ARTICLE INFO ABSTRACT

Article history: Cellobiose dehydrogenase (CDH) is a versatile bioelectrocatalyst lately at focus due to its sugar oxidising

Received 11 August 2017 properties in combination with its inherent ability for direct electron transfer communication with

Accepted 23 August 2017 electrodes making it possible to be used in bioanodes in the enzymatic fuel cells (EFCs), self-powered
biosensors, and biosupercapacitors. During the last 20 years, many new nanomaterials and hybrid

Keywords: nanocomposites have been developed and employed in combination with various oxidoreductases, such

Cellobiose dehydrogenase (CDH)
Carbon nanomaterials

Metal nanomaterials
Electrochemical biosensors
Enzymatic fuel cells (EFCs)

as CDH, to increase the overall performance of electrical devices (e.g. biosensors, EFCs etc.). It has also been
shown that nanomaterials can be further chemically modified to facilitate electron transfer pathways
between the biocomponent and electrodes. Both carbon and metal based nanomaterials and combina-
tions thereof have been used together with CDH to improve the performance. In this review, we resume
all the findings related to the influence of effective nanostructuration to improve the electron transfer
communication with electrodes yielding higher sensitivity of biosensors or increasing the power output

of EFC based on CDH from different sources.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

. . . a larger catalytic dehydrogenase domain (DHcpy) containing one

CDH [(cellobiose:acceptor) 1-oxidoreductase, EC 1.1.99.18] is strongly but not covalently bound flavin adenine dinucleotide
an extracellular flavocytochrome oxidoreductase expressed by the (FAD) molecule as cofactor [4] and connected through a flexible
dikaryotic phyla Basidiomycota (Class I CDH) and Ascomycota |jpker region to a second smaller cytochrome domain containing
(Class II and Class III CDH) essential for the degradation of lig- heme b as cofactor (CYTcpy) [3] as displayed by the crystal struc-
nocellulose in nature [1]. All CDHs consist of two domains [2-5], ture of CDH seen in Fig. 1a [5]. The DHepy is structurally similar
to the FAD containing domain of most other GMC-oxidoreductase
enzymes [6,7] and is fully reduced by di-/mono-saccharides. In
a following step the electrons are transferred through an inter-
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Corresponding author. nal electron transfer (IET) mechanism to the CYTcpy, which in
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Fig. 1. (a) Crystal structure of Corynascous thermophilus CDH; (b) electron transfer through the two CDH domains and onto the terminal electron acceptor. DET depends on
CYTcpy as an electron shuttle, whereas MET (blue spheres indicate soluble mediators or polymeric redox centres) transfers electrons from DHcpy to the electrode surface
through the help of a redox mediator; (c) Electron transfer pathways from the substrate through CDH to various electron acceptors. One- and two-electron acceptors (EA)
can be reduced directly by the FADH, in the DHcpy. Alternatively, electrons can be transferred by IET to the haem b in the CYTcpy, which works as a relay for the reduction of
macromolecular electron acceptors like PMO, cyt c or an electrode. 1 b and c reproduced from [10] with permission of Springer-Verlag. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

turn finally shuttles the electrons to its recently discovered natural
electron acceptor, lytic polysaccharide monooxygenase (LPMO) [8].
When CDH is immobilised on an electrode, the electrode can serve
as the electron acceptor taking the electrons sequentially from
CYTcpy, which was first shown already in 1996 [9]. The possible
electron transfer pathways through CDH to the electrode are illus-
trated in Fig. 1b and c.

In the last decades, cellobiose dehydrogenase (CDH) from dif-
ferent origins has been widely used as a bioelectrocatalyst for
development of both biosensors and biofuel cells mainly due to
its inherent ability for direct electron transfer (DET) communica-
tion with electrodes [10,11]. A large number of various carbon or
metal nanomaterials (e.g. single walled carbon nanotubes SWC-
NTs, multi walled carbon nanotubes MWCNTSs, gold nanoparticles
AuNPs, highly porous gold hPG) [12-16] have been used to improve
current density by increasing the surface area of electrodes and also
possibly by increasing the percentage of the immobilised enzyme
molecules orientated for DET. However, also mediated electron
transfer (MET) approaches by means of redox or conductive poly-
mers [17,18] have been used as in most cases MET still results in
improved current densities compared with any approach based
on DET [12,19-24]. CDH has been applied in the development of
biosensors for detection of a variety of substrates such as cellobiose,
cellodextrins, maltose, lactose, diphenolic compounds and cate-
cholamines [25-27], as well as for development of biofuel cells
using lactose, glucose or cellobiose as fuels [28-35].

2. Direct electron transfer (DET)
The most commonly used sugar oxidising enzyme in bioelec-

trochemistry/bioelectronics, glucose oxidase, GOx, from Aspergillus
niger is a homodimer, where each mer contains an FAD molecule

located in the active site, however, with a distance to the surface
of the enzyme of more than 17 A thereby making DET commu-
nication with electrodes not possible even though authors of a
very large number of papers claim DET with GOx [36-38]. In con-
trast to GOX, as mentioned above, all CDHs also contain a CYTcpy
domain, connected through a highly flexible linker to the DHcpy
[2]. Through this CYT¢py acting like a “built in mediator” [39] CDH
has the ability for efficient DET communication with electrodes and
thus makes it special among the sugar oxidising enzymes. Among
all other sugar oxidising enzymes possibly only fructose dehy-
drogenase, FDH, shows similar efficient DET communication with
electrodes as CDH and that is also due to that FDH contains not only
an FAD containing DHgpy but additionally another domain contain-
ing three hemes and where at least two of those are involved in the
ET pathway from the DHgpy to an electrode [40]. However, with the
recent focus on LPMO, the natural electron acceptor for CDH, and
on the importance of sugar oxidising enzymes in the carbohydrate
metabolism in general and lignocellulose breakdown in nature in
particular [1], it is expected that a series of new and very interest-
ing sugar oxidising enzymes will be discovered and with possible
DET such as the recently found PQQ-dependent quinohemoprotein
pyranose dehydrogenase from Coprinopsis cinerea [41].

The electron transfer reaction between the DHcpy domain
and an electrode can occur mainly according to three different
routes. In a first reaction the sugar substrate, an aldose, is oxi-
dised at the C1 position (only the -anomer is a substrate for
CDH) into its corresponding lactone and concurrently the FAD in
the active site of the DHcpy is fully reduced to FADH,-DHcpy,
Reaction (1):

Aldose + FAD-DHcpy — lactone + FADH,-DHcpy (1)
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The reoxidation of FADH,-DH¢py can be accomplished by a 2e—,
2H* acceptor such as quinone (Q) or an equivalent aromatic redox
compound according to Reaction (2):

FADH,-DHcpy + Q — FAD-DHcpy + QH, 2)

the reduced quinone, QH,, will be reoxidised at the electrode if
the applied potential (Eapp) is set higher than the formal potential
of the Q/QH, redox couple, E‘é//QHZ, Reaction (3);

Eapp >EQJQH2

QH, — “Q+2HT +2e" (3)

alternatively, a 1e~, non-H* acceptor, e.g., an Os3*-complex
(0s3*), accepts the electrons sequentially from the FADH,-DHcpy,
whereby OsZ*-complex (0s?*) and the enzyme stabilised
semiquinone of the bound FAD, FADHe-DHcpy, are formed in
Reaction (4);

FADH, — DHcpy + Os®* — FADH e —DHcpy + Os2™ + HT (4)

this reaction is then followed by the second electron transfer
to a second 0s3*, whereby the fully oxidised DHcpy is regained,
Reaction (5);

FADH e —DHcpy + Os3* — FA — DHcpy + Os2t + Ht (5)

The two Os?* formed will be reoxidised at the electrode if Eapp
is set higher than the formal potential of the Os3*/2* redox couple,
EJ3+/2:» Reaction (6);

,
E053+ /2+

Eapp>
20s%t X083t 4 2e (6)

the electrons can also be transferred from FADH,-DHcpy to the
CYTcpu sequentially in an internal electron transfer, IET, process
according to Reaction (7);

FADH, — DHcpp — CYTcpr——> FADH o —DHcpy — CYTeppe™ + H*(7)

this first electron transfer step is followed by reoxidation of
the reduced CYTcpy, CYTcpie ™, by an e~ acceptor such as Os3* or
cytochrome c (or by the electrode, see below), however, the second
electron from the DHcpy will then be transferred to the CYTcpy
simultaneously, Reaction (8);

FADH e —DHcpy — CYTcppe™ + Os>*
— FADH — DHcpy — CYTcppe™ + Os>* (8)

Finally the last electron will be transferred from the CYT¢py to
a second 1 e~ acceptor molecule, Reaction (9),

FADH e —DHcpy — CYTcppe™ + Os>*
— FADH — DHcpy — CYTcpH + OS2+ (9)

When CDH is immobilised on the electrode surface and in the
absence of any competing e~ acceptors, the reoxidation of the
reduced enzyme can be summarised as follows [42-46], Reaction
(10);
FADH — DHepg — CYTepn - 5 PEAD o —DHepy — CYTe~  (10)

this step is followed by a first electron transfer (ET) step to
the electrode, which is immediately followed by a second IET step
delivering the second electron from the DH¢py to the CYTcpy, Reac-
tion (11);

_ IstET toelectrode 2nd IETsetp
—

FAD e —~DHcpy — CYTcpe FAD — DHcpy

— CYTcpye™ + (electrode) (11)

finally the second electron is then delivered to the electrode,
Reaction (12).

_2stET toelectrode
—

FAD — DHcpy — CYTcpye FAD — DHcpy

—CYTcpy + e~ + (electrode) (12)

As mentioned above, CDH is produced by both basiomycete
(class I CDH) and ascomycete (class Il CDH) fungi [2]. Apart from
some basic major structural differences, such as class I CDHs have
shorter sequences, highly conserved linker region, and no carbo-
hydrate binding motive, from a biosensor-biofuel cell perspective
class I CDHs are all acidic enzymes and only oxidise cellodextrins
and lactose very efficiently, whereas class Il CDHs may have pH
optima in the neutral pH region and they are much less selec-
tive for cellodextrins and lactose and some of them are quite good
glucose oxidising enzymes [47]. In general it seems as though
class I CDHs have better DET properties compared to class Il CDHs
[27,28].Recently it was even found that under acidic conditions DET
between the DHcpy of some class I CDHs and mercaptoundecanol
modified gold electrodes could be accomplished [48].

One can say that bioelectrochemical research on CDH has been
driven by both fundamental aspects on how to accomplish most
efficient DET but also by its possible applications in biosensors
and BFCs. The research has accordingly been directed in differ-
ent and separate lines. There is a great demand for a sensitive and
selective lactose biosensor, especially in conjunction with the diary
industry but also in the pharmaceutical industry as lactose is a
common compound in pharmaceutical formulations [49]. Conven-
tional analytical protocols neither fulfil the demands for sensitivity
nor selectivity for lactose in dairy products. Because of the strict
selectivity of class I CDHs from basidiomycete for cellodextrins and
lactose, these CDHs would fulfil the demands as these are excel-
lent lactose oxidising enzymes [50-52] and in dairy products other
possible sugar substrates for class | CDH are non-present or in very
low concentrations [25,53-56]. Most bioelectrochemical investiga-
tions of class I CDHs have been performed with the following three
enzymes, Phanerochaete chrysosporium CDH (PcCDH) [28,57-62],
Phanerochaete sordida CDH (PsCDH) [12,27,48,56,63,64], and Tram-
etes villosa CDH (TvCDH) [27,28,48].

Even though there are a number of well functioning glucose
biosensors on the market, there is still no commercial glucose
biosensor based on DET, and therefore there has been quite some
interest in the emerging class Il CDHs from ascomycetes [47,65,66],
which are able to oxidise also glucose and such CDHs especially
those from Myriococcum thermophilum, MtCDH [27,61,67-70],
Corynascus thermophilus, CtCDH [29,34,71], and Humicola insolens,
HiCDH [58,61], have been considered for use in both glucose
biosensing and EFCs applications [29,34,35,72]. To improve the glu-
cose oxidising properties and at the same time decrease the maltose
oxidising properties (essential for glucose determination in dia-
betic patients) by blocking the binding of disaccharides in the active
site of both CtCDH and HiCDH have been engineered by a single cys-
teine to tyrosine substitution in the active sites of CtCDH (position
291) and HiCDH (position 285), which resulted in improved kinetic
constants with glucose while decreasing the activity with several
disaccharides, including maltose [66]. Such engineering also points
out the possibility to obtain a “real” 3" generation biosensor[36,37]
to increase the selectivity when detecting glucose [71]. Recently it
was also shown that a combination of various CDHs could be used
in an electronic tongue application [73]

The production of the original fungi gives low productivity of
CDH and therefore new expression systems to be able to “mass
produce” the enzyme has mainly been overexpressed in Pichia
pastoris or A. niger [71,74]. However, especially overexpression in
Pichia leads to a even higher degree of glycosylation and thus less
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efficient DET as the distance between the bound cofactor in the
enzyme and the electrode surface increases and moreover, the sug-
ars of the glycosylation shell are more insulating than the pure
protein.

To improve the DET properties of CDH mainly two directions
have been taken; i.e., deglycosylation of the enzyme [75] and sur-
face modification of electrode surfaces. As deglycosylation seems to
make the enzyme more fragile e.g., by loosing the bound FAD [75]
most work on how to improve current density has been through
the use of nanostructured electrodes. However, it has also been
noticed that the rate of the IET (Reactions (10) and (11)) for both
class I and Il CDHs is sensitive to ionic strength and increases with
concentration of the buffer [61] and that the IET of class Il CDHs
seems to be specifically influenced by divalent ions in the buffer
|43,45,46,61] and also when immobilised onto positively charged
surfaces [44,49,68].

3. Electrode nanostructuration: A useful tool to optimize
the direct electron transfer

The nanostructuration of electrode surfaces has become one of
the key subjects to optimize DET reactions of several enzymes by
increasing the effective surface area available to bind the enzyme
[14,76-79]. In the family of nanomaterials, one can sort them
into carbon nanomaterials (e.g. single walled carbon nanotubes,
SWCNTs, multiwalled carbon nanotubes, MWCNTs, graphene, GPH,
graphene oxide, GO etc.) [80-82] and metal nanoparticles (e.g. gold
nanoparticles, AuNPs, silver nanoparticles, AgNPs, etc.) [83-85]. In
general using NP modified electrodes leads to an increase in the
current density of the bioelectrodes based on DET reactions. How-
ever, even though an increased current density is obtained when
using nanostructured electrode surfaces compared with conven-
tional electrodes for DET based systems, it is not clear whether the
increase is only due to an increased electrode surface [14] or due
to an increased percentage of the immobilised enzyme molecules
orientated in a position facilitating DET as was recently shown
for horseradish peroxidase (HRP) immobilised on three different
screen printed electrode materials based on graphite, MWCNT, and
SWCNT and where the nanostructured electrode surfaces showed
a higher percentage of the immobilised HRP molecules orientated
for DET [79]. Using further chemical modification of the electrode
surface it is possible to orient properly the enzyme onto the elec-
trode surface. Thus the combination of both nanostructuration and
further chemical modification has shown very promising results
[68,86-89].

In particular, carbon nanotubes (CNTs) have received consid-
erable attention because of their unique properties, including
their remarkable electrical, chemical, mechanical and structural
properties [15]. CNTs can show metallic, semiconducting and
superconducting electron transport, possess a hollow core suitable
for storing guest molecules and have the largest elastic mod-
ulus of any known material [15,90-95]. Nevertheless, also 2D
carbon nanomaterials help the ET of redox enzymes through dif-
ferent functionalization pathways. Graphene presents as single- or
double-layer of carbon atoms linked by sp? bonds in a honeycomb
lattice. The different graphene layers are held together by weak
van der Waals interactions along the distance of 3.35A. However,
graphene displays peculiar properties mainly due to the chemi-
cal structure, where each carbon atoms is sp? covalently linked
with other 3 carbon atoms in the 2D-plane, so that one electron
is freely moving in the third dimension generating high electronic
conduction [96-99].

On the other hand, also metal nanoparticles, MNPs, offer dif-
ferent possibilities of electrode modification through different
techniques such as drop-casting, covalent binding, self assembling

monolayers (SAM), which pursuit the aim of an efficient
nanostructuration of the electrode surface in order to enhance
the DET communication with redox enzymes [14,100,101]. MNPs
exhibit high surface area-to-volume ratios and high surface energy,
which facilitate the immobilization of several kinds of proteins,
allowing to act as electron conducting pathways between the pros-
thetic groups of the enzymes and the electrode surface [102].
Another advantage of the use of MNPs is the improved stability
of enzyme based electrodes. This can be due to a reduced enzyme
leaching from the electrode, because of the strong adsorption of
proteins onto the uncoated nanometre-sized colloidal MNPs allow-
ing the protein to retain its biological activity [103].

In this review, we would like to resume all findings related to
electrode modification with CDHs as bioelectrocatalyst and differ-
ent nanostructuration strategies, which have been used to develop
CDH based bioelectrodes both for biosensors and biofuel cells dur-
ing the last 20 years.

4. Effect of carbon nanomaterials for biosensor
development

Among the carbon nanomaterials that were used in conjunction
with CDH, the most used were SWCNTs and MWCNTSs due to their
high surface area to volume ratio and better electrical, mechani-
cal, and chemical properties [15,90-95]. The first reports on using
such material with CDH was to optimize the direct DET between
various CDHs and graphite electrodes modified with SWCNTs work
done by Tasca et al. in the period 2008-2011 [12,63,64,67]. SWC-
NTs were initially oxidatively shortened in a mixture of sulfuric
and nitric acid and sonicated for 6h at 40°C followed by chro-
matographic separation in a column filled with controlled pore
glass with water and 1wt% Triton-X as the mobile phase [104].
SWCNTs from one of the separated fractions were placed onto the
surface of a graphite electrode by drop-casting and allowed to dry.
Next a solution of CDH was applied and further cross-linked with
polyethyleneglycol diglycidyl lether (PEGDGE). Only after modifi-
cation with the SWCNTs a clear couple of redox waves in the cyclic
voltammograms could be observed with an E° of about +100 mV
vs. NHE reflecting the 1e~ redox process of the heme in the CYTcpy,
In the anodic scan additionally another wave was observed roughly
about —40 mV vs. NHE attributed probably to a denaturation pro-
cess occurred to DHcpy domain. The use of SWCNTs allowed the
immobilization of a larger number of CDH molecules, which is ben-
eficial both for basic investigations of the potential window, where
the redox processes occur close/onto the electrode surface, and
also for increasing the current density and thus also for increasing
the sensitivity for the sugar substrate whether lactose or glucose
based on class I (PsCDH or TvCDH) [53,55,56,64] or class Il CDH,
respectively (CtCDH) [105,106].

In order to develop a portable device, Safina et al. realized a lac-
tose biosensor based on class [ CDHs (TvCDH and PsCDH) [53]. In this
paper, they used different commercial screen-printed carbon elec-
trode (SPCEs) made of graphite and MWCNTSs, where TvCDH and
PsCDH were cross-linked to the so modified electrode surface by
using polyethyleneglycol diglycidyl ether (PEGDGE) or glutaralde-
hyde (GA) through different reaction pathways forming an amino
bond and an imino bond, respectively. The biosensors based on
PEGDGE/MW(CNTSs/SPCEs were able to detect lactose in a concen-
tration range between 0.5-200 wM and 0.5-100 wM employing
TvCDH and PsCDH, respectively, with a limit of detection of 250 nM
for both. Thus, it was confirmed the importance of nanomaterials to
optimize the sensitivity and linear range of the modified biosensors.

Further, Zafar et al. developed a 3™ generation portable glucose
biosensor based on a class Il CtCDH [106]. Concerning the nanos-
tructuration procedures, the same strategy was adopted using
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Fig. 2. (a) Schematic representation of SWCNTs-GC electrodes modified with (A;) p-phenylenediamine or (B;) p-aminobenzoic acid. After modification, PsCDH is added
and will adsorb onto the SWCNTs exhibiting either (A;) aniline moieties or (B, ) benzoic acid moieties. The orientation of PsCDH is very likely influenced by the charged
surfaces, with the highly negatively charged CYTcpy attracted by the positive charges of A, or repulsed by the negative charges on B,. (b) Cyclic voltammogram of a PsCDH/p-
ABA/SWCNTs/GC electrode in the presence of 5 mM lactose (red, dashed) and in the absence of substrate (black, solid). 0.1 M acetate buffer, pH 4.5. Scan rate 1 mVs~. Cyclic
voltammogram of a PsSCDH NH2-PD/SWCNTs-GC electrode in the presence of 5 mM lactose (red, dashed) and in the absence of substrate (black, solid). 0.1 M acetate buffer,
pH 3.5. Scan rate 1 mVs~!. Reproduce from [65] with permission of the American Chemical Society. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

SPCEs made of graphite, SWCNTs and MWCNTSs. By considering
the electrocatalytic current, CtCDH modified electrodes generally
exhibited better performance when the enzyme was cross-linked
with PEGDGE than with GA (5 times higher current) probably due
to the high reactivity of the epoxy-terminal group of PEGDGE and
the NH, groups easily available on the enzyme surface. Moreover, it
was possible to observe a better performance when using SWCNTs
instead of MWCNTSs probably due to a larger surface area to volume
ratio and better electrical, mechanical, and chemical properties
than electrodes based on MWCNTs. Finally, the best electrode plat-
form was realized through using CtCDH/PEGDGE/SWCNTSs/SPCEs,
which displayed a low limit of detection for glucose (10 M), with
a good linear range (0.025-30mM) and a high selectivity, suffi-
cient for glucose self-monitoring in human blood. The development
of SPEs has been very rapid [107-110] and graphene and ordered
mesoporous carbon appear as promising new materials for elec-
trochemical biosensors, because they have large surface-to-volume
ratio due to a huge porous cavity, an extraordinary carrier mobil-
ity and high compatibility with biological element. Kanso et al.
entrapped CtCDH in a photocrosslinkable PVA-based polymer on
graphene based SPCEs [111,112]. The calibration curve for lactose
using optimized parameters shows a wide linear measurement
range between 0.25 and 5 mM. A good operational stability of the
CtCDH-PVA-modified graphene electrode was obtained and the ini-
tial activity was kept constant for 8 h and exhibited a good storage
stability with a decrease of only 9% in analytical response after 3
months storage at 4°C.

One of the challenges in biosensors and biofuel cells field is the
possibility to orient the enzyme onto the electrode surface in order
to shorten the ET pathway, which is one of the key issues to increase

the ET rate constant according to Marcus equation [113,114]. To
investigate the effect of surface charges, Tasca et al. [64] chemically
modified SWCNTs deposited on glassy carbon electrodes (GCEs)
through diazonium coupling using p-phenylenediamine (p-PD) and
p-aminobenzoic acid (p-ABA), respectively, in order to obtain one
positively and one negatively charged surface, as exhibited in Fig. 2.
The novelty of this approach is the in-situ generation of diazo-
nium salts from the aryl amines followed by direct electro-grafting
of SWCNTs modified GCE. The authors were able to observe for
PsCDH/p-ABA/SWCNTs/GCE two redox waves, one at —50mV vs.
NHE referred to FAD from DH¢py, while the second one at a more
positive potential (+100 mV vs. NHE), assigned to the heme b in
CYTcpH.

In this case, the electrocatalytic wave observed in presence of
5mM lactose as substrate, had an onset potential close to +70 mV
vs. NHE, so that the redox couple observed at —50mV is related
to FAD released from the protein or a denatured domain, since no
electrocatalytic wave was observed from the DHcpy. By consider-
ing the other electrode platform; PsCDH/p-PD/SWCNTs/GCE, it was
possible to observe a catalytic anodic wave for lactose oxidation
with an onset potential around 50 mV lower compared with that
of the p-ABA/SWCNTSs/GCE (70 mV) and previously for the unmo-
dified SWCNTSs (75 mV at pH 3.5). The reason for the lower onset of
the anodic wave for lactose oxidation and for the heme b midpoint
potential might be the obvious extremely good DET communica-
tion between CYTcpy and the p-PD/SWCNTs/GCE layer. The low
isoelectric point of CYTpscpy (pI < 3.5) and the high surface concen-
tration of negatively charged amino acid residues already at pH 3.5
can explain why a NH,-PD modification (together with the already
existing COOH groups) can create a less electrostatic repulsive
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environment for CYTpscpy and enhance DET. This latter electrode
platform was then used to develop a PsCDH based biosensor for lac-
tose detection showing a linear range between 1 and 150 wM, with
a LOD of 0.5 wM and an enhanced sensitivity (476.8 nA uM cm~2)
compare to previous works [56].

Basically the same approach has been used through test-
ing several other types of aryl amines through diazonium
coupling (e.g. p-ABA, p-PD, N,N-diethyl-p-phenylenediamine
(DEPD), N,N-dimethyl-p-phenylenediamine (DMPD), aniline (AN),
p-aminophenol (APh)) in order to investigate the effect of a
series of functional groups, viz. negative (—COOH), neutral, (—OH),
and positive (—NH;) charges on the orientation of CtCDH and
possible substitution on the —NH; groups (i.e., N,N-diethyl and N,N-
dimethyl group) [115]. In this case the authors generally observed
a decrease with around 60 mV on the onset potential compared
to the non-grafted SWCNTs/GCE electrodes (+50 mV vs. NHE). By
comparing the current densities at a certain set potential for two
investigated substrates, viz. lactose and glucose, it was possible to
observe a trend based upon the functional groups available on the
electrode surface. Contrary to the results with class I PsSCDH referred
to above [64] the highest current densities for class I CtCDH [115]
were obtained in presence of —COOH groups (e.g. p-ABA as dia-
zonium salt). When shifting the superficial charge to uncharged
(e.g. APh) the current densities were decreased and further with
positive charges (e.g. p-PD). However, for electrodes modified with
p-PD it was also observed an increase in terms of current densities
once using GA as cross-linking agent. Moreover, the substitu-
tion effect on the —NH; group did not give any particular trend,
because the current densities were increasing when used N,N-
dimethyl groups while decreasing with N,N-diethyl groups. Finally,
the best modified electrode platform CtCDH/p-ABA/SWCNTs/GCE
was selected to investigate the analytical performance (data not
reported) and the stability by considering both usage perspectives
as biosensors and bioanode for biofuel cells development. Tanne
et al. used carboxylated or aminated polyaniline MWCNT nanohy-
brids forimmobilization of class I PsCDH on Au electrodes [116] and
they found similar to previous investigations [64] that a positively
charged surface promoted DET.

One way to even further increase the efficiency of DET would be
to be able to fully control the orientation of CDH on the electrode
surface. Recently two MtCDH mutants, E522 and T701, with single
cysteine residues on the surface of the DHy;cpy were covalently
immobilised onto glassy carbon electrodes modified with MWCNT
using a “linker”, a “spacer”, a “reactive group” type click chemistry
resulting in improved catalytic currents and prolonged life time
compared with just adsorbed enzyme [86].

Recently, a new carbon based nanomaterial, carbon aerogel (CA),
has been developed by using the sol-gel technique in order to
obtain an effective nanostructuration and a favourable environ-
ment to improve DET between class I PcCDH and the surface of
a GCE. CA is a new carbon based nanomaterial with interesting
features for construction of biosensors and in energy harvesting
applications due to its unusual properties, such as low density, con-
tinuous porosity, high specific surface area, electrical conductivity,
good chemical stability, as well as environmental compatibility
and easy preparation [117,118]. In this work, several CA suspen-
sions have been prepared by considering chitosan as medium and
dissolving different amounts of CA, providing different degrees of
nanostructuration directly correlated with the amounts of CA and
the electroactive area [119]. From the CVs, it is possible to see a
proportional increase in the capacitive current with the amount of
CA, which is responsible for the enhanced enzyme loading on the
electrode surface. The best modified electrode for lactose detec-
tion (15 WL of CA-Chi suspension containing 150 g of CA) was
further investigated through chronoamperometry to obtain analyt-
ical parameters (e.g. linear range, LOD, pH etc.), which are in good

agreement with previous electrode platforms based on carbon and
metal nanomaterials.

5. Effect of metal nanoparticles for biosensor development

To date several synthesis methods to prepare MNPs have
been developed through the use of toxic reducing agents
(e.g., sodium borohydride, dendrimer, citrate), physical agents
(e.g., laser ablation) or electrochemical methods [120,121].
3 generation lactose biosensors based on AuNPs synthe-
sized according to the citrate procedure and further mod-
ified with a variety of SAMs have been developed (e.g.,
4-aminothiophenol 4-ATP, 4-mercaptobenzoic acid 4-MBA, 4-
mercaptophenol 4-MP, 11-mercapto-1-undecanamine MUNH,,
11-mercapto-1-undecanoic acid MUCOOH, and 11-mercapto-1-
undecanol MUOH) [29,62,75,122,123]. After preliminary experi-
ments carried out with class I PsCDH in combination with several
SAMs based only on one type of thiol, several mixed SAMs based
on e.g., mixtures of 4-MP/4-ATP, 4-MBA/4-ATP, MUOH/MUNH,, or
MUCOOH/MUNH, were used by optimizing the concentration of
each component and using GA as cross-linking agent [62]. For all
SAMs based on mixed combinations, a—NH; terminated thiol acted
as a binder between GA and an amino group in the enzyme. The
other thiol helped both orientate the enzyme and facilitate the ET
to the electrode. By considering the dependence of AE;, on the log v
according to Laviron’s equation [ 124], the ks values were unexpect-
edly increasing with MUOH/MUNH, probably due to Van der Waals
interactions between the long carbon chains, which create a more
stable SAM for the enzyme immobilization. The standard ET rate
constant (ks) was estimated for the first time for any CDH and was
found to be 52.1,59.8, 112, and 154 s~ for 4-ATP/4-MBA, 4-ATP/4-
MP, MUNH,/MUCOOH, and MUNH,/MUOH modified electrodes,
respectively.

Although the chemical modification to form a SAM of nanostruc-
tured electrode surface already provides for an efficient ET, other
chemical modifications have been adopted such as polymer coating
with different charges (e.g. polyethyleneimine (PEI), polystyrene-
sulfonate (PSS) and citrate). Recently, Tavahodi et al. synthesized
AuNPs by using the citrate protocol and final resuspending the
AuNPs pellet in a diluted solution of the highly positively charged
PEI [85]. In this work PsCDH was orientated onto the surface of the
NPs due to a strong electrostatic attraction between the enzyme
(negatively charged, pl 3.8) and the AuNPs (positive charged
¢=+30mV) at the investigated pH 4.5 as working pH. The modified
electrode PsCDH/PEI@AuNPs/AuE showed a couple of peaks in the
non-turnover cyclic voltammograms (CV) corresponding in terms
of E°’ to the CYT¢py domain. In the PsCDH/PEI@AuNPs/AuE platform
the enzyme was favourably orientated on the modified electrode
surface, so far increasing the ET rate to around 40 s, which is a key
issue to enhance the biosensor sensitivity reaching a linear range
between 1 and 100 pM.

Conversely, in the last few years, a lot of efforts have been
addressed on the development of highly reproducible eco-friendly
synthesis method for MNPs in order to produce these catalysts
with non-alterate properties compared with using conventional
but possibly toxic methods and at the same time avoiding any
kind of toxic chemicals both during synthesis and for the stabi-
lization of the colloidal suspension. In a recent paper, Bollella et al.
demonstrated the advantages of this new method for synthesis-
ing MNPs employing quercetin, a polyphenolic compound acting
as reducing agent for gold and silver salts with a high reaction yield
[83]. Interestingly, quercetin showed a different behaviour towards
gold and silver, where in the case of gold quercetin acts only as
reducing agent while for silver it acts also as chelating agent pre-
venting further aggregation phenomena. This conclusion could be



P. Bollella et al. / Applied Materials Today 9 (2017) 319-332

CDH
DHCDH

(a) Lactose
CYTcpu

c‘v)y oS

Lactono-d-lactone

MNPs
QOQQ QY
SEESEESIESEES

AuE

% signal

325

(b)

—= CICDH/AgNPS/DBDP/AUE
257 = CICOHWAUNPSDBDP/AUE

20 ———

(d)

o
0:\39". &

Fig. 3. (a) CtCDH/MNPs/BPDT/AUE platform and DET between CtCDH and the modified electrode. (b) Calibration graphs for lactose; in the inset, the biosensor response in
the low-micromolar range; (c) lifetime of CtCDH/AuNPs/DBDP/AUE biosensor in the presence of 200 wM lactose solution in 50 mM MOPS buffer pH 7.4; (d) influence of
interfering compounds on lactose response: 1 mM lactose solution (red), 1 mM Ca2* solution (blue), 1 mM p-cellobiose (purple) and 1 mM b-glucose (pink). Buffer: 50 mM
MOPS, pH 7.4; applied potential: +0.250V vs. Ag|AgCls,c. Reproduced from [47] with permission of Elsevier Ltd. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

drawn from the fact that the AgNPs, in contrast to the AuNPs, when
deposited on a solid graphite electrode drastically reduced the large
overvoltage for electrocatalytic NADH oxidation. These synthesized
NPs were further used to fabricate electrochemical biosensors for
lactose detection based on a simply drop-casting technique. Pre-
liminary investigations have been performed to demonstrate the
effect of the electrostatic interactions between CDH and MNPs on
the enzyme orientation, which would enhance the electron trans-
fer rate, the enzyme loading and stability. Finally, class [ TvCDH
showed promising results on the AuNPs/graphite platform with a
LOD of 3.5 uM for lactose detection and an extended linear range
(10-300 wM), which could be further increased by considering the
chemical electrode modification approach to obtain an ordered
nanostructuration.

In order to improve the DET efficiency between CDH and the
electrode platform, an ordered electrode nanostructuration have
been performed by covalently linking AuNPs or AgNPs onto an
solid Au electrode [84]. In this work, it was proven that the ordered
packaging of MNPs on the electrode surface could positively con-
tribute to increase the ET rate constant, which would be beneficial
for both biosensors and biofuel cells development. The novelty of
this approach is related to the possibility to bind the NPs on a rigid
SAM made up of 4,4’-biphenyl-dithiol (BPDT), which has a very high
rigidity as it can only rotate around the o-bond connecting the two
phenyl units (see Fig. 3) and a high conductivity as the system is
highly conjugated. After preliminary investigations on the differ-
ent electrode platforms (with values of the apparent heterogeneous
electron transfer rate constants (ks) for CtCDH of 21.5 +0.8s~! and
10.3+0.7s7!, for the AuNPs/BPDT/AuE and the AgNPs/BPDT/AuE
platforms, respectively) it was possible to obtain the best analytical
results for lactose detection with CtCDH/AuNPs/BPDT/AuE modi-
fied electrodes with a LOD of 3 uM lactose, a wide linear range

(5-400 uM) and an enhanced sensitivity of 27.5 pAmM~!cm—2,
These results are mainly related to the organized packaging of the
AuNPs, the high conductivity of BPDT and the electrostatic inter-
actions between CtCDH and the AuNPs responsible for a correct
orientation of the enzyme molecules, which in turn also influences
the ET rate.

Besides AuNPs, also other kinds of MNPs (e.g. platinum nanopar-
ticles, PtNPs and palladium nanoparticles, PANPs) have been used
in combination with MWCNTSs to prepare hybrid nanocomposites.
The prepared nanocomposite was drop-cast onto a graphite elec-
trode and further modified through a layer-by-layer construction
with PcCDH [88]. The electrochemical platform was character-
ized in non-turnover conditions showing no waves related to
CYTcpy probably due to the increased double-layer capacitance,
while considering the electrocatalytic current in turnover condi-
tions it was possible to observe an increasing up to 4 and 2 times
with PtNPs-MWCNTs and PANPs-MWCNTs, respectively. Both elec-
trode platforms showed an improved analytical performance. The
sensitivity towards lactose was 3.07 and 3.28 uAmM-~! at the
PcCDH/PtNPs-MWCNTSs/SPGE and PcCDH/PdNPs-MWCNTs/SPGE
electrodes, respectively, which were higher than those measured
at the PcCDH/MWCNTs/SPGE (2.60 pnAmM~1) and PcCDH/SPGE
(0.92 pAmM-1), values indicating to be helpful for biosensor and
biofuel cell construction using lactose as fuel.

6. Others nanostructuration pathways for biosensor
development

As an alternative for electrode nanostructuration, the layer-by-
layer technique (LbL) could represent a good candidate to increase
the DET between CDH and electrodes. Feifel et al. took advan-
tage of a supramolecular architecture with embedded TvCDH, cytc,
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Fig. 4. (a) Schematic representation of a supramolecular [SiNP/CDH.-cyt c] architecture prepared on a cyt c monolayer electrode (M). The cyt c monolayer is assembled on a
mixed thiol layer (MU/MUA). The layer structure is [SiNP’s/CDH-cytc]n (n=1, 2, 3,4). (b, left) Cyclic voltammograms of Au-MUA/MU-cyt c-[SiNP-CDH-cyt c]n nanobiomolecular
electrodes. Catalytic currents of dTvCDH-based multilayer electrodes (n=1, 2, 3, 4) in the presence of lactose (5 mM) at a scan rate of 5mV/s. (Inset) Four-bilayer electrode
(c) without and (d) with lactose. (b, right) Increase in the cyt ¢ concentration with the number of bilayers (1, 2, 3, 4) measured at a scan rate of 100 mV/s. CV is performed in
20 mM phosphate-citrate buffer at pH 4.5. Reproduced from [76] with permission of the American Chemical Society.

and carboxy-terminated silica nanoparticles (SiNPs) as an artificial
matrix. An electrode modification was assembled by alternating
incubation steps in solutions of SiNPs and a CDH.cyt ¢ mixture to
coimmobilize TvCDH and cyt ¢ [125], as displayed in Fig. 4, and
where cyt c acts as mediator. The inner monolayer consists of cyt ¢
adsorbed on a mixed thiol layer of MUCOOH and MUOH known to
facilitate the ET between the electrode and cyt c. In this paper, two
different forms of TvCDHs have been used; the wild-type fully gly-
cosylated TvCDH (wtTvCDH) and the deglygosylated one (dTvCDH)
showing a remarkable increase in efficiency with dTvCDH when
comparing otherwise equally constructed 4 bilayer electrodes. This
means that by increasing the number of catalytic sites by using the
smaller dTvCDH compared with the bigger wtTvCDH within the LbL
structure on the electrode surface in combination with an expected
higher intramolecular ET between dTvCDH and cyt c compared with
that between wtTvCDH and cyt c the specific bioelectrocatalytic
conversion of lactose can be much enhanced. By considering that a
large portion of the enzyme molecules are immobilized rather far
away from the electrode surface, they conclude that the catalytic
oxidation reaction at either dTvCDH or wtTvCDH provides the elec-
trons for the catalytic current, which are in turn transferred by cyt
c—cyt c interprotein electron transfer toward the electrode [126].
Additionally, the effect of dimensions of the SiNPs (5, 15, 20,40 nm)
within the LbL architecture was investigated showing the best per-
formance with 20 nm SiNPs probably due to highest amount of elec-
troactive cyt c available to shuttle the electrons through a hip-hop
mechanism from TvCDH to the electrode surface. The so modified
electrode displayed a wide linear range for lactose (0.010-1 mM)
with enhanced sensitivity and a low limit of detection.

This strategy was further compared by using an alternative
element in the building block constructions, i.e, double-stranded
DNA (dsDNA) [127]. In this work, it was possible to observe a
remarkable increase in the surface coverage of cyt ¢ compared
to the previous LbL architecture, considering 4 bilayers as a fixed
parameter. The dTvCDH/cyt c-dsDNA/AUE showed a smaller lin-
ear range (10-200 wM) probably due to the higher amounts of
cyt ¢ accumulated, which results in a longer ET pathways and
thus a lower electron transfer rates. Compared to dsDNA the
surface-modified SiNPs seem to provide a more suitable artifi-
cial matrix for the construction of fully catalytically active CDH
assemblies. Increasing the numbers of bi-protein layers for SiNPs-
based systems result in a linear increase in both the amount of
electro-active cyt cand catalytic response. This significant improve-
ment is very likely due to a more defined and ordered structure,
a higher amount of dTvCDH and fast ET between the protein
molecules compared to the DNA-based ones. Later these authors
took the system further and established a supramolecular mul-
ticomponent protein architecture on electrodes that allows the
establishment of bidirectional ET cascades based on interprotein
electron exchange [128]. The architecture was formed by embed-
ding laccase and CtCDH and cyt ¢ by means of carboxy-modified
SiNPs in a multiple layer format. The construct is designed as a
switchable dual analyte detection device allowing the measure-
ment of lactose and oxygen, respectively. The applied potential
of the electrode was used as switching force ensuring control of
the redox state of cyt c. The two signal chains are operating in a
non-separated matrix and are not disturbed by the other biocata-
lyst.
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7. Carbon and metal nanomaterials for development of
biofuel cells and biosupercapacitors

In order to enhance the overall performance of EFCs, several
nanomaterials [129,130], such as SWCNTs and MWCNTs [80,81],
MNPs (Au-, Ag- or Pt-NPs) [84,85] and graphene [82,96], have been
employed taking advantage from the high surface/volume ratio
improving the enzyme loading as well as the ET at the electrode
surface [33]. Most EFCs reported in the literature employ redox
mediators to establish a fast ET between enzymes and electrodes
[131-136]. However, with the use and immobilization of a mediator
usually follows a decrease in the theoretical open-circuit potential
(OCV) of the biofuel cell lost because of the necessary potential dif-
ference between the enzyme and mediator to drive the ET between
the electrode and enzyme. Hence, great attention has recently been
given to EFCs based on DET [34,35,137,138].

For this purpose, one of the first reports on the possible use of
CDH as the enzyme in a potential bioanode highlighted the usage
of SWCNTs as support for the enzyme [63]. In the presence of SWC-
NTs, the electrocatalytic current for substrate oxidation based on
DET between PsCDH and electrode was significantly increased. Fur-
thermore, the onset of the electrocatalytic current was at lower
potential than in the absence of SWCNTs. The highest electrocat-
alytic activity toward oxidation of lactose was found for the three
investigated class I CDHs, (PsCDH > PcCDH > TvCDH), followed by
two class Il CDHs (MtCDH> a CDH from the plantpathogen fungus
Sclerotium rolfsii (STCDH)). The PsCDH/PEGDGE/SWCNTs/graphite
electrode was further connected with a Pt black electrode as cath-
ode to measure the polarization curve in the presence of 5mM
lactose as fuel exhibiting a maximum voltage of 590 mV, a max-
imum current density of 112 uAcm~2, and a maximum power
density of 32 wW cm~2 at an operating voltage of 430 mV (under
oxygen purging/non-quiescent conditions). Aiming at the construc-
tion of membrane-less biofuel cells based on DET, in which also
oxygen reduction is catalyzed by redox enzymes such as laccase or
bilirubin oxidase, additional improvements of the electrode archi-
tecture will be needed in order to increase the stability and the
power density of the anode.

However, the same approach has been used for making
BFC anode prototypes based on both class I and class Il CDHs
cross-linked through PEGDGE to SWCNTs both in DET mode
[63] and in the MET mode in combination with a cross-linking
agent, an Os polymer with a E°’ close to the E° of CYTcpy
domain [67]. At the beginning, the activity towards different
mono- and disaccharides (e.g. lactose, cellobiose and glucose) was
carefully evaluated by varying the pH. MtCDH showed its opti-
mum in terms of electrocatalytic oxidation of lactose at pH 4.5
when in DET configuration, while at pH 8 in MET mode. Also
glucose exhibited good performance at physiological pH with
MtCDH/PEGDGE/Os-polymer/SWCNTs/GCE allowing further con-
siderations on a possible usage as bioanode in combination with
laccase (Lac) or bilirubine oxidase (BOD) as biocathode. As a model
for a membraneless biofuel cell, a MtCDH-modified electrode was
applied as the anode together with a Pt black electrode as the cath-
ode in a 0.1 M solution of glucose in PBS buffer at 37 °C. This cell
exhibited an OCV of 500 mV, a maximum current density (Jmax)
of almost 700 A cm~2, and a maximum power density (Pmax) of
157 wWcm~—2 at an operating voltage of 280 mV (under oxygen
purging/nonquiescent conditions).

Also AuNPs have been largely employed for EFCs based on
CDH/BOD combination in DET. In one paper [29], 20 nm-AuNPs
were used after being synthesized through the classical citrate
protocol and further drop-cast many times onto a solid AuE sur-
face in order to obtain an effective nanostructuration for both
the anode and cathode EFC elements. Afterwards, the modified
electrode was incubated into a volumetric 1:1 mixture of 1 mM

4-mercaptophenol/4-mercaptobenzoic acid ethanol solution. Thus
for the biomodification, 3 uL of a CtCDH solution and 1puL of
a GA solution were drop-cast, gently mixed on the top of the
thiol-modified AuNPs/AuE electrode and allowed to react in a mois-
turised atmosphere for 2 h to avoid evaporation of the reactants.
The modified bioanode exhibited an E°’ for the CYTcpy domain
around 75mV vs. NHE, a real surface coverage of 0.65 pmol cm—2
corresponding to a sub-monolayer coverage of the thiol-modified
AuNPs by the enzyme, a good turnover number ca. 0.5s~!, and
a maximal current density around 40 wAcm~2 being a good can-
didate for EFC construction. Finally, a mediator-, separator- and
membrane-less EFC have been developed by connecting the CtCDH
modified anode with a BOD modified cathode exhibiting good per-
formance for both lactose and glucose in human physiological
buffer at pH 7. So far, the implemented device was tested also in
a few biological fluids (e.g. human blood and serum) with a maxi-
mum power density (Pmax) of 3 wW cm~2 at a cell voltage of 0.45V,
assuming the latter as a first step toward an extensive miniaturiza-
tion and as a future implantable device.

Essentially the same electrode modification protocol was
applied by using a microelectrode for making both the anode and
cathode exploiting the possibility to implant such microelectrodes
in a rat brain [139] and as a device serving as a power source for
electronic contact lenses [ 140]. After a series of preliminary experi-
ments, the EFC was tested in human lachrymal liquid (tears) [141].
In this work, Falk et al. performed calculations on the maximum
recoverable electrical energy, extractable from the biofuel, glu-
cose, and the biooxidant, molecular oxygen, in human tears [138].
Contrary to the concentration in a biofuel cell for blood, the con-
centration of the biooxidant in lachrymal liquid is very high (ca.
0.25 mM), since human tears are air saturated during wake hours
[142]. Thus, the availability of glucose would limit the total power
output from the eyes. They concluded that the minimal and max-
imal electric power from a glucose/O, EFC operating in tears is
0.02-22 wW. In the real application the device exhibited an OCV of
0.57, about 1 wW cm—2 as maximum power density at a cell voltage
of 0.5V, and more than 20 h of operational half-life.

Moreover, the same device was tested in human saliva and
sweat to investigate whether in these biological fluids there are
the same limiting factors [ 143]. So far, the main problem in the last
application was related to the half-life, because the device retained
only 50% of the initial power output probably due to the presence of
many different organic and inorganic compounds that can affect the
bioelectrocatalytic activity of both the bioanode and especially the
biocathode, such as chloride ions, uric and ascorbic acids, cells, and
a multitude of proteins. According to theoretical calculations, also
in this case the limiting factor is the fuel in particular for sweat com-
pare to saliva, where it is possible to observe a one-order difference
in magnitude. A similar device following the same modification
procedure but using as support electrodes made of a biocompatible
flexible polymer (Fig. 5) was realized by Pankratov et al., looking
forward for some real implantable device [140].

Recently, Shleev et al. showed the possibility for making
miniature, self-contained biodevices powered by BFCs based on
a CDH anode and a BOD cathode to enable a new generation
of implantable, wireless, minimally invasive neural interfaces for
neurophysiological in vivo studies and for clinical applications
[133,139]. Extensive studies using electrochemical impedance
spectroscopy (EIS) was carried out to demonstrate the inductive
coupling between the device and the neurons of the rat brain.
Here, they showed that AuNPs led to aggregates responsible for
the effective 3D nanostructuration, which would be beneficial in
the perspective to get connected to neuronal activity. Consider-
ing limitations, one could expect that the performance of the EFC
would be clearly limited by the anodic bioelectrocatalytic reactions
at least when the EFC is operating in vitro using simple glucose
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bioanode biocathode

Fig. 5. Photographic images of separate electrodes (a) connected to alligator clips along with a complete transparent flexible device. (b and c) 1-biocompatible transparent
polymer, 2-current collectors (metallised thick (opaque) layer of Au on the polymer), 3-transparent electrodes (metallised thin layer of Au on the polymer). (d) A principal
scheme of a compartment- and mediator-less, flexible and transparent glucose/oxygen enzymatic fuel cell based on nanostructured electrodes. Reproduced from [89] with

permission of Elsevier.

containing solutions. Moving to physiological situations, e.g., from
simple buffers to cerebrospinal fluid (CSF), the BOD based cathodes
would definitely be responsible for a lowering of the voltage of the
EFCs because of their depolarization in CSF. Moreover, one could
also expect a significant decrease in current densities obtained
from micro-biocathodes operating in vivo, because of the signifi-
cantly lower concentration of available O, in both brain tissue and
CSF in the living organism, around 50 wM, compared to air satu-
rated solutions used in in vitro studies, ca. 250 wM. The obtained
results unequivocally show an electric connection between nano-
structured Au surfaces and neurons, evidenced by the appearance
of inductive loops in the impedance spectra of the bioelectrodes, a
consequence of the inductive properties of neuronal membranes.
These are very interesting and practically applicable findings in the
field of implantable nanostructure based neural interfaces espe-
cially by considering the first extensive EIS study on EFCs.

Today, other aspects of crucial interest are self-contained,
i.e., wireless and self-powered, bioelectronics as self-sustaining
implantable medical devices, and in environmental, and biocom-
puting applications. In particular, Falk et al. demonstrated the
operation of self-sustained carbohydrate and oxygen sensitive
biodevices based on a CDH anode and a BOD cathode, consisting of
a wireless electronic unit, radio transmitter and separate sensing
bioelectrodes, supplied with electrical energy from a combined
multi-enzyme fuel cell generating sufficient current at required
voltage to power the electronics [144]. A carbohydrate/oxygen
enzymatic fuel cell was assembled by comparing the performance
of a range of different bioelectrodes followed by selection of the
most suitable, stable combination. Besides the possibility to use
it as power source, the device was also tested to monitor the
variation of lactose as substrate/fuel and molecular oxygen as sub-
strate/oxidant being finally assembled a real wireless self-powered
biosensor. Another recent BFC accomplishment was the fabrication
of transparent and nanostructured electrodes based on chemi-
cally modified indium tin oxide (ITO) NPs substantially increasing
the active surface area without significantly compromising trans-
parency [145]. The ITO NPs were spray-coated or drop-coated
followed chemical modification with silanes, and then by immobi-
lisation of either CtCDH on the anode and Myrothecium verrucaria
BOD on the cathode.

Since the EFCs are not able to produce enough energy to
power real devices (e.g. pacemakers), one of the main solutions
exploited recently is represented by biosupercapacitors [146],

Fig. 6. Schematic representation of a self-charging biological supercapacitor. The
electrochemical capacitor is built using a graphite foil modified with a polyani-
line/CNTs composite on one side (the capacitive side/face), and the enzymatic fuel
cell is designed from three-dimensional gold NPs based nanobiostructures on the
other (the charging side/face). Gold NPs: pink-orange spheres; thiol layer: black
sticks. The structure of BOD was taken from the known crystal structure (PDB
2XLL) and CDH was rendered using the cytochrome and the FAD domains of the
enzyme from Phanerochaete chrysosporium (PDB 1D7D and 1NAA, respectively). Pro-
tein globule: green ribbons; copper ions: blue spheres; heme: red spheres; FAD:
yellow spheres; carbohydrates: black sticks. Reproduced from [96] with permis-
sion of Wiley. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

which are a combination of EFCs and capacitors [147]. In this
field, the nanomaterials play a key role on increasing the double-
layer capacitance, which is directly correlated with the amount of
energy accumulated and finally the power output generated [148].
Recently, Pankratov et al. [ 149] reported on the first biosupercapac-
itor based on CtCDH/BOD electrodes in DET communication. In this
work both parts, capacitive and charging part, were prepared on the
two faces of a discrete electrode based on different kinds of nano-
materials. For the capacitive part, a polyaniline/CNT composite was
prepared by drop-cast a suspension of nanotubes and electrode-
positing a polyaniline film onto the electrode surface, as shown
in Fig. 6. Whereas the charging part has been prepared according
to a previous protocol [29], without any optimization on the pro-
tocol. The so prepared biosupercapacitor provided a maximum of
1.2mW cm~2 at 0.38 V. Thus, the power output was improved by a
factor of 170 in comparison to state-of-the-art EFCs albeit operating
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biosupercapacitors in a pulsed power mode. The AuNPs/CF EFC was
also able to operate in pulse power mode, delivering about 50 times
less specific electric charge, compared to the biosupercapacitor.

8. Conclusions and outlook

Several combinations between several nanomaterials (e.g.
nanotubes and nanoparticles), polymers (e.g. polyaniline, osmium
polymers) and a really efficient bioelectrocatalytic anodic based
on CDH have been extensively exploited in the last 20 years,
mainly displaying the advantages provided by the usage of car-
bon and metal based nanomaterials. Nanomaterials played the key
role on increasing of electroactive area while the right orienta-
tion of the bioelectrocatalyst produced by chemical modification
increased also the electrocatalytic efficiency in presence of sub-
strates. Based on these concepts, the nanostructured electrodes
were used to obtain real devices as biosensors for both lactose
and glucose according to the different CDH classes, EFCs as key
topic for the implantable and self-powered devices, and finally one
of the hot topics these days, the biosupercapacitors. Apart from
what was explored during the last 20 years, we strongly believe
in investigating new ET mechanisms and pathways in order to be
able to catch the electrons directly from the DHcpy or equivalent
domains in other sugar oxidising enzymes to be able to reach a
lower onset potential for the bioelectrocatalytic oxidation of the
sugar substrate, new nanocomposites as potential support for the
redox enzyme in order to ensure an improved long-term stability of
the enzyme layer, and finally the possibility to arrange new devices
according to human needs.
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Abstract

In this paper we report on the influence of pH and monovalent/divalent cations on the catalytic
current response, internal electron transfer (IET) and structure of fructose dehydrogenase (FDH) by
using amperometry, spectrophotometry and circular dichroism (CD). Amperometric measurements
were performed on graphite electrodes, onto which FDH was adsorbed and the effect on the
response current to fructose was investigated when varying the pH and the concentrations of
divalent/monovalent cations in the contacting buffer. In the presence of 10 mM CaCl,, a current
increase of up to = 240% was observed, probably due to an intra-complexation reaction between
Ca’" and the aspartate/glutamate residues found at the interface between the dehydrogenase domain
and the cytochrome domain of FDH. Contrary to CaCl,, addition of MgCl, did not show any
particular influence, while addition of monovalent cations (Na" or K") led to a slight linear increase
in the maximum response current. To complement the amperometric investigations,
spectrophotometric assays were carried out under homogeneous conditions in the presence of either
a l-electron non-proton-acceptor, cytochrome ¢, or a 2-electron-proton acceptor, 2,6-
dichloroindophenol (DCIP), respectively. In the case of cytochrome c, it was possible to observe a
remarkable increase in the absorbance up to 200% when 10 mM CaCl, was added. However, by
further increasing the concentration of CaCl, up to 50 mM and 100 mM, a decrease in the
absorbance with a slight inhibition effect was observed for the highest CaCl, concentration.
Addition of MgCl, or of the monovalent cations shows surprisingly no effect on the electron
transfer to the electron acceptor. Contrary to the case of cytochrome ¢, with DCIP none of the

cations tested seem to affect the rate of catalysis. In order to correlate the results obtained by



amperometric and spectrophotometric measurements, CD experiments have been performed
showing a great structural change of FDH when increasing the concentration CaCl, up to 50 mM at
which the enzyme molecules start to agglomerate hindering the substrate access to the active site
probably due to a chelation reaction occurring at the enzyme surface with the glutamate/aspartate

residues.
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1. Introduction

In the last 30 years, studies of direct electron transfer (DET) reactions between redox enzymes and
electrodes has attracted a lot of interest both to understand the background reaction mechanism [1-
3] and thus gain sufficient basic knowledge to be able to found the basis and to improve the
performance of third generation biosensors and enzymatic fuel cells (EFCs) [4-7]. DET based
reactions have been explored for a number of redox proteins [8] such as cytochrome ¢ (cyt ¢) [9-
12], ferredoxin [13,14], azurin [15,16], and redox enzymes [17] such as peroxidases [18-24],
hydrogenases [25], “blue” multi-copper oxidases (BMCO) [26-29], sulfite oxidase (SOx) [30,31],
alcohol PQQ dehydrogenase (ADH) [32,33], cellobiose dehydrogenase (CDH) [34-38], D-fructose
dehydrogenase (FDH) [39-42], etc. Several of the redox enzymes mentioned above, such as SOx,
ADH, CDH and FDH are composed of at least two different domains, where one domain is the
catalytically active domain containing a bound cofactor such as FAD, PQQ or MOCO and a second
domain, a cytochrome containing heme ¢ or heme b, acting as an electron transfer domain or in
other words “as a built in mediator” [32] connecting the redox enzyme to its natural electron
acceptor or when immobilized onto the surface of an electrode to the electrode if the enzyme is
properly orientated on its surface. The electron transfer (ET) reaction between the catalytic and the
cytochrome domain, the internal electron transfer (IET) reaction, can be very much dependent on
pH, ion strength and buffer constituents [43]. Studies to be able to understand what determines and
limits the ET reactions are fundamental to increase the knowledge about protein structure,

mechanisms of redox transformations of protein molecules, and metabolic processes involving



redox transformations [44]. DET 1is the key issue to develop ‘“reagentless” electrochemical
biosensors [45,8,7,4,2,3,5,6,1]. Among the flavocytochrome oxidoreductases, the DET mechanism
for membrane bound FDH has not been yet elucidated [46] and therefore FDH has attracted a
growing interest also regarding all factors that can influence on the DET reaction (e.g. pH, cations,
ionic strength etc.) [47-49].
D-Fructose dehydrogenase (FDH; EC 1.1.99.11) from Gluconobacter japonicus NCBR 3260 is a
heterotrimeric membrane-bound enzyme complex with a molecular mass of 146.4 kDa, consisting
of three subunits/domains [46]: subunit I, which is the catalytic dehydrogenase domain (DHrpg)
with a covalently bound flavin adenine dinucleotide (FAD) cofactor, where D-(-)-fructose is
involved in a 2H'/2¢” oxidation reaction to form 5-dehydro-D-(-)-fructose; subunit II, which is
equivalent to the cytochrome domain (CYTrpn) acts as electron acceptor to subunit I and contains
three heme ¢ moieties covalently bound to the enzyme scaffold and two of them are involved in the
one-by-one ET pathway [46]; subunit III, which is not involved in the ET but rather plays a key role
for the stability of the enzyme complex [50,51,39,46]. FDH exhibits a strict substrate specificity to
D-(-)-fructose and therefore it has been used as bioelectrocatalyst for biosensor development both in
direct and mediated ET (DET and MET) modes [52-55].
Unfortunately, the crystal structure of FDH is not yet available, because of the difficulties involved
with crystallization of a membrane bound protein with a high molecular weight (ca. 146 kDa).
Despite these obvious difficulties, in the last few years a lot of efforts have been addressed with
regards to considering new crystallization methods [56]. The crystal structure would be of
fundamental importance to clarify the ET mechanism of this enzyme with particular attention on the
co-factor involved.
The suggested ET pathway for FDH when immobilised on the electrode surface and in the absence
of any competing e acceptors [39], is assumed to occur according to Scheme 1:

1. Oxidation of D-(-)-fructose to 5-keto-D-(-)-fructose involving 2e/2H" with the reduction of

FAD to FADHy;
2. FADH,; is sequentially reoxidized in two separate 1 ET steps. In the first FADH; is partially

reoxidized to FADH* through the IET pathway between the DHppy and CYTrpy domains,

whereby one of the three heme ¢ (heme c;) is reduced. Next, the electron is transferred from
heme c; to a second heme ¢ (heme ¢;) of the two hemes involved in the ET pathway and
then to a final electron acceptor, which is the electrode when FDH is adsorbed onto the

electrode surface;
3. FADH-" is finally reoxidized to FAD by heme c; and the electron is then transferred to heme

¢> (which gives the second internal electron transfer (IET) step), which in turn is reoxidized
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by the electrode whereby FDH is returned to its fully oxidized state.

The influence of ionic strength as well as various cationic and anionic species on enzymes has been
already proved to modulate enzymatic activity or stability in different ways [57,58]. E.g., CDH has
two redox domains connected through a flexible linker [59-61], with an ET mechanism similar to
FDH but with only one heme in its cytochrome domain as electron acceptor. Moreover, Sezer et al.
showed an increase in terms of catalytic current of SOx by increasing the ionic strength of the
buffer solution [62], while Feng et al. reported on the influence of the viscosity on the rate of the
IET [63]. Nevertheless, each of these enzymes has its own and different dependency on pH and
ionic strength, due to the amino acids residues at the interface between the subunits connecting each
other through linker regions.

The aim of this paper was to investigate whether there is any influence of pH and the concentration
of various divalent/monovalent cations on the rate of the IET and the activity and the structure of
FDH. First, FDH was immobilized onto graphite electrodes by a drop-casting procedure and
amperometric measurements were carried out when shifting the pH and in presence of various
concentrations of divalent cations (CaCl, and MgCl,) or monovalent cations (KCI and NaCl).
Furthermore, the influence of pH on the rate of the IET was investigated also in the presence of that
CaCl, concentration that yielded the highest current density for fructose. These results were
compared with those obtained with the spectrophotometric assays carried out in the presence of 2,6-
dichloroindophenol (DCIP, bielectronic acceptor) or of cytochrome ¢ (cyt ¢, monoelectronic
acceptor). Finally, circular dichoism (CD) measurements and homology modelling/docking studies

were performed confirming the hypothesis formulated on the IET of FDH.
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Scheme 1. Suggested ET mechanism of the oxidation reaction of FDH. D-(-)-fructose is oxidized to
5-keto-D-(-)-fructose releasing 2 electrons, which are transferred one by one initially through the

FAD, followed by two heme ¢ working as monoelectronic acceptors.

2. Material and methods

2.1 Chemicals

D-(-)-fructose, calcium chloride (CaCl,), magnesium chloride hexahydrate (MgCl, - 6 H,O), sodium
chloride (NaCl), potassium chloride (KCl), cytochrome ¢ from bovine heart (>95% based on MW
12,327 Da, prepared using TCA), 2,6-dichloroindophenol (DCIP), sodium acetate (CH;COONa,
NaAc), 3-(N-morpholino)propanesulfonic acid (MOPS), 2-amino-2-(hydroxymethyl)-1,3-
propanediol (TRIS), sodium dihydrogen phosphate (NaH,PO,), hydrochloric acid (HCl), sodium
hydroxide (NaOH) were purchased from Sigma Aldrich (St. Louis, MO, USA). D-Fructose
dehydrogenase from Gluconobacter japonicus (FDH; EC 1.1.99.11) was purified from the culture
supernatant of Gluconobacter japonicus NBRC 3260 obtained from the National Institute of
Technology and Evaluation (Nishinomiya, Hyogo Pref., Japan) and solubilized in PBS buffer at pH
6 (50~500 mM) containing 0.1 mM 2-mercaptoethanol and 0.1% v/v Triton X-100 (volumetric
activity measured with potassium ferricyanide at pH 4.5 = 420+30 U mL™', specific activity =
250+30 U mg’, protein concentration = 1.7+0.2 mg mL ") [50]. All solutions were prepared using

Milli-Q water (R = 18.2 MQ cm at 25 °C; TOC < 10 pg L, Millipore, Molsheim, France).

2.2 Electrochemical measurements

Graphite rods (Alfa Aesar GmbH & Co KG, AGKSP grade, ultra “F” purity, and 3.05 mm
diameter, Karlsruhe, Germany) were polished on wet emery paper (Turfbak Durite, P1200) and
then carefully rinsed with Milli-Q water [57]. The enzyme-modified electrodes were prepared by
allowing 5 pL of an FDH solution (volumetric activity measured with potassium ferricyanide at pH
4.5 and found to be 42030 U mL™", specific activity = 250230 U mg™, protein concentration =
1.7+0.2 mg mL™") to physically adsorb on the top of the graphite rod electrodes, overnight at 4 °C.
The FDH modified graphite electrode, an Ag|AgCl (0.1 M KCIl) reference electrode and a platinum
wire counter electrode were fitted into a flow through wall-jet electrochemical cell [64] connected
to a flow injection analysis (FIA) system consisting of a peristaltic pump (Gilson, Villier-le-Bel,
France) and a six-port valve electrical injector equipped with a 50 pL-loop (injection volume 50
uL) (Rheodyne, Cotati, CA, USA) [64]. A potentiostat (Zata Elektronik, H66r, Sweden) controlled

the flow through cell and the response of the injected samples was shown on a strip chart recorder



(Kipp & Zonen, Utrecht, The Netherlands) [65].

2.3 Spectrophotometric measurements

Two spectrophotometric assays have been performed to measure the activity of FDH in solution as
a function of both pH and the concentration of cations/ionic strength. In the first assay, the activity
of the DHppyy domain was monitored measuring the time dependent variation of the absorbance at
A=520 nm (¢=6.9 mM™"' cm™) of a mixture containing 100 pL of 300 mM D-(-)-fructose, 780 pL of
50 mM NaAc buffer, 20 uLL of enzyme solution and 100 pL of 3 mM DCIP as two-electrons/two
protons acceptor [57]. In the second assay, the activity of FDH and the internal electron transfer
(IET) between the DHpy and CYTrpy domains was monitored by using the one-electron acceptor
cyt ¢, which communicates only with the CYTgpy domain due to steric hindrance because of its
dimensions. The absorption is followed at 550 nm (e=19.6 mM ' cm ") of a mixture of 20 uL of a 1
mM cyt ¢ solution, 100 pl of 300 mM D-(-)-fructose, 860 ul of 50 mM NaAc buffer pH 4.5, and 20
ul of the enzyme solution [66]. One unit of DCIP and cyt ¢ activity was defined as the amount of
FDH that reduces 1 umol of DCIP or cyt ¢, respectively, per min under the applied conditions. All
measured enzyme activities are the average of three measurements at 25 °C, whereas the average
activity values in 50 mM NaAc buffer without additions of “extra” KCI, NaCl, MgCl, or CaCl,
were set to 100% and the average activity values in the presence of divalent and monovalent cations
in 50 mM NaAc buffer were related to those values. All measurements were carried out using a

UV-Vis spectrophotometer 1800 (Shimadzu Europe GmbH, Duisburg, Germany).

2.4 Circular dichroism (CD) measurements

Changes in the secondary structure of FDH as a function of pH and addition of divalent cations to
the solution were investigated through CD measurements using a CD spectrometer (J-815 Circular
Dichroic Spectrometer, Jasco, Easton, MD, USA) [67]. These measurements were carried out in a
0.1 cm cuvette at 25 °C using a final protein concentration of 0.15 mg mL™, diluted in 50 mM
NaH,POy at pH 4.5 (unfortunately we could not use NaAc because the —-COOH groups adsorb the
light so we needed to use a non-adsorbing medium to obtain reliable data [68]). Then, the
concentration of CaCl, or MgCl, was increased in the range of 0-100 mM to receive information
about any changes in the secondary structure. The obtained spectra were further fitted with a
method called B-structure selection (BeStSel) that takes into account the twist of B-structures for
estimation of the secondary structure. This method can reliably distinguish parallel and antiparallel
B-sheets and accurately estimate the secondary structure for a broad range of proteins [69,70].

Moreover, the secondary structure components applied by the method are characteristic to the



protein fold, which in turn can be predicted to the level of topology in the CATH classification from

a single CD spectrum.

2.5 Homology modeling and docking

The homology models of the individual DHrpy and CY Trpy domains of FDH (GenBank accession
number AOA164AQ58 9SYNE were generated using the Protein Homology/analogY Recognition
Engine V 2.0 server (http://www.sbg.bio.ic.ac.uk/) [71] with the individually crystallized DH
domains of FAD-glucose dehydrogenase (GDH) from Aspergillus flavus (PDB ID 4YNT [72]) and

thiosulfate dehydrogenase (tsdba) from Marichromatium purpuratum “as2 isolated” (PDB ID 5LO9
[73]) as templates. The FIREDOCK webserver
(http://bioinfo3d.cs.tau.ac.il/FireDock/firedock.html) [74,75] was used for protein—protein docking
of the individual FDH domains. In total, 10 models from three clusters per enzyme were evaluated.
The best model has been selected based on the lowest free energy [76]. Structures were visualized
using the PyMOL MOLECULAR GRAPHICS SYSTEM, version 1.4 (Schroeodinger, New York,
NY, USA).

3. Results and discussion

3.1 Influence of pH and divalent/monovalent cations on the direct electron transfer (DET) reaction
of FDH: electrochemical study.

In order to study the influence of pH on the DET reaction of FDH with graphite electrodes, we have
performed amperometric measurements with graphite electrodes simply modified with adsorbed
FDH. The measurements were performed with 5 mM D-(-)-fructose as substrate and by varying the
pH in the running buffer between 3 and 7 using NaAc buffer between pH 3 and 5.5, MOPS buffer
between pH 5 and 7. Figure 1a shows the current dependence on pH. The optimum pH was found at
4.5. The response current rapidly decreased when increasing the pH above 4.5, thus assessing no
DET activity starting at pH 7. These results are in good agreement with previous values reported in
the literature [77].

Next, the influence of divalent (CaCl, and MgCl,) and monovalent (NaCl and KCI) cations was
studied through registering calibration curves for D-(-)-fructose at pH 4.5 and varying the salt
concentrations in the range of 0-100 mM. Figure 1b shows the dependence of maximum current,
Imax, on the concentration of CaCl,, MgCl,, NaCl and KCl for FDH at pH 4.5. The I.x values were
obtained from the calibration curves and were set to 100% in the absence of extra added cations. All
values obtained in the presence of the different cations are related to those values. Surprisingly,

when increasing the concentration of CaCl, a marked increase in Iy.x was observed, with a
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maximum increase of 237%, corresponding to an average maximal current of 33.0+2.7 pA for 10
mM CaCl,. However, at higher concentrations of CaCl, than 10 mM an unexpected .« decrease
was registered, yielding Iyax values of 140% and of 80%, at 50 mM 100 mM CaCl,, respectively.
This particular trend for CaCl, is probably due to the presence of side-chain carboxyl functions of
surface-exposed aspartic acid (pK,= 3.86) and glutamic acid (pK,= 4.07) residues at the interface of
the DHppy and CY Trpy domains. These -COOH groups are ~90% deprotonated at pH 4.5, creating
a strong electrostatic repulsion between the two domains [78]. It can be supposed that a possible
complexation of Ca®" with the carboxylic groups of the aspartic and glutamic acid residues takes
place resulting in a closer interaction and shortening the distance between the DHgpy and CY Trp
domains thus increasing the rate of the IET [59]. On the other hand, the decrease in response signal
when the concentration of Ca®" is higher than 10 mM can probably be ascribed to a possible
saturation of the aspartate/glutamate residues available at the interface between the DHppy and
CYTepy domains [79]. Therefore, at concentrations higher than 10 mM, Ca®" is now available for
complexation of other aspartate/glutamate residues present on the surface of both subunits. Both the
DHgpy and CYTepy subunits show a partial positive charge at pH 4.5, which might now create a
slight repulsion between the two subunits, which is, however, counter-balanced by the attractive
interactions. A possible explanation for the inhibition effect observed at 100 mM CacCl, could be
the interaction with other enzyme molecules through a Ca**-bridge [80].

Contrary to the effect by addition of CaCl,, addition of MgCl, showed a 90% decrease in Iyax
already at 10 mM MgCl. This result could be ascribed to a lower affinity of Mg”>" compared to
Ca”" towards the carboxylic functions available at the interface of the DHppy and CY Tepy domains.
Mg*" is expected mainly to be involved in the complexation reaction occurring between different
enzyme molecules (Mg -bridge), which will partially hinder the substrate access to the active site
of FDH and will therefore show a slight inhibition behavior evident already at low MgCl,
concentrations. Figure 1c¢ shows that the enhanced effect on the catalytic current by addition of
CaCl;, occurs only in the pH range between 3.5 and 5.5 without any shift in the optimum pH of the
enzyme activity, due to its presumed effect on the IET as described and discussed above.

In a series of previous investigations the effect of ionic strength and addition of Ca>” and Mg”" on
the catalytic performance of various CDHs was investigated both in solution and when adsorbed on
graphite [81,57,59,82]. The results obtained here for FDH are both similar and dissimilar with
respect to those obtained for the various CDHs. E.g., for two ascomycete CDHs the addition of both
Ca”" and Mg”" had a similar increasing effect on the catalytic efficiency and could even lead to a
drastic shift in the pH optimum of the enzyme activity [81]. Thus it seems as though further

investigations on the background reasons for the effect by both ionic strength and by individual



cations on the interactions between the various domains participating in the ET pathways in such
multidomain redox enzymes are necessary.

For the monovalent cations, further additions of both KCI and NaCl showed a slight linear increase
in Iax up to 100 mM, which is more evident in Fig. 1d, where the I« 1s plotted versus the ionic
strength of the buffer. The concentration of the monovalent cations is directly related to the ionic
strength, leading to a general increase in the catalytic current, as already reported in literature for
many enzymes, whereas monovalent cations are usually not involved in any complexation reactions

occurring at the protein surface [57].

3.2 Influence of pH and divalent/monovalent cations on the catalytic reaction of FDH:
spectrophometric study

Two different spectrophotometric assays have been performed to follow the catalytic reaction of
FDH in solution; one with cyt ¢ and one with DCIP, acting as mono and bielectronic acceptors,
respectively. DCIP may have a direct connection with subunit I (DHgpn), where the catalytic
oxidation of D-fructose to 5-keto-D-fructose occurs [60], whereas cyt ¢ can only interact with the
subunit II (CYTepn) due to its dimensions. Figure 2a shows the dependence of the activity of FDH
with pH using DCIP as electron acceptor and one can see that the highest activity is found between
3 and 6 corresponding to an activity of 3086 U mL™" at pH 5.5. For pH values higher than 6, the
activity rapidly decreases and reaches zero at approximately pH 7, indicating a progressive
inactivation of DHgpy (subunit I). The dependence of the activity of FDH with pH when using cyt ¢
i1s shown in Fig. 2b. In this case the activity exhibits two pH optima: one at 4.5 and one at 7, in
agreement with previous results already reported in the literature [83]. These results could be
ascribed to the different mechanisms of the interaction between FDH and cyt c¢: (i) ET may either
proceed from the active site (FAD containing subunit I, DHppy) via the heme groups (subunit II
containing the three heme centers, CY Trpy) toward cyt ¢ or (ii) directly from the DHppy to cyt c. A
similar conclusion was found by Ferapontova et al. when investigating the ET between FDH and
cyt ¢ by cyclic voltammetry at different scan rates [84].

As far as for the influence of mono and divalent cations, the results of the spectrophotometric
activity assays are shown in Figs. 3a and b. The results obtained with cyt ¢ (Fig. 3a) are comparable
with those obtained with the amperometric measurements (Fig. 1b) for immobilized FDH on
graphite electrodes, as Ca”" ions may affect the rate of the IET and therefore the rate of overall DET
reaction. Figure 3b shows that there is no influence of either divalent or monovalent cations on the
activity of FDH using DCIP as electron acceptor, because DCIP is reduced directly by the FAD
deeply buried within the DHgpy (subunit 1) and is thus not affected by any change in the IET.



The obtained results unequivocally confirm the influence of CaCl, on the rate of the IET reaction,
whereas there is no influence observed on the catalytic oxidation reaction of D-(-)-fructose at the

DHgpn domain by CaCl, or by the other cations tested.

3.3 Influence of CaCl, on the secondary enzyme structure

In order to confirm the results obtained with the amperometric and spectrophotometric assays, CD
measurements of FDH have been performed increasing the concentration CaCl, or MgCl, in the
range of 0-100 mM. Figure 4 shows the CD spectra recorded for FDH in the presence of CaCl,. It is
possible to observe that the secondary structure only to some extent shows minor changes up to a
concentration of 10 mM, whereas at higher concentrations of CaCl, the spectra reveal large changes
that can be explained by agglomeration with other FDH molecules due to Ca®"-bridge interactions
between enzyme molecules. Therefore, at low CaCl, concentrations it is possible to observe an
intra-complexation caused by Ca*" ions, which might increase the rate of the IET reaction, whereas
at high CaCl, concentrations inter-complexation reactions occur due to aggregation of enzyme
molecules caused by the high CaCl, concentration. These qualitative results were further confirmed
from the quantitative fitting of the CD spectra recorded in the presence of CaCl, shown in Table 1.
The a-helix content of FDH decreased to 5%, whereas the antiparallel (-sheets content did not
change (36%) and the random coiled protein was found to be approximately 59% of the secondary
structure by increasing the CaCl, concentration. This unequivocally proves the formation of an

aggregated state of FDH when increasing the CaCl, concentration.

3.4 Structural analysis and docking of FDH domains

The already characterized FAD-glucose dehydrogenase from Aspergillus flavus (4YNT) and
thiosulfate dehydrogenase (tsdba) from Marichromatium purpuratum “as2 isolated” (5LO9) were
used for modeling and docking studies, of the DHgpy and CY Trpy domains, respectively. Figure Sa
shows the homology models of the DHrpy and CYTrpuy domains highlighting in the insets the
position of the FAD cofactor (subunit I) and the three heme ¢ (subunit II), respectively, while
subunit III was not possible to model, because of the absence of a similar structure. From previous
studies [50] it was already stated that subunit III has no influence on the DET reaction but it is
important for the overall stability of the enzymatic complex.

Moreover, the docking between the DHgpy and CYTrpy domains was needed to highlight those
amino acids expected to be involved in the interaction between the two domains, viz., Asp, Glu,
Lys, Arg and Tyr. DHppy exhibits five amino acid residues negatively charged at the interface,

while CYTrpy contains three such amino acid residues. The occurrence of these residues could



partially explain the reason for the highest rate of the IET reaction at pH 4.5, where the repulsion
between the two domains is lowest, whereas at pHs between 7 and 10 the repulsion between the two
domains is high and will cause the low rate of the IET reaction. However, this model does not give
any information about Ca*"-bridging interactions. Nevertheless, a concentration of 10 mM CaCl,
results in the upper limit in terms of an enhanced IET probably due to that only a few possible
matches between the negatively charged amino acids residues and Ca®" ions are found at the
interface between the DHppy and the CY Trpy, while the number of negatively charged amino acids
residues exposed on the other parts of the enzyme surface is much higher confirming the possibility
of other Ca*"-bridging interactions between different individual enzyme molecules allowing the

aggregation process [85,86].

4. Conclusions

This paper demonstrates the possibility to enhance the measurable activity of FDH either in solution
or when immobilized onto an electrode surface about 2.5-fold by adding 10 mM CacCl, to the buffer
solution, whereas MgCl, had no such effect. Additions of KCl or NaCl led to a slight linear increase
in I;ax of about 10%. However, CaCl, had an effect only at pH 4.5, because there was no shift in the
optimum pH, in contrast to what was shown for ascomycete CDHs in previous papers
[82,59,81,57]. Moreover, the amperometric and spectrophotometric results were confirmed also
through conformational changes observed in the secondary structure of FDH, revealing unfolding of
the protein occurring at high CaCl, concentrations (50 mM and 100 mM) followed by aggregation.
By the homology models, it was assumed that Ca>" at lower concentrations was chelated by the few
amino acids residues negatively charged shortening the distance between the DHppy and CY Trpy
domains, leading to an enhanced IET, while at higher concentrations of Ca’’, they give Ca®'-
bridging interactions with other enzyme molecules.

These results show that studies of the mechanism of the IET between the DHrpy and CY Tepn
domains are of great interest to shed further light into the physiological functions of FDH, as well

as for the development of third generation biosensors and enzymatic fuel cells based on FDH.
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Figure 1. Dependence of the current on pH (a) in the absence and (¢) in the presence of 10 mM
CaCl, carried out in 50 mM NaAc buffer (pH 3-5.5, black), 50 mM MOPS buffer (pH 5-7, red) and

50 mM TRIS buffer (pH 7-10, blue) in the presence of 5 mM D-(-)-fructose; the relative maximal
catalytic currents (Ia.x) on the concentration (b) and ionic strength (d) of CaCl, (black), MgCl,

(red), NaCl (blue) and KCI (green) solutions (50 mM NaAc buffer pH 4.5) calculated from
calibration curves performed in presence of different concentrations of D-(-)-fructose. Experimental
conditions: applied potential (Eupp): +0.2 V vs. AglAgClgy, flow rate: 0.5 mL min’'; injection

volume 50 pL.
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Figure 2. Dependance of the relative activities of (a) DCIP and (b) cyt ¢ on pH carried out in 50
mM NaAc buffer (pH 3-5.5, black), 50 mM MOPS buffer (pH 5-7, red) and 50 mM TRIS buffer
(pH 7-10, blue). Experimental conditions: [Fructose]: 30 mM, [cyt c]: 100 uM and [2,6-
dichloroindophenol, DCIP]: 300 uM.
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Figure 3 Dependence of the relative (a) cyt ¢ and (b) DCIP activities on different concentrations of
CaCl, (black), MgCl, (red), NaCl (blue) and KCl (green) in 50 mM NaAc buffer pH 4.5.
Experimental conditions: [Fructose]: 30 mM, [cyt c¢]: 100 uM and [2,6-dichloroindophenol, DCIP]:

300 M.
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Figure 4 Circular dichroism (CD) spectra of FDH obtained in 10 mM KH,PO4 pH 4.5 at different
Ca”" concentrations: 0 mM (black), 10 mM (blue), 50 mM (green) and 100 mM CaCl, (yellow).
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(b)

Figure 5 (a) Detailed representation of structural alignment between Subunit I of FDH (homology
model, grey structure) and Aspergillus niger FAD-Glucose Dehydrogenase (PDB ID: 4ynt, light
blue structure); and between Subunit II of FDH (homology model) and thiosulfate dehydrogenase
(tsdba) from Marichromatium purpuratum “as2 isolated” form (PDB ID: 5109); (b) Electrostatic
map of the Subunit I and II after docking obtained from the homology models.
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Table 1. CD data obtained fitting CD spectra (Figure 4) performed in 10 mM KH,PO, at pH 4.5
(black) increasing Ca®" concentrations up to 10 mM (blue), 50 mM (green) and 100 mM CaCl,

(yellow).
10 mM KH,PO4 10 mM KH,PO4 10 mM KH,PO; 10 mM KH,PO4
pH 4.5 pH45+10 pH4.5+50 pH 4.5+ 100
mM CaCl, mM CaCl, mM CaCl,
Alpha Helix 10.9 9.9 5.1 53
Antiparallel 34.2 34.6 36.3 36.2
Parallel 0.0 0.0 0.0 0.0
Turns 13.0 13.3 14.3 14.0
Others 41.9 42.2 44.2 44 .4
RMSD 0.0149 0.0192 0.0283 0.0229
NRSMD 0.00969 0.01356 0.03911 0.02654

23



Paper VII



Enhanced Direct Electron Transfer of Fructose Dehydrogenase Rationally
Immobilized on 2-Amino Anthracene Diazonium Cation Grafted Single-Walled

Carbon Nanotube Based Electrode

Paolo Bollella*®, Yuya Hibino®, Kenji Kano®, Lo Gorton®*, Riccarda Antiochia®*

“Department of Chemistry and Drug Technologies, Sapienza University of Rome P.le Aldo Moro 5,
00185 — Rome, Italy

®Department of Analytical Chemistry/Biochemistry, Lund University, P.O. Box 124, 221 00 —
Lund, Sweden

‘Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto University, Sakyo,
Kyoto 606-8502, Japan

ABSTRACT

In this paper, an efficient direct electron transfer (DET) reaction was achieved between fructose
dehydrogenase (FDH) and a glassy carbon electrode onto which anthracene modified single walled
carbon nanotubes were deposited. The SWCNTs were in situ activated with a diazonium salt
synthesized through the reaction of 2-amino anthracene with NaNO, in acidic media (0.5 M HCI)
for 5 min at 0 °C. After the in situ reaction, the 2-amino anthracene diazonium salt was
electrodeposited by running cyclic voltammograms from +1000 mV to -1000 mV vs. Ag|AgClg,.
The anthracene-SWCNT modified glassy carbon electrode was further incubated in a FDH solution
to allow the enzyme to adsorb. Cyclic voltammograms of the FDH modified electrode revealed two
couple of redox waves possibly ascribed to the heme ¢; and heme ¢; of the cytochrome domain. In
the presence of 10 mM fructose two catalytic waves could clearly be seen and were correlated with
the two heme ¢:s, with a maximum current density of 485 pA cm™ at 0.4 V vs. AglAgClyy at a
sweep rate of 10 mVs™'. In contrast, for the plain SWCNT modified glassy carbon electrode only
one catalytic wave and one couple of redox waves were observed. Adsorbing FDH directly onto a
glassy carnon electrode showed no non-turn over electrochemistry of FDH and in the presence of
fructose only a slight catalytic effect could be seen. These differences can be explained by
considering the hydrophobic pocket close to heme c¢; and heme ¢; of the cytochrome domain at
which the anthracenyl aromatic structure could interact through m-rt interactions with the aromatic

side chains of the amino acids present in the hydrophobic pocket of FDH.



KEYWORDS: fructose dehydrogenase (FDH), 2-aminoanthracene (2-ANT), diazonium coupling,
hydrophobic pocket, single-walled carbon nanotubes (SWCNTs)



INTRODUCTION

In the last decades, the mechanism of the direct electron transfer (DET) reactions of several redox
proteins have been widely investigated in order to gain fundamental bioelectrochemical knowledge
but also to develop 3™ generation biosensors and enzymatic fuel cells (EFCs) based on DET."®
DET reactions have been observed both for smaller electron transfer redox proteins’ such as
cytochrome ¢*, azurin’, ferredoxin, as well as for a whole range of the larger more complex redox

enzymes of great relevance in recent studies of biosensors and biofuel cells, e.g., hydrogenases'*'?
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cellobiose dehydrogenase,'*™® multi-copper oxidases, peroxidases,'* ! fructose dehydrogenase

(FDH)**°, alcohol PQQ dehydrogenase’’ ', sulphite oxidase®™’ etc. Nevertheless, several
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strategies to improve DET like the deglycosylation®*® or bioengineering of redox enzyme and
g g y

the electrode nanostructuration™™* by using both carbon or metal nanomaterials (e.g. carbon
nabotubes, graphene, metal nanoparticles, highly porous gold etc.).***

Among the carbon nanomaterials, single-walled carbon nanotubes (SWCNTSs) have a very well
defined cylindrical geometry and are readily synthesized with a diameter in the nanometer range.*’
Their high conductance, tensile strength, and chemical stability have attracted much attention for
the development of electronic devices.”® They can be prepared by variety of methods, and recently,
significant progress has been made in both their chemical functionalization and their
manipulation.”’ Although graphitic side-wall functionalization will unavoidably lead to a disruption
of the nanotube delocalized system, this offers a convenient and controllable means of tethering
molecular species or proteins.””> E.g., SWCNTs can be functionalized by using EDC-NHS
covalent coupling, glutaraldehyde or other cross-linkers, or chemical modification with aryl
diazonium salts etc.”*°

Covalent modification of carbon surfaces via electrochemically reductive adsorption of aryl
diazonium salts has attracted wide attention for the development of new electrode platforms used
both as biosensors and as EFCs.””® The modification of electrodes with aryl diazonium salts is
achieved by a one electron reductive adsorption of the aryl diazonium salt either in acetonitrile or
aqueous acid solutions with a pH below 2.%' The reductive adsorption of aryl diazonium salts can be
performed through the use of cyclic voltammetry.*

This approach to nanostructure the electrode surface has been exploited by Armstrong and co-
workers, where 2-anthracenecarboxylic acid was electrodeposited onto a multi-walled carbon
nanotube (MWCNT) modified electrode surface to orient laccase from Trametes versicolor through

the m-m interaction between the anthracenyl groups available onto the electrode surface and the

aromatic groups present in the hydrophobic pocket of the enzyme, greatly facilitating an enhanced



DET reaction without enzyme activity loss.*> This approach has been widely used in the last 10
years to obtain high potential cathode for EFCs.**®® In this work we consider a linker able to
penetrate and remain in the hydrophobic region of FDH in a similar way as was used for multi-
copper oxidases and thus provide the equivalent of an ‘electric plug’ to achieve a faster DET, useful
for biosensors and EFCs development.®’

Fructose dehydrogenase (FDH, EC 1.1.99.11) from Gluconobacter japonicus has been widely
exploited to develop biosensors based on mediated and direct electron transfer as well as bioanode

for enzymatic fuel cells (EFCs).”* 77!

FDH is a membrane-bound flavocytochrome oxidoreductase
also belongs to the hemoflavoproteins family.”” FDH from Gluconobacter japonicus NCBR 3260 is
a heterotrimeric membrane-bound enzyme complex with a molecular mass of 146.4 kDa, consisting
of three subunits: viz., subunit I, which is equivalent to the catalytic dehydrogenase domain, DHgpy,
with a covalently bound flavin adenine dinucleotide (FAD) cofactor, where D-(-)-fructose is
involved in a 2H/2¢” oxidation to 5-dehydro-D-(-)-fructose; subunit II, which is equivalent to the
cytochrome domain, CY Trpy, which acts as a “built-in” electron transfer domain®’ with three heme
¢ moieties covalently bound to the enzyme scaffold and two of them are involved in a sequential

one by one electron transfer pathway” ”*; and subunit III, which is not involved in the electron
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transfer but plays a key role for the enzyme complex stability.

OO NaNO,/HCI OO
—_—— +
ice bath
® ®
NH, Ne

Figure 1. Schematic representation of the reaction pathway and synthesis of 2-aminoanthracene diazonium (2-ANT)
salt and electroreduction on single-walled carbon naotubes (SWCNTSs) performed by using cyclic voltammetry from

+1000 mV to -1000 mV vs. Ag|AgCly at 100 mV s™.

In this paper, we aim at obtaining an efficient DET reaction pathway between FDH and a
SWCNTs/GC electrode further modified through diazonium coupling of an aromatic compound. In
particular, we have electrodeposited anthracene onto SWCNTs through electroreduction of 2-
aminoanthracene diazonium (2-ANT) by using cyclic voltammetry from +1000 mV to -1000 mV
vs. Ag|AgClg, at 100 mV s™', according to the electrochemical reduction mechanism reported in
Figure 1. Next the electrode was further modified through drop-casting of FDH allowing the

interaction between the aromatic anthracenyl groups available onto the electrode surface and the



hydrophobic pocket within the enzyme. This region is located on subunit II of FDH leading to the
improvement of DET reactions of the enzyme probably shortening the distance between the
prosthetic groups (e.g. heme), deeply buried, and the electrode surface.” The redox potential of
each heme has been carefully determined both by cyclic and square wave voltammetry in order to
establish which heme was highly exposed toward the electrode surface with this modification.
Finally, the kinetics and analytical properties of 2-ANT/SWCNTs/GC have been thoroughly
investigated to prove the advantages of using this electrode platform both as 31 generation

biosensor and EFCs bioanode.
EXPERIMENTAL SECTION

Chemicals

2-aminoanthracene (2-ANT), sodium nitrite (NaNQO;), hydrochloric acid (HCI), D-(-)-fructose,
sodium acetate (NaAc), sodium hydroxide (NaOH), single-walled carbon nanotubes (SWCNTs)
were purchased from Sigma Aldrich (St. Louis, MO, USA). D-Fructose dehydrogenase from
Gluconobacter japonicus (FDH; EC 1.1.99.11) was purified from the culture supernatant of
Gluconobacter japonicus NBRC 3260 obtained from the National Institute of Technology and
Evaluation (Nishinomiya, Hyogo Pref., Japan), and solubilized in PBS buffer pH 6 (50~500 mM)
containing 0.1 mM 2-mercaptoethanol and 0.1% v/v Triton X-100 (volumetric activity measured
with potassium ferricyanide at pH 4.5 = 420+30 U mL ™, specific activity = 25030 U mg™', protein
concentration = 1.7+0.2 mg mL™").”> All solutions were prepared using Milli-Q water (R = 18.2

MQ cm at 25 °C; TOC < 10 pg Lfl, Millipore, Molsheim, France).

Electrode Modification

Glassy carbon (GC) electrodes (Bioanalytical Systems Inc., West Lafayette, IN, USA, =3 mm;
Ageometric=0.073 cm?®) were polished with aqueous alumina (Al,O3) slurry (Struers, Copenhagen,
Denmark) solution in decreasing size, 1 and 0.1 mm, for 5 min and ultra-sonicated in Milli-Q water
for 5 min and dried under a stream of N.

FDH/GC electrode — 3 pL of an FDH solution were drop-cast onto the electrode surface.
FDH/2-ANT/GC electrode — GC electrode was immersed into an ice cold 1 mM solution of 2-
aminoanthracene (2-ANT) diazonium cation in situ generated, purged with argon for 20 min to
achieve anaerobicity. After, the aryl diazonium cation was electrochemically reduced by scanning

the potential between +1000 mV and — 1000 mV vs. Ag|AgCly, at 100 mV s for two cycles.



Finally, the electrode was abundantly rinsed with Milli-Q water, dried under a stream of N, and 3
uL FDH solution were drop-cast onto the so modified electrode surface.’

FDH/SWCNTs/GC electrode - 3 uL of an SWCNTSs aqueous suspension (30 mg mL™), previously
ultra-sonicated for 1 week, was drop-cast onto the electrodes and let it dry at room temperature.
Thus, 3 pL of an FDH solution were drop-cast onto the electrode surface.
FDH/2-ANT/SWCNTs/GC electrode - 3 pL of an SWCNTs aqueous suspension (30 mg mL™),
previously ultra-sonicated for 1 week, was drop-cast onto the electrodes and let it dry at room
temperature. The modified electrode was further immersed into the 2-aminoanthracene (2-ANT)
diazonium cation solution and electrochemically reduced as above. After rinsing, 3 pL of an FDH
solution were drop-cast onto the electrode surface.’®

The in situ-generated 2-aminoanthracene diazonium cation solution was prepared by mixing a 0.5
mM HCl:ethanol (50 % v/v) solution containing 1 mM 2-aminoanthracene and 5 mM NaNO; for 5

min, under stirring.

SEM Characterization

Scanned electron microscopy (SEM) measurements were performed with a JSM-7600F Schottky
Field Emission Scanning Electron Microscope (JEOL Nordic AB, Sollentuna, Sweden). All
samples were prepared according to the electrode modification protocol, reported above, using
glassy carbon plates (25 x 25 x 1 mm, ALS Co. Ltd., Tokyo, Japan) instead of GC electrodes. In
particular, two samples namely SWCNT/GC and 2-ANT/SWCNT/GC were analysed. The samples
were paced on a clip SEM sample holder (JEOL Nordic AB).

Electrochemical measurements and apparatus

Cyclic voltammetry (CV) experiments were carried out using a Autolab potentiostat (model
PGSTAT30, Metrohm Autolab B.V. Ecochemie, Utrecht, The Netherlands) equipped with GPES,
version 4.9. A conventional three-electrode electrochemical cell was used for all experiments
performed with an Ag|AgCl (sat. KCl) as reference electrode, a platinum wire as counter electrode
and a modified glassy carbon electrode as working electrode. Square wave voltammetry (SWV)
experiments were performed using a PalmSens potentiostat (model Emstat2, Palm Instruments BV,
Utrecht, The Netherlands) equipped with PSTrace, version 4.5. All measurements were performed
under temperature control by using a cryostatic bath (T = 0.01 °C, LAUDA RMS6, Delran, NJ,
USA).

Flow injection experiments were performed with a three electrode potentiostat (Ziata Elektronik,

Hoor, Sweden). The enzyme-modified GC electrode, inserted into a wall-jet flow-through



amperometric cell’’ and positioned at a constant distance (1-2 mm) from the inlet nozzle, was used
as working electrode, an Ag|AgCl (0.1 KCI) electrode as reference electrode and a platinum wire as
counter electrode. The electrochemical cell was connected to a flow injection system consisting of a
peristaltic pump (Gilson, Villier-le-Bel, France) and a six-port valve electrical injector (Rheodyne,
Cotati, CA, USA). A 50 pl aliquot of the substrate was applied by a loop mounted onto the injector.
The resulting electrical current was recorded on a strip chart recorder (Kipp & Zonen, Utrecht, The

Netherlands).

RESULTS AND DISCUSSION

Electrochemical reduction of in-situ generated 2-aminoanthracene diazonium cation

GC and SWCNTs/GC electrodes were grafted with in-situ generated 2-aminoanthracene diazonium
cations as previously described in order to access directly the hydrophobic region of FDH located in
the subunit II close to the heme ¢ moieties and enhance the DET reaction of FDH occurring at the
electrode surface. After the preliminary in-situ generation of the 2-aminoanthracene diazonium
cations, the electrochemical reduction was performed by scanning the potential between +1000 mV
and — 1000 mV vs. Ag|AgClsat at 100 mV s™ for two cycles as outlined in Figure la and b, on GC
and GC/SWCNTs, respectively.

Figure 2A and B present CVs showing the electrochemical reduction of the 2-aminoanthracene
diazonium salt on GC and SWCNTSs/GC, respectively. In the first case, the CV showed one wave in
the first scan (black curve) with a potential close to -0.090 V vs. Ag|AgClsy, which partially
disappeared in the second scan (red curve), indicating that the GC surface was partially covered by
2-aminoanthracene diazonium salt. In the latter case, the CV showed two waves in the first scan
(black curve) with a potential close to +0.070 V and -0.145 V vs. Ag|AgCls,, which totally
disappeared in the second scan (red curve), indicating that the SWCNTs/GC surface has been
totally covered by 2-aminoanthracene diazonium salt. This aryl amine provides a rigid,
hydrophobic, mt-electron conductor with the right length, width and projection angle to insert snugly
into the hydrophobic region of FDH.

The SWCNTs/GC electrodes were characterized with SEM microscopy before and after the
electrodeposition of 2-aminoanthracene diazonium salt in order to investigate possible
morphological changes occurring at the electrode surface, as shown in Figure 2C and D.
Unfortunately, it was not possible to appreciate any difference because the instrument could not

reach the atomic resolution to distinguish between the anthracenyl groups and the SWCNTs.



Cyclic Voltammetric Characterization of GC Modified Electrodes

To investigate the role of the anthracenyl groups on the catalytic current density, several CV
experiments have been performed in absence and in presence of D-(-)-fructose. In several papers, it
has been proven that the orientation of the enzyme is a key issue to obtain an efficient DET reaction
due to the enzyme structure, especially considering the access to a particular part of the enzyme
(e.g. a hydrophobic region) giving a correct immobilization strategy beneficial both for the
development of biosensors and EFCs.**%

Figure 3A shows the CV for FDH/GC modified electrode in non-turnover conditions in a 50 mM
NaAc buffer at pH 4.5, where it is not possible to observe any redox wave related to a DET reaction
of heme ¢ probably due to the random orientation of FDH onto the electrode surface and the low
roughness of glassy carbon electrode not allowing a high enzyme loading. After the addition of 10
mM D-(-)-fructose, the FDH/GC modified electrode showed a slight electrocatalytic wave starting
at Eonser = -0.058 V vs. Ag]AgCly, rising up to 18 pA cm™ at 0.4 V vs. Ag|AgClgy, as shown in
Figure 3B.

Afterwards, the GC electrode was modified electrodeposition of the 2-aminoanthracene diazonium
cation in order to highlight the effect of the anthracenyl group on the orientation of FDH. The CV
of the FDH/2-ANT/GC modified electrode in 50 mM NaAc at pH 4.5 is depicted in Figure 3C,
showing a couple of redox waves with a formal potential of E”’= -0.002 V vs. Ag]AgCly, and
another wave in the forward scan at a potential of E= +0.140 vs. Ag|AgClsy, which are actually
close to the values reported in literature” for heme c¢3 (E=-0.010 Vvs. Ag|AgCly,) and heme ¢
(E”= +0.150 V vs. Ag|AgCl,), respectively. These results could be ascribed to the interaction
between the anthracenyl groups exposed onto the electrode surface and the hydrophobic region of
FDH located on the subunit II of the enzyme. However, the modified electrode was tested in the
presence of the substrate showing an electrocatalytic wave starting at Eonsgr= + 0.028 V vs.
Ag|AgClgy rising up to 13.3 pA cm™ at 0.4 V vs. AglAgCls,, as shown in Figure 3D. Despite the
great results obtained in non-turnover conditions for FDH/2-ANT/GC modified electrode, the
electrocatalytic wave showed a lower current density values compared to that of the FDH/GC
electrode probably due to the low amount of anthracenyl groups grafted onto the electrode surface
not enough to orient all FDH molecules and the low roughness of the electrode surface.

In order to enhance the roughness of the electrode surface, the following experiments have been
performed modifying the GC electrodes with SWCNTs. Figure 4A shows the CV for an
FDH/SWCNTs/GC modified electrode in non-turnover conditions (50 mM NaAc buffer at pH 4.5),
where it is possible to observe a couple of redox waves with a formal potential of E*’=+0.142 V vs.

Ag|AgCly close to the formal potential of heme ¢; (E”=+0.150 V vs. Ag|AgClyy), as reported in



the literature”. This result is ascribable to the random orientation of FDH onto the electrode surface
and to the position of heme c;, which is probably close to the edge of the enzyme. After the addition
of 10 mM D-(-)-fructose, the FDH/SWCNTs/GC electrode showed a great electrocatalytical wave
starting at Eonser= -0.052 V vs. Ag|AgClgy rising up to 223 pA cm™ at 0.4 V vs. Ag|AgCly,, as
shown in Figure 4A. The great electrocatalytical wave is probably due to the high enzyme loading
directly related with the enhanced roughness of the electrode surface achieved with the deposition
of the SWCNTs.

Finally, the CV of an FDH/2-ANT/SWCNTs/GC modified electrode in 50 mM NaAc at pH 4.5 is
depicted in Figure 4B, showing two couples of redox waves with a formal potential of E”’= -0.006
V vs. Ag|AgClgy and of E”’=+0.169 V vs. Ag|AgCl,, respectively. In both cases, the E°” values of
the redox waves are in agreement with the E°” of heme ¢3 (E=-0.010 V vs. Ag|AgCls,) and heme ¢,
(E0’= +0.150 V vs. Ag|AgClsat)73. Afterwards, the modified electrode was tested in the presence of
substrate, showing a larger electrocatalytical wave compared to that of the SWCNTs/GC starting at
Eonser= -0.095 V vs. Ag|AgClyy rising up to 485 pA cm™ at 0.4 V vs. Ag|AgCly, as shown in
Figure 4B. In the overall electrocatalytic wave, it is possible to clearly distinguish two
electrocatalytic waves ascribable to heme ¢; and c3 highlighting the contribution of each heme to
the electron transfer mechanism and therefore also individually to the electrocatalytical wave. This
result could be explained with the enhanced roughness of the electrode surface improving the
enzyme loading and the correct orientation of FDH due to the interaction between the anthracenyl
group and the hydrophobic part of subunit II. In particular, the interaction occurs between the
aromatic rings of the anthracenyl group and the aromatic rings available on the side chain of the
amino acids present into the hydrophobic portion of subunit II (zx-w interaction).”®

The effect of the scan rate of the CVs was investigated for the non-turn over DET reaction of the
immobilized FDH at the SWCNTs/GC and 2-ANT/SWCNTs/GC electrodes. The CVs at different
scan rates for FDH/SWCNTs/GC and FDH/2-ANT/SWCNTs/GC are presented in Figure 4A and B,
respectively. It is possible to see that the anodic and cathodic peak current densities were linearly
dependent on the scan rate in the range between 2 and 100 mV s ', shown in the insets of both
Figure 4A and B, indicating a surface controlled electrochemical process.

Further analysis of the CVs allowed to calculate the apparent heterogeneous electron transfer rate
constants (k) for the redox reaction between FDH and SWCNTs/GC, considering the peak current
for heme c; (Figure 5A), and 2-ANT/SWCNTSs/GC, considering both peak currents for heme ¢; and
¢3 (Figure 5B), using Laviron's method.”’ From the slopes of the linear part of the trumpet plot (data
not shown), the a values can be determined and found to be 0.43 for the SWCNTs/GC electrode,
0.60 (heme c;) and 0.37 (heme c3) for the 2-ANT/SWCNTs/GC modified electrode. Thereafter, the



ks values were calculated according to Laviron's derivation of the Butler-Volmer theory (Eq. (1))
and resulted in 2.5 + 0.1 s~' for the SWCNTSs/GC electrode, and 3.7 + 0.3 s (heme ¢;) and 4.2 +
0.6 5" (heme c3) for the 2-ANT/SWCNTs/GC electrode (v between 2 and 100 mV s ):

log k=a log(1 — a)+(1 — a)log(RT /nFv)—a (1 — a)nFAEp/2. 3RT (1)

where a is the electron transfer coefficient, n is the number of electron, AEp is the separation of the
redox peak potentials, v the scan rate and F, T and R have their usual meanings (F=96.495 C mol ';
T=298 K; R=8.31 Jmol ' K™").””

By integrating of the redox peaks relative to the DET of heme ¢ depicted in Figure 5A (scan 2 mVs’
" for the SWCNTs/GC electrode and in Figure 5B (scan 2 mVs™") for the 2-ANT/SWCNTs/GC
electrode, it was possible to evaluate the enzyme surface coverage using the Faraday’s law®

(Equation (2)):

= Q/(nFA) )

where I is the total surface concentration of electroactive enzyme (mol cm™), A the electrode area
(cm?), F the Faraday’s constant (96 495 C mol of electrons), Q the charge under the redox wave
and n the number of electrons. I'r resulted to be 19.4+0.7 nmol cm™ and 9.120.3 nmol cm™ for the
FDH/SWCNTSs/GC electrode and the FDH/2-ANT/SWCNTs/GC electrode, respectively. Despite
the lower amount of FDH immobilized onto the 2-ANT/SWCNTs/GC electrode, this electrode
showed better performance in terms of electron transfer rate, which resulted in a twice higher value
compared to that of the SWCNTs/GC electrode. This result could be ascribed to a correct
orientation of the FDH molecules on the 2-ANT/SWCNTs/GC electrode compared to the random
orientation of FDH on the SWCNTSs/GC electrode, achieved through the interaction between the
anthracenyl groups immobilized onto the electrode surface and the aromatic groups present in the

hydrophobic portion of subunit II of FDH.

SWV characterization of GC modified electrodes

After careful CV characterization performed both in the absence and the presence of substrate,
several SWV experiments were performed in 50 mM NaAc at pH 4.5 with the different electrode
platforms to unequivocally prove the role of the anthracenyl groups on the orientation of FDH

through its hydrophobic region, as shown in Figure 6. The peaks herein reported were integrated
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allowing the determination of the width at half-height (FWHM), which is proportional to the

number of electrons involved in the faradic process according to equation (3):

FWHM = 3.53RT/nF 3)

where F, T and R have their usual meanings (F=96.495 C mol'; T=298 K; R=8.31 J mol ' K') and
n is the number of electrons involved in the faradic process.’ By considering the FDH/2-
ANT/SWCNTSs/GC electrode, it was possible to clearly identify two redox peaks both ascribable to
heme c:s, since the FWHM resulted in values close to 90 mV (Table 1). Both peak potentials were
actually close to the values reported in the literature for heme c¢; and heme c3;. Moreover, the other
electrode platforms showed only redox peaks related to heme ¢; due to the random orientation of
FDH onto the SWCNTs/GC and the GC electrodes and the low roughness of the electrode surface
as in the case of the 2-ANT/GC electrode.

All the electrochemical parameters determined using SWV have been summarised in Table 1,
showing unequivocally the role of the anthracenyl groups for the orientation of FDH allowing a
deeper investigation of the internal electron transfer (IET), since different co-factors seem to be

involved in the DET mechanism according to the orientation.”®

Kinetic characterization of GC modified electrodes

The amperometric response to fructose was studied by injecting fructose solutions at different
concentrations by using the flow injection analysis (FIA) system, in order to investigate the
electroanalytical and kinetic parameters of the FDH/2-ANT/SWCNTs/GC electrode platform. The
FDH/2-ANT/SWCNTs/GC electrode showed the shortest response time (3 s), probably due to the
correct orientation of FDH onto the electrode surface through the m-;t interaction between the
anthracenyl groups and the hydrophobic region of FDH. Moreover, the calibration curve showed a
linear range between 0.05 and 5 mM (R” = 0.998, n = 5) with a sensitivity of 47 = 1 pA mM™ ecm?,
as shown in the inset of Figure 7A. The detection limit for the FDH/2-ANT/SWCNTs/GC electrode
was found to be 0.9 uM, calculated using the relation 30/S, where o is the absolute standard
deviation of the intercept and S is the slope of the calibration curve. The analytical performance of
the FDH/2-ANT/SWCNTs/GC electrode and the kinetic parameters are listed in Table 2. The
apparent kinetic parameters (Jynax, Km™") are in good agreement with the values reported in the
literature for nanostructured electrodes.” 7* *

Finally, the stability and lifetime of the FDH/2-ANT/SWCNTs/GC electrode was evaluated using

the FIA system by monitoring the signal decrease within 60 days when the biosensor is used for one
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measurement per day, as shown in Figure 7B. The modified biosensor seems to retain about 90% of
its initial activity after 60 days, probably due to the stability of the enzyme layer directly related to
the correct orientation of FDH onto the electrode surface and the strength of the m-m interaction
between the anthracenyl groups and the aromatic groups in the side chain of the amino acids present

in the hydrophobic region’® as was previously also shown for laccase®.

CONCLUSIONS

We demonstrate unequivocally the possibility to access the hydrophobic region of FDH by
exploiting the m-m interaction between an anthracenyl group immobilized onto the electrode surface
and the aromatic groups in the side chain of the amino acids present in the hydrophobic region. This
electrode modification is easy to perform and time-saving. Furthermore, the FDH/2-
ANT/SWCNTs/GC electrode platform showed two clearly separated electrocatalytic waves
ascribable to heme c; and heme c3, which play key roles in the ET mechanism with the enzyme in
the current orientation. The overall electrocatalytic wave for the proposed electrode platform
resulted in a current density of 485 pA cm™ at 0.4 V vs. Ag|AgCly,, underling the positive features
of this electrode modification both as a potential fructose biosensor, showing fast-response time, a
great stability (about 90% of retained signal after 60 days), selectivity and sensitivity (47 = 1 pA
mM"' cm™) with the lowest detection limit (0.9 pM), or EFCs bioanode considering the great

electrocatalytical wave and the low Eonsgr close to -100 mV vs. Ag|AgClg,.
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Figure 2. (A) CVs of GCE in 1 mM 2-Amino-anthracene solution with 5 mM NaNO, in a 0.5 M HCI solution scanning
the electrode from +1000 to -1000 mV vs. Ag|AgCly, at 100 mV s for 2 cycles (scan 1: black curve; scan 2: red
curve), purged previously for 20 min with Ar to achieve anaerobicity; (B) CVs of SWCNT/GCE in 1 mM 2-Amino-
anthracene solution with 5 mM NaNO, in a 0.5 M HCI solution scanning the electrode from +1000 to -1000 mV vs.
Ag|AgCly, at 100 mV s for 2 cycles (scan 1: black curve; scan 2: red curve), purged previously for 20 min with Ar to

achieve anaerobicity; SEM pictures (C) before and (D) after electroreduction of 2-Amino Anthracene diazonium salt

onto SWCNTs/GC modified electrodes.
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Figure 3. (A) CV of FDH/GC in 50 mM NaAc buffer pH 4.5 without substrate at 10 mV s™'; (B) CVs of FDH/GC in 50
mM NaAc buffer pH 4.5 in absence (black) and in presence of 10 mM D-(-)-fructose at 10 mV s™'; (C) CV of FDH/2-
ANT/GC in 50 mM NaAc buffer pH 4.5 without substrate at 10 mV s (D) CVs of FDH/2-ANT/GC in 50 mM NaAc
buffer pH 4.5 in absence (black) and in presence of 10 mM D-(-)-fructose at 10 mV s™'. All measurements have been

carried out at T= 25 °C.
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Figure 4. (A) CVs of FDH/SWCNTs/GC in 50 mM NaAc buffer pH 4.5 in absence (black) and in presence of 10 mM
D-(-)-fructose at 10 mV s™'; (B) CVs of FDH/2-ANT/SWCNTs/GC in 50 mM NaAc buffer pH 4.5 in absence (black)

and in presence of 10 mM D-(-)-fructose at 10 mV s'. All measurements have been carried out at T= 25 °C.
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Figure 5. (A) CVs of FDH/SWCNTs/GC in 50 mM NaAc pH 4.5 at different scan rates from 2 mV s™ to 100 mV s™,

inset: current densities of the anodic peak (J,,) and cathodic peak (J,;) vs. scan rate (v); (B) CVs of FDH/2-

ANT/SWCNTSs/GC in 50 mM NaAc pH 4.5 at different scan rates from 2 mV s to 100 mV s™,

inset: current densities

of the anodic peak (J,,) and cathodic peak (J,) vs. scan rate (v) for peak 1 (red) and peak 2 (black). All measurements

have been carried out at T= 25 °C.
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vs. Ag|AgClg,. All measurements have been carried out at T= 25 °C.
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Table 1. Electrochemical parameters obtained by using SWV. Experimental conditions: 50 mM NaAc buffer pH 4.5 at
f=1 Hz Amp.= 10 mV between -150 mV and +220 mV vs. Ag|AgClg, T =25 °C.

Epl/ mV Epz / mV Wl/zpl / mV Wl/zpz / mV Eo’pll mV Eo’pzl mV
GCE bare . +125 + 3 - 83+2 - -
2-ANT - +106 £ 5 - 78 £ 1 - -
SWCNT - +119+ 1 - 86+3 - +142 + 4
SWCNT+2-

+15+£2 +109 =7 81 £2 92 +4 -6+2 +169+5
ANT

Table 2. Electrochemical and kinetics parameters of the FDH/2-ANT/SWCNTs/GC electrode.

FDH/2-ANT/SWCNTs/GC

Eapp/ (V vs. Ag|AgClyy) +0.250
Ky™"/mM 79+04
Jmax/NA cm 2 592+ 11
LOD/pM 0.9
Linear range/mM 0.05-5
Sensitivity/pA mM ™" ¢cm™ 47 + 1
R’ 0.99

23



GRAPHICAL ABSTRACT

NaNO /HCI
ice bath
NHZ
e-
7 Q >+
4 D-fructose
~7~" | CYTeon
7 /\/\ D H FDH p\Z-ke‘l’o-b-fr‘ucfose
7~ ’
e
~ ;o
7~ hL
< Y <
<~/ . Hydrophobic E

] region

24




Paper VIII



Highly Sensitive Membrane-less Fructose Biosensor Based on Fructose Dehydrogenase
Immobilized onto Aryl Thiols Modified Highly Porous Gold Electrode:

Characterization and Application in Food Samples

Paolo Bollella*®, Yuya Hibino®, Kenji Kano®, Lo Gorton™*, Riccarda Antiochia™*
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Abstract

In this paper we present a new method to electrodeposit highly porous gold (h-PG) onto a
polycrystalline solid gold electrode without any templates. The electrodeposition is carried
out by first cycling the electrode potential between +0.8 and 0 V in 10 mM HAuCly with 2.5
M NH4CI and then applying a negative potential for the production of hydrogen bubbles at
the electrode surface. After that the modified electrode was characterized in sulphuric acid to
estimate the real surface area (A4.) to be close to 24 cm?. The electrode was further
incubated overnight with different thiols in order to produce self assembled monolayers
(SAMs), i.e., 4-mercaptobenzoic acid (4-MBA), 4-mercaptophenol (4-MPh), and 4-
aminothiophenol (4-APh), in order to obtain differently charged electrode surfaces. Finally a
fructose dehydrogenase (FDH) solution was drop-cast onto the electrodes. All the modified
electrodes were investigated by cyclic voltammetry both under non-turnover and turnover
conditions revealing the best performance for the FDH/4-MPh/h-PG observing a clear
electrochemistry of both heme ¢, and heme c; of the cytochrome domain of FDH and as well
a great catalytic efficiency (about 1000 pA cm™ in the presence of 10 mM fructose) an effect
of correct orientation of FDH through the electrostatic interactions between enzyme and
SAM and the stabilization of FDH due to the presence of —OH groups on the electrode
surface. The FDH/4-MPh/h-PG based electrode showed the best analytical performances with
an excellent stability (90% retained activity over 90 days), a detection limit of 0.3 uM, a

linear range between 0.05 and 5 mM, and a sensitivity of 175+15 pA cm > mM . These



properties were favourably compared with other fructose biosensors reported in the literature.
The biosensor was successively tested to quantify the fructose content in food and beverage

samples. No significant interference present in the sample matrices was observed.

Keywords: highly porous gold (h-PG), 4-mercaptophenol (4-MPh), fructose dehydrogenase
(FDH), fructose biosensor, direct electron transfer (DET)
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1. Introduction

In the last decades direct electron transfer (DET) reactions between redox enzymes and
electrodes has been widely investigated to develop both 3rd generation biosensors and biofuel
cells (Falk et al. 2012; Freire et al. 2003; Ghindilis et al. 1997; Gorton et al. 1999; Gray and
Winkler 1996; Leger and Bertrand 2008; Wu and Hu 2007; Zhang and Li 2004). Although
there are a lot of papers dealing with DET, most redox enzymes do not show DET properties
mainly because the prosthetic (e.g. FAD, PQQ) and redox (e.g. heme b, heme ¢) co-factors
are deeply buried within the protein structure (Frew and Hill 1988; Gorton et al. 1999;
Schuhmann 2002). Nevertheless, a lot of efforts have been addressed towards nano-
structuration of electrode surfaces in order to improve DET reactions as an effect of enlarging
the surface area, which would contribute to increasing the enzyme loading (Holzinger et al.
2014; Wang 2005b) as well as the possibility for chemical modification (e.g., self-assembled
monolayer SAM, diazonium coupling etc.) enabling a correct orientation of the enzyme onto
the electrode surface to minimize the distance between the bound cofactor and the electrode
surface (Chekin et al. 2015; Gooding 2008; Gooding and Ciampi 2011; Samanta and Sarkar
2011).

A lot of nanomaterials have been exploited to improve DET (Bollella et al. 2017b; Favero et
al. 2015; Mazzei et al. 2015) such as single- and multi-walled carbon nanotubes (Chekin et al.
2015; Gooding 2005; Wang 2005a), graphene (Bollella et al. 2017a; Carbone et al. 2015),
highly-/nano-porous gold (Du Toit and Di Lorenzo 2014; Sanz6 et al. 2016) and metal



nanoparticles (Bollella et al. 2017c; Bollella et al. 2017d; Pingarron et al. 2008; Yanez-
Sedeno and Pingarron 2005). Among the aforementioned nanomaterials, nano-porous gold
(nPG, porous gold with pores in the nanometer range) electrodes represent a very promising
alternative for the development of new implantable bioelectronics (Adiga et al. 2008; Deng et
al. 2008). These electrodes exhibit remarkable properties such as high conductivity, large
surface area, three-dimensional open porosity, and biocompatibility (Dixon et al. 2007).
Besides the nPG electrodes, highly porous gold (hPG) electrodes seem to be even more
promising for the development of highly sensitive biosensors. hPG electrodes present larger
pores (micrometer range) compared to nPG electrodes. In particular, each micropore presents
an internal complex nano-structuration based on nano-pores. As a consequence, hPG
electrodes show a very broad pore size distribution, drastically increasing the surface area and
thus the current densities compared to the conventional nPG based electrodes (Li et al. 2007).
Generally, h-PG can be obtained by using mainly two approaches (Zhang and Olin 2014): the
chemical dealloying or the templating and self-templating methods. Chemical de-
alloying/etching is a corrosive process performed by dissolving metal elements such as Ag,
Sn, and Cu in the alloy except for gold (Siepenkoetter et al. 2016; Xiao et al. 2016).
According to the chemical activity of the elements in the alloys, different reagents such as
nitric acid, hydrochloric acid, or NaOH can be used (Ding et al. 2004). Contrary to the
chemical dealloying, the templating method is a simple approach combining different
techniques like flow-stream technique, sputter deposition and electrochemical methods to
create nano-porous gold films. In this method, there are three main steps: preparation of
template, followed by deposition of gold, and then the removal of the template. Different
templates could be used such as a layer of assembled particles, biologically made templates
or ion etched substrates. Polystyrene latex and silica particles have been widely used to make
assembled particles as templates (Ben-Ali et al. 2003; Gloria et al. 2011; Szamocki et al.
2006; Xia et al. 2011).
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Potential sweeping for 25 times
between +0.8 Vand 0 Vvs. C.E.
Ag|AgCl, atscan rate 50 mV s~
1, T=25°C
10 mM AuCl;-3H,0 in NH,CI 10 mM AuCl; - 3H,0 in NH,C1 10 mM AuCl; - 3H,0 in NH,C1

Applying fixed potential
of -3V vs.AglAgCl,. C.E.
T=25°C

Scheme 1. Schematic representation of the electrodeposition method for h-PG performed in two steps: potential
sweeping for 25 scans between +0.8 V and 0 V vs. Ag|AgClg, at a scan rate of 50 mV s, applying a fixed
potential of -3 V vs. Ag|AgCl, for 120 s in 10 mM AucCl; solution containing 2.5 M NH,Cl.

In contrast to previous methods, self-templating methods present two steps: gold
electrodeposition and gas bubbling used as self-template. Accordingly we have developed a
novel two step method, where first a layer of gold is electrodeposited onto the electrode
surface followed by hydrogen bubbling at the electrode realized through applying a really
negative potential in a solution containing NH4Cl as supporting electrolyte and hydrogen
source. This technique is a really time saving and cost-effective way to produce highly
porous gold avoiding all removal steps or chemical dissolution like in the dealloying
procedures (Hsu et al. 2008; Plowman et al. 2015; Siepenkoetter et al. 2016; Siepenkoetter et
al. 2017, Tsai et al. 2002; Xiao et al. 2016).

Besides the nano-structuration, also the immobilization of the enzymes is a key issue for the
development of highly sensitive and stable biosensors. There are several immobilization
methods such as drop-casting, physical entrapment, and chemical modification of the
electrode surface by the use of self-assembled monolayers (SAMs) (Chaki and
Vijayamohanan 2002). SAMs are ordered ultrathin organic films obtained through strong
chemisorption between the substrate and the head group of the selected organic molecule.
This procedure has been widely used for studying several fundamental phenomena such as
distance dependent electron transfer (Collinson et al. 1992; Song et al. 1993; Tarlov and
Bowden 1991), mechanism of single electron transistor, and observations of molecular events
such as coulomb staircase etc. (Andres et al. 1996). In addition, the strong inter-chain
interactions ensure a tight packing and stability of the monolayers leading to several
applications including chemical sensing, control of surface properties such as wettability and
friction, corrosion protection, patterning, semiconductor passivation, and optical second order
harmonic generation (Love et al. 2005; Prime and Whitesides 1993; Ulman 1996). Herein, we
have used three different aromatic SAMs based on 4-mercaptobenzoic acid (4-MBA), 4-
mercaptophenol (4-MPh), and 4-aminothiophenol (4-APh) in order to obtain three different



tail groups, viz. -COOH, -OH and —NH, exposed toward the enzyme layer driving the
orientation of the enzyme molecules by means of electrostatic and van der Waals interactions
(Malem and Mandler 1993; Ostuni et al. 1999).

Fructose dehydrogenase (FDH, EC 1.1.99.11) from Gluconobacter japonicus has been
widely exploited to develop fructose biosensors based on mediated and direct electron
transfer (Antiochia and Gorton 2014; Antiochia et al. 2004; Antiochia et al. 2013; Begum et
al. 1993; Khan et al. 1993a; Khan et al. 1992; Khan et al. 1991, 1993b; Kizling et al. 2015;
Parellada et al. 1996; Siepenkoetter et al. 2017; Swann et al. 1997; Tominaga et al. 2009;
Tominaga et al. 2007; Tsujimura et al. 2009) as well as bioanode for enzymatic fuel cells
(EFCs) (Ikeda and Kano 2001, 2003; Kamitaka et al. 2007; Meredith et al. 2011; Miyake et
al. 2011; Murata et al. 2009; Sakai et al. 2009; So et al. 2014). FDH is a membrane-bound
flavocytochrome oxidoreductase also belongs to the hemoflavoproteins family. FDH from
Gluconobacter japonicus NCBR 3260 is a heterotrimeric membrane-bound enzyme complex
with a molecular mass of 146.4 kDa, consisting of three subunits: namely subunit [ (DHgppn),
which is the catalytic domain with a covalently bound flavin adenine dinucleotide (FAD)
cofactor, where D-(-)-fructose is involved in a 2H'/2e” oxidation to 5-dehydro-D-(-)-fructose;
subunit II (CYTrpn), which acts as a built-in electron acceptor with three heme ¢ moieties
covalently bound to the enzyme scaffold and two of them are involved one by one in the
electron transfer pathway; and subunit III, which is not involved in the electron transfer but
plays a key role for the enzyme complex stability (Hibino et al. 2017; Kawai et al. 2013;
Kawai et al. 2016; Kawai et al. 2014; Tsujimura et al. 2010).

The aim of this paper was to improve the DET rate between FDH and a novel developed
highly porous gold electrode, driving the enzyme orientation through the electrostatic
interaction between the enzyme and the different SAMs used. The h-PG electrodes were
produced through a two-step process involving the electrodeposition of a gold layer followed
by hydrogen bubbling at the electrode surface as self-template. Three different platforms
have been compared in order to investigate the effect of the surface charge on the catalytic
efficiency, which in turn is expected to mirror the enzyme orientation: viz. FDH/4-MBA/h-
PG, FDH/4-MPh/h-PG, and FDH/4-APh/h-PG. FDH/4-MPh/h-PG showed the best
performance due to the correct orientation of the enzyme directly related to the electrostatic
attraction between FDH (p/ 6.59 according to the enzymatic sequence) and 4-MPh modified
h-PG (pK, 6.81 according to (Rankin 2009)) and to the role of exposed —OH groups on the
stabilization of immobilized layer FDH on the electrode surface. The electrochemical

characterization and optimization of the fructose biosensor obtained with FDH/4-MPh/h-PG



electrode are herein presented. Finally, the feasibility of the developed biosensor for in-situ

analysis was tested in real food samples.

2. Experimental

2.1 Chemicals and Reagents

4-mercaptobenzoic acid (4-MBA), 4-mercaptophenol (4-MPh), 4-aminothiophenol (4-APh),
ammonium chloride (NH4Cl), sodium acetate (NaAc), hydrochloric acid (HCI), sodium
hydroxide (NaOH), D-fructose, D-glucose, D-galactose, D-mannitol, ascorbic acid, gold
chloride (AuCl; H,O), 3-(N-morpholino)propanesulphonic acid (MOPS), sulphuric acid
(H2S04), 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) were purchased from Sigma
Aldrich (St. Louis, MO, USA). D-Fructose dehydrogenase from Gluconobacter japonicus
(FDH; EC 1.1.99.11) was purified from the culture supernatant of Gluconobacter japonicus
NBRC 3260 obtained from the National Institute of Technology and Evaluation
(Nishinomiya, Hyogo Pref., Japan) ANY REFERENCE?, and solubilized in PBS buffer pH 6
(50~500 mM) containing 0.1 mM 2-mercaptoethanol and 0.1% v/v TritonX-100 (volumetric
activity measured with potassium ferricyanide at pH 4.5 = 420 + 30 U mL ™, specific activity
=250 + 30 U mg”', protein concentration = 1.7 = 0.2 mg mL™"). All solutions were prepared
using Milli-Q water (p= 18.2 MQ cm at 25 °C; Total Organic Compounds (TOC) < 10 g
L, Millipore, Molsheim, France).

2.2 Electrode Preparation and Modification

Polycrystalline gold electrodes (¥=1.6 mm, BASi, West Lafayette, IN, USA) were cleaned
by incubation in Piranha solution for 2 min (1:3 mixture of conc. H,O, with HSOy,
(CAUTION: Piranha solution is especially dangerous, corrosive and may explode if
contained in a closed vessel, it should be handled with special care), then with polishing
cloths with deagglomerated alumina slurry of 1 um diameter (Struers, Ballerup, Denmark),
successively sonicated in ultrapure water for 5 min and finally electrochemically cleaned in
0.5 M H;SO4 by running 20 cyclic voltammograms (CVs) between —0.3 and 1.7 V wvs.
Ag|AgClgy at a scan rate of 0.3 V s and thoroughly rinsed with Milli-Q water between each
polishing step. Au electrodes were successively modified by electrodeposition of highly
porous gold (h-PG) by initially sweeping the potential for 25 scans between +0.8 V and 0 V
vs. Ag|AgClg, at a scan rate of 50 mV s™' and then applying a fixed potential of -3 V vs.



Ag|AgCly in @ 10 mM AuCls solution containing 2.5 M NH4Cl. Then, the modified
electrodes were activated in 0.5 M H,SO4 by running CVs between 0 and +1.7 vs. Ag|AgClga
at a scan rate of 0.1 V s until a well-defined CV was obtained. The real surface area (Areal)
was evaluated by running CVs between 0 and +1.7 vs. Ag|AgCly, at a scan rate of 0.1 V 5™
and integrating the peak related to the formation of gold oxide (amount of charge relative to
the adsorption of oxygen), which was normalized by the reference charge 390+10 uC cm™
reported in the literature (Trasatti and Petrii 1991).

The so modified electrode was next incubated overnight in a 10 mM ethanol solution
containing one of three different thiols: 4-MBA, 4-MPh, or 4-APh, to form a SAM on the
electrode surface. Then, the electrode was thoroughly rinsed with ethanol and dried under a
N, stream. For the biomodification, 3 pL of an FDH solution (1.7 mg mL™") were drop-cast
on the top of the thiol-modified h-PG electrode and allowed to react in a moisturised
atmosphere for 2 h to avoid evaporation of the reactants. Finally, the electrode was gently
rinsed with a 50 mM NaAc buffer (pH 4.5) in order to remove any possible unbound enzyme

molecules.

2.3 SEM Experiments

Scanning electron microscopy (SEM) measurements were carried out with a JSM-7600F
Schottky Field Emission Scanning Electron Microscope (JEOL Nordic AB, Sollentuna,
Sweden). All samples were prepared according to the electrodeposition protocol as reported
above in Section 2.2 by using gold plates (25 x 25 x 1 mm, ALS Co. Ltd., Tokyo, Japan)
instead of gold electrodes. The samples have been placed on a clip SEM sample holder

(JEOL Nordic AB).

2.4 Electrochemical Measurements and Apparatus

Cyclic voltammetry (CV) experiments were carried out using an Autolab potentiostat (model
PGSTAT30, Metrohm Autolab B.V. Ecochemie, Utrecht, The Netherlands) equipped with
GPES, version 4.9. A conventional three-electrode electrochemical cell was used for all
experiments performed with an Ag|AgCl (sat. KCI) as the reference electrode, a platinum
wire as the counter electrode, and the modified gold electrode as the working electrode.

Flow injection experiments were performed with a three-electrode potentiostat (Zita
Elektronik, Ho66r, Sweden). The enzyme-modified gold electrode, inserted into a wall-jet

flow-through amperometric cell and positioned at a constant distance (1-2 mm) from the inlet



nozzle (Appelqvist et al. 1985), was used as the working electrode, an Ag|AgCl (0.1 KCl)
electrode as the reference electrode and a platinum wire as the counter electrode. The
electrochemical cell was connected to a flow injection system consisting of a peristaltic pump
(Gilson, Villier-le-Bel, France) and a six-port valve electrical injector (Rheodyne, Cotati, CA,
USA). A 50-uL aliquot of the substrate was applied by a loop mounted onto the injector. The
resulting electrical current was recorded on a strip chart recorder (Kipp & Zonen, Utrecht,
The Netherlands). All measurements were performed under temperature control by using a

cryostatic bath (7= 0.01 °C, LAUDA RMS6, Delran, NJ, USA).

2.5 Real Food Samples Collections and Pre-Treatment

Real samples (cola, honey, tomato juice, apple juice, pineapple juice, energy drink) were
bought in a local supermarket and carefully diluted in 50 mM NaAc buffer at pH 4.5 in a
ratio of 1:250, before the analysis, except for the honey samples, which required a particular
pre-treatment. Honey samples were transferred into a beaker and heated for 5 min at 60 °C,
stirring occasionally with a spatula, and finally allowed to cool. Next the samples were
carefully diluted in 50 mM NaAc buffer at pH 4.5 in a ratio of 1:250 (Parellada et al. 1996;
Piermarini et al. 2011). The results obtained for FDH/4-MPh/h-PG biosensor were compared
with a commercially available enzymatic kit (K-FRUGL 02/17) purchased from Megazyme
(Bray Business Park, Bray, Co. Wicklow, A98 YV29, Ireland).

3. Results and discussion

3.1 SEM and Electrochemical Characterization of Highly Porous Gold Electrodes (h-PG)

SEM experiments have been carried out in order to investigate the morphology of the highly
porous gold (h-PG) substrates. In Figs. 1A-C it is possible to observe that the surfaces with
deposited h-PG exhibit a multimodal distribution of well-defined porous, which have a
diameter ranging from 5 to 25 um. In this electrodeposition protocol, both steps have a
crucial importance: 1) the first step was needed to control the overall thickness and
homogenous distribution of the gold layer electrodeposited by sweeping the potential,
whereas 1i) the second step ensures a high hydrogen evolution rate due to the high
concentration of NH4" contained in the electrodeposition solution as supporting electrolyte
and the highly negative applied potential of -3.0 V vs. Ag|AgCls,. Since the importance of

both the metal precursor and the NH4Cl concentrations, they have been previously optimized



for both steps (data not shown). Du Toit and Di Lorenzo have developed a similar two-step
method electrodepositing a gold porous structure applying two different potentials: namely -
0.7 V vs. SCE for 5 s and -4.0 V for 15 s, which did not allow to obtain a high real surface
area and a homogeneous pores distribution (Du Toit and Di Lorenzo 2014). Recently, Sanzo
and coworkers developed a one-step electrodeposition method, which consists of applying a
fixed negative potential for a certain time. Although the latter was a one-step
electrodeposition method, so far time saving, it did not ensure a homogeneous distribution of
the pores on the whole modified electrode, because the gold is deposited only in the
interstitial spaces of the hydrogen bubbles in too short an electrodeposition time (Sanzo et al.
2016).

However, in order to prove unequivocally the improvements of our electrodeposition method,
Areat Was calculated by integrating the peak current related to the reduction of the gold oxide
(= +0.9 V vs. Ag|AgClg,) obtained by running CVs in 0.5 M H,SOy at a scan rate of 100 mV
s, as shown in Fig. 2. The theoretical charge density considered for reduction of gold oxide
1s 390+10 pC cm™. Therefore, the A for the h-PG modified gold electrodes was 23.6+0.8
cm?, which is roughly 300 times higher compared to the bare gold electrodes (0.08 = 0.01

cm?).

3.2 Electrochemical Characterization of FDH Immobilized on Self-Assembled Monolayer
(SAM) Modified h-PG Electrodes

After preliminary characterization, the h-PG electrodes were further modified with one of
three different thiols, viz. 4-MBA, 4-MPh, and 4-APh, to form self-assembled monolayers
(SAMs) on the surface in order to investigate the effect of electrostatic attraction/repulsion
between the differently charged electrode surfaces and FDH, which is expected to control the
enzyme orientation (Ferretti et al. 2000; Gooding and Hibbert 1999). In a series of previously
published papers, it has been proved that the orientation of a redox enzyme is a key issue to
obtain efficient direct electron transfer (DET) communication between the enzyme active site
and the electrode due to the enzyme structure, the position of both the prosthetic and other
redox groups and the enzyme surface charge (isoelectric point) (Blanford et al. 2007; Gorton
et al. 1999; Ludwig et al. 2013; Matsumura et al. 2012; Schuhmann 2002; Tasca et al. 2011;
Tavahodi et al. 2017; Wang et al. 2012).

Figure 3A shows the CV for the FDH/4-MBA/h-PG modified electrode under non-turnover
conditions (50 mM NaAc buffer pH 4.5), where it is possible to observe a tendency for a



couple of waves with a mid-point potential (E°") of +0.045 vs. Ag|AgClsy, which is actually
close to the value reported in the literature for heme ¢, (+0.060 V vs. Ag|AgCls,) (Kawai et
al. 2014). In the presence of 10 mM D-(-)-fructose as substrate the FDH/4-MBA/h-PG
electrode showed a slight electrocatalytical wave starting at Eonser= -0.070 V vs. Ag|AgClgy
rising up to 100 pA cm™ at 0.2 V vs. Ag|AgClg, as seen in Fig. 3B.

In contrast, the FDH/4-MPh/h-PG modified electrode showed two clear couples of redox
waves while cycling in 50 mM NaAc buffer pH 4.5, as depicted in Fig. 3C. The more
negative redox couple showed an E°'value of -0.032 vs. Ag|AgCls,, while the other one of
+0.068 vs. Ag|AgClg,, which are in good agreement with the values reported in the literature
for heme ¢3 (-0.010 V vs. Ag|AgCls,) and heme c¢; (+0.060 V vs. Ag|AgCls,), respectively
(Kawai et al. 2014). Furthermore, with the addition of substrate (10 mM D-(-)-fructose) the
electrode exhibits a great electrocatalytical wave starting at Eonsgr= -0.115 V vs. Ag|AgClgy
rising up to 920 pA cm™ at 0.2 V vs. Ag|AgClg,, as reported in Fig. 3D.

In the last case, the FDH/4-APh/h-PG electrode was scanned under non-turnover conditions
(50 mM NaAc buffer pH 4.5), showing a non-reversible electrochemistry of FDH with only
two oxidation peaks at +0.032 V vs. Ag|AgClg and +0.122 V vs. Ag|AgClga, which might
correspond to heme ¢; and heme c;, as reported in Fig. 3E. Most probably the enzyme
showed an irreversible electrochemistry probably due to the unfavorable orientation obtained
on the positive charged surface. Nevertheless, the CV in presence of substrate showed an
electrocatalytical wave starting at Eonsgr= -0.098 V vs. Ag|AgClg, rising up to 314 pA cm’
at 0.2 V vs. Ag|AgClgy, as shown in Fig. 3F.

The integration of the redox peaks relative to DET of heme ¢, allowed to compare the

enzyme surface coverage for all the modified electrodes by using Faraday’s law (equation

(D):

Iy = (1)

where I is the total surface concentration of electroactive protein in mol cm™, A4 is electrode
area in cm’, F is Faraday’s constant (96 485.34 C mol" of electrons), O is the charge

underlying the redox wave and n is the number of electrons transferred in the reaction



(Rusling and Zhang). I'r resulted to be 192+13 pmol cm™, 356+10 pmol cm?, and 160+9
pmol cm™ for FDH/4-MBA/h-PG, FDH/4-MPh/h-PG and FDH/4-APh/h-PG, respectively.

According to these results, it was possible to establish the FDH/4-MPh/h-PG as the best
modified electrodes due to the quasi-reversible however, clearly visible non-turnover
electrochemistry, the great electrocatalytical behavior and the amount of FDH immobilized.
These results are related to the best correct orientation of the enzyme onto the electrode
surface as a result of the interactions between the enzyme, that is slightly positively charged
during the immobilization occurring at pH 6 (the p/ of FDH was calculated to be 6.59 from
the structure of the enzyme), and the mild negatively charged electrode surface due to the

presence of —OH groups.

3.3 Fructose Biosensor Development

To investigate the electroanalytical and kinetic parameters of FDH/4-MBA/h-PG, FDH/4-
MPh/h-PG and FDH/4-APh/h-PG, the amperometric responses toward D-(-)-fructose have
been recorded by using the flow injection system (FIA) approach injecting D-(-)-fructose
solutions at different concentrations, as reported in Fig. 4a. As expected from the results
exhibited in Fig. 3, the FDH/4-MPh/h-PG modified electrode showed a faster and a much
higher peak response (3 s) compared to FDH/4-MBA/h-PG and FDH/4-APh/h-PG, which
exhibit a response time of 8 s and a much lower current response. The calibration curves
exhibited a linear response range between 0.05 and 5 mM (R* = 0.99, n = 5) and with the
following sensitivies: 175+15 pA mM™' cm™ for FDH/4-MPh/h-PG, 60 + 3 pA mM™' cm™ for
FDH/4-APWh-PG, and 14+1 pA mM™' cm™ for FDH/4-MBA/h-PG, respectively, as shown in
the inset of Fig. 4a. At higher concentrations than 5 mM the amperometric response is no
longer linear due to the saturation of the enzyme active site. The detection limit resulted to be
0.3 uM for FDH/4-MPh/h-PG, 1.2 uM for FDH/4-APh/h-PG, and 1.5 pM for FDH/4-
MBA/h-PG, respectively, calculated using the relation 307/S, where o is the absolute standard
deviation of the intercept and S is the slope of the calibration curve (Shrivastava and Gupta
2011). The electroanalytical and kinetic parameters for FDH/4-MBA/h-PG, FDH/4-MPh/h-
PG and FDH/4-APh/h-PG electrodes are reported in Table 1. The apparent kinetic parameters
(Imax, Km™) are in good agreement with the values reported in the literature for
nanostructured biosensors for fructose detection based on DET (Kawai et al. 2014; Tsujimura
et al. 2010). The analytical results of the FDH/4-MPh/h-PG electrode were further compared

with other platforms reported in the literature showing great improvements by considering



sensitivity, linear range, detection limit, selectivity, and stability (Table 2) (Antiochia and
Gorton 2014; Campuzano et al. 2003; Damar and Demirkol 2011; Kinnear and
Monbouquette 1997; Parellada et al. 1996; Siepenkoetter et al. 2017).

3.4 Effect of pH, Temperature, Interferences, and Stability Studies

Since the FDH/4-MPh/h-PG electrode platform exhibits the best analytical performance
compared to the others, the following experiments where the effects of pH and temperature
have been performed were only studied for the FDH/4-MPh/h-PG platform. The effects of pH
and temperature are shown in Figs. 4b and c. The optimum pH was found to be pH 4.5 in 50
mM NaAc buffer at a temperature of 35 °C. The catalytic current density was rapidly
decreasing when increasing the pH revealing only one optimum pH at 4.5 in the investigated
pH range of 3 and 10, in perfect agreement with the results reported in literature (Damar and
Demirkol 2011). Concerning the temperature dependence, the FDH/4-MPh/h-PG electrode
showed its best performance at 35 °C. Nevertheless, the biosensor still exhibits good
performance both at room temperature and at 45 °C, while at 50 °C the current density was
drastically decreased probably due to denaturation of the enzyme.

The stability and lifetime of the FDH/4-MPh/h-PG electrode was evaluated using the FIA
system by monitoring the signal decrease within 90 days when the biosensor was used for
one measurement per day and stored in 50 mM NaAc buffer pH 4.5 at 4 °C, as reported in
Fig. 4d. The modified biosensor seems to retain more than 90% of its initial activity after 90
days, probably due to the high stability of the enzyme layer directly related to the nano-
structuration of the electrode surface and the modification with a slight negatively charged
SAM namely 4-mercaptophenol, which is responsible for both electrostatic and Van der
Waals interactions occurring at the interface between the enzyme and 4-MPh modified
electrode. Nevertheless, we should consider that the —OH groups exposed on the electrode
surface create a favorable environment for the immobilization of a membrane bound protein
namely FDH.

Finally, the selectivity of the proposed biosensor was studied in order to see the influence of
possible interfering compounds generally present in food samples such as D-glucose, D-
galactose, D-mannitol and ascorbic acid. The signal obtained for a fixed concentration of D-(-
)-fructose (10 mM) was compared to that obtained with a sample containing the same D-(-)-
fructose concentration plus equal concentrations of the potential interfering compounds. The
amperometric signal is lower than 10% for all the compounds tested except for ascorbic acid

(about 20%), which may interfere in real measurements because of its direct oxidation on the



electrode surface occurring approximately at 0.2 V vs. Ag|AgClg, close to formal potential of
L-ascorbic acid oxidation (E”” = +0.170 V vs. Ag|AgClsy), as reported in literature (Rueda et
al. 1978).

3.5 Fructose Detection in Food Samples

To demonstrate the feasibility of the modified electrode for the in-situ detection of D-(-)-
fructose in food industry as a screening method for analytical process control, the proposed
biosensor was used to detect the D-(-)-fructose concentration in food samples. The samples
were collected and used according to the procedure reported in section 2.5., referred to the
protocols reported in the literature and provided with guidelines of the spectrophotometric
reference method. The reliability of the FDH/4-MPh/h-PG electrode platform was evaluated
by comparing the results with those obtained with the spectrophotometric reference method.
The proposed biosensor exhibits satisfactory results in all food samples with a recovery

percentage above 94% (RSD values lower than 2.5%), as reported in Table 3.

4. Conclusions

This paper demonstrated the possibility to achieve efficient DET for FDH immobilized
within the FDH/4-MPh/h-PG platform as a result of the highly porous gold electrode in
combination with the exposed —OH groups of the SAM. The latter is responsible for the
correct orientation of FDH onto the electrode surface due to both the electrostatic interaction
between the enzyme (p/ 6.59) and the electrode surface (4-MPh, pK, 6.81), and to the
stabilization effect of the exposed —OH groups of the SAM on FDH. The proposed biosensor
based on the FDH/4-MPh/h-PG platform showed a really high catalytic current density of
920 pA cm” at 0.2 V vs. Ag|AgCly,, with a great improvement compared with the other
platforms reported in the literature. The FDH/4-MPh/h-PG biosensor can be easily prepared
through a two-step electrodeposition protocol (20 min), further modified with 4-
mercaptophenol to form a SAM, and finally with the enzyme deposition. The fructose
biosensor was fast-responding, showed a great stability (more than 90% of retained signal
after 90 days), selectivity and sensitivity (17515 pA mM™"' ecm™) with the lowest detection
limit (0.3 uM). According to these results, the proposed electrode platform namely FDH/4-
MPh/h-PG exhibits great promises both as a 3™ generation biosensor for fructose detection

and as a biofuel cell anode suitable to be integrated in industrial processes.
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10 pm

Figure 1. SEM images at different magnifications (A) 100 um (B) 10 pm (C) 1 um of the h-PGE obtained
through a two step electrodeposition protocol: i) sweeping the potential for 25 scans between +0.8 V and 0 V vs.
Ag|AgClsat, ii) applying a fixed potential of -3 V vs. Ag|AgClg, for 120 s; both steps have been carried out in
10 mM AuCl;-H,O containing 2.5 M NH4CI.
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Figure 2. Cyclic voltammograms of AuE bare (black) and h-PG modified AuE (red) in 0.5 M H,SO,. Scan rate
100 mV s™'. T=25°C.
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Figure 3. (A) CVs of FDH/4-MBA/h-PG in absence and (B) in presence of 10 mM D-(-)-fructose; (C) CVs of
FDH/4-MPh/h-PG in absence and (D) in presence of 10 mM D-(-)-fructose; (E) CVs of FDH/4-APh/h-PG in
absence and (F) in presence of 10 mM D-(-)-fructose; Experimental conditions: 50 mM NaAc buffer at pH 4.5,

-1
scanrate S5mV s,

T=25°C.
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Figure 4. (A) D-(-)-fructose biosensor calibration graph of FDH/4-APh/hPG (red), FDH/4-MPh/h-PG (black),
FDH/4-MBA/h-PG (blue) in 50 NaAc buffer pH 4.5. Insert: linear range; (B) FDH/4-MPh/h-PG
biosensor response over the pH range (4.5-10): 50 mM acetate buffer (black), 50 mM MOPS buffer
(red) and in 50 mM TRIS buffer (blue), with E,,, = 0.250 vs. Ag|AgClg,; flow rate 0.5 mL min"'; (C)
FDH/4-MPh/h-PG biosensor response over the 7 range (20—45 °C) in TRIS buffer; (D) lifetime
FDH/4-MPh/h-PG biosensor in presence of 10 mM D-Fructose solution; (E) influence of interfering
compounds on fructose response in presence of 10 mM D-glucose, D-galactose, D-mannitol and
ascorbic acid. Experimental conditions: 50 mM NaAc buffer E,,, = 0.250 vs. Ag|AgClg,; flow rate 0.5

mL min"'; injection volume 50 pL; 7= 25 °C.
Table 1. Electroanalytical and kinetic parameters for FDH/4-APh/h-PG, FDH/4-MPh/h-PG and FDH/4-MBA/h-
PG
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Table 2. Comparison with fructose biosensors reported in literature. List of abbreviations: 3-mercaptopropionic
(3-MPA), 3,3’-dithiodipropionic acid (3,3’-DTDP), 4-mercaptophenol (4-MPh), carbodiimide metho-p-
toluenesulfonate (CMC), carbon paste (CP), coenzyme ubiquinone-6 (CoQ), cystamine dihydrochloride (CYS),
FAD-fructose dehydrogenase (FDH), glutaraldehyde (GA), gold electrode (AuE), graphene scree-printed
electrode (GPH-SPE), hexacyanoferrate (HCF), highly porous gold (h-PG), nanoporous gold electrodes (n-PG),
osmium polymer (Os-polymer), poly(amidoamine) dendrimer (PAMAM), poly(ethylene glycol) (400)
diglycidyl ether (PEDGE), polyethyleneimine (PEI), PQQ-fructose dehydrogenase (PQQ-FDH),
tetrathiafulvalene (TTF).
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30% (Damar and
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0.25-5.0 - - 0.3 decrease Demirkol
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after 5h 2011)
10%
(Antiochia
FDH/PEDGE/Os- decrease
0.1-5.0 2 1.6 0.15 and Gorton
polymer/GPH-SPE after 1
2014)
month
Operation
. (Parellada et
PQQ-FDH/PEI/CP 0.5-10 75 0.4 0.4 stability 10
al. 1996)
h
40%
remaining  (Siepenkoetter
FDH/CMC/3-MPA/nPG 0.05-0.3 1.2 3.7 0.15
after ~6 etal. 2017)
days
10%
decrease
FDH/4-MPh/h-PG 0.05-5 0.3 175 0.2 This work
after 90

days




Table 3. Results relative to the analysis of real food and beverage samples obtained with FDH/4-MPh/h-PG
biosensor and a commercially available enzymatic kit.

Biosensor Ref. Method
Samples Recovery (%)
mmoL L mmol L™
Cola 180 + 4 188+ 6 95.7
Honey 2390 + 30 2420 + 30 98.5
Sport drink 44 + 1 45+ 1 97.8
Apple juice 1780 + 30 1800 = 10 98.8
Tomato juice 1430 + 20 1460 + 20 97.3
Orange juice 1640 + 20 1720 + 20 95.5
Beer 1490 + 20 1520 + 40 97.6
Red wine 1930 + 30 2010 + 20 96.3

White wine 1270 + 30 1340 + 30 94.3
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