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Résumeé:

Les nanomatériaux peuvent améliorer remarquablement les performances des bioélectrodes, a
la fois dans les biopiles enzymatiques et les biocapteurs, en raison de leurs caractéristiques
intéressantes telles qu'une grande surface, des propriétés électrocatalytiques et une
morphologie controlée. Cette these vise a explorer la post-fonctionnalisation de deux types de
nano-objets : les nanotubes de carbone multiparois (MWCNT) et les glyconanoparticules
dérivées de glucides (GNP) et leur application dans la construction de bioélectrodes pour la
biodétection et la conversion d'énergie. Dans la premiere partie de la these, une réaction thiol-
yne photoinduite a été étudiée par électrochimie sur des MWCNT modifiés par un alcyne a
I'aide de sondes rédox thiolées. Cette réaction représente une alternative aux autres réactions
de «click-chemistry» et posséde ’avantage d’étre exempte de catalyseur métallique et de
pouvoir étre contrlée de maniére spatiale et temporelle. L'immobilisation de médiateurs
redox, dérivés de ferrocene et de quinone, sur des électrodes a base de MWCNT par cette
réaction a conduit a une amélioration considérable de I'électrocatalyse médiée par des
enzymes de type FAD-déshydrogénases oxydant le glucose. La deuxieme partie est centrée
sur la fonctionnalisation de GNPs assemblés a partir d'un copolymeére bloc polystyréne-f-
cyclodextrine via la formation de complexes d'inclusion entre les B-cyclodextrines exposées a
la surface des GNPS et les groupements adamantane d'un dérivé fluorescent de I'neptazine.
Les nanoparticules résultantes ont été caractérisees par spectroscopie en solution et en surface
aprés leur immobilisation sur des films de poly(pyrrole) électropolymérisés de maniere
spatialement contrdlée surélectrodes interdigitées. Dans la derniere partie, les GNPs ont été
utilisés comme matériau d'électrode pour I'immobilisation d'une enzyme glucose oxydase
modifiée avec des groupements adamantane pour la détection du glucose. Les performances
analytiques des bioélectrodes avec ou sans GNPs ancrées sur différents films fonctionnels de

poly-pyrrole sont compareées et discutées.

Abstract;

Nanomaterials can remarkably improve the performances of bioelectrodes, both in enzymatic
biofuel cells and biosensors, due to their attractive characteristics such as large surface area,
electrocatalytic properties and controlled morphology. This thesis aims at exploring the post-
functionalization of two types of nano-objects: multiwalled carbon nanotubes (MWCNTS)
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and carbohydrate-derived glyconanoparticles (GNPs) and their application in the construction
of bioelectrodes for biosensing and energy conversion. In the first part of the thesis, a
photoinduced thiol-yne reaction has been investigated by electrochemistry on alkyne-
modified MWCNTs using thiol-modified redox probes. The reaction is a compelling
alternative to other “click-chemistry” reactions since is it is metal-catalyst-free and it can be
controlled in a spatial and temporal way. The immobilization of redox mediators, ferrocene
and quinone derivatives, on MWCNT-based electrodes by this reaction led to a considerable
improvement in the mediated electrocatalysis by glucose oxidizing enzymes, FAD-
dehydrogenases.. The second part is centered on the functionalization of GNPs assembled
from a polystyrene-B-cyclodextrin block copolymer via formation of inclusion complexes
between the B-cyclodextrins exposed at the surface of the GNPs and the adamantane groups
of a fluorescent heptazine derivative. The resulting nanoparticles have been spectroscopically
characterized in solution and on surface after their immobilization on electropolymerized
poly(pyrrole) films at interdigitated electrodes in a spatially controlled way. In the last part,
the GNPs have been used as electrode material for the immobilization of a glucose oxidase
enzyme modified with adamantane groups for the detection of glucose. The analytical
performances of the bioelectrodes with or without GNPs anchored on different functional
poly-pyrrole films are compared and discussed.
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1. Biofuel cells: overview

1.1. Principles of fuel cells

Up today, the majority of the world energy comes from fossil fuels such as oil, coal, natural
gas, and their derivatives that provide around 85% of global energy demands . The stocks of
fossil fuels are limited and such resources have been extensively utilized as a consequence of
the growth of the human population and technological advancements. Furthermore, the use of
fossil fuels pones serious environmental issues, since their extraction requires large
infrastructures and leads to contamination of the area . The combustion of fossil fuels
produces greenhouse gases such as CO> that leads to air pollution and contributes to global
warming. Altough, nuclear energy can be an alternative, no viable solution has yet been found
for the management of toxic waste produced by this method. The dangerous humanitarian and
ecological effects of these systems have been highlighted recently after the Fukushima
nuclear accident. For this reason, the press in using alternative sources of power and energy,
environmentally friendly and renewable, is increasing all over the world. One of the most
promising alternative energy conversion technology is represented by fuel cells.

The concept of fuel cell was introduced by Grove and Schoenbein in 1839 22, Fuel cells are
devices that are able to directly convert chemical energy into electrical energy. A fuel cell
consists of two electrodes, an anode (negative electrode) and a cathode (positive electrode)
connected by an electrolyte medium. An oxidation reaction occurs at the anode and a
reduction reaction at the cathode. The oxidation releases electrons, which travel to the cathode
via the external circuit doing electrical work. This flow of electrons is compensated by a flux
of charges, usually protons, through the permeable membrane that separates the anodic and
cathodic compartments.

anhode @ @J cathode

H,0
E— electrolyte —_—
H,) e— H,0

Fig. 1: scheme of a H./O; fuel cell, exploiting H, as fuel and O, as oxidant. The overall chemical
reaction is: /) +1120x ) — 0
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An example of a fuel cell, in which the oxidation of dihydrogen is coupled with the reduction
of oxygen at the cathode, one of the most studied system, is reported in Fig. 1.

Theorically, as long as the fuels are supplied to the electrodes and the electrode material is
stable, fuel cells can operate indefinitely (in reality, the degradation and primarily the
corrosion, limit the fuel cell operability). The fuels and products are generally non-pollutants
species (like water) and thus the environmental impact is limited.

Conventional fuel cells are classified in five main cathegories based on the nature of the
electrolytes and fuels used: proton exchange membrane or polymer electrolyte membrane fuel
cell (PEMFC), alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate
fuel cells (MCFC), solide oxide fuel cells (SOFC) *. PEMFCs have been developed by several
companies (Toyota, Honda and Hyundai) for powering vehicles while AFCs were used by
NASA for powering spacecrafts during the Apollo missions °. The advantages of these fuel
cells, especially the high operational efficiency, are partially offset by the necessity of
expensive and non-renewable catalysts, high operational temperatures and corrosive
electrolytes ©. The performances of fuel cells can decrease over time due to the passivation of
the electrode with species such as CO, CO», Cl,. The overall characteristics of the different
cathegories of fuel cells are summarized in Table 1.

PEMFC AFC PAFC MCFC SOFC
Electrolyte Ion exchange Potassim Liqu?d . Liquid molten Ceramic
membrane hydroxide phosphoric acid carbonate
Operating 80 °C 65-220 °C 205 °C 650 °C 600-1000 °C
temperature ’
Charge carrier H* OH H* COy O
Catalyst Platinum Platinum Platinum Nickel Perovskites
Transportation, Space, Stationary Distributed Distributed
Applications portable stationary power, power, power power
electronics mlhtary, transporta[io]l generatjon generatiou
Table 1

1.2. Biofuel cells

Biofuel cells (BFCs) are a subcathegory of fuel cells that rely on biological entities like
proteins, enzymes or whole organisms as catalysts . The generation of electrical energy from
a half cell containing a biological system was first observed by Potter M. in 1911 8. In 1960

the interest of NASA in power generation from waste disposal on the space shuttles inspired a

8



lot of research in this field and ever since, intensive efforts have been conducted focusing in
the development and improvement of fuel cells. Many efforts have been made in particular in
improving means of enzyme immobilization, electrical communication with the electrodes
and ways to limit the use of diffusive redox mediators that are costly and toxic °. A critical
factor remains the generation of limited power densities, (the upper limit is currently 3.6 W
m2 of power using a mixed microbial culture), that falls below those of conventional fuel
cells 1°. Despite this, BFCs can operate at mild conditions, lower temperatures (20-40 °C) and
at near-neutral pH ’. Biological catalysts offer compelling advantages: they are renewable and
less expensive compared to metallic inorganic catalysts, depending on the scale of production.
Another great advantage of BFCs is that they can be scaled down. Thus, BFCs are ideal
candidates to replace commercial lithium batteries and conventional fuel cells for low power
and portable gadgets. In particular, they can be suitable for providing localized power
generation in remote places, for the removal of organic pollutants from wastewater and for
powering implantable or non-invasive medical devices and self-powered sensors °. BFCs can
be classified based on the type of catalyst: microbial fuel cells *, mitochondrial fuel cells *2,

enzymatic fuel cells %2,

1.2.1. Microbial fuel cells

In microbial fuel cells (MFCs), the electrochemical reactions from oxidation of organic
substrates at the anode are carried out by electrogenic micro-organisms via an extracellular
electron transport (EET) mechanism ', Electrogenic microbes include bacteria like
Shewanella putrefaciens as well as fungal microorganisms like Aspergillus awamori *.
Several mechanisms are responsible for the EET according to the microorganism and the
environmental conditions:

e indirect electron transfer which is promoted by artificial or self-secreted mediators that
can shuffle electrons from the biological electron transport chain of the
microorganisms to the electrode,

e the presence of specific proteins, like c-type cytochrome, that are able to transport
electrons through the micro-organism out-membrane extablishing a direct connection
with the electrode surface,

o the formation of bacteria nanowires (electrically conductive pili) that connect these
electrogenic membrane-proteins to the electrode *. Some studies have reported that

biofilms and their components can also play a role in the EET process °.



The use of whole organisms as catalysts is convenient for the presence of multiple enzymes
that allow the oxidation of multiple substrates (or mixed substrates) and the elimination of the
necessity of enzyme purification which in turns reduces the costs. The micro-organism acts as
a micro-reactor that provides appropriate conditions for each enzyme. Furthermore, since
enzymes and co-factors can be regenerated by the living organism, the life time of these fuel
cells can be of several years 6. However, the power density is limited by the internal
resistance, slow mass transport and poor electron transfer caused by the presence of
membranes and biofilms and this constitute the main challenge to overcome for their
commercialization *’. Another drawback is the time required for biofilm formation, the
unutilized space of the cytoplasm of microorganism not involved in the redox reactions that
reduces the volumetric catalytic activity and the necessity to separate the anode and cathode
compartments to prevent bacterial growth 7. One of the promising applications of MFCs is
the possibility of harvesting electricity from ‘dirty’ fuels, such as organic waste and organic
matter in solids and sediments for wastewater treatment 1718, They are also used for hydrogen

production from biomass *° and for sensing applications *’.

1.2.2. Enzymatic fuel cells

Enzymatic fuel cells (EFCs) exploit purified enzymes for the fuel oxidation and oxidant
reduction for the generation of electricity. The first EFC was reported in 1964 using glucose
oxidase (GOXx) at the anode 2°. Compared to MFCs, the nanometer size of the enzymes and
the absence of a membrane facilitate mass and electron transfer and the volumetric catalytic
activity is also considerably higher *’. The high selectivity of the enzymes towards their
substrate eliminates the necessity of compartmentalization. Thus, in absence of cross-over
reactions such as the interaction of the oxidants with the enzyme cofactor, the electrodes can
be immersed in one chamber without using a membrane to separate the anode and cathode
compartments, which in turn favours the design of simple and miniaturized BFCs. Moreover,
enzymes typically do not get passivated by impurities in the fuel. Overall, the key obstacles of
EFCs for their practical applications are their poor operational stability (ranging from days to
weeks due to the fragile nature of the enzymes often deactivated by solvents or by
immobilization to the electrode and problems associated with the stability of mediators),
limited voltage output and low power density 2. Compared to MFCs, enzymes just undergo
one-oxidation reaction of the fuel and thus, a cascade of enzymes would be necessary to

complete the oxidation of the fuel and increase the energy efficiency.
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1.2.3. Mitochondrial fuel cells

In recent years, mitochondrial fuel cells have been exploited as an alternative to MFCs and
EFCs with characteristics that are a compromise between the aforementioned two.
Mitochondria, also known as the powerhouses of the cell, are organelles present in eukaryotic
cells. They contain multiple enzymes that can completely oxidize different organic substrates
(pyruvate, fatty acids and amino acids). The total number of electrons that can be collected by
the complete oxidation of glucose by glycolysis and Kreb’s cycle is 24, while only two to four
electrons can be collected by purified glucose oxidizing enzymes in EFCs. Thus,
mitochondrial fuel cells can provide similar energy efficiency than MFCs. The mass transport
and electron transfer, which arer determined by the presence of c-cythochrome on the
mitochondrial membrane, are facilitated compared to MFCs and thus the power densities are
generally higher. Compared to EFCs, they have higher lifetimes due to the presence of
membranes, altough they lack the regeneration properties of microorganisms. The first
mitochondrial-based bioanode coupled with a Pt cathode was designed in 2008 by Minteer S.
and Arechederra R. for the complete oxidation of pyruvate into carbon dioxide with a power

density of 203 pW cm and a lifetime of 60 days 2.

1.3. Characterization of biofuel cells

In general, a reaction at a catalyst-modified electrode can be separated into three phases: 1)
mass transfer between the bulk electrolyte and the catalyst active site, 2) the biological
catalyzed reaction and 3) the electron transfer between the active site and the electrode. BFCs
are characterized by electrical current density, I, voltage cell, Ecen, and power which is defined

as the product of the latter (Equation 1.) %:
P(W)=E.a(V)I(4) Equation 1.

The electrical current intensity, I, is the charge flux entering the anode or leaving the cathode.
It is often expressed as current density, j, which is the ratio of the current intensity by the
surface area. The power is generally expressed as power density as well. The open circuit
potential (OCP) is the potential adopted by the electrode when j = 0. The difference between
the OCP of the biocathode and the bioanode determines the electrochemical driving force of
the reactions or open circuit voltage (OCV, also called Ecen) which is the maximum voltage of

the fuel cell. The OCV also correponds to the cell voltage at the thermodynamic equilibrium,
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Eeq. This value can be calculated by Equation 2., where AGeq is the change in Gibbs free
energy of the reaction, n is the number of electrons, and F is the Faradaic constant:

E,,=-A4G,/nF Equation 2.

The overvoltage (n) is the difference between the OCP and the apparent standard redox

potential and it is an expression of the efficiency of a catalyst and its deviation from ideality.

The performances of EFCs are evaluated by determination of the OCV, polarization curve and
power curve 2%, Potential sweep, amperometry and potentiometry techniques can all be used
for the characterization of the electrochemical behaviour of a fuel cell. For the study of the
bioelectrochemical reactions that take place in a fuel cell, generally cathode and anode are
firstly characterized separately as working electrodes in a three-electrode configuration. In
Fig. 2 the polarization curves of a cathode and anode are reported, that allow the calculation
of the OCV, the anodic and cathodic overpotentials and the determination of the limiting

electrode which is the one displaying the lowest current value.

Nanode n(alhode

Oxidant/reduction

Current densityj (mA.cm™?)

Potential (V vs. Ref. electrode)

Fig. 2: Linear sweep voltammograms of a bioanode (blue curve) and a biocathode (red
curve). At the current density and the cell voltage indicated by the purple arrows, the
maximum power density is reached. Ref. %,

Then, the whole cell behaviour is characterized in a two-electrode configuration in which the
cathode is used as the working electrode and the anode as the combination of reference and
counter electrodes providing a redout of the OCV. The polarization curve and power curve
express the simultaneous evolution of the cell voltage and power density with the current

density. When a current starts to flow in the cell, the measured cell potential diverges from its
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equilibrium value. Three regions can be distinguished in the polarization curve, in the first
region a steady decrease of the cell voltage is observed due to the slow rate of electron
transfer Kkinetics. In the second region, the cell voltage decreases slightly and more linearly
following the ohmic voltage drop caused by the intrinsic resistance of the system. The
additional lost in the cell voltage until zero observed in the third segment (concentration
polarization) is related to mass transport limitations. At this point, the current density reaches
its maximum value (jmax).

OCV---
Pmax
[ _—
A
> £
.~ g
g § —
¥ o
= &
E
— @
Q
Q o
111 5
5
o

Current density j (mA.cm?)

Jn\ﬁl

Fig. 3: polarization curve (red) and power curve (blue) of a BFC. Ref. %.

The potential losses observed in the polarization curve can be mathematically expressed by
Equation 3. 2 where the cell voltage is the result of the subtraction of the theoretical
(thermodynamic) voltage for the total overpotential. This latter includes three different
factors: mact, linked with the activation energy required to overcome the energy barrier at the
electrolyte-electrode interface, it related to mass transport limitations and finally the ohmic
overpotential determined by the product of the current that flows through the cell and the sum
of the resistances of the system. By optimization of the electrode material and cell design, as
well as type and immobilization of catalysts and mediators, each of the above potential losses
can be minimized 2. For instance, ohmic overpotential can be reduced by the choice of high
conductive materials, while ngif by the use of porous electrode materials that favour substrates
diffusion.

Ecen= Eoq=Nact = Nar— 12R Equation 3.
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The power-voltage curve reveals the maximum power delivered by the fuel cell and the

optimum operation voltage for maximizing power density.

The current-time curve, determined by chronoamperometry, can be used to examine the
operational stability of the electrodes. Galvanostatic charge-discharge measurements are used
instead to characterize the capacitance of the device. In particular, the capacitance can be
calculated by Equation 4., where 1 is the constant current applied to charge and discharge the

BFCs and AU is the voltage drop during the interval At.

C=1A4t/AU Equation 4.

1.4. Enzymatic biofuel cells
1.4.1. Enzyme wiring

Many enzymes exhibit high catalytic activity, high turnover rates and lower overpotential
than the precious metal platinum, although the reached power density is not comparable to
that of the conventional fuel cells . The great diversity of enzymes allows the design of
different possible EFCs for the oxidation of various substrates and fuels. Furthermore as
already mentioned, their high specificity towards their substrates can bypass the necessity of
the compartimentalization of the fuel cell. The enzymes used for EFCs are oxydoreductases

capable to catalyze a chemical reaction, either an oxidation or reduction.

Three types of enzymes can be distinguished based on the location of the redox active center
24 One include enzymes in which the cofactor, usually nicotinamide adenine dinucleotide
(NADH/NAD") or nicotinamide adenine dinucleotide phosphate (NADPH/NADP™), is
weakly bound to the protein. Examples are glucose dehydrogenase and alcohol
dehydrogenase 2*. The regeneration of the cofactor requires organic catalysts such as quinones
25 azines %, osmium and ruthenium complexes 2’, or a biocatalyst such as the enzyme
diaphorase 28 or flavin reductase 2°. Another class of enzymes contains the redox center,
generally a metallocenter (iron-sulfur cluster, copper center, heme), located at or near the
periphery of the protein shell. Multi copper enzymes such as laccases, hydrogenases and
peroxidases belong to this group *. Finally, some enzymes, like glucose oxidase, contain a
strongly bound redox center which is deeply buried in a thick and nonconductive protein or

glycoprotein shell. The first two classes of enzymes are able to perform direct electron

14



transfer (DET). In this case electrons tunnel directly from the enzyme to the electrode without
the need of any mediating system. Only a maximum of one monolayer of enzyme molecules
can be formed on a planar electrode for DET and the orientation of the enzyme is crucial to
maximize the number of enzymes that are favourably connected to the electrode. The
reactions start at the standard potential of the redox protein and the cell voltage is thus
maximized. According to Marcus’s theory, the electron transfer rate decreases exponentially
with increasing distance between the electron donor and acceptor *. When the tunnelling
distance between the redox center and the electrode is too high (> 20 A), as in the case of
enzymes with a buried co-factor, the electrical contact with the electrode needs to be
established by using artificial electron donors or acceptors (for reductive or oxidative
enzymes, respectively) called mediators 3. In mediated electron transfer (MET), the redox
mediators directly participate in the catalytic reaction. After oxidation of the fuel by the
enzyme at the anode, the mediator re-oxidizes the enzyme cofactor while the reduced
mediator is re-oxidized by exchanging electrons with the electrode. Thus, mediators

repeatedly cycle between the oxidized and reduced forms.

Substrate
o Product
Product ‘ 

Substrate

@

DET MET

Fig. 4: scheme of the different electron transfer mechanisms.

Mediators should satisfy some criteria:
e their redox potential should be close to the redox potential of the enzyme active center
and lower than the oxidation potentials of interfering substances
e reversible electrochemical behaviour
e chemical stability and solubility of both oxidized and reduced forms
e fast electron exchange rate with both the enzyme and the electrode

e absence of direct reaction with the enzyme substrates
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The mediators have a large range of possible structures and redox potentials, they can be
molecules with low molecular weight such as ferrocene, quinone derivatives and ABTS,
transition metal complexes, proteins like cytochrome c, redox polymers such as osmium-
based redox polymers. They can be polymerized before enzyme immobilization, co-
immobilized with the enzyme or used free in solution 7. Although MET can increase the
number of enzymes electrically wired to the electrode, its usage pones also issues linked with
stability and toxicity of mediators, especially for implantable devices. The immobilization of
redox mediators at the electrode is thus important, as mediator losses can decrease the current
densities. Also, the usage of a mediator inevitably reduces the cell voltage because the
reaction takes place at the oxidation or reduction potentials of the redox mediator.

1.4.2. Enzymes used in EFCs

The fuels that can be used at the anodes of EFCs are various, essentially sugars (glucose,
lactose, fructose), some alcohols (ethanol, methanol) and dihydrogen.

Significant research has been focused on the use of glucose as the fuel source, since it is
ubiquitous and abundant. Glucose is one of the most important energy sources of many living
organisms and it is present in human fluids, thus is the ideal candidate as a power source for
implantable devices.

Cofactor/ .
Fuels Enzymes metal Half-reactions
. 0Xi FAD
Glucose Glucose oxidase (GOx) Glucose — Gluconic acid

Glucose dehydrogenase (GDH) NAD"/PPQ

Fructose Fructose dehydrogenase (FDH) FAD/heme Fructose — 5-Keto-D-fructose

Cellobiose Cellobiose dehydrogenase (CDH) FAD/heme Cellobiose — Cellobionolactone

Aldehyde Aldehyde dehydrogenase (AIDH) NAD® Aldehyde — Acid
Lactate dehydrogenase (LDH) NAD* ,
Lactate Lactate oxidase (LOX) FMN Lactate — Piruvate
Ethanol
. NAD* Alcohol — Aldehyde
Methanol Alcohol dehydrogenase (ADH) y
Formic acid Formate dehydrogenase NAD* HCOOH — CO,
iFe
Hydrogen Hydrogenase (H,ase) FljeFe% H, — 2H* + 2¢

Table 2.: list of the most common fuels and enzymes for the anodic reactions in EFCs.

16



Generally, glucose oxidase (GOXx) % or glucose dehydrogenase (GDH) 2 have high selectivity
for B-glucose and they are used for its partial oxidation to gluconolactone at the bioanode.
Both GOx and GDH are enzymes with high molecular weight and high stability and a FAD
cofactor buried within the protein shell. Thus, mediated bioelectrocatalysis is necessary to
promote the electrical communication between the cofactor and the electrode. Other enzymes
that are commonly used for the oxidation of glucose are glucose dehydrogenases (GDH) with
pyrrologuinoline quinone (PQQ) or nicotinamide adenine dinucleotide (NAD) co-factors 34,
Fructose dehydrogenase (FDH) with a FAD cofactor can be used for the oxidation of fructose
instead. Both GDH and FDH have the advantage compared to GOx not to reduce oxygen. The
reduction of oxygen at the anode subtracts electrons to the cathode limiting the voltage of the
EFCs *. The NAD-containing GDH present some disadvantages, primarily the necessity of
the addition of NAD to the electrolyte solution thus increasing the cost. The regeneration of
the cofactor is also problematic since it generally requires high overpotential *. Other
examples of enzymes that can be employed at the anode are cellobiose ¥, lactate 8, aldehyde
39 and alcohol dehydrogenases “° that can oxidize cellobiose, lactate, aldehydes or certain
alcohols respectively. Hydrogen is a clean fuel with high energy density. Hydrogenases are
metalloenzymes containing Ni-Fe or Fe-Fe active sites, able to oxidize dihydrogen. The
power output generated by a Hz/Oz is similar to those of the abiotic conventional fuel cells 4,
but the main drawback is that these enzymes are strongly inhibited by the presence of 022, In
recent years, much research has been directed to the isolation and characterization of O»-
tolerant hydrogenases or in developing strategies to protect the enzyme from the

surroundings, for instance by using a viologen-based redox polymer 4.

Cofactor/ .
Fuels Enzymes metal Half-reactions
Laccase (Lac)
Bilirubine Oxidase (BOx)
0, CueO Cu O, +4H" + 4e- — + 2H,0
Polyphenol Oxidase (PPO)
Cytochrome Oxidase (Cyt Ox)
H,0, Horseradish peroxidase (HRP) Fe/heme H,0,+2H* +2e- — 2H,0

Table 3.: list of the most common fuels and enzymes found in EFCs cathodes.

Oxygen is the most widely used oxidizer at the cathode, while only a few devices use

hydrogen peroxyde. The four-electron electro-enzymatic reduction of O, to water was
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described for the first time in 1999 %4, Enzymes that catalyze the oxygen reduction reaction
(ORR) belong to the family of the multicopper oxidases. The family includes laccase *° and
bilirubin oxidase (BOD) “, which are by far the two most widely used enzymes at the
biocathode. Multicopper oxidases possess a group of at least 4 copper centers: T1, where the
oxidation of substrates takes place, T2/T3 which is a triatomic copper cluster that facilitates
dioxygen reduction and finally the mononuclear copper center allows the transmission of
electrons from the substrate to the electrode surface. The main challenge of their use is their
appropriate orientation on the electrode surface to favour DET. Other examples of enzymes
that can carry out the ORR reaction are polyphenol oxidase (PPO) #’ and cytochrome oxidase
(Cyt Ox) *8, but they are rarely used because of the required high overpotential “°. Peroxidases
instead is a class of enzymes that catalyze the two-electron reduction of H.O; to H,O, they

contain a heme group which is responsible of the catalytic activity *°.

The glucose/O, EFC, with a glucose oxidizing anode and a O: reducing cathode, is
particularly interesting since it could become the in vivo source of electricity to power

integrated medicals devices *° (Fig. 5).

glucose 0,

gluconic
acid H,0

Bio-enzymatic
electrodes

Fig. 5: scheme of an enzymatic glucose/O, BFC, with a glucose oxidizing anode and a O>
reducing cathode.

1.4.3. Applications of EFCs

In the last years, the development of EFCs has been focused mainly on harvesting energy via
oxidation of glucose or other fuels with the concomitant reduction of oxygen, constantly
available in body fluids of living organisms or in air, via fabrication of portable and

18



implantable electronic devices. In 2007 Sony showed that a stack of EFCs could power a
music player and later on, a glucose-fueled EFC was able to power a toy-car °%. The
implantable devices have the potentiality to replace lithium batteries that pose concerns for
human health and that require complex surgical procedures for their substitution 2. Their
power performance is however limited by the concentration of glucose in blood (5 mmol L)
%3 and oxygen in plasma (~ 90 pmol L) . The first implantation was carried out in a grape
by Mano and Heller . The partial implantation of EFCs in cyborg lobsters was able to power
an electrical watch and a pacemaker °. In 2010, the collaboration between Cosnier S. and
Cinquin P. led to the first implantation in a mammal. The EFCs composed by a GOx bioanode
and a PPO biocathode was placed in the retroperitoneal space of a rat °’. Various successive
studies on implanted devices have been then reported. In one of those, the stability of a
biocathode modified with chitosan and implanted in a rat reached 167 days °. A MWCNT-
based glucose biofuel cell was developed by Cosnier S. et al. was capable to operate stably for
1 year producing 30 mW h °°. The development of wearable devices, that can be operated
using either external fuels or fuels in body fluids, is another potential application of EFCs.
They are interesting power sources for health and fitness monitoring. Epidermal lactate/O>
wearable devices have been fabricated to exploit lactate from sweat as a fuel ® and lactate
based biofuel cells have been integrated onto contact lens to exploit lactate in tears .

Considerable challenges still remain and efforts should be addressed in improving the
operational stability and voltage output for future practical applications. The power densities
of EFCs are in the range 1-1000 uW cm2, rarely above 1 mW cm, still much lower than
metal-catalyzed fuel cells or lithium-ion batteries. The lifetime of current commercial lithium
batteries is 7-8 years ®2, so efforts should be addressed in future also in improving the device
lifetime. The implantation in animals can cause inflammation responses and facing sterility
and biocompatibility issues is thus fundamental. Both implantable and wearable devices need
robust and flexible electrical components to bear body movements. Layer-by-layer,
buckypaper or screen printed EFCs are ideal for this purpose since they have the necessary
flexibility to withstand frequent bending or folding and low fabrication costs . In addition,
the availability of the oxydant may become a limiting factor in power generation, especially
in implantable devices 5. Moreover, current wearable devices based on LOXx are not able to
provide stable power output due to the fluctuations in the level of lactate in body fluids. To
overcome all these limitations, a combination of different strategies of enzyme

immobilization, engineering and design of electrode materials are thus necessary.
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portable devices wearable devices

Fig. 6: scheme of the principal applications of EFCs. Adapted from Ref. 3,

2. Biosensors: overview
2.1. Principles of biosensor

Biosensors are defined as analytical devices that convert a biological response into a
quantificable and processable electrical signal ®. Different parts can be distinguished (Fig.
4.):
» an interface where a biological event occurs as a consequence of the binding of a
bioreceptor or biorecognition element to an analyte producing a signal.
= the transducer element converts the signal produced by the biorecognition event
(current, light, pH, heat, etc.) into another form (generally an optical or electronic
signal).
= the electronic components amplify and process the signal, and they convert it in a
digital form.
= a computer software with a display generates the result (in the form of graph, figure,
number, etc.) that is readable and understandable by human operators.
Various criteria are involved in the classification of biosensors, depending on the type of
bioreceptor, transducer, detection system and technology 6. The major areas of application

are in medical diagnosis and environmental monitoring.
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Fig. 7: schematic diagram of a typical biosensor with various types of bioreceptors and
transducers.

The biosensor must meet some requirements to be effective:

= the bioreceptor should be highly specific for the analyte and stable at the storing
conditions. This means that it should be able to detect a target analyte in a complex
sample containing interference species. Any non-specific interaction with the surface
of the sensor should be suppressed.

= the reproducibility should be high, both in terms of precision (showing little variation
between successive measurements) and accuracy (providing a mean value closer to
the actual value every time the sample is measured).

= the response should be fast and linear over the concentration range of interest. The
noise arising from electronic components or the transducer noise should be also

negligible.

Depending on the type of application, other requirements need to be taken into consideration.
For instance, the ones developed for invasive monitoring for clinical purposes should be small

and biocompatible and they should provide real-time analyses .
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2.2. Types of bioreceptors and transducers

The biocatalysts can be enzymes, nucleic acids, antibodies, receptors or living biological
systems like whole cells and microrganisms . Analytical devices that rely on antibody-
antigen interactions are called immunosensors and they are probably the most widely used,
especially in diagnostic due to the high specificity and biocompatibility of the systems.
Antibodies or antibody fragments are excellent candidates for sensing applications. The
antibody (Ab) structure is made of four polypeptide chains with a Y shape, the arms contain
constant and variable domains forming a unique three-dimensional recognition pattern for a
determinate antigen. Antigen-based tests become successful for enzyme linked
immunosorbent assay (ELISA) but since they are costly and the response time takes hours,
antigen-tests based on the recognition of multiple bacteria, viral antigens ¢ and cancer
markers ® via electrochemical sensing gained a lot of popularity 8. Abs can be used directly
using fluorescent conjugates or the detection is realized by using a sandwich assay. In this
case, a secondary labelled Ab binds the first bioreceptor Ab or an Ab coupled with an enzyme
allowing the quantification of the analyte via an enzymatic reaction °. Monoclonal Ab
produced by specific cell clones as well as recombinant Ab consisting of genetically
manipulated fused antigen binding domains have been extensively used for sensing purposes
for their augmented stability and smaller sizes *. Biosensors based on aptamers or nucleic
acids are also very common, in this case the recognition elements are single stranded DNA or
RNA oligonucleotide sequences with the capacity to recognize various target molecules .
Nucleic acids are isolated from libraries of oligonucleotides by a selection process in vitro
called systematic evolution of ligands by exponential enrichment (SELEX) "2. They achieve
sensitivity due to complementary base-pairing that can detect even a single mismatch. While
aptamers are unfold in solution, they fold upon association with the analyte forming specific
thridimensional structures due to their self-annealing properties. Thus, they are able to
recognize their target (small molecules, proteins and even whole cells) based on their shape
with high affinity and specificity . Cells, bacteriophages and tissues can be used for
detection of analytes and to monitor cell physiology, usually via protein-protein interactions.
Enzymes recognize their substrates by a lock-and-key or induced fit model with high

specificity. A more detailed description of enzymatic biosensors will be addressed further.

The detection of the target molecules can be achieved by using different transducer elements.

Piezoelectric biosensors measure the alterations in the resonance frequencies caused by the
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adsorption of molecules on the crystal surface 4. Thermometric biosensors measure the
absorption or the release of heat in the reaction medium 7. Several optical transducer formats
can be adopted for the optical detection of the analyte, they can be based on differences in the
refractive index, on the production of chemiluminescent molecules, on absorbance,
fluorescence emission or fluorescence quenching . In general these types of sensors are very
rapid being only limited by the diffusion of the biomolecule-recognition event but the analysis
of turbid sample is not possible and the equipments are expensive. Other detection methods
include surface plasmon resonance, that detects changes in the local refractive index
originating from the binding of an analyte which in turn causes changes in the optical angle
required for the excitation of the surface plasmon 77, and electrochemical biosensors.

2.2.1. Electrochemical biosensors

The detection via electrochemical methods is the most popular and commonly described,
especially with enzyme-based biosensors 8. The advantages include the operational
simplicity, the possibility to analyze turbid and complex media and matrices in real-time, the
fast response and the cost-effective components. Furthermore, the biosensor components can
be easily miniaturized and even easily integrated for parallel analyses. The signal produced by
the reaction between the biological element and the analyte under investigation influences
measurable electrical properties causing a change in: current (amperometric), potential
(potentiometric), conductivity (conductometric) or resistance (impedometric) of the medium
. Electrochemical sensing generally requires a reference electrode, a counter or auxiliary
electrode and a working electrode, which is the transduction element ®°. The amperometric
biosensors continuously measure the current resulting from oxidation or reduction of an
electroactive species in a biochemical reaction. The current is measured at a constant potential
(amperometry) or during controlled variations of the potential (voltammetry). In the linear
range, the magnitude of the measured current is directly proportional to the bulk concentration
of the analyte in the sample, and thus to its production or consumption rate as well as its mass
transport rate within the adiacent biological layer. Glucose biosensors based on the
amperometric detection of hydrogen peroxide are examples of this type. The sensitivity of the
amperometric devices is generally higher to potentiometric devices °°.

Potentiometric devices measure the potential at the working electrode versus the reference
electrode when no significant current flows between them. They provide information about

ion activities inside the electrochemical cell, usually triggered by the activity of an enzyme ©°.
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The relationship between the concentration of the analyte and the potential is governed by the
Nernst equation (Equation 5.), where Ecenr is the observed cell potential at zero current, E%i is
the constant potential of the cell, R the universal gas constant, T the absolute temperature in
degrees Kelvin, n is the number of the electrodes involved in the reaction, F is the Faraday

constant and Q is the ratio of ion concentrations between oxidized and reduced forms.

— 0
Ecell_ E cell —

nQ Equation 5.
nkF

An example of this type of biosensor is offered by Shishkanova T. V. et al. &, in which the
hybridization process of complementary single-stranded (ss) oligonucleotides attached to a
PVC membrane, determines a redistribution of the ions within intermolecular regions
producing a measurable change in ion concentration.

Conductometric devices can detect changes in the electrical conductivity of a sample solution
containing an analyte. Finally, the electrical impedance across the working and counter
electrode concerning the reference electrode is measured by impedimetric biosensors. Many
immunosensors and aptasensors are impedimetric biosensors 8L, They can be used either to
study enzymatic reactions that produce changes in the ionic strenght of the solution or to
monitor changes caused by the direct binding of the analyte ®°. For instance, the binding of the
analytes can decrease the electron transfer from the solution to the electrode determining an

increase of the impedance of the system.

2.2.2. Enzymatic biosensors

Enzymatic biosensors are the most representative class of biosensor %. Enzymes are very
attractive for biosensor applications because they display high specificity for their substrates.
Moreover, the enzymatic reaction can release a pletora of measurable products such as
protons, electrons, light, heat. The detection relies typically on two mechanisms, one is the
conversion of an analyte to a detectable product and the other is a change of the enzymatic

activity upon binding of the analyte both in a positive or negative way (inhibitors) ®°.

Enzyme-based electrochemical biosensors have been historically classified into three
generations based on the integration of the bio-receptor to the transducer (Fig. 8) . In the
first generation biosensors, also called mediator-less biosensors, the diffusion of the analyte to
the transducer surface is able to produce a measurable signal. The first biosensor produced by
the pioneer work of Clark in the 1956, who is considered the ‘father’ of biosensors ®, that
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was able to measure the oxygen concentration in blood, belongs to this group. The enzymatic
biosensor fabricated later on, in 1969, by Guilbault G. G. and Montalvo J. G. & for the
detection of urea, the heat-sensitive enzyme sensor, also known as ”thermistor”, developed by
Mosbach K. 8 and the optical biosensor for alcohol developed by Liibbers D.W. and Opitz N.
8 are other examples. In the second generation biosensors, also called mediator amperometric
biosensors, other components such as auxiliary enzymes, mediators, are integrated with the
bioreceptor for improving the analytical efficiency. For instance, the lactate analyzer LA 640
developed by Rocher in 1979 8 exploited a soluble mediator, hexacyanoferrate, to shuffle
electrons from lactate dehydrogenase to the electrode. In the third type, the enzymes and
eventual mediators are intimately connected to the electrode or into an adjacent matrix. Third
generation biosensors offer generally low cost, faster response and feasibility of performing
repeated measurements. The biosensor reported by Liedberg B. et al. in 1983 based on surface

plasmon resonance ¥, is one example of this type.
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Fig. 8: three generations of the biosensor (Mox: oxidized mediator, Mreq: reduced mediator).

The most common used enzymes in biosensing are GOx %, HRP 8 and PPO .

GOXx is the standard enzyme used for biosensors, it is quite stable and easy to obtain °*. It has
high molecular weight (130-180 kDa), and contain a non-covalently tightly bound FAD co-
enzyme in the active site. During the enzymatic reaction, FAD is reduced to FADH2 while
glucose is oxidized to gluconolactone. FADH: is re-oxidized by the dissolved molecular
oxygen or by a mediator with the concomintant production of hydrogen peroxide (H202) %

(Equation 6.). The dominant detection approach is electrochemical and the produced H20: is
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oxidized (+0.7 V vs SCE) leading to a current increase directly proportional to glucose
concentration %,

GOx (FAD) + glucose — GOx (FADH,) + gluconolactone
Equations 6.

GOx (FADH,) +0, — GOx (FAD) +H, 0,

HRP is a small glycoprotein found in the roots of the horseradish plant. The enzyme catalyzes
the two-electron reduction of H.O, to water. The ferrihneme prosthetic group of HRP
(HRPFe*") is oxidized to compound | (that contains a oxyferryl iron and porphyrin cation
radical). This intermediate can be directly electroreduced (via formation of another
intermediate compound 1l) to its native state at the electrode. The enzyme catalyses the
oxidation of substrates (phenols, aromatic amines) during the concomitant reduction of H20..
Quinone products can be electroreduced at the electrode (-0.1 V vs SCE) *. The catalytic

reaction is reported in Equation 7.

H, 0, +substrate — Z2H, O+ product Equation 7.

Apart from electrochemical detection, this enzyme is also commonly used in ELISA assays

and immunohistochemistry because the formed products are often coloured %,

PPO is a high molecular enzyme (130 kDa) that can be naturally found in many vegetables
(potatoes, mushrooms), it contains two Cu?* ions coordinated with three histidine amino acids
in the active site °°. It catalyzes the oxidation of phenols into quinones. In literature, many
amperometric biosensors based on the oxidation of the enzymatically produced quinones have
been reported, many of these are able to sense phenolic compounds which are harmful for

human and animal health and which are toxic for the environment %,

1/2 0, +substrate — H,0 + product Equation 8.

2.2.3. Glucose biosensors

Among the different types of biosensors, glucose biosensor is certainly the most widely
studied and the one with an acclaimed success story 8. Nowadays more than 75% of the
global biosensor market is dominated by glucose biosensors with previsions to reach a 38 $
BN market until 2027 6. Its importance and success arises from the clinical relevance in

diabetic patients. Diabetes affect over 17 million people only in the US with a huge society
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cost since it is a life-lasting deasease ¥’. The concept of glucose biosensor was developed by
Clark in 1962. The biosensor used glucose oxidase (GOx) entrapped at a Clark oxygen
electrode by a dialysis membrane and was based on the measurement of oxygen consumption
in response to glucose %. At present, the preferred alternative is to measure hydrogen
peroxide %. In 1975, Yellow Spring Instrument Company launched the first successful
commercial glucose biosensor based on amperometric detection of the enzymatically

10 In 1976, Clemens A. H. et al. ' incorporated an

produced hydrogen peroxide
electrochemical glucose biosensor in a bedside artificial pancreas. Many improvements have
been added since then. Biosensors constituted by disposable electrodes containing an enzyme
plus a mediator have been then developed so that the electrons are delivered to the electrode
by the mediator and not oxygen to circumvent the limitations linked with the fluctuations in
the oxygen levels %2, Mediators are regenerated at lower applied voltages reducing the
background signal of interference species. A mediator-based screen-printed enzyme electrode
was launched in 1987 by MediSense (now Abbott) with a pen-sized meter for home blood

glucose monitoring 1%,

Nowadays, GOx is still the most widely used enzyme in glucose biosensors, followed by
glucose dehydrogenase. Despite the enormous amount of publications done in these past
years, only few biosensors were commercially viable and successful. The causes can be
conducted to the instabilities of the biocomponents and biofueling. Glucose biosensors need
to face additional challenges for market introduction such as regulatory apects for medical
safety and a reliable long-term calibration. Currently, the most employed are the handheld
glucose biosensors that analyze single drops of blood using a lancet. The devices require
frequent measurements that are uncomfortable especially for young patients. A major advance
for the in vivo applications was reported by Shichiri M. et al. with the first needle-type
enzyme electrode for subcutaneous implantation in 1982 %, Currently implanted and non-

invasive glucose sensors are under development.

Future efforts in biosensor research should be focused in improving stability and
biocompatibility of the biological components, for instance with addition of layers of
hydrogels, with the combination of nanoparticles or carbon nanotubes in an antibiofouling
coating 1% 1% or by using biomimetic approaches. Some of these bioinspired approaches
include the use of nanoenzymes %7, which are essentially nanoparticles that mimic the three-

dimensional structure of enzymes, the use of molecularly imprinted polymers (MIP) with
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synthetic recognition sites as alternatives to natural receptor sites and fabricated by molecular

imprinting processes 8,

2.3. Characterization of biosensors

The performance of a biosensor is evaluated generally based on a set of parameters °.

Enzyme-biosensors are characterized by their apparent Ky and Vmax. Km is equal to the
substrate concentration at the half-maximum rate. It is a measure of how efficiently an
enzyme converts the substrate into a product. Vmax is the response at the maximal substrate
concentration. When the appartent Km value is significantly greater than its value for the
soluble enzyme, the enzymatic reaction is limited by the presence of a significant barrier for
substrate diffusion or a co-substrate is reacting with the enzyme with increased rate. Km and
Vmax are generally determined by the Lineweaver-Burk plot or double reciprocal plot, which

is also useful for determining the mechanism of enzyme inhibitors *1°, as indicated by Fig. 9.
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Fig. 9: typical A) Michaelis-Menten saturation curve and B) Lineweaver-Burk reciprocal plot
of an enzyme reaction.

Upon analysis of the measurements obtained by a biosensor, a plot is thus produced in which
the signal output is correlated to the concentration of the analyte. For instance, in an
amperometric glucose biosensor the current density is plotted versus glucose concentration.
The sensitivity is defined by the slope of the change in signal output versus the change in
concentration (as indicated by Equation 9. where X1 and X> are two analyte concentrations in
the calibration plot, and Y1 and Y- are their corresponding signals) *°°. The calculation of the
sensitivity is applicable only in the linear range, the range in which the signal output is

proportional to the fluctuations in analyte concentration. The biosensors characterized by a
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steeper slope are more sensible and more able to distinguish a small change in the analyte
concentration. The sensitivity is a measure of the ability of a biosensor to detect the lower

concentration above zero 1%,

Sensitivity = ﬂ Equation 9.
1 _XZ
The limit of detection (LOD) is defined as the minimum amount of analyte that can give a
distinguishable signal, it is also a measure of the ability of the biosensor to disclose the
minimum difference between two measurements at any concentration. It is expressed by
Equations 10. 1, In the first, k is the signal-to-noise ratio and STDpackground iS the standard
deviation of the background signal. k can be arbitrarily chosen depending on the desired
accuracy, typically is around 3. The LOD can also be expressed as the value of three standard

deviations divided by the sensitivity of the biosensor 1.

LOD= k* STDbackgmund

Equations 10.
38TD background

sensitivity

The selectivity is the ability of the biosensor to distinguish a closely related group of
molecules, with a structure similar to the analyte, to other molecules in a complex solution 2,
Specificity is the ideal condition, where only a single target analyte is sensed by the
biosensor. The response time is another important parameter, described as the time required to
generate a signal %, In case of an amperometric glucose biosensor for instance, the response
time is the time necessary for the generated current to reach its maximum value following the
addition of glucose in the solution. It is impacted by mass transport of both analyte and
product, the presence of layers or membranes at the electrode interface and their physico-
chemical characteristic such as thickness and permeability °,

3. Enzyme immobilization methods

For both biofuel cells and biosensors, the immobilization of the biologic components in a
suitable matrix or support is essential 1> 114 The performance of the bioelectrodes is related
to the amount of enzyme immobilized. A poor immobilization would led to a kinetic losses
114 The immobilization of enzymes and redox mediators can extend the lifetime of the system

because their stability is usually increased compared to those in solution '3, Moreover, the
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enzyme can be used repeatedly after immobilization 1%°. In biotechnological applications, the
immobilization of enzymes can also be useful to separate the enzyme from the reaction
solution and the products. The establishment of an efficient electrical connection to the
electrode is essential, and for enzymes capable of performing DET, an immobilization
strategy that favours a specific orientation on the electrode becomes a key factor to have a
performant bioelectrode. For bioelectronic applications, the miniaturization of the devices
requires enzyme immobilization as well. There is a range of approaches for the
immobilization of enzymes, including physical adsorption, covalent binding, cross-linking,
entrapment, affinity binding (Figure 10.) !°. Each immobilization method presents
advantages and drawbacks, the choice of the most suitable depends on the nature of the
molecule and the desired application. In all cases, it is important that the catalytic activity of

the enzyme is retained as much as possible.

covalent binding

entrapment affinity cross-linking

Fig. 10: scheme of the principal enzyme immobilization methods.

3.1. Adsorption

Adsorption is based on non-specific weak bonds: hydrophobic interactions, Van der Waal’s
forces, hydrogen bonds, electrostatic interactions 6. This method is practically simple, the
enzyme dissolved in solution is placed in contact with the support for a certain amount of time
followed by washing steps with buffer to remove the unadsorbed molecules. Alternatively, the
enzyme solution is drop-casted on the surface of a support and once dried, it is successively
washed 7. It is low-cost and reagent-free and generally is non-destructive towards enzyme
structure. Another advantage is the possibility to regenerate the surface. The main drawback
is that the enzyme is loosely bound to the support and it can be easily desorbed from changes
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in pH, temperature, ionic strenght or polarity of the solvent. This method is not particularly
suitable for enzymatic-biosensors because non-specific adsorption of other proteins or
molecules on the transducer can cause interference and contamination. Furthermore, the
interaction of the enzyme with a metallic surface can force a change in the native structure
with exposure of its inner regions, that could ultimately results in protein denaturation. For
this reason self-assembly monolayers of thiols, surfactants, polyelectrolytes, molecular linkers
are often used to minimize the direct interaction between enzyme and a metal electrode.
Nanomaterials with their three-dimensional configurations can also help preventing enzyme
denaturation. Adsorption of the enzyme at the electrode results in casual orientation and thus,
the substrate binding sites of the electrode or the redox active sites can be hindered and

positioned distant from the surface of the electrode.

It is possible to distinguish some subcategories of adsorption: physical adsorption and
electrostatic binding 6. Physical adsorption involves hydrophobic interactions and Van der
Waal’s forces mostly. In electrostatic binding, charged surface areas of the enzyme (resulting
from the difference between the isoelectric point and the pH of the solution) interact with
areas of the support or the matrix with opposite charge, via ionic and strong polar interactions.
A common electrostatic binding technique is the layer-by-layer deposition 16, This method is
done by immersing a support coated with a charged polyelectrolyte in a solution of enzyme
that bears positive or negative charges at the surface. Polyelectrolytes are water soluble
polymers containing ionic charges along the polymer chain. The process of deposition is
repeated to obtain a multilayer of opposite-charged layers. The advantages are the simplicity,
biocompatibility, low-cost while the activity of the enzyme is not affected significantly.
Tough, the presence of a charged matrix can lead to distorsions in the kinetics of substrates

and products and affect their diffusion and the pH stability of the enzyme can be altered.

3.2. Covalent binding

This method forms covalent stable bondings between functional groups of the enzyme and a
support. Generally, the functional groups involved in the binding are not essential for the
enzymatic activity, such as amino groups in lysines, thiol groups of cysteines, carboxylic
groups of aspartic and glutamic acids, hydroxyl groups of serine and threonine of the side
chains 8, The procedure followed for the covalent binding can be essentially divided in two
steps: the activation of the support using linker molecules with specific functional groups

followed by the covalent binding of the enzyme to those groups. Linker molecules are

31



typically carbodiimide, glutaraldehyde, maleimide. Carbodiimide allows the binding between
the carboxyl groups of a support and the amino groups of an enzyme, N-hydroxysuccinimide
(NHS) is often associated to carbodiimide to improve the efficiency of the covalent coupling.
Glutaraldehyde instead forms a Schiff-base with amino groups of the support followed by
reaction with amine groups of the enzyme. Cysteine residues can form stable thioether bonds
with the unsaturated carbonyls of maleimide. Click-chemistries can be employed as well for
protein immobilization. These reactions, first introduced by Sharpless et al. in 2001 *° that
has been very recently awarded with a Nobel Prize in Chemistry (2022), have rapidly
developed in recent years in various research areas. They constitute powerful ligation tools for
biomolecule immobilization due to their fascinating features, such as high efficiency, simple

operation and mild reaction conditions.

The main advantage of this method is the high stability of the bonding that prevents enzyme
detachment from the surface. Substrate accessibility to the active site is generally not
hampered and is possible to control the site of immobilization favouring a specific orientation
at the electrode to reach an efficient electron transfer. Protein engineering using site-specific
mutagenesis can be useful to introduce or remove functional groups at the protein surface to
control the site of immobilization, for instance by removal of excess of cysteines or insertion
of a unique cysteine residue at a desired site. Reproducibility is often higher with this method
than adsorption or entrapment '°. Despite this, some essential functional groups may get
inactivated due to the irreversible bonding to the support that reduces the freedom degree of
the enzyme. These phenomena can lead to unfavorable configurational changes with potential
loss of the catalytic activity 2°.

3.3. Entrapment

An enzyme is physically confined in a three-dimensional polymeric network or inorganic
frameworks via this method. The network allows substrate and product diffusion but retains
the enzyme molecules preventing leaching 3. Polymeric composites, in which at least one
component is a polymer, are commonly used for enzyme entrapment. Since the enzyme does
not react directly with the polymer, enzyme activity is usually conserved and leaching is
minimized 3. Via this method, is possible to recreate a suitable microenvironment for the
enzyme by tuning the matrix properties such as polarity and pH. It is also more easy to entrap

multiple enzymes. Control over the thickness and pore size of the matrix is necessary since
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substrate diffusion and the conductivity can be impaired. At the same time, if the pore size is

too large, enzyme leaching can occur.

The immobilization is conducted generally by a polymerization reaction that is triggerred by a
change in the experimental conditions or by a chemical reaction (for instance chemical or
electrochemical oxidation). In electrochemical polymerization, the monomer is oxidized or
reduced at the electrode upon application of a potential forming radical species that react with
each other to generate oligomers and finally a polymer that deposits at the surface of the
electrode. Conducting polymers such as polyaniline, polypyrrole or polythiophene are often
used for this purpose (Fig. 11A) 1%L, During this process, if an enzyme is dissolved in the
monomer solution, it can be encapsulated into the growing polymer without chemically
reacting with it. Electrochemical polymerization allows to control the thickness of the film by
varying the applied potential, polymerization charge, nature of electrolyte and reaction time
121 This method thus enables the modulation of the amount of enzyme and redox mediators

immobilized 121,
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Fig. 11: examples of A) conductive and B) non-conductive polymers for enzyme
immobilization.

In photopolymerization, an insoluble matrix is created by a chain-growth polymerization
reaction triggered by light exposition in the ultreviolet or visible region. Poly(vinyl alcohol)-
bearing styrylpyridinium groups has been used for enzyme entrapment in biosensors 22,
Another alternative method of enzyme immobilization is microencapsulation, the enzyme is
enclosed in a lipoidal or polymeric micelles 2. Polysaccharide-based gels and non-

conductive polymers such as Nafion, chitosan, cellulose or alginate are very popular 124 125 126
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(Fig. 11B). These matrices provide biocompatible, non toxic microenvironments and offer
long term stability. Entrapment in a carbon paste, made from a mixture of carbon powder and
a binder such as paraffin, is another popular method for the preparation of electrodes with

127 Cosnier S. et coworkers have

incorporated biological components and mediators
entrapped enzymes (GOx and laccase) into a CNT matrix by mechanical compression in a
mediator-less glucose biofuel cell 28, The entrapment in metal-organic frameworks (MOFs) is

a recent trend due to their high surface area, functionalizable pore and cage walls *?°.

3.4. Cross-linking

Protein aggregates are formed on the electrode with the assistance of bifunctional or
multifunctional cross-linkers. The cross-linking agents form intramolecular and
intermolecular covalent bonds with enzyme molecules. Sometimes enzymes are cross-linked
in presence of a functionally inert protein such as bovin serum albumine (BSA). This method
creates a stable surrounding microenvironment. Glutaraldehyde °, poly(ethylene glycol)
diglycidyl ether (PEGDGE) 3! and activated ester 2 are examples of cross-linkers that can
react with the amine groups of enzymes. The enzyme is initially deposited on the support and
then cross-linked with the aid of the cross-linking agent ensuring an high enzyme loading at
the surface. The stability of the system can be regulated by changing the concentration of the
cross-linker. The advantages and drawbacks are similar to the ones described about the

covalent binding.

3.5. Affinity

Affinity interaction is achieved by using specific groups on a matrix support that can
selectively interact with enzyme tags via supramolecular interactions. These interactions are
formed by the sum of weak and reversible electrostatic interactions, hydrogen bonding, van
der Waals’ forces, m-n stacking interactions, coordination with metal ions. Avidin-biotin 33,
lectin-carbohydrate 34, cyclodextin-adamantane ', metal ion-chelator *** are common
affinity partners. Cysteine, histidine, mannose-binding protein, adamantane, biotin and
glutathione S-transferase are examples of affinity tags *’. The introduction of these tags
requires often complex procedures, but the enzyme activity is generally retained because it
involves a single point of attachment and the non-covalent nature of the interaction reduce the
risk of conformational changes. Depending on the procedure, affinity-based immobilization

allow the control over the orientation of the enzyme. In other cases, such as enzyme
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biotinylation, multiple affinity sites can be introduced on a single protein and the process is
less controllable.

Biotin and histine can interact with cyclodextrins by inclusion complexes or with
nitrilotriacetic acid (NTA) forming a coordination complex with copper or nickel ions 3¢ 138,
Finally, the affinity of an enzyme for a substrate can also be exploited for the controlled
orientation of the enzyme to the electrode. An example is the affinity of the hydrophobic
cavity of laccase from Trametes versicolor for polycyclic aromatic compounds, such as
anthraquinone, that was exploited for enzyme immobilization on multiwalled carbon

nanotubes 13°.

Fig. 12: examples of enzyme immobilization strategies via affinity binding: A) p-cyclodextrin-
adamantane host-guest complexes, B) Cu?*-nitriloacetic acid-polyhistidine complex, C)
substrate-enzyme affinity complex.

4. Nanomaterials-based bioelectrodes

By definition, nanomaterials are materials with a size smaller than 100 nm, they can exhibit
novel and unique properties different from the bulk behaviour °. In the last decades,
nanomaterials have become essential in numerous applications: cosmetics, electronics, food,
drug development 0. They are mainly employed as biomolecule tracers or for the
modification of electrodes !°. In particular, they confer the capability to control the
architecture of the electrodes at a nanometer level. In general, nanostructured electrodes
possess an elevated active surface area that can maximize the interaction and immobilization

of the biomolecules enabling significant loading of enzymes and mediators in comparison to
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planar electrodes. Their use can minimize the enzymatic conformational changes, maintain
and improve the catalytic activity of enzymes '#'. Nanomaterials are also important for
achieving better DET for enzymes ensuring a preferential orientation of the enzymes #2. In
literature, the EFCs with maximum power densities have been obtained from electrodes
altered with nanomaterials ®3. Furthermore, nanomaterials can contribute to the improvement
of electrical, chemical, optical and magnetic properties of the sensing devices, improving their
sensitivity and stability 1* 144 Nanoengineered porous materials and nano-objects such as
carbon nanotubes, inorganic and organic nanoparticles, are all examples of electrode materials

contributing to the improvement of the enzyme-electrode interface.

4.1. Carbon based nanomaterials

Carbon-based materials are versatile, they come in various shapes and forms: zero-
dimensional structures such as fullerenes, diamond clusters, one-dimensional structures like
carbon nanotubes (CNTSs) and nanofibers, two dimensional structures like graphene and three-
dimensional structures such as nanocrystalline diamond, fullerites, nanorings, carbon
nanodots (CNDs) (Fig. 8) . Carbon-based nanomaterials also offer the possibility to form
nanocomposites. In these materials, the properties of different nanomaterials are merged in a
single novel material, nanoparticles-modified CNT, ceramic-CNT, teflon-CNT are some

examples 146,
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Fig. 13: different types of carbon nanomaterials. Ref. 1.
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Among these, carbon nanotubes and graphene are the most widely used. The basic structure
of graphene, nanotubes and fullerenes consists of a layer of sp2-bonded carbon atoms. This
configuration is responsible for their good electrical conductivity and ability to form charge-
transfer complexes with electron donor groups 4. The atomic bonds are very strong and
stable and they can tolerate extreme conditions of high temperature and pressure. sp?
hybridized carbon atoms confer them elastic modulus and tensile strength compared to sp®
hybridized carbon atoms. The implementation of different carbon nanomaterials in the
fabrication of biosensors and biofuel cells has received in the course of last years great
attention worldwide.

Graphene consists of a one-atom-thick sheet of sp? hybridized carbon atoms forming six-
member rings. The description of the remarkable characteristics of graphene was reported by
Geim and Novoselov in 2004 that won the Nobel Prize in Physics and Chemistry in 2010 for
their contribution 8. A large variety of techniques are available for graphene fabrication, the
most common is the mechanical exfoliation (repeated peeling) of highly ordered pyrolytic
graphite %, The chemical oxidation of graphene leads to graphene oxide, a graphite
derivative with hydroxyl, carboxyl and epoxy groups covalently attached to its layers, with an
improved dispersion in aqueous solvents **°. It has been employed as a component of solar
cells, aeroplanes, satellites, cars as well as biosensors, bio-batteries and transistors °1,

4.2. Carbon nanotubes

CNTs are are allotropes of carbon in the form of rolled-up graphene sheets with a cylindrical
shaped structure. The formation of worm-like carbon deposits were firstly described by
Radushkevich L. V. and Lukyanovich V. M. in 1952 53 while the discovery of MWCNTS is
attributed to the Japanese physicist lijima S. in 1991 % The electronic properties of
SWCNTSs were described by Mintmire J. W. and al. that brought the attention to this class of
materials paving the way to their future application in scientific research *°. CNTs are
divided into two types: single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon
nanotubes (MWCNTSs). SWCNTs with diameters in the range 0.4-3 nm are composed of a
single-layer graphite, while MWCNTSs are formed by multiple single-wall nanotubes sharing a
common axis with diameters in the range 1.4-100 nm, depending on the number of graphene
tubes. The interplanar distance between each of the concentric cylinders is 0.32-0.35 nm,
similar to that between the graphene layers in graphite '*°. Both have micrometer lengths,

although is possible to grow SWCNTSs up to centimeters long.
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4.2.1. Synthesis

CNTs are synthesized by different methods: physical methods that convert carbon into
nanotubes via high-temperature processes, electric arc discharge and laser ablation, or by
chemical vapour deposition (CVD), which instead is performed at atmospheric pressure or in

vacuum and lower temperature 17 1%,

The electric arc discharge is the most common and probably the easiest method *°. The
reaction chamber is filled with an inert gas (argon, helium) at controlled pressure, while a
potential difference is applied between two graphite electrodes separated by approximately 1
mm. When the graphite roads are brought closer, a plasma is formed by high temperature
discharge between the electrodes. Carbon atoms are ejected from the anode and they
accumulate on the cathode forming a deposit. The deposit contains a mixture of nanotubes,
amorphous carbon, nanoparticles, fullerene-structures. Sometimes a metal catalyst is used
along with graphite at the anode and in this case, the nanotubes are deposited on the arc
chamber walls. In both cases, a further purification step is necessary to separate the nanotubes
from other forms of carbon and from metal particles. Different parameters can affect the yield

of CNTs formation, for instance the pressure of the gas or the applied potential **°.

In the laser ablation technique, a laser pulse is used to vaporize a carbon target, containing
also some traces of a mixture of Ni and Co metals, placed in a reaction tube at 1200 °C. As a
result of the ablation, the formed nanotubes are carried by a inert gas flow and finally
collected in the cooler end of the tube in the form of ropes . This method was used for the
first time by Kroto H. W. to synthesize fullerene in 1985 ! and successively by Guo T. et al.
in 1995 62 for the formation of nanotubes. After the subsequent heat treatment, which is done
to remove the fullerenes structures, each rope is composed by a bundle of aligned SWCNTSs.
Also in this case, it is possible to control the average diameter of the tubes by varying some
parameters. The procedure is quite expensive and metal particles will also residue in the
CNTs.

Chemical vapor deposition (CVD) is based on the pyrolysis of a gaseous hydrocarbon such as
methane, carbon monoxide or acetylene, as carbon sources, mixed with a metal catalyst at
temperatures around 700°C — 900°C and atmospheric pressure 3. This technique has been
used to form various carbon-based materials, including SWCNTs and MWCNTSs. The

mechanism of CNTs growth is still object of studies. In a first mechanism, called ‘tip growth
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mode’, the catalyst particles stay at the tips of the growing nanotube during the growth
process while in the ‘base growth mode’ the catalyst particles remain at the nanotube base 4,
This technique offers more control over the type and structure of the obtained nanotubes and

the possibility to scale up the process compared to the previous methods.

4.2.2. Properties

CNTs are considered the stiffest materials in nature (approximately ten times higher than
steel), especially in the axial direction, while they are quite soft in the radial one %, The
mechanical strenght increases with the diameter of MWCNTSs. At the same time, they bear
large bending or compressive strains due to their elastic modulus. CNTs are very good
thermal conductors along the tube and good insulators laterally to the tube axis. Due to the
one-dimensional structure, they are good electric conductors (a thousand times higher than
copper wires) 1*°. In CNTs, each carbon atom is covalently bonded to three neighbour carbons
via sp? molecular orbitals, while the fourth valence electron is delocalized over all atoms
contributing to the electrical nature of CNTs. CNTs have either metallic or semiconducting

behavior, depending on their diameter and structure .

The mechanical, electrical properties of CNTs are also affected by the presence of defects.
Different defects, such as inclusion of five- or seven-membered rings, sp* hybridized sites and
open ends, are produced along the hexagonal graphene framework during the synthesis and
the purification of CNTs 7. For instance, acid treatments with H,SO4 and HCI are effective
in removing amorphous carbon impurities and metal catalytic particles, but they cause
secondary effects such as opening of CNTs ends and oxidative damage of the CNTs sidewalls
188 Defects are also created intentionally by chemical functionalization of CNTs. The
presence of residual metallic impurities is however responsible for some of the electrical and

catalytic properties of CNTs 269,

4.2.3. Structure

The structure and helicity of CNTSs is described by the roll-up chiral vector (Ch) that can be
expressed by Equation 11., in terms of unit vectors a1 and az of the graphene sheet by means
of integers (n, m) % The Ch vector connects crystallographically equivalent sites on a
graphene sheet. The translation vector r is orthogonal to Cy, parallel to the tube axis and it
represents the length of the unit cell of an (n, m) tube (Fig. 9).
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There are three possible chiralities for SWCNTSs: armchair, zigzag and chiral depending on
the (n,m) indices and thus how the hexagons are orientated along the axis of the tube 1%, The
electrical properties of the CNTs depend on those configurations and the consequent
electronic energy band gaps. In the armchair ((n, n), m = n), the hexagon rings are lined up
parallel to the axis of the nanotube and the electrical properties are similar to metals. In CNTs
with a zigzag configuration ((n, 0), m = 0), the hexagons are oriented in a circle around the
nanotube diameter. Finally, the ones with a chiral configuration ((n, m), n # m), have
hexagones that do not form any specific line. In the latter two, CNTs share electrical
properties similar to semiconductors. In a random sample of SWNTSs, around two thirds of
SWCNTs are semiconductor-type and one-third are metallic type. In the case of MWNTS,
each layer of graphene can have a different chirality and MWCNTSs are generally considered

as metallic if at least one graphene layer composing their structure is metallic 1°.

C,=na;+ma,  Equationll.

Fig. 9: graphene sheet diagram with the chiral vector and different structures of nanotubes.
Adapted from Ref. 17,

4.2.4. Applications

Because of their remarkable electrical, chemical, mechanical properties, CNTs have found a
wide range of applications in nanoelectronics, solar cell technology, optics and material
science 179, Over the last decades the number of patents and publications on CNTs has
increased exponentially. CNTs have been used as nanofillers for polymer composites, as

additives in the costitution of anodes in lithium ion batteries * or in proton exchange
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membrane fuel cells with the aim of reducing platinum loading while maintaining the fuel cell
efficiency 172, Moreover, they have been used in supercapacitors since their high surface area
result in high electrostatic double-layer capacitance ’3. They are extensively used for the
construction of bioelectrodes because of their electrical conductivity, large surface area, good
biocompatibility and functionalizable sidewalls. The three-dimensional network with high
porosity is very advantageous for the immobilization of enzymes. At the same time, the thin
diameter of CNTs can approach the active site of enzymes promoting direct electron transfer
144 The sensitivity of biosensors is improved because of the enhanced adsorption of target
molecules promoted by their large specific surface area 1’4, CNTs have been used in field
effect transistor (FET) biosensors where the bio-recognition event led to changes in the CNTs
conductivity. FET based sensors have been developed for enzymatic, immunosensors and

even DNA sensors 7,
4.3. Functionalization of carbon nanotubes

Organic solvents or surfactants are required to produce stable dispersion of CNTSs for practical
applications 8. To improve the solubility and processibility of CNTs, mechanical methods
can be used to increase the number of open ends and defects, ultrasonic treatment is one of
those. Alternatively, chemical modification can be used to introduce polar groups: oxygen,
hydroxyl, phenyl on the surface of CNTs for the same scope 1. The functionalization is
associated with a change of hybridization of the carbon atoms from sp? to sp® and the
simultaneous loss of p-conjugation system. This results in a variation of the mechanical and
electrical properties of the CNTs. The introduction of specific functional groups enables the
subsequent chemical reactivity of CNTs and it may be used for several applications 1’7, For
instance, the presence of oxygenated functional groups introduced by chemical treatment have
enhanced the performance of an alcohol dehydrogenase (ADH)-based bioelectrode,
promoting the electrooxidation of the NADH generated during the catalytic cycle of ethanol
oxidation 1’8, Furthermore, the functionalization of CNTs can provide a chance for favourable

enzyme orientation.

Various methods have been developed over the years, they can mainly be divided in two
types: covalent and non-covalent. These two types are essentially exohedral derivatizations,
since they involve the external modification of the sidewalls of the CNTs, while in the
endohedral functionalization, the hollow inner cavity of the CNTs is used as a capillary for

the storage and incorporation of fullerenes structures or nanoparticles. CNTs can be also
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decorated externally with inorganic nanomaterials, mainly metal nanoparticles and metal

oxide nanostructures such as ZnO, CuO, SnO; to form hybrid nanocomposites 1’7 (Fig. 14).
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Fig. 14: most common methods of functionalization of CNT. Adapted from Ref. 17°,

4.3.1. Covalent functionalization

Covalent functionalization is based on the introduction of functional groups on CNTs by
creating stable covalent bonds. The treatment of CNTs with oxidative agents, either strong
acids such as sulfuric acid and nitric acid, or basic agents such as ammonium hydroxide or
hydrogen peroxide, results in the formation of oxygen-containing groups (carboxylic,
carbonyl or hydroxyl groups) on the sidewalls of intact region of the CNTs skeleton or in pre-
existing defects or open-ends of the CNTs. The extent of functionalization can be controlled

by duration and hardness of the oxidation treatment.

Those groups can then serve as reagents for further coupling reactions with other molecules,
mainly through esterification or amidation reactions . Other reactions that form covalent
bonds include cycloaddition reactions, addition of carbenes 176 and nitrenes 176 8 and radical
additions '®. The radical addition of diazonium compounds is one of the most popular
method for the covalent modification of CNTs 182,
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Fig. 15: some of the principal covelent modification strategies of carbon nanotubes: A)
esterification, B) amidation, C) addition of nitrenes, D) addition of carbenes, E) addition of a
aryl diazonium.

4.3.2. Non-covalent functionalization

These methods exploit the presence of sp? carbon atoms on the sidewalls of CNTs and is
based on the formation of strong interactions, n-n stacking and hydrophobic interactions,
between CNTs and delocalized electron rich-systems such as aromatic compounds 8. The
structure integrity and the intrinsic properties of CNTs are preserved, differently from
covalent methods that often have the effect of decreasing the electrical conductivity. The
formation of effective n-n stacking interactions using pyrene, anthracene, porphyrins has been

used for the immobilization of both redox mediators and enzymes 184 18,

Fig. 16: z-r stacking interactions between aromatic compounds and carbon nanotubes.
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Conjugated polymers with polar side chains, like polyvinylpyrrolidone (PVP) or
polystyrenesulfonate (PSS), are also used to wrap around nanotubes to improve their
solubility 8. The physical adsorption of surfactants on the CNTs surface has been employed

to prevent the aggregation of CNTs &7,

4.4. Nanoparticles: overview

Nanoparticles (NPs) are a type of nanomaterials with different shape and size (1-1000 nm),
solid or hollow, with various surface chemistry and chemical composition . They can be
classified essentially into two groups: inorganic and organic NPs (Fig. 17). More in detail,
inorganic NPs are made up of inorganic materials such as carbon, silica and metals such as
gold, silver and iron oxide. They can be divided in metal NPs (Ag, Au, Pd), magnetic NPs
(that possess a metal oxide core), semiconductor/QDs (based on CdS, CdSe).

Organic NPs are costituted by lipids and polymers of natural or synthetic origin and they can
be classified in polymeric NPs, micelles, liposomes, nanogels, dendrimers. Hybrid NPs can

also be formed by conjugation of organic and inorganic parts .
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Fig. 17: representative structures of various nanoparticles. Adapted from Ref. 1%,

Generally, NPs can be generated by bottom-up strategies or top-down strategies *°%. In the
first case, the NPs are assembled from the atomic level in case of inorganic NPs or from the
monomeric constituents for the organic ones. For instance, the reduction of Au®** to Au® in

presence of stabilizing agents such as citrate or phosphanes that prevent NPs aggregation and
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uncontrolled growth, is the bottom-up approach for the synthesis of metallic AuNPs %2,
Nanoprecipitation and procedures based on emulsification are instead the most representative
bottom-up methods for the synthesis of organic NPs. The bottom-up methods are very useful
for the encapsulation of active molecules into organic NPs. In top-down strategies instead,
bulk solids are cracked and down-sized into NPs by procedures such as milling, laser ablation,
ion sputtering, high pressure homogenization. These strategies are less common employed

because of their high cost 1°.

NPs have attractive electronic, catalytic properties, size-dependent optical and magnetic
properties, different from those of the bulk materials **. Sometimes the properties can be
predicted with high precision from the particles size. They have found several applications
especially in the biomedical field as therapeutic and diagnostic agents. In biosensing
applications, they can be used for the modification of electrode surfaces or for the conjugation
with bioreceptors (antibodies, oligonucleotides, enzymes, etc) 1%. They can be effective to
improve the biosensor sensitivity, reduce the detection limit and contribute to the signal
amplification. NPs are also used as labels in immunosensors, genosensors and cell sensors 7.
NP catalysts exhibit much higher mass activity than film-based catalysts. While the
adsorption of enzymes on bulk electrodes leads often to their denaturation, their absorption on
nanoparticles is generally less destructive towards enzyme activity. Since the size of the NPs
and enzymes are comparable, the enzyme usually maintains its natural conformation.
Similarly to CNTs, the electron transfer distance can be decreased by employing NPs and
many reports can be found in the literature of the direct electrochemistry of enzymes at NP-
modified electrodes 44 19. 1% Also, they are becoming increasingly popular in bioenergy
conversion and NPs are often introduced as additives to boost microorganism metabolism in

biofuel production systems in MFCs applications 1%'.

4.4.1. Inorganic nanoparticles

Metallic NPs have excellent conductivity, high stability and biocompatibility, high surface
area, that make them good candidates in their use in combination with redox enzymes at the
electrode surface 7. Moreover, the synthetic procedure is relatively simple. Due to their
intrinsic metallic characteristics, they act as electron carriers between the enzyme and the

solid electrode improving the bioelectrocatalytic reaction 198 1%,
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Gold nanomaterials have unusual optical and electronic properties and high affinity with thiol
groups. They are the most commonly used metal NPs in electrochemical biosensors due to
their biocompatibility, vaste electrochemical potentail, and easy protein conjugation 2%, They
are often deposited and incorporated on CNTs generating a composite with improved
electrocatalytic activity. The combination of aptamers and gold nanomaterials is often used in
sensing platforms 2%, In some cases, AUNPs have been not only used as immobilized at the
electrode surface but dispersed in the electrolyte to allow the regeneration of the electrode
surface 2%2, In some potentiometric biosensors, the target molecules after being captured by
the primary receptors immobilized on the transducer, are bond to secondary receptors linked
with AuNPs that act as labelling agents 2%, In biofuel cells, they are equally often used, like in
the mediatorless sugar/oxygen biofuel cell developed by Wang et al. 2% (current density of 40
nA cm 2, with a 20% decreased power density observed after 12 hours). Sometimes core-shell
structures composed of AuNPs with a different metal for the shell are used because the lattice
strain effect that is created between two different metals can further enhance the catalytic
activity. Gold palladium core-shell NPs have been used as cathode catalysts in a MFC for
wastewater treatment 2%, Furthermore, AuNPs show excellent electroactive properties
towards hydrogen evolution reaction (HER) 2%. Platinum (Pt) nanostructures have been
extensively used for the direct electrocatalytic oxidation of small organic molecules such as
formic acid and methanol 2%’. Palladium (Pd) and copper (Cu) are much more abundant and
less espensive than Au and Pt metals and they also show high electro-catalytic and sensing

characteristics 208 209,

Magnetic nanoparticles (MNPs) consist of a magnetic core surrounded by a non-magnetic
shell. The most studied core is composed by iron oxides such as magnetite (FesOas) or
maghemite (y-Fe203) 2%, while the shell is often, for biological applications, composed by

211 or an organic polymer 22, MNPs have been applied mostly for biomedical

silica
applications, cell separation, drug delivery. If the size is sufficiently small, they show
superparamagnetic behaviour at room temperature, so they become magnetized only in
presence of an external magnetic force. Furthermore, they can convert the magnetic energy
into heat '3, This opens the possibility to manipulate the NPs at a distance for therapeutic
approaches in vivo such as photothermal tumour ablation 24, They have also found utility in
environmental applications for the removal of heavy metals and organic pollutants 2, in
energy storage devices 2%, biosensors and detection systems 21”. They can be easily trapped

by magnets and be retained efficiently close to the electrode surface. In particular, they have
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been used in the so-called ‘dispersible electrodes’ in which biorecognition-functionalized
MNPs are dispersed in the sample solution to maximize the interaction with the analytes and
subsequently collected by a magnet to a macroscopic electrode for the quantification 28,
MNPs are suitable for biosensing applications since biological receptors do not show any
magnetic behaviour and thus, the biorecognition event is not affected by interference or noise.
Catalytic active MNPs have been developed as nanoenzymes to provide catalysis for

biochemical reactions on biosensors and biofuel cells 8.

Mesoporous silica NPs also offers several benefits such as tunable pore structure, huge
surface area and chemical-functionalizable surface #'°. These NPs have been mainly
developed as imaging contrast agents, ablative therapy sensitizers 22°, and drug delivery
vehicles 221, The loading and release of cargo molecules can be controlled by specific external
stimuli. By tailoring the pore sizes, the transport of electrons can be significantly improved.
Mesoporous silica NPs with cleavable linkage have been used for the design of an

electrochemical sensor for the quantitative measurement of prostate-specific antigens 22,

Quantum dots (QDs), are composed of semiconductor materials from I11-V or 11-VI groups of
the periodic table, such as ZnS, ZnSe, CdS, CdSe, with particle diameters typically ranging
from 1 to12 nm %%, They have also tunable size and they are suitable for imaging applications
due to their broad absorption bands, narrow emission, elevated brightness and extremely large
Stokes shift. They are resistant to photobleaching and chemical degradation, which make
them advantageous compared to common organic dyes and fluorescent proteins 222, They also
have generally high fluorescence quantum yields. Thus, they are suitable for biosensors with
optical redout ??*. Some optical DNA or oligonucleotide sensors are based on the Forster
(Fluorescence) Resonance Energy Transfer (FRET) quenching, the recognition event between
fluorophore-labeled ssDNA oligonucleotides attached on a donor (QDs) and a complementary
sequence positioned on a quencher (acceptor) is revealed by the appearance of a fluorescent
signal 225226 In other cases, the production of an optical signal is caused by the interaction of
QDs with surface plasmons on gold materials or viceversa ??’. QDs have been also used for
other type of biosensor transducers, for instance in the measurement of the electrochemical

impedance spectroscopy signal by Xu Y. et al. 228,
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4.4.2. Organic nanoparticles

Organic NPs have received less attention and investment compared to inorganic materials
although research is rising over recent years especially in the pharmaceutical field 22, They
are generally more soluble in aqueous environment and they are more environmentally

friendly compared to inorganic NPs 2%°,

The progress in polymer chemistry, as well as advances in orthogonal chemistry reactions,
has pavented the way for the creation of polymeric NPs with precise control over the
architecture of the individual monomeric constituents and their properties 2%, Polymeric NPs
(nanospheres, nanocapsules and polymersomes) have shown great potential in
biotechnological applications due to their biocompatibility, biodegradability, versatile
chemistry. A lot of research in pharmaceutical and food industry has been focused on poly
(lactic acid), poly (glycolic acid) and recently poly-e-caprolactone. They are commonly
exploited as drug carriers since they show high drug loading efficiency and rate of

endocytosis 2%,

Micelles are polymeric enclosed structures formed by self-assembly of amphiphilic
compounds in aqueous medium. Usually, amphiphilic block copolymers form core/shell-like
nanostructures with a size usually in the range from 5 to 100 nm, a hydrophobic core and a
hydrophilic shell 22°. Micellar structures with different shapes can be formed by varying the
length and number of blocks. These micelles have the ability to solubilize and load
hydrophobic therapeutic drugs or imaging agents by encapsulation in the hydrophobic core.

Some amphiphilic copolymers are responsive to external stimuli such as temperature, pH.

Liposomes are spherical particles with a size of > 100 nm, formed from one or more lipidic or
phospholipidic constituents delimiting an enclosed aqueous compartment. They are thus higly
biocompatible and biodegradable. Liposomes are uptaken by cells via endocytosis after a
process of adhesion and fusion with the cell membrane bilayers. A few liposome formulations
have been approved by US FDA for clinical use. Examples of liposome applications in food
industry are the entrapment of proteolytic enzymes for cheese production 2, nutraceuticals,

flavours or antimicrobials for enhancing the quality of food 22,

Nanogels are nanosized polymeric networks with high porous structure constituted by cross-
linked polymer chains, formed via either aggregation/self-assembly or covalent linkage. They
combine the properties of hydrogels (biocompatibility, flexibility and high water content)

with those of nanocarriers 233, The loading capacity available for the incorporation of drugs is
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much higher than that of micelles and liposomes due to their highly porous structure.
Experimental conditions such as pH, ionic strenght, temperature influence the swelling

properties and the drug release 2%,

Dentritic NPs are highly branches molecules with a tree-like structure with 1-4 nm size. They
do not possess a core but they are formed by multiple shells, each one formed by the
repetition of monomeric units ??°. The presence of multiple terminal groups allows a high
degree of functionalization. In this case, the drugs can be retained into the void space between
the branches via physical interactions with the functional groups or covalently tied to the
outer shell. Dendritic molecules used for therapeutic applications have been made from
polyamidoamine (PAMAM), poly(propylene imine), polylysine, polyester, polyaryl ethers,
polyglycerol.

4.5. Functionalization of nanoparticles

The physical-chemical properties of the NPs, such as surface charges, hydrophilicity and size,
can be controlled by functionalization. In other cases, functional polymers are attached as
external coatings without affecting the NPs properties. The functionalization can sometimes
be achieved before the NPs synthesis or afterwards via post-functionalization strategies.
Different conjugation strategies for the immobilization of bioreceptor units (DNA/RNA,
oligonucleotides, antibodies, fluorescent dyes, polymers, drugs, tumor markers and enzymes)
on NPs have been used for the development of reliable immunosensors, genosensors,

enzymatic biosensors 1%°,

In biomedical applications, the functionalization of NPs is helpful to increase their stability,
protect them against hydrolytic and enzymatic degradation, reduce the phagocitic capture,
prolonge their circulation in vivo, reduce the toxicity for cells and enhance intracellular
bioavailability 23> 2%, Carbohydrate interactions regulate many processes in nature: signaling
transduction, cell adhesion, tissue growth and repair, viral/bacterial infection, so
glyconanoparticles are very promising in glycobiology, diagnostics and therapy. Nanocarriers
are often functionalized with a carbohydrate coating to improve their water solubility,
biocompatibility. For instance, thiolated carbohydrate derivatives, such as lactose, glucose
and mannose derivatives, are readily assembled on metallic and magnetic NPs or QDs.
poly(ethylene glycol) (PEG) is often attached as external layer to metallic NPs, mycelles and
lyposomes to prolong their circulation time in the body and regulate the cell uptake 23" 2%,
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Furthermore, the functionalization allows the attachment of specific ligands that improve the
efficiency of targeting via affinity binding with receptors and cells. For instance, the
hydrophilic corona of PEG on the NPs has been conjugated with peptides able to target
specifically the oyvBs integrin on cancer cells 2%, Other biocompatible materials, such as
polydopamine (PDA) #*° or lipoproteins 24! have been used for the decoration of NPs as well.

The attachment of enzymes to NPs can be of great benefit for biosensors. In the glucose
biosensor fabricated by Zhang S. X. et al. 242, the aldehyde groups of a GOx are bind with a
cysteamine monolayer chemisorbed on AuNPs. The presence of the NPs facilitated the
electron transfer without affecting enzyme activity and improved the biosensor sensitivity as a
result of the increased surface/bulk atom ratio. In some cases, enzymes immobilized on NPs

revealed more stable than their free counterparts 243 244,

The functionalization can be achieved using multiple strategies, covalent and non-covalent.
The most adequate strategy depends on the chemical composition and type of reactive groups
on both NPs and molecules to attach and it should be chosen to satisfy specific functional
requirements. Overall, in biosensors the conjugation of the bioreceptors should be stable
enough to generate a reproducible signal upon analyte binding under various environmental
conditions or ensure a proper orientation of the biomolecules while conserving their optimal
function and activity.
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Fig. 18: possibilities of functionalization of nanoparticles with various biomolecules.

4.5.1. Covalent functionalization

As already pointed out, covalent bonding has the advantage of being stable and reproducible.

A schematic representation of the main covalent bonding strategies are reported in Fig. 19.
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Fig. 19: main covalent strategies used for nanoparticle functionalization. Adapted from Ref.
244

NPs containing aldehyde, epoxide or anhydride groups can be reacted with amine groups of
proteins or viceversa. For instance, a lipase was attached to Fe;O3 MNPs via covalent bonds
between the amino groups of enzyme and acetyl groups of the NPs 244, Antibodies, peptides,
carbohydrates or oligonucleotides often require a prior modification step for the introduction
of specific functional groups to promote the immobilization.

Covalent modification is often pursued using an intermediate linker. EDC-NHS coupling
reaction is used to couple carboxyl or phosphate groups to primary amines. One disadvantage
of this type of chemistry is that peptides containing both carboxylates and amines can auto-
polymerize. Also, it does not guarantee an oriented immobilization in the case of
biomolecules with great structural complexity, such as proteins or antibodies that have
multiple carboxylic and aminic groups 4.

The use of maleimide to conjugate primary amines to thiols with the formation of a stable
ether linkage or two thiols to form a disulfide linkage, is extensively described in the literature
and has a lot of potential for a great number of biomolecules that possess thiol or amino
species 26, For instance, thiol-oligonucleotides attached on maleimido-QDs were exploiteded
for DNA direct electrochemical detection 247, Overall, these coupling strategies have the risk
of causing the crosslinking between different functionalized NPs.

AuUNPs are often directly modified with thiol groups by formation of strong gold—S bonds,

and attached thiolated linkers usually allow a further attachment of biomolecules in a
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controlled way. Click-chemistry reactions are useful and effective, they have been applied for
proteins 248, enzymes 2*°, fluorophores 2, polymers %! coupling to NPs. The copper(l)-
catalyzed azide-alkyne cycloaddition (CUAAC) click reaction between azides and alkynes has
a tremendous popularity. It occurs at room temperature with high chemoselectivity, it is fast,

simple and has an acceptable degree of insensitivity to solvent and pH.

4.5.2. Non-covalent functionalization

Non-covalent strategies (Fig. 20) are easy and neither the biomolecules nor the NPs require a
modification of their structure **, However, conjugation is less stable compared to covalent
methods and it is also less reproducible, so it is difficult to control the amount and the

orientation of immobilized molecules.
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Fig. 20: examples of non-covalent strategies used for nanoparticle functionalization. Adapted
from Ref. 243,

Polymeric species and biological molecules with an opposite charge can be coupled to NPs
via electrostatic interactions. However, any changes to the pH or ionic strength may induce
desorption.

Amphiphilic polymers or cyclodextrins can be used to encapsulate NPs and drugs in a
microenvironment improving their solubility. Functionalization based on supramolecular or

coordinative (affinity) interactions are also highly employed. The most classic example is
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biotin-avidin/streptavidin-biotin system (Ka around 10%® L mol?). Nowadays several
companies offer biomolecules and NPs already modified with biotin or avidin groups 2. The
advantage of the non-covalent interactions for the fabrication of NPs-based biosensors is the

possibility of regeneration of the transducer element 144,
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Chapter 11

Functionalization of carbon nanotubes by thiol-yne
chemistry for enzyme electrocatalysis
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1. The Thiol-yne “click” reaction at carbon nanotubes

1.1 Overview of thiol-ene and thiol-yne “click” reactions

Click chemistry reactions are known for their attractive characteristics: simplicity,
regioselectivity, high reaction rate, mild reaction conditions, functionality tolerance . Thiol-
based reactions are dominated by thiol-ene chemistry, which is described as the addition of a
thiol to carbon—carbon double bonds. It was first observed in 1905 2 but its systematic
investigation and adoption in polymer chemistry and material science begun in the late 1930s
3. According to literature, the reaction appears to proceed under mild reaction conditions,
rapidly giving high yields with the concomitant formation of few or no side products thus
owing some of the attributes which are typical of the click reactions. At the same time, the
efficiency seems to vary depending on the particular system and in certain circumstances it
fails to meet the typical criteria of click reactions . The analogous thiol-yne reaction, which
involves the addition of a thiol to a carbon carbon triple bond is instead much less studied and
documented 2.

One great advantage of both these reactions is that they don’t require a metal catalyst, thus
eliminating the issue of its potential toxicity for biological and biomedical applications and
environmental issues linked to the necessity of its removal. On the contrary, this is the case in
the Cu(l)-catalyzed Huisgen 1,3-dipolar cyclo-addition of alkynes and azides (CuAAC),
which is probably the most employed and characterized click reaction. In addition, the triazole
moiety that is formed is similar to the natural amide moiety and it can forms hydrogen
bondings or n-m stacking interactions with the aminoacidic residues of peptides and proteins
complicating the experimental outcome *. So there is a need for the use of alternative coupling

procedures especially for biological applications.

In recent years, thiol-based chemistry has emerged as a new ligation tool not only for the
synthesis of small molecules but also complex molecular systems, such as linear, highly
branched, functional (co)polymers, polymer-based gels, cross-linked materials and
dendrimers for applications such as drug delivery, imaging, catalytic supports, and viscosity
modifiers °. Furthermore, it is employed for the post-functionalization of materials containing

alkene/alkyne or thiol functional groups to target a specific function.

Thiol-based reactions have clearly demonstrated potential in the bio-organic field, and

especially as a tool for glycosylation and biomolecule functionalization 3. The natural

75



abundance of the thiol-based amino acid cysteine on proteins can be directly exploited for
thiol-reactions circumventing the use of further modification of the biomolecule. On the other
hand, it is relatively easy to modify biomolecules, proteins or polymers introducing a thiol or
alkyne group. As an example, Lo Conte M. et al. described an approach for the double
glycosylation of cysteine-containing peptides. In a first step some alkyne functional groups
were left to react with the cysteines via a base-mediated nucleophilic substitution and in a
second step a glucosyl, galactosyl or lactosyl thiol was reacted with the alkyne-modified
substrate under irradiation in presence of a photoinitiator ©. Li Y. et al. used thiol-yne
chemistry for the labelling of proteins after a first incorporation of alkyne- pyrrolysines and
their subsequent reaction with thiol-containing fluorophores ’.

Similarly to its analog thiol-ene reaction, thiol-yne reaction have emerged as a versatile
reaction, since it can proceed through both nucleophile and radical-based route and it is
supposed to work in both organic and aqueous media &. In general, some compounds, such as
amines, phosphine or B-cyclodextrins, can promote the formation of a thiolate anion that act
as a nucleophile able to react with the alkyne. UV light, elevated temperatures, peroxides and
in general any other species able to form radicals, promotes the reaction via a radical
mechanism °. Apart from those, the general addition process can also be catalysed by a

variety of transition metals and main group elements, especially Pd, Pt, Ni or Rh complexes 3.

The possibility of carrying out the thiol-ene and thiol-yne chemistries under photo-induced
conditions, is a really convenient aspect. In case of electron-deficient alkenes susceptible to
chain growth polymerization such as allyl acrylates, methacrylates and acrylamides the
addition process can also initiate a chain polymerization reaction. Importantly, the
polymerization triggered by radical photoinitiation may benefit from both spatially- and
temporally-controlled functionalizations 2.

Differently from the thiol-ene reaction that can give only two possible products from the
addition reaction to unsymmetrical alkenes (the Markovnikov and anti-Markovnikov species),
the thiol-yne reaction involving a terminal alkyne bond can generate six different products
depending on the experimental conditions (Fig. 1). It is known that the nature of the
substrates and the reaction conditions play an important role in determining the nature of the
products and their distribution and among them, the steric bulkiness of the coupling reagents
seems to particularly influence mono- or bis-addition selectivity 3. To provide some examples,

the mono-additive products are easily obtained when the reaction is carried out between thiols
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and aromatic alkynes, while the 1,2-addition product (F in Fig. 1) is more likely to be
obtained under radical-mediated conditions with two or more equivalents of thiols 3.

The possibility to form bis-additive products confers the thiol-yne reaction a great advantage
compared to the analogous thiol-ene because dually functionalised conjugates and highly
branched or cross-linked polymeric structures can be more efficiently produced by thiol-yne
chemistry. Furthermore, the radical additions to alkynes are slower than those to alkene but
the latter usually occurs in a reversible manner and therefore is necessary to work an excess of
the reagents or high thiol concentrations to shift the equilibrium of the reaction towards the
formation of the products. Instead, the radical thiol-yne reaction is more efficient when
equimolar amounts of reagents are employed and it is basically irreversible since the vinyl

radicals intermediates are formed in a irreversible manner .

R—SH + R'———H

|

l R'/\\/SR Rl/ﬁ

: SR
R A B C
R
SR RS is SR>_\
R')Q R' SR R RS
D E F

Fig. 1: possible addition products for the mono- and bis-hydrothiolation of a terminal alkyne bond.

1.2 The thiol-ene and thiol-yne reactions on surfaces and nanomaterials

The different aspects and the advantages of the thiol-based reactions described above, make
them reactions appealing as functionalization strategies for the preparation of dendrimers,
polymers, polymer—protein conjugates and glycopolymers.

Chen G. et al. recently described the preparation of a diblock copolymer via a thiol-ene
coupling reaction between ene-functional precursor copolymers and glucothiose under

photochemical conditions °.

Due to their caracteristics of efficiency, velocity, orthogonality, thiol-based click chemistries

are, in both their radical and nucleophilic forms, powerful and convenient tools for surface
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and nanomaterial modification. They can promote high-density and oriented functionalization
of surfaces and overcome limitations caused by bulkyness of the substituents and the presence
of multiple reactive groups on the ligands that diminish the reaction selectivity . Other
functionalization strategies require in fact the protection and deprotection of reactive groups
to achieve a proper orientation and selectivity, which can be detrimental for nanomaterial
substrates.

The thiol-ene click reaction is an interesting route for organic—-inorganic NPs
functionalization. A photo-induced thiol-ene click chemistry has been applied for the
controlled and directed deposition of multifunctional ligands on metal oxide NPs . But
recently, the reaction has been applied also for the functionalization of polymeric and silica
NPs %, Connal L. A. and co-workers recently described the formation of multilayer-coated
silica particles by crosslinking of adiacent layers of ene or thiol functionalized
polyvinylpyrrolidone (PVP) and poly(methacrylic acid) (PMAA) induced by thiol-ene
coupling under UV irradiation 2. Short thiol-terminated PEG chains were grafted to the
surface of hybrid inorganic-organic NPs via thiol-ene coupling to improve their dispersability
in solvent 3. A variety of thiol-containing peptidic targeting species were conjugated to allyl-
functional nanoparticles by Harth and co-workers by thiol-ene chemistry for establishing a
conjugation protocol utilizable for cancer targeting/delivery applications .

Thiol-ene click reactions have been also used to functionalize the surface of amorphous
carbon films, which is a promising material for the preparation of biosensors and chemically
modified electrodes *°. Thiol-modified amorphous carbon films were irradiated in presence of
vinylferrocene leading to a ferrocene-modified material potentially suitable to be used as
mediator substrate. The authors demonstrated the potentiality of the UV-catalyzed reaction for
the preparation of chemical and biochemolecule arrays *°. This feature has been highlighted
also by other authors that created a patterned surface by coupling of ene-functional biotin onto
a thiol-modified silicon oxide surface under irradiation using a photomask. The pattern was
visualized by treatment with a Cy5-labeled streptavidin 1°.

A deeper understanding of the conditions influencing the thiol-yne reaction is crucial to
extend the knowledge about it and the range of its possible applications. Nowadays there is no
report in the literature of the thiol-yne reaction applied to carbon nanotube-functionalized

surfaces for enzyme electrocatalysis.
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Carbon nanotubes (CNTSs) are an ideal substrate for their use in CNT-based enzyme biofuel
cells and biosensors because of their structure, they possess a diameter (ranging from 1 nm for
SWCNTs to 10 nm for MWCNTS) that can approach closely the redox active sites of the
enzymes. They have high conductivity and high electron transfer rate. Furthermore, electrodes
modified with CNTs have improved electroactive surface and porosity that in turn allows the
immobilization of a high surface concentration of enzymes and redox mediators maximizing
the current densities of the bioanodes and biocathodes ’. Following the efforts of the
BIOCEN group in the investigation of click reaction such as CUAAC * 1° and oxime ligation
20 at carbon nanotubes, the present work is devoted to the functionalization of multiwalled
carbon nanotubes (MWCNTSs) by thiol-yne reaction via both covalent and non-covalent
strategies in order to introduce alkyne functional groups on their sidewalls. The thiol-yne
reaction has been then investigated by cyclic voltammetry upon immobilization of ferrocene

derivatives containing a thiol terminal group on the alkyne modified nanotubes.

2. Investigation of the thiol-yne reaction on MWCNTSs with ferrocene derivatives

Ferrocene and its derivatives form a class of attractive organometallic compounds, which can
be considered as model systems due to ferrocene structural stability, aromaticity, ease of
modification. Ferrocene is a metal complex consisting of an iron(ll) atom sandwiched
between two cyclopentadienyl rings, it undergoes one electron oxidation to form ferrocenium
cation (Fig. 2) and the heterogeneous electron transfer at the solid electrode is fast and
reversible with excellent charge/discharged properties 2%. Furthermore, the electrochemical
behaviour is not greatly affected by solvent effects. They are well-known and they have been
extensively used as standard reference in electrochemical studies ?2. Different examples of the
use of ferrocene as electrochemical probe are present in the literature. In particular, ferrocene
has been used as a redox probe to investigate the efficiency of reactions at surfaces and
electrodes such as the CUAAC performed at azido-modified CNTs °. In general, substituted
ferrocene derivatives and ferrocene-based polymersand dendrimers count several
applications.They have been used in molecular recognition and in electrochemical sensors 3
In bioelectrochemistry, ferrocene acts as a redox mediator for several enzymatic reactions,

such as bioelectrocatalytic oxidation of glucose by GOx 24,
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Therefore, ferrocene is an ideal redox probe for both assessing the thiol-yne reaction by
electrochemical means and provide attached redox mediators for electron transfers between
enzymes and MWCNTS.

Fle 2 @ - Fle 3
+e”

>

Fe(IT) Fe(I1)

Fig. 2: reversible mono electronic oxidation of ferrocene.

2.1. Covalent functionalization of MWCNTSs with aryldiazonium chemistry

2.1.1. Principles of diazonium grafting

Diazonium chemistry is a recognized method for the covalent modification of surfaces with
an organic layer 2°. This functionalization method was first introduced by Pinson and
coworkers and then employed largely in the past decade %°. It has many advantages: the
compatibility on a wide range of materials, since it can be applied to various metals (Al, Cr,
Fe, Co, Pt, Ni, Zn, Cu, and Au), all sort of carbon surfaces (like glassy carbon, graphite,
carbon nanotubes and diamond), silicon, indium tin oxide °. Other characteristics include the
ease and rapidity of modification and the huge versatility of the organic chemistry of the aryl
moiety that allows a pletora of possibilities in terms of functional groups that can be grafted

using this method.

Two general approaches can be contemplated for modifying surfaces by diazonium
chemistry: the grafting of pre-synthetized aryldiazonium salts or in situ generation of
aryldiazonium salts. In both cases the grafting mechanism proceeds through an homolytic
dediazoniation to give an highly reactive aryl radical that reacts with the underlying electrode
to yield a covalent bond 2”. Proofs of the presence of the covalent bond as well as the lost of

the diazonium group have been provided by XPS and infrared spectroscopy ¢ 28,
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Fig. 3: schematic representation of the grafting process of aryldiazonium salts on different surfaces: C
= carbon, SC = semi-conductor, M = metal, P = polymer, | = insulating.

The grafting of diazonium salts can lead to the formation of multilayers, that have the general
structure of a polyphenylene 2°. Actually, the structure is often complex and disorganized, as
not all the substitutions appear at para positions and also azo bonds (— N = N —) can be found
in XPS spectra (Fig. 4).

RR

Fig.4: scheme of the possible complex structure of an aryl multilayer.

In general, the process is less controlled than other coupling chemistry, like the formation of
self-assempled monolayers from alkanethiols on gold surfaces. Also, during the grafting,
dimers and oligomers can be formed by radicals reacting with each other and then they

deposit on the grafted surface, although they can be easily desorbed by a careful rinsing
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procedure 3% 3!, The mechanism of formation of a multilayer is schematized in Fig. 5. After
the formation of the first monolayer, a radical polymerization process takes place via aromatic
homolytic substitution 2°. An aryl radical attacks at the ortho position the already grafted para-
substituted aryl molecules forming a cyclohexadienyl radical. Then, the cyclohexadienyl
radical reacts with another diazonium cation forming a new aryl radical. This electron
exchange process continues the growth of a pure polyphenyl layer. A possible side reaction
that can occur during the grafting process is the bonding to the surface without loss of the
diazonium group to give a hydrazine attached to the surface 2°. Mixed grafted surfaces can be
also obtained by reduction of mixtures of aryl diazonium salts, altough the final composition
of the layer is not easily predictable since it will be enriched by the diazonium salt that is

more prone to reduction 2°.

1] +H+NZ

+ — Ar-Ar-Ar-Ar
X N R
2 R

Thick aryl multilayer

Fig.5: the mechanism for the formation of a multilayer during the grafting of diazonium salts.

Since aryldiazonium salts are easily reduced, the aryl radicals can be generated by a
spontaneous electron transfer between the compounds and surfaces with a sufficient reducing
power, such as gold, copper or carbon surfaces 3. The spontaneous dediazonation can also
occurr by increasing the pH of an aqueous solution which causes the conversion of the
diazonium cation into a diazohydroxide (Ar-N=N-OH) and diazoate (Ar-N=N-O-) which are
highly unstable. Alternatively, electrochemistry or a number of reducent agents, even very

mild ones such as hypophosphorous acid, iron powder and ascorbic acid, are able to form aryl
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radicals. Lastly, the grafting of aryl layers can be triggered by photochemistry, ultrasound or
microwave assistance and even by localized surface plasmon excitation 3.

Each method has its advantages and drawbacks and depending on the desired application
some are more suitable than others. For instance, the spontaneous reduction is very simple but
there is a limitation to the growth of the layer so that only a thin film will be formed on the
surface. By using the chemical reduction the process is less controllable than in the case of
electroreduction but with the first method, the process is efficient with low conductive or even

insulating surfaces such as Teflon or glass *°.

2.1.2. Covalent modification of CNTs by diazonium chemistry

The grafting of a series of diazonium salts produced in situ from the aniline precursors on
CNTs has been described by Bahr J. L. et al. in 2001 32, The free-radical chain mechanism for
the reaction of diazonium with SWNTs has been proposed by Schmidt G. et al. *. In the
initiation step, the diazonium salt is reduced to an aryl radical by a single electron transfer
(SET) from the SWNTSs and then, the aryl radical reacts with SWNTSs to a form an aryl-CNT
radical. During the propagation, the aryl-CNT radical reacts with another diazonium salt
regenerating an aryl radical by SET. In the termination steps, the various formed radicals can
react with each other. The popularity of this method for the covalent functionalization of
carbon materials is linked to its high efficiency and yield and the rich and well known
chemistry of the phenyl group. The grafted phenyl groups can be further modified or coupled
with other molecules.

CNTs have been functionalized in the past by immobilization of an activated ester Fc
derivative on amine groups covalently grafted on CNTs sidewalls by electrogeneration of aryl
radicals from the reduction of diazonium salts giving a reliable and stable glucose sensor
electrode material 3. CNTs have been covalently modified by anthracene and anthraquinone
groups by diazonium chemistry for biobatteries and biofuel cells *. Different carbon-based
materials have been previously covalently modified by using aryldiazonium salts by the
BIOCEN group to promote enzyme wiring and electrocatalysis. MWCNT/reduced graphene
oxide (RGO) hybrid electrodes were covalently functionalized by the in situ generation and
reduction of anthraquinone diazonium salt for the electrical wiring and the direct
electrocatalytic reduction of oxygen by laccase enzymes *. As another example, MWCNTSs

electrodes have been modified by electrografting of aryldiazonium salts, 2-amino-4-
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ethylphenyldiazonium and 6-carboxynaphthalenediazonium tetrafluoroborate salts, to study
the influence of the incorporation of positive or negative charges on MWCNTs for the
orientation of bilirubine oxidase at the electrode *'. The negative charges provided by the
carboxynaphtalene groups improved the enzyme orientation and thus the direct electron
transfer (DET) and enzyme catalytic activity at the electrode *'. Electrografting of 4-
azidobenzene diazonium tetrafluoroborate was performed either by spontaneous or
electrochemical grafting of the corresponding diazonium salt for the control-oriented
immobilization of an alkynated laccase via alkyne—azide Huisgen 1,3-dipolar cycloaddition

reaction 1°.

2.1.3. Electrografting of 4-ethynylbenzene diazonium tetrafluoroborate on

MWCNTSs
The electroreduction of diazonium salts on conductive surfaces has been the privileged
method for decades 2’. After dissolving an diazonium salt in an aprotic medium with a
supporting electrolyte or in an acidic aqueous medium (for example H2SO4 0.1 M), a potential
is applied and the aryl radical is formed in close proximity of the surface followed by its
grafting on the surface °. The electrografting can be pursued by repetitive cyclic voltammetry
or by chronoamperometry at a potential equal or negative to the reduction potential of the
diazonium. Alternatively, the use of potential pulses (0.1-1 s) can be also efficient for the

growth of the layers .

One drawback of this method is the formation of an high amount of aryl radicals that leads to
a disorganized film, usually a multilayer which can range from a few nanometeres to microns.
Many advances have been done in the last past decade concerning the control over thickness
of the final aryl layers. For some applications, such as the development of supercapacitors or
electrocatalysis toward oxygen reduction, thick multilayers are generally preferred. Instead,
for protein film voltammetry (PFV), biosensors and fuel cells, monolayers or thin layers (3-5
nm) are advisable to provide a faster and uniform electron transfer 3. It is possible to have
good control over the final thickness of the film by varying some experimental factors such as
the applied potential, the charge passed during the deposition process and the sweep rate.
Some tricks can be used to obtain a thin layer or a monolayer like the use of ionic liquids that
are more viscous than the usual solvents used in electrochemistry, the use of radical
scavengers or the use of aryldiazonium salts bearing two bulky tert-butyl groups in meta

positions of the benzene ring that prevent the growth of the film by steric hindrance *°.
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Relatively to electrochemical reduction, it is known that choosing a low number of cycles and

a potential not excessively negative produce thinner and more porous films 3.

A diazonium compound with a terminal alkyne, 4-ethynylbenzendiazonium tetrafluoroborate,
was synthetized following the procedure of Limoges B. et al. “°. The formation of the correct
product was confirmed by *H NMR, mass spectrometry and ATR spectroscopy.

MWCNT-GC electrodes were prepared by dissolution of the MWCNTs (Nanocyl 3100,
>95% purity) in NMP and then dropcasting 20 pL of a 5 mg mL* suspension of MWCNTS
onto each electrode surface. NMP is removed under reduced pressure until completely dry.
The process leads to the formation of a uniform film of MWCNTSs (5 um thickness) onto the
electrode surface (Fig. 6). Prior to electrografting, all the electrodes were cleaned by
mechanical polishing with 2 ym alumina slurry, followed by sonication in distilled water to

remove any residual alumina powder and then in ethanol for 5 minutes.

|
'
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Fig. 6: preparation of MWCNT-GC electrodes and SEM image of a pristine MWCNT film (Ref. for
SEM image: Lalaoui et al. ACS Catalysis. 2016, 6, 3, 1894-1900).

Tipically the reduction of the diazonium compound is visible in cyclic voltammetry as a
single, broad one-electron irreversible wave, sometimes accompagnied by a pre-peak. In Fig.
7 the electroreduction of 2 mM 4-ethynylbenzene diazonium tetrafluoroborate is performed
on GC electrodes or on MWCNT-based electrodes. The electrografting was performed by
recording two consecutive cycles with the potential varying from +0.5 V to —0.4 V vs Ag/Ag"*
in TBAP 0.1M MeCN. On GC electrodes (Fig. 7A) the reduction wave of the diazonium salt
of the first cycle, completely disappears during the second cycle since an insulating organic
layer is formed on the electrode preventing the access of the diazonium cations to the
electrode surface. On MWCNT electrodes (Fig. 7B) the reduction wave, which is detected at
more positive potentials at around +0.18 V vs Ag/Ag*, is only slightly decreased in the
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second cycle compared to the first one. This effect is attributed to the enhanced electroactive
area of MWCNTS, avoiding the blocking effect of the polyphenylene layer. The process of the
electrografting is very reproducible and the cyclic voltammograms of all the electrodes

functionalized in this way were almost identical.
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Fig. 7: schematization of the electrografting of 4-ethynylbenzendiazonium tetrafluoroborate on
multiwalled carbon nanotubes. Electrografting on A) a GC electrode and B) on a MWCNTs-GC
electrode in 2mM 4-ethynylbenzene diazoniumin TBAP 0.1M MeCN. Ref. electrode: Ag/Ag™ in TBAP
0.1 M MeCN. Scan rate 10 mV s,

2.1.4. Assessment of the thiol-yne reaction under different conditions

e TCEP

After the electrografting, MWCNT-GC electrodes were incubated with 6-ferrocenyl
hexanethiol (6-FcSH) as a redox probe. The thiol-yne reaction was assessed under different
conditions: in presence of tris(2-carboxyethyl)phosphine (TCEP), B-cyclodextrins ($-CDs) or
under UV irradiation (Fig. 8).
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Fig. 8: thiol-yne reaction between the grafted ethynylbenzene groups and 6-ferrocenyl hexanethiol.

Cyclic voltammetry is a major electroanalytical method for monitoring the redox
characteristics of a compound %!, and it was used in the following analyses to probe the

electrochemical properties of the immobilized ferrocene on the electrode surface.

Both TCEP and B-CDs are supposed to promote the reaction through a nucleophilic addition
substitution, through the generation of a thiolate anion which is a good nucleophile and can

form a covalent bond with an electron-poor unsaturated system such as alkene or alkyne
group.

Tris(2-carboxyethyl)phosphine (TCEP) is a water soluble phosphine, often used as a reducing
agent in biochemistry applications to prevent the formation of disulfide bonds, but it was also
used specifically as a catalyst for a thiol-ene click chemistry by the group of Zhang L. et al *.
For the reaction, the electrodes were immersed into a solution containing 2 mM 6-FcSH in a
mixture of H.O/methanol (3:7) v/iv% and 2 mM TCEP for 3 hours. Then, the electrodes were
thoroughly rinsed in methanol and water and subsequently dried.

A reversible redox system corresponding to an immobilized redox specie is observed at the
potential attributed to Fc. Comparing the functionalization with or without TCEP, TCEP
caused lower redox peaks and thus a lower amount of ferrocenyl immobilized on the surface.
It is noteworthy that CVs of control electrodes that were incubated in presence of 2 mM
ferrocene (without the terminal thiol-alkyl- chain) gave no signal after 3 hours of incubation.
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Fig. 9: CVs were carried out after a 3 hours incubation of the electrodes with 6-
(ferrocenyl)hexanethiol in presence (red line) or absence (black line) of TCEP. The electrodes were
modified with 4-ethynylbenzendiazonium salt by electrografting. The blue lines are relative to
electrodes incubated in the same condition with ferrocene. Ref. electrode: Ag/Ag™ in TBAP 0.1 M
MeCN. Scan rate: 10 mV s,

« B-CD

Cyclodextrins (CDs) are naturally-occurring cyclic oligosaccharides consisting of several (6,
7, 8) glucose units. They are torus shaped molecules that possess a hydrophilic outer shell and
a hydrophobic interior cavity. This structure enables the formation of reversible host—guest
complexes by the reversible interaction of hydrophobic molecules with the inner cavity. CDs
can promote reactions in aqueous environment by supramolecular catalysis ** 4.
Complexation depends on the size, shape and hydrophobicity of the guest molecule *°. A good
advantage of the use of B-CDs compared to more stronger bases is their biocompatibility that
makes them an ideal candidate for bioconjugation. There are several examples of their use as
catalyst for thiol-based reaction occurring at the surface. Kosti¢ et al. described the
modification of lignocellulosic materials, by introduction of vinyl groups on their surfaces
followed by a thiol-ene reaction using B-CDs as catalyst with the purpose of increase the
hydrophobic properties of wood materials “6. The mechanism for the supramolecular addition
of thiols to unsaturated compounds promoted by B-CDs was postulated by Sridhar R. et al. 4’
based on the evidence obtained from *H NMR spectroscopy. The reaction starts with the
sulfur atom of the S-H bond becoming a better nucleophile after the formation of hydrogen
bonds between the thiol and the hydroxyl groups onto the B-CD cavity, which enhances its
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reactivity towards alkenes. A similar mechanism could be thus imagined for the addition of
thiols to alkynes (Fig. 10).

In order to investigate this possible route, MWCNTs-GC electrodes were functionalized with
4-ethynylbenzene diazonium by electrografting as described before and then they were
immersed for 3 hours in a mixture of HO/DMF (1:1 v/v%) able to dissolve both 2mM 6-
(ferrocenyl)hexanethiol and 2 mM B-CDs while stirring and lastly probed by cyclic
voltammetry (Fig. 10).

B-CD was able to only slightly increase the peak currents of ferrocene as compared to the
control (without B-CD). Peak current intensities are similar to that obtained previously in the
presence of TCEP. The reduced peak current intensities of the control compared to the
precedent control without TCEP, could be explained with the lower solubility of 6-FCSH in a
more aqueous environment. Also in this case, the nature of the reagents can also play a
considerable role and while some authors obtained high yields by starting from various
unactivated alkynes “¢, for others the reaction with B-CDs appeared to work only when
thiophenols and arylacetylenes are used *’. Though, the reaction with reagents grafted on the
surface is also described 6, the interaction with the p-CDs cavity is likely more favoured

when the reagents have more degrees of freedom in solution.
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Fig. 10: mechanism of the thiol-yne reaction mediated by -cyclodextrins and CVs obtained after a 3

hours incubation of 6-(ferrocenyl)hexanethiol in presence or absence of 2mM R-CDs on MWCNTs-GC

electrodes that were previously electrochemically grafted with 4-ethynylbenzendiazonium. Ref.
electrode: Ag/Ag™ in TBAP 0.1 M MeCN. Scan rate 10 mV s,
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e UVirradiation

UV radiation (with or without photoinitiator) can promote a thiol-yne reaction through a
radical mechanism, which is schematized briefly in Fig. 11. A thiyl radical adds across the
triple bond to form a carbon-centered vinyl sulfide radical, which abstracts a hydrogen from a
thiol forming a vinyl sulfide and regenerating a new thiyl radical that sustains the chain. The
mechanism is analogous to that of thiol-ene chemistry, but each alkyne functional group is
theorically capable of two consecutive reactions with two thiol functional groups. Thus,
depending on the nature of the alkyne, mainly its molecular size and bulkyness, a subsequent
addition of a thiyl radical to the double bond of the vinyl sulfide may occurr or not, to afford

fully saturated bis-sulfide bis-adducts *.
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Fig. 11: generalized radical thiol—yne reaction mechanism. Cycle 1 represents the initial addition of a
thiol to an alkyne while cycle 2 represents the subsequent addition of another thiol to the vinyl sulfide
product.

The radical addition of thiols to alkynes has been recently utilized for the synthesis of
polyfunctional materials, dendrimers, polymer brushes or cross-linked polymers *°. As
already stated, the possibility of bisfunctionalization of the vinyl moiety, which occurs
especially via the radical route, renders the thiol-yne reaction more advantageous over the
thiol-ene reaction for obtaining polymers with high cross-link density. The radical initiated
thiol-yne chemistry offers the advantage to spatially and temporally control the modification
of a surface by controlling the light exposure thus is suitable for photolithography
applications. As an example, Hensarling R. M. et al. > created a micropatterned surface
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composed of two different areas with different properties, hydrophilic and hydrophobic, on
propargyl methacrylate brushes by application of a photomask using a library of
commercially available thiols under irradiation in presence of 2,2-Dimethoxy-2-

phenylacetophenone (DMPA).

After the electrografting of the diazonium salt as described before, MWCNTSs-GC electrodes
were dipped in a glass vial containing 2 mM 6-FcSH in degassed chlorophorm for 50 min
under UV irradiation (240-400 nm, 200 W). 0.2 equivalents of a photoinitiator, DMPA, were
added in the solution to facilitate the reaction. A tip was placed on the top of the vial to
exclude oxygen. The electrodes were then rinsed in solvent and water to remove the possible
residual ferrocenyl molecules remaining on the electrodes prior testing. The electroactive area
relative to Fc is approximatively twice compared to that originated in the same conditions
without UV irradiation. Also, 20 consecutive cycles were applied at 10 mV s, showing a
good stability of the cathodic and anodic peaks.

— 6-FcSH, DMPA, hv
—— 6-FcSH, DMPA
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Fig. 12: CVs of 6-(ferrocenyl)hexanethiol in presence of 0.2 eq. of DMPA under (blue line) and
without (black line) UV irradiation. Working electrodes: MWCNTs-GC electrodes electrochemically
grafted with 4-ethynylbenzendiazonium salt. Ref. electrode: Ag/Ag* in TBAP 0.1 M MeCN. Scan rate:
10 mvs™,

Fig. 13 and Table 1 below summarize the results of the immobilization of 6-FCcSH onto
MWCNTSs-GC electrodes functionalized with ethynylbenzene groups by electrografting under
three different conditions: TCEP, -CDs and UV radiation. An average value of electroactive
surface coverage (I') of the electroactive center was extimated from multiple experiments,

using the same cycle (15° cycle) for the calculations. The electroactive surface coverage was
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calculated by using Equation 1. where Q is the total charge that is obtained by integration of
anodic peak areas, A is the geometric surface area of the electrode (0.28 cm? for MWCNTSs-
GC electrodes), n is the number of electrons involved (1) and F is the Faraday constant
(96485 C mol™?).

I'= FA Equation 1.

For all conditions, the anodic and cathodic peak-to-peak separation (AE) is close to zero,
which is indicative of immobilized species. UV irradiation appeared to be the best condition
and hugely increased the amount of ferrocene on the electrode. If we compare experiments
performed with -CDs and TCEP with control experiments without catalyts, we can conclude
that the immobilization is closed to a simple adsorption of the ferrocene derivative on
MWCNTs and that the thiol-yne reaction is inefficient. On the contrary, the increase
generated by UV irradiation compared to other conditions strongly suggest that ferrocene
thiol is efficiently coupled to the alkyne groups. It might be also possible that a double
conjugation of the vinyl disulfide occurs owing to the generation of high amounts of reactive
thiyl radicals by irradiation. For comparison, the surface coverage (220 pmol cm?) is
approximatevely 5 times lower than that estimated after immobilization of ethynylferrocene
on MWCNTs modified by electrografting of 4-azidobenzene diazonium tetrafluoroborate via
CUAAC %,

——6-FcSH, TCEP
6-FcSH, B-CD
—— 6-FcSH, DMPA, hv
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Fig. 13: comparison of the cyclic voltammograms of electrodes functionalized with 4-
ethynylbenzendiazonium salt by electrografting and then 6-(ferrocenyl)hexanethiol in different
conditions (15° cycle). Ref. electrode: Ag/Ag™ in TBAP 0.1 M MeCN. Scan rate: 10 mV s™.
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Ei2 (V) vs AE(V) vs I'max
Ag/Ag* Ag/Ag*
6-FcSH, TCEP +0.07 0.02 21 pmol cm™2
6-FcSH, BCDs +0.04 0.03 33 pmol cm™?
6-FCSH, DMPA, hv +0.05 0.06 220 pmol cm™
Table 1

2.1.5. UV-promoted thiol-yne reaction with different ferrocene thiol probes

The effectiveness of the immobilization under UV irradiation was further confirmed using
other two ferrocenyl redox probes: 11-ferrocenyl(undecanethiol) (11-FcSH) and ferrocenyl
methanethiol (FcSH) (Fig. 14). In both cases the redox peaks of ferrocene are significantly
enhanced when the electrodes are subjected to UV irradiation compared to the controls that
were kept in the dark. It cannot be excluded that a fraction of the thiols could react
spontaneously with the ethynyl groups on the surface, and this could explain also why the
controls exhibit redox peaks. The use of ferrocenyl methanthiol resulted in a lower surface
coverage than the other ferrocenyl thiols with longer alkyl chains (Table 2), while a higher
surface coverage was obtained with 11-FcSH.
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Fig. 14: CVs of A) 11-(ferrocenyl)undecanethiol and B) ferrocenyl methanethiol in presence of 0.2 eq.
DMPA with or without UV irradiation. Working electrodes: MWCNT-GC functionalized with 4-
ethynylbenzendiazonium tetrafluoroborate by electrografting. Ref. electrode: Ag/Ag™ in TBAP 0.1 M
MeCN. Scan rate: 10 mV s,
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uv Ei2 vs Ag/Ag* AE I"max STD dev.
6-FcSH v 0.05 0.06 220 pmol cm™ 60 pmol cm™
6-FcSH x 0.05 0.05 103 pmol cm™ 11 pmol cm™
11-FcSH v 0.07 0.09 304 pmol cm™ 40 pmol cm™
11-FcSH X 0.06 0.05 120 pmol cm™ 16 pmol cm™
FcSH v 0.12 0.08 70 pmol cm™ 10 pmol cm™
FcSH X 0.13 0.05 6 pmol cm™ 4 pmol cm™
Table 2

The flexibility of the alkyl is likely playing a role.The presence of longer alkyl chains induces
higher flexibility and less steric hindrances, which might improve the efficiency of the thiol-
yne reaction at the surface of MWCNT sidewalls. A contribution of the alkyl chain to the
adsorption of ferrocene on nanotubes can be also postulated, which is very low when

ferrocenyl methanethiol, with a only a single methyl group, is used.

The immobilization of FcSH was evaluated by varying the scan rate from 10 to 150 mV s to
probe the reversibility of the redox process and the surface confinement of ferrocene. For a
reversible electron transfer process involving freely diffusing redox species, cyclic
voltammetry shows a linear relationship between peak current and the square root of the scan
rate, as demonstrated by the Randles-Sevcik equation (Equation 2.) where ip is the peak
current, n is the number of electrons, F is Faraday’s constant, I" is the surface coverage, A is
the area of the electrode, v is the scan rate, R and T are the ideal gas constant and temperature
5L If the species is confined to a surface (adsorbed or attached) the diffusion model is not
longer applicable and a linear relationship with the scan rate can be established instead, as

stated from Equation 3. °2,

) nFvD 172

i, = 0.4463nFAC ( - ) Equation 2.

) n’FT Av .

iy= —— Equation 3.
4RT

A linear relationship between the peak current and the scan rate, but not the square root of the
scan rate, was observed (Fig. 14), as expected from the theoretical model for a species that

has been immobilized to an electrode surface.
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Fig. 14: cyclic voltammetries at variable scan rates of ferrocenyl methanethiol on a functionalized
electrode after UV irradiation and the corresponding plot of anodic and cathodic peak currents versus
scan rate.

2.1.6. A comparison with pristine MWCNTSs

Some additional experiments have been done on pristine non-functionalized MWCNTSs as
controls. Actually, the direct functionalization of pristine CNTs through a radical initiated
thiol-ene reaction between mercaptans with the double bond groups of the CNTs skeleton has
been reported by some authors 3. The radicals formed upon irradiation are supposed to have
the strenght to break the carbon skeleton of the nanotubes and consequently be grafted. It
could also be imagined that the generated thiyl radicals could react with defects which are
naturally present on the outer walls of the nanotubes, the ones present at the edges or
originating from the purification procedures or during the sonication treatment necessary to
their dissolution in NMP.

In order to test also these possibilities and verify the specificity of the reaction in absence of
any alkyne functional groups on the nanotubes, MWCNT-GC electrodes were incubated for
50 min with 2 mM 6-FcSH in presence of DMPA as already done with the alkyne-modified
nanotubes. In this case, the difference in surface coverage values of the electrodes subjected
or not to UV is not as significant as the one observed on alkyne-nanotubes. Thus, it could be
stated that the presence of ethynyl functionalities is decisive for the immobilization of the
thiols via the radical thiol-yne reaction while the immobilization via other mechanism is

negligible. The photo-initiated conditions are not suitable for producing a significant
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immobilization of 6-FcSH through a thiol-ene reaction with the double bonds of pristine
nanotubes or by reaction with the nanotubes defects.
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Fig. 25: CVs of GC and GDL electrodes containing a pristine MWCNTSs film functionalized with 6-
(ferrocenyl)hexanethiol (15° cycle) with/without 50 min UV irradiation. Ref: Ag/Ag* in TBAP 0.1M
MeCN. Scan rate 10 mV s™.

uv Ei2 vs Ag/Ag* AE I'max
MWCNT-GC v 0.05 0.05 120 pmol cm™
MWCNT-GC x 0.05 0.04 100 pmol cm™
Table 4

2.1.7. Chemical grafting of in situ generated 4-ethynylbenzene diazonium salt

Another way to covalently graft ethynyl groups onto MWCNTS using diazonium chemistry is
the chemically driven reduction of the aryldiazonium salt generated in situ. This method was
found to be an effective means for the decoration and solubilization of graphene and CNTs >4,
In general, it is also very useful when electrochemical means are not practicable, thus for low-
conductive and insulating surfaces or for highly non planar substrates. Also, the method is
sometimes preferred with non commercially available aryldiazonium compounds or to skip
their synthesis and purification which is often not easy, since particular attention need to be

taken being the diazonium group thermally instable and light-sensitive *.

By this method, the aryldiazonium salt is produced by diazotization from its aniline or
triazene precursor °*. Various options exist for promoting the conversion from the aniline

precursors, for instance the use of t-butylnitrite or NOBF4 in organic solvent or NaNO: in
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aqueous acidic medium. A treatment with HF or HBF4 was instead proposed by Tour et al. *

for the generation of aryldiazonium salt from triazene groups.

The grafting of the in situ generated 4-ethynylbenzene diazonium onto MWCNTS followed by
thiol-yne reaction was investigated as a complementary method. The followed procedure for
the chemical generation of 4-ethynylbenzene diazonium has been taken from et Lalaoui N. et
al. 0 and it is schematized in Fig. 15. 50 mg of MWCNTSs (Nanocyl 3100, >95% purity) were
dispersed in 150 mL of DMF using an ultrasonic bath for 30 min. The dispersion was then
placed under argon atmosphere and heated up to 80 °C. The precursor of the diazonium salt,
4-ethynylaniline (0.9 g, 8 mmoL) and a reducing agent, isopentyl nitrite (1.1 mL, 8 mmoL),
were added in the dispersion that was stirred overnight at 80 °C and under reflux. During this
process, the aryl radicals are produced continuously in solution followed by their spontaneous
grafting to MWCNTS. Finally, the reaction mixture was filtered through 0.45 um PTFE
membrane filters, washed several times with hot DMF and finally with acetone to remove
unreactant species and dried under reduced pressure to obtain a granular powder of
MWCNTSs.
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Fig. 15: modification of MWCNTSs from in situ generated 4-ethynylbenzendiazonium salt.

Subsequently, the obtained carbon nanotubes were characterized by Raman spectroscopy to
look for any trace of structure modification that occurred during the reaction. Raman
spectroscopy is a valuable technique for obtaining vibrational and crystallographic
information as well as information about the electronic state of small quantities of materials or
small regions whitin a material, including non transparent solids and nano-objects °'.
MWCNTSs have unique spectroscopic properties. The G-band (tangential mode), located at
1580 cm, originates from the graphitic nature of CNTSs. It is related to vibrations that can be
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found in all sp? carbon materials. The D-band (disordered mode), located at 1350 cm™, can
reveal the presence of impurities or defects which breaks the basic symmetry of the graphene
sheet and the tubular structure of CNTSs. It is indicative of the presence of sp® bonding or
broken sp? bonds in the sidewalls. Finally, the G'-band (d-band overtone), at 2700 cm™?,

which is dependent upon chirality and diameter of the CNTs %8,

For the analysis, CNTs were dispersed in ethanol and drop-dried on a microscope glass slice
covered with a gold film (50 nm thickness). Raman spectra of a sample containing the
modified MWCNTSs were acquired at different locations within the sample and compared to
that of pristine MWCNTSs used as standard. As a consequence of the grafting of the aryl
diazonium salt, some sp? bonded carbon atoms are converted into sp bonded carbon atoms
leading to a consequent increase in the D-band (Fig. 16). To have a relative estimation, the
In/le ratio was calculated from an average of the maxima intensities of the corresponding
bands from different spectra. The ratio is increased from 0.53 to 0.87 for the modified
MWCNTSs testifying the effective functionalization. While the spectra obtained from different
areas of the pristine nanotubes were almost identical and overlapping, some areas of the
sample of the modified nanotubes showed a clearly increased D-band while others were
assimilable to that of pristine MWCNTSs. Thus the modification was not homogeneously
distributed on MWCNTSs.
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Fig. 16: a Raman spectrum of A) pristine MWCNTs and B) MWCNTs modified with in situ generated
aryldiazonium salts. A laser at 633 nm and 3 mW power was focused on the sample surface using a
50% objective.

The modified MWCNTSs were then tested with 6-FCSH under UV irradiation. A new type of
working electrodes was used for the electrochemical assessment of the thiol-yne reaction:
carbon paper with a Microporous Layer (MPL). MPL electrode is made from a porous
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composite material containing carbon and a dense array of carbon fibers, is often used in fuel
cell systems and, given its rough and porous structure, is more suitable for the adhesion of
MWCNTSs. In Fig. 17 is reported an image of a MPL electrode and the electrochemical cell
used. In particular, MWCNTs were deposited on a circular area of 6 mm diameter on the
MPL electrode.

Also in this case, though the capacitative current is relatively large due to the high surface
area of the porous MPL structure, it appears clear that the irradiation produced a higher signal
relative to 6-FcSH than the control. The calculated surface coverage, obtained after proper
background subtraction, is 916 pmol cm for UV while 264 pmol cm for the control (Fig.
17).
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Fig. 17: A) picture of a MPL electrode covered with MWCNTs modified from in situ generation of 4-
ethynylbenzene and the electrochemical cell set-up used for electrochemical experiments. B) CVs of
MWCNTs-MPL electrodes incubated with 6-FcSH with/without UV irradiation. Ref. electrode: Ag/Ag™
in TBAP 0.1 M MeCN. Scan rate: 10 mV s,

2.2. Non-covalent functionalization of MWCNTSs with pyrene

Another complementary route for the introduction of alkyne- groups on the sidewalls of
carbon nanotubes has been explored, the non-covalent functionalization using a pyrene
derivative, 1-ethynylpyrene. It is known that pyrene and its derivatives are effective for the
stable functionalization of CNTs through the establishment of non-covalent stable m—n
stacking interactions %°. In general, these interactions are a specific type of intermolecular
attraction typical of aromatic molecules (carbon nanotubes, graphite, anthracene, pyrene) and
are so named because they occur when the plane of aromatic rings are stacked parallel to one
another . These interactions are stronger with the number of © electrons thus, MWCNTs are

ideal substrates for non-covalent functionalization.
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Fig. 18: schematization of the n—n stacking interactions between carbon nanotubes and pyrene.

The immobilization of ferrocenyl derivatives onto ethynylpyrene-functionalized MWCNTSs

was then assessed again on both GC and MPL electrodes.

v

hv

Fig. 19: thiol-yne reaction between 1-ethynylpyrene and ferrocenyl thiols.

A drop of 20 pL of a 10 mM solution of 1-ethynylpyrene in DMF was dropcasted onto the
pristine MWCNTSs film on both GC and MPL electrodes and evaporated completely under
vacuum. Finally the electrodes were dipped in a glass vial containing 2 mM solutions of
different ferrocenyl derivatives bearing a carbon chain spacer with different lengthts and the
effectiveness of their coupling under UV irradiation, in the same conditions described
previously for the covalent modified electrodes, was verified.

The peak currents of the cyclic voltammograms are significantly increased after UV
irradiation compared to the controls that were not irradiated for all the three ferrocenyl
derivatives used (Fig. 20, 21). Multicyclic experiments showed that the
ferrocenyl/ferrocenium (Fc*’°) redox couple was stable.

The electrochemical data of all the ferrocenyl derivatives are summarized in Table 3. The
electroactive areas calculated from the total charge obtained by integration of the anodic
peaks, which are indicative of the amount of ferrocene, are also similar and just slighly lower
to that calculated previously for the electrochemically grafted electrodes with the diazonium
compound. Also in this case, the surface coverages are dependent on the length of the carbon

chain spacer of the ferrocenyl thiol, with a major length related to an higher amount of
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immobilized ferrocene, similarly to the diazonium functionalized electrodes. Again, the role
of the irradiation is undoubted, determining a significantly higher ferrocene immobilization
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Fig. 20: cyclic voltammogram of MWCNT-GC electrodes (left) and MWCNT-MPL electrodes (right)
functionalized with 6-(ferrocenyl)hexanethiol with or without UV irradiation (15° cycle). Ref: Ag/Ag™
in TBAP 0.1 M MeCN. Scan rate: 10 mV s,
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Fig. 21: cyclic voltammetry data for MWCNT-GC electrodes functionalized with A) 11-
(ferrocenyl)undecanethiol and B) ferrocenyl metanethiol with or without UV irradiation (15° cycle).
Ref: Ag/Ag+ in TBAP 0.1 M MeCN. Scan rate: 10 mV s,
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MWCNTs-GC | UV | DMPA | Ei2 vs Ag/Ag* AE I'max STD dev.
6-FcSH v v 0.05 0.04 | 210 pmol cm™ | 38 pmol cm™
6-FcSH x v 0.05 0.02 75 pmol cm? | 20 pmol cm™
11-FcSH v v 0.09 0.04 | 230 pmol cm? | 60 pmol cm™
11-FcSH X v 0.06 0.02 60 pmol cm™ -
FcSH v v 0.13 0.02 64 pmol cm? | 7 pmol cm™
FcSH X v 0.14 0.01 8 pmol cm™ 5 pmol cm™
Table 3

2.2.1. Role of DMPA

A deeper investigation, in particular on the role of the UV-activated radical photoinitiator,

DMPA, was carried out using ferrocenyl methanethiol (Fig. 22). The irradiation in absence of

DMPA produced only a minor decrease of the electroactive surface coverage relative to

ferrocenyl methanethiol (44 pmol cm2) compared to the irradiation carried out in its presence

(60 pmol cm). Apparently, the role of the photoinitior is marginal in promoting the radical

thiol-yne reaction which appears to be triggered simply by UV light. This outcome is not

surprising, since also in the literature it is stated that the presence of the photoinitiatior is not

always necessary, especially when irradiation with low wavelengths around 254 nm are used

61, As expected, a control electrode made using 2mM of ferrocene, without the alkyl chain and

the terminal thiol group in the same experimental conditions, in presence of DMPA and UV

light, gave no redox peaks.

Fig.22:
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cyclic voltammetry data for MWCNT-GC electrodes functionalized with ferrocenyl

metanethiol in different conditions (15° cycle). Ref: Ag/Ag+ in TBAP 0.1 M MeCN. Scan rate: 10 mV

st

102




2.2.2. Role of the irradiation time

The effect of the time of irradiation on the reaction was explored as well using FCSH on the
ethynylpyrene functionalized nanotube electrodes. The electrodes were immersed in a 2 mM
solution of FcSH in chloroform and exposed at UV light for different times (ranging from 1
min to 50 min). The cyclic voltammograms show redox peaks that increase with the exposure
time of irradiation. After 1 min, no difference in the surface coverages are observed between
irradiated electrodes and controls, while after 5 min, the photo-induced reaction produced
bigger peaks and the difference is increaed over time. A good linear fitting of the charge
under the anodic peaks versus time was found up to 30 min, while after 50 min the charge still

increases but the linearity is lost (Fig. 23).
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Fig. 23: CVs of ferrocenyl methanethiol in presence of 0.2 equivalents of DMPA after different UV
exposure times (240-400 nm, 200 W) and plot of the charge under anodic peaks vs time. MWCNT-GC
electrodes modified with ethynylpyrene served as working electrodes. Ref. electrode: Ag/Ag™ in TBAP
0.1 M MeCN. Scan rate: 10 mV s,

3.53RT
AEgim = —— (90.6/m mV at 25 °C) Equation 4.

nF

It is also possible to note a shift of about 0.05 V of the mid point potential of the Fc*° redox
couple towards lower potentials over time of irradiation. It can be hypothesized that the
increase in the number of immobilized ferrocene moieties and their subsequent aggregation
driven by hydrophobic interactions on the electrode surface, could be responsible of this
behaviour. The ideal full-width at half-maximum of the anodic or cathodic voltammetric
wave, AEswhm, When no interactions take place between the redox centers is given by Equation

4. and it is equal to 90 mV for non interacting ferrocene molecules. Deviations toward higher
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and smaller values are often linked to aggregated state of ferrocene 3" #®. The AEfwhm
calculated from the anodic wave is 96 mV after 5 min, thus similar to the theorical expected
value, while it has a value of 130 mV after 50 min of irradiation indicating a degree of

interaction between redox centers.

2.3. XPS analysis of the functionalized electrodes

Further analyses were performed by using X-ray photoelectron spectroscopy (XPS) in order
to evaluate the surface composition and the chemical changes at the surface of the MWCNTSs
as a consequence of the functionalization process. The technique provides a simple elemental
analysis of solid surfaces, except for hydrogen and helium, as well as information on chemical
shifts and chemical bondings. It is probably the most readily interpretable, informative and
quantitative technique for chemical surface characterization %2, XPS spectra are generated by
interaction of a photon with an atomic orbital electron, as a result the electron is ejected from
the atom with a Kkinetic energy which is the difference between the photon energy and the
binding energy of the electron in the atom. An X-ray source provides the incident photons
while the analyzer measures the number of electrons with different kinetic energies generating
a spectrum in which the phoelectronic intensities are correlated to the binding energies. The

binding energy position of the peaks allows the elemental identification 3.

A small film of MWCNTs has been formed on small and flat silicium supports for the
successive XPS analyses by dropcasting 5 pL of the MWCNTSs suspension (5mg mL™) in
NMP and evaporated under vacuum. The electrodes have been modified by deposition of a 5
pL of a 10 mM solution of 1-ethynylpyrene to the formation of stacking interactions.
Subsequently, the electrodes were immersed in a second solution containing 2 mM of FcSH
with or without irradiation for 50 min and finally rinsed several times. The XPS spectra are
reported in Fig. 24.

On both spectra a main peak can be observed at about 284 eV, which is generated by
photoelectrons emitted from the C 1s core level. A second peak that appears at about 540 eV,
is also present in both spectra, which is generated by photoelectrons emitted from the O 1s
core level. These peaks can be found on samples containing MWCNTSs ®. The presence of
oxygen can be attributed to the presence of C=0 and C-O-C functional groups on the
nanotubes that are more likely generated during the purification of MWCNTSs, which
generally involves acid washings to separate the nanotubes from the amorphous carbon and

the metallic impurities used as catalysts. These treatments create defects in the structure of
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nanotubes which are stabilised by -COOH and —OH groups 4. Alternatively the oxidized
groups are formed during UV treatment, although the procedure of degassing with argon has
been always carried out to exclude oxygen. In the sample that was not irradiated, only these
two elements, carbon and oxygen, are detected in the XPS spectum. The XPS data support the
electrochemical data, in which FcSH is barely absorbed on ethynylpyrene-MWCNTSs
electrodes in absence of UV irradiation. On the contrary, both iron and sulfur are detected in
the spectrum of the irradiated sample, demonstrating the presence of FCSH on the surface of
the MWCNTSs. In particular, the Fe 2p region confirms the presence of Fe(ll) with the two
principal spin-orbit components at 707.5 eV (2ps2) and at 720.2 eV - 725 eV (2pir)
accompanied with satellite peaks at 718.3 and 727.7 eV. The binding energies observed in
this spectrum are in agreement with those described in the literature ® . The presence of
Fe(lll) species with broad peaks at 710.2 and 722.9 indicates that ferrocene is partially
oxidized, likely upon irradiation. The two components of the S 2p core levels at 163.3 and
164.3 eV are consistent with the formation of a thioether bond upon coupling of FcSH 7.

Traces of oxidized thiol is observed at 169.2 eV.
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Fig. 24: XPS Survey spectra of MWCNTs modified with ethynylpyrene and then incubated for 50 min
with 2 mM FcSH (a) in the presence and (b) absence of irradiation accompanied with XPS spectra at
Fe2p and S 2p core levels for ethynylpyrene-MWCNTSs incubated with 2 mM FcSH after 50 min UV
irradiation.
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3. Photoinitiated thiol-yne reaction with a phenanthroline thiol derivative

The immobilization of other redox thiol compounds by thiol-yne reaction was then assessed.
A compound with a terminal thiol, 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide
(PLSH), was synthetized following the procedure reported by Elmes R. B. P. et al. %, The
obtained product was characterized by NMR.

H,N
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i N 8 OH DCM
0°C
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Fig. 26: reaction scheme for the synthesis of 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide.
Adapted from Ref. .

MWCNT-GC electrodes were prior functionalized with ethynylpyrene then immersed in 2
mM solution of the synthetized PLSH and 0.4 mM of DMPA and placed under UV lamp for
50 min in the same conditions used for the ferrocenyl probes. After the reaction, the
electrodes were rinsed carefully in chloroform and water. The electrodes were then cycled 30
times in phosphate buffer at pH 7 from -0.4 V to +1.2 V vs SCE (saturated calomel reference
electrode) at 100 mV s*. This process is aimed at generating phenanthrolinequinone by
electrooxidation. The as produced quinone is redox-active and can be detected by
electrochemistry (the phenanthroline is electroactive only at very negative potential) ®°. The
electro-oxidation in aqueous solvent to form quinones has been already used for different
polycyclic aromatic hydrocarbons including naphthalene, pyrene and phenanthrene ©. A
mechanism for the electro-synthesis of the phenanthroline quinone derivative (PLQSH),
similar to that described for the electro-synthesis of pyrenediones, can be postulated *°. The
electro-oxidation generates a radical and a water molecule is incorporated during the process
giving an hydroxylic functionality. During a second oxidation step, which probably occurs
simultaneously to the first, a second hydroxylic group is formed in an adjacent position. These
dihydroxylic functionalities are reversibly oxidized during cyclic voltammetry. While in
aprotic medium, two reversible one-electron-reduction waves are visible in the CV
corresponding to the formation of the semiquinone anion and then the fully reduced dianion
species, in aqueous medium a single wave corresponding to the reduction of the quinone to

the hydroquinone by a two-electron and two-proton process (Fig. 26) is instead observed 5.
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After the first oxidation, a couple of reversible redox peaks appeared in the cyclic
voltammograms with mid point potential at -0.018 V vs SCE along with a second small
irreversible oxidation peak at around +0.4 V vs SCE. Upon consecutive cycling, the redox
peaks were increasing slightly after each cycle due to the formation of new quinone
functionalities (Fig. 27). The redox current peaks showed a linear dependence with respect to
the scan rate confirming the immobilization of PLQSH (Fig. 28).
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Fig. 27: electro-synthesis of the oxidized 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide
(PLQSH) in 0.1 M phosphate buffer pH 7 by 30 cycles. Scan rate: 100 mV s,
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Fig. 28: CVs at variable scan rates of 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide at a
pyrene-functionalized electrode after UV irradiation followed by electro-oxidation at pH 7 and
corresponding plot of anodic and cathodic peak currents versus scan rate.

Since protons take part in the electro-oxidation, the pH of the solution affects the extent of the
process. Electrodes previously functionalized with the phenanthroline thiol derivative under
UV and then electro-oxidized by 30 cycles in phosphate buffer at different pH (2, 7 and 12)
are tested again in phosphate buffer pH 7 (Fig. 29).
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Fig. 29: cyclic voltammograms of electrodes functionalized with 8-mercapto-N-(1,10-phenanthrolin-5-
yl) octanamide under UV and then oxidized at pH 2, pH 7 and pH 12 and finally cycled again in
phosphate buffer at pH 7.
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Fig. 30: cyclic voltammograms of one electrode functionalized with 8-mercapto-N-(1,10-
phenanthrolin-5-yl) octanamide under UV and electro-oxidized in phosphate buffer at pH 2 then
cycled again at different pH. Plot of the dependence of the mid point potential versus pH of the
electrolytic buffer used. Scan rate: 100 mV s™.
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An acidic pH led to a clearly higher electroactive area of the redox peaks relative to PLQSH
while at ph 12 no redox peaks are observed at the end of the electro-synthesis process. Also,
since the reversible electrochemical reaction of PLQSH involves two electrons and two
protons, an increase of pH from pH 2 to 12 led to a negative shift of both oxidation and
reduction peak potentials and an almost linear dependence of the formal potential of the
compound with the pH value of the buffer could be found (Fig. 30).

To test the stability of the electrogenerated compound, the electrodes were then cycled
multiple times between +0.4 V and -0.4 V vs SCE in fresh phosphate buffer and the redox
peaks appeared very stable over the number of scan with no loss in current intiensietis after

more than 30 cycles.

4. The phoinitiated thiol-yne reaction for enzyme electrocatalysis applications

The development of bioelectrodes based on the immobilization of redox mediators and
enzymes on CNTSs is of great interest for the development of enzymatic biofuel cells (EFCs),
in particular those that that rely on glucose oxidation at the bioanode and oxygen reduction at
the biocathode . Much effort has been devoted to find novel strategies of immobilization of
both enzyme and redox mediators to improve the EFCs performance and stability, enzyme
loading and electron transfer between the biological component and the electrode 72, The
immobilization is important for the design of a miniaturazed and membraneless biofuel cell
configuration without the necessity to separate the catalyst from the fuel 3. Moreover, the
immobilization of the redox mediators at the electrode surface via adsorption, n—m stacking
interactions or covalent linkage is fundamental for promoting the mediated electron
transfer (MET) bioelectrodes in which the redox mediators are essential to channel the
electrons from the redox centers of the enzyme and the electrode . Among the different
immobilization strategies, a covalent and stable attachment of the mediator is preferred to
reduce leaching from the electrode surface, thus avoiding toxicity issues for in vivo

applications and extending the lifetime of the EFCs ™ 76

4.1. Mediated catalytic oxidation of glucose by FAD-GDH with immobilized redox thiol

derivatives

Fungus-derived FAD-GDH is a glucose-oxidizing enzyme with a tightly bound FAD as
cofactor. FAD-GDH has emerged as a valuable alternative to GOx. GOx has been the most
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widely used catalyst for the bioelectrocatalytic oxidation of glucose in glucose biosensors
and biofuel cells due to its high thermal stability and glucose selectivity . FAD-GDH is a
more convenient choice for EFCs applications since differently from GOx, it catalyzes the
oxidation of glucose to gluconolactone without delivering electrons to oxygen molecules.
Thus, it can operate in the presence of O, and the power ouput is not affected by oxygen
fluctuations ”". Furthermore, the production of hydrogen peroxide, that has an inhibitory
effect on the enzymatic activity of many enzymes and especially of the multicopper oxidase
generally employed at the Oj-reducing biocathode, is avoided 4. Moreover, FAD-GDH
displays good turnover rates, stability and substrate specificity to glucose 8. However, FAD-
GDH requires a a redox partner or a redox mediator for the regeneration of the FAD cofactor
since the enzyme-electrode distance necessary for the direct electron transfer is too large 7.
Thus, the immobilization of the redox mediators at the electrode surface is fundamental for
the construction of a bioanode based on FAD-GDH (Fig. 32).

Glucose Gluconolactone

Enzymatic oxidation

Enzymatic reduction

Cofactore regeneration
(oxidation)

Mediator reduction

MET with X | MET with

. S
phenz:::ll:::lrolme 0 NH \?g ferrocenyl
} thiols

Mediator oxidation

Fig. 32: scheme of the FAD-GDH mediated glucose oxidation with the thiol redox mediators
immobilized onto MWCNT-GC electrodes. Glucose is oxidized by FAD-GDH while the FAD cofactor
is reduced to FADH; followed by the FADH,-mediated reduction of an artificial electron acceptor
(mediator). The mediator is then re-oxidized at the electrode.
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The most employed redox mediators have been metal complexes like osmium- and
ruthenium- based complexes and quinone derivatives like 1,2 and 1,4 naphthoquinone, 1,10-

phenanthroline-5,6-dione and 1,6 and 1,8 pyrenedione .

The catalytic performance of MWCNTSs modified by ferrocene and phennthrolinequinone via
thiolyne covalent coupling has been evaluated after their specific immobilization under UV

irradiation or after their simple absorption in absence of any irradiation.

4.1.1 Electrocatalysis of FAD-GDH with immobilized ferrocenyl-thiol

The first use of ferrocene as redox mediator for the enzymatic determination of glucose dated
back to 1984 7°. Ferrocene and its derivatives have been already used with both glucose

oxidase and glucose dehydrogenase &°

. In a relatively recent work, aminoferrocene was
covalently grafted on the epoxy gropus of a porous carbon surface for the construction of a
biofuel cell employing FAD-GDH 8L,

Although both the functionalization with ethynylbenzene and ethynylpyrene were effective as
substrates for the immobilization of the redox thiols under UV irradiation, the electrografting
of 4-ethynylbenzene diazonium on nanotubes, that has high reproducibilty and gave a slighty

higher surface coverage, was chosen for the further immobilization of the ferrocenyl thiols.

o Effect of the irradiation on the electrocatalytic oxidation of glucose

Ferrocenyl methanethiol was immobilized on ethynylbenzene-modified MWCNT-GC
electrodes under UV light as already described. After a careful rinsing, 40 pL of a 5 mg mL?
solution of FAD-GDH (1150 U mg* from Sekisui) solid in phosphate buffer pH 7 were
deposited onto the surface of the electrodes that were then incubated for 3 hours at 4 °C.
Enzyme catalysis was evaluated by cyclic voltammetry. A first cycle was carried out in a
deareated buffer at pH 7 in absence of glucose and no catalysis is observed (Fig. 33A). In
absence of FCSH, no catalytic current is observed upon addition of a saturating concentration

of glucose (200 mM) proving the importance of the presence of a redox mediator. Instead, the
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catalytic current in presence of FcSH that was immobilized under UV light is gretly enhanced
compared to electrode in which FcSH was not subjected to UV treatment (Fig. 33B,C). The

improved catalysis is a result of the covalent immobilization of FcSH at the electrode.
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Fig. 33: cyclic voltammograms of MWCNT-GC electrodes functionalized by electrografting of 4-
ethynylbenzene diazonium and then with 40 uL of FAD-GDH without any ferrocenyl methamethiol
(A), or in presence of ferrocenylmethanethiol after its incubation for 50 min with (B) or without (C)
UV irradiation prior to enzyme immobilization. Phosphate buffer 0.1 M pH 7. Ref: SCE. Scan rate: 20
mV s,

Since a relationship between the amount of immobilized FcSH and the time of incubation was
previously highlighted, the catalytic current by FAD-GDH was recorded on electrodes that
were incubated with FCSH under UV light for different times: 10, 20 or 50 minutes. The
results are resumed in Fig. 34, it is clear that a higher incubation time for FcSH produced the
higher catalytic current, although the difference between 20 and 50 minutes is not very
pronounced. An increase of the immobilized redox mediator above a certain surface coverage,
does likely not affect further the catalysis because there is a limit on the number of redox

mediators that can productively interact with the active center of FAD-GDH.
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e Effect of the chain length on the electrocatalytic oxidation of glucose

Schuhmann et al. & showed that the length of the ferrocene derivatives can have has an
impact on the catalysis of GOx. In that case, the ferrocenyl compounds were bounded to sugar
residues of the enzyme, a longer spacer chain was able to favour the catalysis allowing
ferrocene to penetrate sufficiently deeply through the outer shell of the protein and interact
with the redox center, which is buried and electrically insulated by a thick glycoprotein shell.
Thus, an increase in the electrocatalytic current with increase in chain length of ferrocene was
observed by the authors. Since FAD-GDH has an overall structure similar to that of GOx, the
electrocatalytic oxidation of glucose by FAD-GDH was thus also probed with other
immobilized ferrocenyl derivatives, 6-FCSH and 11-FcSH, to evaluate the existance of a

similar influence of the alkyl chain length on the catalysis.

Similarly to FcSH, when the ferrocenyl derivatives are immobilized via the photo-induced
reaction, the oxidation current generated by the enzyme is much higher (Fig. 35). The
catalytic behaviour of FAD-GDH and in particular the average value of the oxidation current
estimated by multiple experiments (Table 6,7) and it is not significantly affected by the type
of ferrocenyl derivative used, differently from what reported by the authors for GOx 2. When
CVs are runned in absence of glucose, the redox systems attributed to ferrocene are observed

and the electroactive surface coverages can be calculated. Thus, the differences observed in
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the electrocatalysis by FAD-GDH are associated to the amount of mediator immobilized on
the electrode.
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Fig. 35: cyclic voltammograms for the catalytic oxidation of glucose (200 mM) by FAD-GDH after
immobilization of 6-ferrocenyl(hexanethiol) and 11-ferrocenyl(undecanethiol) onto ethynylbenzene-
MWCNT-GC electrodes upon UV treatment (full lines) or without irradiation (dashed lines) recorded
in 0.1 M phosphate buffer pH 7. All potentials are referrred vs SCE, scan rate 20 mV s™.
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Fig. 36: comparison of the cyclic voltammograms of the catalysis by FAD-GDH in presence of three
different ferrocenyl derivatives immobilized under UV irradiation with A) 200 mM glucose and B) in
absence of glucose. CVs are recorded in 0.1 M phosphate buffer pH 7. All potentials vs SCE; scan
rate 20 mV s,
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mediator | UV | Catalytic current at mediator | UV | Catalytic current at
+0.4 V vs SCE, 200 +0.4 V vs SCE, 200
mM glucose (mA) mM glucose (mA)
v 0.61 x 0.09
6-FcSH v 0.91 6-FcSH X 0.20
11-FcSH | ¥ 0.67 11-FcSH x 0.09
Table 6 Table 7

4.1.2 Electrocatalysis of FAD-GDH with phenanthroline-thiol

Quinone derivatives have previously been reported to act as a mediator for NAD/NADP-and
FAD-dependent enzymes . In particular, a phenanthroline derivative, 1,10-phenanthroline-
5,6-dione, has shown to be an effective redox mediator for FAD-GDH &,

The effect of immobilization of the synthetized phenanthroline thiol compound on enzyme
biocatalysis was investigated.

MWCNTs-GC electrodes was functionalized with 4-ethynylbenzene diazonium
tetrafluoroborate by electrografting, then immersed in a 2 mM solution of PLSH in degassed
chloroform under UV lamp at 200W for 50 minutes. CV was then performed scanning 30
times between -0.4 V to +1.2 V vs SCE in phosphate buffer at pH 7 or pH 2 to form the
corresponding quinones functionalities that are essential for the electron exchange with the
enzyme. 40 pL of a 5 mg mL? solution of FAD-GDH (1150 U mg™) solid were deposited

onto the surface of the electrodes and stored for 3 hours at 4 °C.
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The catalytic activity of the phenanthroline mediating system of electrodes, subjected to UV
irradiation and electro-oxidized at pH 7, was evaluated and compared.

Clearly, UV treatment, similarly to what observed for the ferrocenyl mediators, determined an
higher amount of mediator immobilized at the electrode surface and thus an improved

catalytic current for the oxidation of glucose.
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Fig. 37: cyclic voltammograms of MWCNT-GC electrodes functionalized by 4-ethynylbenzene
diazonium and then with 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide with (left) or without
UV irradiation (right). Electro-oxidation of both electrodes was conducted at pH 7 prior enzyme
incubation. Cyclic voltammograms are recorded in absence of glucose or in presence of 200 mM
glucose. Scan rate: 20 mV s™.

This result is confirmed by an overlay of the cyclic voltammograms obtained in absence of
glucose (Fig. 38). In absence of glucose the redox system typical of the phenanthroline
compound with two main redox peaks with E12 at -0.011 V vs SCE is visible. The area of the

peaks is significantly bigger after irradiation, as expected.
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Fig. 38: cyclic voltammograms obtained in absence of glucose after immobilization of FAD-GDH at
electrodes functionalized by 4-ethynylbenzene diazonium first and then with 8-mercapto-N-(1,10-
phenanthrolin-5-yl) octanamide with or without UV irradiation. Prior to enzyme incubation, the
electro-oxidation of the immobilized phenanthroline derivative was conducted A) at pH 7. Scan rate:
20 mV s™.

116



uv pH during Ei2mediator | I'max mediator Catalytic current at +0.4
electro-synthesis | (V)vs SCE | (0 mM glucose) V vs SCE, 200 mM
glucose (mA)

v 7 -0.11 146 pmol cm™ 0.90
x 7 -0.08 90 pmol cm™ 0.50
Table 8

Ferrocene has a quite positive formal potential and since the one of FAD-GDH is comprised
between -0.49 V and -0.277 V %8 a bigger difference between the mediator and enzyme
potential exists, that leads to voltage losses. The formal potential of phenanthroline instead is
more negative than ferrocene and closer to that of the FAD cofactor and thus is more
favourable for biofuel cells applications. The determination of glucose is of great importance
in biological and clinical fields. The use of phenanthroline as mediating system is better also
for the construction of a glucose biosensor compared to ferrocene, because the oxidation of
glucose at lower potential can avoid the concomitant oxidation of interfering species like uric
acid, dopamine, ascorbic acid.

4.1.3 Glucose biosensing

An evaluation of the analytical performances of the phenanthrolinequinone mediator applied
to a glucose biosensor was investigated by using electrodes modified by PLQSH immobilized
under UV irradiation and electro-oxidized at pH 2. After incubation with FAD-GDH,
chronoamperometric measurements at -0.2 V vs. SCE were carried out upon successive
glucose injections until saturation (200 mM). In Fig. 40A is reported the typical current
response on successive injections of glucose to the buffer solution. In order to determine the
linear range of the biosensor, a calibration curve was built plotting the steady-state current
versus glucose concentration (Fig. 40B).

The biosensor exhibited a rapid response to the addition of glucose. The current density
increases with the addition of glucose until 200 mM, then it reaches the plateau. The response
time, defined as the time when 95% of the steady-state current is reached, is about 6-7 s. The
apparent Michaelis—Menten constant (Km®P) was extimated by the analysis of the slope and
the intercept of the plot of the reciprocals of the steady-state current versus glucose
concentration and has a value of 23 mM. The biosensor response to glucose is linear in the
range from 1 to 5 mM glucose. The sensitivity in the linear region is 0.125 mA M cm™,

which is is in good agreement with other amperometric glucose biosensors reported in the
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literature based on FAD-GDH confined in a mixture of MWCNTSs and polyoxometalates as

redox mediators .
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4.2 Applications of the photoinitiated thiol-yne chemistry to the grafting of alginates

An important aspect to consider in the construction of enzymatic biofuel cells with potential
in vivo applications is their biocompatibility. Confining the biological catalyst and mediators
as well as the nano-objects of the biofuel cell avoiding their dispersion in body tissues is
essential to avoid inflammatory reactions and toxicity in vivo 8. On of the route that can be
followed for this purpose, is the use of biocompatible polymers such as collagen, chitosan and
alginate, although their use reduce glucose diffusion and the power output .

Alginates are unbranched co-polymers, derived mainly from brown algae and bacteria,
constituted by B-D-mannuronic (M blocks) and a-L-guluronic (G blocks) acid residues in

varying proportions, order and molecular weight .

Alginate forms gels quite easily after the addition of divalent cations which act as ionic cross-
linkers. In general, Ca®" ions are the most frequently employed ion because of their low
toxicity &. Cations cooperatively bind the carboxylic groups G blocks of adjacent alginate

chains, creating ionic interchain bridges which cause gelling of aqueous alginate solutions

(Fig. 41).

118


https://www-sciencedirect-com.gaelnomade-1.grenet.fr/topics/biochemistry-genetics-and-molecular-biology/brown-alga

Because of their properties of biocompatibility, non-toxicity and biodegradability, alginates
have been widely employed in various biomedical applications: as hydrophilic drug carriers
and as matrix materials for tissue engineering 8. The hydrogel that is formed upon addition of
calcium to an alginate solution can be used to entrap the enzyme and redox mediators within a
network that allows the diffusion of glucose while retaining all the organic components inside
8, Although, a strong drawback is the poor mechanical stability of the hydrogel that limit the

retention toward the biomolecules causing leaching over time %.

Chemical or physical modifications of alginates, exploiting the hydroxyl and carboxyl groups
of the backbone, is essential to improve their mechanical properties. Cross-linking strategies
are often employed to strenghten the hydrogel network, although many of these strategies
require the use of toxic and unfriendly catalysts that reduce the intrinsic biocompatibility of
the polymer. Attempts to improve the stability of the alginates, as well as the conductivity,
have been made also by incorporation of multi-walled carbon nanotubes prior to gelation as a

reinforcing phase and as a mean to improve the conductivity of the system .
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The covalent grafting of alginates to the surface of carbon nanotubes could be a strategy to
improve the adhesive properties of the electrode and the biocompatibility of the
microenvironment for enzyme immobilization. Studies with “click” hydrogels created by
functionalization of alginate with pendant alkyne or azide groups have been already
conducted °*. The possibility to graft alginate via the photoinduced reaction was thus assessed
using a functionalized alginate containing a poly(ethylene glycol) (PEG) linker terminating
with a thiol group (Alg-PEG-SH). The structure of the functionalized alginate, obtained from

Ecole Polytechnique Fédérale of Lausanne, is reported in Fig. 42.

119


https://www-sciencedirect-com.gaelnomade-1.grenet.fr/topics/chemistry/hydroxyl
https://www-sciencedirect-com.gaelnomade-1.grenet.fr/topics/biochemistry-genetics-and-molecular-biology/cross-link

< o.
e
“~~NH
" ONa
*, :_:'
P o= OH
o "0 —N
A J:H O_/" N o
[ & N 7| © N
HO— |
o) S ON:

An alginate-based film was created onto the surface of MWCNT-GC electrodes previously
non-covalently functionalized with ethynylpyrene, by depositing a drop 15 pL of a mixture of
alginate in water (2% w/v) and addition of a very small volume of DMPA (0.2 eq) in DMF
onto the electrodes. The surface of the electrodes were irradiated by UV light for 30 minutes.
Controls have been made in the same way but without irradiating the electrodes. After 30
minutes, all the electrodes were rinsed several times in water to remove adsorbed species.
Then, a drop of CaCl, 0.1 M was then deposited on the electrode that were rinsed again in
water after 5 minutes. A thin translucent gel was thus formed on the electrodes.

The mechanical stability of the resulting gel was tested by cycling the electrodes in a
phosphate-free buffer, Tris HCI pH 7, containing 2 mM of 1,1-ferrocenedicarboxylic acid as a
redox probe. CaCl> was also added to the electrolytic solution to reach a final concentration of
1 mM to prevent leakage of the calcium from the alginate network over time. The presence of
the hydrogel coating onto the electrodes is demonstrated by the decrease of the reversible
redox peaks of the ferrocene probe in the first cycle compared to the controls without any
alginate. In case of an increased immobilization of alginates after irradiation and thus a final
thicker gel, a bigger and more persistent decrease of the redox system of Fc could be expected
compared to the control not irradiated. Altough, the anodic peak of Fc appeared more
decreased for the electrode subjected to irradiation in the first cycle, no differences in the
current intensities were found upon multiple cycling between the two electrodes. In both
cases, the redox peaks of Fc were increasing over time as a result of the permeation of Fc

through the polymer network or a partial dissolution of the gel in the electrolytic solution.
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An improved stability for biocathodes based on direct electron transfer-type enzymes coated
with biocompatible hydrogel has been reported % %, The activity over time of Bilirubin
oxidase from Myrothecium verrucaria (BOx) (11.5 U mg™ from Sigma Aldrich), after its
immobilization on the MWCNTSs in presence of the alginate gel, was explored. BOx is a
multicopper enzyme often used for the bioelectrocatalytic reduction of oxygen at the cathode.
It has two distinct redox centers, one is a trinuclear 2 and 3 type (T2/T3) center that reduces
oxygen to water in a four electron process, and the other one is a mononuclear 1 type (T1)
center that is involved in the oxidation of its natural substrate, which are mostly phenolic
compounds %, It is a small protein capable of DET since the active center is close to the

protein surface %,

Differerent configurations of electrodes were prepared, the enzymatic activity of the electrode
containing Alg-PEG-SH immobilized under irradiation was compared to that of controls
made in absence of alginate and on pristine non-functionalized carbon nanotubes. In all the
cases, after the immobilization of Alg-PEG-SH, a solution of the BOx enzyme (40 pL of 5 mg
mL1) was drop-casted onto the surface of the electrodes that were kept for 2 hours at 4 °C.
Before testing, a drop of CaCl, 0.1 M was deposited on the electrode to start the gelation
process. After 5 minutes the electrodes were rinsed and tested for the catalytic activity of BOx
in Tris HCI pH 7. The first CV was runned in buffer deareated with argon and no catalytic
activity was observed as expected. The ability of the enzyme to reduce oxygen in water was
verified after saturating the cell with oxygen and in presence of 10 mM of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid (ABTS). Although, BOx is able of direct electron
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transfer (DET), ABTS improves the catalysis especially in those situations where the DET is
not optimal. In this case, it was used to circumvent eventual limitations in the electron
exchange given by the presence of the gel. The electrodes were then stored in buffer at 4 °C
and the electrocatalytic performance was evaluated again after 3 days in presence of oxygen
and ABTS to check the residual activity (Fig.45). Overall, enzyme catalysis did not vary
significantly after a period of 3 days between all the different configurations. The decrease in
the catalytic current at 0 V vs SCE after 3 days was only slightly smaller (47%) after
irradiation of Alg-PEG-SH on ethynylpyren-MWCNTS electrodes compared to the controls.
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Fig. 45: cyclic voltammograms of the catalytic reduction of O, by BOx under saturating O, and 10
mM ABTS on A) pristine MWCNTSs, B) Alg-PEG-SH on pristine MWCNTSs after 30 minutes of UV
irradiation and C) Alg-PEG-SH on ethynylpyrene-MWCNTs after 30 minutes of UV irradiation. The
curves colored in blue are recorded after 3 days.

In conclusion, the comparative test of the permeation of Fc on Alg-PEG-SH functionalized
electrodes and evaluation of BOx catalysis over time, did not evidence noteworthy and

remarkable differences. Since the evaluation of the enzyme activity is only an indirect
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measure of the immobilization of alginate, it is still uncertain if the observed poor outcome
originates from a low efficiency of the photoinduced reaction when a bigger macomolecule,
like alginate, is involved, or it is as a consequence of the poor stability of the gel itself even
after successful covalent grafting of alginate. A possibility could be that the entrapment of the
enzymes is also not very efficient as a result of the large pore size of the gel matrix. Thus, an
additional crosslinking strategy would be necessary to reinforce the mechanical stability of
the gel for future investigations, especially considering the necessity of retaining the
entrapped molecules for a prolonged time for potential future applications in biosensors and
EFCs.

5. Conclusions and future perspectives

A thiol-yne reaction has been investigated on MWCNT-based electrodes as a covalent
coupling strategy. The photo-induced reaction, triggrered by UV light, has been proven to be
effective for the immobilization of ferrocenyl thiol redox probed on two different types of
alkyne-decorated MWCNTSs, both of diazonium covalently and ethynylpyrene non-covalently
modified MWCNTSs. The electrochemical data were corroborated by XPS analysis. The
immobilization of both ferrocene and phenanthroline quinone redox mediators onto the
modified electrodes via this method, led to a considerable improvement in the mediated
electrocatalysis by the immobilized FAD-GDH. In particular, the phenanthroline thiol, for its
formal potential close to that of FAD-GDH, has good suitability for its use in biosensors and
EFCs. The photo-induced thiol-yne reaction can be used as a coupling strategy, an eco-
friendly and metal-catalyst free alternative to other click chemistry reactions, to increase the
amount of redox mediators onto the electrode in order to prevent their desorption, leaching
and favour the orientation and the electron transfer with the biocatalysts. The method is
simple and it is easily controllable by light exposure both in a spatial and temporal way.
Furthermore, this thiol-yne surface reaction can be further extended to other types of thiol or
cysteine-modified molecules and biomolecules. Despite the fact that it is still unclear if this
approach could be used to directly graft bigger macromolecules, such as polymers like
alginates, this technique could be further extended to the grafting of redox molecules such as
molecular catalysts or enzymes which could possess cysteine-tags. This type of technique
could be highly efficient to control the efficiency and stabilization of the immobilized
enzymes while also providing specific orientations at the surface of electrodes. Further

investigations are thus still necessary to elucidate these perspectives.
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1. Glyconanoparticles (GNPs) derived from p-cyclodextrin-based amphiphilic
block copolymer (PS-b-pCD)

1.1. Biotechnological applications of cyclodextrins

Cyclodextrins (CDs) are a family of cyclic oligosaccharides composed by glucopyranose
units connected at 1 and 4 carbon atoms that form torus-like macro-rings (truncated cones) 1.
They were discovered for the first time by Villiers in 1881 from the degradation of starch by a
transglycosylation reaction by cyclodextrin glucanotransferase (CGTase) enzyme of Bacillus
amylobacter and their structure was demonstrated later in 1903 by Schardinger 2. Three main
classes of cyclodextrins exist: a-CDs composed of six glucopyranose units, f-CDs composed
of seven such units, and y-CDs which possess eight units. Apart from those, other larger CDs
(8, &, etc.) with up to twelve glucose units, have been isolated and studied *. Among the CDs,
B- CDs is the most accessible and the lowest-priced 3. The interior of the cavity is essentially
hydrophobic due to the presence of the CH> groups and ether-like oxygens of the skeleton of
the CD, while the cavity entrances and the outside are hydrophilic due to the presence of
hydroxylic groups, allowing the dissolution of the CDs in water #. In particular, secondary
hydroxyl groups are situated on the edge of the larger cavity whereas the primary ones are
placed on the narrow edge. The sizes and dimensions of CDs are shown in Fig. 1.

1.37 nm
‘ 0.57 nm ‘

|
(P

ot

Cavity volume: 174 A3

p—— Hydrophilic
Hydrophobic — T sides

sides 'y

Fig. 1: structure and geometric dimensions of CDs. Representation of hydrophilic and hydrophobic
regions of a CD.
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As a consequence of their particular morphology, the CDs have the ability to form inclusion
complexes with various solid, liquids and gaseous compounds by a phenomenon of molecular
complexation 2. A ‘guest’ molecule with appropriate size is held fully or partially within the
cavity of the CDs. The formation of different inclusion complexes (host—guest complexes)
with several compounds was demonstrated by the study of X-ray structures and by analysis of
NMR or FTIR spectra *°. Complexation can occur either in solution or in the crystalline state,
typically in water, but it can be also accomplished in mixtures of solvents containing one non-
polar solvent 2. In aqueous solution the non-polar cavity of the CDs is in fact occupied by
water molecules. A guest molecule less polar than water, causes the displacement of the water
molecules inside the cavity and a decrease of the CD ring strain resulting in a more
energetically favourable state . The release of water molecules located inside the cavity is the
principal driving force for the formation of the inclusion complexes in aqueous solution 3. The
most frequent ratio between the host and the guest is 1:1 but in some cases, two or even three
CDs can form complexes with one or two guest molecules . The fit of a guest molecule into
the CD cavity depends thus on its relative size compared to that of the CD and on the
presence of some key functional groups within the guest. Straight or branched chain
aliphatics, aromatics, aldehydes, ketones, alcohols, organic acids, fatty acids, and polar
compounds such as halogens and amines can be hosted in CDs 3. Taking into account the CDs
size, a-CD can typically host compounds with low molecular weight molecules, including
azobenzene and its derivatives, B-CD are more likely to host aromatics and heterocycles,
like anthraquinone, pyrene, ferrocene and adamantane, while y-CD larger molecules such as
steroids and macrocycles 3. The molecular complexation does not involve the formation of
covalent bonds, but intermolecular interactions instead: van der Waals forces and hydrogen
bondings, hydrophobic interactions and electrostatic interactions. The binding of the guest
molecules is regulated by a dynamic equilibrium which is dependent upon the strenght of the
interactions between the guest and the CDs. For a single guest molecule (D) that forms a
complex with a CD, the equilibrium is expressed by the association constant or Ka by
Equation 1. 3.
[CD*D]

C+D = CD K,= Equation 1.
[CI[D]

As a result of the molecular complexation, some of the chemical and physical properties of
the guest molecules can be changed. The solubility in agueous solvent can be improved, as
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well as the stabilization from oxidants, UV light or heat and the protection from micro-
organisms. Other modifications include the reduction of the volatility and sublimation of the
guest and variation of its chromatographic mobility, a shifts in UV/vis absorbance and
fluorescence spectroscopic characteristics and changes in the chemical reactivity 3. Thus, the
range of applications of CDs derivatives is vast: food °, packing and textiles 7, cosmetics 8,
pharmaceuticals °, analytical chemistry, environment protection and bioconversion 11, Since
CDs have low toxicity, immunogenicity and good biocompatibility, their applications in
biomedicine and in the pharmaceutical field are very attractive, since they can enhance the
solubility and stability of drugs, improve their permeability across biological membranes,
protect them from degradation and reduce their toxicity, they can mask odors and tastes 2.
Furthermore, liquid pharmaceuticals can be transformed in powders after complexation 3.
Currently, over 30 commercial pharmaceutical products are based on inclusion complexes of
drugs with CDs *2. Moreover, CDs are often used in separation science immobilized in
chromatographic columns, and since the CD ring has chirality, they can be used for the
separation of enantiomers from a racemic mixture 3. One issue encountered in bioconversion
and fermentation applications is the different solvent preference of the biocatalysts compared
to the substrate (generally while an aqueous medium is more suitable for the biocatalysts, the
organic substrates can be lipophilic) which limit the substrate accessibility 2. CDs can be very
useful indeed on this matter. For instance, the bioconversion rate of the microbial
transformation of cholesterol to androst-4-ene-3,17-dione can be increased from 40% to up
90% in presence of B-CDs 4. Also in some cases, B-CDs can be employed as chelating agents
for the in situ detoxification of the fermentation medium from the products formed during
bioconversion that have an inhibitory effect to the micro-organism used as catalyst 4. In
environmental science and bioremediation, CDs can be used to favour the solubilization and
removal of organic pollutants like phenol, p-chlorophenol and benzene from industrial
effluent, or to increase the water solubility of fungicides making them more available to soil
and thus more effective . CDs can act as catalyst in chemical reactions and even as enzyme
mimics, the production of a chymotrypsin mimic ** and a transamine mimic ¢ are two
examples. The catalytic reaction can be promoted by specific functional groups of the CD
cavity after the molecular complexation or favoured by their enantiomeric specificity that
promote the reagent attack only on one side 4. Additionally, CDs are used to increase dye
uptake by the fabric tissues, for instance a tosyl B-CD derivative is able to hugely increase the

uptake of a fluorescent dye of a polyester fiber *'.
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In electrochemistry, the use of CDs dissolved in the electrolytic solutions or attached to the
electrode surface can be beneficial for organic electrosynthesis and electrocatalytic reactions
via formation of inclusion complexes. Thus, the immobilization of catalysts or redox
mediators or even the preconcentration of trace analytes by accumulation on the surface of the
electrode can be used for the development of sensors.'®. For instance, a glassy carbon
electrode has been modified with carboxylic acid functionalized SWCNTs and amino
functionalized B-CDs for an electrochemical sensor for dopamine detection in the presence of
ascorbic acid exploiting the formation of supramolecular inclusion complexes between
dopamine and the B-CDs %°. The electrochemical chiral recognition of triptophan enantiomers
at a glassy carbon electrode modified with B-CDs was applied for the determination of the
ratio of triptophan enantiomers in samples ?°. Various non-electrochemical sensors have been
created as well, for instance fluorescent chemical sensors, in which the complexation of guest
molecules with chromophore modified CDs was able to switch on and off the fluorescence

intensity 2.,

1.2. Amphiphilic block copolymers in nanotechnology

Block glycopolymers (BCPs) are by definition molecules composed by two or more blocks
with different physical and chemical properties which are covalently linked 2. They are a
class of materials which are very interesting for their intrinsic ability to form supramolecular
structures in water with various sizes and morphologies by self-direct assembly: spherical and
worm-like micelles, lamellar structures, hexagonally packed cylinders, core-shell
nanoparticles, vesicles ?2. Thus, diverse and modular structures can be formed from the choice
of the starting building block constituents. The properties of the components are merged in a
single macromolecule and in some cases, the assemblies acquire novel and unique properties
from the synergistic combination of the different blocks that could not be obtained simply by
mixing the individual constituents 2. The advances made in recent years in polymer
chemistry and polymer functionalization enables the synthesis and investigation of a wide and
expanding number of block copolymers 22,

Regarding the synthesis of BCPs, three are the main routes that can be followed: sequential
polymerization, macroinitiation and coupling chemistries 2> 24, The synthetic routes are
important since premature termination, contaminants and inefficient coupling will impact the
macromolecular self-assembly 2. Sequential polymerization methods include ring-opening

polymerization, atom-transfer radical polymerization or reversible-addition-fragmentation
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chain-transfer polymerization 2 2> 2, Post-polymerization coupling approaches include the
copper(l)-catalyzed azide—alkyne cycloaddition reaction, Diels-Alder reaction or thiol-based
reactions 2’

Amphiphilic block copolymers are a class of BCPs that contain a hydrophobic polymer and a
hydrophilic block 2. They can be synthetized with a linear, dendritic, star-like, bottle-brush,
hyperbranched, and cyclic structure (Fig. 2) 2. The properties of the final self-assembled
structure can be tailored by varying some of the copolymer properties, for instance the
hydrophilic to hydrophobic ratio, the length of the linear blocks and the number of peripheral
groups displayed by the branched copolymers 2.

Diblock copolymer Star block copolymer

Triblock copolymer ;;% @

Graft block copolymer
Multiblock copolymer

SNANLS NV NAN

Block copolymers with dendritic or
hyperbranched blocks Cyclick block copolymer

O

Fig. 2: different architectures for amphiphilic block copolymers.

While organic BCPs may contain only synthetic derived polymers, bio-hybrid BCPs contain
at least a nature-inspired block such as a peptide, a protein, nucleic acid or sugar 2°. The use of
end-functional polymers with saccharide residues has attracted great attention due to their
biocompatibility, biodegradability and biorecognition properties °. These self-assembled
nanostructures have shown promising applications in biomaterials, cosmetics, bioassays,
imaging, drug delivery and even gene and cancer therapy * 3132, The copolymers provide an
easy and versatile method for the decoration of the corona of the nano-objects with various
molecules and for the incorporation of therapeutic agents, like drugs, genes or siRNA in the
hydrophobic blocks. They increase the solubility of hydrophobic drugs in water and they can
protect the genes/RNAs from enzymatic digestion and reduce their side effects 3+ 3536 As an
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example, glyconanoparticles made from a maltoheptaose-block-polyisoprene copolymer
entrapping an anticancer drug, curcumin, showed good stability in gastric and intestinal fluids
demonstrating their suitability as drug delivering systems *. Some copolymers have the
ability to switch morphology and undergo conformational changes in response to an external
stimulus like a change in temperature and pH. These stimuli-responsive assemblies are
particularly interesting for nanomedicine since they can favour the drug transfer from a polar
environment such as blood to non-polar lipidic membranes . The carbohydrate hybrid
assemblies can be used to modulate or mimick the interactions between natural carbohydrates
and their receptors in biological systems and thus create targeted materials *°. Many biological
processes like cell adhesion, tissue growth and repair, signaling transductions, are based on
recognition between cell surface glycoconjugates and their respective ligands. The recognition
based on carbohydrate-proteins interactions is characterized by lower production cost and
immunogenicity compared to those based on antibodies/antigens, and for this reason they
have attracted a lot of interest in biomedicine 34, Different examples of nano-objects derived
from amphiphilic block glycocopolymers as therapeutic agents can be found in literature, for
instance copolymers bearing methyl acrylate as hydrophobic part and mannose as hydrophilic
block have been self-assembled in solution to form glyconanoparticles with a binding affinity
towards lectins for potential biomedical applications in cell-targeted drug-delivery 22, Others
are able to function as inhibitors or bacterial and viral infections 4% 4!, Other applications,
outside the biomedical field, include the use of amphiphilic block copolymers as templates for
the preparation of metallic, semiconductor nanoparticles and mesoporous materials inside
their micelle cores 2. By this method, the copolymers provide control over the size of the

nanoparticles and avoid their aggregation during synthesis.

1.3. Self-assembly process of amphiphilic block copolymers

Amphiphilic BCPs undergo a self-assembly process or micellization in solution, when the
copolymer is dissolved in a large volume of a solvent which is selective for one of the blocks
43 The monodisperse copolymers rearrange in minimum free energy configurations, the block
which is more soluble in the medium will be oriented towards it by creating the corona of the
final micelles. The insoluble part will try to minimize the interactions with the solvent by
forming the core of the structure “3. This occurs when two different parameters are reached:
the critical micelle temperature (CMT) and the critical micelle concentration (CMC).

Afterwards, a thermodynamic equilibrium between the micelle and the single copolymer units
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is established 3. An additional process called gelation can also occur when the micelles form
highly ordered structures during the transition from diluted to high concentrated copolymer
solutions . Thus, the type of assemblies will depend upon the sum of two main opposing
forces: the repulsion between the hydrophilic head groups forming the corona due to
electrostatic or steric interactions and the hydrophobic attractions between the hydrophobic
moieties that form the core. In addition, the interfacial energy between the molecules of the
solvent and those forming the corona, and inter-aggregate forces that are established between
different aggregates, will also play a role in determining the final size and shape of the
assemblies *3. The balance between those forces and the final geometry of the assemblies can
be described by some parameters and in particular, by the packing parameter or shape factor,
p, which is related to the interfacial area (ao), the length of the hydrophobic chains (lc) and the

volume they occupy (V) according to the Equation 2. 44,

p=— Equation 2.

If the shape factor is less than 1, the micelles will have a spherical shape with an hydrophobic
interior surrounded by polar head-groups. If p is approximatively 1, bilayers will form from
lamellar structures or vesicles, the latter characterized by two aqueous domains, one forming
the core and the other the outer corona. Finally, inverted structures with a water core and

hydrophobic corona will be formed when p value is greater than 1 in non-polar solvents 4.

Fig. 3: some examples of the possible structures formed from block copolymers, A) micelles, B)
vesicles, C) inverted micelles, D) lamellar structures and E) cylindrical or tubular micelles. The image
has been adapted from: Israelachvili J. N. «Intermolecular and surface forces». Academic Press.
(1992).
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Two different procedures can be followed for the preparation of the micelles. The first relies
on the introduction of the copolymer in a non selective solvent and the micelle formation will
be driven by the manipulation of some experimental parameters, such as temperature, or the
use of a co-solvent “3. Otherwise, after the initial dissolution of the copolymer in a solvent or
in a combination of solvents suitable for both hydrophilic and hydrophobic segments, the
formation of the micelles will be driven by the addition of a solvent which is selective for
only one of the block of the copolymer, followed by the removal of the common solvent by
dialysis or evaporation 3. This technique is called nanoprecipitation or solvent displacement
method and was patented by Fessi H. et al. in 1988 “. The standard method of
nanoprecipitation also called solvent-to-water method involves the addition of the copolymer
solution in a large volume of a polar solvent, usually water, while in the inverted
nanoprecipitation or water-to-solvent method, the aqueous phase is added slowly at the

copolymer solution under stirring.

Both methods have been used to form glyconanoparticles, which tend to have smaller
diameters when the inverted nanoprecipitation is followed “6. In both cases, water acts as a
precipitant, driving the copolymer chains aggregation. The choices of solvents, the copolymer
composition and initial copolymer concentration can affect the process, as well as the

presence of co-solutes and additives in the solution “°.
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nanoprecipitation nanoprecipitation
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Fig. 4: preparation of micelles of block copolymer by nanoprecipitation.
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1.4. Self-assembly of GNPs from an amphiphilic PS-b-BCD copolymer

Due to their specific property of forming host-guest complexes, CDs are ideal building blocks
for the formation of supramolecular aggregates and nano-objects. The formation of
nanoparticles from amphiphilic block copolymers composed of a B-CD block can offer
several advantages compared to the single B-CDs. In particular, a large interaction surface and
the compact presence of several functionalizable B-CD sites within the same macrostructure
generates a versatile entity that can lead to the enhanced encapsulation of molecules within

the core or the corona domain of the nanoparticles *'.

In the present work, B-cyclodextrin-decorated glyconanoparticles (GNPs) have been obtained
from an amphiphilic diblock copolymer, polystyrene-block-p-cyclodextrin (PS-b-pCD), by
nanoprecipitation. The hydrophobic part of the block polymer (Fig. 5) is a polystyrene chain
while B-CD is the hydrophilic one. The synthetic procedure of the copolymer is described in
the work of Carriére M. and coworkers “® and it involves a click chemistry reaction between
azido functionalized polystyrene (1 eq, 4 g, 0.89 mmol) and mono-6-N-propargylamino-6-
deoxy-p-cyclodextrin (1.2 eq, 1.25 g, 1.07 mmol) in the presence of 2 equivalents of copper
nanopowder in DMF (30 mL) at 65 °C for 72 h. The product (4.5 g, 85 % vyield) was
characterized by *H NMR and SEC .
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Fig. 5: structure of the polystyrene-block-f-cyclodextrin copolymer.

The first syntesis of NPs derived from PS-b-BCD copolymer by inverted nanoprecipitation
was carried out by the team of Borsali (Giacomelli C. et al. in 2009) “°. In that work, the
copolymer was dissolved in DMF followed by the slow addition of water up to 80% w/w

DMF/water. Finally, the organic solvent was removed by extensive dialysis against pure
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water “°. The method allowed the formation of GNPs with a dense core of polystyrene chains
surrounded by a thin shell of f-cyclodextrins. Some parameters of the nanoprecipitation have
proven to be of great importance in the final outcome, in particular the initial concentration of
the copolymer in the organic phase, the rate of water addition and the final volume of water
before dialysis *°. The nanoprecipitation to form GNPs was subsequently optimized and a new
procedure has been developed and adopted in successive works “. The subsequent
characterization of the obtained GNPs showed the efficacy and reproducibility of this

optimized method. The process is schematized in Fig. 6.

i % Ig\)\\’\g‘)‘( Polystyrene-B cyclodextrin copolymer
HO%)“ OH (PS_b_BCD)

f’\lj—\t’ﬂ\o}é’,“é’" ° Dropwise addition of the PS-b-CD solution
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@ ﬁ 2 ;ﬂb +
Evaporation of THF

Dissolution of 30 mg of the
PS-b-BCD copolymer in 4 mL
THF/H,0
(80:20) v/v %

Fig. 6: scheme of the nanoprecipitation process used for the formation of p-cyclodextrin-polystyrene
glyconanoparticles.

Following the recent optimized procedure, 30 mg of copolymer PS-b-BCD were dissolved in a
4 mL of a mixture of an organic solvent, THF and MilliQ water (80: 20)% w/w. Preliminary
solubility tests carried out by Carriere M. combined with static light scattering (SLS) analysis,
indicated that this combination of solvents and this ratio are ideal to allow the complete
dissolution of both blocks, polystyrene and BCD, avoiding the formation of aggregates. Pre-
existing aggregates of styrene and BCD blocks can in fact hindering chain mobility during
self-assembling . The solution containing the copolymer with a concentration of 7.5 mg mL"
! was stirred at 1000 rpm for 24 h at 25 °C. The following day, the copolymer solution was
added drop by drop to a large amount of water (160 mL) using a siringe pump. The syringe
pump debit was setted at 10.2 mL h™* to provide a controlled flow, while the suspension was
stirred at 500 rpm. During this process, the solution which is initially clear and transparent,

becomes progressively opaque with a milky colour due to the formation of micelles. The final
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suspension was left for another 2 hours under stirring. In the last step, THF was evaporated
under reduced pressure at 36 °C and the final volume was adjusted to 160 mL by adding
MilliQ water. The final concentration of the copolymer in the suspension is thus 0.1875 mg
L% The suspension containing the GNPs was kept at 4 °C. At this temperature, it showed
good stability up to a period of two months. A detailed morphological and dimensional
characterization of the GNPs obtained by this method has been already carried out by Carriére
M. et al. 8,

2. Functionalization of GNPs with tris((adamantan-1-yl)-methoxy)-heptazine
(HTZ-Ad)

2.1. Overview on the functionalization of the GNPs derived from PS-b-pCD

In general, NPs self-assembled from amphiphilic block copolymers can be further
functionalized with compounds that have an affinity with the core or the shell of the NPs.
Two main strategies can be pursued for the functionalization: the incorporation of compounds
during the self-assembly process or the post-functionalization of the already assembled NPs
with compounds that have an affinity for the groups of the corona. In the first case, the
compounds are co-dissolved with the copolymer solution and during the nanoprecipitation,
they can be entrapped in the core or enter into the composition of the corona depending on
their relative polarity %® % %1 In the second case, the suspension of pre-formed GNPs are
mixed with the compound which is able to interact with the groups of the corona leading to
decorated GNPs.

Thus, the GNPs obtained from PS-b-BCD copolymer have two abilities: the one to
encapsulate hydrophobic species in the polystyrene core and the ability to bind compounds
through B-CDs molecular complexation. The post-functionalization of GNPs derived from
PS-b-BCD has been already demonstrated in previous works “® %, In particular, electroactive
GNPs have been obtained by their post-functionalization with anthraquinone sulfonate (AQS)
in aqueous solvent *°. Interestingly, the authors showed that is possible to modulate the
surface densities of the B-CDs by creation of hybrid GNPs by mixing two different
amphiphilc block copolymers in different proportions during the nanoprecipitation *°. In
particular, hybrid GNPs have been formed by a mixture of PS-b-BCD and polystyrene-b-
maltoheptaose (PS-b-MH). The modulation of the B-CDs sites allowed in turn to modulate the
electroactivity of the AQS-functionalized GNPs #°.
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The complexation of redox mediators into the BCDs cavity has shown promising applications
in enzyme electrocatalysis. In particular, our group demonstrated the functionalization of
GNPs with bis-pyrene-ABTS (P2ABTS) by formation of inclusion complexes between the
pyrene groups and the PCDs *°. These GNPs improved the electrocatalytic reduction of
oxygen to water by BOx when used in solution with the freely diffusing enzyme.
Interestingly, the catalytic current was considerably higher than that observed for the
configuration where the P,ABTS mediator is in solution without GNPs. The improvement in
enzyme catalysis can be attributed to the improved solubilization of the hydrophobic redox
mediator in aqueous environment and also to a redox hopping effect resulting from the
presence of several redox mediators in close proximity within the same GNP and between
different GNPs that facilitates the electron transfer from the enzyme to the electrode °°.
Similarly, redox GNPs have been formed by encapsulation of phenanthrene-quinone (PQ) in
the core of the GNPs during the self-assembly . Both types of redox GNPs have been used
for the fabrication of a solubilized enzymatic fuel cell (SEFC).
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Fig. 7: the concept of a solubilized EFC used for glucose and oxygen conversion based on redox
functionalized GNPs and freely diffusing enzymes.

In particular, the GNPs functionalized with PQ have been used in combination with a glucose
dehydrogenase (FAD-GDH) at the anode while those functionalized with P,ABTS were
associated with BOx at the cathode for glucose and oxygen conversion respectively. In this
cell setup, both the freely diffusing enzymes and the GNPs are retained in permselective

dialysis membranes that allow the diffusion of substrates and protons while retaining the
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catalyst and the GNPs inside each compartment. The fuel supply is assured by a peristaltic
pump. The performances of the SEFC was good with a power loss of only 26.3% after 7

days of continuous cycling °L.

Redox and fluorescent GNPs have been similarly obtained by formation of inclusion
complexes with tetrazine—naphthalimide °2. In this case, similarly to P,ABTS, the tetrazines
have been encapsulated in the B-CDs during nanoprecipitation. The different analyses

conducted confirmed the presence of aggregates of tetrazine at the surface of the GNPs °2,

Despite the good fluorescence yield and the high redox potential in the excited state of the
tetrazine, their moderate chemical stability reduces their potential use for long term
applications 2°. For this reason, the possibility to functionalize the GNPs with a different
fluorescent compound with higher chemical stability, 2,5,8-tris((adamantan-1-yl)methoxy)-
heptazine, has been explored with the aim of developing novel class of materials that can be
adopted for energy conversion, storage or environmental applications. The results have been

published ®! and are described in the present work.

2.2. Structure, properties and synthesis of heptazines

The discovery of heptazines was reported by Justus von Liebig in the 19" century % and
attributed to a Swedish chemist, Jons Jakob Berzelius, that obtained a compound, cyameluric
derivative, by ignition of mercury thiocyanate %*. Despite that, research into heptazines have
been rare in history essentially because of solubility issues and their low chemical reactivity
which made their characterization and modification quite challenging *°. In the last years, the
interest in heptazines is growing due to considerations about their peculiar properties and their
interesting applications in various fields. Heptazines are a family characterized by a
polycyclic aromatic core, a s-heptazine (tri-s-triazine) moiety consisting of three fused s-
triazine rings (Fig. 8). The structure of heptazine is planar and relatively rigid, the delocalized
m-conjugated system has a high nitrogen to carbon ratio (heptazine core: N/C = 1.17) which
make them strongly electron deficient compounds, similarly to triazines and tetrazines *. In
contrast to tetrazines, these compounds show a large HOMO-LUMO gap (in the near UV-

blue region) and they have a slightly lower redox reduction potential in the fundamental state
56
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Fig. 8: the s-heptazine core and some of the principal applications of heptazines.

These characteristics make heptazines suitable for applications in optoelectronics °7.
Heptazines have been recently used as building blocks to synthesize chemically and thermally
stable microporous polymer networks, covalent organic frameworks (COFs) and metal
organic framework (MOFs) that can be used in different applicative domains such as gas
storage 8. Heptazine polymers have demonstrated remarkable metal-free photocatalytic
properties for hydrogen evolution % ® CO, reduction %, photocatalytic degradation of
organic pollutants %2 and artificial photosynthesis . The heptazine core might be one of the
rare molecular platforms able to perform water splitting via molecular catalysis 6. Moreover,
they possess very high thermal and chemical stability (the decomposition temperature can
exceed 500 °C) °°. Beside that, heptazine derivatives are fluorescent, so they are promising
candidates for the development of organic light-emitting diodes (OLEDs), furthermore s-
heptazine-based assemblies linked via intermolecular hydrogen-bonding interactions gave rise
to semiconductor materials that have been employed for the fabrication of DLCs discotic
liquid crystals (DLCs) %4. Therefore, the synthesis and characterization of new heptazines has

recently attracted a lot of interest.

Heptazines derivatives can be synthetized from precursors with exchangeable groups. The
most utilized precursor has been trichloroheptazine, also designated as cyameluric chloride.
The chloride groups can be efficiently replaced by various mild nucleophiles, including
amines, thiols and phosphines. This synthetic pathway, which was originally described by
Schwarzer A. et al. , presents some drawbacks: the preparation of trichloroheptazine is
difficult and dangerous so that very delicate equipment is required and the precursor is easily

hydrolized and is only mildly soluble in most common solvents . To overcome these issues,
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an alternative synthetic route that relies on the use of 2,5,8-tris(3,5-diethyl-pyrazol-1-yl)-
heptazine (3PyHept) as precursor is preferred. 3PyHept can be obtained from
trihydrazinoheptazine in the presence of an excess of the pure diketone and an acidic catalyst
and it possesses diethylpyrazolyl leaving groups that can be replaced by nucleophilic

substitution giving several heptazines derivatives (Fig. 9) °8
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Fig. 9: synthesis of alkoxyheptazines from 2,5,8-tris(3,5-diethyl-pyrazol-1-yl)-heptazine.

2,5,8-tris((adamantan-1-yl)methoxy)-heptazine (HTZ-Ad or tris(O-CH2-Ad)heptazine), an
heptazine derivative with three methoxy-adamantanyl substituents at the corners of the
heptazine core (Fig. 10), has been obtained by Audebert P. et al. % by a nucleophilic
substitution reaction, using a base, collidine, for the first substitution step and DMAP for the
second one. In more detail, in the second step, the precursor, (tris-(diethylpyrazolyl)-
heptazine) (TDPH), was mixed with an equimolar amount of DMAP in a pressure tube with a
3-fold excess of (adamantan-1-yl)-methanol. The tube, completely sealed, was stored at
100°C for 3 h. The product was finally purified by flash chromatography ©°.

Fig. 10: 2,5,8-tris((adamantan-1-yl)methoxy)-heptazine (HTZ-Ad).
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Adamantane (Ad) has a cage-like structure with high stability and a diameter of about 7 A and
a volume of approximately 180 A3, which are close to the hydrophobic cavity of B-CD . Ad
is well known to form stable supramolecular complexes with B-CDs (1: 1) ®& % while it can
form a 2: 1 inclusion complexes with a-CD with a stability constant of only about 10> mol™ L
because of the small size of a-CD cavity ®’. The association constant (Ka) between B-CD and
Ad has been calculated to be instead much higher and equal to 10° mol* L "°. The possibility
to functionalize the GNPs decorated with a shell of B-CDs with HTZ-Ad has been examined.

2.3. Characterization of HTZ-Ad

Prior to GNPs functionalization, the properties of the synthetized HTZ-Ad were investigated.
First, the solubility and spectroscopic characteristics of HTZ-Ad were verified. In order to
favour the contact between the GNPs and heptazine, an appropriate solvent should be used to
dissolve both reagents and more preferably, a mixture of water and a solvent miscible in
water. In general, the solubility of heptazine derivatives depends strongly on the nature of the
substituents. Except melem, that can be protonated and solubilized in strong aqueous acids, all
heptazines are generally almost insoluble in water. In particular, trialkoxyheptazines,
especially those with large substituents, like HTZ-Ad, have a really low solubility in water
while they are very soluble in organic solvents. However, the use of organic solvents should
be reduced as far as possible when working on GNPs to reduce the possibility of their
disassembling. In Fig. 11, the same amount of HTZ-Ad (0.66 mg mL™) was dispersed in
water or in a mixture of EtOH/H.0 (70:30) v/v% after 20 min sonication, the picture has been
taken under ambient light or under UV lamp at 365 nm. Even after the sonication treatment,
the sample dispersed in water presented a solid deposit and visible aggregates. In contrast, the
presence of a volume fraction of 70% of EtOH in the aqueous solution greatly improved the
dissolution of HTZ-Ad, producing a more homogeneous mixture with a more brighter
fluorescence.

Similarly to what reported by Audebert P. et al. % in dichloromethane (DCM), HTZ-Ad
showed an intense band around 270 nm and a slight absorption tail or shoulder in the visible
range (due to a charge transfer band of very low intensity). The positions and intensities of the
absorption bands are supposed to only weakly depend on the nature of the alkoxy substituent
%, Although the maximum absorption peak of HTZ-Ad is located at 270 nm, HTZ-Ad is able
to absorb a wider range of wavelengths around the maximum, including 365 nm. As expected,

the supernatant of the sample in the mixture of EtOH/H>O showed also an higher absorbance
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intensity in the UV-vis spectrum compared to that recorded in pure water (Aaps = 2.7 at 270

nm vs Aabs = 0.3 at 270 nm respectively).
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Fig. 11: Images of two samples of HTZ-Ad (0.66 mg mL™) in water (1) and in a mixture of
ethanol/water (70:30) v/v% (2) after 20 min sonication under light and under irradiation at 365 nm.
UV-vis absorbance spectra background corrected of the supernatants of the two samples.

In general, fluorescence occurs in organic compounds with planar and rigid structures,
containing polyaromatic hydrocarbons or heterocycles (fluorophores) "*. When a fluorophore
adsorbs a photon, one electron is excited to an higher energy level, an excited electronic
singlet state (S1°), by a transition from the highest occupied molecular orbital (HOMO) to
lowest unoccupied molecular orbital (LUMO). After a certain interval, called fluorescence
lifetime (usually 1-10 nanoseconds), the fluorophore undergoes conformational changes and
dissipates energy by interactions with the surrounding molecules forming a relaxed singlet
excited state (S1) (vibrational relaxation). When S1 returns to the molecule’s ground state
(S0), a photon is emitted with lower energy and longer wavelength than the excitation photon
causing fluorescence emission. In some cases, the electron in the S1 electronic state can decay

to a triplet excitated state (T1) via a non-fluorescent phenomenon called intersystem crossing

71
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Fig. 12: Jablonski diagram depicting processes of absorption, fluorescence, intersystem crossing, and
phosphorescence.

If the separation of m-electron densities of HOMO and LUMO is sufficiently high without
overlap, the energy gap between the S1 and T1 states, termed Aest, will be small. In this
condition, intersystem crossing both from S1-to-T1 states and reverse intercrossing from T1-
to-S1 states have fast reaction rates establishing an equilibrium between those state
populations. Consequently, these compounds will display a broad fluorescence emission
originating from the initial population in the S1 state and those electrons in the T1 state which
are reversely converted to S1 over time (delayed fluorescence) 2. All trialkoxyheptazines, for
their peculiar and rigid nuclear geometry, fall into this category (with Agst near to zero ’3),
and show a broad fluorescence emission band located in the near UV-visible region
depending on the type of substituents .

The spectroscopic properties of HTZ-Ad in combination with B-CDs in water have been then
explored. Two samples, one containing only HTZ-Ad in water (0.66 mg mL™) and one
containing the same amount of HTZ-Ad plus an excess of free f-CDs (5-fold molar excess),
were immersed in an ultrasonic bath for 2 hours followed by overnight stirring. The UV-vis
spectra of the samples were recorded after a 1:50 dilution while the fluorescence emission
spectra were recorded at the excitation wavelength of 270 nm after a 1:1000 dilution. The
UV-vis spectra of both samples showed an intense band around 270 nm, which is typical of
HTZ-Ad, and clearly the intensity of the maximum absorption peak is considerable higher in
presence of B-CDs. A similar outcome was observed for the fluorescence emission (Fig. 10).
The maximum fluorescence emission of HTZ-Ad in water is localized at around 420 nm,
similarly to what previously reported in the literature , and also in this case the intensity was

more than 7 times higher in presence of 3-CDs.
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Thus, the improved absorption and fluorescence emission observed in presence of f-CDs can
be explained by the molecular complexation of HTZ-Ad with the hydrophobic cavity of -
CDs that has the effect of improving greatly its solubilization in water. The solubilization
with CDs allowed the first characterization of an alkoxy-heptazine derivative in water. This
result demonstrates the importance of 3-CDs which can overcome the solubility problems of
heptazine derivatives and thus extend their applicability, for instance their use as catalyst for
water splitting reaction. Furthermore, it also proves that the functionalization of GNPs via

formation of inclusion complexes between the adamantane residues of HTZ-Ad and B-CDs is

feasible.
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Fig. 13: A) UV-vis absorption spectra and B) fluorescence emission spectra in water of the
supernatants of HTZ-Ad in the presence or absence of -CDs (HTZ-Ad/p-CDs equivalent ratio: 1/5).

The electrochemical characterization of HTZ-Ad in agueous medium was instead not feasible,
even after its dissolution with B-CDs, because the compound is electroreducible in the form
of reduced dianion, but at a very negative potential incompatible with the potential window of
aqueous electrolytes. Thus, the electrochemical characterization has been done in an aprotic
medium, DCM. The reduction of heptazine can be almost reversible or irreversible depending
on the substituents 7. The characterization of heptazines by cyclic voltammetry in aprotic
solvent is described in the work of Dubois et al. " which reports a reversible peak at -2.17 V
vs SCE for tris-(diisobutylamino)-s-heptazine in DMSO. Audebert et al. * reported a first
almost reversible wave at -1.3 VV vs Ag/AgCl and a second irreversible wave at around -1.9 V
for the electrochemical behaviour of 2,5,8-tris(3,5-diethyl-pyrazolyl)-heptazine in DCM
containing 0.1 M of tetrabutylammonium hexafluorophosphate (TBFP) as supporting
electrolyte. For glassy carbon (GC) electrodes tested in a solution of HTZ-Ad in DCM
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(previously dried using molecular shieves) containing 0.1 M of TBFP, a tiny irreversible peak
at -1.43 V vs Ag/Ag" (0.01 M AgNOsz + 0.1 M TBFP in DCM) and a second sharp
irreversible peak at -2.32 V vs Ag/Ag* were observed. (Fig. 14).
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Fig. 14: Cyclic voltammogram recorded at a glassy carbon (GC) electrode (3 mm diameter disc) of
degassed DCM + 0.1 M TBFP in absence and presence of HTZ-Ad (5 mmol L), scan rate 20 mV s,
Ref: Ag/Ag™ (potentials are referred to the ferrocene/ferrocenium (Fc/Fc™) redox couple tested in the
same conditions).

2.4. Post-functionalization of the GNPs with HTZ-Ad

For the functionalization of the GNPs, previously self-assembled from PS-b-BCD, with HTZ-
Ad, a procedure similar to that described by Carriére et al. “® for the functionalization of the
GNPs with AQS was followed. Since after some days, the GNPs in the suspension tend to
sediment, the suspension was sonicated for 10 min before usage. 3.2 mg HTZ-Ad were
dispersed in 1 mL of EtOH/H2O (70:30, v/v%) and the solution was added dropwise to a
larger volume (5 mL) of the GNPs suspension. The final concentration of HTZ-Ad in the
mixture was thus 0.66 mg mL™, the molar fold is in excess compared to BCDs which are
associated with the GNPs (estimated from the concentration of PS-b-BCD in the suspension of
GNPs). The mixture was then immersed for 2 hours in a ultrasound bath and left under stirring
at 500 rpm overnight (>12 hours) and finally transferred in a dialysis bag with a membrane
cut off of 3.5 kDa immersed in pure water (4 L).

While for the functionalization of the GNPs with AQS, which is partially soluble in water, the

role of dialysis was to slowly separate the unreacted reagent by diffusion outside of the
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dialysis bag from the GNPs retained inside the bag “¢, in this case the dialysis was used to
remove the small volume of EtOH from the solution to cause the slow precipitation of HTZ-
Ad. As a consequence of the poor solubility of HTZ-Ad in water, all the unreacted HTZ-Ad
are collected in the form of a white solid at the bottom of the dialysis bag after one day of
dialysis. A volume of supernatant containing GNPs still dispersed in the aqueous suspension
above the heptazine deposit (4 mL) was thus collected and stored at 4° C for the further
characterization.

The efficiency of the separation of the HTZ-Ad by precipitation was verified by acquiring of
UV-vis spectra of the supernatant of a sample containing 0.66 mg mL™ of HTZ-Ad in water
starting the initial 2h sonication treatment (from t = 0). A decrease of the intensity of the
absorption maximum (Aass) at 270 nm over time occurred. The decrease was already very
pronounced after 8 hours and after 24 hours was close to zero (0.03), while measurements
taken after longer times (48 h) did not show a further significant decrease. Thus, a time of 24
hours is sufficient for obtaining a good separation (Fig. 15). A scheme of the process used for
the functionalization of the GNPs with HTZ-Ad is reported in Fig. 16.
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Fig.15: a picture of the dialysis bag after 24 of dialysis showing the white HTZ-Ad deposit. On the
right, UV-vis absorbance spectra of the supernatants of a samples of HTZ-Ad (0.66 mg mL™) in water
just after 2h sonication and after 24h of HTZ-Ad precipitation.
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Fig.16: scheme of the functionalization process of the GNPs with HTZ-Ad.

3. Characterization of the aqueous suspension of the functionalized GNPs (HTZ-
Ad-GNPs)

3.1. Determination of the morphology and size of the functionalized HTZ-Ad-GNPs

The supernatant collected at the end of the dialysis was characterized to check the presence
and the morphological characteristics of the NPs. A number of techniques are available for
this purpose. In particular, the morphology and size of the GNPs can be measured with great
detail at the single-particle level using high-resolution microscopy techniques, such as
scanning electron microscope (SEM), transmission electron microscopy (TEM) and
nanoparticle tracking analysis (NTA) 6. Other techniques such as dynamic light scattering
(DLS) are rather useful to evaluate phenomena that occur in solution such as swelling or
aggregation °.

Both SEM and TEM images revealed the presence of spherical nanoparticles in the
supernatant (Fig. 17 and Fig. 18). The particle size distribution of the post-functionalized
GNPs (HTZ-Ad-GNPs) was determined by using ImageJ software from the analysis of
multiple TEM images and compared to that calculated from the images of the original
suspension of GNPs prior the functionalization process. The software is able to process the
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images and calculate the diameter of several nanoparticles allowing the realization of
histograms that represent the percentages of NPs with a certain diameter range. The curve
distribution do not follow a normal distribution, instead it was fitted by a log-normal model so
that the correlation coefficient is above 0.9. Although a narrowed distribution of size is
preferred, in real samples the NPs present a certain degree of variation and the samples are
usually polydisperse 7. The particle size distributions are similar before and after the
functionalization, with the biggest proportion of GNPs showing diameters ranging from 40 to
60 nm.
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Fig.18: A TEM image of the GNPs A) prior and B) after functionalization with the relative
nanoparticle size distribution fitted by a log-normal model.

The particle size distribution was evaluated also by using DLS technique, which is very
suitable for the analysis of NPs dispersed in solvents and the detection of agglomerates and
aggregates ’’. The NPs dispersed in a solvent (dispersant) are subjected to Brownian motions
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that originate from interactions with the solvent molecules in the surrounding. NPs scatter the
light of an incident laser and the scattered light coming from different NPs creates a
constructive or destructive interference. This phenomenon leads to time-dependent
fluctuations in the intensity of the scattered light which is measured in DLS. In particular, the
rate of fluctuations is dependent upon the diffusion coefficient (D) of the NPs, which is
related to the particle hydrodynamic radius (Dn) by the Stokes-Einstein equation:

D, = kBiT Equation 3.
3mnD
where Dn is the hydrodynamic radius, ks is the Boltzmann constant, T is the absolute
temperature, 1 is the viscosity, D the diffusion coefficient 8. Smaller particles diffuse faster,
causing more rapid fluctuations, and viceversa. As indicated by Equation 3., the viscosity and
the temperature affect the motion of the NPs, thus these parameters need to be known and
controlled during DLS measurements. The measurement of the intensity of the scattered light
is used to generate an autocorrelation function (G(t)) that describes the motion of the
molecules under investigations and is expressed as an integral of the product of the intensities

at a time (t) and a delayed time (t + 7):

G,(T) = (DIt +7))  Equation 4.

The smaller is the delayed time, the higher the correlation between the two measures. In
general, the correlation decreases exponentially over time and the exponential decay describes
how long a particle is located at the same spot within the sample. If the particles are small and
moving rapidly the correlation will decrease more quickly. A more extended decay reflects a
greater sample polydispersity. Different algorithms can be used to obtain the particle size
distribution from the correlation function 8. Since light does not pass through the entire
sample in the cuvette and large particles and contaminants scatter light mainly in the forward
direction compared to smaller size particles, it is important to perform the analysis using also
a backscatter detecting system *°.

Thus in the present work, DLS analysis was carried out from different scattering angles in
order to unmask the scattered light signals of low intensity that originate from smaller
particles and thus have a more accurate result. The correlation functions and the relaxation
time distributions (particle size distributions) of the suspension of GNPs prior and after the
functionalization are reported in Fig. 19. The distributions are not dissimilar, both evidenced

three populations of NPs, as already reported in previous works “8. In particular, the mean
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hydrodynamic radii estimated by the first distribution, which is related to single NPs and also
the more represented, is almost identical between the unmodified and modified NPs (87 nm
and 84 nm respectively). It could be noted that the size inferred by DLS is bigger than that
estimated previously by the particle size distributions calculated from TEM images. This
difference is understandable since the former includes the degree of solvatation of the NPs
whereas TEM images are produced from dry samples >*.

Changes can be observed instead in the second and third size distributions which are linked to
the presence of aggregates. These aggregates are quite common in samples containing
micelles and they are produced by hydrophobic interactions between the cores of the micelles
81, In particular, the average value of Ry inferred from the second particle size distribution
decreases from 312 nm for the sample of unmodified GNPs to 235 nm for HTZ-Ad-GNPs.
This could be induced by a shrinkage of the functionalized NPs caused by hydrophobic
interactions between adamantane groups of HTZ-Ad and the core of single micelles *°. A
more consistent increase of Ry (from 1490 nm to 2480 nm) occurred in the third distribution,
which is indicative of the formation of aggregates and clusters of NPs of bigger dimensions.
The cause is probably a crosslinking between different functionalized NPs caused by the Ad
groups exposed at the surface of the GNPs that form inclusion complexes with the 3-CDs of
adjacent NPs.
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Fig. 19: autocorrelation functions and particle size distributions of A) unmodified and B) modified
GNPs measured using DLS for the shown scattering angles.

The scattering vector (q) is a fundamental parameter in DLS and is defined as the difference

between the vectors of the incident and scattered waves, expressed by:
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= 4ﬂ7 j i Equation 5
q > Sln(z) q

where n is the index of refraction of water at 25 °C, A is the wavelength of the incident light
(633 nm) and 0 is the scattering angle. A proportional dependence of the relaxation frequency
(r) as a function of the square of the scattering vector (q%) indicates that the size distributions
are originated from the NPs translational diffusion “8, The plots of the inverse of the
relaxation frequency versus g for the first and second size distributions do not show large

differences before and after the functionalization (Fig. 20).
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Fig. 20: variation of the relaxation frequency versus g? of the GNPs A) prior and B) after
functionalization.

In conclusion, the analysis conducted by SEM, TEM imaging and DLS did not show any
significant morphological changes or significant alterations in the size of the GNPs after the

functionalization process.

3.2. Absorption and fluorescence spectroscopic investigation of HTZ-Ad-GNPs

The spectroscopic properties of the functionalized GNPs have been then investigated, the UV-
vis absorption and the fluorescence emission spectra of the GNPs prior and after
functionalization are overlayed in Fig. 21A for comparison.

A broad absorption band between 200 nm and 300 nm is observed in the UV-vis spectrum of
the unmodified GNPs. As already reported in the literature 82, this spectroscopic characteristic
is attributed to the polystyrene chains of GNPs. The latter was also confirmed indirectly by
the absence of an absorption peak in this range for a sample containing only free B-CDs

dissolved in water. Due to the presence of this absorption band, UV-vis spectroscopy did not
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provide any evidence for the presence of HTZ-Ad in the NPs since the peak of HTZ-Ad, that
falls in this range, is masked and not detectable. It could be noted that the spectrum of the
functionalized GNPs has a less intense and narrowed band. This difference is likely attributed
to the different concentration of the two samples. During the dialysis indeed, not only the
unreacted HTZ-Ad is deposited at the bottom of the dialysis bag, but also some GNPs that
tend to sediment for gravity over time. Thus, since only the supernatant was collected at the
end of the dialysis, the suspension of functionalized GNPs is less concentrated than the inital

suspension of unmodified GNPs.

The GNPs collected after functionalization, exhibited a broad fluorescence emission with a
maximum at 420 nm, typical of HTZ-Ad. As expected, the untreated GNPs displayed a
negligible fluorescence emission, very close to that of the baseline obtained with only water
(Fig. 21B).
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Fig. 21: A picture of the GNPs prior (left) and after functionalization (vight) under UV irradiation (A
= 365 nm). A) UV-vis spectra (1:50 dilution) and B) fluorescence emission spectra collected at the
excitation wavelength of 270 nm (1:1000 dilution) of the GNPs and HTZ-Ad-GNPs.
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The fluorescence properties of the GNPs have been also investigated after their deposition on
a solid support, in particular on a indium tin oxide (ITO) electrode. This electrode consists of
a thin layer of ITO (100 nm) deposited on a quartz or borosilicate glass substrate (0.5 mm). A
polytetrafluoroethylene (PTFE) adhesive with a cut-out circular area of 3 mm diameter was
attached on the surface of the ITO electrodes, in order to deposit NPs only in the delimited
circular area (0.07 cm?).

An image of ITO electrodes containing GNPs and HTZ-Ad-GNPs (50 pL) under UV lamp is
reported in Fig. 22. Fluorescence microscopy was then carried out by acquisition of images
from different spots of the surface of the two modified ITO supports. The microscope was
equipped with a 4',6-diamidino-2-phenylindole (DAPI) filter characterized by an excitation
wavelengh of 340-380 nm and emission between 450-490 nm. This filter was used because
its excitation and emission bands most closely match the ones of HTZ-Ad, and even though
the excitation maximum of HTZ-Ad is centered at 270 nm, its absorption profile is rather
wide with a long ‘tail’, as already mentioned earlier. As expected, the GNPs prior
functionalization did not show any florescence. Conversely, the ITOs containing the GNPs

functionalized with HTZ-Ad showed a bright blue fluorescence.
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Fig. 21: a photo of ITO electrodes modified with a volume of 50 uL/0.07 cm?of 1) GNPs and 2) HTZ-
Ad GNPs under irradiation at 254 nm. Below brightfield and fluorescence images were carried out
with a DAPI filter and an exposition time of 5000 ms. A) Brightfield and B) fluorescence image of
unmodified GNPs; C) brightfield and D) fluorescence images of HTZ-Ad-GNPs.

By observation of the brightfield images, obtained by deposition of the same volume of the
respective suspensions (50 pL), it is clear once again that the concentration of the GNPs and
HTZ-Ad in the aqueous suspension is different as a consequence of the sedimentation of some
GNPs during the dialysis after functionalization. In particular, in the first case a complete
coverage of the area of ITO surface is obtained. Other images were taken using a smaller
volume of HTZ-Ad-GNPs (5 uL) deposited on ITOs to have a better spatial resolution. In
these new set of images (Fig. 22), it is easier to note the overlap between the areas covered by

the GNPs in the brightfield images and the fluorescent areas.
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Fig. 22: brightfield and relative fluorescence images of HTZ-Ad-GNPs (5 uL/0.07 cm?) carried out
with a DAPI filter and an exposition time of 5000 ms.

Overall, the fluorescence of the HTZ-Ad-GNPs in suspension and on surface is a

confirmation of the successfull functionalization of the GNPs with HTZ-Ad.
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4. Immobilization of HTZ-Ad-GNPs on electrogenerated conductive polymers

The interaction of B-CD and Ad was also investigated in order to immobilize GNPs on a solid
support. The concept envisaged consists in creating a polymer layer with Ad functional
groups offering a possibility of fixing GNPs on the electrode surface. A poly(pyrrole-
adamantane) film (PPY-Ad) has been already used by our team for the anchoring of gold
nanoparticles modified by B-CDs 3. The ability of the PPY-Ad film to anchor the GNPs
derived from PS-b-BCD copolymer via host-guest interactions on the electrode and the
possibility to use the immobilized NPs as a molecular platform for a further functionalization

was thus explored.

4.1. Electropolymerization of N-substituted pyrrole monomers: overview

Conjugated and redox organic conducting polymers and copolymers are formed by oxidation
of the monomeric constituents: heterocyclic compounds such as pyrrole, thiophene,
thianaphthene, indole, furan and benzenoid and nonbenzenoid hydrocarbons such as pyrene,
azulene, fluorene, fluoranthene 84, They have been studied for years since their discovery in
1977 % in both academia and industrial research for their various applications in energy
conversion and storage systems, opto-electronic devices 8. In particular, conducting polymers
such as poly(thiophene), poly(para-phenylene vinylene), poly(carbazole), polyaniline and
polypyrrole, have been employed for the formation of anti-corrosion and anti-static coatings
87 for the constitution of batteries %, supercapacitors 8°, sensors % photovoltaic cells °* and
light emitting diodes °2. They offer adavantages related to their chemical diversity, tunable
structural flexibility and electronic properties and the possibility to control their architectures

at the nanoscale .

Due to their noteworthy properties, conductive polymers have definitely become one of the
most promising electrode material. Conducting polymers are generated on the electrode
surface with good adhesion and electrical contact either by chemical or electrochemical
polymerization %3, In the second case, the polymer is formed directly on the electrode from the
monomeric constituents by anodic oxidation. Electrochemistry is generally preferred because
it enables a better control over the morphology and thickness and enables spatial addressing
on conductive surfaces regardless of their size and shape °%. This can be achieved using
different methods %: potentiostatic, galvanostatic and potentiodynamic (cyclic voltammetry)

using a three electrodes system. The film properties can be controlled by varying some
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parameters, for instance the type of counter ion in the electrolytic medium, the potential
applied, the number of scan and potential window in the case of cyclic voltammetry, or the
electrolysis charge in the case of chronoamperometry. The electrogeneration of films can be
carried out both in aprotic solvents, like acetonitrile, or in protic ones, like water, at neutral
pH. Via the electrochemical polymerization, the modified electrode is ready for usage,
differently from the chemical polymerization that requires additional procedures (such as the

use of blinders) for the attachment of the layer on the electrode surface.

Some polymers contain redox organic compounds as pendant groups covalently bound to the
backbone, like polyvinylferrocene. In this case the electron transfer occurs by an electron
hopping process, a process of sequential self-exchange steps between adjacent redox groups
% _Otherwise, the conductivity of conjugated polymers that present an extensive alternation of
double bonds, results from the presence of charged species that can move along the carbon
chain of the polymer (charge delocalization) ensuring the charge transport ®. These charges
derive from the chemical treatment with oxidants, typically iodine or bromine, or reducing
agents like alkali metals, or from the incorporation of charge species included those of the

counter ion from the electrolytic solution during the electrochemical polymerization.

The polymers originated from pyrroles are the most extensively studied %, they have good
redox properties, high conductivity and environmental stability in the oxidized form .
Compared to other conducting polymers, polypyrrole (PPY) shows a better flexibility and
higher mass density. For this reason, it is recently attracting increasing interest in the

development of high performance, light-weight and flexible sensors and wearable devices .

During the electropolymerization, the pyrrole monomer, dissolved in an appropriate solvent
containing an electrolyte, is oxidized at the electrode surface by application of an anodic
potential forming a reactive m-radical cation. Acetonitrile or propylene carbonate are often
used as medium because of their good ionic conductivity and very large potential windows.
Importantly, both solvent and electrolyte should be stable at the oxidation potential of the
monomer %2, In the following step, the cation reacts with another neutral monomer, or
monomeric or oligomeric radical cation, to form a dimeric radical cation by losing a proton 8.
Both dimers and oligomers are characterized by an oxidation potential lower than the one of
the monomer thus, after the initiation or nucleation phase, the growth of the film tend to
proceeds by a chain propagation via oxidation, coupling and deprotonation. When the length

of the polymer and consequently its solubility overpasses a certain limit, the polycationic
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polymer precipitates on the surface of the electrode %2. The monomer units in the final PPY
structure are linked primarily via their o,a’-positions 8. During the polymerization, the
counter anion in the electrolytic medium is incorporated in the film to ensure its electrical
neutrality. Elemental analyses conducted on the film have shown that approximatively one
anion every four pyrrole units is incorporated in the film and thus, the structure of the
polymer is not neutral but cationic 9. Other collateral reactions could take place, for instance
crosslinking and/or over-oxidation of the polymer are common since the oxidation of the
monomer occurs at a higher potential than the redox events linked with polymer growth. -
coupling can occur and determine a decrease in conductivity 8. The mechanism responsible

for the electropolymerization is reported in Fig. 23.

s Y

, elecrochemical N
oxidation

H
/

i : { j N
H

O—Q elecrochemical O—Q

oxidation

\ 0
BEe
o\
B¢ - O—— O
N \ /
| o+ H_
2N g o
v\ @—’/N\\//N "
H H B b

.
chain L
}

+ 2H
H
\

propagation

Fig. 23: mechanism of electropolymerization to form a polypyrrole film.

As already stated, the mechanical, electrical, optical, and physical properties of the film are
highly dependent upon the chemical nature of the monomer and substituents, the type of
electrolyte and solvent, the experimental conditions used for the polymerization ¥, and of

course, it is also possible to chemically modify the polymeric backbone after polymerization
92

167



The size of the anion controls the structure, morphology and the porosity of the film . For
instance, surface roughness becomes higher when chloride and sulfate counter anions are used
while it is smaller when perchlorate is used. Anions with higher basicity decrease the
conductivity of the polymer because the interactions between the positive charges and the
anions are reinforced decreasing the charge delocalization ®2. The presence of substituents can
affect the electropolymerization reaction by either a steric effect or an electronic effect. For
instance, substitution in the B-position prevents B-couplings determining a polymer with
higher  crystallinity. The presence of bigger substituents creates polymer with lower
conductivity and lower mean conjugation length %. The presence of halogen atoms can
increase the charge delocalization and thus the doping level 1%,

4.2. Immobilization of GNPs on poly(pyrrole-adamantane) (PPY-Ad) electrogenerated
on ITO electrodes

PPY films can be formed in a variety of electrodes: glassy carbon, platinum, gold and tin or
indium-tin oxide (ITO) coated glass %. In order to promote the immobilization of the GNPs
on the electrode, a pyrrole monomer containing a terminal adamantyl group was chosen for

the electrepolymerization: adamantyl-11-pyrrolyl-1-undecyl carboxylic acid amide or pyrrole-

adamantane (PY-Ad).
N
L

Fig.24: adamantyl-11-pyrrolyl-1-undecyl carboxylic acid amide (PY-Ad).

A poly(pyrrole-adamantane) film (PPY-Ad) was electrogenerated on ITO electrodes from a 3
mM solution of the PY-Ad monomer that was dissolved in acetonitrile containing 0.1 M
LiClO4 as electrolyte. This concentration of the monomer and type of electrolyte have been
used previously by Holzinger et coworkers for modifying platinum electrode . Initially, the
oxidative electropolymerization was carried out by cyclic voltammetry in order to check the
optimal experimental conditions and especially the oxidation potential suitable for the
polymerization. The applied potential is critical for the formation of radical cations and for
the nucleation reaction that allows the growth of the polymer, and it is strongly dependent on
the electrode material so it should be determined experimentally.
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For this reason, cyclic voltammetry was firstly conducted using a wide potential window
(from 0 to +1.2 V/+1.3 V vs Ag/Ag* at 100 mV s™1) using a platinum wire as the counter
electrode, an Ag/Ag*™ (0.01 M AgNOs + 0.1 M LiClOa) as a reference electrode. The cyclic
voltammogram exhibits a sharp irreversible peak at +1 V corresponding to the oxidation of
the pyrrole group and the formation of a film on the electrode, which is also visually
observable as a light grey film on the ITO surface initially transparent.

If the potential chosen for the electropolymerization is too low, no polymeric film will be
formed, but if it is too high, chemically irreversible follow-up reactions can occur. A potential
located at approximatively one third of the height of the anodic oxidation wave is usually
chosen for the electropolymerization (in this case +1 V). The PPY-Ad film was then formed
by controlled potential electrolysis at +1 V with a limited electrolysis charge of 2.5 mC cm™.
The film was then characterized in fresh electrolytic solution free of monomer. The resulting
electrode shows a reversible peak system at Ei» = +0.27 V with an anodic—cathodic peak
separation of 0.04 V (Fig. 25) which corresponds to the electroactivity of the PPY-Ad film.
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Fig. 25: A) oxidative electropolymerization of pyrrole-adamantane (3 mmol L) in CH;CN +
LiClO4 0.1 mol L™* by one cycle recorded at an ITO electrode. Scan rate: 100 mV s™.

B) Voltammogram of an ITO electrode that, after electropolymerization conducted with applied
potential: +1 V vs Ag/Ag* and electrolysis charge: 2.5 mC cm™?, was transfered in CHsCN +
LiClO4 0.1 mol L™ free of monomer. Scan rate: 100 mV s™.

ITO electrodes were then prepared to study the anchoring of GNPs to the surface of the film
via the inclusion of the polymerized adamantane groups with the B-CD shell of the GNPs. The
immobilized layer of nanoparticles will then be applied to the immobilization of HTZ-Ad and

the use of this dye as a bridge between nanoparticles.
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After the formation of the PPY-Ad film, the ITO electrodes were covered with a PTFE
adhesive in order to delimitate a circular area of 3 mm diameter (0.07 cm?). GNPs (non
functionalized) were deposited on the circular area of the ITO electrodes (50 uL) and after
rinsing, the electrodes were immersed vertically in a glass vial containing 0.66 mg mL™* of
HTZ-Ad in EtOH/H20 (70:30) v/v% for 1 hour under mild agitation followed by extensive
rinsing. For some electrodes, the process of deposition of the GNPs and incubation with HTZ-
Ad was repeated twice or three times. One control electrode, after the formation of the PPY -
Ad film, was placed directly in the HTZ-Ad solution without deposition of GNPs. The
fluorescence of the different ITO electrodes were verified under UV lamp at 254 nm (Fig.
26).
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Fig. 26: different modified 1TO electrodes under 254 nm:

1) a non-modified 1TO, 2) an ITO covered only by a PPY-Ad film, 3) an ITO electrode that after the
formation of the PPY-Ad polymer, was subsequently immersed in a solution of HTZ-Ad (0.66 mg mL™)
for 1 hour. 4) after the electropolymerization of PY-Ad, 50 uL of the suspension of GNPs were
deposited on the circular area. Then, the electrode was immersed in the solution of HTZ-Ad for 1
hour. The deposition of GNPs and incubation with HTZ-Ad was repeated 5) twice or 6) three times.
Below: fluorescence images of the surface of some differently modified ITO electrodes carried out
with a DAPI filter.

No fluorescence was observed in the ITO electrode only modified by the PPY-Ad film. The
incubation of the polymer with heptazine or the GNPs alone resulted in non fluorescent
electrodes as well. In contrast, the electrodes containing the GNPs deposited on the polymer
and incubated subsequently with HTZ-Ad showed a bright fluorescence. When the process of

deposition of GNPs and heptazine incubation was repeated more than once, the fluorescence
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appeared even brighter. Fluorescence images were acquired from the surface of some of the
modified ITO electrodes using DAPI as a filter as described previously (Fig. 26).

These results demonstrate that HTZ-Ad can be stably attached to electrodes only when a layer
of GNPs is present on the PPY-Ad surface while no adsorption of HTZ-Ad is observed on the
PPY-Ad in absence of GNPs.

4.3. Immobilization of GNPs on PPY-Ad electrogenerated on interdigitated electrodes
(IDEs)

The possibility to spatially control the immobilization of the GNPs on PPY-Ad was further
investigated using a gold interdigitated microelectrode. A scheme of the structure of the
interdigitated electrode, as well as an optical image of its surface, is reported in Fig. 27. The
electrode is composed by two different working electrodes, each one is formed by a series of
microbands (with 20 um thickness) which are interdigitated in the central portion with a comb
like arrangement. These type of electrodes (IDEs) are often used for sensing applications 1%
101 hecause of the increased area of contact and reduced distance between the electrodes. The
modification of only one working electrode, that is one half of the interdigitated electrode
array, with a PPY-Ad film and successively GNPs and heptazine, will offer a pattern with a

spatial resolution and visual contrast between the functionalized and non functionalized areas.
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Fig. 27: representation of a gold interdigitated electrode. On the right, an optical image of a portion
of the electrode showing one working electrode made with multiple microbands that is interdigitated
with the working electrode of the opposite side in the central part of the electrode.

The electropolymerization of the PPY-Ad film was carried out from a 3 mM solution of the
monomer, PY-Ad, in CH3CN containing 0.1 M LiClO4 by using only one of the working
electrodes that compose the interdigitated array (by electrical connection of only one of the
gold pads). As already done with ITO electrodes, a first characterization of the optimal
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electropolymerization conditions was done by performing two cycles with a wide potential
window (from 0 to +1.3 VV vs Ag/Ag"). During the first cycle, the anodic peak increases
sharply starting from +0.8 V vs Ag/Ag” and then, a cathodic wave is generated at +0.8 V,
similarly to what observed on ITO electrodes, due to the reduction of protons released during
the polymerization process . In the following cycle, the pyrrole oxidation wave is decreased
due to the passivation of the electrode with a PPY-Ad film (Fig. 28A).

In this case, the PPY-Ad film was formed on novel IDEs electrodes by cyclic voltammetry in
order to form a film with considerable thickness that could be clearly visible for further
microscopy analysis. An upper potential of +0.84 V vs Ag/Ag* (which is the potential located
approximately at one third of the anodic oxidation current in the first cycle of Fig. 28A) was
set for the electropolymerization that was carried out by cycling 20 times between 0 V and
+0.84 V vs Ag/Ag*. Upon consecutive cycling, the reversible peak system at E1» = +0.39 V,
that is attributed to the electroactive PPY-Ad film, was increasing slightly after each cyle due

to the continuous growth of the film (Fig. 28B).
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Fig. 28: Electropolymerization by cyclic voltammetry with wide potential window and B)
oxidative electropolymerization by 20 cycles between 0 V and +0.84 V vs Ag/Ag* recorded at
a gold interdigitated microelectrode in CHsCN + LiClO4 0.1 mol L. Scan rate: 100 mV s,

After the electropolymerization, the IDEs have been analyzed by optical microscopy to check
the correct formation of the polymer only on one side of the interdigitated array. The surface
of the IDE displayed darker brown stripes, the portions covered by a thick polymer formed by
cyclic voltammetry, alternated to lighter stripes which belong to the bare working electrode of

the opposite side (Fig. 29).

172



Fig. 29: an optical image of the surface of the interdigitated electrode after the formation of
PPY-Ad only on one working electrode of the gold interdigitated electrode.

The IDEs modified in this way, have been further functionalized in successive steps. First,
they were placed in a small eppendorf containing 300 pL of the suspension of GNPs and kept
under mild agitation overnight. After rinsing with water, the electrodes were immersed in a
solution containing 0.66 mg mL™? of HTZ-Ad in EtOH/H20 (70:30) v/v% for 1 hour under
stirring and finally rinsed again with EtOH and water to remove traces of adsorbed heptazine.
The electrodes were then analyzed by fluorescence microscopy in the same conditions
described previously. In the brightfield images of Fig. 30, the darker stripes are the portions
covered by the polymer while the white stripes belong to the bare electrode. When the
fluorescence image is acquired, only the stripes covered by the polymer appeared as

fluorescent.

This result is in agreement with those obtained on ITO electrodes and in particular, it is a
confirmation of the specificity of the heptazine-adamantane interaction that requires the
presence of the GNPs with B-CDs exposed at the surface. Moreover, the attachment of the
GNPs on the polymer is also specific and determined by formation of host-guest interactions.
The inclusion complexes are established during the incubation of the electrodes in the GNPs
suspension under stirring, differently from the experiments done on ITO electrodes, where the
GNPs were deposited on the polymer. Thus, the localized fluorescence is the result of host-
guest interactions between HTZ-Ad on GNPs which in turn are immobilized on the polymer.
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Fig. 30: on the top, a scheme of the three-dimesional architecture of the modified gold interdigitated
electrode modified by the PPY-Ad polymer, GNPs and then HTZ-Ad. On the bottom, brightfield and
fluorescence images of a portion of the interdigitated electrode. The fluorescence images have been
carried out with a DAPI filter and an exposition time of 5000 ms.

The same concept was then applied to the immobilization of the functionalized HTZ-Ad-
GNPs. One side of the interdigitated microelectrode modified with PPY-Ad, was immersed
overnight in the suspension of unmodified GNPs and finally, after rinsing, in the suspension
of HTZ-Ad-GNPs for a further night under mild agitation. The electrode was again rinsed
with water and brightfield and fluorescence images were acquired from different spots of the
electrode (Fig. 31).

The images are very similar to the ones obtained by incubation with HTZ-Ad. Only the darker
stripes, corresponding to the areas covered by the polymer, exhibited a bright blue
fluorescence. Again, the localized fluorescence can be explained by the binding of the
heptazine-functionalized GNPs with the unmodified GNPs anchored by the Ad groups of the
polymer. These unmodified GNPs indeed exhibit available 3-CDs at the interface electrode-

solution.
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Fig. 31: on the top, a scheme of the three-dimensional structure of an interdigitated electrode
modified successively by PPY-Ad polymer, GNPs and finally HTZ-Ad-GNPs. On the bottom,

brightfield and fluorescence image of a portion of the modified electrode (using a DAPI filter and
exposition time of 5000 ms).

Some control electrodes have been made as well. After the formation of the PPY-Ad polymer,
one electrode has been incubated with the suspension of unmodified GNPs and then analyzed
without any further modification (Fig. 32A). Another electrode was instead directly incubated
with HTZ-Ad (0.66 mg mL in ethanol/water (70:30) v/v%) after the formation of the PPY-
Ad film, without the intermediate step of incubation with the GNPs (Fig. 32B).
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Fig. 32: brightfield and fluorescence image of a portion of the interdigitated electrode modified by A)
PPY-Ad and then GNPs and by B) PPY-Ad film and then immersed for 1 hour with a solution of HTZ-
Ad (0.66 mg mL™ in ethanol/water (70:30) v/v%). Fluorescence imaging was carried out with a filter
DAPI and an exposition time of 5000 ms.

In both cases, no fluorescence is displayed from the surface of the IDEs. While, the absence
of fluorescence in absence of HTZ-Ad is expected, in the second case, it demonstrates that the
presence of the GNPs, anchored on the polymer in the first modification step, is fundamental
for the successive binding of HTZ-Ad on the electrode in the following step. Overall, the
formation of specific affinity interactions between Ad and B-CDs result in the formation of a
tridimensional structure that is located only on the PPY-Ad electrode areas.

In these experiments, 1 hour of incubation with HTZ-Ad followed by an overnight incubation
with the GNPs were sufficient to produce a bright fluorescence that is distributed over the
whole modified surface of the electrode stripes. Since the interaction between adamantane and
B-cyclodextrin is characterized by a high affinity constant (Ka = 10° M™), the chosen
incubation time was sufficient to determine a complete coverage of the surface. To investigate
the host-guest interaction in a bit more detail, a competition between two guest molecules for
inclusion in the adamantane motifs was undertaken.

For this purpose, an IDE was modified successively by the polymer and the unmodified GNPs
as already described, but then immersed in the following step in an aqueous solution
containing a saturating concentration of biotin for 2 hours. Biotin has a binding affinity for B-
CD, but with an association constant (K, = 102 M) much lower than that of adamantane. The
electrode was transferred in a vial containing HTZ-Ad (0.66 mg mL™* in EtOH/H20 (70:30)
v/v%) under mild stirring. The progressive substitution of biotin from the p-CDs of the GNPs
with the Ad groups of HTZ-Ad has been followed by acquisition of fluorescence images of
the surface of the electrode at different incubation times (Fig. 33).

After 15 minutes, the image appeared as almost dark and barely any fluorescence is detected.
After 30 minutes, a weak fluorescence is observed in the areas covered by the polymer, it is
not homogeneous but more appreciable in certain areas of the electrode stripes. Finally after 1
hour, the fluorescence was again bright and homogeneous, meaning that all the available sites
have been bond by the excess of HTZ-Ad in the solution.
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Fig. 33: A succession of brightfield and fluorescence images of an IDE acquired (with a DAPI filter
and exposition time of 5000 ms) after A) 15minutes, B) 30 minutes or C) 60 minutes from the transfer
inside the HTZ-Ad solution (0.66 mg mL™ in ethanol/water (70:30) v/v%). Prior HTZ-Ad, the
electrode had been immersed in a 1mM solution of biotin in water for 2 hours.

5. Conclusion

The formation of inclusion complexes between the Ad groups of a fluorescent compound,
HTZ-Ad, and B-CDs led to the first spectroscopic characterization of HTZ-Ad in water by
significant improvement of its solubility. Via B-CDs, the properties of heptazines can be
transferred easily in aqueous medium opening future perpectives for applications in water
splitting or photocatalysis. The B-CD/Ad interaction was then explored for the post-

functionalization of GNPs obtained from the self-assembly of a polystyrene-block-f-
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cyclodextrin copolymer. The poor solubility of the free HTZ-Ad in water provided a way to
separate the unreacted compound from the GNPs during the procedure of functionalization.
The successful functionalization of the GNPs with HTZ-Ad was confirmed by the acquisition
of fluorescent properties by the GNPs, in particular by analysis of the fluorescence emission
of the suspension of GNPs and by fluorescence imaging of the HTZ-Ad-GNPs deposited on a
ITO electrode.

An approach for the functionalization of electrode surfaces with heptazine has been illustrated
by using GNPs anchored on an electrogenerated polymer film, poly(pyrrole-adamantane)
exploiting host-guest interactions. The functionalization with heptazine can also be confined
in space as demonstrated by fluorescence imaging of some interdigitated electrodes that
contain the poly(pyrrole-adamantane) film only on alternating portions of the electrode. In
particular, GNPs anchored to the underlying polymer were able to bind both the free HTZ-Ad
in solution and the HTZ-Ad associated with the post-functionalized GNPs. Thus, the
construction of fluorescent nanostructured assemblies can be achieved using GNPs and
organic functional polymeric films as substrates. More generally, this approach is a valuable

tool for the design of functionalized patterned three-dimensional electrode surfaces.
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1. Introduction

In the previous chapter, host-guest interactions between Ad and B-CDs of the GNPs derived
from a PS-b-BCD copolymer allowed both the functionalization of the GNPs with a
fluorescent compound, HTZ-Ad, and their immobilization on electrodes modified by N-
substituted polypyrrole films. The previous findings have been applied for the construction of
an amperometric enzymatic glucose biosensor. In particular, the immobilization of an Ad-
modified GOx on the GNPs has been investigated as well as the role of the polypyrrole films
as electrode modifiers for the biosensor performance. The results, already published ?, are
here discussed.

1.1. Glucose oxidase as a protein model for the functionalization of GNPs

Glucose oxidase (GOx) has widespread applications in industry and biotechnology and it is
one of the most studied enzyme since the development of the first EFC 2 and the first glucose
biosensor . It is produced by some fungi and insects, its main function in those organisms is
antimicrobial activity against various pathogens via production of hydrogen peroxide,
although it has also secondary functions such as decrease the environmental pH and
degradation of lignin . The most common used GOx is derived from the extracts of
Aspergillus niger sp. (An). The crystallographic structure of AnGOXx has been determined and
published °, thus it is a well-characterized enzyme. It belongs to the family of oxidoreductase.
It is a homodimer consisting of two identical subunits of 80 kDa and two non covalently-
bound flavin adenine dinucleotide (FAD) cofactors, which are the redox centers involved in

electron transfer, one for each subunit. The protein is highly glycosylated (16% to 25%) ©.

Fig. 1: Structure of glucose oxidase enzyme ™.
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The enzyme catalyses the oxidation of B-D-glucose to D-gluconolactone and hydrogen
peroxide. Both gluconic acid and hydrogen peroxide can cause inhibition of GOx if they
accumulate excessively in the enzyme solution. The specificty of the enzyme towards glucose
as well as the enzyme turnover reaction is very high. Indeed, GOx is characterized by a good
stability. GOx requires an oxidant or electron acceptor to complete the enzymatic catalysis.
Dissolved oxygen is the natural electron acceptor ’.
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Fig. 2: conversion of -D-glucose to D-gluconolactone by glucose oxidase.

Several glucose biosensors available in the market are based on immobilised GOx for medical
& and food industry °. As already pointed out in the introduction chapter, amperometric
glucose biosensors based on GOx can be divided into three generations according to their
historical development and principle of operation °. In the first generation, the depletion of
oxygen or the production of hydrogen peroxide (H202) are measured as indicators of glucose
concentration upon its oxidation by GOx. The interference of other species in biologic fluids,
such as ascorbic acid or uric acid, and the fluctuations of oxygen in the enzyme solution can
be problematic. Different methods have been proposed to solve the issues of interference
species such as the use of polymeric membranes for size exclusion ' %2 the catalytic
decomposition of the interference species *3, electrostatic repulsion ** or the use of mediators
15 In the second generation biosensors, mediators are used as electron shuttles between the
reduced form of the enzyme and the electrode. The mediators thus replace oxygen as electron
acceptor. These type of sensors operate at a lower potential, which prevent the oxidation of
the interfering species, but they require strategies for the co-immobilization of the mediator to
the electrode surface. In the third generation, the enzyme exchange electrons with the
electrode by a DET mechanism. In this case, the enzyme needs to be electrically wired to the
electrode using a series of “wired” relay centres or deglycosylated to shorten the distance

between its prosthetic group and the electrode'®. Given the difficulty in performing DET for
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the GOx enzyme, due to the long distance of electron transfer between FAD and the periphery
of the enzyme (13 to 18 A) 7, the first biosensor generation and in particular those that are

based on the detection of H20,, remain the most simple and common 18,

1.2. Modification of glucose oxidase (GOx) by adamantanyl groups

The immobilization of biological macromolecules on electrodes is essential for the
performances of the electrochemical sensing devices. In recent years, considerable attention
has been focused on the development of novel reliable and stable methods of immobilization.
The immobilization by affinity interactions is suitable for providing an anchoring point for
enzymes avoiding the loss of their biocatalytic activity. The functionalization of the GNPs
self-assembled from the PS-b-BCD copolymer via host-guest interactions with the Ad groups
of an heptazine derivative has been shown to be effective. On this basis, the functionalization
of the GNPs with Ad modified-GOx would be very interesting for the development of
enzyme-based biosensor. Indeed, the formation of enzyme-coated GNPs would constitute an
attractive route for the immobilization of the enzyme thanks to the useful properties of the

GNPs such as their large surface area and biocompatibility.

GOx has been thus modified with Ad groups with the aim to investigate the interaction
enzyme-GNPs at the electrode surface. The adamantan-modified GOx (GOx-Ad) was
obtained according to the procedure described by Holzinger M. et al. . For this,
adamantylamine was reacted with 1-ethyl-3-(3-dimethylamino-propyl)carbodiimide
hydrochloride (EDC) in a first step and then GOx was added and kept under stirring for 22
hours. Finally, the protein solution was purified by centrifugation. The final protein
concentration obtained with this procedure was 0.5 mg mL™. The activity of GOx-Ad was

measured to be 119 U mg 1 1°,

2. Elaboration of an amperometric glucose biosensor using GNPs for GOx

immobilization

The description of the method of preparation and the characterization of the GNPs derived
from the self-assembly of PS-b-BCD amphiphilic block copolymer has been already described
in the previous chapter. In order to test the ability of the GNPs to bind the enzyme at the
electrode surface, GNPs have been deposited on platinum (Pt) disk electrodes (5 mm
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diameter) in a first step, followed by incubation with GOx-Ad solution. In particular, a
volume of 50 pL of the suspension of GNPs was dropcasted on the surface of Pt electrodes
and dried, following by extensive washing in water. Afterwards, the electrodes have been
incubated with GOx-Ad (25 pL of 0.5 mg/ml enzyme solution) for 7 hours at 4 °C and then
washed thoroughly with water. The activity of the enzyme has been evaluated indirectly by
measuring the current originating from the electro-oxidation of the enzymatically produced
H-O2 at + 0.7 VV vs SCE in response to glucose concentration according to the following
equation: H,O2 — O2 + 2H* + 2¢". For this, the Pt modified electrodes have been immersed in
stirred phosphate buffer pH 7 and the amperometric current at + 0.7 VV vs SCE has been
recorded upon subsequent glucose additions. The concept of the amperometric glucose

biosensing electrode is schematized in Fig. 3.
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Fig. 3: a scheme of the amperometric detection of glucose of a bioelectrode fabricated by
immobilization of the adamantane-labelled glucose oxidase (GOx-Ad) on GNPs at a Pt electrode.

Fig. 4 shows the plots of the amperometric response of three different configurations of
electrodes as a function of glucose concentration. The resulting calibration curves follow a
Michaelis—Menten kinetics: the current density (J) recorded at +0.7 V vs SCE increases quasi-
linearly for low glucose concentrations and curved gradually for higher concentrations. The
maximum catalytic current (Jmax) corresponding to GOx-Ad incubated in the presence of
GNPs, reaches 22 + 5 pA cm™ at saturated glucose concentration. Two control configurations
made by incubation of the native GOx on GNPs, or by direct adsorption of the labelled GOx-

Ad on the bare Pt surface, were also tested. It appears that the Jmax values are markedly
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lower (3.36 HA cm2 and 1.3 + 0.1 pA cm2 respectively) than that previously obtained by
the association of GOx-Ad and GNPs.

These results are a proof of the importance of the GNPs for the immobilization of GOx-Ad. In
particular, the affinity interactions between the Ad groups of the enzyme and the B-CDs
exposed at the surface of the GNPs are specific and responsible for the increase in the amount
of enzyme and the consequent improvement in the performance of the bioelectrode based on
GOx-Ad/GNPs configuration. The non-specific interactions, such as those responsible for the

adsorption of the enzyme onto the electrode, are on the contrary negligible.
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Fig. 4: calibration curves for glucose obtained at Pt electrode modified with GOx-Ad or with the non-
labelled GOx with or without GNPs. Amperometric measurements are performed in stirred 0.1 mol
L~* phosphate buffer (pH 7, 25 °C).

The sensitivity of the GOx-Ad/GNPs biosensor was calculated to be 1.32 mA M™* cm™2 while
the apparent Michaelis—Menten constant (Km®P), determined from the electrochemical
Lineweaver-Burk form of the Michaelis-Menten analysis of the calibration curve, was 14
mmol LY. The Kv®" value reflects the kinetics of the immobilized enzyme and it is
comparable to those obtained in the literature. In particular, it is lower than the value
calculated in other works for the free enzyme (33 mmol L™) 2, although a bit higher than
those obtained from enzyme monolayers anchored on biotinylated films (2-4 mM) 2. This
proves that the enzyme catalytic activity is not negatively affected by the formation of host-

guest interactions.
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3. Immobilization of the GNPs on poly-(pyrrole)-electrodes

3.1. Electrogenerated conducting polymers in the design of biosensors

Conducting polymers have been broadly used as transducers in electrochemical biosensors for
biomolecule immobilization and signal amplification 2. In particular, bioelectrodes formed by
affinity interactions have the advantage to provide single binding sites for biomolecule
immobilization without hindering the biorecognition sites and without altering excessively
their biological activity. Furthermore, they provide means for the optimal orientation of the
biomolecules. By electropolymerization, it is possible to create an ultra-thin, homogeneous,
compact polymeric film in a controlled, localized and reproducible way, which is a really
important characteristic nowadays for the development of miniaturized affinity sensors and
biochips 2!. This technique, similar to photopatterning, screen-printing and spreading
methods, allows the immobilization of the biomolecules with spatial resolution, as also
demonstrated in the previous chapter. Another advantageous characteristic of the polymeric
films is the flexibility of the monomer composition that provides a suitable microenvironment
for hosting substituents of various nature (redox, photosensible, etc) allowing the modulation
of the polymer properties 2%, Furthermore, polymeric films show good stability in air, organic
and aqueous media. The formation of self-assembled monolayers (SAM) of thiols on gold
surface, although suitable for biomolecule immobilization in a biocompatible environment
that mimic the membrane bilayers, requires long procedures for cleaning the gold surfaces.
Furthermore, the structure of the SAM is not defect free and their stability is not good for
electrochemical experiments (for instance the electrochemical reduction can break the gold-
sulfur bond). Another important point is the necessity of the post-functionalization of the
terminal groups of the SAM for promoting specific interactions with the biomolecules, while
the non specific adsorption of interfering species is very frequent 2. Conductive polymers can
be electrogenerated not only on gold but in a large variety of electrode materials. Apart from
affinity interactions, conductive polymeric films can serve as immobilization platforms
through various other strategies: adsorption by hydrophobic or electrostatic interactions,
chemical grafting or photografting and the entrapment of the biomolecule inside the
polymeric film during the electrochemical growth 22, The latter method, compared to affinity
interactions, does not require the chemical modification or the engineering of the

biomolecules with affinity tags. However, it is not an ideal method for fabricating biosensing
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surfaces due to the lack of orientation control of the biomolecule and the poor accessibility of
analytes to biomolecules trapped in film 2.,

Affinity sytems based on biotinylated conductive polymers are probably the most employed
for biosensing applications for the development of immunosensors, protein sensors and DNA
sensor chips 22, These films are electrogenerated from functionalized biotin-pyrrole monomers
and exploit the avidin-biotin interaction which is characterized by a strenght similar to that of
covalent bonds. In these systems, a biotinylated biomolecule monolayer is generally linked to
the biotinylated film via an intermediate layer of avidin. For instance, a biotinylated cholera
toxin B subunit has been immobilized on biotinylated PPY film via avidin bridges, and the
indirect detection of the toxin has been accomplished via a secondary antibody labeled by
HRP 23, Similarly, biotinylated monomers functionalized with dicarbazole groups have been
used for the amperometric detection of chiral L-and D- norepinephrines 2% As another
example, the incorporation of lactose units on the biotin-PPY films allowed the fabrication of
impedimetric protein sensors for the detection of Arachis hypogaea (peanut) agglutinin 2.
Thus, there is a vast range of possibilities in the choice of functional monomers that can be
used. Some monomers have been synthezised by combining of biotin and pyrrole functions
with redox or photoredox groups, such as tris bipyridyl ruthenium(ll) complexes for the
formation of a photosensitive transducing surface for detection of the cholera toxin 2°. In
some cases, the bioreceptor itself can be modified with polymerizable groups. This principle
has been applied especially for the electropolymerization of conductive films containing
peptides used for the specific recognition of proteolytic enzymes and antibodies 2. Recently,
electrogenerated conducting polymers have been used for the formation of polymeric
nanowires or nanoparticles with high conductivity using templates such as membranes or
DNA structures, to guide their spatial polymerization. Composite materials, such as
polypyrrole-silica colloidal or carbon nanotube-polypyrrole, have been formed to obtain novel
interesting materials with hybrid characteristics that improve the immobilization of DNA and
antibodies 2.

Affinity systems based on coordination of histidine tagged proteins with polymers
functionalized by carboxylate or imidazole groups, that are able to form complexes with
transition metals mimicking the chelation effect of iminodiacetic and nitrilotriacetic acid,
have been used for biosensing and in particular for the immobilization of bacterial alkaline

phosphatase ?7. In these systems, the transducing element can be regenerated by the
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competitive binding of imidazole or EDTA. Some authors created a monolayer of
histidine-tagged GOx on poly(pyrrole-NTA) films coordinated with copper ions. They
showed that 5 cycles of enzyme detachment from the electrode surface by immersion in a
imidazole solution followed by surface regeneration by immersion in Cu?* and
histidine-tagged enzyme solutions, did not produce a remarkable decrease in the the
amperometric response . The affinity interaction Ad/p-CDs, and specifically the one
between a biotinylated GOx and a PPY-Ad film, has been used for the formation of an

enzyme monolayer for the fabrication of an amperometric biosensor *°.

In the previous chapter, the interactions between the Ad groups of the electrogenerated PPY -
Ad films and B-CDs of the GNPs led to the specific and spatially controlled immobilization of
fluorescent functionalized HTZ-Ad GNPs on interdigitated electrodes. With the aim of
improving the stability of the GOx-Ad biosensor reinforcing the immobilization of the GNPs
at Pt electrodes, PPY films have been used as affinity layers for the anchoring of the GNPs
via Ad/B-CDs affinity interactions. Different electrodes have been tested to determine the

influence of the films on the biosensor performances.

3.2. Immobilization of the GNPs on a PPY-Ad homopolymer

A PPY-Ad film was thus formed from a 3 mM solution of the monomer, PY-Ad, in a solution
of CH3CN + 0.1 mol L™* LiCIOa. Initially, the electro-oxidation of the monomer was carried
out by selecting a wide potential window to verify the optimal conditions necessary for the
electrochemical growth of the film and in particular, the value of the oxidation potential of the
monomer at a Pt electrode. Fig. 5A shows a part of the first cyclic voltammogramm,
presenting a sharp and broad oxidation peak that begins at +0.78 V vs Ag/Ag".

A potential slightly superior to this value is generally the most suitable for the
electropolymerization reaction. If the potential is too low the electro-polymerization does not
occur but if it is too high, the film is over-oxidized with formation of carbon oxide species,
such as hydroxyls, carboxyls and keto-groups °. The over-oxidation affect negatively the
growth of the film by destroying its electroactivity. The optimal growth of the polymer
coating was verified also by cyclic voltammetry by performing 40 consecutive cycles between
0 and +0.79 V vs Ag/Ag* (Fig. 5B). The continuous growth of the redox system at Ei =
+0.27 V observed over this range, is the indication of the formation of a PPY-Ad film at the

electrode.
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Fig. 5: A) oxidative electropolymerization of pyrrole-adamantane (3 mmol L™) with wide potential
window and B) oxidative electropolymerization by 40 cycles between 0 V and +0.79 V vs Ag/Ag™
recorded at Pt electrode (5 mm @) in CHsCN + LiClO, 0.1 mol L. Scan rate: 100 mV s,

Taking into account the ideal conditions for the oxidative electropolymerization, a further
investigation has been conducted on the film electrogeneration by controlled potential
oxidation at +0.79 V vs Ag/Ag® to select the best electrolysis charge (1 mC cm™?, 2.5 mC
cm 2 or 5 mC cm2). The selection of a defined electropolymerization charge is intended to
form reproducible ultra-thin films that do not affect the sensitivity of the biosensor. The
selected charge will affect the final thickness of the polymer film. Ad groups are highly
hydrophobic, the wettability and hydrophobicity of Ad-modified electrodes have been already
proved in other works by contact-angle measurements 2°. In particular, when carbon
nanotubes are modified with Ad groups, a consistent increase of the contact angle (from 38.5°
to 68°) is observed compared to pristine nanotubes 2°. Hydrophobicity can impede the
permeation of H,O> through the polymeric deposit and thus hinder its diffusion to the surface
of the underlying platinum electrode. The control of the polymer thickness is therefore an

important parameter for the sensitivity towards H20-.

After the electropolymerization from a 3 mM solution of the monomer in CH3CN + LiClO4
0.1 mol L™t with an electrolysis charge of 1 mC cm™, 2.5 mC cm™2 or 5 mC cm?, the
electrodes were tested in monomer-free electrolytic solution to verify the presence of the

polymer film. The electrodes showed the typical redox system of the poly(pyrrolic) matrix at
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Eiwr, = +0.27 V and as expected, the intensity of the current values increases with the
electropolymerization charge.

—— PPY-Ad (1.0 mCcm?)
10 - —— PPY-Ad (2.5 mC cm)
—— PPY-Ad (5.0 mC cm™?)

I/ pA

-10

-0.1 0.‘0 0.1 0!2 0.I3 054 0!5 0.‘6 07 08
E/V vs Ag/Ag’

Fig. 6: voltamperograms recorded at Pt electrodes (5 mm diameter disk) after electropolymerization
of pyrrole-adamantane (3 mmol L) in CHsCN + LiClO, 0.1 mol L™* at +0.79 V vs Ag/Ag* with an
electrolysis charge of 1 mC cm ™2, 2.5 mC cm 2 or 5 mC cm 2 and then transferred in CHsCN + LiClO,4
0.1 mol L™* free of monomer.

Then, the sensitivity towards H20. of the three different electrodes was compared (Fig. 7).
For this, the electrodes have been tested in phosphate buffer pH 7, the current density at + 0.7
V vs SCE has been recorded upon additions of increasing concentrations of H20.. In all the
cases, the variation of current density upon each addition was greatly lower compared to the
bare Pt electrode. The electrode containing a PPY-Ad film generated by cyclic voltammetry
showed an insulating behaviour and almost no variation in the current intensity was observed
after each H2O; addition. In Fig. 7 are reported the plots of the current intensity versus H20-
concentration. Even the thiniest film, the one formed with 1 mC cm™, resulted in a
enormously reduced sensitivity compared to bare Pt electrodes. This indicates that PPY-Ad
reduce the diffusion and the electro-oxidation of H>O; at the electrode. As expected, the

sensitivity of the electrodes decreased with the electropolymerization charge.
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Fig. 7: plots of the current recorded in phosphate buffer pH 7 at +0.7 V vs SCE versus H;O;
concentration of different Pt electrodes covered by PPY-Ad films. The polymer films have been
electrogenerated from a 3 mM solution of pyrrole-adamantane in CHsCN + LiCIO4 0.1 mol L™* by
controlled potential electrolysis at +0.79 V vs Ag/Ag™ with different electrolysis charges or formed by
40 cycles between 0 and +0.79 V vs SCE.

The thickness of the resulting films was checked by optical microscope using ITO electrodes
in the same experimental conditions (monomer concentration, electrolysis charges of 1, 2.5 or
5 mC cm™2). The electrochemical characterization of PPY-Ad film on ITO electrodes has
been already reported in the previous chapter. ITO electrodes, for their transparency and flat
structure, are suitable for analysis under microscope. An analysis of the surface of the
modified ITOs revelead the presence of film with a thickness between 1-2 pum when an
electropolymerization charge of 2.5 mC cm 2 or5 mC cm 2 was selected. On the other hand, it
was not possible to determine the thickness of the PPY-Ad film formed with a charge of 1 mC
cm 2 because it was too low and it appeared less homogeneous. For this reasons, 2.5 mC cm
has been selected as the best electrolysis charge for the electropolymerization of pyrrole-Ad.
Indeed, the resulting PPY-Ad should be structurally more coherent to support the GNPs

without decreasing excessively the sensitivity towards H20-.

Thus for biosensor investigation, PPY-Ad films at Pt electrodes were electrogenerated by
controlled potential electrolysis at +0.79 V vs Ag/Ag* up to 2.5 mC cm2. Then, the electrodes
have been modified with GNPs and incubated with GOx-Ad using the same exact procedures

described previously for bare electrodes. One configuration, fabricated omitting the
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deposition step with GNPs, was used as control. The analytical performance of the biosensors
for glucose detection was investigated by potentiostating the electrodes at +0.7 V vs SCE. The

calibration curves are reported in Fig. 8.
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Fig. 8: calibration curves for glucose obtained at Pt electrodes modified with a PPY-Ad film and
GOx-Ad with or without GNPs. Amperometric measurememnts are conducted in stirred 0.1 mol L™
phosphate buffer (pH 7, 25 °C) at +0.7 V vs SCE.

The Jmax extimated from the calibration curve for the PPY-Ad/GNPs/GOx-Ad configuration is
87 + 6 LA cm 2, almost four times higher than the one calculated before on the corresponding
bare Pt electrode. Since the value of Jmax is related to the amount of enzyme, this
improvement indicates that the presence of the PPY-Ad film on the electrode indirectly
increases the amount of the immobilized enzyme by reinforcing GNPs immobilization. This
concept is further supported by the performance of the control, fabricated by incubating the
same amount of GOx-Ad on the PPY-Ad-electrode in absence of the GNPs. In this case, the
recorded Jmax is considerably lower (0.5 + 0.1 pA cm™2). All interactions responsible for the
improved catalytic current are once again very specific and determined by the formation of

inclusion complexes between the B-CDs and Ad groups.

Importantly, the GNPs have a beneficial effect in improving Jmax and therefore enzyme

loading compared to similar systems in which an enzyme monolayer is attached at the

201



electrode surface by affinity interactions 1° 28, For instance, Haddour N. et al. 8, developed a
close-packed enzyme monolayer constituted by the successive coordination of Cu?* ions and
histidine-tagged GOx on a PPY film substituted by nitrilotriacetic acid (NTA). The Jmax
determined at glucose saturating conditions was 3.4 pA cm™. This value is very close to the
one determined by immobilization of a monolayer of biotinylated GOX via avidin—biotin
affinity interactions (3.7 pA cm™). The role of the GNPs, can be attributed to the spherical
shape of the GNPs and their large surface-to-volume ratio that provides multiple binding sites
for enzyme attachment compared to the monolayers, has been also highlighted in the work of
Holzinger M. et al. *°. In this case, when a GOx modified with B-CDs has been immobilized
directly on PPY-Ad, the Jmax Was around 10 pA cm 2. The addition of B-CDs-AuNPs as an
intermediate layer betwen the polymer and the enzyme led to an improvement of the Jmax up to
27.5 pA.

The Ku®P value for the PPY-Ad/GNPs/GOx-Ad biosensor increased from 14 mmol L™ (on
bare electrode) to 47 mmol L2, higher than those estimated for free enzymes °. The presence
of the polymer also determined a decrease in the sensitivity, from 1.32 mA mol L™ cm™ of
the previous experiment to 0.85 mA mol L™ cm™2. These variations can be attributed to the
hydrophobic character of the PPY-Ad film that, although very thin, caused a limitation of the

diffusion and oxidation of H20O- at the electrode surface.

3.3. Immobilization of the GNPs on poly-(pyrrole) copolymers

In order to decrease the hydrophobicity of the polymer, a mixed film was electro-generated at
Pt electrodes from a mixture of PY-Ad and a second component, pyrrole-lactobionamide (PY-
Lac), in the concentration ratio of 1:3. This latter compound has hydroxylic functionalities
and overall, a more hydrophilic character.

A similar biotinylated copolymer containing Lac groups, used by lonescu et al. for the
construction of an amperometric immunosensor for the detection of cholera B toxin 23, has
already proved its utility in enhancing biosensor sensitivity due to its major hydrophilicity
compared to the PPY-Ad or poly-phenolic films. In this case, the mass-transfer process
through the homopolymer and the biotin-lactobionamide poly-(pyrrole) copolymer in aqueous
solution was experimentally determined by rotating-disk electrode (RDE) voltammetry. The
analysis of the plots of the reciprocal of the limiting current density versus the reciprocal of

the square root of the rotation rate confirmed that the behaviour of the copolymer is similar to

202



that of bare electrodes (the intercept of the plot is in particular related to the polymer
permeability) %,

With the aim to determine the ideal conditions for the electropolymerization of a mixture of
monomers, an electrochemical characterization has been carried out in CH3CN + LiClO4 0.1
mol L™1. During the electropolymerization process, the two monomers, PY-Ad and PY-Lac,
are incorporated into the film resulting in a copolymer. The steps followed for the
characterization are the same described previously. The electropolymerization has been
conducted in a first step by cyclic voltammetry using a wide potential window. This first
examination has allowed the selection of the ideal oxidation potential of the monomer (which
is located slightly above the potential at which the broad oxidation wave of Fig. 9A begins,
namely +0.74 V vs Ag/Ag®). The redox system of the resulting copolymer film increased after
each cycle upon repeated potential scanning between 0 and +0.74 V vs Ag/Ag* as in Fig. 9B
highlighting the growth of the film under these conditions.

pyrrole-adamantane + pyrrole-lactobionamide OH
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Fig. 9: oxidative electropolymerization of a mixture of pyrrole-adamantane and pyrrole-
lactobionamide (1:3) by cyclic voltammetry by A) one cycle with wide potential window and B) 40
cycles between 0 V and +0.79 V vs Ag/Ag™ recorded at Pt electrode (5 mm @) in CH3CN + LiClO4 0.1
mol L. Scan rate: 100 mV s,
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For the further investigation of the copolymer as support for the GNPs-based biosensor, a thin
film was formed by chronoamperometry, similarly to the PPY-Ad polymer, by controlled
potential electrolysis up to 2.5 mC cm2at +0.79 V vs Ag/Ag* at Pt electrodes. The electrodes
have been then characterized in electrolytic solution free of monomer, showing a redox
system at E1» = + 0.26 V. The integration of the charge under the anodic peak of the cyclic
voltammogram of the PPY-Ad and PY-Lac copolymer led to an electroactive surface
coverage very similar to that observed for the pure PPY-Ad homopolymer (4.4 10~ mol cm ™2

vs 3.8 10" mol cm2 respectively).
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Fig. 10: voltamperogram of the copolymer made by electropolymerization of PY-Ad and PY-Lac
recorded at a Pt electrode (5 mm diameter disk) in CH3CN + LiClO4 0.1 mol L™* at +0.79 V vs
Ag/Ag* with an electrolysis charge of 2.5 mC cm 2 and then transferred in CHsCN + LiClO4 0.1 mol
L ! free of monomer. Scan rate: 100 mV s™.

After the copolymer elaboration, the electrodes have been then modified with GNPs and GOx
as already described and the performances of the bioelectrodes have been evaluated again.

The results are reported in Fig. 11.

The calculated average value of the maximum current density is 144 + 10 uA cm™2, which is
considerably higher than the value previously recorded with the PPY-Ad. This improvement
is probably caused by the increase in the hydrophilicity of the copolymer induced by the Lac
units incorporated into the film. The latter must cause a phenomenon of swelling of the
polymer in the aqueous solution. The swelling of the film in turn increases the active surface
of the GNPs able to interact with the enzyme. The Ku®” value decreases from 47 mmol L™t in
presence of the PPY-Ad polymer to 22 mmol L%, while the glucose sensitivity increases
fourfold from 0.85 mA mol Lt in presence of PPY-Ad to 3.3 mA mol L™t cm 2 with the PPY-

204



Lac-PPY-Ad copolymer. The hydrophilic character of the film thus induces an improvement
of the diffusion of H>O> to the underlying electrode surface and consequently in its electro-
oxidation. As observed previously with PPY-Ad, when the enzyme solution is incubated with
the copolymer without the intermediate layer of GNPs, the electrochemical response of the

electrode is very low with a Jmax close to zero.
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Fig. 11: calibration curves for glucose obtained at Pt electrodes modified with a PPY-Lac-PPY-Ad
copolymer and GOx-Ad with or without GNPs. Amperometric measurememnts are conducted in
stirred 0.1 mol L™* phosphate buffer (pH 7, 25 °C) at +0.7 V vs SCE.

3.4. Fabrication of a multilayered biosensor

Given the encouraging results obtained on the functionalization of electrodes by several layers
of GNPs and HTZ-Ad, the possibility of forming a multilayer composed alternately of GNPs
and enzymes has been explored. For this purpose, the electrode modified by the PPY-Lac-
PPY-Ad copolymer, was modified by two consecutive steps of deposition of GNPs and
incubation with the GOx-Ad solution. Following this procedure, two theoretical layers of
GNPs are formed on the copolymer, GOx-Ad acting as a bridge between GNPs. At this point,
the performances of the bioelectrode have been evaluated and compared to those obtained in
the previous experiment with a single layer of GNPs and GOx-Ad on the copolymer (Fig. 12).
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Fig. 12: calibration curves for glucose obtained at Pt electrodes modified with a PPY-Lac-PPY-Ad
copolymer and GNPs and GOx-Ad to form one layer or two layers. Amperometric measurememnts are
conducted in stirred 0.1 mol L™* phosphate buffer (pH 7, 25 °C).

The biosensor shows a Jmax of 274 PA cm™2, almost twice the value observed for the electrode
based on a single layer. This results suggests that the amount of enzyme is almost doubled.
The sensitivity to glucose is slightly reduced (2.5 mA mol L™! cm™2). Another parameter that
is considerably affected is the Km2P which is increased to 61 mmol L™t compared to 22 mmol
L for the single layer. The increase of the Km®P is indicative of diffusional limitations,
caused either by increased thickness of the catalyst layer or by the decreased permeability to
substrates. In this case, the total increase of the thickness of the bioelectrode is certainly the
cause of the increased Kw®P. The detection limit is good (68 pmol L ) and as expected, the

linear range was extended.

SEM imaging was carried out on some ITO electrodes modified by the copolymer, GNPs and

enzyme, to verify the morphology of the modified surfaces.
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Fig. 13: SEM images of the PPY-Lac-PPY-Ad film A) before, B) after 30 min of incubation with GNPs,
and C) after the formation of the GNP/GOx-Ad multilayer onto the copolymer.

The first image Fig. 13A, shows part of the electrode covered by a compact PPY-Lac-PPY-Ad
copolymer (formed by chronoamperometry with an electrolysis charge of 2.5 mC cm™2). On
the surface of the electrode a little scratch was made on the film after the
electropolymerization, in order to clearly show the contrast between the surface covered by
the copolymer and the support. When an intact copolymer is incubated for 30 min with the
GNPs suspension followed by rinsing in water, some GNPs remain stably attached on the film
altough the surface is not completely covered with GNPs (Fig. 13B). Fig. 13C is a SEM
image of the top of the electrode after formation of a multilayer, constituted by two successive
steps of GNPs deposition and incubation with GOx-Ad. In this case, is possible to observe a

complete coverage of GNPs homogeneously distributed on the surface.

3.5. Overview on the bioelectrode performances

Fig. 14 shows the calibration curves relative to the different configurations of electrodes
containing GNPs and presents a table summarizing the performance of each configuration.
Overall, the presence of a polymer or copolymer film containing Ad groups is essential for
improving the immobilization of the GNPs and consequently the amount of enzyme. The
copolymer electrogenerated from the mixture of PY-Ad and PY-Lac gave the best
configuration in terms of current density and sensitivity. The possibility of forming a

multilayered structure augmenting enzyme loading has been demonstrated as well.
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Fig. 14: calibration curves for glucose obtained at different configurations of Pt electrodes (bare
electrode, modified with a PPY-Ad polymer, with a PPY-Lac-PPY-Ad copolymer, followed by
immobilization of GNPs and GOx-Ad to form one layer or two layers. Amperometric measurememnts
are conducted in stirred 0.1 mol L™* phosphate buffer (pH 7, 25 °C).

4. A qualitative QCM-D study of the GNPs binding on PPY-Ad films

Quartz crystal microbalance with dissipation monitoring (QCM-D) is an analytical technique
that provides an in-situ real time analysis of the interactions occurring at surfaces that cause
changes in mass per unit area 3. The sensing surface is a circular piezoelectric quarz disc
sandwiched between two metal electrodes that cause it to oscillate at a defined frequency by
application of an appropriate alternating electric voltage. The frequency of oscillation is
affected by small changes of the mass (the sensitivity is as small as a few ng/cm?3%) caused by
the adsorption, binding or detachment of molecules at the crystal surface. In the simplest case,
when a rigid and homogeneous film is adsorbed on the quarz, the change in mass is linearly
correlated with the change in the oscillation frequency by the Sauerbrey equation 3 (Equation

1.) where Am is the adsorbed mass, Afy is the variation in resonance frequency measured at
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the overtone number, n, and C is the mass sensitivity constant that depends on the property of
the crystal used (it is equal to 17.7 ng cm~2 Hz 1 for a 5 MHz AT-cut quartz crystal).
Af, *C

Am = Equation 1.
n

In a typical QCM-D experiment, both the frequency (Af) and the dissipation (AD) changes
need to be measured for the accurate determination of the mass change of a viscoelastic film.,
The dissipation change, that is related to the decay of the crystal’s oscillation after a rapid
excitation, takes into account the contribution of the hydration/solvation and the eventual

entrapment of species within the adsorbed layer.

QCM-D has countless applications in various fields, it can be used to study all kind of surface
chemistries (molecule-surface affinity interactions, protein-protein interactions, etc), the
viscoelastic properties of the adsorbed layer, the build up of polymers and organic films, the
effect on surfactants of various coatings, adsorption kinetics of polymers, polyelectrolytes,

biomolecules, particles, cells *3. QCM can be used for biosensing purposes as well 34,

QCM-D can be a complementary technique useful to study of the kinetics of GNPs
attachment to a modified PPY-Ad surface, the importance of this immobilization and its
stability. A preliminary analysis of the attachment efficiency of the GNPs on PPY-Ad has
been thus carried out. Theoretically, the QCM-D instrument can be combined with an
electrochemical module to directly study the growth and properties of a conductive polymeric
film, such as PPY-Ad, while it is formed on the crystal quarz. In this case, due to technical
limitations, the use of a specific electrochemical module was not feasible, and the analysis
was thus focused on the interaction of the GNPs on PPY-Ad-modified crystals that were

prepared separately using a common electrochemical three electrode set up (Fig. 15B).

The electropolymerization of pyrrole-Ad was conducted using a gold covered crystal quarz as
working electrode (in particular the film was formed on the circular electrode area on the top
side of the crystal, Fig. 15). In a first characterization, the oxidative electropolymerization of
the PY-Ad monomer (3 mM solution in CHsCN + 0.1 mol L™ LiClOs4) was carried out by one
cycle with a wide potential window as already described with other electrode materials. The
ideal potential was calculated to be at + 0.86 V vs Ag/Ag*. The growth of the film was also
confirmed by performing successive cycles by repeated scanning of potential between 0 and +
0.86 V vs Ag/Ag*. Afterwards, a thin PPY-Ad film was formed on the cleaned surface of the
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crystal quarz by controlled potential oxidation at +0.86 V vs Ag/Ag* with a selected
electrolysis charge of 5 mC cm™. In this condition, the resulting film appears to be
homogeneous and not excessively thick (the excessive thickness reduce the sensitivity of the

QCM measurements).
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Fig. 15: A) oxidative electropolymerization of pyrrole-adamantane (3 mmol L™) by one cycle using a
wide potential window on a gold quarz crystal. B) photo and scheme of the electrochemical cell set up
used for the electropolymerization of the PPY-Ad on the quarz crystal. C) a photo of two quarz
crystals before (left) and after (right) the formation of the PPY-Ad film.

The modified quarz discs have been then inserted in the QCM-D module in a temperature-
controlled chamber (25 °C), the variation of the resonance frequency and dissipation over
time at multiple overtones were recorded to detect the adsorption of GNPs. For this purpose, a
peristaltic pump creates on the upper face of the sensor a controlled flow of an aqueous
solution containing the GNPs. In a first step, a stable baseline with negligible variations of the
Af and AD was obtained by flowing only MilliQ water. When the suspension of the GNPs
entered the system at 10 uL min%, a negative shift of the Af and a concomitant positive shift
of AD occurred, indicating the start of GNPs adsorption on the modified crystal surface. The
injection of the GNPs continued for about 1 hour and during this time, the respective shifts
continued to grow. Initially the shifts were more pronounced, while an almost steady-state
value was reached after 1 hour. Afterwards, a washing step with MilliQ water was carried out
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for 1 hour at 10 uL min' and then for a further hour at 20 pL min‘* to detach non-specifically

adsorbed species.

The same procedure was repeated using a non-modified quarz crystal as a control to verify the
Af caused by non specific adsorption of the GNPs on the bare gold crystal in absence of PPY -
Ad. In this case, the addition of the GNPs produced similar shifts of Af and AD for all the
overtones, although characterized by lower intensities compared to the previous experiment.
The variation of the Af of the third overtone of both experiments, after 1 hour of GNPs
addition, are reported in Fig. 16 a comparison. The third overtone is often used for
calculations and data interpretation *°. The values of Af are already normalized with respect
to the overtone number. As expected, the Af was considerable lower (-4.1 Hz) for the control
compared to the PPY-Ad-modifed crystal (-9.1 Hz). The experiments have been repeated

twice with very little variation in the Af and good reproducibility.

A B

Af / Hz
T
Af/ Hz

-104

T T T T T T T
0 5'00 10[00 15|00 20'00 zsloo 30'00 35|00 0 500 1000 1500 2000 2500 3000 3500

time /s time/s

Fig. 15: frequency shifts of the third overtone as a function of time during GNPs deposition on A) a
bare quarz crystal and B) a quarz crystal modified by a PPY-Ad.

SEM images of the surface of both quarz crystals were taken after the last washing step of the
QCM-D experiments in order to check the integrity of the layer, the presence and coverage of
the GNPs (Fig. 16).

Very few GNPs are adsorbed in the surface of the bare quarz crystal after the long rinsing in
water, indicating that the non-specific adsorption of the GNPs on the quarz is minimal. In
contrast, the quarz crystal modified with the electrogenerated PPY-Ad revealed the presence
of GNPs still attached on the surface of the PPY-Ad film even after two hours of washing.

SEM images thus support the QCM-D data.
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Fig. 16: frequency shifts of the third overtone as a function of time during GNPs deposition on A) a
bare quarz crystal and B) a quarz crystal modified by a PPY-Ad.

The time used for GNPs injection during the QCM-D experiment was not sufficient to
produce a complete coverage of the surface in the experimental conditions. Since the GNPs
do not form a homogeneous rigid layer on the modified film, and the PPY-Ad is not rigid
itself, Equation 1. is not directly applicable in this case. While the average size of the GNPs
has been estimated by DLS and TEM imaging, the average mass of the GNPs has not been
experimentally determined yet. For this reason without a high and nearly complete coverage
of the surface, it was not possible to obtain a rigorous extrapolation of the amount of
deposited GNPs. In future, further experiments are necessary for carrying out a semi-
guantitative analysis and estimate the amount of GNPs necessary to obtain a close-packed
monolayer (by treating the GNPs as spheres and dividing the area of the quarz crystal by the
average size of the NPs). By using various modeling theories, it is possible to obtain
information about the density of the modified layer, the mechanical properties and kinetics of
the GNPs interactions. It would be interesting to track the amount and rate of encapsulation of
biomolecules, for instance GOx-Ad, in the B-CDs of the GNPs adsorbed on the polymer

films.

5. Conclusions

In this chapter, the possibility to use the GNPs as scaffold material for biomolecule
immobilization at the electrode surface is explored. Host-guest interactions between Ad
groups and B-CDs have been applied for the immobilization of an Ad-modified GOx enzyme

for the fabrication of an amperometric biosensor for glucose detection.
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The results show the importance of poly-(pyrrole) conductive films in improving GNPs
attachment on the electrode by enhancing the accessible surface area for enzyme
immobilization. Qualitative QCM-D experiments, combined with SEM imaging, confirmed
the role of the polymers for GNPs immobilization. However, it should be noted that the
homopolymer hinders the permeation of H>O: at the electrode leading to a slight decrease in
the biosensor sensitivity compared to bare electrode. The properties of the polymers can be
tuned by the choice and concentration ratio of the monomeric constituents used during the
electropolymerization. In particular, the hydrophilic character of the organic film was
improved by electrogeneration of a copolymer bearing lactobionamide groups. At the same
time, the copolymer maintained its anchoring abilities towards the GNPs via Ad groups of the
PY-Ad monomer. The possibility to adjust the transport properties and chemical specificity of
the polymer films makes them attractive materials for electrochemical sensing applications.
The immobilization of GOx-Ad and GNPs on the copolymer gave the most efficient
biosensor in terms of current density and sensitivity due to the increased permeation of H.O>

through the film and by promoting enzyme interaction with the GNPs.

In all cases, the presence of the GNPs was essential for the specific immobilization of GOx-
Ad at the electrode while the non-specific interaction due to the direct adsorption of the
enzyme on bare electrode, on polymer or copolymer, have little importance leading to
biosensors with very poor performances. Given the high specific area and three-dimensional
shape of the GNPs, the loading of the enzyme can be considerably improved compared to
enzyme monolayers leading to higher current densities. Furthermore, the ability of the GNPs
to act as bridges between the enzyme and the polymeric films, allowed the formation of a
multilayered structure. The enzyme loading can be thus further improved by formations of
consecutive layers of GNPs and modified enzyme. In the present work, a double layered
biosensor with doubled current density was made. The limit of this type of approach for
biosensing is the increase of the Kwm with the increasing thickness of the final structure.
Overall, the approach presented here based on the inclusion properties of the B-CDs of the
GNPs used as bioelectrode material will be useful in future for the development of other types
of biosensors, not only amperometric glucose biosensors, but even immunosensors or DNA

Sensors.
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Conclusions and perspectives

Nanomaterials have unique properties such as high surface area, high adsorption capacity,
high stability and high catalytic activity.All of these give an important contribution to the
optimization of both biofuel cells and biosensors. Among the nanomaterials, carbon
nanotubes, inorganic and organic nanoparticles, are the most employed and studied L. In this
PhD project, novel functionalization strategies of nanomaterials have been investigated to
tackle the challenges of biofuel cells and biosensors. The functionalization has the objective
to promote biomolecule immobilization and loading on the electrode surface, improve the
efficiency of the electron transfer increasing the power ouput of biofuel cells and the
sensitivity of biosensors.

The thesis begins with an introduction chapter describing the peculiar characteristics and
practical applications of enzymatic biofuel cells and biosensors, the principal enzyme
immobilization strategies and a general overview on nanomaterials functionalization. The
thesis is then essentially divided into two parts centered on the results obtained upon
functionalization of two different types of nano-objects: multiwalled carbon nanotubes

(MWCNTS) and organic carbohydrate derived glyconanoparticles (GNPs).

In the Il chapter, the functionalization of MWCNTs with a thiol-yne reaction has been
investigated. In general, “click” chemistry reactions have very appealing characteristics such
as steoreospecificity, efficiency, simplicity, mild conditions 2. The approach is modulable
since virtually all range of compounds with appropriate functionalities can be “clicked”.
These reactions have encountered a large success over the last years. Their importance in
research has led the founders, Sharpless and Meldal, to win the Nobel Prize of Chemistry this
year (2022). Among the “click” reactions, the copper-catalyzed azide—alkyne cycloaddition
(CUAAC) reaction is surely the most used in various applications . Nevertheless, the reaction
requires a metal catalyst, and in case of enzyme immobilization, it requires the prior
modification of the enzyme with an appropriate “clickable” group. Thiol-yne reaction,
involving a thiol and an alkyne group, can be conducted instead without expensive metal
catalysts and it makes bioconjugation more readily achievable since the aminoacid cysteine of
proteins naturally contain a thiol group. Few reports are present in the literature about this

reaction, in particular with respect to electrode modification and MWCNTSs functionalization.
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To investigate the feasibility of this reaction for the modification of MWCNTSs, alkyne groups
have been introduced on the sidewalls of MWCNTS by either covalent diazonium chemistry
or non-covalent modification with pyrene.Thiol-modified redox compounds have been
subsequently used to probe the effectiveness of the reaction by electrochemistry. Cyclic
voltammetry was used to determine the amount and stability of the immobilized ferrocene
probes. After a preliminary comparative investigation, the photoinduced thiol-yne reaction
appeared to be the most efficient strategy to promote the immobilization of thiol-modified
ferrocenes at the surface of the alkyne-modified MWCNTs. The data obtained by
electrochemistry have been complemented by XPS analysis that confirmed the presence of
iron species on the surface of the functionalized MWCNTs. The reaction has been
subsequently applied to the immobilization of thiol-modified quinones, which are generally
employed as redox mediators for promoting the electron transfer of glucose oxidizing
enzymes. The immobilization of both thiol- ferrocene and quinones on nanotubes by the UV-
catalyzed thiol-yne reaction enables the electrocatalytic oxidation of glucose by FAD-GDH

enzyme with high efficiency.

Overall, the results show that this technique can be used as a functionalization strategy
alternative to other “click” chemistry reactions. Finding novel immobilization strategies is
important as each of them can respond to specific requirements and be suitable for specific
applications. In this case, the reaction is operationally simple and it can lead to a high degree
of functionalization since two consecutive thiols can be added to the alkyne. This feature is
useful not only in synthetic and polymer chemistry for the generation of glycopolymers and
hyperbranched structures, but for electrocatalytic applications as well to increase the amount
of immobilized mediators, as demonstrated in the second chapter. The stable immobilization
of the mediators is very important for enzymatic biofuel cell applications, especially for future
implantable devices, to prevent power losses and reduce toxicity and inflammatory issues
caused by the leaching of the mediator from the electrode surface. It is important as well for
some types of enzymatic biosensors that require the co-immobilization of the mediators at the
surface. Apart from mediators, this technique can be applied to the immobilization of other
molecules, for instance compounds that mimick the enzyme substrates to promote enzyme
immobilization and orientation by affinity interactions or molecular catalysts to perform

similar electrocatalytic reactions

The possibility of using this functionalization strategy for the immobilization of bigger

macromolecules such as enzymes, oligonucleotides, at the electrode still need to be assessed
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properly. Ideally, a cysteine-containing enzyme, with natural occurring cysteines or
engineered in order to display single cysteine residues in favourable sites, should be tested in
future. Since the cysteine residue on proteins are usually very few, this technique can be
useful to promote a specific orientation of the enzyme at the electrode. Furthermore, this
approach is suitable for controlling the functionalization both in space and time, since the
light can be conveniently switched “on” and “off”, controlled with optical fibers and by the
use of appropriate photomasks that expose only determinate areas of a surface. This

photolithographic approach can be thus envisaged for the creation of nanopatterned materials.

The second part of the thesis is centered on the functionalization of organic nanoparticles
(NPs) derived from a process of self-assembly in aqueous solution from a polystyrene-block-
B-cyclodextrin block copolymer. These NPs display B-CDs at the surface that are potentially
able to form inclusion complexes with various compounds. In particular, the ability of the -
CDs to form host guest interactions with adamatane (Ad) of a fluorescent hetazine compound
with three Ad groups (HTZ-Ad) has been investigated in the 11l chapter. The results clearly
show the efficient functionalization of the GNPs with HTZ-Ad by their acquisition of
fluorescent properties in aqueous solution and after their immobilization on surfaces. In
general, the inclusion into 3-CDs can be very useful to increase the solubility of some organic
compounds, such as heptazine or hydrophobic mediators, promoting their catalytic
applications in water. Conductive polymers, such as poly-(pyrrole)-adamantane films, can be
conveniently electrogenerated on electrode surfaces to guide the immobilization of the GNPs
at the electrode. This strategy allows the creation of spatially controlled functionalized

regions of the electrodes via specific interactions.

The results have been then applied to the immobilization of a glucose oxidase (GOx) enzyme
on GNPs fixed at the electrode via poly(pyrrole) polymeric films with the fabrication of
amperometric glucose biosensors whose characteristics and performances are described in the
IV chapter. The interactions based on the inclusion of specific enzyme tags in the p-CDs is
advantageous because it generally do not perturb the thridimensional architecture of the
enzyme and its catalytic activity. The creation of three-dimensional architectures based on
GNPs on the electrode was advantageous for improving enzyme loading. Furthermore, B-CDs
are very biocompatible. Multilayered structures can be also formed by this approach through

interactions of tagged molecules with the GNPs of adiacent layers.
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In general, the functionalization of the GNPs by host guest interactions is a very versatile
method due to the vaste range of compounds that can be hosted in the B-CD cavity. The
functionalization of the GNPs with redox compounds has been already proved by my

colleagues for biofuel cell applications #

. In future, the immobilization of other tagged
enzymes, such as biotin, hystidine, pyrene, adamantane enzymes, on GNPs will be used for
the design of novel enzymatic biofuel cells and biosensors. The GNPs will be used either in
solution or upon their immobilization on electrodes via conductive polymeric films, in
combination with redox mediators or redox modified GNPs. In the first case, a solubilized
enzymatic biofuel cell will be created by confinement of the modified GNPs in permselective
membranes. The positive effect of the inclusion of redox mediators in the GNPs shell for
enzyme catalysis has been highlighted in previous works °. This improvement is attributed to
the increased solubility of the mediator in water and to a redox hopping effect caused by the
presence mediators in close proximity upon encapsulation in adiacent B-CDs on the GNPs.
The concomitant immobilization of enzymes and mediators in the GNPs will likely allow a
further improvement of the electron transfer by increasing the chances of interactions between
enzyme and mediators, favoured by the rotation degree of the GNPs in solution. Preliminary
experiments regarding the functionalization of both FAD-GDH and BOx enzymes with biotin
for their further use in a biofuel cell set up have been already initiated.

Interestingly, GNPs with novel properties can be obtained by the choice of the hydrophobic
and hydrophilic blocks of the amphiphilic block copolymers used in the self-assembly
process. Hybrid GNPs, displaying different polar groups with different binding abilities, can
be formed from a mixture of different amphiphilic block copolymers in different
concentration ratio, as previously demonstrated by my colleagues ©. For instance, B-CDs
groups can be alterned with maltoheptahose groups. The latter can interact with nitriloacetic
acid, which is able to form coordination complexes with histidine-tagged proteins via metal
complexation. Thus, the formation of these hybrid polyvalent GNPs would allow the
immobilization of different tagged-molecules, for instance two different enzymes to perform a
multienzymatic reaction and increase the oxidation of the fuels and the power output of
biofuel cells. Indeed, the density of the exposed polar groups can be optimized by formation
of these hybrid GNPs allowing a better control over the immobilization of biomolecules. For

instance, the reduction of the exposed B-CDs sites will prevent enzyme aggregation.

In future, GNPs self-assembled from an amphiphilic block copolymer constituted by a B-CD

part linked with polycaprolactone instead of the polystyrene chain, will be prepared and
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characterized. These GNPs will be totally biocompatible and biodegradable. Eventually, the
addition of polymerizable motifs, such as pyrrole, in the copolymer structures, would be also
worthy of investigation with the aim of reinforcing further the GNPs architectures and their

long-term usability as electron materials for both biofuel cells and biosensors.

Overall, the methods and results discussed in this thesis, concerning the functionalization of
MWCNTSs by thiol-yne chemistry and GNPs via B-CDs host guest interactions, have been
applied to the catalytic oxidation of glucose by immobilized oxydoreductases enzymes, FAD-
GDH and GOx. The enzymatic oxidation of glucose is central for energy conversion and
biosensors. Besides, these methods can be potentially extended to the immobilization of other
classes of enzymes and other types of biomolecules, such as antibodies and aptamers, after
opportune modification with thiol/alkyne groups or groups having an affinity with B-CDs.
Thus, both these strategies have promising applications for the generation of spatially
controlled electroactive materials and for the development of different types of biofuel cells
and biosensors (immunosensors, aptasensors, etc.) and their full potential has yet to be

realized.

Les nanomatériaux ont des propriétés uniques telles qu'une surface et unecapacité
d'adsorption élevée qui participent a 1’augmentation de la stabilité et de une activité
catalytique. Tout cela apporte une contribution importante a lI'optimisation des biopiles et des
biocapteurs. Parmi les nanomatériaux, les nanotubes de carbone, nanoparticules inorganiques
et organiques, sont les plus employés et étudiés 1. Dans ce projet de thése, de nouvelles
stratégies de fonctionnalisation de nanomatériaux ont été étudiées pour proposer de nouveaux
nanomatériaux hybrides pour les biopiles et les biocapteurs. La fonctionnalisation a pour
objectif de favoriser I'immobilisation et la concentration des biomolécules sur la surface de
I'électrode, d'améliorer I'efficacité du transfert d'électrons et augmenter la puissance des

biopiles et la sensibilité des biocapteurs.

La thése commence par un chapitre d'introduction décrivant les caractéristiques particuliéres
et les applications pratiques des biopiles enzymatiques et des biocapteurs, les principales
stratégies d'immobilisation des enzymes et un apercu général sur la fonctionnalisation des
nanomatériaux. La thése est ensuite essentiellement divisée en deux parties centrées sur les

résultats obtenus lors de la fonctionnalisation de deux types différents de nano-objets : les
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nanotubes de carbone multiparois (MWCNTS) et les glyconanoparticules dérivées de glucides

organiques (GNPs).

Dans le chapitre Il, la fonctionnalisation des MWCNTS avec une réaction thiol-yne a été
étudiée. Les réactions chimiques “click” ont des caractéristiques trés attrayantes telles que la
stéréospécificité, I'efficacité, la simplicité et leurs conditions de réaction douces 2. L'approche
est modulable puisque toute une librairiede composés avec des fonctionnalités appropriées
peut étre “cliquee”. Ces réactions ont rencontré un large succes ces dernieres années. Leur
importance dans la recherche a conduit les fondateurs, Sharpless et Meldal, & remporter le
prix Nobel de chimie cette année (2022). Parmi les réactions “click”, la reaction de
cycloaddition azide — alcyne catalysée par le cuivre (CUAAC) est sirement la plus utilisée
dans diverses applications 3. Néanmoins, la réaction nécessite un catalyseur métallique, et en
cas d'immobilisation enzymatique, elle nécessite la modification préalable de I'enzyme avec
un groupe “cliquable” approprié. La réaction thiol-yne, impliquant un groupe thiol et un
groupe alcyne, peut étre menée a la place sans catalyseurs métalliques codteux et rend la
bioconjugaison plus facilement réalisable via la cystéine, acide aminée des protéines qui
contient naturellement un groupe thiol. Peu d’études ont été menées dans la littérature dans la
littérature sur cette réaction a la surface d’électrodes, en particulier en ce qui concerne la

surface dede naomatériaux carbonés.

Pour étudier la faisabilité de cette réaction pour la modification des MWCNTS, des groupes
alcynes ont été introduits sur les parois latérales des nanotubes soit par chimie covalente au
diazonium, soit par modification non covalente avec des dérivés du pyréne.Des composés
thiolés redox ont ensuite été utilisés pour sonder I'efficacité de la réaction par électrochimie.
La voltammeétrie cyclique a été utilisée pour déterminer la quantité et la stabilité des sondes a
base de ferrocéne immobilisées. Aprés une étude comparative préliminaire, la réaction thiol-
yne photoinduite s'est révélée posséder la  la meilleure efficacité pour favoriser
I'immobilisation des ferrocenes thiolés a la surface des nanotubes modifiés par des alcynes.
Les données obtenues par électrochimie ont été complétées par une analyse XPS qui a
confirmé la présence d'espéces de fer a la surface des nanotubes fonctionnalisés. La réaction a
ensuite été appliquée a I'immobilisation de quinones modifiées par un thiol. Ces composés
organiques rédox sont généralement utilisées comme médiateurs redox pour favoriser le
transfert d'electrons d'enzymes oxydant le glucose. L'immobilisation deferrocene et de
quinones thiolés sur les nanotubes par la réaction thiol-yne catalysée par les UV a permis de
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réaliser un transfert d’électrons indirect efficace et une oxydation électrocatalytique du
glucose par I'enzyme FAD-déshydrogénase (FAD-GDH).

Globalement, les résultats montrent que cette technique peut étre utilisée comme stratégie de
fonctionnalisation alternative aux autres réactions de chimie “click”. Il est important de
trouver de nouvelles stratégies d'immobilisation car chacune d'entre elles peut répondre a des
besoins spécifiques et étre adaptée a des applications spécifiques. Dans ce cas, la réaction est
opérationnellement simple et elle peut conduire a un haut degré de fonctionnalisation puisque
deux thiols consécutifs peuvent étre ajoutés a l'alcyne. Cette caractéristique est utile non
seulement dans la chimie synthétique et des polymeres pour la génération de glycopolymeéres
et de structures hyperramifiées, mais aussi pour les applications électrocatalytiques pour
augmenter la quantité de médiateurs immobilisés, comme démontré dans le chapitre II.
L'immobilisation stable des médiateurs est tres importante pour les applications de biopiles
enzymatiques, en particulier pour les futurs dispositifs implantables, afin d'éviter les pertes de
puissance et de réduire la toxicité et les problémes inflammatoires causés par la désorption du
médiateur de la surface de I'électrode vers le milieu externe. Il est également important pour
certains types de biocapteurs enzymatiques qui nécessitent la co-immobilisation des
médiateurs a la surface. Outre les médiateurs, cette technique peut étre appliquée a
I'immobilisation d'autres molécules, par exemple des composés mimant les substrats
enzymatiques pour favoriser I'immobilisation et I'orientation des enzymes par des interactions
d'affinité ou I’immobilisation de catalyseurs moléculaires capables de réaliser le méme type

de réactions électrocatalytiques

La possibilité d'utiliser cette stratégie de fonctionnalisation pour I'immobilisation de
macromolécules plus grosses telles que des enzymes, des oligonucléotides, a I'électrode doit
encore étre évaluée correctement. Idéalement, une enzyme contenant de la cystéine, avec des
cystéines naturelles ou congues pour afficher des résidus de cystéine uniques dans des sites
favorables, devrait étre testée a l'avenir. Etant donné que les les cystéines sur les protéines
sont généralement tres peu nombreux, cette technique peut étre utile pour favoriser une
orientation spécifique de l'enzyme au niveau de I'électrode. De plus, cette approche est
adaptée pour contréler la fonctionnalisation a la fois dans I'espace et dans le temps, puisque la
lumiere peut étre facilement allumée et éteinte, contr6lée avec des fibres optiques et par
l'utilisation de photomasques appropriés qui n'exposent que certaines zones d'une surface.
Cette approche de photolithographie peut donc étre envisagée pour la création de matériaux a

nanomotifs.
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La deuxieme partie de la thése est centrée sur la fonctionnalisation de nanoparticules
organiques (NPs) issues d'un procédé d'auto-assemblage en solution aqueuse a partir d'un
copolymeére bloc polystyréne-bloc-p-cyclodextrine. Ces NPs présentent des B-CDs a la
surface qui sont potentiellement capables de former des complexes d'inclusion avec divers
composés. En particulier, la capacité des 3-CDs a former des interactions hotes hotes avec
I'adamatane (Ad) d'un composé hétazine fluorescent avec trois groupes Ad (HTZ-Ad) a été
étudiée dans le chapitre I1l. Les résultats montrent clairement la fonctionnalisation efficace
des GNPs avec HTZ-Ad par leur acquisition de propriétés fluorescentes en solution aqueuse
et apres leur immobilisation sur des surfaces. En général, I'inclusion dans les B-CDs peut étre
tres utile pour augmenter la solubilité de certains composés organiques, tels que I'heptazine ou
les médiateurs hydrophobes, favorisant leurs applications catalytiques dans I'eau. Des
polymeres conducteurs, tels que des films de poly-(pyrrole)-adamantane, peuvent étre
commodément électrogénérés sur des surfaces d'électrode pour guider I'immobilisation des
GNPs au niveau de I'électrode. Cette stratégie permet la création de régions fonctionnalisées

spatialement controlées des électrodes via des interactions spécifiques.

Les résultats ont ensuite été appliqués a lI'immobilisation d'une enzyme glucose oxydase
(GOx) sur des GNPs fixees a I'électrode via des films polymeres poly (pyrrole) pour la
fabrication de biocapteurs a glucose ampérométriques dont les caractéristiques et les
performances sont décrites dans le chapitre IV. Les interactions basées sur l'inclusion
d'étiquettes enzymatiques spécifiques dans les B-CDs sont avantageuses car elles ne
perturbent généralement pas l'architecture tridimensionnelle de I'enzyme et son activité
catalytique. La création d'architectures tridimensionnelles basées sur les GNPs sur I'électrode
est avantageuse pour améliorer la concentration de surface en enzymes. De plus, les B-CDs
sont biocompatibles. Des structures multicouches peuvent également étre formées par cette
approche par le biais d'interactions de molécules marquées avec les GNP de couches

adjacentes.

En général, la fonctionnalisation des GNPs par les interactions hote-invité est une méthode
trés polyvalente en raison de la vaste gamme de composés pouvant étre hébergés dans la
cavité B-CDs. La fonctionnalisation des GNPs avec des composés redox a deja été démontrée
au sein de I’équipe pour les applications en biopiles *. A l'avenir, I'immobilisation d'autres
enzymes étiquetées par des groupements commela biotine, I'histidine, le pyréne ou
I’adamantane, sur les GNPs seront utilisées pour la conception de nouvelles biopiles

enzymatiques et biocapteurs. Les GNPs seront utilisés soit en solution, soit lors de leur
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immobilisation sur des électrodes via des films polymeéres conducteurs, en combinaison avec
des médiateurs redox ou des GNPs modifiés par des fonctions rédox. Dans le premier cas, une
biopile enzymatique sera créée par confinement des GNPs modifiés dans des membranes
permsélectives. L'effet positif de l'inclusion de meédiateurs redox dans la coquille des GNPs
pour la catalyse enzymatique a été mis en évidence dans des travaux antérieurs °. Cette
amélioration est attribuée a l'augmentation de la solubilité du médiateur dans I'eau et a un
effet de saut redox causé par la présence de médiateurs a proximitélors de I'encapsulation dans
des B-CD adjacents sur les GNPs. L'immaobilisation concomitante d'enzymes et de médiateurs
dans les GNPs permettra une amélioration supplémentaire du transfert d'électrons en
augmentant les chances d'interactions entre enzyme et médiateurs, favorisées par le degré de
rotation des GNPs en solution. Des expériences préliminaires concernant la fonctionnalisation
des enzymes FAD-GDH et BOx avec de la biotine pour leur utilisation ultérieure dans une

installation de biopile ont déja été lancées.

De maniere intéressante, des GNPs aux propriétés nouvelles peuvent étre obtenus par le choix
des blocs hydrophobes et hydrophiles des copolyméres a blocs amphiphiles utilisés dans le
proceéde d'auto-assemblage. Les GNPs hybrides, présentant différents groupes polaires avec
différentes capacités de liaison, peuvent étre formés a partir d'un mélange de différents
copolymeéres blocs amphiphiles dans différents rapports de concentration ©. Par exemple, les
groupes [B-CD peuvent étre alternés avec des groupes maltoheptahose. Ce dernier peut
interagir avec l'acide nitriloacétique, qui est capable de former des complexes de coordination
avec des proteines marquées a I'histidine via une complexation métallique. Ainsi, la formation
de ces GNP polyvalents hybrides permettrait I'immobilisation de différentes molécules
marquées, par exemple deux enzymes différentes pour effectuer une réaction
multienzymatique et multiélectronique et augmenter I'oxydation des combustibles et la
puissance des biopiles. En effet, la densité des groupements polaires exposes peut étre
optimisée par la formation de ces GNPs hybrides permettant un meilleur contrble de
l'immobilisation des biomolécules. Par exemple, la réduction des sites B-CDs exposés

empéchera l'agrégation enzymatique.

A l'avenir, des GNPs auto-assemblés a partir d'un copolymere bloc amphiphile constitué d'une
partie B-CDs liée a la polycaprolactone a la place de la chaine polystyrene, seront preparés et
caractérisés. Ces GNPs seront totalement biocompatibles et biodégradables. A terme, I'ajout
de motifs polymérisables, tels que le pyrrole, dans les structures de copolymeres, mériterait

également d'étre étudié dans le but de renforcer davantage les architectures des GNPs et leur
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utilisation a long terme en tant que matériaux électroniques pour les biopiles et les

biocapteurs.

Globalement, les méthodes et resultats discutés dans cette thése, concernant la
fonctionnalisation des MWCNTSs par la chimie thiol-yne et des GNPs via les interactions [3-
CDs hote-invité, ont été appliqués a l'oxydation catalytique du glucose par les enzymes
oxydoréductases immobilisées, FAD-GDH et GOx. L'oxydation enzymatique du glucose est
centrale pour la conversion d'énergie et les biocapteurs. Par ailleurs, ces méthodes peuvent
étre potentiellement étendues a I'immobilisation d'autres classes d'enzymes et d'autres types
de biomolécules, comme les anticorps et les aptameres, apres modification opportune avec
des groupements thiol/alcyne ou ayant une affinité avec les B-CDs. Ainsi, ces deux stratégies
ont des applications prometteuses pour la génération de matériaux électroactifs spatialement
controlés et pour le développement de différents types de biopiles et de biocapteurs

(immunocapteurs, aptasensors, etc.) et leur plein potentiel n'a pas encore été réalisé.
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1. Materials

1.1. Solvents

All organic solvents used for synthesis and for electrochemistry (chloroform (CHCI3),
dichloromethane (CH2Clz), acetonitrile (MeCN), acetone, ethyl acetate (AcOEt),
dimethylformamide (DMF)) were reagent grade quality and were used as received from
Sigma Aldrich. Tetrahydrofuran (THF), absolute ethanol were bought from Biosolve. N-
methyl-2-pyrrolidone (NMP) was purchased from Acros Organics. Aqueous solutions used
for the preparation of buffers for enzyme electrocatalysis were prepared using deionized water
from purelab UHQ system (ELGA). Milli-Q water used for the preparation of GNPs
suspensions was obtained by water purification to a resistivity of 18.2 MQ cm using a

Millipore Ultrapure system (MilliporeSigma, Burlington, MA, USA).

1.2. Reagents

All the reagents: sodium phosphate monobasic, sodium phosphate dibasic, terbutyl
ammonium perchlorate (TBAP), lithium perchlorate (LiClOa4), potassium chloride (KCl), a-
D-glucose, isopentyl nitrite, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt (ABTS), 1-methyl-2-pyrrolidinone (NMP), 4-ethynylaniline, ferrocene, 6-
(ferrocenyl)hexanethiol ~ (6-FcSH),  11-(ferrocenyl)undecanethiol  (11-FcSH),  tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), B-cyclodextrin (B-CD), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), 1,10-phenanthroline-5,6-dione, 8-mercaptooctanoic acid, tris-
(diethylpyrazolyl)-heptazine (TDPH), 4-dimethylaminopyridine (DMAP), (adamantan-1-yl)-
methanol, were purchased from Sigma-Aldrich and used as received. 1-ethynylpyrene was
purchased from Alfa Aesar. Ferrocene methanethiol (FcSH), Adamantyl-11-pyrrolyl-1-
undecyl carboxylic acid amide (pyrrole-adamantane) and 8-pyrrol-1-lactobionamide (pyrrole-
lactobionamide) monomers were synthesized as described in the literature. The poly(ethylene
glycol)-alginate-thiol (Alg-PEG-SH) has been obtained from Ecole Polytechnique Fédérale de
Lausanne. Commercial grade MWCNTs (9.5 nm diameter, purity > 95%) were purchased
from Nanocyl and used as received without any purification step. MPL electrodes were
purchased from PAXITECH (France).

1.3. Enzymes

Glucose Oxidase (from Aspergillus niger, lyophilized min 60% protein, 179 U mg™), FAD-
dependent Glucose Dehydrogenase (from Pseudomonas sp., > 900 U mg™ solid), Bilirubin

229



Oxidase (from Myrothecium verrucaria, 11.5 U mg™ solid) were used as received from
Sigma-Aldrich. Adamantane-tagged glucose oxidase was synthetized as previously reported

in the literature.

2. Apparatus

2.1. Electrochemistry measurements

e Organic media

The electrochemical experiments performed in MeCN were carried out in a three-electrode
electrochemical cell set up under dry argon atmosphere. A Pt wire was used as counter
electrode while potentials given in organic media are referred to the Ag/AgNOz 10 mM in
MeCN + TBAP (0.1 M) or LiClO4 (0.1 M) reference electrode depending on the type of
electrolyte used (TBAP (0.1 M) or LiClOs (0.1 M) respectively). The electrochemical
experiments performed in DCM were carried out in a similar three-electrode electrochemical
cell set up but using Ag/AgNOz 10 mM in DCM + TBAP (0.1 M) as reference electrode.
DCM was dired before use by using molecular shieves of 3 A. All electrochemical
experiments were recorded on an Autolab PGSTAT100 potentiostat (Metrohm, The
Netherlands) operated by Nova software.

e Aqueous media

The electrochemical characterizations of all electrodes in aqueous solutions were carried out
in a three-electrode electrochemical cell using a Autolab PGSTAT100 potentiostat or a VMP3
Multi Potentiostat (Biologic, France) operated by EC-lab software. A platinum grid was used
as the counter electrode and a saturated calomel electrode (SCE) served as reference

electrode. All potentials given in this work are referred to the SCE reference electrode.

For both organic and aqueous media, electrochemical data fitting was performed using
OriginPro9. All currents are normalized with the geometric surface of the electrodes.

2.2. Fluorescence emission and imaging

Fluorescence emission spectra of the HTZ-Ad-GNPs and GNPs suspensions (1:1000 dilution)
were recorded at the excitation wavelength of 270 nm using a Perkin Elmer LS 55
Fluorescence Spectrometer operated by BioLight software.
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Brighfield and fluorescence images of indium tin oxide (ITO) electrodes, gold interdigitated
microelectrodes (IDE) were acquired with an Olympus BX61 microscope coupled with an
Olympus DP30BW camera and CellP imaging software. For the fluorescence images, a 4',6-
diamidino-2-phenylindole (DAPI) filter (with Aex. = 340 — 380 nm and Aem.= 450 — 490 nm)
was used and an exposure time of 5000 ms.

2.3. UV irradiation system

Samples were irradiated by a 200-500 W Mercury-Xenon arc lamp (Newport Corporation)

connected by an optical cable with a core diameter of 1000 pm.

2.4. UV-vis spectroscopy, Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS)

UV-vis spectra were acquired using a Perkin Elmer UV-Lambda 650 spectrophotometer at
room temperature with quartz cuvettes of 1 cm optical path length.

Raman spectra were recorded using a Renishaw inVia spectrometer. A laser at 633 nm and 3
mW power was used for used for acquisition of spectra from the sample surface.

XPS analysis was performed using a Thermoelectron ESCALAB 250 device (ICGM, France).
The X-ray excitation was provided by a monochromatic Al-Ka (hv=1486.6 eV) source. The
analyzed area was ~0.15 mm?. The background signal was removed using the Shirley *
method. The surface atomic concentrations were determined from photoelectron peaks areas
using the atomic sensitivity factors reported by Scofield 2. Binding energies (BE) of all core
levels were referred to the C=C of C1s carbon at 284.4 eV. XPS spectra were simulated using
OriginPro 12.0.

2.5. Optical microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)

Optical images and 3D and profile images were taken using a Keyence VK-X200 laser
microscope.

SEM images were acquired using an ULTRA 55 FESEM based on the GEMENI FESEM
column with beam booster with tungsten gun (Nanotechnology Systems Division, Carl Zeiss
NTS GmbH, Germany). A drop of GNPs suspension was spread on a carbon substrate (0.5

mm diameter) and dried before imaging. TEM images were acquired at 200 kV using a
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Phillips CM200 microscope equipped with a TEM-CAM 216 (TVIPS) camera and at 200 kV
using a JEOL 2100 Plus microscope equipped with a RIO16 (GATAN) camera. A drop of
GNPs suspension was deposited onto plasma treated carbon-coated copper-microgrid. 5 puL of
2 wiv % UranylLess (Delta Microscopies) lanthanide-based negative stain was applied for a
few minutes and dried at room temperature.

Diagrams of the particle size distributions of GNPs, for both SEM and TEM images, have

been determined by ImageJ software from multiple images and areas of the sample.

2.6. Dynamic light scattering (DLS)

DLS was used to evaluate the quantitative GNPs distribution using an ALV/CGS-8FS/N069
goniometer, consisting of a ALV/LSE-5004 multiple-t digital corrector with an initial
sampling time of 125 ns and 35 mW HeNe linearly polarized laser operating at a wavelength
of 632.8 nm. 0.4 mL of GNPs suspension was diluted into 2mL MilliQ water and then
transferred into quartz cells thermostated at 25 °C. Auto correlation functions C (q,t) were
measured at scattering angles of 60° -120° and relaxation time distributions A(t) were

determined using Contin analysis of the autocorrelation functions.

2.7. Quarz crystal microbalance with dissipation monitoring (QCM-D)

QCM-D measurements were performed using Q-Sense (Goteborg, Sweden) equipped with
one laminar flow chamberand polished AT-cut piezoelectric quartz crystals (14 mm diameter)
covered by a 100 nm thick gold layer (QSX 301-Q-Sense). F and D were measured at the
fundamental resonance frequency (5 MHz) and at the third, fifth, seventh, ninth, eleventh, and
thirteenth overtones (n = 3, 5, 7, 9, 11 and 13). Data analysis was performed using Q-Tools

software.

2.8. Product analysis

NMR spectra were recorded on a Bruker AVANCE 400 operating at 400 MHz for *H.

ESI mass spectra were recorded with a Bruker APEX-Qe ESI FT-ICR mass spectrometer.
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3.Procedures

3.1. Synthesis
3.1.1. Synthesis of 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide (PLSH)

The synthesis of PLSH was adapted from the procedure reported by Elmes, Robert B.P. et al.
3. 5-amino-1,10-phenanthroline (0.5 g, 2.56 mmol, 1 eq.) was dissolved in 100 ml distilled
DCM before the solution was cooled to 0 °C. 8-mercaptooctanoic acid (0.56 g, 2.56 mmol, 1
eq.) and 1-Ethyl-3- (3-dimethylaminopropyl)carbodiimide (EDCI) (1.23 g, 6.4 mmol, 2.5 eq.)
were added in the solution followed by 4- dimethylaminopyridine (DMAP) (0.31 ¢, 2.56
mmol, 1 eq.). The reaction mixture was stirred for 1 hour at 0 °C, then it was allowed to reach
room temperature before being stirred for a further 24 hours. The solvent was removed under
reduced pressure then, 50 ml of H.O were added forming a white precipitate which was
isolated by centrifugation. The resulting solid was redispersed 10 ml of MeCN and again
centrifuged and collected by suction filtration and dried under vacuum to yield a beige/white
solid. '"H NMR (400 MHz, [D6]DMSO) &(ppm) = 10.12 (s, 1H, - NH), 9.13 (dd, 1H, J=1.6,
J=4.2), 9.04 (dd, 1H, J=1.7, J=4.2), 8.61 (dd, H, J=1.5, J=8.4), 8.44 (dd, 1H, J=1.7, J=8.2),
8.18 (s, 1H), 7.83 (dd, 1H, J=4.3, J=8.4), 7.74 (dd, 1H, J=4.3, J=8.1), 2.43 (t, 2H, J =7.2), 1.69
(t, 2H, J =6.5), 1.42 — 1.20 (br s, 6H).

Fig. 2: solvent evaporation during the synthesis of PLSH.

3.1.2. Synthesis of (4-ethylnyl)benzenediazonium tetrafluoroborate

The synthesis of (4-ethylnyl)benzenediazonium tetrafluoroborate was adapted from the
procedure of Limoges et al. . 1.9 mL of a cold solution of NaNO; (349 mg, 5,06 mM) in
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milliQ water was added dropwise to 7.8 mL of a cold solution (over an ice bath) of 4-
ethynylaniline (538 mg, 4.6 mM) in 1M of HCI. The mixture was left to react for 1 hour and
then 1.25mL of a saturated NaBF4 solution in milliQ water was added. Then, the mixture was
filtered over a Blcher filtration system and then rinsed with 50 mL of cold ether 3 times. The
crude product was re-dispersed in a small amount of acetonitrile, filtered and rinsed with cold
ether several times. ESI-MS: shows the [M+1]" peak at 129.0 M/Z corresponding to the

desired specie without BF4™ anion.

Intens. +MS, 0.1-0.3min #13-37
x107
1+
1.0 129.04
1+

0.8 10113

06

0.4

0.2

77.33 105.11
91.23 h 117.02 136.97
0o fa i I, [ J i

Fig. 1: ESI-MS spectrum of the synthetized (4-ethylnyl)benzenediazonium tetrafluoroborate.

3.1.3. Synthesis of 2,5,8-tris((adamantan-1-yl)methoxy)-heptazine (HTZ-Ad)

HTZ-Ad was prepared by Audebert P. et al. ®> by mixing an equimolar amount of tris-
(diethylpyrazolyl)-heptazine (TDPH) and DMAP in a pressure tube (Aldrich, borosilicate
glass) with a 3- fold excess of (adamantan-1-yl)-methanol in dichloromethane (about 5 mL g
1. The sealed tube is then kept at 100°C for 3 h. The product was then purified by flash
chromatography (AcOEt + EtOH gradient 0 to 10%).

3.1.4. Synthesis of polystyrene-block-p-cyclodextrin (PS-b-BCD) copolymer

The PS-b-BCD copolymer (MW: 4.5K for PS and 1.3 for BCD — the polydispersity is 1.1) was
synthesized by Borsali R. et al. ® by click reaction of azido-functionalized polystyrene (PS-
N3) with acetylene functionalized B-CD in DMF at 65°C, in the presence of copper

nanopowder.
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3.1.5. Synthesis of adamantane-tagged Glucose Oxidase (GOx-Ad)

The enzyme was synthetized by Holzinger M. 7 1-adamantylamine (2.5 mg, 0.016 mmol) and
1-ethyl-3-(3-dimethylamino-propyl) carbodiimid hydrochloride (EDC) (3 mg, 0.016 mmol)
were dispersed in 3 mL phosphate buffer (0.1 mol L™, pH 6.0) by sonication. Then GOx
(1.6 mg) was added in this solution and kept for 22 h under stirring. The solution was then
centrifuged in several steps using phosphate buffer (0.1 mol L™, pH 7) in an Amicon Ultra-15

Centrifugal Filter Unit-30 kDa to get a 0.5 mg mL™* final concentration.

3.1.6. Synthesis of pyrrole derivatives

Adamantyl-11-pyrrolyl-1-undecyl carboxylic acid amide (PY-Ad) and 8-pyrrol-1-
lactobionamide (PY-Lac) monomers were synthesized by Cosnier S. et al. "8, PY-Ad was
synthesized from pyrrole-carboxylic acid by formation of pyrrole succinimide (NHS) ester
using standard Steglich reaction conditions. Then the pyrrole NHS (199.7 mg, 0.57 mmol, 1
eq.) ester was dissolved in 5 mL of DMF and 1-adamantylamine (86.1 mg, 1 eq.) and
tetraethylamine (300 mg, an excess) were added. The reaction mixture was stirred for 3 days
at 60 °C, dried and purified by column chromatography on silica gel (Et.O—hexane (1/1)) to
obtain the pure product. For the synthesis of PY-Lac, 8-pyrrol-1-aminooctane (0.500 g, 2.6
mmol) and lactobionic acid (26 mmol L™) were added in 100 mL methanol. Finally, the
solution was stirred under reflux for 24 h and the solvent was evaporated under vacuum by

freeze-drying.

3.2. Preparation of GNPs from PS-b-BCD copolymer

30 mg of PS-b-BCD was solubilized in 4 mL THF/H20 solution (80:20) v/v% and stirred at
1000 rpm for 24 h. The solution was added in 160 mL of Milli-Q water under stirring (500
rpm) using a syringe pump at a speed of 10.2 mL h™* and then stirred for a further 2 h at room
temperature. Finally, THF was removed under reduced pressure at 36 °C and the final volume
was adjusted to 160 mL to obtain a suspension of GNPs (concentration of PS-b-BCD: 0.187
mg L ™).
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Fig. 3: A) addition of the copolymer solution in a large volume of water. B) GNPs suspension
after the nanoprecipitation.

3.3. Functionalization of GNPs by HTZ-Ad

5 mL of GNPs suspension previously obtained from PS-b-BCD copolymer were added drop
by drop in 1 mL of HTZ-Ad (3.2 mg mL™) solution in EtOH / Milli-Q water (70:30) v/v %
under stirring (500 rpm). The resulting HTZ-Ad solution (0.66 mg mL™) was sonicated for 2
hours and stirred overnight (> 12 hours). Then, the solution was dialyzed against purified
water at room temperature to remove ethanol (dialysis membrane cut-off = 3.5 -5 kDa, 2 x 4
L of water, 500 rpm). After 24h HTZ-Ad was collected at the bottom of the bag as a white
solid and discarded while 4 mL of supernatant containing the functionalized
glyconanoparticles (HTZ-Ad-GNPs) were collected and conserved in fridge at 4 °C.

3.4. Electrodes preparation
3.4.1. Preparation of glassy carbon (GC) and platinum (Pt) electrodes

The surface of the GC electrodes (3 mm diameter) were polished with a 2 pm diamond paste
purchased from Presi (France) and sonicated 5 min in water, acetone, and ethanol. Pt
electrodes (diameter 5 mm) were thoroughly cleaned using 20 um diamond paste, and rinsed

several times successively with acetone, ethanol, and distilled water.

3.4.2. Preparation of multiwalled carbon nanotubes (MWCNTS) electrodes

MWCNTSs dispersions in NMP were prepared initially by 2h sonication of 5 mg of CNTs in 1

mL of NMP until a homogenous black suspension was obtained. The suspension was
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sonicated 30 min before use the following times. Then, 20 pL of the MWCNTS suspension
were drop-casted on the cleaned GC electrode surface and NMP was completely removed
under vacuum, leaving a dry 5 um-thick MWCNT film on the GC electrode. The same
procedure was used for the creation of the MWCNTs-MPL electrodes. In this case a PTFE
adhesive of 1 cm X 1 cm with a cut out circular area of 6 mm diameter was attached on on
side of a carbon fiber stripe (1 cm X 3 cm) and 20 pL of the MWCNTS suspension were drop-

casted on the circular area followed by evaporation of NMP solvent until completely dry.

3.5. Electrodes functionalization

3.5.1. Functionalization of MWCNTs by (4-ethylnyl)benzenediazonium

tetrafluoroborate

The electrochemical grafting of (4-ethylnyl)benzenediazonium tetrafluoroborate on GC and
MWCNTSs electrodes by repeated potential scans of a 2 mM solution of the diazoniums salt
was performed in 0.1 M TBAP in CH3CN from +0.5 V to —0.4 V vs. Ag/AgNOs for 2 scans.

All solutions were deaerated for 20 min with argon before any electrochemical measurements.

For the chemical modification of MWCNTs by (4-ethylnyl)benzenediazonium
tetrafluoroborate, the procedure already reported by Lalaoui et al. ® was followed. 50 mg of
MWCNTSs were dispersed in 150 mL of DMF by sonication for 30 min. The dispersion was
placed then under argon atmosphere and heated up to 80 °C. 0.9 g of 4-ethynylaniline and 1.1
mL of 8 mM isopentyl nitrite solution were added in the dispersion that was kept under
stirring overnight under reflux at 80 °C (Fig. 4).
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The mixture was filtered through 0.45 um PTFE membrane filters, washed several times with
hot DMF and acetone. The modified MWCNTSs were deposited on a circular area of 6 mm
diameter delimited by PTFE adhesive on MPL electrodes.

3.5.2. Functionalization of MWCNTSs and MPL electrodes by 1-Ethynylpyrene

20 uL of a 10 mM 1-ethynylpyrene solution in DMF was drop-casted onto pristine MWCNTS
and MPL electrodes (in a circular area of 6 mm diameter delimited by PTFE) and dried

completely under vacuum.

3.5.3. Functionalization of alkyne-modified MWCNTS electrodes by ferrocenyl-
thiols

MWCNTSs electrodes modified by AEBD and then 6-FcSH using TCEP as catalyst were
immersed in a glass vial containing a 2 mM 6-FcSH + 2 mM TCEP solution in HO/methanol
(3:7) vIv% for 3 hours. Then, the electrodes were thoroughly rinsed in methanol and water
and subsequently dried. MWCNTSs electrodes functionalized with 6-FcSH using B-CD as
catalyst were immersed for 3 hours in a 2mM 6-FcSH + 2 mM B-CD solution in H,O/DMF
(1:1 viv%), rinsed in DMF, water and dried. MWCNTSs electrodes functionalized by UV
irradiation were immersed in a glass vial containing 2 mM 6-FcSH + 0.4 mM DMPA solution
in degassed CHCIz for 50 min under UV irradiation (240-400 nm, 200 W) then rinsed in
CHClzand dried. The same procedure was used also with other ferrocenyl thiols (using 2 mM
of 11-FcSH and 2 mM FcSH). In all cases, the glass vials have been kept closed to avoid

solvent evaporation during the reaction.

3.5.4. Functionalization of alkyne-modified MWCNTs electrodes by
phenanthroline quinone-thiol (PLQ-SH)

MWCNTSs electrodes were immersed in a glass vial containing 2 mM phenanthroline-thiol
(PLSH) + 0.4 mM DMPA solution in degassed CHCI3 for 50 min under UV irradiation (240-
400 nm, 200 W) then rinsed in CHClz and dried. The subsequent electro-oxidation of PLSH to
form the phenanthroline quinone was carried out by repeated potential scans in phosphate
buffer (pH 2, 7 or 12) from -0.4 V to +1.2 VV vs SCE at 100 mV s* for 30 cycles.

238



3.5.5. Functionalization of alkyne-modified MWCNTSs electrodes by alginates

20 pL of PEGylated-alginate-thiol (Alg-PEG-SH) in water (2% w/v) were mixed with 2 uL of
DMPA (final concentration 0.4 mM) in DMF then, a 15 pL of the mixture was drop-casted
onto the MWCNTSs electrodes. The surface of the electrodes were irradiated by UV light for
30 minutes (240-400 nm, 200 W) and rinsed several times in water. Then, a drop of CaCl»

0.1 M was drop-casted on the electrode to cause geand rinsed again in water after 5 minutes.

3.5.6. Functionalization of electrodes by polypyrrolic films

PPY-Ad have been electrogenerated on gold ID and ITO electrodes, Pt electrodes, gold
covered AT-cut piezoelectric quartz crystals, from a 3 mM adamantyl-11-pyrrolyl-1-undecyl
carboxylic acid amide (PY-Ad) monomer in MeCN + LiClO4 0.1 M by repeated potential
scanning or controlled potential oxidation at a fixed potential (see chapters Il and IV for
details). All potentials are referred to Ag/Ag*® (0.01 M AgNOs + 0.1 M LiClOs). The
copolymer was formed from a solution of PY-Ad (0.75 mM) and pyrrole-lactobionamide
(PY-Lac) (2.25 mM) in CH3CN + 0.1 mol L™ LiCIO..

3.5.7. Functionalization of PPY-Ad-based IDE by GNPs

After the formation of PPY-Ad film on one side of the IDE, the IDEs have been immersed in
eppendorfs containing 300 pL of the suspension of GNPs that were kept overnight under mild
stirring and then washed thoroughly with water. Then different configurations of electrodes

have been prepared:

e Electrode/PPY-Ad/GNPs/HTZ-Ad: the electrode was transferred in a 0.66 mg mL™
HTZ-Ad solution in EtOH/ Milli-Q water (70:30) v/v % for 1 hour and then rinsed
with ethanol and water.

e Electrode/PPY-Ad/GNPs/HTZ-Ad-GNPs: the electrode was transferred in a eppendorf
containing 300 pL of the suspension of HTZ-Ad-GNPs kept under mild agitation

overnight and then rinsed water.

3.5.8. Functionalization of Pt electrodes by GNPs

50 puL of GNPs (0.187 mg mL™?) were deposited onto the poly-pyrrole electrogenerated film

for incubation and dried at room temperature followed by extensive rinsing in water.
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3.6. Enzyme bioelectrodes preparation and enzyme electrocatalysis

3.6.1. FAD-GDH bioelectrodes

40 L of a 5 mg mL™* solution of FAD-GDH in phosphate buffer (0.1 mol L™, pH 7) were
deposited onto the surface of the ferrocenyl-thiols and phenanthroline-thiols modified
electrodes and incubated for 3 hours at 4 °C. After rinsing in buffer, the electrodes were tested
by performing one scan in argon deareated phosphate buffer (0.1 mol L™, pH 7) in absence of
glucose and then by repeated potential scans from -0.4 V to +0.5 V vs. SCE after addition of
200 mM of glucose. The evaluation of the FADGDH/PLQSH-based biosensor by controlled
potential oxidation at -0.2 V vs SCE upon successive glucose injections until saturation (200

mM) while stirring.

3.6.2. BOx bioelectrodes

After the immobilization of alginates on the MWCNTSs electrodes, 40 uL of a 5 mg mL™* BOx
solution in Tris HCI (0.1 mol L%, pH 7) were drop-casted on the surface of MWCNTS
electrodes that were kept for 2 hours at 4 °C. A drop of CaCl» 0.1 M was deposited on the top
of the electrodes to start the gelation process. After 5 minutes, electrodes were rinsed in water.
The catalytic activity of BOx was tested in Tris HCI (0.1 mol L™, pH 7) by performing one
scan from -0.4 V to +0.5 V vs. SCE in argon deareated solution and then by performing
another scan in oxygen saturated solution and finally by repeated potential scans after
addition of 10 mM ABTS. Electrodes were stored at 4 °C and tested again after 72 hours in
oxygen saturated Tris HCI (0.1 mol L™, pH 7) in presence of 10 mM ABTS. Experiments
were performed while stirring at 150 rpm to avoid diffusion limitation.

3.6.3. GOx-Ad bioelectrodes

25 uL of 0.5 mg/ml GOx-Ad in phosphate buffer (0.1 mol L™, pH 7) solution were drop-
casted on GNPs/PPY-Ad, GNPs/PPY-Ad-PPY-Lac or bare Pt electrodes and electrodes were
incubated for 7 h at 4 °C and rinsed in phosphate buffer (0.1 mol L™, pH 7) for 5 min under
weak stirring at room temperature. Enzyme catalysis was evaluated indirectly by 25 °C in
0.1 mol L™* phosphate buffer (pH 7) by electro-oxidation of the enzymatically produced H20;
by controlled potential oxidation at + 0.7 V vs SCE upon successive additions of glucose until
saturation. Experiments were performed at room temperature with stirring at 500 rpm using

OrigaMix magnetic stirrer to avoid diffusion limitation.
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List of abbreviations

3PyHept : 2,5,8-tris(3,5-diethyl-pyrazol-1-yl)-heptazine
6-FcSH : 6-(ferrocenyl)hexanethiol

11-FcSH : 11-(ferrocenyl)undecanethiol

Ab : antibody

ABTS : 2,2-azino-bis-(3-éthylbenzothiazoline-6-acide sulphonique)
AcOEt : ethyl acetate

Ad : adamantane

ADH : alcohol dehydrogenase

AFC : alkaline fuel cell

Ag*/Ag : reference electrode for organic solutions
AIDH : aldehyde dehydrogenase

Alg-PEG-SH : PEGylated-alginate-thiol

ANnGOX : glucose oxidase from Aspergillus niger sp.
AQS : anthraquinone sulfonate

ATR : attenuated total reflectance FT-IR spectroscopy
BCP : block glycopolymer

BFC : biofuel cell

BOX : bilirubine oxydase

BSA : bovin serum albumine

CD : cyclodextrine

CDH : cellobiose dehydrogenase

CGTase : cyclodextrin glucanotransferase

CMC : critical micelle concentration

CMT : critical micelle temperature

CNDs : carbon nanodots

CNT : carbon nanotube

COF : covalent organic framework

CUAAC : Cu(l)-catalyzed azide-alkyne cyclo-addition reaction
CV : cyclic voltammetry

CVD : chemical vapour deposition

Cyt Ox : cytochrome oxydase

DAPI : 4',6-diamidino-2-phenylindole
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DCM : dichloromethane

DET : direct electron transfer

DLC : discotic liquid crystal

DMF : dimethylformamide

DMSO : dimethyl sulfoxide

EDC : 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EET : extracellular electron transport

EFC : enzymatic fuel cell

ELISA : enzyme linked immunosorbent assay
ESI-MS : electrospray ionisation mass spectrometry
EtOH : ethanol

FAD : flavine adenine dinucleotide

Fc : ferrocene

FcSH : ferrocenyl methanethiol

FDH : fructose dehydrogenase

FET : field effect transistor

FRET : Forster Fluorescence Resonance Energy Transfer
FTIR : Fourier-transform infrared spectroscopy

GC : glassy carbon

GDH : glucose dehydrogenase

GNP : glyconanoparticle

GOx : glucose oxydase

Hoase : hydrogenase

HER : hydrogen evolution reaction

HOMO : highest occupied molecular orbital

HRP : horse radish peroxidase

HTZ-Ad : tris((adamantan-1-yl)-methoxy)-heptazine
ITO : indium tin oxide

Jmax : maximum current density

Ka : affinity constant/association constant

Kwm : Michaelis-Menten constant

Km®P : apparent Michaelis-Menten constant

Lac : laccase

LDH : lactate dehydrogenase
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LOD : limit of detection

LOx : lactate oxidase

LUMO : lowest unoccupied molecular orbital
MCFC : molten carbonate fuel cell

MeCN : acetonitrile

MET : mediated or indirect electron transfer
MFC : microbial fuel cell

MIP : molecularly imprinted polymer

MNP : magnetic nanoparticle

MOF : metal-organic framework

MPL.: microporous layer

MWCNT : multiwalled carbon nanotube

NAD : nicotinamide adenine dinucleotide

NADP : nicotinamide adenine dinucleotide phosphate
NHS : N-hydroxysuccinimide

NMP : 1-methyl-2-pyrrolidinone

NMR : nuclear magnetic resonance

NP : nanoparticle

NTA : nitrilotriacetic acid

OCP : open circuit potential

OCV : open circuit voltage

OLED : organic light-emitting diode

ORR : oxygen reduction reaction

P2ABTS : bis-pyrene-ABTS

PAC : pile a combustible

PAFC : phosphoric acid fuel cell

PAMAM : polyamidoamine

PDA : polydopamine

PEG : poly(ethylene glycol)

PEGDGE : poly(ethylene glycol) diglycidyl ether
PEMFC : polymer electrolyte membrane fuel cell
PFV : protein film voltammetry

PLQSH : 8-mercapto-N-(1,10-phenanthrolin-1,2-dione-5-yl) octanamide (phenanthroline-

quinone thiol)
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PLSH : 8-mercapto-N-(1,10-phenanthrolin-5-yl) octanamide (phenanthroline thiol)
PMAA : poly(methacrylic acid

PPO : polyphenol oxydase

PPY : polypyrrole

PQ : phenanthrene-quinone

PS-b-BCD : polystyrene-block-B-cyclodextrin

PS-b-MH : polystyrene-b-maltoheptaose

PS-Ns : azido-functionalized polystyrene

PTFE : polytetrafluoroethylene

PSS : polystyrenesulfonate

PVP : polyvinylpyrrolidone

PY-Ad : adamantyl-11-pyrrolyl-1-undecyl carboxylic acid amide (pyrrole-adamantane)
PY-Lac : 8-pyrrol-1-lactobionamide (pyrrole-lactobionamide)
RDE : rotating-disk electrode

RGO : reduced graphene oxide

Ref. : reference

QCM-D : quartz crystal microbalance with dissipation monitoring
QD : quantum dot

SAM : self-assembly monolayer

SEFC : solubilized enzymatic fuel cell

SELEX : systematic evolution of ligands by exponential enrichment
SEM : scanning electron microscopy

SOFC : solide oxide fuel cell

STD : standard deviation

SWCNT : single-walled carbon nanotube

TBAP : tetrabutylammonium perchlorate

TBFP : tetrabutylammonium hexafluorophosphate

TCEP : tris(2-carboxyethyl)phosphine

TDPH : tris-(diethylpyrazolyl)-heptazine

TEM : trasmission electron microscopy

THF : tetrahydrofuran

UV-vis : UV-visible spectroscopy

Vmax : maximal reaction rate

XPS : X-ray photoelectron spectroscopy
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