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Abstract

The effect of linker of three-dimensional, hydrophilic-carbon-nanoparticle film-electrodes prepared by layer-by-
layer method on redox probe accumulation and bioelectrocatalytic dioxygen reduction was studied and
compared for two different electrode scaffolds. The linker in both of these scaffolds was based on the same ionic
liquid sol-gel precursor, 1-methyl-3-(3-trimethoxysilylpropyl) imidazolium bis(trifluoromethyl-sulfonyl)imide.
The first electrode type was prepared by alternative immersion of tin doped indium oxide substrate in an
aqueous suspension of carbon nanoparticles modified with phenyl sulphonic groups and a sol composed of ionic
liquid sol—gel precursor and tetramethoxysilane. For the second electrode type sol was replaced by a methanolic
suspension of silicate submicroparticles with appended imidazolium functional groups. In both films 2,2-azino-
bis(3-ethylbenzothiazoline-6- sulfonate) anions accumulate irreversibly. In the case of the first electrode
electrostatic attraction plays the more important role in comparison to the case of the second where stable
adsorption of the redox probe takes place. After adsorption of bilirubin oxidase, electrodes obtained from sol
and carbon nanoparticles exhibit modest bioelectrocatalytic activity towards dioxygen reduction at pH 4.8,
however those obtained from oppositely charged particles are much more efficient. The magnitude of the
associated catalytic current in both cases depends on the number of immersion and withdrawal steps.
Interestingly, mediatorless catalysis at electrodes obtained from oppositely charged particles is more efficient
than mediated catalysis.

1. Introduction

In the last few years the design and application of ionic liquid (IL) modified electrodes has become an intensively
explored research area [1-5]. Most of these electrodes consist of a mixture of IL and other components such as
conductive and/or nonconductive (nano) particles, polymers and biomolecules and have a form of bulk substrate
or film. The electrodes modified with appended ILs represent another class. Typically, imidazolium cation based
substituent is (i) covalently bonded to polymer film [6—15], (ii) self-assembled on the electrode surface [16], (iii)
covalently bonded to the electrode surface [17] or (iv) used forfunctionalization of conductive elements of the
film [18]. The electrodes modified with imidazolium functionalized polymers are prepared by (i) chemical grafting
of imidazolium functionalities and solution casting [6—10], (ii) surface initiated polymerization [14], (iii)
polymerization of vinyl appended imidazolium cation and solution casting [15] or (iv) sol-gel processing of sol
containing imidazolium appended trialkoxysilane [11-13]. The counterions are electrostatically attracted to



positively charged functionalities and are exchanged after immersion into electrolyte solution. These polymer
film electrodes exhibit high ionic conductivity and stability in aqueous solution. Due to the presence of cationic
functional groups they exhibit accumulation of anions with some degree of specificity [9-12] and in particular
they restrict access of cationic redox probes [12,14]. Furthermore, they exhibit catalytic behavior towards NADH
oxidation [6] and provide suitable environments for enzyme encapsulation [10].

The polymers with charged functional groups are applied as a linker for construction of three dimensional
nanoparticulate films at the electrode surface using a so-called layer-by-layer (LbL) approach [19]. Due to
electrostatic attraction between these functionalities and oppositely charged conductive nanoobjects, stable
three-dimensional conductive nanoparticulate networks can be prepared (see for example Refs. [20-23]). Such
a platform is often selected as a substrate for enzymes, because conductive nanoobjects provide favourable
conditions for direct electron transfer to/from the electrode. An alternative and almost neglected approach
involves replacement of polymer with functionalized polymer particles as the linker [24,25]. Recently we have
demonstrated that with sol-gel technology employing ionic liquid precursor 1-methyl-3-(3
trimethoxysilylpropyl)imidazolium bis(trifluoromethylsulfonyl)imide (Scheme 1) it is possible to prepare such a
film using LbL procedures [11,25]. That is, carbon nanoparticles (CNPs) functionalised with phenyl sulphonic
groups can be either linked by imidazolium functionalised silicate (Scheme 2, electrode (1)) [11] or by
imidazolium functionalized silicate submicroparticles (Scheme 2, electrode (2)) [25].

Clearly the comparison of the different electrodes provides unique opportunity to study the effect of linker on
the electrode processes. Using this opportunity we study and compare accumulation of redox mediator and
bioeletrocatalysis of dioxygen in this paper. It is an important aspect of layer-by-layer film preparation that it
allows for increase and control of the bioelectrocatalytic activity (see for example Refs. [26—29]). As redox
mediator we selected 2,2 -azino-bis(3-ethylbenzothiazoline-6- sulfonate) (ABTS?") and as biocatalyst we
employed bilirubin oxidase (BOx) —a member the family of copper oxidoreductases.

The studies of BOx modified electrodes are powered by their potential application as cathodes in biofuel cells
[30-34]. This enzyme significantly decreases the overpotential of dioxygen evolution at far from extreme pH
values [35—-37] and is superior in terms of activity under simulated physiological conditions at neutral pH and in
the presence of Cl- anions [30,37-39]. The behaviour of Box modified electrode was studied in the presence
[35,40-44] and absence [36,45-54] of accumulated ABTS?™ mediator and we show that the linker type used in
constructing the electrode architecture is crucial for the efficiency of both mediated and mediatorless
bioelectrocatalytic processes.

2. Experimental

2.1. Chemicals and materials

Tetramethoxysilane (TMOS) (99%) and 2,2_-azino-bis(3-ethylbenzothiazoline-6-sulfonate) diammonium salt
((NH4)2ABTS) were purchased from Aldrich. Methanol was from Chempur.

Ethanol, formic acid, Na2HPOas, NaH2PO4 and HCl, all analytical grade, were from POCH. NaClOs was from Fluka.
Carbon nanoparticles with phenylsulfonic acid surface functionalities (ca 7.8 nm mean diameter, Emperor 2000)
were obtained from Cabot Corporation (Dukinfield, United Kingdom). Sn-doped In203 (ITO) coated glass
(resistivity 15-30 Q per square) was obtained from Image Optics Components Ltd., Basildon, Essex, UK. Water
was filtered and demineralised with an ELIX system (Millipore). All reagents were used as received.

Synthesis of ionic liquid precursor 1-methyl-3-(3-trimethoxysilylpropyl) imidazolium bis(trifluoromethyl-
sulfonyl)imide (Scheme 1) has being described previously [8]. Imidazolium appended silicate submicroparticles
were prepared according to the modified procedure described in one of our previous papers [55]. BOx from
Myrothecium sp. (EC 1.3.3.5) with activity of 2.82 u mg™* was kindly donated by Amano Enzyme Inc.

2.2. Electrode modification

The ITO plates were cleaned with ethanol, then with deionized water and finally heated for 30 min in a tube
furnace (Barnstead International) at 500 C in air. The electrode surface was defined by masking the electrode
with scotch tape so as to expose a surface of area 0.2 cm?. The electric contact was assured by a piece of copper
tape held by a ‘crocodile clip’ to the conducting side of the ITO glass. Two types of electrodes (Scheme 2) were
prepared. Electrode (1) was fabricated by alternative immersion of ITO substrate firstly in an aqueous suspension
of CNPs and secondly in an imidazolium appended precursor and TMOS methanol based sol containing formic
acid catalyst [11]. Electrode (2) was obtained by alternative immersion of ITO substrate firstly in methanol
suspension of imidazolium appended silicate submicroparticles solution and secondly in an aqueous suspension
of CNPs [25]. For both electrodes the appropriate procedure was repeated until the desired number of layers



was deposited on the electrode surface. Mechanically stable electrodes were obtained for up to a maximum of
10 such steps (n = 10) in the case of (1), whereas for electrode (2) stable films with a maximum n = 36 steps were
obtained. Enzyme adsorption was performed by immersion of nanoparticulate film electrodes in 1 mg cm™ BOx
solution in pH 4.8 phosphate buffer for 2h at ca 5 °C.

2.3. Instrumentation and cell

Cyclic voltammetry was performed with a pAutolab (Eco Chemie) electrochemical system in a conventional
three-electrode cell with dedicated software. The modified ITO electrodes along with platinum wire and
Ag|AgCl|KClsat. electrodes were used as the working, counter and reference electrode, respectively. All
experiments were carried out in quiescent conditions at 22 + 2 °C.

3. Results and discussion

3.1. 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonate accumulation)

Accumulation of ABTS? was achieved by immersion of electrode (1) or (2) in 1 mmol dm~3 (NH4)2ABTS aqueous
electrolyte solution [11] and was detected by cyclic voltammetry. After a gradual increase of the voltammetric
peak current due to the reaction

ABTS* (acc) ¢> ABTS (acc) +e~ (1)

to its maximal value the electrode was removed, washed with water and immersed in phosphate buffer (pH 4.8).
Both types of electrode exhibit stable voltammetry connected with electrochemical redox reaction (1) (Fig. 1)
indicating irreversible mediator accumulation. The peak current density is proportional to the number of
immersion and withdrawal cycles (Fig. 2). Clearly, when a larger amount of material is deposited at the electrode
surface, a greater amount of mediator ions is accumulated. Also the increase of capacitive current related to the
electroactive surface is observed for both electrodes (Fig. 1). However, some differences between their
behaviour can be seen. For electrode (1) the redox potential of accumulated mediator shifts positively by 0.15 V
as compared to that obtained at bare ITO in the presence of mediator in solution, whereas for electrode (2) no
difference can be seen. This can be explained by a difference in the mechanism of accumulation. The lack of
redox potential shift for electrode (2) shows ABTS?™ adsorption on CNPs, due to attractive interactions between
delocalised IT electrons in the extended aromatic system. This is confirmed by the linear dependence of peak
current density on scan rate. Indeed, adsorption of this mediator on other carbon based materials such as
microporous carbon [56,57], carbon nanotubes [58,59] and graphene [60] has been recently reported. This
mechanism of accumulation seems to be less important for electrode (1). Here stabilisation of the reduced form
of the mediator indicates attraction between its sulfonic functional groups and imidazolium functional groups of
silicate. Moreover the peak current dependence on scan rate can be approximated by a polynomial with
exponent between 0.5 and 1.0 indicating some attached ABTS?" mobility. How electrode type affects the
difference between peak potentials (AE) is also seen. For electrode (1) the effect is greater for larger n, reaching
a maximum of 0.1 V for n = 10. In an earlier study [13] we showed that the resistance of this electrode was
estimated in the range of 200-500 Q2 perhaps resulting from the separation of CNPs by a polymer network. Such
a resistance would result in a contribution towards the observed AE of 0.01 V for the peak current densities
observed at a scan rate of 0.01 V s72. It follows that it is more likely that AE is on account of some mobility of the
encapsulated mediator — which is held in place by the positive charge of the functional groups of the silicate
polymer — as exemplified by the observed peak currents scan-rate dependence. On the other hand _E is equal to
only a few millivolts for electrode (2) which along with the linear scan rate dependence of the peak currents
shows that mediator is adsorbed on CNPs. This indicates that heterogenous electron transfer is relatively fast as
observed earlier for dissolved mediator [35].

3.2. Mediated bioelectrocatalysis

The voltammetric behaviour seen after accumulation of BOx for both electrodes when immersed in dioxygen
saturated solution (Fig. 3) indicates bioelectrocatalysis of dioxygen reduction. Similarly as proposed by Tsujimura
et al. [35] accumulated mediator is oxidized by BOx:

BOx(4Cu(ll)) + ABTS? (acc) <> ABTS " (acc) + BOx(4Cu(l)) (2)



BOx(4Cu(l)) + Oz + 4H+ - 2H20 + BOx(4Cu(ll)) (3)
and these steps are followed by electrochemical regeneration of the mediator:
ABTS (acc) + e- ¢> ABTS? (acc) (4)

The electrode architecture does not affect the onset potential of catalytic current, however electrode (2) is
superior in terms of catalytic current density. For electrode (2) this parameter is proportional to n, whereas in
the case of electrode (1) maximum current density is obtained for electrode prepared by five immersion and
withdrawal steps. Although it is difficult to estimate the amount of accumulated and active BOx molecules,
because of the lack of direct electrochemical signal, one can speculate that the smaller voids of electrode (1)
restrict accumulation of the enzyme in the film electrode. The other reason of more efficient catalysis at
electrode (2) is the more negative value observed for the redox potential of the mediator (see Fig. 1).

The active site of BOx consists of a T2/T3 cluster of copper ions coordinated to 4 histidines that is responsible for
dioxygen binding and a T1 copper ion surrounded by histidine, cysteine and methionine that is important for
electron transfer [61, 62]. The most recent estimate of T1 redox potential indicates a value of 0.45 V

[63]. This clearly shows that at electrode (1) the ABTS?”*~ redox potential is shifted in an unfavourable direction.
The sigmoidal shape of voltammograms obtained at 0.001 V s (with some peak developments for large amounts
of nanoparticulate material) may indicate that the reaction kinetics are controlled by supply of dioxygen to the
active site of the enzyme. However at faster scan rates (up to 0.1 V s7%) a gradual transition from sigmoidal to
peak shaped curves is seen (Fig. 4) indicating slow kinetics of the catalytic reaction. At slower scan rate a large
fraction of the reduced form of the mediator is consumed in the catalytic reaction, whereas at faster scan rate it
is reoxidized electrochemically. The behaviour we observe may result from the slowest reduction step, where
four Cu ions at the active site of the enzyme are fully oxidized [64, 65]. This voltammetric pattern was earlier
observed for electrodes with immobilised ABTS?~ and other copper oxidoreductase, e.g. laccase, catalysing
dioxygen reduction within the same range of scan rates [66, 67]. The detailed analysis of kinetic results is
complicated not only by the lack of a reliable estimate for the amount of adsorbed enzyme but also by the
electrode architecture.

Most importantly the form of the electrode material is not suitable for rotating disc electrode (RDE) experiments
which would allow for a detailed analysis of the bioelectrocatalytic reaction (see for example Refs. [68,69]).
Furthermore attempts to perform RDE experiments using similar film preparation on glassy carbon or Au
electrodes do not produce films stable enough to perform these experiments. Therefore the above discussion
can be only qualitative and some contribution from mediatorless bioelectrocatalysis on ABTS* modified
electrodes cannot be ruled out.

3.3. Mediatorless bioelectrocatalysis

In the absence of accumulated mediator, adsorbed BOx also exhibits catalytic activity on both electrodes and the
effect of electrode architecture is clearly seen. In this case the superiority of electrode (2) in terms of current
density is even more striking (Fig. 5). Instead of a modest bioelectrocatalytic effect, a catalytic current density of
greater than 0.3 mA cm™ is seen for slow scan rate voltammetric experiments for the largest amount of the
immobilized material on electrode (2). Similar or larger mediatorless catalytic activity was already seen for other
carbon based materials in quiet solution or using RDE [36,45-52]. Also in the case of electrode (2) this parameter
is proportional to the value of n, whereas for electrode (1) the maximal activity is seen for three immersion and
withdrawal steps. The chronoamperometric experiments show that during first hour catalytic current quickly
drops to ca. 50% of its initial value. However after two days the electrode retains ca. 40% of its initial activity (Fig.
6). This can be caused either by desorption of the enzyme from the film and/or decrease of its activity. Further
experiments with electrode (2) reveal that in air saturated solution the catalytic current density is ca. four times
smaller than in dioxygen saturated solution (Fig. 7). Interestingly, some catalytic signal is observed in deaerated
solution, perhaps due to dioxygen encapsulated in the nanoparticulate material as it has been suggested for
carbon ceramic electrode modified with Box [46]. More importantly, these results indicate that mediatorless
catalytic activity of the electrode is controlled by dioxygen supply [50]. This effect seen when one compares the
mediated and mediatorless catalytic activity of both electrodes is quite interesting. The catalytic current of
electrode (1) in the absence of mediator is about half of that observed with accumulated ABTS?". This can be
interpreted as the opening of a new reaction path due to immobilization of mediator resulting in increased
electrocatalytic activity [52,59]. However for electrode (2) an opposite effect is observed: electrodes with
accumulated ABTS?™ show reduced activity with respect to their mediatorless equivalents. This clearly indicates



that CNPs on their own provide more favourable conditions for electron exchange with adsorbed BOx than they
do with adsorbed ABTS?". The important role of aromatic functional groups as anthracene or anthraquinone in
mediatorless bioelectrocatalysis by copper oxidoreductases has been recently advocated (see Refs.
[45,46,70,71]). It was proposed that these functionalities act as a plug into the hydrophobic pocket of copper
oxidoreductase — facilitating electron transfer between the active T1 site and electrode substrate. Recently such
aromatic compounds with negatively charged functional groups including sulfonates adsorbed on multiwalled
[72] or single walled carbon nanotubes (SWCNTs) [50,73] were shown to significantly increase efficiency of the
same reaction. The study of BOD dioxygen reduction electrocatalysis on single crystal gold shows that the
presence of sulfonate functionalities at the electrode surface enhances reaction efficiency [74]. This together
with similar performance of phenylsulfonated CNPs immobilised in various ways [25,51,75,76] indicates the
importance of the attachment of the sulfonate group to the aromatic substituent for efficient dioxygen
bioelectrocatalysis. One can estimate the electrode capacitance and amount of adsorbed mediator from cyclic
voltammograms (Fig. 2). Interestingly, crude calculations, based on the assumptions of real CNPs surface capacity
equal to 107 F cm™ and single ABTS?" ion coverage of the surface equal to 1.7 nm? [77], show that assuming flat
orientation of the mediator almost all the electroactive surface is covered. Therefore one may conclude that the
bioelectrocatalytic activity of film electrode consisting of CNPs is more effective than that of composed of CNPs
and ABTS?™ ions. Although we were not able to find in literature the comparison of bioelectrocatalytic activity of
BOx modified electrodes in the presence and absence of immobilised mediator on the same electrode material,
there are two examples of such data for laccase (another copper oxidoreductase capable of catalysing dioxygen
reduction) on modified electrodes [59,78]. For the electrode modified with multiwalled carbon nanotubes,
silicate film adsorption of ABTS?" increases by ten times its bioelectrocatalytic activity towards dioxygen
reduction [59]. On the other hand the covalent modification of single walled carbon nanotubes (SWCNTs) with
ABTS?™ moiety does not affect or even decrease bioelectric activity of SWCNTs-Nafion-laccase film [78]. From
these and our results one may conclude that the effect of immobilised mediator as compared to mediatorless
bioelectrocatalysis depends on the electrode material, mediator immobilisation and perhaps the type of the
enzyme. The limited number of data does not allow for more general conclusion to be drawn.

4. Conclusions

The above manuscript shows not only successful application of sol—gel ionic-liquid precursor to the preparation
of bioelectrocatalytic electrodes modified with bilirubin oxidase, but more importantly presents a comparison of
the effect of linker on the electrochemical properties of two types of layer-by-layer formed electrodes. These
electrodes are prepared using different linker types (i.e., either polymer or submicroparticles) — both of which
are based on the same precursor — and hydrophilic phenylsufonate functionalised carbon nanoparticles as the
second component.

Although comparable amounts of ABTS2- can be irreversibly accumulated in these film electrodes their modes
of immobilisation are different. For electrode (2) — prepared from oppositely charged particles — adsorption of
this mediator takes place, whereas for electrode (1) — with sol—gel silicate as a linker — electrostatic interactions
between silicate and CNPs functionalities play an important role. After adsorption of BOx both electrodes exhibit
both mediated and mediatorless dioxygen bioelectrocatalysis. However the electrode consisting of imidazolium
appended submicroparticles (2) is superior in terms of catalytic efficiency. The magnitude of

mediatorless bioelectrocatalytic current density obtained in slow voltammetric conditions in quiescent solution
is similar to that obtained with: BOx adsorbed on carbon powder encapsulated in Nafion film [45], functionalised
SWCNTSs encapsulated in silicate film [50], carbon ceramic electrode enriched with CNPs [51], three dimensional
gold nanoparticulate electrodes [53] and platinum nanoparticle composite [79]. It seems to be also similar to
that obtained on carbon aerogel film [37], functionalised pyrolytic graphite [49,52] and carbonaceous
micro/macrocellular foams [54], however this comparison is not straightforward, since the data of these papers
were obtained at rotating disc electrodes.

Our results show that the almost neglected procedure of layer-by-layer electrode preparation based on
oppositely charged particles should be tested for other bioelectrocatalytic and other reactions. The use of the
sol-gel processed silicate for enzyme modified electrodes is especially attractive, because of the stabilizing
properties of this material [80, 81]. Certainly for the system studied the use of oppositely charged particles
instead of sol-gel processing at the surface provides significant improvement of the catalytic efficiency.
Furthermore, it must be emphasized that these significant improvements in catalytic efficiency are achieved
through an electrode preparation procedure that is fast and simple. However prospective application of this
material as biocathode requires more stable immobilisation of the enzyme.
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Captions :

Scheme 1. The structural formula of sol-gel precursor 1-methyl-3-(3- trimethoxysilylpropyl)imidazolium
bis(trifluoromethylsulfonyl)imide.

Scheme 2. Scheme of preparation of electrodes (1) and (2).

Fig. 1. Cyclic voltammograms obtained in 0.1 mol dm™ phosphate buffer (pH 4.8) at (A) a bare ITO electrode (i)
and electrodes (1) prepared by one (ii) three (iii), five (iv) or ten (v) immersion and withdrawal steps and (B)
electrodes (2) prepared by one (i) six (ii), twelve (iii) and twenty-four (iv) immersion and withdrawal steps. Both
electrodes (1) and (2) were further modified with ABTS?". Geometric surface area, 0.2 cm?; and scan rate, 0.01 V
st

Fig. 2. The dependence of the (A) capacitive current and (B) anodic peak current density obtained under the same
conditions as Fig. 1 on the number of immersion and withdrawal steps (n) for electrode (1) (full) and electrode

(2) (open).

Fig. 3. Cyclic voltammograms obtained in dioxygen saturated 0.1 mol dm= phosphate buffer solution (pH 4.8) at
electrodes further modified with ABTS?™ and BOx (A) of type (1) prepared by one (i) three (ii), five (iii) or ten (iv)
immersion and withdrawal steps and (B) of type (2) prepared by one (i) six (ii), twelve (iii) and twenty-four (iv)
immersion and withdrawal steps. Geometric surface area, 0.2 cm?; and scan rate, 0.001 V s™2,

Fig. 4. Cyclic voltammograms obtained in dioxygen saturated 0.1 mol dm= phosphate buffer (pH 4.8) at an
electrode (2) prepared by twenty-four immersion and withdrawal steps and further modified with ABTS?™ and
BOx. Scan rates: 0.001, 0.01, 0.02, 0.05 and 0.1 V s™X. Arrow shows increasing scan rate.

Fig. 5. Cyclic voltammograms obtained in dioxygen saturated 0.1 mol dm~ phosphate aqueous buffer solution
(pH 4.8) at electrodes further modified with BOx (A) of type (1) prepared by one (i) three (ii), five (iii) or ten (iv)
immersion and withdrawal steps and (B) of type (2) prepared by one (i), two (ii), eight (iii), sixteen (iv), and thirty-
two (v) immersion and withdrawal steps. Geometric surface area, 0.2 cm?; and scan rate, 0.001 V s7%,

Fig. 6. Chronoamperograms obtained with the electrodes of type (2) prepared by (i) two, (ii) four, (iii) sixteen and
(iv) thirty-two immersion and withdrawal steps and further modified with BOx. The curves were obtained in
dioxygen saturated 0.1 mol dm= Mcllvaine buffer (pH 4.8) at a potential of 0.2 V using electrodes with

0.2 cm? geometric surface area.

Fig. 7. Cyclic voltammograms obtained in argon (i), air (ii) and dioxygen saturated (iii) 0.1 mol dm~ Mcllvaine
buffer (pH 4.8) for an electrode (2) prepared by thirty two immersion and withdrawal steps and further modified
with BOx. Geometric surface area, 0.2 cm?; scan rate, 0.001 V s,
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