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A bio-conjugated redox network matrix based on glucose
dehydrogenase, thionine (diamine-containing mediator), and
poly(ethylene glycol) diglycidyl ether (crosslinker) is developed on
a glassy carbon electrode through covalent bonding with one-pot
crosslinking. Electrons from the enzyme diffuse through the
network producing 400 pA cm? of glucose oxidation current at 25
°C.

Enzyme electrodes have applications in biofuel cells and
biosensors for medical diagnostic functions, such as blood
glucose measurements. In many cases, the enzymatic reaction
is coupled with an electrode reaction using a redox mediator.
For glucose-oxidising electrodes, glucose oxidase (GOx) is the
most used enzyme owing to its high specificity and stability;
however, GOx utilises both oxygen and an artificial electron
acceptor, resulting in measurement errors. Alternatively, flavin
adenine dinucleotide-dependent glucose dehydrogenase (FAD-
GDH) has been developed as an enzyme electrode for
electrochemical glucose biosensors.13

In typical designs, co-immobilisation of an enzyme and a redox
is required for the
continuous operation of biosensors and biofuel cells. To date,

mediator on the electrode surface

several methods of achieving this co-immobilisation have been
developed, including physical adsorption,* entrapment,®
grafting,® 7 and crosslinking.8® Among these, crosslinking is a
promising immobilisation technique used to attach mediators
and enzymes to the electrode surface, and to facilitate the
shuttling of electrons between them. For instance, Heller et al.
developed wiring technology for enzymatic electrodes through
poly(ethylene glycol) diglycidyl ether (PEGDGE) epoxide
crosslinking between redox enzymes and polymers containing
mediators to an electrode surface.'%'2 Several metal-based
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mediators have been investigated with FAD-GDH for glucose
oxidation, namely osmium? 13.14 and ruthenium?> 16 complexes.
Minteer et al. investigated naphthoquinone (NQ)/FAD-GDH-
based immobilisation of a redox hydrogel, where NQ was
covalently wired to a linear polyethyleneimine backbone and
directly bound to the FAD-GDH enzyme molecule.!” Hou et al.
tailored an NQ derivative with an electron-withdrawing
nitrogen group and water-soluble redox polymer, and cross-
linked this with FAD-GDH.'2 Pédller et al. immobilised polymer-
with  FAD-dependent
cellobiose dehydrogenase.'® However, the current production

bound phenothiazine derivatives
efficiencies were low (see Table S1). The apparent electron
diffusion coefficient for a mediator-bound diffusion model can
be predicted as a function of the mediator concentration,
electron-hopping distance, distance which the mediator can
actually move, and mediator self-exchange rate.?° A plausible
strategy to improve the electron transfer efficiency through the
redox polymer is to extend the spacer length.2% 21 While the
catalytic current could be improved using a tailor-made redox
polymer, this would require complex synthesis with multiple
steps, and a specific design depending on the enzyme used,
considering the polymer/enzyme interaction.??

Herein, we report the development of a novel one-pot method
for the immobilisation of an amine-containing redox mediator
and FAD-GDH bearing a free amine (on lysine) using PEGDGE to
avoid polymer tethering and other chemical modifications.
Further, it is possible to increase the density of the enzyme and
mediator by omitting the backbone polymer. These covalent
bonds form a network-like structure and improve electron
shuttling from the redox centre to the electrode surface during
glucose oxidation through electron hopping. In this study, we
tested a
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Fig. 1. Amperometric glucose oxidation current densities at 500
s of FAD-GDH/PEGDGE/PT-modified electrodes. 200 mM
glucose, 100 mM phosphate buffer pH 7, 25 °C, 0.2 V vs. Ag| AgCl.

family of phenothiazines (PT), including thionine (TH), toluidine
blue (TB), methylene blue (MB), and azure A (AA) as proof-of-
concept amine-containing redox mediators. Before applying the
composite to a glassy carbon (GC) surface, the GC (0.071 cm?)
electrode was polished with an alumina (0.3 um) slurry,
sonicated for 2 min to remove the physically adsorbed alumina,
and finally dried in air. A composite solution was prepared with
weight ratios of 45% FAD-GDH (5 pL from 25.2 mg/mL in water),
25% PEGDGE (3 pL from 25.0 mg/mL in 100 mM of phosphate
buffer), and 30% PT (36 pL from 2.5 mg/mL in 100 mM of
phosphate buffer). Subsequently, 7 uL (45 pg per electrode,
equivalent to 635 pg/cm?) of this composite was loaded onto
the electrode surface. Then, the modified electrode was
allowed to cure for 30 h in a drying cabinet (1% humidity, 26 °C)
to permit covalent interaction between the PT and FAD-GDH
through the PEGDGE. This modified electrode is represented as
the FAD-GDH/PEGDGE/PT electrode. Prior to electrochemical
measurements, the electrode was washed with phosphate
buffer to remove loosely bound or free molecules from the
was fabricated,
consisting of the modified GC as the working electrode,
Ag|AgCI|KCI (saturated) as the reference electrode, and Pt wire
as the counter electrode. Electrochemical experiments were
performed using a CHI 1000C & 1020A potentiostat (ALS, US)
and MultiEmStat3* (Palmsens, Netherlands). Each experiment
was repeated three times, and the error bars were determined

surface. A standard three-electrode cell

using Student’s t-distribution at a 68% confidence level.

Figure 1 shows the catalytic effects of the phenothiazines (TH,
AA, TB, and MB)-modified with FAD-GDH. These phenothiazines
were previously reported to exhibit high bimolecular rate
constants with respect to FAD-GDH (the logarithms of the
bimolecular rate constant/M™1 s71 for TH, AA, TB, and MB are
7.0, 6.2, 6.2 and 6.5, respectively).?> However, AA and TB
provided very low catalytic currents (13 and 16 pA cm™?,
respectively) because they contain only one amino group and
cannot interlink the enzyme. MB displayed the lowest catalytic
current (1 pA cm™2) because its structure does not include a
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Scheme 1. Schematic representation of immobilised mediator
and enzyme electrode, where thionine and FAD-GDH are
crosslinked via poly(ethylene glycol) diglycidyl ether (PEGDGE).
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Fig. 2. Cyclic voltammograms of FAD-GDH/PEGDGE/TH
electrode in the absence (red) and presence (black) of 200 mM
glucose; scan rate, 5 mV/s; 100 mM phosphate buffer, pH 7.0.

primary amine group to allow crosslinking with the enzyme. In
contrast, the TH-modified electrode exhibited a considerable
catalytic current in a 200 mM glucose solution at 25 °C. This is
because TH has two primary amine groups, so it can covalently
crosslink with the enzyme via the PEGDGE. This allows the
creation of a cross-linked redox network structure (Scheme 1).
This configuration may enhance electron transfer and glucose
diffusion through the FAD-GDH/PEGDGE/TH-modified film. In
contrast, the lone primary amine groups in the AA and TB
structures do not allow the formation of cross-linked networks.
The performance of electrodes fabricated with PEGDGE and
glutaraldehyde (GA) were compared for a TH-based redox
network (Fig. S1). The catalytic current of the PEGDGE
crosslinker electrode was three times greater than that of the
GA cross-linked electrode with the same enzyme and mediator
loading. The lower current of the FAD-GDH/GA/TH electrode
could be attributed to the inactivation of FAD-GDH by GA, or to
a different cross-linked network structure. GA has a much faster
crosslinking reaction rate than PEGDGE; and the rapid network
formation between TH and GA may inhibit incorporation of the
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enzyme into the network structure.?* 2> The TH-PEGDGE based
structure is more hydrophilic, more flexible, and softer than the
GA-TH based structure.?* Moreover, the flexible structure is
beneficial for collecting electrons from the active enzyme site
and promotes electron hopping between bounded TH
molecules.?°

The electrochemical characteristics of the FAD-
GDH/PEGDGE/TH electrode were investigated in the absence
and presence of glucose. In the absence of glucose, a well-
defined surface redox reaction was observed (Fig. 2, red curve).
The pH dependence of the midpoint potential of free TH in
solution and modified TH was investigated (Fig. S2). The
midpoint potential of FAD-GDH/PEGDGE/TH electrode
decreases approximately linearly in this pH range, with a slope
of roughly 30 mV pH. This indicates that the redox reaction of
immobilised TH on the FAD-GDH/PEGDGE/TH electrode
involves two electrons and one proton.?®?’ The midpoint
potential of modified TH was almost the same as that of free TH
across the pH range of 6-8. In the presence of glucose (Fig. 2,
black curve), the catalytic glucose oxidation current was clearly
observed. The peak-shaped CV curve indicates glucose
depletion in the TH-enzyme layer on the electrode. The steady-
state current of 404 pA cm2 was limited by the mass-transfer of
glucose from the bulk solution to the TH layer or within the
matrix layer. Compared to the hydrogel electrode, wherein the
redox mediator is bound to the backbone polymer, the mass-
transfer through the enzyme-TH layer was impeded due to its
dense structure. This limitation can be overcome by using
hierarchically structured three-dimensional porous electrode
materials with mesopore and macropores for smooth mass-
transfer of electrolyte ions, protons, and glucose, and will allow
the formation of a thinner enzyme-TH layer.

We also prepared GOx-and-TH-immobilised electrodes using
PEGDGE as the crosslinker and found that the catalytic current
on the GOx/PEGDGE/TH electrode was nine times less than that
of the FAD-GDH/PEGDGE/TH-immobilised electrode (Fig. S3,
green curve). This result may be attributed to the slow reaction
rate between TH and GOx: the bimolecular rate constant
between TH and GOx is 2.5 orders of magnitude lower than that
between TH and FAD-GDH.2? This suggests that kinetic
considerations during mediator selection are an important
factor in the realisation of efficient reaction systems. The
catalytic current without the crosslinker was negligible
compared to the FAD-GDH/PEGDGE/TH-modified electrode
(Fig. S3, orange curve). TH had a positive charge in neutral pH
conditions, whereas FAD-GDH had a negative charge (pl = 4.4).
However, the electrostatic interaction was not sufficiently
dominant to allow redox network formation in the presence of
the electrolyte (high ionic strength condition), which is required
for the electrochemical reaction. This suggests that the
formation of crosslinks between TH and FAD-GDH through
covalent bonding creates a cross-linked redox network that
results in a higher degree of mediator and enzyme activity on
the electrode surface.

The catalytic efficiency of the FAD-GDH/PEGDGE/TH electrode
depended on the optimisation of the weight ratio, curing time,
and loading amount. Figure S4 [A] shows the wt% ratio of TH

This journal is © The Royal Society of Chemistry 20xx

ChemComm

and PEGDGE with a fixed amount of FAD-GDH. It is evident that
a molar ratio of TH:PEGDGE = 2.1:1.0 produced the highest
current density, which may be attributed to sufficient TH
availability for both the glucose oxidation reaction and optimal
crosslinking. In contrast, the catalytic current increased as the
TH content increased until the molar ratio of TH:PEGDGE =
2.1:1.0, due to the increasing reaction rate between bound TH
molecules, and between TH and FAD-GDH within the redox
network. At low crosslinker concentrations (5 wt% of
crosslinker, that is a molar ratio of TH:CL = 17.4:1.0), the total
bound enzyme and mediator were limited by the amount of
PEGDGE, suggesting that the glucose catalytic response was
inadequate (22 pA cm™2). Therefore, the optimum wt% ratio
was 45:30:25 (FAD-GDH:TH: PEGDGE), as this resulted in the
highest catalytic current. The loading amount was also
optimised (Fig. S4 [B]). The current increased with increased
loading up to 635 pg/cm?, after which it plateaued. We
observed a hyperbolic relationship between the oxidation
current and loading, indicating that the catalytic current
depends on the film thickness: at a low loading range, the film
is thinner than the reaction layer.2®8 With a thick layer, the
current remains stable with further increases in the loading
amount. The crosslinking intensity of the FAD-GDH/PEGDGE/TH
electrode depended not only on the weight ratio and loading
amount but also on the curing time.?? The dependence of
catalytic current on the curing time of the modified electrode
was investigated with the optimised loading and wt% ratio (Fig.
S4 [C]). The modified electrode showed the highest current
when it was cured for 24-30 h. This indicates that the
crosslinking reaction occurs within 24 h at room temperature
under low humidity (1%). Indeed, previous studies have shown
that the epoxy crosslinker PEGDGE requires 24 h for the
crosslinking reaction to achieve the highest activity toward
glucose oxidation.2°-31

The FAD-GDH/PEGDGE/TH-immobilised electrode was further
investigated at various pH values and temperatures to examine its
robustness. Figure S5 [A] illustrates the dependence of glucose
oxidation current on the pH of the solution. A pH range of 5-8 was
investigated, as this is the generally accepted operable pH range of
FAD-GDH; however, this range varies depending on the
immobilisation method. The FAD-GDH/PEGDGE/TH-modified
electrode shows the highest catalytic current at pH 7.0, which
indicates that the electrode remains sensitive at neutral pH. The
catalytic current was measured in the temperature range of 15-55
°C (Fig. S5 [B]). The temperature profile of the FAD-GDH-immobilised
electrode was very similar to that reported in a previous study.?32
The activation energy for the electrochemical oxidation of glucose on
the FAD-GDH/PEGDGE/TH-immobilised film was calculated at
temperatures between 15 and 55 °C as 31 kJ/mol from the In(j/uA
cm?) vs. 1/K plot, according to the Arrhenius model, where j is the
catalytic current density and K is the absolute temperature. This
value agrees with the supposition that the enzymatic reaction is the
rate-limiting step.® 33 The storage stability of FAD-GDH/PEGDGE/TH-
modified electrode was investigated at 4 and 25 °C (Fig. $6). When
stored at 25 °C, the response current decreased as the storage period
increased. The further crosslinking of the redox composite can make
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a more rigid redox film, which might inhibit the mass transfer,
electron diffusion, or enzymatic activity. In contrast, the modified
electrode stored at 4°C to suppress further crosslinking showed a
slight decrease of glucose oxidation current over 8 days.

In summary, we have developed a facile method for the
immobilisation of enzymes and mediators on an electrode surface.
Covalent binding between FAD-GDH and TH occurs via the PEGDGE
crosslinker to form a cross-linked redox network for the diffusion of
electrons to the electrode during the oxidation of glucose. Although
our modified electrode did not provide a significant current density
and offered low stability in long-term applications, it provides a basis
for developing an improved glucose sensor. With improved stability,
such a device would be applicable for low-cost implantable or
wearable sensors for monitoring glucose levels.
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